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BEAM-BEAM INTERACTION WITH LONGITUDINAL IMPEDANCE AND
ITS APPLICATION IN TMCI STUDY
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Abstract

Simulations have showed a novel coherent head-tail in-
stability induced by beam-beam interaction with a large Pi-
winski angle. The localized cross-wake force has been intro-
duced to explain the instability. The longitudinal impedance
would cause coherent and incoherent synchrotron tune shift
and distort the particle’s trajectories in longitudinal phase
space. Further beam-beam simulation revealed that the lon-
gitudinal impedance has strong impacts on the beam stability,
squeezing the horizontal stable tune area seriously. The in-
stability has become an important issue during the designs
of CEPC and FCC-ee. In this paper, we develop a trans-
verse mode coupling analysis method that could be used to
study beam-beam instability with and without longitudinal
impedance. This method can also be applied in synchrotron
light sources to study transverse mode coupling instability
(TMCI) with longitudinal impedance and harmonic cav-
ity. Some preliminary results at Shenzhen Innovation Light
Source (SILF) are also shown.

INTRODUCTION

Beam-beam interaction with a crossing angle has been
studied for many years. Usually, it is believed that the hori-
zontal oscillation of colliding bunch would be very stable.
However, during the study of FCC-ee, the simulations [1]
showed that there exists a coherent head-tail instability (X-Z
instability) in collision with a large Piwinski angle. The
“cross-wake force” induced by beam-beam interaction has
been introduced to successfully explain this newfound insta-
bility [2, 3].

The stability of horizontal motion is sensitive to the longi-
tudinal dynamics. The longitudinal impedance would mod-
ify the beam distribution, distort the longitudinal phase space
trajectory, and produce incoherent synchrotron tune shift.
Strong-strong simulation [4] showed that the stable tune area
would be shifted, and the width would be squeezed when
the longitudinal impedance is included in the simulation.
It is interesting to study how the longitudinal impedance
influences the X-Z instability analytically.

The ordinary transverse mode coupling instability (TMCI)
theory [5] is derived as a perturbed Vlasov equation. In this
theory, the transverse impedance, a perturbation source, rep-
resents the averaged wake force around the circumference of
the ring. The TMCI is based on the solution of Sacherer’s
integral equation, only a few analytic solutions are known
for some specific beam distributions so far. Some transverse

* linctao@yeah.net
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mode coupling analytical methods have been developed to
treat the localized wake force [2,3]. However, the distortion
of longitudinal phase space trajectory and the incoherent
synchrotron tune shift were not considered in these papers.
In this paper, we will develop a new transverse mode cou-
pling method where the effects of longitudinal phase space
trajectory distortion and incoherent synchrotron tune shift
induced by longitudinal impedance could be considered.

LONGITUDINAL MOTION WITH
WAKEFIELD

We use s = z + vyt with s the longitudinal Serret-Frenet
coordinate, representing the arc length measured along the
closed orbit from an initial point, vy = ¢ the synchronous
velocity and 7 clock time. z is the longitudinal distance from
the synchronous particle and z > 0 is the bunch head. In the
following, we will use s as the timelike variable and z as the
longitudinal coordinate.

As the particle moves along the beamline, the head of the
bunch will act as a source of an electromagnetic field that
kicks the tail. In one revolution, the relative longitudinal
momentum kick A (z) received by a particle at z can be
expressed by a wake function [5],

AS(z) = —]%f_o; W,.(z-2)p()d. (1)
W.(z) is the ordinary longitudinal wake function with the
property W_(z) = 0 (z > 0). N represents the single bunch
population, r, is the classical radius of the electron, y is the
relativistic factor and p(z) is normalized line density.

Including the longitudinal wakefield, the Hamiltonian of
the particle then reads,

P g2 % 2
_H= _;6 + K
2 Zﬂpl2z

lNOre LI ’ 77 ’ ’
Iy fodz I,oodZWz(Z -7 p ()

2

where L represents the circumference of the ring, v, is the
synchrotron tune, p, = 27 v, 1, is the slippage factor.

For electron machine, due to the synchrotron radiation, the
stationary distribution should have a Gaussian distribution
with the RMS value o5 in 8,

1 52
w(z,6) = exp (——) p(2). 3)
\/go'a 20(25
p(z) cam be obtained by solving Haissinski equation.
MOCXA02
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X lx+

e- bunch

e+ bunch

Figure 1: Beam-beam interaction with a crossing angle in
Lorentz boost frame.

CROSS-WAKE FORCE INDUCED BY
BEAM-BEAM INTERACTION

Considering electron (e~) and positron (e*) bunches col-

liding with half crossing angle 6. in the x — z plane, the
two bunches head on each other tilted horizontally by 6.
in the Lorentz boost frame shown in Fig. 1. As the colli-
sion proceeds from the head of the bunch to the tail, the
perturbed momentum kick due to horizontal betatron os-
cillation experienced by a e particle at z is expressed as
follows [3],
f Wi B () d7
where p,(z) = p(z) - x(z) is the dipole moment of bunch,
and W{¥) (2) is the cross-wake function [2,3] for e beams
induced by beam-beam interaction.

For symmetric collider, we assume the colliding bunches
have the same parameters: Njy* = Nyy~, of, = 05,
v}, = v,. The stability of colliding bunches can be studied
separately for the ¢ mode p)(f) (z) = p,(c_)(z) and s mode
p)(f)(z) = —p{7(z). The momentum kick in Eq. (1) is
reduced to a normal wake force for single bunch

ApiT( (z-7") px “

Ap@) =F [ W (z=)pe()dz, ()

TR

where the
respectively.

and “+” signs represent ¢ and s modes,

TRANSVERSE MODE COUPLING
THEORY WITH LONGITUDINAL
IMPEDANCE

We use the normalized coordinates, where x and p, are
normalized by

P By = Py (6)

Since the dipole amplitudes x(J, ¢),p,(J, ¢) are periodic
functions of ¢ with period 2sr in the longitudinal phase
space, we expand them as Fourier series,

J.¢) =Y piJ)e'?.

[=—c0
(N

x/{Bx = x,

o0

Z x(J)el?,

|=—c0

x(J,¢) =

MOCXA02
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In the arc section, the synchro-betatron motion for the
vector (x;(J), p;(J)) is described by the matrix,

COS [y
—sin p,

®)

Mo = =27y () sin e,
0 cosp, |

Note that the synchrotron tune v(J) is a function of J.
At IP, the change of dipole moment, which is induced by

cross-wake force, can be expressed as:
Ap T, 9) = FBy [ Wy (=2 ) x (I, ¢) p () dZ. (9)

Using p (2') = [y (J',¢") d5’, we can rewrite the equa-

tion

ApelJ, ) = FB, [We(z =2 )x(J,¢") w (J))dJ'dg),
(10)
Substituting the expansions in Eq. (7) into Eq. (10), we ob-
tain the momentum change for each azimuthal mode

Ap() = %42 Zfdj Wy (10w (J)xy (), (11)
where
Wy (1.) = [[dpdg’e 1+ ¢' W, (z-2').  (12)

Next we truncate [ at +/,,., and discretize J at
J1.J2, .., J,,, The momentum kick of Eq. (11) is converted
to

Api(T) = 7B 3 X A Wi Uido)w U )

ﬁme/l-,xlr (‘Ii’)'

(13)
The transformation at IP, therefore, can be written in a more
condensed matrix form,

1 0
My, = .
W ( BxMpy 1 )

Finally, the stability of the colliding beams is determined
by the eigenvalues (1's) of the revolution matrix MMy,

(14)

APPLICATIONS

We use the CEPC-Z mode parameters [6] to study beam-
beam interaction with and without longitudinal impedance.
Figure 2 shows growth rate versus horizontal tune without
longitudinal impedance obtained by our action discretiza-
tion method and the conventional raidal mode expansion
method [5]. The two methods agrees well. We can see there
are stable tune aeras for both ¢ and ;7 mode. Figure 3 shows
the growth rate for various horizontal tunes where the lon-
gitudinal impedance is included. Comparing to the results
without impedance shown in Fig. 2, the gap A v between two
neighboring peaks is reduced from 0.014 to 0.011. Besides
the change of gap Av, the once-stable working tune has
turned unstable for both ¢ and 77 modes when we consider
the influence of impedance.

Circular and Linear Colliders
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Figure 2: Growth rate vs. horizontal tune without longi-
tudinal impedance (ZL). The upper and lower plots show
the results of ¢ mode and 7 mode, respectively. The ver-
tical lines are synchro-betatron sidebands v, = 0.5 + nv,,
vy = 0.014.

0.025
—#— 0 mode, w/ ZL:
0.020
0.015

0.010

Growth rate

0.005

0.000
0.54 0.55

0.56
Vx

0.57 0.58

0.025

== 7T mode, w/ ZL

0.020
0.015

0.010

Growth rate

0.005

0.000
0.54

057

056
vX

0.55 0.58

Figure 3: Growth rate vs. horizontal tune with longitudinal
impedance (ZL). The red and blue points represent the o
and s modes, respectively.

The action discretization method can also be used to study
TMCI with the replacement of cross wake force W, (z) in
Eq. (5) by the ordinary beam-environment coupling wake
function. Here we use SILF parameters [7] without har-
monic cavity to study TMCI. As shown in Fig. 4, with the
longitudinal impedance, the eigentunes of each azimuthal
mode as a spread, and this spread becomes larger as the
beam intensity increases. This spread makes the growth rate
appear at very low beam intensity.
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Figure 4: Eigentune and growth rate versus normalized
beam intensity with (left) and without (right) longitudinal
impedance.

CONCLUSIONS

The beam-beam coherent head-tail instability in collision
with a large crossing angle is strongly dependent on the lon-
gitudinal beam dynamics. In the absence of longitudinal
impedance, distinct stable regions with horizontal working
tunes, separated by v, can be observed. However, when con-
sidering the longitudinal impedance, these stable regions ex-
perience a considerable reduction. The conventional TMCI
appears a growth rate at a relative low beam intensity when
the longitudinal impedance is included. However we should
keep in mind, in the above analysis, the nonlinear part of the
force and other damping mechanisms are not included.
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Abstract

CIAE has proposed an innovative design for a 2 GeV,
6 MW isochronous FFA in 2019. This study aims to pre-
sent the results of beam dynamics research, demonstrating
the feasibility to accelerate the intense proton beam with
the energy beyond 1 GeV limitation of isochronous cyclo-
trons. By introducing 1st - 3rd radial gradient of peak mag-
netic field to simulate the quadrupole to octupole compo-
nent of the isochronous machine, three different lattice de-
signs are obtained. Adjusting the radial gradient of the peak
field allows an option to avoid or cross integer resonances.
Various inherent and coupled resonances are investigated
subsequently, with a focus on the destructive effects of the
v,=3 on the transverse phase space. Based on PIC method,
we simulate the vortex motion caused by space charge in a
large-scale alternating gradient field. Results indicated that
the radial size of beam is ~ 10 mm, which is expected to be
improved after considering the effects of neighboring
bunches. Additionally, high-Q RF cavities and precession
extraction further enlarge the turn separation to 30 mm, en-
suring efficient beam extraction in the extraction region.

INTRODUCTION

High energy and high current proton accelerators are
widely applied in frontier research fields such as nuclear
physics and particle physics, national economic fields such
as public health and advanced energy, and even national
defence industry and national security [1][2]. Proton accel-
erator with an average beam power of 5-10 MW is the
world's dream machine for more than 30 years [3][4]. Cy-
clotrons can provide continuous wave beam but are restrict
by energy limitation ~1 GeV [5]. Beyond the traditional so-
lutions for high intensity machines such as superconduct-
ing linac and rapid cycling synchrotron, CW FFA which is
non-scaling and nonlinear was considered as an attractive
proposal for several megawatts machine [6]. To utilize
strong focusing optics and fixed frequency for CW accel-
eration, a 2 GeV/6 MW FFA concept design was proposed
in 2019 [7]. In this machine, the F-D-F lattice design has
been adopted to realize strong focusing. Each focusing and
defocusing magnet has a third-order magnetic field gradi-
ent in the radial direction, which can achieve the effect of
the dipole to octupole magnets, and thereby balance the
isochronism and focusing. Based on this principle of ad-
justing gradient to provide strong focusing, higher-order
nonlinear magnetic field components were added (such as
quadrupole, hexapole, octupole, etc) to avoid important
resonance crossings, resulting in a "radial local achro-
matic" effect. Three different lattice schemes (2019, 2020,

MOIBAO1
4

2022) are designed to achieve the goal of the isochronous
acceleration for 2 GeV proton. The basic parameters of the
three schemes are listed in Table 1. In this paper, beam dy-
namics of the 2 GeV/6 MW FFA is summarized for better
comprehension of non-scaling and nonlinear FFA ma-
chines.

Table 1: Basic Parameters of 2 GeV CW FFA Machine

Parameters Scheme 1 Scheme 2 Scheme 3
Extracted 5 Gey 2 GeV 2 GeV
energy

Focusing

magnet ra- 23.3~26.8 m 18.2~20.9 m 17.6~19.4 m
dius*

Defocusing

magnet ra- 23.3~26.8 m 18.2~20.9 m 17.6~19.4 m
dius*

Focusing 1527 T 156~2.62T  1.57~2.66 T
field

Defocusing 4 o 47 177~2.51 T 1.15~231T
field

Numberof 10 10

lattices

RE fre- 44.4 MHz 35.1 MHz 51.6 MHz
quency

Cavity volt-

age (single 1.2 MeV 1.5 MeV 1.5 MeV
cavity)

Harmonic 2 16 2

number

Numberof 15 15

cavities

Turn separa-

tion for the ~1.5cm ~1.5 cm ~1.5cm

extraction

* (From the machining center)

STATIC ORBITS ANALYSIS

Isochronism and Tune

It is well-known that static beam dynamics results are the
basis for one to verify the feasibility of the lattice design.
Therefore, the results of phase slip, tune diagram, and static
region are introduced first.

The magnetic field of 2 GeV/6 MW machine (CYCIAE-
2000) has the characteristics of high order gradient (up to
31), strong nonlinearity, etc. The physical design and beam
dynamics study require higher tracking accuracy of the par-
ticle tracking program, especially near the edge field of fo-
cusing and defocusing magnets. Besides that, the beam dy-
namics simulation also needs higher magnetic field inter-
polation accuracy and more reasonable tracking algorithms
which adaptive to wide-range twisty orbits of FFA. Some

Beam Dynamics and EM Fields
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improvements of interpolation method are accomplished in
closed orbit calculation codes as Cyclops [8].
40 1 . L L

—Scheme 1
— Scheme 2
~——Scheme 3|}

[
=3

phase slip/deg
(=1

[
=3

-40 - r r r T
800 1000 1200 1400 1600 1800
E/MeV

2000

Figure 1: Integral phase slip of different schemes.

Kl =

2.5 L

= Scheme 1
—— Scheme 2
—— Scheme 3

2 25 3 35

17
T

Figure 2: Tune diagram.

In scheme 1 we proposed in 2019, the differential phase
slip is controlled below +1%o and the maximum integral
phase slip of three schemes is 35°, as shown in Figure 1. It
can be concluded that the magnetic field can well meet the
isochronous requirement. The harmonic number is set to
26, and the RF frequency is 44.4 MHz, which equal to
100 MeV compact cyclotron CYCIAE-100.

In scheme 2, the harmonic number is set to 16, and the
RF frequency corresponds to 35.1 MHz. The phase slip of
the beam during the acceleration process is controlled
within £40 degrees, which ensures a specific energy gain
per turn. Due to the introduction of local 3™ magnetic field
distribution to avoid integer resonance, a certain amount of
isochronism is sacrificed at the injection and extraction po-
sition. Therefore, the corresponding frequency error is
about 3%o. According to the single-cavity voltage of 1 MV,
it takes approximately 91 turns to extract the beam.

In scheme 3, the harmonic number is set to 22, and the
RF frequency corresponds to 51.65 MHz. Due to the utili-
zation of an integer resonance suppressor (IRS) [9], it is
possible to cross v,=3 integer resonance while controlling
beam envelop growth. With the benefit of IRS, the phase
slip is better than Scheme 2 and can be controlled within
+10 degrees, which is beneficial for clean extraction.

Stable Region

The stable region both for radial and vertical phase
spaces, should be investigated carefully to find the bound-
ary of the linear region and ensure the beam is accelerated
stably. Since strong focusing is realized in FFA machines
based on alternative fields, the vertical and radial stable re-
gion is much bigger than compact cyclotron. For
Scheme 2, near injection and extraction, the radial tune is
close to 2, 3 respectively. v, escapes these integer
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resonances and provides a certain width away from reso-
nance lines with some sacrifice of isochronism as shown in
Figure 2, which is achieved by 3" order magnetic field.

In Scheme 2, the working path is closed to v/=2 and v,=3
resonance lines at injection and extraction respectively.
Moreover, the working path moves around the coupled res-
onance over a wide range, which should be evaluated dur-
ing resonance analysis. In the stable region, the most im-
portant resonance is vy =2.5, and the corresponding energy
is 1270 MeV. The stable regions are shown in Figure 3.
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Figure 3: Stable Regions of Scheme 2.
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Figure 4: Stable Regions of Scheme 3.

As demonstrated in Figure 4, radial stable region is
enough for 3 cm off center non-ideal particles. For
Scheme 3, v,=3, the most important resonance is inhibited
using IRS. Besides that, resonances of 3v,=10 and 4v,=10
are also investigated. Since the highest order of lattice mag-
netic field is third, the stable region of fourth order reso-
nance is much larger than third order resonance. Moreover,
the beam can quickly pass through these two critical inher-
ent resonances with the help of significant energy gain up
to 15 MeV per turn based on recent experiments of a scaled
RF cavity (Q~42000).
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MULTI-PARTICLE BEAM DYNAMICS

Resonance Study

For the analysis of Scheme 1, the most important reso-
nance line is v»=3. To quantify the influence of v+=3 reso-
nance, a B; error field is added to the field map of middle
plane near the radius of v»=3 (Radial rectangular distribu-
tion with radial width 15 cm, phase is fixed at 45°). The
energy gain per turn is 10 MeV/turn, and the gradient of v-
is 0.001/MeV (or 0.01/turn). With 0.5 Gs Bs amplitude, the
radial oscillation increases from ~6 mm to ~15 mm. With
1 Gs B3 amplitude, the radial oscillation is about ~26 mm.

The details are shown in Figure 5.

v=3
Energy gain: 10 MeV
dVr/dE=0.001/Mev |

Radial profile X(cm)

with 1Gs B3
with 0.5Gs B,
- - without B,

B3 radial width:15em
B3 amplitude:0.5Gs or 1Gs
B3 phase: 45deg !

EJ shap

-3
2350 2400 2450 2500

R(cm)

2550 2600 2650

Figure 5: Enlargement of beam envelop caused by vr =3
integer resonance for Scheme 1.

Resonance study is carried out especially for Scheme 2.
We have summarized the crossed resonance lines for the
three schemes in the Table 2.

Table 2: Summary of Resonance Study

Reso- Driving Scheme 1 Scheme 2  Scheme 3
nance term Energy Energy Energy
vr=2 B, 800~850 800~900 /

vr=3 Bs 1640~1680  1850~2000 1690
2ur=5 dBg/dr 1280 1280 1320
vr-vz=0 dB/dr 1560 1120 /
vr+vz=>5 dBs/dr 1030 1640 1870
vrt2vz=7  d?B,/dr? / 1390 /
;r-sz:- d?B,/dr? / 1250 /
2ur-vz=2  d?B,/dr? 1230 1030 /
2ur+vz=8  d?Bg/dr? / 1730 1790
3vr=7 d?B,/dr? 1150 1160 1170
3vr=8 d2Bg/dr? 1400 1410 1420
3vr=10 d?By,/dr? 2000 / 1960

This table shows that low-order resonances, such as in-
teger resonances, are the main barriers for the higher en-
ergy acceleration, especially for the CW FFA machine. Part
of numerical simulation results can be found in Ref [10]. It
can be concluded that with the benefit of a strong focusing
of the alternating radial gradient, the axial envelope is ef-
fectively controlled for the coupled resonances. In sum-
mary, also through the multi-particle simulation, the beam
envelope does not increase significantly when considering
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the non-ideal magnetic field, except for the second har-
monic field at some particular phases. These simulations
show that the lattice structure design of Scheme 2 can tol-
erate a certain amount of non-ideal magnetic field compo-
nents and is feasible in magnet construction.

To maintain better isochronism, v» =3 is crossed but sup-
pressed by IRS mentioned before in Scheme 3. In addition,
Scheme 3 crosses Walkinshaw resonance when the beam is
almost extracted. Since energy gain per turn is relatively
large, it can be verified by numerical simulation that the
beam envelop grows only slightly when the amount of off-
center is about 1 cm, and half envelop increases to 10 mm

at the case of 3 cm off-center, which is shown in Figure 6.
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Energy/MeV
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Figure 6: Vertical beam envelop of off-centered beam,
vi=2v, (up), 2v+2v,=10 (down).

Higher order resonance 2v,+2v,=10 is also under consid-
eration. It is an inherent resonance in our machine while
the highest of magnetic field is 3rd, only small amount of
driving term at extraction. Case of 0.5 Gs/m’ is simulated
and the phase of By field is random. Figure 6 shows that
the beam envelop is growing a little due to this resonance.

Space Charge Effect in the FFA Machine

In FFA, it is unclear whether the high-current beam, cou-
pled with strong nonlinear, large gradient magnetic field
and multi-bunch space charge effects, produces the same
beneficial dynamical behavior for beam acceleration and
extraction in the high-intensity cyclotron. Its feasibility has
to be verified numerically by high-performance parallel
computation.

OPAL-CYCL (the cyclotron flavor of the beam dynam-
ics simulation framework OPAL) is a good candidate for
CW FFA design since it allows parallel calculations of
large-scale particles and uses the first 3D PIC algorithm
[11]. In which the code considers the effects of space
charge among neighboring bunches. OPAL introduced the
AMR (adaptive mesh refinement) algorithm based on the
massively parallel computing framework AMReX in
version 2.4.0, which can significantly reduce the
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computational cost and memory consumption while ensur-
ing computational accuracy. We have modified and veri-
fied it, found more in-depth problems related to the mesh
accuracy division, and found the direction to optimize the
algorithm from the essence. However, there is still room
for optimizing the AMR algorithm's domain mapping and
resetting the mesh distribution frequency.

After the present analysis, we can conclude that it is rea-
sonable to set a smaller number of grids for directions with
smaller beam sizes and more minor variation scales. How-
ever, determining the accuracy of such a setting requires
larger-scale simulations on a more powerful computer and
rigorous theoretical analysis. The isotropic nature of the
grid size that the AMR algorithm needs to calculate also
makes the ever-changing ratio of the beam size impossible
to achieve the best optimization simply by the initial grid
size. As shown in Figure 7, for example, when the dimen-
sions or the ratio of the different dimensions of the bundle
changes, the dimension that only needs to be divided into
two or three grids to maintain the accuracy in the actual
region may be mapped to the computational region because
the initial setting needs to be divided into four grids, result-
ing in a waste of computing power.

physical domain1

computational domain

|eonsan

horizontal

Figure 7: Schematic diagram of the mapping of a beam of
varying size scale onto a fixed computational region.

There are also preliminary results from the multi-particle
simulations, specifically for Scheme 3. Figure 8 depicts the
outcome of the simulation in the horizontal plane and the
vortex effect that is seen. The bunch's initial parameters
are: Transverse emittance is 2n mm-mrad; phase width is
3°; beam current is 3 mA. In the case of phase width equal
to 3°, the vortex motion is incomplete and the initial phase
ellipse is not well matched. Moreover, the transverse size
of the bunch decreases to around + 7 mm at the final turn,
making it potentially appropriate for extraction.
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Figure 8: Longitudinal and transverse beam shape varia-
tion, from left to right, from top to bottom, 1, 16, 31, 46,
61, 80 turns.

The followings are the compared results with and with-
out the space charge effect, with and without flattop cavity
in more detail. As compared in the first and second rows of
Figure 9, the beam quality is significantly better without a
space charge, demonstrating that the space charge effect is
primarily responsible for the vortex effect in the CW FFA.
It is also indicated in the second row and the third row in
Figure 9 that higher beam current results in a more signifi-
cant space charge effect, which increases the transverse
size near =1 cm. Nevertheless, with higher energy gain
provided by RF cavities and properly arranged extraction
elements, turn separation is promisingly increased to
30 mm, which is suitable for extraction.
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Figure 9: Longitudinal and transverse beam shape varia-
tion, from the 1st column to the 3rd column, 46, 61, 80
turns; from the 1st row to the 3™ row: 0 mA with space
charge (green); 3 mA with space charge (blue-green);
6 mA with space charge (yellow).

POSSIBLE SOLUTIONS FOR
EXTRACTION

Extraction by Integer Resonance

For high-intensity isochronous accelerators, the critical
factor limiting a further increase in current intensity is the
beam loss around the extraction region. If the extraction
efficiency of the accelerator is not high, crucial compo-
nents such as the accelerator vacuum pipe and deflector
will be bombarded during high-power operation, resulting
in activation, which will affect the maintenance of the ac-
celerator. Therefore, improving the extraction efficiency of
high-current beams by enlarging the turn separation and re-
ducing the bunch size is a critical issue in the research of
extraction simulation for high-energy and high-power
accelerators.
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The 2 GeV FFA adopts the following two methods to in-
crease turn separation: 1) The layout of long drift sections
can add a large number of high-frequency cavities to max-
imize the energy gain; 2) Off-centered injection can pro-
duce precession at the extraction position, increasing the
separation of the last turn, but integer resonance needs to
be carefully considered.

Scheme 2 utilizes integer resonance for extraction, tunes
the working path near the extraction area reasonably, and
controls v=3 resonance to drive radial oscillation. Alt-
hough the second scheme avoids the problem of crossing
integer resonance, there are still some challenges in beam
extraction. The reason is that due to the adjustment of the
local radial gradient of the magnetic field, the beam is on
the longitudinal defocusing phase of the high-frequency
field in the last thirty circles, increasing the phase width of
the beam, which brings a more significant impact on the
extraction of the beam and make it more difficult. After the
beam with an initial phase width of 5° is accelerated, the
phase width is stretched to about 10°. Increasement of
beam phase width will make the extraction effect of pre-
cession worse. As shown on the left side of Figure 10, the
results of precession extraction in radial phase space indi-
cated large turn separation but the beam size is growing at
extraction region.
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Figure 10: The precession effect of scheme 2 (left) and the
growth of the beam envelope (right).

Extraction by Half Integer Resonance

To avoid growth of beam size and energy dispersion,
Scheme 3 is more potential for 3 mA extraction. By adding
a B; components, radial oscillation of different phases is
excited. It realizes a suppression of orbital oscillation and
make it possible to cross the integer resonance and utilizing
half resonance for extraction. The tolerance of magnetic
field error can be improved from 1 Gs to 10 Gs with IRS.

CONCLUSION

Three feasible schemes for 2 GeV/6 MW FFA are found
and beam dynamics is introduced and compared in detail.
Scheme 2 avoids v,=3 resonance using adjustment of 3™
order radial field, which serves as octupole component.

Resonance study is carried out in detail for Scheme 2 and
gives tolerance of magnetic field error. Parallel computing
included space charge effect is underway and some results
supports high-current extraction while the turn separation
is potential to ~3 cm. Integer and half-integer resonances
extraction is studied and provide some possible methods to
enlarge the turn separation from 1.5 cm to 3 cm.
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STUDY OF THE KEY PHYSICS PROBLEMS IN 10mA-CLASS
HIGH CURRENT CYCLOTRON

Tianjian Bian", Shizhong An, Fengping Guan, Luyu Ji, Sumin Wei
China Institute of Atomic Energy

Abstract

10MW-class ultra-high power cyclotron (UHPC) has
great application prospects in cutting-edge sciences, neu-
tron source, advanced energy and advanced material, etc.
So far, Cyclotron with average beam power of 10 MW still
have some bottleneck problems. Beam energy and current
of a high-power cyclotron are typically less than 800MeV
and 3mA. In this paper, bottleneck problems of UHPC are
analysed, and then a preliminary design of UHPC-10MW
is presented.

INTRODUCTION

GeV-class proton beam with an average power of several
megawatts has many important applications in particle
physics towards the intensity frontier, as well as in the ad-
vanced energy and material science. There are three differ-
ent types of constructed accelerators for high power proton
beam production: The cyclotron, linear accelerator and
rapid-cycling synchrotron. The highest beam power of
these accelerators currently is 1.4 MW. Reference [1] re-
ported the energy efficiency of the three operational accel-
erators with the highest beam power in the world, which
showed that the energy efficiency of the PSI cyclotron is
about 2 times of the other types, as shown in Table 1.
W. Weng made a judgement that the beam/grid efficiency
should be better than 30%, otherwise the Accelerator
Driven subcritical-reactor System(ADS) becomes non-
sense 0. Studies have shown that the energy efficiency cy-
clotron is the highest which is expected to be 60%~65% in
superconducting ring cyclotron 0. As cyclotron is a good
technical route to develop proton machines with high beam
power and high-power efficiency, it shows good pro-
spect in advanced energy.

The beam power of UHPC-10MW aims at 10MW, it
composes of two stages. The first stage is a 150MeV/amu
injector and the second stage is a |GeV/amu ring cyclotron.
If UHPC-10MW is used to drive a spallation neu-
tron source, the injector and the ring cyclotron can produce
thermal neutron flux in the order of 10'*n/cm?s and
10%n/cm?/s, respectively. UHPC-10MW based spalla-
tion neutron source will have higher thermal neutron flux
than high-flux reactor based neutron source. Even the
150MeV/amu injector can produce high thermal neutron
flux which comparable to middle flux reactor neu-
tron source. Figure 1 shows the history of thermal neutron

* This work was supported by the National Natural Science Foundation
of China (Grant No. 12105370) and the Scientific Research Program for
Young Talent Elite Project of China National Nuclear Corporation (Grant
No. FY212406000404).

T email address biantianjian@foxmail.com

Advanced acceleration concept

flux 0, and UHPC-10MW based spallation neutron sources
are marked with stars.

Table 1: Efficiency of Different Types of High-Power Ac-
celerators

Accel- Type Energy Power Effi-

eator (MeV) (MW) ciency

SNS Linac 1000 1.3 8.6%

JPARC synchro- 3000 1.0 3%
tron

SINQ  cyclotron 590 1.4 18%
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Figure 1: Thermal neutron flux history.

OVERALL DESIGN AND CONSIDERA-
TION

Figure 2 shows the layout of UHPC-10MW. We choose
a IMeV/amu RFQ as the pre-injector, and a separate sector
cyclotron accelerate the beam from RFQ to 150MeV/amu,
finally the beam is injected to a 1GeV/amu ring cyclotron.

Superconducting linac is the mainstream of high-power
accelerator, due to relative higher technical maturity. So
far, no well-approved design of 10MW-class cyclotron is
made due to some bottleneck problems. Radial tune is in-
creasing linearly with beam energy in isochronous cyclo-
tron, and thus the integer resonance crossing problem be-
comes an inevitable problem. Isochronous cyclotron is
considered impossible to accelerate particles to a kinetic
energy above its rest mass 0, typically 800MeV/amu.
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Although cyclotron has continuous beam structure, the
beam intensity is considered lower than 3mA. The reason
is enough clear region is need for beam extraction, other-
wise the halo or tail particles will activate the deflector.

In the design phase of UHPC-10MW, those problems
need careful consideration and calculation. There are three
bottleneck problems and their solutions:

(1) In low energy region, beam dynamics is dominated

by space charge effect, so halo and tail particles are
generated by space charge and nonadiabatic accel-
eration. In our design, we accelerate 5 mA of hydro-
gen molecule ions (H,") instead of 10 mA of pro-
tons, which will mitigate the space charge effect 0.
In high energy region, beam energy is limited by in-
teger resonance. Beam integrates the harmonic field
when passing through the integer resonance region,
which drives large coherent oscillation. To solve
those problems, an idea of integer resonance sup-
pressor (IRS) was proposed 0. IRS introduces the
harmonic magnetic field intentionally to reduce the
integration of driving harmonic field.
In extraction region, single turn extraction with very
low beam losses is also a very important issue of
UHPC. The experience of PSI has shown that the
upper limit of power deposition is 200W. For I0OMW
beam, relative losses should less than 2E-5. IRS can
not only inhibit the radial oscillation and beam size
blowup caused by integer resonance crossing but
also contribute to a controllable coherent oscillation
which is helpful to beam extraction with high effi-
ciency 0. With the help of IRS, turn separation can
be enlarge to more than 30 mm.

150MeV/AMU INJECTOR

Parameters of 150MeV/amu injector are listed in Table
2. 5 sectors scheme is adopted to avoid intrinsic resonance.
Generous space between neighboring sectors can be used
to install 5 powerful RF cavities. Beam is radially injected
by a IMeV/amu RFQ pre-injector. Electrostatic deflector
with a stripper foil placed upstream is used to high effi-
ciency extraction.

2

©)
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1GeV/amu ring cyclotron
Figure 2: Layout of UHPC-10MW.

To get the matched distribution, we track a coasting
beam with SmA at 1MeV/amu closed orbit until the equi-
partitioning process has resulted in a stationary distribution.
Three cases with different phase width (9, 7, 6 rms degree)
are simulated, as shown in Figure 3. For those simula-
tion,10* particles and mesh of 323 grid points is used. In the
coasting process, obvious longitudinal-radial coupling oc-
curs and the gradually forms a round, compact distribution
in 20 turns.

Track the coasting beam for 50 turns and make statistics
on beam parameters. Figure 4(a) and (b) show the relation-
ship of beam parameters with phase width. We can find
that both beam size and emittance are increasing with
phase width. On the other hand, narrower phase width will
develop into more compact distribution and wider phase
width will lead to more halo particles, as shown in Figure
4(c) and (d).

Table 2: Parameters of 150MeV/amu Injector

Parameter value
Accelerating particles H2+

Extraction particles H2+

Injection energy 1MeV/amu
Extraction energy 150MeV/amu

Extraction type

Electrostatic deflector

Turn separation at Extraction  ~3cm
Magnet sectors 5
Magnetic field of hill 3~3.7T
Radius of pole 4.2m
Cavity number 5
Harmonic number 7

Cavity frequency ~57MHz
Cavity Voltage ~350kV
Energy gain per turn ~3.4MeV

When acceleration is considered, beam halo will also in-
crease due to nonadiabatic acceleration, especially in the
low energy region. With contribution of acceleration and
precession, turn separation is about 32mm and the second
and third to last turn overlap with each other. Beam is well
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controlled within +6mm in axial direction and septum is
placed at the lowest intensity point, as shown in Figure 5.
If 0.5mm is chosen as the septum thickness, the beam
power at the deflector will be less than 30W.

9° rms phase width

... 9° rms phase width ., 9° rms phase width
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Figure 3: longitudinal—radial coupling in the coasting pro-
cess. Colour bars stand for energy deviation (MeV).
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Figure 4: (a) Beam size as function of phase width. (b)
Normalized emittance as function of phase width. (c) Dis-
tribution of matched beam in x direction. (d) Distribution
of matched beam in y direction.

1GeV/AMU RING CYCLOTRON

Parameters of 1GeV/amu ring cyclotron are listed in
Table 3. 9 high voltage RF cavities are installed in the
space between neighboring sectors. Electrostatic deflector
with a stripper foil placed upstream is used to high effi-
ciency extraction.

In this ring cyclotron, beam is accelerated to beyond the
integer resonance v, = 2. In the extraction region, v, ex-
tend to nearly 2.5 to enlarge the turn separation. Figure 6
shows the tune diagram.
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Figure 5: Beam intensity on radial probe.

Table 3: Parameters of 1GeV/amu Injector

Parameter value
Accelerating particles H2+
Extraction particles H2+

Injection energy 150MeV/amu
Extraction energy 1GeV/amu

Extraction type Electrostatic deflector

Turn separation at Extraction ~3cm
Cell number 9
Magnetic field of hill 27~4T
Radius of pole ~11.2m
Cavity number 9
Harmonic number 14
Cavity frequency ~57MHz
Cavity Voltage ~1.3MV
Energy gain per turn ~12MeV
3

d
3" harmonic Cavity number

Voltage of 3rd harmonic Cavity 10% of main cavity

Voltage

—

[ -
= U N X ©

VZ

—

Figure 6: Tune diagram.

Beam integrates the harmonic field when passing
through the integer resonance region, which drives large
coherent oscillation. Second harmonic field B, of only 3Gs
will drive coherent oscillation of 70mm, which can be es-
timated with formula A4 = =222 0.Such large coherent

VerB Q
oscillation is incompatible with the following resonance
4v, = 9 and the beam size is blown up. Figure 7(a) Shows
that the radial beam size is increased about 2 times. One of
the reasons is that intrinsic resonance 4vr = 9 distorts the

phase space, as shown in Figure 7(b).
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Figure 7: (a) Beam size evolution in the acceleration pro-
cess. (b) Intrinsic resonance 4vr = 9 distorts the phase
space.
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Figure 8: (a) Top view of an IRS. (b) Side view of an IRS.
(c) Location of IRS in the ring cyclotron.

IRS method is adopted to correct the large coherent mo-
tion before reaching the intrinsic resonance 4v, = 9. Fig-
ure 8 shows the structure and location of IRSs in the ring
cyclotron. Coil current of IRSs marked by triangle and cir-
cle are oppositely directed. Coil current of IRSs marked by
same colour have the same current value. Detailed struc-
ture and arrangement principle are explained in reference0.
With the IRSs, radial oscillation is reduced to +10 mm and
the beam size is beam size will not be blown up, as shown
in Figure 9.
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witho

| « with Teld error
50 j‘ 1l . i
L T i A M £ o
- M .
JI -

1000 1500 2000 500 1000 1500
Encrgy (MeV) Encrgy (MeV)

(@ (b)

Figure 9: (a) Radial oscillation with and without IRS.
(b) Beam size evolution with and without IRS.

With contribution of acceleration and precession, turn
separation is about 35mm. The space charge effect also has
powerful influence on the beam dynamics. Figure 10
shows beam intensity on radial probe for different phase
width. The emittance is 1 mmm mrad and 25*10* macro
particles and mesh of 32° grid points is used. For 2 rms
phase width, space charge dominates the beam dynamics.
A round, compact beam is developed due to vortex motion,
but the beam will break up in the integer resonance cross-
ing process. For 8'rms phase width, beam dynamics is
dominated by emittance and the turn separation is much
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more clear. The case with 5’ rms phase width is at the tran-
sition between the emittance-dominated and space- charge-
dominated. For the optimized case, 7.5"rms phase width
and 2.5 mmm mrad is used and then a clear region is ob-
tained at the extraction point. If 0.5mm is chosen as the
septum thickness, the beam power at the deflector will be
less than 100W.
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Figure 10: Beam intensity on radial probe for different
phase width.

SUMMARY

This paper presents the preliminary design of UHPC-
10MW. Simulation results of beam power deposition on
deflector show that the margin is sufficient. In particular,
the 1GeV/amu ring cyclotron accelerate the beam to be-
yond the integer resonance and IRS is used to control the
oscillation. Simulations show that IRS can not only reduce
the beam size growth rate to less than 5%, but also enlarge
the turn separation to 35mm. That is to say, IRS not only
acts as integer resonance suppressor, but also plays the role
of separation optimizer between the last and second last
turn. From our limited knowledge, we do not see any fun-
damental limits that prevent the construction of a 10MW-
class cyclotron.

OPAL 0 and Cyclops 0 are used in the beam dynamics
simulation.
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TERAHERTZ-DRIVEN MeV ELECTRON BUNCH COMPRESSION
AND STREAKING *

Y. Xu, Y. Song, J. Wang, C. Tsai, K. Fan . Z.Liu*, School of Electric and Electronic Engineering,
Huazhong University of Science and Technology, Wuhan, China

Abstract

Electron bunches with ultra-short bunch length and ul-
tra-high timing stability are crucial for various applica-
tions. To achieve these desired characteristics, there is a
growing interest in employing Terahertz-driven techniques
to manipulate and diagnose electron bunches. This paper
presents a method capable of compressing and measuring
electron bunch lengths. Theoretical and simulation results
demonstrate that the bunch length of 54 fs is reduced to 4
fs by utilizing THz-driven resonant cavity compression,
achieving a compression ratio of 13. Furthermore, we also
verify the bunch compression using a terahertz-driven
streak camera.

INTRODUCTION

Ultra-short and precisely timed electron bunches are es-
sential for applications such as ultrafast electron diffraction
(UED) and free-electron lasers (FELs) [1-3]. In UED, the
temporal resolution relies on the quality of the electron
bunch used as a probe. Both the bunch length and the tim-
ing jitter relative to the laser can impact the overall system
resolution. RF deflecting cavities are commonly employed
to compress the bunch length while maintaining low emit-
tance [4-5]. However, the phase jitter of the RF resonant
field introduces energy instability to the electron bunch, re-
sulting in a time-of-arrival (TOA) jitter typically ranging
from tens to hundreds of femtoseconds. THz-driven bunch
manipulation enables the generation of electron bunches
with femtosecond-scale lengths and high-timing stability.

This all-optical method ensures inherent synchroniza-
tion between the THz field and the electron bunch, ena-
bling precise manipulation without inducing time jitter [6].
Various demonstrations of THz-driven techniques have
been reported. For example, butterfly-shaped resonators
compress and diagnose keV-level electron bunches [7], and
parallel-plate waveguide structures compress MeV-level
electron bunches [8]. The segmented terahertz electron ac-
celerator and manipulator (STEAM) structure offers a mul-
tifunctional design for compression and measurement [9].
These studies highlight the potential of strong-field THz
techniques for manipulating and diagnosing electron
bunches.

This paper presents a method illustrated in Fig. 1 to com-
press and diagnose electron bunches using THz-driven res-
onators. A buncher generates a longitudinally polarized
field for compressing the electron bunch length, while a slit
downstream serves as a THz-driven streak camera to meas-
ure the bunch length. Despite the space charge effect

* Work supported by NSFC 12235005 and the State Grid Corporation of
China Technology Project 5400-202199556A-0-5-ZN
tkjfan@hust.edu.cn, I zzliu@hust.edu.cn
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causing continuous expansion in both longitudinal and
transverse directions, passing the electron bunch through
the THz electric field at the zero-crossing phase achieves
opposite momenta for the head and tail electrons, resulting
in the minimum bunch length at the sample position. At
this position, a transversely polarized THz field generated
by the slit converts the electron bunch's longitudinal tem-
poral information into a transverse bunch distribution. An-
alyzing the measurements from the detector allows us to
infer the bunch length and time of arrival. The effective-
ness has been verified through theoretical analysis and nu-
merical simulations, demonstrating its capability to com-
press and evaluate MeV-level electron bunches.

800 nm Laser
—_— Detector

L|Nb03

?

COmDressmn

Streak,ng

»

x

Figure 1: Schematic of the compression and streaking sys-
tem.

THz-DRIVEN ELECTRON BUNCH COM-
PRESSION

Figure 2 illustrates the THz buncher structure along with
its equivalent LC circuit model, which can be simplified as
aresonator. The driving THz driving pulse, polarized along
the z-axis, enters the buncher from the top. As a result of
resonance, an enhanced THz field is generated in the gap,
with the amplitude and frequency dependent on both the
driving THz pulse and the buncher geometric parameters.
The THz electric field mainly concentrates near the chan-
nel through which the electron beam passes and has a uni-
form amplitude, as shown in Fig. 2 (b).

(a) ii

Figure 2: (a) The structure of the THz buncher. (b) The
electric field distribution in buncher. (¢) The equivalent LC
circuit of the buncher.

Due to the structural symmetry, the gap exhibits a strong
electric field while having an almost negligible magnetic
field. These characteristics make the buncher well-suited
for beam compression. When an electron beam passes
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through the buncher, the longitudinal THz electric field
will compress the electron beam, reducing its size and du-
ration.

Table 1: Dimensions of the Buncher

Dimensions Value (um)
/ 454
h 100
g 100
r 30

The structure of the buncher can be described by four
parameters, as illustrated in Fig. 2 (a) and Table 1. The res-
onant frequency of the THz field in the gap can be approx-
imated using an LC resonant circuit, as depicted in
Fig. 2 (c). In this circuit model, the planes on either side of
the circular aperture are regarded as a parallel-plate capac-
itor, while the conductor carrying the electron flow is
treated as an inductor. Hence, the resonant frequency of the
buncher can be calculated using the following expression:

(1)

c C

Sy s 2 (l + g) —4r

Here, c is the speed of light, which represents the propa-
gation velocity of the current in the conductor. Similarly,
the distance the current travels in one loop s can be approx-
imated as the circumference of the inner diameter of the
buncher. The parameters (/) and (g) are the key factors in
optimizing the buncher resonant frequency. These parame-
ters primarily control the resonant behavior of the system.
Meanwhile, the parameter (%) has minimal influence on the
charge density distribution around the circular apertures
and can be disregarded.

The compression efficiency of the buncher is primarily
influenced by two factors: the THz electric field amplitude
and the transit time of the electron bunch. Increasing the
parameter g extends the interaction time between the elec-
tric field and the electron bunch, thereby improving the
compression efficiency. However, it's important to note
that increasing g also leads to drawbacks, including higher
radiation power of the THz field, rapid energy decay of the
electric field, and a decrease in the quality factor of the
buncher. Therefore, when designing a buncher, it is crucial
to consider the specific application scenario and strike a
balance between compression efficiency and the aforemen-
tioned trade-offs.

3.3 MV/m

(a)

=

[——E, in buncher

Hoh o~ v ow s

Spectral intensity

Electric field (MV/m)

0.0

0 10 20 30 40 50
Time (ps)
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3
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Figure 3: (a) The electric fields at the center of the buncher.
(b) The corresponding spectrum.

To generate a larger amplitude THz field, we use a quasi-
Gaussian single-pulse THz wave with a central frequency
of 0.3 THz, which closely matches the resonance
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frequency of the buncher, allowing for effective excitation.
CST simulations indicate that the buncher can enhance the
THz electric field by a factor of 3.3. The waveform and
spectrum are shown in Fig. 3. When the longitudinal center
of the beam aligns with the zero-crossing phase of the THz
field, two distinct effects occur. The electrons at the head
of the beam experience deceleration, while those at the tail
experience acceleration. As a result, the overall bunch
length decrease after a drift section.

This beam compression dynamics process can be de-
scribed using a transfer matrix. The coordinates of an indi-
vidual electron in the longitudinal phase space are defined
as ({o, do), where { represents the relative position of the
electron with respect to the beam center, and J represents
the relative energy difference to the reference particle. The
coordinates ({1, d1) of the electron in the longitudinal phase
space after passing through the THz buncher can be de-
scribed by the following equation:

HEEEAY I

Here, L/f%? is the momentum compression factor of the
drift section, k& = 2zfo/fic is the wave number of the THz
field, Err is the energy of the electron beam, and AV is the
effective voltage of the THz resonator.

Given a specific THz electric field amplitude, this equa-
tion allows us to determine the position where the bunch
length is minimized after compression. It is important to
highlight that the theoretical model does not account for
the space charge effect. Additionally, the buncher is limited
to compensate for the linear bunch chirp of the electron
beam. Further studies are needed for beams dominated by
space charge to address and compensate for the space-
charge effect.

THz-DRIVEN STREAK CAMERA

The electron beam passes through the buncher, where it
undergoes compression to achieve its shortest length at the
sample location. A deflection cavity is placed at that loca-
tion to measure the size of this compressed beam. The slit
used for beam length measurement is depicted in Fig. 4 (a),
and its geometric parameters are shown in Table 2.

(a) (b)

=

,,,,,,,,,,,,,,,,

Figure 4: (a) The structure of the slit. (b) The electric field
distribution in the slit.

The same slit is also excited by the aforementioned driv-
ing THz pulse, with the polarization direction along the y-
axis. Fig. 4 (b) illustrates the electric field distribution gen-
erated within the slit gap. Horizontally, the strongest elec-
tric field is concentrated in the center, while it gradually
weakens towards the sides. In the case of electron bunches
with small transverse sizes, the electric field exhibits uni-
formity.
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Table 2: Dimensions of the Slit

Dimensions Value (um)
/ 2000
b 30
a 480
h 100

Figure 5 presents the waveform and spectrum of the THz
electric field at the center of the rectangular slit. The field
exhibits an enhancement factor of 7.0. In this slit resonator,
the enhancement factor of the generated field is primarily
influenced by the width of the slit. A narrower slit corre-
sponds to a higher enhancement factor. Theoretical analy-
sis indicates that the enhancement factor can be approxi-
mated as the ratio of the longer side to the shorter side of
the slit.

»

5]

Electric field (MV/m)
Spectral intensity

10 15 20 30 35 40 45 0.1 02 03 04 05

25
Time (ps) Frequency (THz)

Figure 5: (a) The electric fields at the center of the slit. (b)
The corresponding spectrum.

When the electron bunch passes through the THz electric
field at the zero-crossing phase, it acquires a net transverse
momentum of zero. Although the direction of the bunch
motion remains unchanged, the leading and trailing elec-
trons acquire transverse momenta in opposite directions.
After a drift section, the longitudinal characteristics of the
bunch are transformed into a transverse distribution on the
detector. The bunch length can be deduced by utilizing the
following formula, which relates it to the transverse size:

=% gin (% T, j DAT

3

3P ©)
where w is the angular frequency of the deflecting electric
field, Ey is the effective deflecting field strength, e is the
elementary charge, P is the momentum of the electron
bunch, D is the distance from the second resonator to the
detector screen, and 7 is the time it takes for the electron
bunch to pass through the gap.

PARTICLE-TRACKING SIMULATION
RESULTS

Particle tracking simulations are conducted to showcase
the evolution of the electron bunch, utilizing the parame-
ters of the HUST-UED beamline [10-12], as shown in Ta-
ble 3. To achieve longitudinal focusing of the electron
beam within 0.45 m, as per the current design parameters
of HUST-UED, a peak field of 1141 MV/m is required for
the buncher. Considering the field enhancement factor, the
driving THz pulse must have an energy of approximately
0.14 mJ. For the slit, the peak field is designed to be
500 MV/m, and the driving THz pulse should have an en-
ergy of about 6 uJ. Before the electron beam undergoes
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streaking through the slit, it first passes through a vertical
aperture with a size of 30 um to minimize the impact of
non-uniformity in the transverse field enhancement factor
of the slit on the measurement results.

Table 3: Simulation Parameters

Parameters Value
Initial bunch length 15 fs
Bunch kinetic energy 3 MeV
Bunch charge 51fC
Peak THz buncher field 1141 MV/m
Peak THz slit field 500 MV/m

Figure 6 (a) illustrates the imprinting of the bunch after
undergoing compression and streaking, which has an initial
length of 15 fs. For comparison purposes, the uncom-
pressed bunch imprinting is also shown in Fig. 6(b). The
results clearly indicate that the beam is compressed from
its original duration of 54 fs to an impressive 4 fs, resulting
in a compression ratio of 13. By incorporating the buncher,
the temporal resolution of UED can be effectively reduced
to approximately 30 fs.

0.5 5
(a) (b)
04F 4t
03} oy 3t
02+ :{" 2F
= o01f .3{ =1t
g Sl g
g oof aE g ot
~ 11 i._ ~
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05 0.0 05 =05 0.0 0.5
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Figure 6: Comparison of bunch imprintings for com-
pressed (a) and uncompressed (b).

CONCLUSION

In summary, the presented approach demonstrates an in-
novative path towards all-optical bunch length compres-
sion and measurement of electron bunches. This method
ensures inherent synchronization and eliminates timing jit-
ter, making it ideal for precise electron bunch manipulation
and high-resolution diagnostics. The preliminary results
demonstrate the successful compression of the electron
bunch from 53 fs to 4 fs, which significantly improves the
overall time resolution of UED to below 30 fs. The prelim-
inary results highlight the potential of this proposed tech-
nique in advancing electron bunch manipulation and
achieving ultra-high temporal resolution in applications in-
volving electron-laser-related.
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Abstract

SASE FEL can generate intense and coherent linearly-
polarized X-ray when high energy electron beams travelling
through a long planar undulator. It is also of great impor-
tance and interest to control the polarization of FEL. One
possible solution is utilizing a customized undulator to ad-
just the magnetic field direction. By tuning the displacement
of the magnetic block arrangement, variation of polarization
could be achieved. In this paper we study on a polarization
controllable undulator to realize the variable polarized mag-
netic field. Different shapes and design considerations of the
magnetic block configuration will be introduced. The value
of peak field and the region of good field will be analysed
and discussed.

INTRODUCTION

The X-ray free electron laser (FEL) have the ability to
explore the ultra-small and ultra-fast regime. Self-amplified
spontaneous emission (SASE) is intense and coherent radia-
tion via an extremely high gain process. SASE FEL usually
produces linearly polarized radiation based on planar un-
dulators. The light source polarization is one of the key
characteristics of the radiation. Furthermore, arbitrarily po-
larization control has great application requirement, such
as in developing powerful probing spectroscopies [1] and
performing circular dichroism experiments [2]. A helical
undulator could be used to achieve circular polarization,
while challenging to change the polarization between two
diametrically opposed helices. Another method to obtain
control of polarization is to use a dedicated planar undula-
tor. By tuning the relative displacement between upper and
lower magnet array, the phase of the electromagnetic field
is shifted and the field strength is adjusted, turning out the
polarization change. In this manuscript, we will give the
study of different shapes and design considerations of the
magnetic block configuration.

MAGNETIC STRUCTURE

We have studied a novel variable elliptical polarization
undulator with different structure arrangement considered.
In the original design, the pure permanent magnetic blocks
are periodically arranged with four upper and lower blocks.
In each period, two opposite horizontal magnetization of

* Work supported by the National Natural Science Foundation of China
(Grant Number 12175224, 11805200).
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magnets and two opposite longitudinal magnetization of
magnets are placed at intervals. The displacement of upper
and lower magnet arrays can be mechanically shifted. As
a result, a horizontal polarization, a vertical polarization
and an elliptical (or circular) polarization can be realized
separately. Several magnetic block shapes are considered as
shown in Fig. 1.

The magnetic design is performed via the Radia pack-
age [3]. In one design specification of the original structure,
the simulation results for different polarization modes of the
transverse magnetic field distribution on the longitudinal
axis are shown in Fig. 2. Undulator parameters of the origi-
nal block and displacement shift requirement on polarization
change are listed in Table 1. The peak field of the periodic
distribution can reach above 0.4 T for linear polarizations,
and above 0.3 T for circular polarization. Although there is
field deformation at ends of the undulator, it can be improved
by optimization of the edge blocks. However, the uniform
region very small for this original structure. Some tech-
niques have been suggested to improve the transverse field
homogeneity [4,5]. We study on three design considerations.

Table 1: Main Parameters of the Original Block Design

Parameter Specification
Period 100 mm
Number of periods 10
Gap(fixed) 20 mm
Magnet block size(width*height) 60*60 mm
Vertical peak field 042T
Horizontal peak field 044T
Peak field at circular polarization 033T
Shift of vertical polarization 0 mm
Shift of horizontal polarization 50 mm
Shift of circular polarization 35.6 mm

Side-block Arrangement

In the side-block arrangement, magnet blocks of vertical
magnetization are added at both width end of the horizontal
magnetization blocks to compensate the region of good field.
By proper optimize the geometrical parameters, the uniform
field region is increased from less than 0.1 mm to 1.0 mm in
horizontal and 1.8 mm in vertical, under field homogeneity
AB/B < 0.5%.

We fix the size of the main magnets and the height of the
side blocks, then compare the peak field and the uniform

Beam Dynamics and EM Fields
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Figure 1: Several magnetic block shapes: the original block with diagrammatic drawing of magnetization directions in
(a) and structure arrangement in (b); the side block arrangement in (c); the wedge block arrangement in (d); the tilted
magnetization arrangement with diagrammatic drawing of solid figure (e) and with right side views of horizontal magnetized
blocks
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Figure 2: Simulated transverse magnetic field distribution in one original design specification. Left: horizontal polarization

mode; Middle: vertical polarization mode; Right: elliptical polarization mode.

field region by varying the size of the side magnets, as shown  cutting-angle increases the vertical field is increased and
in Fig. 3. In the veritcal polarization mode, the width of side ~ good region increased. While the good region and peak field
magnets minimally affect both the peak field and the uniform  of the horizontal mode is not optimized.

region. In the horizontal polarization mode, when the width
decreases the B, field is reduced and good region increased.
It is notable that the uniform field region in horizontal can

be larger than 8 mm. Tilted-magnetization Arrangement

In the tilted-magnetization arrangement, the horizontal
magnetized block is divided into two with a certain magne-

In the wedge-block arrangement, the magnet block has a  tized tilt angle as shown in Fig. 1 (e) and (f). The tilted-angle
wedge towards the beam axis. In this design, the wedge angle  has a clear impact on the peak field and the homogeneity
as well as the size of the folded surface’s horizontal area  field region. When the tilted-angle is arctan(0.2), the field
should be optimized. Firstly, to balance the uniform field  distribution for horizontal and vertical polarization modes
region on both planes, the horizontal length of the folded  are shown in Fig. 5. The horizontal peak field is reduced to
surface area should be zero or small enough. about 0.08 T, while the vertical peak field can be maintained

We define the cutting-angle as labelled in Fig. 1 (d). If  above 0.34 T. The uniform field region under field homo-
the wedge angle is varied, the magnetic field and its good  geneity AB/B < 0.5% is increased to 1.8 mm in vertical,
region will also be changed. As shown in Fig. 4, when the  while reduced to 0.08 mm in horizontal.

Wedge-block Arrangement

MOPB003
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Figure 4: The transverse field distribution of wedge-block
arrangement for horizontal polarization mode (upper) and
vertical polarization mode (lower).

CONCLUSION

Various block layouts have been investigated to realize ad-
justing of the polarization and broadening the homogeneity
field region. By tuning the relative displacement between up-
per and lower magnet array, the phase of the magnetic field
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can be changed bringing out polarization control. Among
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Figure 5: The transverse field distribution of tilted-

magnetization arrangement for horizontal polarization mode
(upper) and vertical polarization mode (lower).

those block shapes, the side-block arrangement can achieve
considerable uniform field region in both polarization modes
especially in horizontal plane. While the peak field of hori-
zontal polarization is fairly lowered. The good region under
field homogeneity AB/B < 0.5% can be larger than 8.0 mm
in horizontal and 1.1 mm in vertical at the expense of B,
descent. More magnet structures should be investigated to
further improve the undulator field properties.
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AND IMPEDANCE FOR NONULTRA-RELATIVISTIC BEAMS*
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Abstract

With the development of the steady state micro bunching
(SSMB) storage ring, its parameters reveal that the ultra-
relativistic assumption which is wildly used is not valid
for the electron beam bunch train, which has length in the
100nm range, spacing of lum and energy in hundreds MeV
range. The strength of the interaction between such bunches
and the potential instability may need careful evaluation. At
the same time, the effect of the space charge inside a single
bunch due to space charge effect also needs to be considered.
In this article, we reorganized the lowest-order longitudinal
wakefield under non-ultra relativistic conditions, and modi-
fied the inconsistent part in the theoretical derivation in some
essays of the lowest-order transverse wakefield. We present
the modified theoretical results and analysis. The action area
are then divided into three parts. It lays foundation in future
research.

INTRODUCTION

Based on published literature, we have reorganized
the lowest-order longitudinal wakefield under nonultra-
relativistic conditions which is the monopole longitudinal
wakefield, and we have modified the inconsistent part in the
theoretical derivation of the lowest-order transverse wake-
field which is the dipole transverse wakefield in existing
literature. We present the modified theoretical results and
analysis. The calculation results are evaluated, and the ac-
tion area of the non-ultra relativistic wakefield is divided into
a short-range dominated by the source charge space force, a
middle section dominated by the mirror space charge force,
and a long-range resistive wall that can be estimated using
classical ultra-relativistic assumption. This lays the founda-
tion and clarifies the ideas for subsequent beam dynamics
analysis.

LONGITUDINAL WAKEFIELD

Previous Result

The classical Longitudinal Wakefield for multipole has
an analytical expression [1]

& ZO L
W, (2) = - = 1
N (e E S

Zy L
W (2) = - ¢ o~
m (2) 27bh2m+1 (1+8,,0) o, |Z|% (2
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where b is the radius of the pipe, o, is the conductivity
of the surrounding medal. This result is obtained by ultra-
relativistic limit y — +o0,e.g. the speed of the electron is
the speed of light c. Meanwhile, the effective region of the
longitudinal coordinate is

1 _lc
r3b<lzl« y 3+, <0

. 3

where y = W For Aluminum pipe whose radius is
in several centimeters range, the effective region will be
1.95x 107°m « z < 1.54 x 10 m

In order to calculate short range wakefield, in SLAC-PUV-
95-7074 [2] there is a formula for longitudinal Electric Field
in the time-space domain

fyfooxe“%) “)

0 x0+8y2

®)
this equation is valid for all z < 0.

SSMB Case Monopole Wake Benchmark

For the SSMB Parameters showed at Table 1 reveal that the
space charge effect estimate by % would be about 30.6 um.
Such an effective length would be much larger than the spac-
ing between bunch to bunch. So, it would be better that we
consider if it is appropriate to view space charge electromag-
net field as a round plate.

Table 1: SSMB Bunch Train Parameters

Parameter Value Purpose
Length 10 nm Longitudinal Coherent
Transverse size  10—100 um

Spacing 1 pm High Average Power
Energy 250 MeV y =490.2

There is such a monopole result derived for nonultra-
relativistic beam [3, 4] by solving the Maxwell equation
by Fourier Transformation, the longitudinal impedance is
showed as Eq. (7). And when we get the expression of
the impedance, we can obtain the Longitudinal Wake Field
through Inverse Fourier Transformation.

1 oo iwz
Wg (z.1) = 3y Loo Z(w,r)evdo (6)
MOPB004
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It should be noticed that there is a coefficient named v on
the denominator before the integration. This is because
we should take the correspond Fourier Transformation pair
when we do this operation.

Usually we take the numerical integration to get the In-
verse Fourier Transformation for the longitudinal Impedance.
As a benchmark, this relativistic formula is more general
than the ultra case. And when we set the energy of the elec-
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tron to infinity, it should approach to the ultra-relativistic
limit naturally. Fig. 1 show that when we take the limit we
said, the wake field have the feature that when z > 0, wake
field is zero, when z < 0 it is not zero. This is the result of
causality, which means that the speed of the electromagnetic
field’s propagation is not faster than the speed of the electron
which is ¢ when energy is infinity.

iZock? w2 4K, (bk,) Ky (bA) + k,.c* (A% — k?) Kq (bk,) K| (1D
7 (w,r) = LEZL Ky (kr) + 1 (k) 1 (D) Ko (b2) + ke ) Ko (bh,) K, (26) ()
27w w21 (bk,) Ky (bA) — k,c2 (22 — k2) Iy (bk,) K; (Ab)
It should be noticed that in the mean time, at the long  as
range, the wake field we calculate has a good agreement 11
with the classical equation given by A.Chao [1], which is K (x) = Tt 2lnx+2y —1-2In2) +
1
) . Zo L @x3 (41nx+4y—5—41n2)+0(x4) (11)
WO(Z):_élyr_b 5. 3 3 1
€22 K, (kr) = o
And an example is showed at Table 2 and Fig. 2 this model will lead to a equation showed below
Table 2: Consistency Between Classical Equation and Gen- ® (0,0) =
eral Equation -1 1 0%
lim 27 (tb (x*,y*) D+— — D—d— (x*,y*))
. -0 k.c k. or
z/m x formula numerical r r (12)
—001 57x1075 -547x10° -535x10°
which can not determine the coefficient D in the general solu-
tion. So, the model given by pervious is not self-consistent.
TRANSVERSE WAKEFIELD Dipole Ring Model

Misleading Point in Pervious Result

In essays [3,4] corresponding this question, they did not
mention the mathematical expression for such a dipole cur-
rent, the model they are considering about is pretty much
vague. If we take the model they consider, which is

j(p = 0’
Jr =0,
[jsdrde =va,

©))

when we follow the derivation given by pervious result, we
will have to determine a coefficient given by the strength of
the dipole charge, and the equivalence mathematical problem
is that we solve the green function given by

1d ( A, 12 — -
- (r ars)—(r—z +k3)AS:—,u0]S (10)

ror

The general solution of the problem is CI; (k,r)+ DK, (k,r).
We can then expand the strange part of the general solution

MOPB004
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We can give a dipole ring model and solve the electromag-
netic field surround it. We explicitly give the source term of
the dipole ring, which is Eq. (13)

q
Pm = Eé (s =vt) 8 (r —a)cosmb

13)
Jm = CPmS

By solving the Maxwell equation under Lorentz Gauge, we
give the general solution of vector potential A,,A,, A and
potential ¢. In different area, we have

r<a

1

Ar j (pi12 (krr) +p€[0 (krr)) cos (peikz

| . . ; 14
Ay = 5 (051 (kyr) = plly () sinpeits (1)
Ay = pI, (kr) cos peiks
¢ = p§l; (k.r) cos etk
where Lorentz Gauge requires that
. 2k
ps=-p% po=—PS (15)
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Figure 1: Wake field for ultra-relativistic electron near r = 0 as a benchmark.
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Abstract

This paper aims to design the beam dynamics of a MeV-
level high-power DC proton accelerator for use in high-
voltage accelerators. The high-power proton accelerator
has essential applications such as ion implantation
equipment, neutron therapy equipment, and accelerator-
based neutron source equipment. With the increasing use
of high-voltage generators due to their stable and reliable
operation, these accelerators have gained significant
popularity in the field. The paper discusses the design
considerations of the accelerator equipment, including the
functions and requirements of the acceleration tube,
electric field distribution, and voltage holding issues.
Additionally, the paper focuses on the design aspects of
beam optics, encompassing topics such as electric field
distribution, beam focusing, beam transmission,
divergence, and the impact of space charge effects on beam
quality. Calculations and optimizations are performed
based on the parameters and requirements specific to high-
voltage accelerators. Finally, the paper presents and
analyzes the results of the accelerator tube and beam optics
design.

INTRODUCTION

MeV-level proton accelerators, as powerful and versatile
particle acceleration devices, play a significant role in
various industries, scientific research, and medical
applications. In the industrial sector, MeV-level proton
accelerators are widely utilized in material processing and
surface treatment techniques, enabling high-energy
material modification and ion implantation processes. In
the field of scientific research, MeV-level proton
accelerators provide robust tools for nuclear physics and
particle physics investigations. In the medical domain,
MeV-level high-power DC proton accelerators generate
high-power proton beams that produce neutrons through
target interactions. These neutrons are utilized in Boron
Neutron Capture Therapy (BNCT) for targeted tumor
radiation treatment. For MeV-level high-power DC proton
accelerators operating with a single-ended electrostatic
acceleration scheme, beam optics design becomes
particularly crucial.

* Work supported by Major Development Project of the Shanghai
Institute of Applied Physics, CAS [Y951011031].
# hezifeng@sinap.ac.cn
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DESIGN ISSUES OF ACCELERATOR
TUBES

Beam Parameters of the Incident lon Beam in
the Accelerator Tube

Based on the output characteristics of the high-current
DC microwave ion source [1-3], the beam parameters of
the incident ion beam in the accelerator tube can be set as
shown in the Table 1.

Table 1: Parameters of the Incident Beam at the Entrance
of the Accelerator Tube

Parameters Value

Emittance & 0.5 T mm mrad
(v 0.2
B 0.4 mm/mrad

Spot diameter 4 mm

The Space Charge Effect of the lon Beam

As the current passing through the accelerator tube
increases, the effect of space charge becomes more
significant, leading to an increase in the radius of the ion
beam and a deterioration in the focusing properties of the
accelerator tube system. Consequently, more current is lost
on the electrodes, resulting in a sharp increase in the load
on the accelerator tube due to secondary electrons. The
simulation results for proton beams with beam currents of
0.1 mA, 1 mA, and 15 mA, initial energy of 40 keV, and a
1 cm beam spot radius drifting in an infinite space are
shown in Figure 1.

The radial potential distribution of the ion beam is a
crucial aspect of the accelerator's beam dynamics, as
shown in Figure 2. It describes the variation of electric
potential across the radial dimension of the ion beam.

Considering the ion beam to be infinitely long and
axially symmetric, the potential distribution function
generated by space charge is determined by the following

equation.
2 R 2
Py 1+Zln{—J—(LJ 0<r<r
4¢g, A A )

2
Phy In R 0, Sr<R
4¢, 7,

U(r)=
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Figure 2: Radial Potential Distribution of the Ion Beam.

The rp represents the beam radius, p is the spatial charge
density distribution, and p=I/rr,2v, where v is the velocity
of particles in the beam.

In practical calculations, the beam divergence needs to
be taken into account, and r, will gradually increase along
the direction of beam propagation. In the simulation
process, the beam divergence has already been considered.
The electric field generated by the space charge on the
beam axis is E(0) = 0. The radial electric field distribution
caused by the space charge is shown in Figure 1.

The charged beam simultaneously generates a spatial
distribution of the magnetic field. The magnetic force
acting on particles due to this magnetic field is relatively
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small compared to the electric force. Therefore, it can be
neglected in subsequent calculations.

Beam Divergence Caused by Space Charge

As mentioned earlier, higher beam currents generate
significant electric and magnetic fields. The electric field
force due to space charge always leads to beam divergence,
while the magnetic field force from space charge has a
certain axial converging component. For slow-moving
particles at the head of the accelerator, the magnetic field
force is relatively weak compared to the dominant electric
field force. Consequently, the beam at the head of the
accelerator exhibits a stronger tendency to diverge. For
smaller parallel beams, such as a 0.1 mA proton beam, the
particles only deviate by 0.06 mm from their initial
positions after a free-space drift of 400 mm. However, as
the current increases to 15 mA, the deviation of particles
from their initial positions at the end of the drift will reach
8 mm. Therefore, in the design of the head section of the
accelerator, a strong focusing force is required to mitigate
the spatial divergence effect for high-current low-energy
beams.

ACCELERATOR TUBE AND BEAM
OPTICS DESIGN

High-current Accelerator Tube System

As the effect of space charge increases, the radius of the
ion beam also increases, deteriorating the system's
focusing properties. Consequently, the beam collision on
the electrodes increases, and the load on the accelerator
tube sharply rises due to the secondary electrons generated.
The vacuum conditions of the accelerator tube also
deteriorate due to the increased flow of neutral gas
generated by the ion source. To maintain a stable voltage
on the tube section despite the increased leakage current,
the current passing through the voltage-divider resistors
should be increased. Among the lens electrodes in the
uppermost part of the accelerator tube, the double-cylinder
lens has the highest voltage ratio, which also has the most
significant impact on the overall focusing characteristics.

The Particle's Motion Equation and Focusing
System

In the high-voltage accelerator tube's electric field, the
radial motion equation of particles is as follows, where r
represents the radial coordinate of the particle, z is the axial
coordinate, and p is the spatial charge density. In different
regions of the accelerator tube, the variation of electric
field gradients is not uniform, and the entire optical electric
field gradients have different Q-value regions along the
axial direction. When Q > 0, the focusing effect of the
externally applied electric field is greater than the divergent
effect of the space charge. When Q <0, the divergent effect
of the space charge field predominantly affects the beam.
When Q = 0, the focusing effect of the external electric
field is essentially balanced with the divergent effect of the
space charge field, and the radial size of the beam remains
unchanged.
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Figure 3: 2.5 MeV Proton Beam, A—0.001mA, B-15mA, C-20mA.
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By placing optical elements at different positions in the
accelerator tube, it is possible to create an axial electric
field gradient distribution that satisfies the beam's passage.
This gradient distribution can be obtained by establishing
a full-size simulation model. In general, in the forward
direction of the beam, in addition to the initial focusing
system, compensation for the accelerator system's
aberration should also be designed.

The design approach of the initial focusing system is to
adjust its parameters, such as the focusing voltage VF,
when the space charge effect caused by the ion beam's
current affects the characteristics of the initial focusing
system. By doing so, the image point can be brought back
to the desired position, and the focusing system can be in a
matched state. This kind of system typically employs a
single lens, where the focusing characteristics of the initial
focusing system can be adjusted by changing the potential
of the middle electrode without affecting the characteristics
of other lenses adjacent to it in the front and rear.

The focusing compensation of the acceleration system
can be achieved using either magnetic lenses or
electrostatic lenses. If electrostatic lenses are used, the
potential distribution inside the acceleration tube can be
utilized to set potentials on the internal electrodes of the
tube, allowing the addition of several individual lenses
within the acceleration tube. These individual lenses can
provide focusing compensation for the ion beam inside the
acceleration tube [4, 5].
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RESULT

The envelope calculations of the beam for different
current intensities are shown in the Figure 3. Since the
focusing system of the accelerator's electrode is optimized
for high beam currents, the focusing effect of the beam is
not very good for low beam currents. Therefore, during the
accelerator tuning process, it is necessary to quickly raise
the beam to the optimized design point.
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APPROXIMATION OF SPACE CHARGE EFFECT IN THE PRESENCE OF
LONGITUDINAL MAGNETIC FIELDS

H. Y. Lif, J. R. Shi, H. Zha", W. H. Gu, Q. Gao, H. B. Chen, Tsinghua University, Beijing, China

Abstract

The space charge effect plays a significant role in the
evolution of phase space during beam transport. Applying
an external longitudinal magnetic field has been shown to
effectively reduce beam expansion through the mechanism
of beam rotation. In this article, we present a fast approxi-
mation algorithm for estimating the impact of an external
magnetic field on beam expansion. The algorithm enables
efficient computations and provides insights into control-
ling the phase space dynamics of the beam in the presence
of longitudinal magnetic fields.

INTRODUCTION

In particle accelerators, space charge forces have a sig-
nificant impact on the transmission process, causing the
beam to expand in both the transversal and longitudinal di-
mensions. This expansion leads to an increase in emittance,
the formation of beam halo, and even beam loss [1]. Nota-
bly, the space charge force is proportional to 1/y2, where
y represents the Lorentz factor [2]. Therefore, the influence
of the space charge force becomes more pronounced for
low-energy high-intensity beams. As the transmission dis-
tance increases, the impact of the space charge force on
high-energy beams gradually becomes significant. In the
simplest scenario, using an infinitely long uniform beam
model, the expression for the space charge force can be
given as follows:

qlr 1 o)

T 2me,fa? y?

As shown in Figure 1, a is the radius of the beam.

Figure 1: The infinitely long uniform beam model.

When a longitudinal magnetic field B is applied, it can
help alleviate the space charge effect. As macroparticles
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experience space charge forces and gain radial velocity, the
Lorentz force causes the beam to rotate in the angular di-
rection. This rotation dissipates some of the total energy
derived from the electromagnetic potential. Consequently,
this process can effectively slow down the radial expansion
of the beam.

Furthermore, the angular rotation of particles gives rise
to an induced longitudinal magnetic field B;, which acts to
weaken the original magnetic field B. However, through
simulation, it has been observed that B, is significantly
smaller than B. Consequently, in the subsequent discussion,
we will neglect the influence of B;. Additionally, we as-
sume that the transverse velocity is much smaller than the
longitudinal velocity, which is close to the speed of light.
In the Cartesian coordinate system, with the longitudinal
direction defined as the z-axis, the equation of motion for
the macroparticles can be expressed as follows:

¥=Ax—Ay; ¥ = A1y + A% (2)

Wherein A; = ql /y3my2ne,fca?; A, = qB/ym,. m,
is the static mass of an electron. By utilizing the fourth-
order Runge-Kutta method, we can update the position of
a macroparticle based on an appropriate time step. This nu-
merical technique allows us to accurately calculate the par-
ticle's trajectory and track its motion throughout the simu-
lation.

From Eq. (1) and Eq. (2), we observe that in a uniform
electron beam, the accelerations and velocities of particles
are both proportional to their radial positions. As a result,
after expansion, the ratio of radial coordinates for different
particles remains constant, indicating that the beam re-
mains uniform. In order to simplify the computation, a fast
approximation algorithm can be employed, where only the
motion of the outermost particle is calculated. This approx-
imation allows for a more efficient calculation process
while still capturing the overall behaviour of the beam.

PROGRESS

Verification with Astra

We have developed a fast approximation algorithm uti-
lizing Eq. (1) and Eq. (2). In order to validate the accuracy
of this approximation algorithm, we can compare its results
with those obtained from Astra, a space charge tracking al-
gorithm developed by DESY [3]. For this comparison, we
can utilize the single-bunch model. If the length of the
beam remains relatively constant after transport, its equiv-
alent current can be considered constant as well. Under
such circumstances, Astra's finite-cylinder model is equiv-
alent to the infinitely long beam model. By comparing the
results of our approximation algorithm with Astra's
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simulations under these conditions, we can assess the cor-
rectness of our approach.

18 1
17
16
15
14
13

—— Astra radius
81 —@— algorithm radius
6] —m—Relative error

Relative-error/%

020 g

T T T T
1E-3 0.002 0.005 0.01
longitudinal B/T

1E4
Figure 2: Comparison with Astra.

Based on the results depicted in Fig. 2, it is evident that
the fast approximation algorithm accurately approximates
the expansion of the beam under various longitudinal mag-
netic fields. The initial parameters of the electron beam
used in the simulations are presented in Table 1. When
compared to the results obtained from Astra, the algorithm
exhibits a relative error of less than 3%. Moreover, it sig-
nificantly reduces the computation time from several
minutes to less than a second. These findings demonstrate
the effectiveness and efficiency of the fast approximation
algorithm in accurately modelling the beam's expansion
behaviour.

Table 1: Initial Parameters of the Beam

Parameters Value

Gamma 20.57

Initial radius/mm 2.0

Initial length/mm 50

Transport distance/m 50

Charge/nC -0.5
Algorithm Results

Figure 2 clearly illustrates that as the longitudinal mag-
netic field strength increases, the mitigation of beam ex-
pansion becomes more pronounced. However, the presence
of a longitudinal magnetic field introduces a non-mono-
tonic behaviour in the beam's radius with respect to the
transport distance. Instead of continuously increasing, the
beam radius exhibits periodic oscillations, as demonstrated
in Fig. 3. The parameters employed in these simulations are
the same as those used in Fig. 2.

Indeed, in the scenario where the beam radius exhibits
periodic oscillations due to the presence of a longitudinal
magnetic field, focusing solely on the final radius at a fixed
transport distance may not provide a comprehensive under-
standing. Instead, it becomes crucial to analyse the oscilla-
tion period and amplitude.
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Figure 3: Oscillation of the beam radius.

As depicted in Fig. 3, we observe that with increasing
magnetic field strength, the oscillation period becomes
shorter, and the maximum radius decreases. This implies
that by employing a solenoid to generate an appropriate
magnetic field, we can effectively suppress the space
charge effect of the beam to the desired extent. Stronger
magnetic fields yield better results in terms of beam control.
Developing an approximation method for such a process
would significantly contribute to the phase space control of
the beam, enabling precise manipulation of its behaviour.

Further Approximation

By simulating the beam described in Table 1 under vari-
ous longitudinal magnetic fields, we can obtain the maxi-
mum radius R, during oscillation and the corresponding
distance D required to reach it, which is also half of the os-
cillation period. To enhance the visual representation, we
use the reciprocal of the magnetic field strength (1/B) as
the x-axis in Figs. 4(a, b). The simulation results are de-
picted as a blue line. Notably, both curves appear to be
smooth and nearly linear. Consequently, we can approxi-
mate these curves using polynomials to provide a simpli-
fied representation.
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Figure 4: Fitting of the oscillation.
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It’s obvious that when B is zero, the R,,, will be co; when
B is +oo, the R,;, will be Ry, which is the initial radius of
the beam. Thus, we can get the fitting curve using the ex-
pression below:

4
R, = Z mB=5 + R, @)
i—1

Considering that for large values of B, the corresponding
distance D becomes negligible, we can simplify the ap-
proximation of D using a third-order polynomial, whose
expression is:

€))

4
D= Z n;B*
i=1

The relative errors of the fitting process are illustrated
as orange lines in Figs. 4(a, b), with all relative errors fall-
ing below 3%. This suggests that the approximation pro-
vided by Eq. (3) and Eq. (4) accurately captures the behav-
iour of the beam. In order to further validate the effective-
ness of these equations, we select another set of initial pa-
rameters for a test beam, as presented in Table 2. By ana-
lysing the behaviour of the test beam and comparing it with
the approximation derived from Eq. (3) and Eq. (4), we can
assess the validity and generalizability of the proposed
equations.

Table 2: Initial Parameters of the Test Beam

Parameters Value
Gamma 20
Initial radius/mm 5.0
Initial length/mm 50
Transport distance/m 50
Charge/nC -1.0
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To validate the form of Egs. (3, 4), we employ the al-
gorithm with four different magnetic field strengths (B) to
obtain four sets of results for the test beam. Subsequently,
we solve for the parameters in Egs. (3, 4) and compare the
newly obtained curve fitting with the simulation results of
the test beam. The comparison results are presented in
Figs. 4(c, d). Remarkably, despite using only four data
points for approximation, the curves fit closely with the al-
gorithm results, thereby confirming the validity of the pro-
posed equations.

CONCLUSION

In summary, when an external longitudinal magnetic
field is introduced, the expansion of the beam under the in-
fluence of space charge is mitigated through beam rotation.
Additionally, the beam's radius exhibits periodic oscilla-
tions as the transport distance increases. By employing a
fast approximation algorithm, we are able to accurately fit
the oscillation parameters using polynomials of the recip-
rocal of the magnetic field. These results provide valuable
insights for controlling the phase space of the beam, ena-
bling precise manipulation of its behaviour and character-
1stics.
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IMPACT OF NEG COATING THICKNESS AND RESISTIVITY ON BEAM
COUPLING IMPEDANCE

Tianlong He*, Weiwei Li, Zhenghe Bai, Hongliang Xu®
National Synchrotron Radiation Laboratory, USTC, Hefei 230029, China

Abstract

In diffraction-limited storage rings, non-evaporable getter
(NEG) coatings are generally used to assure the ultrahigh
vacuum, which, however, also increase the beam coupling
impedance that can affect beam dynamics. Ignoring the
influence of coating roughness, the impact of NEG coatings
on the impedance mainly depends on the coating thickness
and resistivity. In this paper, we investigate the impedance
characteristics of a round CuCrZr vacuum chamber coated
by NEG with different thickness and resistivity.

INTRODUCTION

For diffraction-limited storage rings (DLSRs) designed
based on multi-bend achromat lattice, its vacuum chamber
size is generally limited by the requirements for high gradient
multipole magnets and high performance insertion devices.
Small vacuum chamber is not conducive to maintaining the
ultra-high vacuum environment for beam circulating in the
ring. To assure the ultra-high vacuum, it is necessary to
make a layer of NEG coating on the inner surface of vacuum
chamber to improve the pumping speed [1]. However, NEG
coating will increase significantly the resistive wall (RW)
impedance especially in the high frequency region, resulting
in a reduction in the threshold of single bunch instabilities,
e.g., microwave instability and transverse mode coupling
instability [2].

For vacuum chambers with NEG coating, the IW2D
(ImpedanceWake2D) code is most widely used to calculate
the RW impedance [3,4]. For ease of impedance calcula-
tion in the windows operating system, we referred to the
core source code of IW2D and wrote a Mathematica script
to substitute for IW2D. After debugging, both results were
basically consistent. Therefore, all impedance calculations
in this paper were performed using this Mathematica script.

To calculate the RW impedance, in addition to the param-
eters of vacuum chamber, generally, two key parameters of
NEG coating are required to set: thickness and resistivity.
For DLSRs, the coating thickness is usually around 1 um [1],
and the coating resistivity, depending on the coating method,
often varies in the range of 1.25x 1076~7.1x107° Q-m [5].
It naturally leads to the question: what is the best choice of
the thickness and resistivity of NEG coating for mitigating
its influence on the RW impedance ? To answer this ques-
tion, it is better to sweep the two parameters and evaluate
the impedance accordingly. Once obtained the impedance
data, we can further calculate the longitudinal loss factor

* htlong @ustc.edu.cn
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and transverse kick factor to preliminarily assess the impact
of NEG coating.

THEORY AND METHOD

Impedance Calculation

As mentioned earlier, we used a Mathematica script
(equivalent to IW2D) for NEG coating parameter sweeping
calculation. The resistivity and thickness of NEG coating are
swept in the range of 1x1077~1x10"* Q-m and 0.1~ 2 um,
respectively. The round vacuum chamber is assumed to has
a radius of 11 mm and material of CuCrZr with resistivity
of p=2.18x 1078 Q-m.

Loss Factor and Kick Factor

For a Gaussian bunch, the loss factor and the kick factor
are respectively given by :

Kioss = 572, RelZypwo)lexpl=(paoo)®). (1)

and

o0

Y Im[Z, (pwo)lexpl-(pwyo,)?],

p=—0o°

2

where o, is the rms bunch length, w, is the revolution angu-
lar frequency, p is an integer, Re[Z;] is the real part of the
longitudinal RW impedance and Im[Z ] is the imaginary
part of the transverse RW impedance.

IMPACT OF NEG COATING
Impact of NEG Coating Resistivity on Impedance

Figures 1 and 2 show the longitudinal and transverse RW
impedances of per-unit-length vacuum chamber with a 1 um
NEG coating, respectively. It is obvious that the NEG coat-
ing mainly affects the impedance behaviour in the frequency
region of higher than 10 GHz. It should be noted, in this fre-
quency region, that the impedance behaves like a resonator,
and the resonant peak of the real part gets higher and the cor-
responding bandwidth gets narrower with the increase of re-
sistivity. For the cases of resistivity in 5x 1070 ~1x10~% Q-m,
the difference among them is small. It indicates that, with the
resistivity in this range, the impact of NEG coating on the lon-
gitudinal and transverse impedance has a weak dependence
on resistivity. For the case of resistivity in 1x1077~5x107°
Q-m, the imaginary part significantly decreases with a de-
crease in resistivity, while the real part exhibits complexity
as shown in Figs. 1 and 2(top) where different curves cross
each other in 1010~101!3 Hz.
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Figure 1: Longitudinal RW impedance of per-unit-length
vacuum chamber with different NEG resistivities.
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Figure 2: Transverse RW impedance of per-unit-length
vacuum chamber with different NEG resistivities.
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Figure 3: Longitudinal RW impedance of per-unit-length

vacuum chamber with different NEG thickness.
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Figure 4: Transverse RW impedance of per-unit-length

vacuum chamber with different NEG thickness.
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Impact of NEG Coating Thickness on Impedance

We choose the case of resistivity of 5 x 107% Q-m to eval-
uate the impact of NEG coating thickness. As shown in
Figs. 3 and 4, both longitudinal and transverse impedances
behave like a resonator in the frequency range of 1010~1013
Hz: the resonant peak gets lower as the thickness is raised
from 0.5 to 2 um or descended from 0.5 to 0.1 pm, and the
resonant frequency gets smaller with increasing the thick-
ness. It is found that the NEG coating thickness has a larger
influence on the imaginary part than the real part, e.g. the
observable discrepancy of the real part between the cases of
“2um’ and ‘w/o NEG’ starts from about 10! Hz which is
two orders of magnitude higher than that of the correspond-
ing imaginary part. It is obvious that the imaginary part is
increased significantly with the thickness.

Impact of NEG Coating on the Loss Factor and
Kick Factor

The longitudinal loss factor and transverse kick factor of
per-unit-length NEG coated vacuum chamber are shown in
Figs. 5 and 6, respectively. As expressed in Egs. (1) and (2),
both factors are a function of the rms bunch length. The
case of 2 mm rms bunch length is taken into account here.

o, =2 mm
60

wn
(=]

S
(=]

W
(=}

Loss factor [mV-pC'l]

33
(=}

10
10”7

107 1073 107

NEG resistivity [2-m]
Figure 5: Loss factor for different resistivity and thickness
of NEG coating.

We can see that both loss and kick factors can be reduced
by reducing NEG coating thickness, and that the reduction
level of loss factor increases with reducing the resistivity,
while it is contrary for the kick factor. For the case of thick-
ness in the range of 0.1~1 um, the resistivity variation in
the range of 5x10~°~1x10~% Q-m has a slight effect on the
loss factor and the kick factor. For the case of thickness
in the range of 1~2 um, the loss factor generally increases
obviously and the kick factor decreases significantly with
the decrease of resistivity in 1x1077~1x107> Q-m.

As for the kick fator shown in Fig. 6, we can see that if the
thickness is reduced from 1 to 0.5 um in the resistivity range
of 1x107~1x10~% Q-m, the kick factor can be reduced
by ~33%; if the thickness is further reduced to 0.2 um, the
kick factor can be reduced by ~54%. This reduction is
significant. If the thickness is set to 1~2 um, the kick factor
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Figure 6: Kick factor for different resistivity and thickness
of NEG coating.

can be reduced significantly by reducing the resistivity only
less than 5x10~7 Q-m. If the thickness is set to 0.5 um, or
even to 0.1~0.2 um, the kick factor is hardly reduced with
the reduction of the resistivity.

CONCLUSION AND OUTLOOK

In this paper, the RW impedances of the round vacuum
chamber with radius of 11 mm and material of CuCrZr
were calculated using a Mathematica script, via sweep-
ing the resistivity and thickness of NEG coating in the
ranges of 1x1077~1x10~* Q-m and 0.1~2 um, respectively.
Resonance-like impedance with a high peak was observed
for the longitudinal RW impedance in the case of resistivity
in the range of 5x107%~1x10~% Q-m. Reducing the resis-
tivity can decrease the kick factor, but it is likely to increase
the loss factor. The impact of NEG coating had only been
discussed with the impedance, loss factor and kick factor. In
the future, the impact of NEG coating on the single bunch in-
stability for a designed DLSR will be further studied through
macro-particle tracking simulations.
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Abstract

Solving Vlasov equation is a classic method for analyz-
ing collective beam instabilities. Considering longitudinal
impedance and the nonlinear longitudinal potential well,
we developed a new Vlasov solver which can be used to
study the transverse mode-coupling instability under the ar-
bitrary sub-optimal lengthening and the optimal lengthening
conditions in a double-RF system. Several different tech-
niques to deal with the radial direction of longitudinal phase
space have been tested. Numerical discretization method
is selected in this paper. The development of the solver is
presented in details here. Benchmarks and crosscheck of the
solver have been made and presented as well.

INTRODUCTION

Most (semi-)analytical Vlasov solvers are based on a sin-
gle RF cavity or do not contain synchrotron tune spread [1,2].
In 2014, A. Burov proposed the NHTVS (Nested Head-Tail
Vlasov Solver), which can contain small synchrotron tune
spread but it is based on Gaussian bunches [3]. In 2018, Ven-
turini proposed radial discretization which contains large
synchrotron tune spread and flat-top distribution, it is only
applicable for optimal lengthening. [4]. They may result in
significant errors under conditions where the longitudinal
distribution is completely different from Gaussian or the
synchrotron tune spread cannot be ignored. There is cur-
rently no general Vlasov solver for sub-optimal lengthening
conditions.

In this paper, we proposed a method to deal with arbitrary
sub-optimal lengthening bunch by discretization of Vlasov
equation. It is a general method to dominate Gaussian, sub-
optimal and optimal lengthening bunches.

At first, we will derivate Vlasov equation similar to
Ref. [5]. Then we choosed two typical cases and compared
our method with Chuntao Lin’s transfer matrix method [6].
The specific sampling process will be described in this sec-
tion.

* xujingye @ihep.ac.cn
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FORMULA DERIVATION
The single-particle equations of motion are:
3(s) =p,
2
1
B == (2] v+ gRzs)

Z(s) = - 77p6

(M
8(5) =7 ()

Here F, is transverse wake force, E is particle energy, g is
betatron frequency, 7,, is slippage factor, C is circumference
of the storage ring, and V7" (z) is the voltage of double RF
system, where

V' (z) =sin (gbs - thl,”z) — sin ¢

Zhlhﬂ

2)
+ rsin [gbzs s

z] — rsin ¢o;.

We use action-angle variables J, ¢ in the longitudi-
nal phase space and polar coordinates g, # in the trans-
verse. So the perturbation formalism of density distribution
w(J, p,q,0;s) can be written as

v =fo(@)go() +fi(q,0)8,(J, p)e /e

Substitute y, Eqs. (6.168) and (6.173) in Ref. [5] into the
Vlasov equation,

2
] ce P 4 N iw'z/c
(Q-wp)g = mgo;m(w VZi (w")el " ?
% - l@@ iQs/c—if %
+B(J,¢)[ o] "Dy 57 € +CWJ, ) 90"
3)
here
. aJ ., . 0J dr(t dJ
z 9
. .0 N dr(t
cu. =802 +:0 %) =T gy 0,0,
z S
“)

Here 7 is the vector from the original point to the particle
coordinate (z, §) in the longitudinal phase space. By the
same manipulation of Fourier expansion of g; in Ref. [5],
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we finally get Table 1: Toy Model of HEPS
QW - @ )R (J) Parameter Value
_ « Beam energy, E, GeV 9
=g0(J) dJ' Ry ()G, p(J,J) ey, E,
0 IZ’ f 0 ! o (5) Circumference, C, m 1360.4
+ Z IRy ()8, pwy(J). Prirpary harmon.ic number, A, 756
7 ’ Ratio of harmonic number, & = h, /h; 3
. . o . Energy spread, o5 1.06 x 1073
Her.e 80 v ) is .the normlized radial dlStI‘lbU:thl‘l, R,(J) is Momentum compaction factor, a. 1.56 x 10-3
radial dlstrlbut,lon of angular mode /, w(J) is synchrotron Vertical betatron tune, vy 106.23
tune, Gy (J,J7) defines as Bunch charge, N, nC 2
, iNmce? poo 1 " ,
G, J') = "o, T2 . dwZi(@)Si (@, )8y (. J) Table 2: Settings of Two Cases
(6)
which corresponds to Eq. (6.195) in Ref. [5], but considering Parameter # #2
angular mode coupling. Here S;(w, J) defines as Primary RF Voltage, £, MV 3.6395 3.6395
) Voltage ratio, r = V,/V, 0.1819 0.1802
. .z2(J,p) s@p .
S)(w.]) = s f2n d¢ell¢—l 2 (‘”_T)’ ) Pr1mary.RF phase, ¢, rad 1.8928  2.0390
21 Jo Harmonic RF phase, ¢,,, rad 5.2598 5.7005
which desenerates to Bunch length, o, cm 2.5763 2.9078
& Average synchrotron tune, (v,), 1074 1.6145 0.9912
iy (T Number of radial samples, n; 60 80
I (= -
L (c (w §wﬁ/77)) Number of angular samples, n,, 300 400
in Eqgs. (6.177-6.178)in Ref. [5]. Eq. (7) is a compromise Maximum angular mode, J, 3 3
on asymmetric potential. Almost all existing models, such M = Zmax/ O 4 4
as water-bag model, hollow bunch, parabolic bunch, small
amplitude approximation of Gaussian and ideal-lengthening
bunch, are symmetric. Because of asymmetry, function e Calculate longitudinal density p(z);
S;(w,J) will be numerically calculated combined with dis- * Uniformly sample n; points within the range of 0 to
cretization that not only in radial direction as Venturini did no,, which is n; z,,,,’s of Hamiltonian tori;
but also angular direction.  Calculate n; z,,;,’s, Hamiltonian H’s, radial unpertur-
By discretization of Eq. (5) in radial direction, it becomes bated density go(J) = p(Zmax) Of these Hamiltonian
an eigen value problem tori.

. . * Calculate action variable J of each torus according to
(Q(l) - (‘),B)Rl] = Mlj,l/j/Rl'j’

My = 80UNGry Uy di) Ay + 18y () J =

Lo g
®) T
Notice that at vanishing beam intensity N = 0, M; ;/;» will
be a diagonal matrix with elements {la)s(Jj)[]' =1,..,n5}.
That’s the reason of tune spread of each azimuthal mode,

* Calculate synchrotron tune spread v(J) and average
synchrotron tune (v ) by:

except [ = 0. C dH
ve(J) = 37 dl’
COMPARE WITH TRANSFER MATRIX oo
METHOD (vg) =2 fo go(W)vs(N)dJ.

Settings * Take angular sample of each torus between 7., t0 Zyax

The toy model of HEPS is shown in Table 1 and settings by
of two cases are shown in Table 2, Case #1 represents a i-20r .
set of sub-optimal lengthening parameters, while Case #2 G =L Hrecos ng ' O=isng)

represents optimal lengthening parameters.
here z, = 0.5(zin + Zmax)> 7 = 0-5(Zmax = Zmin)-

Sampling Method » Caculate angle variable ¢ at each point according to
Assuming maximum z of sampling points reaches no_, .
the number of radial, angular discretization meshes is n;, F5(z,J) = f " 8(z,J)dz,
ng, where n 4 is an even number. Then we can sample as dZF
described below: ¢ = 0_J2
MOPBO014
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Results

We compared our method with Chuntao Lin’s transfer
matrix method [6]. We compared two typical settings, sub-
optimal and optimal lengthening, and the corresponding lon-
gitudinal distribution p (z) and synchrotron tune spread v(z)
was shown in Fig. 1. As shown in Fig. 1, the synchrotron
tune spread cannot be ignored, or the density distribution is
asymmetric.

— %Ll
15 F — #2 0.0004
P £}
= L 710.0003 évj
\% 10 _\g;
® 0.0002 =
< =
5 N
0.0001
00— . 0.0000
—0.1 0.0
z
Figure 1: Distribution(solid) and synchrotron tune

spread(dashed) of Case #1(red) and Case #2(blue) lengthen-
ing.

Under sub-optimal and optimal lengthening conditions,
our results are consistent. As shown in Fig. 2, we can clearly
see when the [ = 0 mode and the / = —1 mode are cou-
pled, the instability occurs. In Fig. 3, we cannot find the
threshold of instability clearly as Venturini said [4]. In fact,
the tune shift points at N = 0 nC are dominated by radial

sampling points, and the maximum tune shift of [ = -1
100 : : —
e Transfer Matrix ....o"..'
L)

9 50 e Vlasov Discrg,tiza%.lon §

é .o'..

£ 0 H

O 50F S0, ]

Transfer Matrix

Vlasov Discretization
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Figure 2: Growth rate per second and tune shift of Case
#1(sub-optimal).
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Figure 3: Growth rate per second and tune shift of Case
#2(optimal).

mode is broadened to / = 0 mode under optimal lengthening
condition.

CONCLUSION

In this paper, we proposed a general Vlasov discretization
method that can calculate growth rate and mode coupling
for arbitrary sub-optimal and optimal lengthening bunches.
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MATCHING SECTION DESIGN AT THE MeV ULTRAFAST
ELECTRON BEAM EXPERIMENTAL FACILITY

H. Qi, C.-Y. Tsai, J. Wang, Z. Z. Liu, K. J. Fan'
Huazhong University of Science and Technology, Wuhan, China

Abstract

This paper introduces the design and optimization of the
matching section beamline for the ultrafast electron re-
search platform at Huazhong University of Science and
Technology (HUST). The matching section serves as a
connection between the main beamline and the beam phys-
ics research beamline, aiming to achieve efficient and pre-
cise control over the electron beam trajectory and parame-
ters. To evaluate its performance, particle tracking simula-
tions using GPT software were conducted. When the beam
is set at 3 MeV and 1 pC charge, the matching section is
capable of compressing the bunch length to approximately
50 fs. This level of compression is crucial for ultrafast elec-
tron research applications, as it enables the study of phe-
nomena that occur on extremely short time scales, demon-
strating its effectiveness in achieving precise beam control
and compression.

INTRODUCTION

The ever increasing demand for high-power and wide-
band THz radiation has led to its growth in various research
fields such as communication [1], biological imaging [2],
and plasma diagnostics [3]. To address this demand, we are
currently developing a second beamline at HUST that will
focus on beam physics research, specifically investigating
terahertz radiation and beam Space-Charge (SC) effects.

Figure 1 illustrates the layout of the MeV ultrafast elec-
tron beam experimental facility at Huazhong University of

Science and Technology (HUST), featuring two beam lines.

The primary beamline is dedicated to achieving sub-100 fs
time resolution in a MeV ultrafast electron diffraction
(UED) setup [4]. The second beamline is connected to the
downstream experimental facility through a matching sec-
tion [5,6], which serves multiple purposes: bending the
electron beam and further compressing the bunch.

Solenoid | [ ager

Matching section
YAG screen

and camera  Faraday Cup

_______________ Measurement

systen Experimental

chamber

Figure 1: Schematic of the proposed MeV HUST facility.
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Typically, a matching section consists of two dipoles
along with quadrupoles and sextupoles that help mitigate
dispersion. In the matching section, an electron beam with
energy chirp undergoes phase rotation. Through careful de-
sign, a positive energy chirp is transformed into a negative
chirp, leading to beam compression and ultimately reach-
ing a beam waist downstream. This optimization ensures
efficient and compact electron beam propagation.

BEAM OPTICS DESIGN

During the initial design phase of the matching section,
it is typically adequate to consider the first-order beam
transport matrix. This matrix, denoted as R, describes the
transformation of beam parameters from the entrance to the
exit of the matching section.

In the matching section, R is composed of the transport
matrices of the dipole, quadrupole, and drift elements [7-
9]. The linearized form of R can be expressed as follows:

Rll R12 O 0 O Rl()
R2l RZZ O 0 0 R26
R |00 Ry Ry 00 0
0 0 R; R, 0 0
RSI RSZ O 0 1 R56
0 0 0 0 0 1

The explicit expression of the transport matrix R for the
matching section can be obtained by straightforwardly
multiplying the transport matrices of each individual ele-
ment.

Since the matching section serves as a bunch compressor
for the second beamline, it is essential to ensure that the
energy chirp becomes negative at the exit in order to gen-
erate the longitudinal beam waist downstream. This re-
quirement imposes a condition on the transport matrix R of
the matching section, specifically that the matrix element
Rss must be less than zero. Furthermore, the dipole magnets
in the matching section introduce a dispersion term that
cannot be ignored, which can cause a significant transverse
position offset and result in beam loss. To mitigate this is-
sue, dispersion matching becomes necessary, which in-
volves setting the matrix elements R;¢ and Ry6 to zero at the
exit of the matching section, effectively eliminating the
leakage of dispersion.

The matching section implemented at the HUST experi-
mental facility is designed to be symmetric, and its specific
layout is illustrated in Fig. 2. The dipole magnet in this sec-
tion has a bending angle () of 60 degrees and an effective
radius (p) of 0.26 m. Between the two dipole magnets, four
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quadrupoles are strategically positioned to adjust the dis-
persion term Ri¢ and its derivative Rys. This adjustment
aims to minimize the maximum beam size. Additionally,
two sextupoles are placed adjacent to the quadrupoles.
These sextupoles function as second-order magnet ele-
ments but can be considered as drift spaces in terms of first-
order optics matching. The lengths of the drifts in the
matching section are as follows: L1=0.4 m, L.2=0.15 m,
L3=0.075 m, D1=0.2 m, and D2=0.1 m, respectively.

p, 0

i |
= -30 /
kf=47.08 m™
-40 kd=-29.30 m™
-50
30 35 40 45 50 55 60

kf (m™)

Figure 3: The first-order dispersion (R and Rx) as a func-
tion of the quadrupole coefficient.

In the first-order optics design of the matching section,
we calculate the total transfer matrix R. As shown in Fig. 3,
by setting the quadrupole coefficients kf'=47.08 m and kd
=-29.30 m, we achieve Rjs = Ry = 0, indicating that the
matching section is achromatic at the end of the second di-
pole. However, this calculation provides a rough approxi-
mation as it does not account for the variation of beam pa-
rameters (Twiss parameters) within the section. To obtain
more accurate results, further analysis is performed using
MAD-X software [10]. The matching results are displayed
in Fig. 4. In this analysis, the quadrupole coefficients used
in the matching section are adjusted to kf = 49.64 m and
kd = -25.80 m2. Additionally, the longitudinal dispersion
Rs¢ is determined to be -0.051 m. By applying negative lon-
gitudinal dispersion to a positive energy chirp at the en-
trance of the section, it is possible to generate the longitu-
dinal waist downstream in the second beamline. This con-
figuration allows for the achievement of the minimum
bunch length.

The compression section is not purely linear but incor-
porates higher-order (nonlinear) contributions, which
might lead to longitudinal phase space distortion and dis-
ruption of the bunch profile. To correct these higher-order
terms, multi-pole magnets are typically required. However,
for single-pass transport, considering the second-order ef-
fect is generally sufficient. In the absence of sextupole
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magnets, the second-order longitudinal term Tse is calcu-
lated to be -2.1 m. Two sextupole magnets are employed to
mitigate this effect. The sextupoles have opposite polarities
and a gradient value of 8.69 T/m?, and the value of T is
reduced to 0, effectively eliminating the second-order term.

By achieving full compression, the downstream beam-
line can achieve the minimum bunch length. This configu-
ration greatly enhances the quality of the compressed beam.

| M
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Figure 4: Beam optics in the matching section. The evolu-
tion of the (a) betatron function and (b) the first-order dis-
persion in the section.

SIMULATION RESULTS

In order to evaluate the efficacy of the lattice design
within the matching section, particle tracking simulations
that traced the trajectory of particles from the cathode to
the downstream region were conducted using the General
Particle Tracer (GPT) software [11]. The parameters em-
ployed in the simulation are specified in Table 1.

Table 1: Parameters of RF Gun and Solenoid Magnet

Parameters Value (unit)
Laser spot size 0.05 mm
Laser RMS pulse duration > 15fs
Beam energy 3 MeV
Injection phase 65 deg
Beam charge 1 pC
Peak field in Solenoid 0.1445T

Figure 5 presents the tracking results obtained under dif-
ferent conditions at two locations: the entrance and down-
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stream of the matching section. In Fig. 5(a), the longitudi-
nal phase space and charge density profile at the entrance
are depicted. It can be observed that the energy chirp ap-
pears to be nearly linear, with a measured value of
ho=30.09 m™!. Upon passing through the matching section,
the chirp undergoes compression, as depicted in Fig. 5(b).
However, the absence of sextupoles leads to the formation
of a tail in the compressed beam bunch, resulting in an un-
desirable increase in the bunch length.

To effectively mitigate the impact of the second-order
term 7’se6 in the beam, sextupole correction is incorporated.
This correction significantly improves the tailing behavior
of the beam, as illustrated in Fig. 5(c). Consequently, the
root mean square (RMS) bunch length can approach ap-
proximately 50 fs without the SC effect. However, when
the SC effect is taken into account, the RMS bunch length
increases to approximately 100 fs due to the interactions
between electrons, as shown in Fig. 5(d).
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Figure 5: The longitudinal phase space of the beam (left)
and its corresponding charge density profile (right), (a) at
the entrance of the matching section, and after the match-
ing section tracked (b) without both sextupole correction
and SC, (c) with sextupole correction and without SC, and

(d) with both sextupole correction and SC incorporated.
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Figure 6 illustrates the evolution of beam parameters,
specifically the longitudinal bunch length and transverse
emittance, as the particles travel from the cathode to the
downstream region of the matching section, specifically
along the second beamline. Notably, a distinct compression
of the bunch length is observed beyond the matching sec-
tion. However, this compression is accompanied by an in-
crease in the transverse emittance, particularly in the x di-
rection. On the other hand, minimal changes are observed
in the y direction.

To further preserve the transverse emittance, precise ad-
justments to the gradient of the sextupole magnets are nec-
essary, requiring additional efforts. It is crucial to focus on
these improvements to optimize the overall performance of
the system.
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Figure 6: The evolution of beam parameters in the second
beamline with SC.

CONCLUSION

This paper introduces an analytical design of the match-
ing section for a second parallel beamline and subsequently
conducts particle tracking simulations to assess its effec-
tiveness and performance. The results demonstrate that the
proposed matching section successfully achieves compres-
sion of the RMS bunch length, reducing it from 0.4 ps to
50 fs, with an idealistic bunch compression factor of 8.
However, when considering the space charge effect, the en-
ergy chirp increases, leading to an extension of the RMS
bunch length to approximately 100 fs, with a compromised
bunch compression factor of 4. Furthermore, the simula-
tions indicate a degradation in the emittance, highlighting
the need for further optimization in this aspect. The devel-
opment of this dual-beam-line configuration, along with
the inclusion of the matching section, provides enhanced
capabilities for the MeV UED facility at HUST.
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Abstract

Minimizing resonance driving terms (RDTs) of nonlinear
magnets is a traditional approach to enlarge the dynamic
aperture (DA) of a storage ring. The local cancellation of
nonlinear dynamics, which is adopted by some diffraction-
limited storage rings, is more effective than the global can-
cellation. The former has smaller fluctuation of RDTs along
the ring. In this paper, the correlation between two kinds of
RDT fluctuations is found. The physical analysis shows that
minimizing the RDT fluctuations is beneficial for controlling
the crossing terms and thus enlarging the DA. This physical
analysis is supported by the statistical analysis of nonlinear
solutions of a double-bend achromat lattice.

INTRODUCTION

The widely-used analytical approach for the nonlinear op-
timization of storage rings is to minimize resonance driving
terms (RDTs) of nonlinear magnets. In this approach, the
Hamiltonian for particle motion is split into linear and non-
linear parts, and the nonlinear parts is expanded as the reso-
nance basis, i.e. RDTs [1]. Minimizing the RDTs can control
the corresponding resonance and thus enlarge the dynamic
aperture (DA). The local nonlinear cancellation, which is
used in the lattice design of some diffraction-limited storage
rings, is more effective than the global cancellation [2]. And
the former has smaller fluctuation of RDTs along the ring.
There are two ways to calculate the longitudinal fluctuation
of RDTs. One is to calculate the accumulated RDTs with
a fixed starting position, and the build-up and cancellation
of RDTs are shown in this way. We call it the RDT build-
up fluctuation. We have shown that minimizing the RDT
build-up fluctuations is more effective than minimizing the
commonly used one-turn RDTS in enlarging the DA [3]. The
other is to calculate the one-turn map (or one-period map)
with varying longitudinal starting position [4]. In this paper,
we will study the correlation between these two kinds of
RDT fluctuations. And then we will analyze the effects of
minimizing the RDT fluctuations.

RELATION BETWEEN TWO KINDS OF
RDT FLUCTUATIONS

For a storage ring lattice with N sextupoles, the one-period
map observed at s is

M (S()) = s[) h ﬂﬂ?{)? (1)

* baizhe @ustc.edu.cn
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where Ay, is a normalizing map, R is a rotation, and e is
the nonlinear Lie map. For the on-momentum particles, the
n-th order generator of ¢ can be expanded as:
+j - —
ha= > Rjamh R R, )

Jt+k+l+m=n

where ht = V2] et ?x, h; = 2Jye*' %y, with (J, ¢) being
action-angle variables, and /1, is the driving terms. For
any thin sextupole a, its normalized Hamiltonian V,, can be
expanded in the same way:

A

Vo= > hajamhd h5m RS 3)

J+k+l+m=3

For the third-order RDTs of one-period map, we have
Rjkim = XN hajim-  The build-up fluctuation
hisejkim = X'y ha,jiam shows the accumulated RDTs
from s to the ¢-th sextupole.

For the case of multiple periods, the accumulated RDTs
from s¢ to 7-th sextupole in the (u + 1)-th period is:

ulN+t ulN+t

Z ha ,Jjklm = Z ha ,Jjkim + Z ha ,Jklm
a=uN+1
—Z ha ]klm

ZN h
_Lig=] "a,jklm a 1 a]klm h
= | oimn - | _gimn Z a,jklm

elum-p

m-p
pimp +Zha jklme
a=1

mm~;1
9

“)

where m = (j — k,I — m) is the mode of resonance and
1 = (px, uy) is the phase advances of one period. The
third-order RDT build-up fluctuation can be written in the
form of Co g + C; me™™™#, which is a circle in the complex
plane when u is a variable. And C;,, is dependent on the
sextupole index ¢, so the build-up fluctuation of the RDT

hjkim is a series of concentric circles in the complex plane.

The second kind of RDT fluctuations shows the period
map observed at different longitudinal positions. And we
can measure it on a real machine. In order to measure the
RDTs, we need another transformation to find the nonlinear
invariants [4]:

e:—F:e:h:Re:F: — e:H:R, (5)

where H is the phase-independent Hamiltonian in normal
forms, and F is such a transformation. When the observation
position s is between n-th and (n + 1)-th sextupole, the third
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Figure 1: Correlation between two kinds of RDT fluctu-
ations of the SSRF storage ring lattice. (a) The build-up
fluctuation of /3000 in one SP. (b) The fluctuation of f309(s)
in one SP. (c) The build-up fluctuation of A3ggg for 100 turns
in the complex plane. We calculate multiple turns in order
to make concentric circles visible. (d) The RDT f3p00(s) in
the complex plane.

order terms in F are:

+N —im-A
f (S) Za =n+l ha,jklme mAg
Jkim 1 — gim-p
( -2 1+Za N+l) ha,jkime™™"?
- 1 —eimu
N
_Zamt hajim = (1= €™ #) 50, ha,jkim omim A,
1= eimn

(6

where A¢ is the phase advances between the observation
position s and s9. And we can see that | £z, (s)| equals to
|Cy.m|. So these two kinds of RDT fluctuations are strongly
related.

Figure 1(a) and 1(b) show these two kinds of RDT fluctu-
ations for one super-period (SP) of the SSRF storage ring
lattice. The SSRF storage ring consists of 4 SPs, each with
5 double-bend achromat (DBA) cells [5]. The term h3gg
is almost cancelled after one SP. The term Cj ,, in Eq. (4)
is small and the two kinds of RDT fluctuations are almost
the same. Figure 1(c) shows the build-up fluctuation in the
complex plane. We calculate multiple turns in order to make
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the concentric circles visible. These circles have the same
center Co r, and different radii |C; |. In Fig. 1(d), fjkim(s)
is also plotted in the complex plane. And we can see that
they are on the circles with radii = |C; ;,|. The fourth-order
cases are more complex, but the relation still exists. For a
fourth-order resonance m = m + m,, where m and m, are
third-order resonances, the RDT build-up fluctuation has the
formofC0m+C,me'””+C’ m ""1’“’+C’ e™m2# and
the fourth-order | fjxim ()| still equals to |C, ml

EFFECTS OF MINIMIZING RDT
FLUCTUATIONS

Physical Analysis

Since the RDTs are derived from the one-period map, it
seems the build-up and cancellation of RDTs in the period is
not important. For an ideal cancellation situation, e.g. two
identical thin sextupoles separated by —7 transformation,
the nonlinear effects are completely cancelled. And the
fluctuation of RDTs, which is determined by the strength of
sextupoles, does not affect the cancellation. However, when
the thickness of sextupoles is considered, an "error map"
containing higher-order nonlinear terms appears. Reducing
the strength of sextupoles can control the error map as well as
the RDT fluctuations. The calculation of these two examples
can be found in Ref. [6] (pages 146-149).

We think the cross-talk effect of sextupoles is the key. The
perturbations of sextupoles drives fourth-order resonances
by the cross-talk effect:

N N [b-1
h4 - [‘707 Ab] = Z Z Va’ Ab > (7)
b>a=1 b=2 la=1

and Y} _ | [Va.Vi| shows the build-up fluctuations of
fourth-order RDTs. The third-order RDT build-up fluctua-
tions are involved in the calculation of fourth-order RDTs.
Minimizing RDT fluctuations is beneficial for controlling
the crossing terms and thus controlling the fourth-order res-
onances. Moreover, the cross-talk effect can also generate
the fifth- and higher-order RDTs. So minimizing the RDT
fluctuations is beneficial for controlling higher-order reso-
nances. And this is the physics why minimizing the RDT
fluctuations is more effective than minimizing the one-turn
RDTs in enlarging the DA.

Statistical Analysis

We will then use numerous nonlinear lattice solutions
to demonstrate this physical analysis. Some indicators
need to be defined. The RDT #hy;,,, of the one-turn map
is denoted as hjrimring. And when all the n-th order
one-turn RDTs are considered together, we have hy, ring =

2 . .
\/Z jtkHlm=n hjklm’rmg. Since these two kinds of RDT

fluctuations are related by |C; |, we can use /jrim ave =
t[‘i 1 |Ctm|/N to show the RDT fluctuations. And simi-
larly the n-th order RDT fluctuations is denoted as £, aye =
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Figure 2: Correlation between the third-order RDT fluctu-
ations /13 4 and the crossing terms. The ADTS terms, the
fourth-order one-turn RDTs /4, ying and the fourth-order RDT
fluctuations /4 4ve are generated by the cross-talk effect of
sextupoles.

2 . .
\/ 2 j+k+lem=n h]. Kim.ave" The correlation between these in-

dicators can be measured using the Spearman rank-order
correlation coefficient, which is a nonparametric measure of
the monotonicity of the relationship between two datasets [7].
Like other correlation coefficients, it varies between -1 and
+1 with 0 implying no correlation. Correlations of -1 or +1
imply an exact monotonic relationship.

The SSRF lattice is also taken as the example. The
strengths of sextupoles are changed to produce different non-
linear solutions, with the horizontal and vertical chromatic-
ities corrected to (1, 1). A set of nonlinear solutions were
generated randomly. Figure 2 shows the correlation between
the third-order RDT fluctuations and the crossing terms.
Both the fourth-order RDTs and the amplitude-dependent
tune shift (ADTS) terms are generated by the sextupole cross-
ing terms. We see that as the third-order RDT fluctuations
reduce, the ADTS terms, the fourth-order one-turn RDTs
and the fourth-order RDT fluctuations also roughly reduce.
The Spearman correlation coefficient between h3 4y and
h4.ting is 0.75, and it is 0.76 for A3 ave and A ave, and 0.82
for h3 ave and ADTS terms. All indicate strong correlations.
Therefore, minimizing the RDT fluctuations can effectively
control the crossing terms.

Figure 3 shows the correlation between the third-order
one-turn RDTs £3 ing, the third-order RDT fluctuations
h3_ave and the DA area for a set of optimized nonlinear so-
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Figure 3: Correlation between the third-order RDT fluctu-

ations /3 aye, the third-order one-turn RDTS A3 ;ing and the
DA area.

Iutions. We see that the colors, which represent the DA
areas, are roughly horizontally layered, and the red dots with
large DAs sink to the bottom. This distribution indicates that
minimizing h3 e is more effective than minimizing /3 ying
in enlarging the DA. The Spearman correlation coefficient
between /13 4 and DA area is -0.87, indicating a very strong
correlation.

CONCLUSION

The local cancellation of nonlinear effects is more effec-
tive than the global cancellation. The former has smaller
longitudinal RDT fluctuations, which means minimizing
RDT fluctuation can be beneficial for enlarging the DA. The
relation between two kinds of longitudinal RDT fluctuations
was found in this paper. The physical analysis showed that
minimizing the RDT fluctuations is beneficial for controlling
the crossing terms, which drive the higher-order resonances
and ADTS. Therefore, minimizing RDT fluctuations is ben-
eficial for optimizing the nonlinear dynamics and enlarging
the DA. This physical analysis was demonstrated by the sta-
tistical analysis of nonlinear solutions of a DBA lattice. The
code for calculating the RDT fluctuations was shared on a
github page [8].
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Abstract

The project of Super Tau-Charm Facility (STCF) pro-
posed in China, as a new-generation high-luminosity e+/e-
collider in the low-energy region with the center-of-mass
energy of 2—7 GeV, is well underway. The luminosity is
targeted at 1.0x10% cm™s™! at the optimized beam energy
of 2 GeV. Longitudinal beam dynamics becomes of great
importance for the STCF due to the constraints from the
novel beam-beam effect called coherent X-Z instability
and severe beam collective effects. In this paper, we will
develop an iterative optimization model for the STCF lon-
gitudinal beam dynamics design, which takes into account
the influence of transverse dynamics, coherent X-Z insta-
bility, and collective effects.

INTRODUCTION

The STCF proposed in China is a new-generation super
high luminosity e+/e- collider in the low-energy region
spanning the center-of-mass energy of 2—7 GeV. It aims
to explore the rich physics in the tau-charm energy range
and even search for new physics beyond the standard
model [1]. The goal luminosity of STCF reaches
1.0x10% ¢cm?s™! at the optimized beam energy of 2 GeV,
which is two orders of magnitude higher than that of the
existing et/e- collider in the tau-charm field in China,
BEPCIL

To achieve such high luminosity, a large Piwinski angle
combined with the crab-waist collision scheme has been
widely recognized as an effective approach [2], and
adopted in the new-generation et/e- colliders such as
SuperKEKB [3], BINP-SCTF [4], FCC-ee [5], and
CEPC [6], etc. On one hand, through introducing a large
Piwinski angle ¢, the vertical beta function at the interac-
tion point (IP) B}, can be squeezed into the level of effec-
tive bunch length g,/ ¢, to significantly raise the luminos-
ity; On the other hand, the synchro-betatron coupling reso-
nance introduced by the large Piwinski angle can be sup-
pressed by the crab-waist correction scheme using crab
sextupoles properly positioned on both sides of the IP.
However, this scheme will introduce a novel beam-beam
effect called coherent X-Z instability [7], which imposes
stringent constraints on the longitudinal beam dynamics by
requiring the horizontal beam-beam parameter &, to be
much less than the synchrotron tune v,.

Furthermore, the STCF is characterized by the beam
properties of low energy, small emittance, high bunch in-
tensity and large bunch numbers, which means that the

* zhanglinhao@ustc.edu.cn
T jytang@ustc.edu.cn
¥ luoging@ustc.edu.cn

Circular and Linear Colliders

STCF faces significant beam collective effects. This also
places strict limitations on the longitudinal parameters such
as bunch length and energy spread.

Therefore, special attention is paid to the longitudinal
beam dynamics design for STCF in this paper, which re-
quires iterative optimization with transverse dynamics,
beam-beam effects, and collective effects, etc., in order to
search for possible optimal solutions.

DESIGN CONSIDERATIONS

The following are the specific considerations and re-
quirements.

Luminosity

For fully symmetric flat electron-positron beam colli-
sions, the relationship between luminosity and the associ-
ated parameters is illustrated in Fig. 1. One can see that the
luminosity L is closely related to total beam current 7, ver-
tical beta function at IP 3, vertical beam-beam parameter
¢y, and hourglass factor Ff, that is always less than 1. To
achieve the goal luminosity of 1.0x10% cm™s™! at the opti-
mized beam energy of 2 GeV, the beam current of 2 A and
submillimeter f;, of 0.6 mm are first identified, which sug-
gests that &, is at least larger than 0.07 assuming Fj, to
be 1. This also implies a limitation on the bunch length o,
since &, is inversely proportional to g, under a large
Piwinski angle ¢ with the total crossing angle of
260= 60 mrad. Additionally, it is noted that the time resolu-
tion at the detector requires o, not larger than 12 mm.

Beam current B b o

Beam energy 2 GeV I=2A earg—Nbeam pa[;yfame er.TDNu 8y
Sy =39149 \ e =y “oyon 197 1 277 0y0,0

R N

Yy 18y
L=enp
[’y Luminosity reduction factor due to
‘ Hourglass effect:
Fp =

5}» /3”,2 ﬁ»,z
= —exp( 2 | Ko |
VTog. 20z¢ 20z,

Effective bunch length o, = a,/¢
Ky:0t order modified Bessel function

a, 7,
¢="tanf~x26»1
Oy Oy

Lattice design
By = 0.6 mm

Figure 1: Luminosity and the correlated parameters.

Coherent X-Z Instability

Coherent X-Z instability, as a newly discovered coherent
beam-beam interaction under a large Piwinski angle, pri-
marily leads to an increase in the horizontal emittance
&, [8]. Considering the coupling between horizontal and
vertical emittances, it eventually results in an increase in
the vertical emittance €, and thus a collapse of the lumi-
nosity. This instability cannot be suppressed through beam
feedback systems but can only be avoided through appro-
priate parameter optimization. Typically, a stringent
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requirement of &, < v, is imposed to prevent its occur-
rence. In the case of STCF, v, is at least 3 times larger than

$x-
Lattice Design and Damping Wigglers

Lattice design is crucial for achieving high luminosity by
ensuring the required optical parameters at IP and by opti-
mizing nonlinear dynamics aperture. Additionally, it de-
fines the momentum compaction factor @, and natural en-
ergy spread gs in the electron storage ring through five
synchrotron radiation integrals. These parameters (a,, and
o) are of utmost importance in the longitudinal dynamics.

Particularly, the STCF needs to introduce damping wig-
glers to control the damping time and maintain beam emit-
tance almost constant throughout the entire energy range.
This inevitably increases the synchrotron radiation energy
loss per turn, raising the demand for RF power, and also
increases the natural energy spread, resulting in a propor-
tional growth in bunch length. The lattice including damp-
ing wigglers has been designed for STCF [9].

Non-impedance-induced Collective Effects

Non-impedance-induced collective effects mainly in-
clude the intrabeam scattering (IBS) and Touschek effect.
IBS typically refers to multiple small-angle Coulomb scat-
tering processes that do not immediately cause particle loss
in the bunch but increase the equilibrium bunch length, en-
ergy spread and transverse emittances. On the other hand,
the Touschek effect refers to single large-angle scattering
processes that limit the lifetime of the stored beam (i.e., the
Touschek lifetime). These two effects are directly related
to the 6D phase-space size and thus associated with longi-
tudinal parameters such as the bunch length. Bunch length-
ening caused by a higher harmonic RF system and longitu-
dinal impedance can help mitigate the IBS effect and im-
prove the Touschek lifetime to some extent. In our case, the
ELEGANT code [10] is used to calculate IBS and the
Touschek lifetime.

Impedance-induced Collective Effects

Impedance-induced collective effects on a single bunch
are also crucial for determining the equilibrium bunch pa-
rameters. These effects include bunch lengthening due to
potential well distortion (PWD), longitudinal microwave
instability (LMWI), and transverse mode coupling instabil-
ity (TMCI), as expressed below respectively:

3 3
1

o) o be [£)(2)
O.o O.o \/27Z'V22E/e O.o nJ.x

o \/27zapE/e )
:—‘—O'(),’

R |Z///n|eff
24\/;VZE/6
R {(p)ImZ" "’

where a,9, R, I, {B), Im(Z, /1) efr, ImZST are the natural
bunch length at zero beam current, the average radius of
ring, single-bunch current, the average beta function of

LMWI
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ring, the longitudinal normalized effective impedance and
transverse effective impedance, respectively.

These three collective effects are all related to longitudi-
nal parameters like the synchrotron tune and bunch length.
Therefore, it is necessary to design the longitudinal param-
eters for STCF appropriately in order to control the bunch
lengthening caused by PWD within 12 mm and to prevent
the occurrence of LMWI and TMCI.

LONGITUDINAL PARAMETER DESIGN

The above considerations can be divided into two cate-
gories: one is the input factors, including the transverse lat-
tice design parameters (considering damping wigglers), re-
quirements for coherent X-Z instability, and IBS; the other
is the design optimization objectives, including the satis-
faction of bunch length for luminosity and detector require-
ments (Goal 1), no occurrence of impedance-induced sin-
gle-bunch collective instabilities (Goal 2), and a minimum
Touschek lifetime of 300 s (Goal 3). Figure 2 illustrates the
impact of these factors on longitudinal dynamics parame-
ters and their interrelationships.

The design process is as follows: 1) Given the five syn-
chrotron radiation integrals obtained from lattice design
that includes damping wigglers, calculate the beam energy
spread under the balance of radiation damping and quan-
tum excitation; 2) Taking into account the requirements for
coherent X-Z instability, compute the bunch length and
synchrotron tune without considering IBS effects; 3) Incor-
porate radiation damping, quantum excitation, and IBS to
obtain the new equilibrium energy spread and bunch length
and check if they meet Goal 1 and Goal 2; 4) Calculate the
required RF voltage for achieving the new equilibrium
bunch length and its corresponding RF energy acceptance
(which should be greater than the momentum aperture
from transverse dynamics tracking), and then evaluate the
Touschek lifetime to check if Goal 3 is fulfilled.

To achieve the optimization objectives, adjustments may
be required in the input constraint parameters. This can in-
volve modifying the synchrotron tune, bunch length, and
potentially lattice and damping wiggler parameters, to con-
tinue iterative optimization. It is important to prioritize
beam stability (Goal 2) and achieving the luminosity target
(Goal 1) when the three objectives cannot be simultane-
ously satisfied. Notably, the Touschek lifetime relies heav-
ily on the optimization of transverse nonlinear dynamics,
which is considered highly challenging for STCF[9].

After preliminary optimization, the longitudinal dynam-
ics parameters for STCF have been initially determined.
The bunch length is 8.04/8.94 mm (without/with IBS), the
energy spread is 7.88/8.77x10** (without/with IBS), and
the synchrotron tune is 0.0099. Correspondingly, the re-
quired RF voltage is 1.2 MV, providing the RF energy ac-
ceptance of 1.56%. Considering IBS, the luminosity can
reach 1.45%10% cm™s! with & = 0.111. Table 1 shows the
main parameters of STCF at 2 GeV, along with a compari-
son to the main parameters of SuperKEKB LER.
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Figure 2: The interrelationships between different limiting factors and longitudinal dynamics parameters.

Table 1: Main Parameters of STCF in Comparison with
SuperKEKB LER. Values in Parentheses Denote Parame-
ters without IBS

SuperKEKB
Parameters STCF pLER
E[GeV] 2 4
C [m] 616.76 3016.315
20 [mrad] 60 83
& [nm)] 4.47 (3.12) 3.2(1.9)
Bx/By [mm] 40/0.6 32/0.27
Ve /Vy 31.552/24.572 44.530/46.570
a, [104] 10.27 3.25
os[104] 8.77 (7.88) 8.14 (7.96)
I[A] 2 3.6
np 512 2500
I, [mA] 391 1.44
Us [keV] 273 1870
%/ 7. [ms] 30.1/15.0 43.2/21.6
Jfrr [MHZ] 497.5 508.9
h 1024 5120
Vrr [MV] 1.2 9.4
Ve 0.0099 0.0247
o: [mm] 8.94 (8.04) 6.0 (5.0)
Orr [%0] 1.56 2.52
&8 0.0032/0.111 0.0028/0.083
L [cm?s!] 1.45 x 10% 8 x 10%

EVALUATIONS AND DISCUSSIONS

Impact on Lattice Design

To meet &, < v, required by coherent X-Z instability,
simply optimizing the longitudinal dynamics is not suffi-
cient. Therefore, f; is reduced from the initial 90 mm to
40 mm to decrease &,, which significantly reduces the

Circular and Linear Colliders

dynamic aperture and limits the lifetime. Thus, further iter-
ative optimization will be necessary in the future.

Beam-beam Effects

Beam-beam simulations indicate that by carefully select-
ing a suitable working point, the present parameter design
can effectively mitigate coherent X-Z instability. Addition-
ally, the simulated steady-state luminosity essentially
meets the design objective.

Collective Effects

PWD-induced bunch lengthening and LWMI are esti-
mated under the assumption of Im(Z;/n)eg = 0.1 Q that
is a typical value for modern storage rings. The results in-
dicate that the stretched bunch length is 12 mm, and the
threshold bunch current for LWMI is about 4.8 mA, higher
than the design bunch current of 3.9 mA.

The transverse effective impedance, approximately cal-
culated as ImZ¢ = 2R /b? - Im(Z; /n)sr (the Panofsky-
Wenzel theorem), is estimated to be 14 kQ/m with the vac-
uum chamber half-aperture of » = 37.5 mm. Accordingly,
the threshold bunch current for TMCI is about 28.9 mA.
Therefore, ordinary vacuum chamber impedance will not
cause TMCI. However, further study is needed to deter-
mine if the addition of special components, especially col-
limators, will induce TMCI.

The assessment of coupled bunch instabilities driven by
higher-order modes of the accelerating cavities and resis-
tive-wall impedance is ongoing.

SUMMARY

This paper introduces an optimization model of longitu-
dinal dynamics design, which comprehensively considers
the coherent X-Z instability, transverse dynamics, and col-
lective effects. It provides crucial support for the physical
design of STCF. Further iterative optimization is still
needed, particularly in evaluating collective instabilities,
including fast ion instabilities and electron cloud effects.
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Abstract

The physical design and beam dynamics study of the Cir-
cular Electron Positron Collider (CEPC) is an unprecedented
challenge. In the simulation studies to evaluate its perfor-
mance limitations and mitigation, the cross-talk between
many physical phenomena must be properly modelled, in-
cluding the crab-waist collision scheme with a large Piwinski
angle, strong nonlinear effects, the energy sawtooth, beam-
beam interactions, machine impedances, etc. To address
this challenge, a software project APES was proposed in
2021 and received support from the IHEP Innovative Fund
in 2022. The progress of the APES project are described in
this paper.

INTRODUCTION

The CEPC was first proposed as a circular Higgs factory
in 2012 and the conceptual design report was published in
2018 [1]. FCC-ee is a similar project proposed in CERN.
During the design of these future colliders, the beam lifetime
limitation due to the beamstrahlung effect, the synchrotron
radiation induced by collision leading to a bunch lengthen-
ing and an increase in the beam energy spread, has been
found and studied [2]. Different from conventional colliders,
not only the transverse beam size, but also the longitudinal
dynamics would be clearly influenced by the collision. That
is why the 3D flip-flop instability may appear in CEPC or
FCC-ee [3].

There would also be strong synchrotron radiation in the
arc bending magnets of the machines, leading to a substantial
“sawtooth”-shape variation of the central beam energy along
the ring, which is the so-called sawtooth effect. The magnet
tapering method has been proposed to mitigate this effect [4].
This requires new optics calculation method to consider the
energy change along the ring.

After the crab-waist scheme was proposed around 2006
[5], the new collision scheme has become the baseline design
for the following high performance circular e+e- colliders.
However sub-millimeter scale 7 in future machines would
induce strong lattice non-linearity and a very small dynamic
aperture. During the lattice design and optimization, it has
been found that the short-term dynamic aperture tracking
could not predict the long-term beam lifetime [6].

In recent years, a new horizontal coherent beam-beam in-
stability (X-Z instability) has been found [7]. The following
simulation and analysis also show that the potential-well dis-
tortion effect would impact the behaviour of X-Z instability

* Work supported by IHEP Innovative Fund
 liuwb@ihep.ac.cn
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clearly [8,9] . This tells us the cross-talk between beam-
beam and longitudinal impedance could not be ignored.

Apart from these novel effects uncovered in the design
study of CEPC and FCCee, the commissioning of Su-
perKEKB also reveal that there is still a gap in the modelings
and simulations to explain and mitigate the difficulties in
the practical machine tunings [10]. These have told us that
the beam dynamics of future e+e- colliders would be very
challenging.

A beam dynamics software project “APES” (Accelera-
tor Physics Emulation System) has been proposed, with an
objective to address the beam physics issues in CEPC in a
unified, extendable manner:

* The modeling of the collider, especially the compli-
cated interaction region and the cross-talk of common
hardware shared by the two rings.

* Lattice design and performance evaluation, including
symplectic tracking, optics calculation/matching, emit-
tance calculation, modeling of the sawtooth and taper-
ing effect, analysis of nonlinear optics performance,
spin dynamics evaluation, machine error effects and
correction algorithms, multi-objective optimization etc.

* Performance evaluation/prediction of the collider, the
cross-talk between realistic lattice, beam-beam inter-
action, spin, collective effects and necessary hardware
modeling.

¢ Interface with detector (MDI) and machine protection
(particle-matter interaction), easy access and interac-
tion with software dedicated for these purposes.

These functionalities and features will empower users
to design, analyze, and optimize accelerator systems with
greater accuracy and efficiency. Additionally, we can foresee
several potential applications when these capabilities have
been fully developed:

 Tracking simulations to evaluate the luminosity and
beam lifetime with the realistic lattice and the strong-
strong beam-beam interaction, as well as impedance
effects.

¢ Simulations of the injection process, to evaluate the
injection efficiency in the presence of machine imper-
fections, beam-beam interaction and impedance effects,
and to prepare beam loss information for the design
of collimators and evaluation of the influence to the
detectors.
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SOFTWARE PROGRESS

As mentioned earlier, APES is a comprehensive accelera-
tor simulation software that will entail intricate accelerator
modeling, intensive computation, and extensive data pro-
cessing. Additionally, we will face challenges such as inte-
grating various software, facilitating cross-platform usage,
and enabling collaborative development among multiple in-
dividuals. Python, being a rapidly growing programming
language in recent years, offers numerous advantages for cod-
ing and future development. It is known for its ease of learn-
ing, versatility, powerful standard library, rich ecosystem
of third-party libraries and frameworks, and cross-platform
compatibility. Moreover, there has been a significant trend of
using Python in both domestic and international accelerator
software development this year. Therefore, we have chosen
Python as the foundation for our software development.

Framework of APES

In the APES package, a foundational set of classes has
been constructed to form the core of the entire framework.
The hierarchical structure of APES is depicted in Figure 1.
This section primarily focuses on elucidating the fundamen-
tal logical pathway that underpins the design of this frame-
work. For further details regarding the technological im-
plementation and hierarchical relationships among classes
please refer to related chapters in the code manual.

=3

Quadrupole

HsBend

DriftPassMethod
HSBendPassMethod
CavityPassMethod

PatchPassMethod

Figure 1: APES Hierarchical Structure Diagram.

Local Frame Within an accelerator, as a particle tra-
verses through various components, it encounters fields in
the local frame of each element. Consequently, the dynam-
ics of the particle are articulated within these local frames.
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Presently, in APES, each element is associated with two
reference frames - the entrance frame and the exit frame
(Figure 2).

Global Frame As the name suggests, the Global Frame
serves as a reference for delineating the relative positions of
various entities, such as elements and particles, within the
overarching framework of the accelerator (Figure 2).

Ug,out,i-1 Ug,out,i

1‘7 LG.outi-1 = Fig,ini 1F LG out,i
U out,i-1 === Upin,i U gut,i =P
Friai I Fiiati
U aini ULa0ut,i
element, ;

Figure 2: Element Coordinate Transformation Diagram.
u: coordinates

F: coordinate transformation

i: element index

L: Local frame

G: Global frame

in: at the entrance of the element

out: at the exit of the element

LG: from local frame to global frame

io: from the entrance to the exit of the element
ta: from ideal frame to actual frame

at: from actual frame to ideal frame

Patch To facilitate tracking of a particle as it navigates
through individual elements of the accelerator, geometric
transformations between different frames are imperative. In
APES, these transformations are termed as ‘“Patches”. A
Patch is essentially an affine transformation applied to the
particle’s coordinates, comprising translation and rotation
components. Typically, each element is equipped with at
least two Patches — one that addresses the transformation
from the exit frame of the preceding element to its own
entrance frame, and another to handle the transformation
between its exit frame and the next element entrance frame.
To enhance practicality, distinct Patches are employed to de-
scribe transformations between frames arising from different
sources, such as frame shifts due to specialized installations
or misalignments due to installation errors.

Element The concept of the Element has been men-
tioned but yet to be defined. In the code of APES, an ele-
ment is a base class that contains some universally useful
attributes and methods when deriving specific type of ele-
ment from it. At this stage, the element class contain its own
set of patch generator. Namely it can handle the transforma-
tion between the ideal and real entrance local frame, the one
between the entrance and exit frame, and the one between
the real and ideal exit frame. Together with the transfer map
of each subclasses derived from the element class, the chain
of patches and maps will form the main stream of operations
the particles need to go trough during the tracking process.

Circular and Linear Colliders
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Element Container For the construction of the accel-
erator within the Global Frame, an additional class termed
“Element Container” is employed to augment the capabilities
of the basic Element class. This grants users greater control
and flexibility in manipulating elements (e.g., modifying
surveys, scaling strengths, or altering species and direction-
ality). The Element Container class exhibits three distinct
functionalities. First, it maintains a table of “Instances” and
acts as a “Container”. Instances can be a composite of ele-
ments, element containers, or patches that represent groups
of entities assembled for various purposes. Secondly, it em-
ploys Patches to establish bidirectional connections between
the Global Frame and the Element’s Local Frame. Lastly,
the Element Container provides users with the ability to ma-
nipulate various parameters of the elements encompassed
within its scope. Figure 3 portrays a conceptual illustration
of the Element Container using a simplified cell to depict
how a dipole element is encapsulated within its container. In
basic applications, the containerization is largely automated,
minimizing the necessity for user intervention

g

Element Container

Dipole Element

Patching Layer
Scaling, Directionality,Species, etc.
Patching Layer

Figure 3: Cartoon illustration to the concept of element and
element container.

Layout As a subclass derived from the ElementCon-
tainer class, an additional class called “Layout” has been
established. The Layout class is designed with two primary
objectives in mind. The first objective is to compute the
survey information of the elements within the Global Frame.
The second objective involves generating an “element table”
which will be indispensable for future particle tracking.

To construct the accelerator, the current methodology
involves adding entities to the “table” attribute of a Layout
object. These entities can be elements, element containers,
or patches, which can be added using the “append” or “insert”
methods. Python’s reference passing strategy proves to be
particularly advantageous in this context, as it enables the
seamless addition of the same instance to different sections
of the layout, while managing their relative positions through
patches.
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BeamLine The “BeamLine” class plays a critical role
in encapsulating the information extracted from Layout.table.
Through the BeamLine class, a streamlined and concise table
is produced, from which a sequence of maps is generated.
These maps are integral to the process as they guide the path
that particles will follow during the tracking phase.

In essence, the BeamLine class acts as a repository for the
refined information drawn from the Layout class, ensuring
that only the pertinent data required for particle tracking is
retained in an organized manner. This, in turn, facilitates a
more efficient and streamlined tracking process.

Some commonly used calculations are encapsulated in
the BeamLine calss, such as Jacobian Matrix calculation,
closed orbit calculation, Twiss calculation, etc. And more
functionalities will be added soon.

PassMethod

The “PassMethod” class serves as the fundamental
class for calculations, with specific subclasses created
for each component type, including DriftPassMethod,
QuadrupolePassMethod, HBendPassMethod, PatchPass-
Method and others. These subclasses assign tracking maps
for each element type. During optics calculations or parti-
cle tracking, a list of PassMethod instances is automatically
generated. In principle, the pass method for any element can
be freely configured.

Tracking Map of APES

The design of colliders requires accurate symplectic map
of magnets to ensure right beam dynamics result. Due to
very small B, the non-linearity of drift must be considered
in modern/future high-performance e+ e- colliders. Non-
linear Maxwellian fringe field of magnets should also be
considered. Currently, the program has implemented maps
of drifts, dipoles, quadrupoles, sextupoles, octupoles, RF-
cavities, solenoids, multipoles and more referring to the
method of SAD [11]. It supports the modeling of hard and
soft edge fringe fields of magnetic elements, tilted strong
solenoids for particle detection in interaction regions (IRs),
and the handling of combined solenoid/multipole elements.
What’s more, there is a optional map for the patch according
to Etienne Forest. [12]. Initial benchmark tests comparing
with SAD have proved the high accuracy of particle tracking
using SuperKEKB lattice. The synchrotron radiation effect
has not been included so far.

Currently the tracking map section is implemented in C
language for optimized computational speed, building upon
previous work. It is utilized through efficient function calls.

Beam Optics Calculation

The APES package has recently been enhanced with sev-
eral important functionalities. These additions encompass
various capabilities, including closed orbit calculation for a
ring, Jacobian Matrix calculation, Twiss parameters calcula-
tion, and emittance calculation, among others. Additionally,
there are ongoing developments for some important features.
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For instance, there are two method for emittance calcula-
tion. One is the SLIM method published by Alexander W.
Chao [13] and another one is the envelope matrix method
published by K. Ohmi [14]. Specially for SLIM, we found
that the dependence on transverse coordinates of radiation
emitted in dipole was not mentioned in the paper, and this
effect would be significant when some parameters are un-
usual. After modification, the emittance and the damping
rate given by SLIM and by the envelope matrix method are
reasonable compared with the exiting code, such as SAD.

APPLICATION EXAMPLES

We have completed the main components of the APES
Framework and have added several beam physics calculation
functionalities. Below are some examples of using APES.

Layout Modeling

Creating a layout is the initial step in simulating an ac-
celerator. The following code demonstrates the process of
defining elements and creating the layout for BEPCII BPR.
The Affine transformation startAT establishes the initial co-
ordinate system direction for the BPRLayout. This transfor-
mation is utilized to calculate the BPR survey. Subsequently,
some elements are defined. BPRList stores all the elements
in a specific order and is employed to define the BPRLayout.
Figure 4 displays a portion of the element information and
survey data for BPR, while Figure 5 shows the layout plotted
using APES based on the survey data.

from apes
apes
apes

apes

.acc.Layout import =*
.acc.Element import x*
.acc.Particle import *

.1lib.

from
from

from math.AffineTransformation import *

initRotate = -0.011
startAT = AT.createAT(azimuth=initRotate)

IP = Marker ('IP')
R4CBPMOO = Marker ('R4CBPMO0O ')

D41I01 =
D4I01P =

Drift ('D4I01', length=0.539)
Drift ('D4I01P', length=0.370)

PSCQ4I=Patch.createPatch('PSCQ4I', azimuth=
initRotate, dx=0.0099988)

SSCQI = Quadrupole('SSCQI', length=0.59989336,
k1=-1.073308053)

SSCQ0 = Quadrupole('SSCQO', length=0.59989335,
k1=-1.073308053)

R4ISPB =

-0.03951362, anglein=-0.01975681,
=-0.01975681)

R4IMB = HSBend('R4IMB', length=1.034466, angle=

-0.113089342, anglein=-0.056544671, angleout
=-0.056544671)

HSBend ('R4ISPB', length=0.600669, angle

angleout

BPRList = [IP,
scqQI, ...

D4101, R4CBPMOO, D4IO01P, PSCQ4I,
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s BPRLayout = Layout('BPR', entryLGCT=startAT,
elementList=BPRList)

» surveytable = BPRLayout.getSurveyTable(level=1)

0 print (surveytable)

Name Type Length Xout Yout Zout Pitchout Yawout Rollout Element

0.000

__BPR_Start__ Marker 0000 0000 0.000 -0.000 -0.011 -0.000 <ap Element.Marker object at

P Marker  0.000 0.000 0000 0.000 -0.000 -0.011 -0.000 <apes.acc.Element.Marker object at 0x718725a50...

D4i01 Drift 0539 0.006 0000 0539 -0.000 -0.011 -0.000 <apes.acc.Element.Drift object at 0x71872594c668>

R4CBPMOO Marker 0000 0.006 0.000 0539 -0.000 -0.011 -0.000 pes.acc. Element. Marker object

D4i01P Dift 0370 0010 0000 0909 -0.000 -0.011 -0.000 Element Drift object at

Patch  0.000 -0.000 0.000 0.909 -0.000 0000 -0.000 <apes.acc.Element.Patch object at 0x7187256c8da0>

SSCQl Quadrupole  0.600 -0.000 0.000 1.509  -0.000 0.000 -0.000  <apes.acc.Element Quadrupole object at Ox7f872...

P_SCQ_40 Patch 0000 0021 0.000 1509 -0.000 -0.026 -0.000 <apes.acc.Element.Patch object at Ox7f872170af60>

0
1
2
3
a
5 P_SCQ_4I
6
7
8 Dalo2 Drift 0641 0038 0000 2150 -0.000 -0.026 -0.000 <apes.acc.Element.Drift object at 0x71872594c828>
9 R4IBPMOO Marker 0000 0.038 0.000 2150 -0.000 -0.026 -0.000 pes.acc. Element. Marker object

10 D4i02P Drift 0450 0.042 0000 2300 -0.000 -0.026 -0.000 Element.Drift object at

11 R4ISPB  HSBend 0601 0070 0.000 2900 -0.000 -0.066 -0.000 <apes.acc.Element.HSBend object at 0x7{8720e77.
12 D4i03 Drift  0.624 0.111 0000 3523 -0.000 -0.066 -0.000 <apes.acc.Element.Drift object at

13 R4IQIA Quadrupole  0.254 0.127 0.000 3776  -0.000 -0.066 -0.000  <apes.acc.Element.Quadrupole object at OX7fB72...
14 D4l04 Drift 0174 0133 0000 3950 -0.000 -0.086 -0.000 <apes.acc.ElementDrift object at 0x7f872594cc18>
15 R4IBPMO1 Marker 0000 0.139 0.000 3950 -0.000 -0.066 -0.000 pes.acc. Element. Marker object

16 D4I0s Drift 0068 0.143 0000 4.018 -0.000 -0.066 -0.000 Element.Drift object at

17 R4IQIB Quadrupole 0464 0174 0.000 4481 -0.000 -0.066 -0.000  <apes.acc.Element.Quadrupole object at Ox7f872.
18 D4i06 Drift  1.221 0254 0000 5700 -0.000 -0.066 -0.000 <apes.acc.Element.Drift object at Ox71872594ceb8>

19 RAIBVO2 Drift

Figure 4: Layout Table of BEPCII BPR.

0000 0254 0000 5700 -0.000 -0.066 -0.000 pes.acc. Element.Drift object at

Layout of BEPCII BPR

20

Figure 5: Layout of BEPCII BPR.

Modeling for Special Cases

With the assistance of Patch, modeling certain special
cases becomes much simpler. Here is an example of model-
ing interaction region of Beijing Elctron Positron Collider
(BEPCII). BEPCII is an asymmetric double-ring collider.
The layout of positron ring (BPR) is shown in Figure 5. The
electron and positron beames have a cross angle at the in-
teraction region. There are superconducting quadrupoles
(SCQs) on each side of the interaction point. Electron and
positron beams pass SCQ off centre. The traditional method
for dealing with this situation involves treating SCQ as a
combined magnet of bend and quadrupole, which can be
inconvenient for creating a lattice. However, with the intro-
duction of APES, a new approach has been implemented

Circular and Linear Colliders
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(Figure 6). We added one patch element before the SCQ
and another after the SCQ to realize the the layout and lat-
tice. When positron beam leaving the interaction point, the
beam has a 11 mrad horizontal angle before entering the
SCQ. The first patch element rotates the beam coordinate
system by -11 mrad and then shifts it horizontally towards
the center line of SCQ. This converts the coordinates of the
positron particles to the SCQ coordinate system. The beam
then passed through SCQ quadrupole. At the exit of SCQ,
the second patch element shifts the coordinate system origin
to the beam exit position on the exit plane of the SCQ. Then
the coordinate system is rotated horizontally to align the
longitudinal axis with the center line of the next element.
By implementing these patch elements, the inconvenience
of creating a lattice with the SCQs can be overcome.

Interaction Region of BPR

R4IQ1B

//J R4IQ1A

Patch

Patch

R30Q1A
Q | 4

=8

Figure 6: Interaction Region of BEPCII BPR.

BPR Closed Orbit

s (m)

Figure 7: BEPCII BPR Horizontal Closed Orbit in IR.

Beam Line

When a layout of a lattice is created, the BeamLine can be
get easily. The following code defines a reference particle
of Positron and generates a BeamLine using the previously
defined BPRLayout. Certain parameters are spicified: is-
Ring=True indicates that the BeamLine is a ring, and a

Circular and Linear Colliders
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dictionary is assigned to paraDict, with some elements in
the dictionary being divided into 10 slices for calculation.
With this BeamLine, further beam optics calculations can be
performed. Figure 7 depicts the closed orbit of the BEPCII
BPR in the interaction region, computed using APES. The
left side of the figure provides a clear representation of the
orbit in the SCQ.

refParticle = Positron(P=1.89E9)

BPRLayout.getBeamLine ('BPR',

refParticle=refParticle, isRing=True,

checkRing=True, paraDict={'D4I02': {'Slice':
10}, 'D3002': {'Slice': 10}})

Alignment Error

With the introduction of the Patch class and its pass
method, handling element misalignment becomes signif-
icantly simpler. The alignment error can be assigned during
the element definition or specified at a later stage. During
survey or optics calculations, the alignment error is treated
as two patches, as mentioned above. The following code
snippet demonstrates how the BEPCII positron transfer line
is managed in the presence of misalignment. First, an affine
transformation that includes rotation and translation is de-
fined to represent the misalignment of the TCQ1. Then,
the alignment error of TCQI is updated. The same treat-
ment is applied to the other elements as well. By activating
the alignment error switch, a BeamLine that includes align-
ment errors is obtained. Finally, the optics calculation is
performed. Figure 8 illustrates the horizontal orbit of the
BEPCII e+ transport line affected by the misalignment with-
out orbit correction.

AT.createAT(elevation=ax, azimuth=ay,

tilt=az, dx=dx, dy=dy, dz=dz)

3 TCQl.update({'inAlignmentLLCT': tcqlAT2})

5 beamline =

TPLayout .getBeamLine ('TP',
refParticle=refParticle, isRing=False,
alignmentError=True)

, result = beamline.calBeamLineTwiss (XO=np.zeros
(6), betax=12.5, alphax=0, betay=12.5,
alphay=0)

SUMMARY

APES has made significant progress by completing the
initial framework, which includes preliminary accelerator
design and computational capabilities. Furthermore, there
are plans to gradually incorporate more accelerator physics
calculation features.
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Abstract

The proposed Shenzhen Superconducting Soft X-Ray
Free-electron Laser (S3FEL) aims at generating FEL pulses
from 1nm to 30nm. At phase-I, two undulator beamlines
work at ehco-enable harmonic generation (EEHG) prin-
ciple. The two undulators will cover the spectral ranges
2.3-15nm (~ 83-539¢eV) and 5-30nm (~ 41-248¢V), re-
spectively, when receiving electrons from 2.5 GeV super-
conducting linac. However, the generated FEL radiation is
sensitive to various electron beam properties, e.g., its energy
profile influenced by collective effects such as Coherent Syn-
chroton Radiation (CSR), especially at high harmonics. To
generate intense full coherent FEL radiation at ultra-short
wavelength, a novel technique of EEHG cascaded harmonic
lasing method is also considered. Physical design and FEL
performance are described in this paper.

INTRODUCTION

The proposed Shenzhen Superconduction Soft X-Ray
Free-electron Laser (S3FEL) [1] is a high repetition rate
FEL facility that consist of a 2.5 GeV CW superconducting
linac and four initial undulator lines, which aims at generat-
ing X-rays between 40 eV and 1 keV at rates up to 1 MHz.

Two undulator beamlines (FEL-3 and FEL-4) work at
echo-enable harmonic generation (EEHG) [2] principle
which has the major advantage of full coherence, precisely
arrival time control, uniform longitudinal profile and so on.
The shortest wavelength is about 2.3 nm at a harmonic over
one hundred. Since the various collective effects, the de-
grading of FEL performance becomes severer at such high
harmonic number. One possible solution is adapting a novel
technique called EEHG cascaded harmonic lasing method.
This paper presents the detailed FEL simulation results for
start-to-end electron beam coming from the superconducting
linac.

FEL PERFORMANCE

The basic electron beam parameters after linac are listed
in Tabel 1. The slice parameters of the start-to-end electron
beam are shown in Fig. 1. The core of the bunch has rela-

* wangxf@mail.iasf.ac.cn
 weigingzhang @dicp.ac.cn

Photon Sources and Electron Accelerators

tively flat energy and current with normalized emittance of
about 0.5 mm-mrad.

Table 1: Electron Beam Parameters

Parameter Value Unit
Beam energy 2.5 GeV
Slice energy spread 200 keV
Peak current 800 A
Charge 100 pC
Normalized emittance  0.5/0.5 mm-mrad

1000

800

600

400

Current [A]

200

0
20 40 60 80
s [pm]

Figure 1: Beam energy (left), normalized emittance (right)
and current (blue) of the electron beam.

The parameters of undulator beamlines and seed lasers are
listed in Table 2. The FEL simulations are performed with
electron beam after corresponding beam transport line and
carried out by the time-dependent mode of GENESIS [3].

Table 2: Undulator Beamlines, Seed Lasers (SL) Parameters

Parameter FEL-3 FEL-4
FEL wavelength [nm] 2.3-15 5-30
Undulator type PMU PMU+EPU
Undulator period [mm)] 43 50

SL wavelength [nm] 266.7/240-267 266.7/240-267
SL pulse length [fs] 100 100

SL peak power [MW] >200 >200

SL Rayleigh length [m] 1.0 1.0

FEL-3 (EEHG, 2.3-15nm)

FEL-3 generates FEL radiation from 2.3 nm to 15nm,
covering the entire water window (2.3-4.4 nm).
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The layout and B-function of 2.3nm@FEL-3 is shown
in Fig. 2. Using the optimized EEHG parameters [4], the
bunching at radiator entrance is nearly 6%. This is sufficient
to achieve saturation of the FEL power at 2.3 GW already
after 6 undulators, as show in Fig. 3. Figure. 3 also shows
the FEL spot after radiator as well as the power profile and
spectrum at saturation. The pulse duration is about 47 fs
while the bandwidth of spectrum is close to 0.012 %. The
transverse spot size is about 500 um and the transverse di-
vergence is 6.7 prad at the end of the radiator.

201 B
401 By
£ 301
2
Q20 A
10§
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_'_|_|4L...]_JT._.1[1...1 I B B B
. . ‘

60 80 100 120

s [m]

Figure 2: The layout of 2.3nm @FEL-3.
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Figure 3: Simulation results of 2.3nm @FEL-3.

As for the 15 nm case at FEL-3, the saturation power is
about 5.7 GW after 10 m of amplification. The pulse energy
is around 360 pJ with a pulse duration of 60 fs. The band-
width of spectrum is 0.057 %, indicating a nearly transform-
limited pulse. The transverse spot size and divergence are
about 1 mm and 45 prad after the radiator.

FEL-4 (EEHG, 5-30nm)

FEL-4 also operates in EEHG mode and generates FEL ra-
diation between 5 nm and 30 nm, corresponding to a photon
energy of 41-248 eV. It can provided fully coherent extreme
ultraviolet (EUV) and X-ray beams with full wavelength and
polarization tunability.
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Figure 4 shows the layout and B-function of 5 nm@FEL-
4. The maximum bunching factor is 10% at the entrance
of undulator after optimization. The FEL pulse reaches
saturation after 20 m of amplification, while pulse energy is
nearly 226 uJ. The power profile and spectrum at saturation
are also shown in Fig. 5. The pulse duration is about 55 fs
with a spectrum bandwidth around 0.023 %. At the exit
of the radiator, the transverse spot size and divergence are
760 um and 12.4 prad, respectively.
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Figure 4: The layout of 5Snm@FEL-4.
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Figure 5: Simulation results of Snm @FEL-4.

In the case of 30nm@FEL-4, the saturation peak power
is about 6.0 GW after 2 undulators. The pulse energy at
saturation is 348 W with a pulse duration of 57 fs. The FEL
spectrum has a bandwidth of 0.112 % and the TBP is about
0.64. The transverse spot size and divergence are 1.3 mm
and 70 prad at the exit of radiator.

COLLECTIVE EFFECTS
Coherent Synchrotron Radiation (CSR)

The strong chicane needed in the first dispersion section
makes the system vulnerable to the CSR effect. Besides
increasing emittance and energy spread, CSR also imprints
a long-wavelength energy modulation on the electron bunch.
Such energy modulation will interfere with bunching pro-
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cess, which eventually leads to a loss of longitudinal coher-
ence [5]. Taking 2.3nm@FEL-3 as an example, the simu-
lation results have been illustrated in Fig. 6. The bunching
factor decrease to 2.5% and the saturation length is slightly
increased.
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Figure 6: The influence of CSR on EEHG.

Incoherent Synchrotron Radiation (ISR)

Despite of the CSR, the ISR effect induced by the strong
chicane will also smear the fine structure of the longitudinal
phase space. The ISR quantum diffusion induced energy
spread growth can be written as [6]

-1/2

Th LrL;/4k3 K2 F(K (1)

(TAE)ISR = | T5m ) ,

where r.. is the classical radius of electron, k,, and K “ denote
the undulator wave-number and the strength of undulator,
respectively. F(K,) = 12K, +1/(1 + 1.33K, + 0.4K2).
According to the parameters at S’FEL, the ISR-induced
quantum diffusion effect is calculated about 12.7 eV, which
is much smaller than the spacing of adjacent energy bands
(~70keV) and therefor negligible.

Intra-Beam Scattering (IBS)

IBS describes multiple Coulomb scattering in the electron
beam, which leads to an increasing in electron beamsize and
energy spread. The IBS-induced energy spread growth can
be expressed as [7]

) 1/2
(0 AE)IBS = (2n3/2 InAr,— Xs) Ey, (2)

CI wdmod v
where I denotes the beam current, I, = 17kA is the Alfven
current, o, and §, denote transverse beamsize and trans-
verse S-function, s is the distance along the beamline and
Ey = 511keV is the static electron energy. In A denotes
Coulomb logarithm which calculted as

V2 ey -172 2¢
InA=In| 2] _ (_N)
n ( 6 r.o2 (IA) 7 ! noy ) ®
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where €, denotes the electron beam normalized emittance.

The decreasing bunching factor can be estimated by
by = b;lo)e”/L [8], where [ is the distance between the
exit of the first dispresion section and the radiator entrance,
L= 20%/Dm283. According to the parameters at S3FEL,
the IBS-induced energy spread growth is about 9.8 keV. The
bunching factor decrease to about 1.7 % which is still suffi-
cient to suppress the electron beam shot noise and improving
the temporal coherence of final FEL pulses.

EEHG CASCADED HARMONIC LASING

Although EEHG has the highest harmonic up-conversion
efficiency, it’s difficult to achieve lasing with a harmonic
number up to 100 experimentally. Recently, a novel tech-
nique called EEHG cascaded harmonic lasing has been pro-
posed [9]. With the parameters of S3FEL, a start-to-end
simulation result has been shown in Fig. 8. An intense,
almost Fourier transform-limited pulse can be generated.
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‘al §D BN
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Figure 7: The layout of EEHG cascaded harmonic lasing.
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Figure 8: Simulation results of proposed scheme.

CONCLUSION

In this paper, the physical design and FEL performance of
EEHG beamlines at a newly proposed FEL facility, S3FEL,
have been described. We also investigated the influence of
various collective effects on the radiation at EEHG using
theoretical analysis and numerical simulations. The design
and optimization of EEHG cascaded harmonic lasing in the
case of 2.3 nm@FEL-3 is preliminary studied.
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A SCHEME OF FULLY COHERENT X-RAY FREE ELECTRON LASER
FOR THE SHINE BASED ON FRESH-SLICE
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Abstract

In this paper, the fresh-slice self-seeding free electron la-
ser scheme is studied, and the feasibility of its application
in the SHINE project is analyzed. The scheme used the
fresh-slice method to generate the beam with adjustable
spatial distribution, which can effectively improve the lon-
gitudinal coherence and stability of the self-seeding output
radiation. Through the FEL simulation, we demonstrated
that this scheme can produce a highly stable, narrow band-
width pulse output under the SHINE's parametric condi-
tions, which will be beneficial to further improve the per-
formance of this device in the future.

INTRODUCTION

Conventional SASE pulses originate from stochastic
noise and are essentially random [1], which significantly
affects the stability and output power of the self-seeding
FEL. However, when a self-seeding scheme generates FEL
using an ultra-short, high-current electron beam with a spe-
cific duration [2], the level of fluctuations can be reduced
to a few percent while also maintaining a temporally co-
herent FEL output, resembling an ideal laser or an external-
seeded FEL.

The fresh-slice method, also paving the way to very high
peak power and high brightness XFEL pulses [3], uses ei-
ther two different electron bunches or two single bunch
slices, one to generate the seed signal and the other to am-
plify it in a tapered undulator to very high peak power. The
method effectively eliminates the compromise between the
seed power at the monochromator exit and the energy
spread of electron slices within the seeded undulator sec-
tion [4], thereby enhancing electron capture and reducing
susceptibility to sideband instability [5].

Using the fresh-slice method to enhance the stability and
power of self-seeding is an extremely appealing choice,
while the SHINE project focuses on studying self-seeding
FEL schemes covering the 5-15 keV hard X-ray range [6].
The changes to the self-seeding approach would contribute
to improve the future performance of the SHINE. In this
manuscript, we will demonstrate the simulation results of
a bunch with high-current head using the fresh-slice
method, which will provide some insights for the design of
SHINE in the future.
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search (YSBRO060), the Shanghai Natural Science Foundation
(23ZR1471300), and the CAS-Helmholtz International Laboratory on
Free Electron Laser Science and Technology (HZXM2022500500).
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FRESH-SLICE SELF-SEEDING

A schematic of the fresh-slice self-seeding used in the
simulation is shown in Fig. 1. Selectively lasing with dif-
ferent slices of the electron beam is achieved with the fresh
slice method. The electron bunch experiences a head-tail
transverse kick by the wakefield generated in the D1
dechirper, set to an offset from the machine axis. Before
the initial undulator phase, orbit correctors are utilized to
direct the bunch into a head-lasing orbit. A saturated pho-
ton pulse is produced in the first section of the high-current
bunch head. Then the photon pulse transmits from the dia-
mond monochromator and generates a narrow bandwidth
portion of it that is diffracted. The transmitted X-ray pulse
presents a short, wide-bandwidth pulse followed by a sta-
ble, long, narrow-bandwidth tail. The chicane is used to de-
lay the electron bunch tail such that it is overlapped with
the narrow-bandwidth tail of the photon pulse. The bunch
orbit is switched to a tail-lasing one around the chicane,
and the monochromatic seed is amplified by the fresh elec-
trons on the bunch tail in the second undulator section.

t,
‘ Uy Chicane U,
o1 | B | B

ITIT1,, Poea 7\\ Dl
LI e -

Figure 1: Schematic layout of the proposed scheme based
on fresh slices.

e-beam ‘
. Monochromator

Beam Parameters

Based on the proposed scheme, FEL simulations were
performed using the code Elegant [7] and Genesis 1.3 [8].
The overall electron beam parameters and radiation param-
eters used in the simulations are presented in Table 1.

Table 1: Electron Beam and Radiation Parameters

Parameter Value Unit
Beam energy 8 GeV
Energy spread 0.01 %
Normalized emittance 0.5 mm * mrad
Undulator period 2.6 cm
Undulator strength K 1.3415 -
FEL wavelength 0.1 nm
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Figure 2: The beam profile and the modulus and phase of
the transmissivity function (sigma polarization) from a di-
amond crystal in the Bragg (400) diffraction with a thick-
ness of 0.1 mm.The relevant data was obtained by using
the open X-ray software XOP [9].

In the first stage of the scheme, the on-axis high-current
head of the bunch generates saturated single-spike-like
SASE pulses which will effectively modulate the bunch
tail in the second stage, so as to maintain the energy spread
and improve output stability.

N
300
200

100 10

-100
-200 -10

-300
0 5 10 15 -5 0 5 10 15
s [um] s [um]

Figure 3: The sliced transverse offsets (top-left) and the an-
gular deviation (top-right) of x (blue) and y (red) after the
dechirper. Before the seeded stage (bottom). Bunch tail is
at the left side of s coordinate axis.

The beam envelope of s = 0 position is matched for FEL
radiation. The matched results are shown in Fig. 3. It is
noted that the mismatch and offset of the beam exist, that
will impact on the radiation pulse performance.

SIMULATIONS

Each undulator module in the beamline is a 4-m-long
planar structure with 152 periods of Au = 26 mm and an
adjustable magnetic gap. The simulation of enhanced self-
seeding and fresh-slice self-seeding schemes was per-
formed under the undulator condition, and the beam pa-
rameters were the same.

SASE Stage

A series of 50 separate GENESIS runs have been per-
formed to analyze the statistical fluctuation of the radiation
pulse. Figure 4 presents the 12.4 keV SASE FEL perfor-
mance. For the enhanced self-seeding scheme, the output
radiation in both the time domain and frequency domain is
similar to the SASE radiation because of the low current
contrast and the lack of taper in the SASE stage to maintain
the energy spread of the bean portion with flat current. For
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the fresh-slice scheme, the output has a relatively low
power but a "pure" spectrum.
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Figure 4: The saturation power distribution (left) and the
spectrum (right) of 50 SASE pulses. (Top) Ehanced self-
seeding. (Bottom) With fresh-slice method.

Seeded Stage

Figure 5 shows the seed power profile from the enhanced
self-seeding and the fresh-slice self-seeding. Obviously,
the high current spike reaches saturation at the mono,
which significantly reduces intensity fluctuations of the
seed compared to enhanced self-seeding, where the signal
is interfered with by the wide-bandwidth regime. Compar-
ing wake monochromator power, the seed with a fresh-slice
SASE pulse has a more stable mode than a normal SASE
pulse with the same beam parameters.

Power (W)
Power (W)

40 45 5‘0 50 5‘5 6‘0
s (um) s (prm)
Figure 5: The seed power after the mono filter of the en-
hanced self-seeding scheme (left). With the fresh-slice
method (right).
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Figure 6: Results of power profile (top-left) and spectrum
(top-right) of the self-seeding. (Bottom) With fresh-slice
method.
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As shown in Fig. 6, the output radiation with the fresh-
slice method at the exit of the radiation undulator is about
3 GW, with a normalized spectral width (FWHM) of 8 X
107 reduced about 4 times compared with the enhanced
self-seeding scheme under the same beam parameters. The
gain curve of average power is shown in Fig. 7. The aver-
age seed power is over IMW, and the result of exponential
gain is about 10uJ (saturation).

Power (W)

0 50 100
s (pm)

Figure 7: FEL power along the undulator beamline for the
fresh-slice scheme.

The final result shows a considerable margin for im-
provement. The high-current still produces spikes within
the wide-bandwidth pulse, leading to inadequate control
over the power fluctuations of the seed. To enhance the sta-
bility of the system, one possible approach is to compress
the beam, which would allow for better control over the
number of spikes. Furthermore, this scheme exhibits nota-
ble benefits in terms of harmonic lasing self-seeding. It ef-
fectively overcomes the trade-off between seed power and
electron slice energy spread, which is a crucial factor influ-
encing the performance of the harmonic. This aspect war-
rants further investigation and exploration.

CONCLUSION

Through the beam parameters of the SHINE, the en-
hanced self-seeding results combined with fresh-slice are
simulated. Shot-to-shot results prove the reliability of the
scheme. To improve the stability of the output and generate
high-quality harmonics through this scheme, the related
work is ongoing.
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INVESTIGATION ON THE TRAPPED MODES OF CPMU AT HEPS
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Abstract

The Cryogenic Permanent Magnet Undulator (CPMU) is
a crucial component in synchrotron radiation sources. Due
to the small magnet gap of CPMU, the interaction between
the beam and its surroundings is strong, which can result in a
significant contribution to coupling impedance. In this work,
the influence of CPMU on coupling impedance was investi-
gated using wakefield and eigenmode solvers. The results
indicate that some of the transverse impedance resonances
in CPMU were much stronger than the impedance threshold
determined by synchrotron radiation damping, which could
cause vertical beam instability. To address this issue, differ-
ent types of damping materials were investigated through
simulations to suppress the resonances.

INTRODUCTION

The in vacuum undulator (IVU) is a device, whose magnet
is put inside in the vacuum box, and thus the magnet gap
can be designed as much small as possible [1]. CPMU is a
kind of undulator, whose magnet is working at cryogenic.
Compared with IVU, it can provided a stronger magnetic
at the same magnet gap, which can help to increase the
frequency of synchrotron radiation generated by electron
beams.

Due the small gap, the interaction between beam and its
surroundings can be strong. Recently, multiple light sources,
such as the Canadian Light Source [2], the Australian Light
Source [3], and SLAC’s SPEAR3 [4], have all discovered
beam instability phenomena caused by the trapped mode
inside the IVU.

In the first phase of the High Energy Photon Source
(HEPS) project, 6 CPMUs will be installed in the storage
ring. The CPMU have a longitudinal length of approximately
2.6 m, with a standard magnet gap of 5 mm. Therefore, the
evaluation of its influence on beam is crucial to ensure the
stable operation of the beam within the storage ring.

VERTICAL IMPEDANCE

Due to limited computational resource, the three-
dimensional model of CPMU need to be simplified. Its un-
necessary detailed structures were removed, and the length
of mangnet was reduce to 1 m, to reduce the mesh number for
a short simulation time. Figure 1 shows the simplified model,
and the right figure depicts the transverse cross section of
CPMU, which similar to a circular ridge waveguide.

Compared to circular waveguide, the ridge waveguide has
a lower cutoff frequency. As the size of beam pipe is large
compared to the magnet gap, the cutoff frequency formed

* yuesen@ihep.ac.cn
T wangn@ihep.ac.cn
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by the magnet and vacuum cavity is lower than that of the
beam pipe. As a result, some modes with low-frequency can
be trapped in CPMU, and it is also called as trapped modes.

[

|
|
I I

(a) (b)

Figure 1: The simplified model of CPMU. (a): vertical cross
section; (b): transverse cross section.

Through the CST wakefield solver, the vertical coupling
impedance of the simplified model is shown in Fig. 2. In the
simulation, the RMS length of the beam bunch was set to
100 mm, and the calculation length of the wakefield is 20 m.

Figure 2 shows that there are mainly two obvious
impedance peaks at 96 MHz and 189 MHz. The real part
impedance of these two peak are 2.1 and 0.6 MCQ/m, respec-
tively. Due to these two peaks have a high Q factor, the
wakefield is hard to convergence. Thus, the magnitude of
the vertical impedance is smaller than expected value.

27 —Real |
—Imag

E
= o0 VA
N
-
-2
0 0.2 04 0.6 0.8 1
Frequency[GHz]

Figure 2: The vertical coupling impedance.

TRAPPED MODES

Although the CPMU model has been simplified, the sim-
ulation still takes nearly one month to obtain the impedance
results in Fig. 2. As the simulation time is proportional to
the wakefield length, it will require a large amount of time
and computational resources, to obtain a converged result.
Therefore, the eigenmode solver is adopted to analyze these
two impedance peaks, which requires little computational
resources and time.

Photon Sources and Electron Accelerators



14t Symp. Accel. Phys.
ISBN: 978-3-95450-265-3

The relationship of five eigenmodes, between the R/Q
and the vertical displacement, is shown in Fig. 3. The
eigenmode frequency of Mode 1 and Mode 3 are 96 MHz
and 189 MHz, respectively, which is consistent with the
frequency of impedance peak in Fig. 2. The relationship
curves for Mode 1 and Mode 3 resemble parabolic shape,
which is agree with the relationship between the transverse
impedance’s R/Q and its transverse displacement. There-
fore, Mode 1 and Mode 3 can be thought as the vertical
impedance mode, and it is also called as trapped modes.

x/mm

Figure 3: The R/Q of five eigenmodes at different vertical
displacement.

According to the eigenmode results, the coupling
impedance for these two modes were calculated and pre-
sented in Table 1. The transverse shunt impedance for Mode
1 and Mode 3 can reach 150 and 32.6 MQ/m, respectively.
However, the vertical impedance threshold in HEPS, deter-
mined by synchrotron radiation (SR) damping, is approxi-
mately 4.7 MQ/m. When the frequency of trapped modes is
overlap with the beam spectrum, the impedance of trapped
modes can be a huge value, and thus some measures need
to be adopted to inhibit it.

Table 1: Eigenmode Results of Trapped Modes

fIMHz] & [MQ/m’] O  Rs[MQ/m]
Model 96 0.78 773 150
Mode3 189 0.22 1154.8 32.6

The Q factor of trapped mode can be damped by placing
damping materials at specific locations inside the model,
which would result in a decrease in the magnitude of its cou-
pling impedance. Therefore, in this section, two approaches
are proposed to suppress these trapped modes: electric damp-
ing and magnetic damping.

Electric Damping

To achieve a good mode damping effects, it is usually
necessary to place the damping materials in the region with
strong field distribution. Taking the mode of 96 MHz as an
example, its electric field distribution is shown in Fig. 4,
and the field distribution at 189 MHz is similar to that at
96 MHz.
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The electric field at 96 MHz is strong in the magnet gap
and near the girder. Considering the influence of damping
materials on the magnetic field at the magnet pole, we only
consider placing it on the girder and study its damping effects
on the trapped modes.

(a) (b)
Figure 4: The electric field distribution of the eigenmode at

96 MHz. (a): vertical cross-sectional view at its center; (b):
transverse cross-sectional view.

The size of the electric damping material, placed at the
girder, is 60*30*20 mm, and a total of 4 pieces are used, as
shown in Fig. 5. In order to study the influence of its elec-
tromagnetic properties on the Q factor, a parameter sweep
is conducted on the dielectric constant and magnetic perme-
ability: €', €”, u’, u”.

Figure 5: The location of electrical damping material, and
it is the earthy yellow elements on the girder.

The default electromagnetic parameters for the electric
damping material at 100 MHz are set as € = 5, €’ = 2.5,
p' =5, " =2.5. When scanning one variable, the other
parameters remain unchanged. The scanning range for vari-
able €’ and €” is 5, 10, and 20, and that for ¢’ and u”’ is
2.5,5,7.5, and 10. Figure 6 shows the sweep results of O
factor at 96 MHz. To facilitate comparison, four air blocks
were placed at the location of the damping material, whose
electromagnetic properties is € = u = 1.

In Fig. 6, the electric damping material can effectively
reduce the Q factor of trapped mode, compared to the case
without damping material. Increasing the value of u”, es-
pecially for €”, can significantly enhance its damping effect
on Q factor. That suggests that, the damping material with
a large value of €/, can help to suppress the trapped modes
in the model.

Magnetic Damping
Figure 7 illustrates the magnetic field distribution at

96 MHz. In addition to the strong field distribution at the
magnet gap, there is also a significant field distribution near
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Figure 6: The damping effect of electric damping material

with different electromagnetic variables on the Q factor.

the linked rods. To avoid interference with the magnetic
field at the magnet gap, the magnetic damping material is
selected to be placed around the linked rods.

(@) (b)
Figure 7: The magnetic field distribution of the eigenmode

at 96 MHz. (a): horizontal cross-section at the girder; (b):
transverse cross-section.

The location of the magnetic material in the model is
shown in Fig. 8, with dimensions of 50*50*5 mm for each
of the 12 pieces.

Figure 8: The location of magnetic damping material, and
it is the magenta components around linked rods.

The influence of four electromagnetic parameters on the
damping effect of Q factor was also investigated, using the
same parameter sweep settings as mentioned in the section
of Electric Damping. Figure 9 displays the Q factor results
under different electromagnetic variables.

According to Fig. 9, the variable y’’ has the most signifi-
cant suppression effect, and it can decrease the Q factor from
773 to 10. This indicates that the damping effect of magnetic
material is significantly better than that of electric material.
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Figure 9: The damping effect of magnetic damping material
with different electromagnetic variables on the Q factor.

Therefore, the magnetic damping material is finally selected
to suppress the trapped modes in CPMU.

Considering the practical conditions, the ferrite material
of HOM absorber in RF cavity is selected as the magnetic
damping material to suppress the trapped mode. The eigen-
mode results with ferrite material are shown in Table 2.

Table 2: Eigenmode Results with Ferrite Material

Q  Rs[MQ/m]
17.7 4.5
52.6 1.6

fIMHz] & [MQ/m’]
Model 96 0.94
Mode3 189 0.24

Compared with Table 1, the ferrite material significantly
reduces the Q factor of these two trapped modes, whose
value is decreased from 773 and 1154.8 to 17.7 and 52.6,
respectively. The transverse impedance finally decreases to
4.5 and 1.6 MQ/m, which is less than the impedance thresh-
old determined by SR damping. Considering the bunch by
bunch feedback system, the influence of trapped modes on
beam is acceptable.

CONCLUSION

In our study, we observed that the trapped mode in CPMU
can lead to large vertical impedance. When the frequency
coincides with beam spectrum, it will significantly exceed
the impedance threshold. To address this issue, two types
of material: electric material and magnetic material, are
proposed to suppress it, and the magnetic material has an
excellent performance.

After implementing ferrite material, the Q factor as well
as the transverse impedance are significantly reduced. That
indicates ferrite materials can effectively suppress the influ-
ence of trapped modes on beam.
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Abstract

Modern free-electron laser (FEL) facilities are designed
to simultaneously serve multiple undulator lines to provide
x-ray pulses with high peak power and tunable wave-
lengths. To satisfy different scientific demands, it is pre-
ferred to make the separate undulator lines work under dif-
ferent FEL schemes, such as the self-amplified spontane-
ous emission (SASE) scheme and the echo-enabled har-
monic generation (EEHG) scheme. However, different
FEL schemes have different requirements on the beam lon-
gitudinal distribution. Here, we propose to use multiple
bunches to simultaneously serve the undulator lines and
put the bunches at different acceleration phase to change
the bunch length with two compressor chicanes. The accel-
eration phase for each bunch is varied by adjusting the time
delays of the photocathode drive laser pulses with the ac-
celerator settings unchanged. The start-to-end simulation
demonstrates that a fs bunch with high peak current can be
produced to serve the SASE line while a bunch with hun-
dred-of-fs length and uniform current distribution can be
produced to serve the EEHG line. The FEL performances
are simulated and discussed.

INTRODUCTION

Modern FEL facilities are designed to operate two or
more undulator lines simultaneously with a single-pass
linac-based machine and exploit beam distribution systems
to send electron bunches to their respective beamlines. In
normal conducting linacs, limited by the low repetition rate,
only a modest average brightness can be provided. It is nec-
essary to accelerate two electron bunches in the same ra-
diofrequency (RF) macropulse to increase the repetition
rate, as in SwissFEL [1]. In superconducting RF linacs,
megahertz (MHz) electron bunches can be provided and
the photon average brightness is greatly enhanced. The
MHz electron bunches are then sent to different undulator
lines in a group mode as in European XFEL [2] and
FLASH [3] or one by one as in LCLS-II [4] and
SHINE [5].

To extend the application range of FEL generated light,
it is preferred to operate different undulator lines under dif-
ferent schemes to provide either sub-fs or fully longitudi-
nally coherent pulses. However, different FEL schemes
have different requirements on the beam longitudinal

Email address: *wangxf@mail.iasf.ac.cn
fweiqingzhang@dicp.ac.cn

MOPB029
66

distribution. The SASE scheme requires fs electron bunch
with high peak current to shorten the saturation length and
increase the peak power, while seeding schemes require
bunches with hundred-of-fs length and uniform current dis-
tribution to improve the modulation stability. To satisfy the
requirements of different FEL schemes, one solution is to
accelerate the bunches at different accelerating phases and
change the bunch lengths with compressor chicanes. The
acceleration phase for each bunch can be varied by chang-
ing the microwave amplitude and phase as has been done
in SwissFEL [1] and FLASH [6]. However, in supercon-
ducting RF linacs with MHz repetition rate of macropulses,
changing the amplitude and phase of different macropulses
is a challenge and might affect the machine stability.

In this paper, we study the multi-bunch scheme and
change the acceleration phase of each bunch by adjusting
the time delays of the photocathode drive laser. A bunch
with hundred-of-fs length and uniform current distribution
is produced for EEHG lasing while a sub-fs bunch with
high peak current can be produced for SASE lasing under
the same machine parameters.

MULTI-BUNCH SCHEME

The multi-bunch scheme has been studied both theoreti-
cally and experimentally [7-10]. Here, we concentrate on
modulating the longitudinal distribution of the bunches
into different shapes to simultaneously maximize the radi-
ation performance of different FEL schemes in different
undulator lines. We take the typical two-stage compression
beamline at S3FEL as an example, as shown in Fig. 1. La-
ser pulses with a repetition rate of 1 MHz illuminate the
photocathode to produce electron bunches. Two chicanes
are used to compress the bunch length from several pico-
seconds to tens of femtoseconds. After acceleration to
2.5 GeV, the bunches are distributed to separate undulator
lines respectively. Two of the undulator lines exploit the
SASE scheme to lase and the other two exploit the EEHG
scheme. To simultaneously maximize the radiation perfor-
mance of all the undulator lines, the bunches directed into
different undulator lines are put on different acceleration
phase and thus different compression just by changing the
time delay of the photocathode laser pulses.

Injector

The injector includes a normal-conducting continuous-
wave (CW) RF gun operating at 217 MHz (6th sub-
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Figure 1: Schematic layout of S3FEL. Electron bunches are extracted from a VHF gun and subsequently accelerated in
super-conducting Linac sections and compressed in the two magnetic chicanes. The beam is accelerated to 2.5 GeV before

directed to different undulator lines.

harmonic of 1.3 GHz), a 1.3 GHz buncher and a supercon-
ducting acceleration module. The beam dynamics in the in-
jector for a 100 pC bunch charge is simulated by ASTRA
(Floettmann, 2017). The detailed parameters of the injector
are shown in Table 1.

Table 1: Parameters of the Injector

Parameter Value Unit
Drive laser

Beam charge 100 pC
Laser temporal profile Flat-top

Laser FWHM L, 29 ps
Flat-top edge width r 1 ps
Transverse RMS size 0.19 mm
Thermal emittance 0.19 pm
VHF gun

RF frequency of gun 217 MHz
Acceleration gradient 26 MV/m
Injection phase -5 degree
Buncher

RF frequency of buncher 1.3 GHz
Acceleration gradient 1.8 MV/m
Acceleration phase -90 degree
Cavity position 0.86 m
Eight-cavity cryomodule

RF frequency of cavities 1.3 GHz
1st cavity position 2.76 m

Ist cavity gradient 15 MV/m
1st cavity phase -5 degree
2nd cavity gradient 0 MV/m
3rd-8th cavities gradient 26 MV/m
3rd-8th cavities phase 0 degree

The bunch arrival time at the exit of the injector, which
may change the downstream compression, depends on the
injection time of the photocathode drive laser. Figure 2
gives the arrival time of the bunches with different injec-
tion time in the gun, relative to the arrival time of the nom-
inal bunch. An evident negative correlation between the
beam arrival time and the injection time offset results from

Advanced acceleration concept

the -90° acceleration phase of the velocity buncher. Figure
2b gives the relative arrival time along the beamline of the
bunches with injection time offsets 5 ps and -5 ps. The
bunch that arrives earlier will obtain a lower velocity in the
buncher. After passing through the drift space between the
buncher and the first acceleration section, the bunch will
be delayed relative to the nominal bunch.

(a)20

10~

ATEI‘F [ps}
o

ATmJ [ps]
(b) ®
4+ il
E 2 AT, ~5ps
L —AT.  —Sps
£ 0 inj
'_m
<
4
5 i | i
0 2 4 6 8 10 12 14

Beamline position z [m]

Figure 2: (a) Relative beam arrival time for different injec-
tion time offset. (b) Relative beam arrival time along the
beamline for injection time offset 5 ps and -5 ps.

Main Linac

Negative energy chirp is imposed on the beam in the ac-
celeration module L1 and L2. After the two-stage compres-
sion, the beam is then accelerated to 2.5 GeV in the accel-
eration module L3. First of all, 1D simulation code LiTrack
(Bane & Emma, 2005) is used to optimize the acceleration
and compression parameters to obtain a bunch with hun-
dred-of-fs length and uniform current distribution for
EEHG lasing. The code Elegant (Borland, 2000) is then
used to simulate the complete beam dynamics. The detailed
parameters of the main linac are given in Table 2. Fig-
ure 3a shows the longitudinal phase space and current dis-
tribution of the nominal EEHG bunch. The electron
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bunches with different injection time will experience dif-
ferent compression due to the change of the acceleration
phase. Figure 3b shows the longitudinal phase space and
the current distribution of the bunch at the end of the main
linac with 20 ps gun injection time offset, which we call
the SASE bunch here. The change of the harmonic cavity
phase makes the compression nonlinear and a high peak
current appears after the second compression chicane
(BC2). After the electron beam exits the BC2, longitudinal
space charge force within the high current spike induces a
strong energy chirp [11], which can be utilized to further
compress the spike with a positive R56 in a dogleg, reach-
ing a peak current of above 8 kA. To avoid too large energy
chirp inside the current spike, here, the charge of the SASE
bunch is reduced to 60 pC.

Table 2: Parameters of the Main Linac

Parameter Value Unit
L1 voltage 246.3 MV
L1 phase -18.4 degree
Lc voltage 60.2 MV
Lc phase -159.7 degree
BC1 R56 -82.4 mm
BC1 beam energy 269.5 MeV
L2 voltage 931.3 MV
L2 phase -13.2 degree
BC2 R56 -14 mm
BC2 beam energy 1175.8 MeV
L3 voltage 1335 MV
L3 phase 0 degree
L3 exit beam energy 2500 MeV

(a)

(b)
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Figure 3: Longitudinal phase space and current distribution
of the (a) EEHG bunch (100 pC) and (b) SASE bunch
(60 pC) at the end of the main linac.

To avoid the emittance dilution due to the CSR effect,
the strengths of the quadrupoles are optimized. The nor-
malized emittance of the EEHG bunch and the SASE
bunch can be both maintained smaller than 0.4 pm.

FEL PERFORMANCE

The EEHG bunch and SASE bunch are directed to the
EEHG undulator line and SASE undulator line respectively.
Figure 4 shows the FEL power and the spectrum of the two
kinds of bunches. The EEHG spectrum is typically clean
and the linewidth is ~1.8e-4. The SASE pulse width is
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~380 as and the peak power is ~29 GW, which offers an

opportunity for studying the ultrafast processes.
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Figure 4: FEL power and spectrum. (a) EEHG power and
(b) EEHG spectrum from the EEHG bunch. (c) SASE
power and (d) SASE spectrum from the SASE bunch. The
full width of half maximum (FWHM) of the SASE pulse is
~380 as.

CONCLUSION

The start-to-end simulation shows that the EEHG
scheme and the SASE scheme can be operated simultane-
ously in different undulator lines, served by different elec-
tron bunches with different longitudinal length and shape.
Taking advantage of the space charge force, a 380 as FEL
pulse at 1 nm with peak power of 29 GW can be generated.
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PHYSICAL DESIGN OF AN S-BAND COLD CATHODE RF GUN*

Tian Hui He", Hanxun Xu, Kui Zhou, Zheng Zhou
Institute of Applied Electronics, Chinese Academy of Engineering Physics, Mian Yang, China

Abstract

In recent years, the properties of new field emission mate-
rials have been gradually improved with the advancement of
materials research fields, which have provided the possibility
for the research and realization of cold cathode microwave
electron guns. A 0.32+1 cell S-band microwave electron gun
was designed based on the emission properties of carbon
nanotube films and ultra nano diamond films. This article
mainly introduces the selection of electron gun cavity, RF
design and corresponding thermal analysis. The physical
design results basically meet the design requirements.

INTRODUCTION

With the continuous advancement of accelerator technol-
ogy, radio frequency guns are also iteratively developed
from generation to generation, from the original hot cathode
RF gun to the now widely used photocathode RF gun. The
hot cathode RF gun has a large beam intensity and serious
electronic backlash; Although the photocathode RF gun has
good beam quality, the current intensity is not large, and
additional costs are required for the laser. At present, with
the advancement of material technology, the use of cold cath-
ode is gradually increasing, cold cathode RF gun because
of its beam quality is relatively good, the current intensity is
large, and does not require additional filament heating power
supply and laser, low cost, compact structure, so as to be
expected by more and more institutes. Based on the emis-
sion characteristics of diamond film cathode [1] and carbon
nanotube cathode [2] described in the existing literature, a
0.32+1 cell S-band cold cathode RF gun is designed.

The cold cathode is based on the principle of field-induced
emission, and the distribution of field-induced emission cur-
rent density in the microwave field is similar to the Gaussian
distribution on time scales [3].

¢3/2 ((ut—ﬂ/2)2

J(1) = Jge R0 2 §))
Its rms width is:
o= \/ﬁEo/(Cqu) 2

In the microwave field, the maximum value of the field-
induced emission current distribution is exactly in the middle
of the positive half-period of the microwave field, and since
the area occupied by +2¢ accounts for 95% of the total area
of the Gaussian distribution, it can be considered that the
width of the field-induced emission is +2¢.

* Work supported by Infrared terahertz free electron laser device project
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CAVITY TYPE SELECTION

The general cold cathode RMS width ¢ is about 15°, and
its emission width in the microwave field is about +2¢, that is,
-30°~30°. An emission phase width of 60° will inevitably
lead to electron back burst when the field strength of the
cathode plane is not large enough. In order to avoid back
bombardment, there are two solutions to the design of the
first cavity, one is to reduce the length of the first cavity, and
the other is to increase the cathode surface field strength.
The problem with reducing the length of the first cavity is
that the maximum field strength in the first cavity is offset
and concentrated on the platter, and the length of the first
cavity is too short, which increases the difficulty of process-
ing and commissioning. Increasing the field strength of the
cathode surface leads to a sharp increase in the emission
phase width for the field-induced emission cathode, mak-
ing the field-induced emission similar to the hot cathode
emission. At present, the opening electric field of nitrogen-
doped diamond film cathode is generally about 10 MV/m,
and the opening electric field of carbon nanotube cathode
is lower, generally 48 MV/m, and its maximum emission
electric field is about 20 MV/m, which will inevitably lead
to back bombing. Therefore, the only alternative method at
present is to reduce the length of the first cavity.

Assuming that the field-induced emission RMS width o
is 15°, the relationship between the minimum field strength
required for the last emitted electron at 30° overflows the first
cavity and the length of the first cavity, as shown in Fig. 1.
As can be seen from the figure, the shorter the first cavity,
the smaller the minimum field strength required for the end
electrons to overflow the first cavity. Under the cathode
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Figure 1: The relationship between the minimum field
strength of the cathode plane required for the end electron
overflow the first cavity and the length of the first cavity.
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surface field strength of 40 MV/m, the cavity length is less
than 0.35 cell, and the design of the first cavity length of
0.32 cell and the secondary cavity of 1.0 cell is adopted.

RF DESIGN

When the length of the first and the secondary cavity
were determined, the design of the RF gun entered the RF
design part. The RF design process of RF gun is to first
determine the basic structure of the cavity, and then enter
the eigenmode solution optimization process, and add input
waveguide, probe, cathode and other components after the
cavity model optimization to complete the design of the
whole gun structure. After that, iterative optimization is
continued under the driving mode or eigenmode, and a better
result of the whole gun is obtained. Here, CST and HFSS
are used to optimize the design of the RF gun, and the two
results are compared to prevent large error results.

Cavity Structure

The RF gun design requires an operating frequency of
2856 MHz and a s mode of operation, a mode interval
greater than 10 MHz, and a field strength ratio of the sec-
ondary cavity to the first cavity is greater than 1. The basic
structure of the electron gun is shown in Fig. 2.

"

B
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Lay
zqy

[X] 2

Figure 2: Basic structure of electron gun.

Eigenmode Design and Optimization

After completing the eigenmode optimization of the cav-
ity, on this basis, adding coupling holes, transmission waveg-
uides, vacuum pipes and probes, a complete vacuum model
of RF gun is formed, and the RF design of RF gun can be
basically completed through iterative optimization of the
whole gun model. The results after the optimization are
shown in Table 1 below.

Table 1: Optimization Results

Parameter Value Unit
fo 2840.0139 MHz
o 2856.0492 MHz
E,/E; 1.0624
B 1.0353
R/O 111.6220 MQ/m
Qo 11867.32
0, 11462.89

The mode interval between zero mode and sr mode is
about 16 MHz, and the probe coupling degree is calculated
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to be about 53 dB. The axial electric field distribution is
shown in Fig. 3. The electromagnetic field distribution and
surface current are shown in Fig. 4.
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Figure 3: Axial electric field distribution of RF gun.

Figure 4: On the left is the electric field distribution, in the
middle is the magnetic field distribution, and on the right is
the surface current distribution.

Drive Mode Verification

After completing the eigenmode optimization design of
the RF gun, the parameters are imported into HFSS and the
driving mode calculation is performed on the same model.

S Parameter Plot 1

S Parameter Chart 1
P

T80 2de | 2ds | 28 286

Figure 6: On the left is the electric field distribution, on the
right is the magnetic field distribution.
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When the input microwave power is 1 MW, the cathode
surface field strength reaches 34 MV/m. Considering the
beam load, the microwave coupling must be over coupling
state, and the degree of coupling can be seen from the Smith
chart. The S11 parameters and the Smith chart are shown in
Fig. 5. And the electromagnetic field distribution is shown
in Fig. 6.

THERMAL ANALYSIS

Mechanical Design

Using the final optimization results, the mechanical design
of the RF gun was completed, and the finished RF gun is
shown in Fig. 7.

Figure 7: Mechanical design drawing (left is the whole,
the middle is the section, the right is the positive triaxial
measurement).

Thermal Analysis

After completing the mechanical design of the RF gun,
a thermal analysis was performed on the RF gun. The RF
gun cavity shape, electric field distribution and surface heat
loss distribution are shown in Fig. 8. And it can be seen
that the heat loss is mainly concentrated on the side of the
coupling hole near the cavity except for the first cavity wall.
This indicates that the temperature rise of the coupling hole
is relatively high.

Figure 8: Cavity shape, electric field distribution and surface
heat loss.

Using ANSYS’ HFSS module, the cathode surface field
strength is calculated to be 30 MV/m, and the heat loss
of the electron gun cavity wall is 0.73 MW, and the duty
cycle of this electron gun is set to be 0.8 %. Since the HFSS

MOPB030
12

SAP2023, Xichang, China

JACoW Publishing
doi:10.18429/JACol-SAP2023-MOPBO30

simulation is set to a continuous wave condition, the average
heat loss in pulse mode can be obtained by using the duty
cycle. By adjusting the value of the excitation signal under
eigenmode, set the initial setting of the electron gun that can
output an average heat loss of 5.82 kW. Enter this setting
into the FLUENT module and calculate the temperature
distribution of the cavity. By adjusting the flow rate of the
cooling water, the heat of the surface heat loss is taken away,
so that the electron gun works at the desired temperature
state.

Figure 9: Temperature distribution of cooling water channel
and chamber temperature distribution.

The temperature rises more at the cavity wall of the first
cavity and at the coupling hole, the first cavity wall is about
25 degrees, and the temperature of the coupling hole below
is about 40 degrees. The temperature distribution is shown
in Fig. 9. Since the repetition frequency of the cold cathode
microwave electron gun is actually very low, below 10 Hz, at
this time, the heat loss of the cavity wall is below 0.15 kW,
which will be quickly taken away by the cooling water, and
the actual temperature rise will be very low. Therefore, the
waterway design fully meets the requirements.

CONCLUSION

According to the characteristics of the RF gun and the
emission characteristics of the field emission cathode, the
appropriate cavity shape of the RF gun was selected, and
the optimized design of the electron gun was made by CST
and HFSS, and the mechanical design and thermal analysis
were carried out according to the optimization design results.
Through several iterations of optimization, the design of the
S-band cold cathode microwave electron gun was finally
completed.
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STUDIES ON BEAM INJECTION SYSTEM FOR WUHAN ADVANCED
LIGHT SOURCE STORAGE RING

Y. Zou®, H. H. Li, Y. Chen, J. H. He, IAS, Wuhan University, Wuhan, China

Abstract

Wuhan Advanced Light Source is the low-energy 4th
generation advanced light source, which is proposed by
Wuhan University, China. It includes a 1.5 GeV full-energy
LINAC injector, a 180 m circumference, 1.5 GeV low-
emittance storage ring, and a series of state-of-the-art beam
lines. The standard 7BA magnetic focusing structure is
adopted for the storage ring to lower the beam natural emit-
tance and the lattice has been well- designed and optimized
by multiple-objective genetic algorithm to maximize the
dynamic aperture and energy acceptance. The dynamic ap-
erture of the storage ring at injection can reach up to 8§ mm
in the horizontal plane, which makes the off-axis beam in-
jection method possible. An off-axis beam injection
scheme based on the pulsed nonlinear magnet is to be em-
ployed for the storage ring. Detailed studies about the beam
injection scheme, including the beam optical design, non-
linear magnet design and optimization, have been per-
formed and multi-particle simulations have also been car-
ried out to study the beam injection procedure.

INTRODUCTION

Wuhan Advanced Light Source (WALS) project was
proposed by Wuhan University in 2016 [1], of which the
accelerator includes a 1.5 GeV full-energy LINAC injector,
and a 180 m circumference of low-emittance storage ring.
The ring lattice is 8-fold symmetrical structure, of which
each cell includes a hybrid 7BA structure and a 6.8 m of
long straight section. The horizontal nature emittance is
around 214 pm rad. Several measures have been taking into
account to reach this target, e.g., employing bending mag-
nets with both transverse and longitudinal gradients; em-
ploying two groups of the reverse dipoles, etc. A superbend
magnet, of which the peak field strength reaches as high as
3.57 T, is adopted in the center of each cell to expand the
application boundaries of the synchrotron radiation light
source to the field of hard X-ray. Both permanent and elec-
tro- magnets are used in the storage ring. A serious of sex-
tupoles are employed at high dispersion zone to correct the
chromaticity with moderate strength. Nonlinear effects
would be introduced in the ring by sextupoles, which
would reduce the dynamic aperture and momentum ac-
ceptance that need to be addressed. The multiple-objective
genetic algorithm (MOGA) is introduced to optimise the
lattice design in order to obtain the maximum dynamic ap-
erture and energy acceptance. Two of the eight straight sec-
tions are reserved for beam injection system and RF system,
respectively. Beam injection system is to bend the electron
beam into the storage ring while RF system is to supple-
ment the electron energy loss and stretch the bunches in the
ring to increase the beam lifetime. The other straight

T Email address: ye.zou@whu.edu.cn
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sections are reserved for insertion devices. Figure 1 shows
one eighth of the lattice and Twiss parameters for the
WALS storage ring while Table 1 shows the main parame-
ters.

30 Twiss Parameters of the Ring

—pX

N
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T

BX, BY, nX*100 (m)
> @& 3
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Figure 1: One eighth of the lattice and Twiss parameters
for the WALS storage ring.

Table 1: the Main Parameters of the Storage Ring

Parameter Value
Energy (GeV) 1.5
Beam current (mA) 500
Circumference (m) 180
Revolution period (ns) 600
Harmonic number 300
Horizontal emittance (pm rad) 214.8
Damping time H/V/S (ms) 7.08/17.02 /28.52
Betatron tunes Hor./Ver. 20.279/10.190
Energy acceptance (%) 4.2
Momentum compact factor 0.00036
Radiative loss per turn (keV) 105.9
Synchrotron phase (deg) 169.8
Bunch length (ps) 16.37
BEAM INJECTION SCHEME

The beam injection system is employed to bend the elec-
tron beam into the storage ring. Since the beam dynamics
aperture is relatively large, the off-axis accumulate injec-
tion scheme is available. The philosophy of injection sys-
tem design is to seek high injection efficiency while being
transparent to the storage beam. The traditional off-axis in-
jection is normally implemented by a local bump formed
by two groups of bump magnets. This method needs a rel-
atively long injection straight section and the local bump is
difficult to be fully closed mainly due to the fields error of
the bump magnets. An alternative off-axis injection
method based on pulsed nonlinear magnet (PNM) was
firstly introduced at KEK [2, 3], and has been well studied
and implemented at several facilities, e.g., BESSY [4],
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MAXIV [5], ALS-U [6]. The key of this method is the de-
sign of the PNM, which is used to “kick” the injection
beam into the ring acceptance while not affect the storage
beam.

Beam Injection Scheme for WALS Storage Ring

The off-axis accumulative injection scheme based on the
PNM is proposed for the WALS storage ring. Figure 2
shows the layout of the injection scheme. A thick septum is
used to bend the injected beam with 120 mrad, followed by
a thin septum with the septum thickness of less than 1.5
mm to bend the injected beam with 45 mrad, while not af-
fect the storage beam. Half sine-wave is adopted for both
thin and thick septa with the wave width of 60 ps and 120
s, respectively. The repetition rate is 10 Hz with the sta-
bility of 0.1% for both septa.

The PNM is employed after the septa to kick the injec-
tion beam into the ring acceptance, while ideally being
transparent to the storage beam in the ring. The injection
process is as follows: the beam from the exit of the thin
septum (-11 mm, 2.5 mrad) drifts about 2.4 m to the en-
trance of the PNM (-5 mm, 2.5 mrad). The injection beam
is then kicked by the PNM to the ring acceptance. To max-
imize the injection efficiency, the injection beam is being
kicked to the center of the ring acceptance, as illustrated in
Fig. 3. From Fig. 3, we can see that the injected beam will
be kicked around 3 mrad and the maximum injection ac-
ceptance is about 1.6 um rad. Table 2 summarizes the main
parameters for the injection procedure. Since the normal-
ised emittance of the injection beam is at the level of nm
rad, which is smaller than the injection acceptance with
around 3 orders of magnitude, so there is no need to match
the Twiss function of the injection beam. Nevertheless, on-
axis injection is essential for the first few turns of injection
since there is no aperture at first. So, a normal kicker (KIK1)
is set after the PNM for first step of commissioning. When
the dynamic aperture comes to above 5 mm, the PNM starts
to work and the KIK 1 will be shut down, the on-axis injec-
tion will be changed to off-axis injection.

The Injection System Layout

Injected Beam

E 200 -
- Thin Septum
%100 Non-linear Kicker
0 P T | Stored Beam
= Thick Septum
-100 KIK1

45 -4 35 -3 25 -2 <15 -1 05 0 05 1 15 2 25 3 35 4 45
S(m)

Figure 2: Layout of the injection system for the WALS
storage ring.
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Figure 3: The beam injection procedure (Red ellipse: ring
acceptance; blue ellipse: injection beam acceptance; black
ellipse: C-S invariant of the injection beam).

Table 2: Main Parameters for Beam Injection Procedure

Parameter Value
Beta function at the PNM H/V (m) 5.61/5.67
Injected beam position at thin septum exit 11.0/0
H/V (mm) ‘
Injected beam position at PNM entrance 5.0/0
H/V (mm) ’
Injected beam angle at PNM entrance H/V 25
(mrad) '
Distance between thin septum and PNM 24
(m) '
PNM length (m) 0.5
PNM deflect angle (mrad) 3
Beam injection acceptance (um rad) 1.6

Pulsed Nonlinear Magnet Design

The idea of using a customized spatial magnet field dis-
tribution for beam injection was first introduced and imple-
mented at KEK, where a pulsed sextupole injection kicker
was proposed and implemented. Then, an alternative con-
figuration was proposed at BESSY and successfully imple-
mented at MAXIV based on an iron-free pulsed nonlinear
kicker that uses eight current-carrying wires, which were
fixed to a precisely machined ceramic chamber that can
produce multipole fields to bend the injected to the ring ac-
ceptance while with zero field at the stored beam position.
Experience at MAXIV indicates that heating of the PNM
ceramic chamber due to the image currents circulating in a
thin titanium coating, which is required for electrical con-
tinuity would be a big issue. A thicker titanium coating can
effectively address this issue.

Figure 4 shows an upper half geometry and the resulting
field distribution with different coating thicknesses of the
pulsed nonlinear magnet for the WALS storage ring. From
Fig. 4, we can see that the magnetic field can reach around
300 Gauss at 5 mm and has slightly difference with 1 pm
and 5 um of coating thicknesses. In this case, 5 um of coat-
ing thickness will be chosen for PNM to mitigate the heat-
ing issue. Table 3 shows the main parameters of the PNM.
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Figure 4: Upper half geometry (Upper) and the resulting
field distribution with different coating thicknesses (Lower)
of the pulsed nonlinear magnet for the WALS storage ring.

Table 3: the Main Parameters of the PNM

Parameter Value
Length (m) 0.5
Bending angle (mrad) 3
Beam stay clear Hor./Ver. (mm) 20/14
Field strength (Gauss) 300 @5 mm
Pulse duration half sine-wave

1.2
(us)
Repetition rate (Hz) 10
Amplitude variations (%) <1
Pulse timing variations (ns) +5
Field flatness (Gauss) <5 @+5 mm

Multi-Particle Simulations

Multi-particle simulations have been performed with the
AT code [7] to evaluate the beam injection scheme with
PNM. Misalignment and field errors have been taken into
account to calculate the horizontal acceptance for injection
system. The PNM strength is chosen as 48000 T/m* with
0.1% error and the misalignment errors are chosen as 0.15
mm and 0.25 mrad. Figure 5 shows the injection ac-
ceptance in horizontal phase space with errors. From Fig.
5, we can see that the injection point at -5 mm is a good
position for injection which has a quite large error toler-
ance. Nevertheless, if the dynamic aperture is large enough,
the injection point can be moved to -5.3 mm, which has a
larger error tolerance.
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Figure 5: The injection acceptance in horizontal phase
space with errors (black circle: current injection point; red
star: optimal injection point).

CONCLUSION

The off-axis injection scheme based on PNM has been
introduced for the WALS storage ring due to the quite large
dynamic aperture. The injection acceptance is much larger
than normalised emittance of the injected beam. The iron-
free type of PNM that uses eight current-carrying wires can
provide enough magnetic field at injection point to bend
the injected beam into the ring acceptance while keep
quasi-transparent to the stored beam. Multi-particle simu-
lations show the choice of the injection point is quite rea-
sonable.
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START TO END SIMULATION FOR A COMPACT THz-FEL *
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Abstract

An oscillator type terahertz free electron laser (THz-FEL)
is under construction at Huazhong University of Science and
Technology (HUST). The designed electron beam energy
ranges from 8 MeV to 14 MeV, and the radiation frequency
ranges from 3 THz to 10 THz. FEL requires high quality
electron beams of emittance, energy spread, bunch charge
etc. To know the overall facility performance, a start-to-end
simulation (from electron gun to the end of the oscillator) of
the THz-FEL is performed. The simulation of the electron
gun to the exit of the linac is performed using PARMELA,
where the effect of space charge effects is considered. In
addition, the effect of beam loading effect is considered
for the linac. The transport line is matched and simulated
using ELEGANT. GENESIS 1.3 and OPC is used for the
lasing process. Results of the simulation are presented and
discussed in this paper.

INTRODUCTION

Terahertz (THz) radiation has attracted more and more at-
tention because it holds the promise of enabling various new
scientific and industrial applications. Due to the advantages
of high output power, continuously adjustable wavelength,
etc, terahertz free electron laser (THz-FEL) has received
wide attention and research [1-3]. Huazhong University of
Science and Technology (HUST) has constructed a compact
oscillator type THz-FEL facility. It mainly consists of an in-
jector and laser. The injector provides the required electron
beam, which mainly includes EC-ITC (external cathode and
independently tunable cavities) RF (radio frequency) gun, an
S-band traveling wave (TW) linac and a double bend achro-
matic transport line. The laser consists of a pure permanent
magnet type undulator and an optical resonant cavity [4].
The layout of HUST THz-FEL is depicted in Fig. 1.

Start-to-end simulation is an important method to un-
derstand the performance of FEL. It can take nonlinear ef-
fects into account and provide guidance for FEL design and
optimization. To know the overall facility performance, a
start-to-end simulation is performed. PARMELA is used to
simulate the electron gun and linac, where the space charge
effect is considered. ELEGANT is used to match and simu-
late the transport line. GENESIS 1.3 is used to simulate the
interaction of the electron bunch with the radiation field in
the undulator. And OPC is used to simulate the propagation
of the radiation field in the optical cavity. In the paper, taking
the beam energy of 14 MeV as an example, the parameters

* Work supported by National Natural Science Foundation of China
(No.12175077)
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of bunch at the entrance of the undulator is obtained and the
performance of the radiation field is analyzed.

EC-ITC

S-band Linac Ql Q2 Q3 P
RF gun 4

electron beam line
optical line

Figure 1: The layout of HUST THz-FEL.

MACHINE LAYOUT AND SET UP

The EC-ITC gun is composed of a thermionic cathode
and two independently tunable cavities. The electrons are ex-
tracted from the thermionic cathode by using a high voltage
of 15 kV and then injected into two cascaded, but indepen-
dent tuning standing wave cells [5]. The two standing wave
cells (C1 and C2) bunch the electron pulses into multiple
electron bunches with an interval of 350 ps and accelerate
the bunches to 2.6 MeV. The maximum gradients of C1 and
C2 are 40 MV/m and 89 MV/m, respectively. The bunch at
the exit of the electron gun has a long tail, which results in
beam loss during acceleration and transport processes.

The TW linac operates at 2856 MHz and can accelerates
the bunch from 2.6 MeV to 8-14 MeV to meet the require-
ments of the lasing frequency varying from 3 to 10 THz.
Instead of using the typical coupling output structure at the
end, it employs coaxial load absorbing cells [6]. The total
length of the linac is 875 mm, and there are 24 cells in all, of
which the last 4 cells are coaxial load absorbing cells. Since
the electron bunch has a long tail, the tail particles will ab-
sorb microwave power when they enter the linac. Therefore,
careful analysis of the beam loading effect is required to
obtain the acceleratng gradient of each cell.

The transport line transports the bunch from the exit of
the linac to the entrance of the undulator and makes the
bunch with suitable Twiss parameters at the entrance of the
undulator. The bunch has a long tail, and the tail particles
belongs to useless particles. Therefore, an x-directional slit
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with an aperture of 3 mm is placed in the middle of Q4 to
remove the trail particles.

An undulator and optical cavity make up the laser. The
radiation field is coupled to the output through a hole with a
radius of 1 mm in downstream mirror. HUST THz-FEL is a
low gain FEL with 30 undulator periods and a total optical
cavity length of 2.887 m. Table 1 presents the parameters of
the laser.

Table 1: Laser Parameters

Parameter value
Undulator parameter K 1
Undulator period 4, 32 mm
Number of Undulator periods N 30
Optical cavity length L 2.887m
Radius of curvature of mirror r 1.473m
Reflectivity of output cavity mirror R 0.95
Radius of Coupling hole 1 mm

START TO END SIMULATION

Injector

For the simulation of the injector, the longitudinal dis-
tribution of the bunch at the entrance of the linac needs to
be obtained first for the analysis of the beam loading effect.
We has proposed an algorithm called macro-particle track-
ing (MPT) to analyze beam loading effects with long tail
bunch [7]. When the linac input power is 14 MW, the bunch
can be accelerated to 14 MeV. The accelerating gradient of
each cell is obtained by analysis of beam loading effect, and
the maximum accelerating gradient is 19.4 MV/m. ELE-
GANT is used to match the dispersion and Twiss parameters
of the transport line. The Twiss parameters at the entrance of
the undulator are determined according to the requirement
that the beam waist is located at the center of the undula-
tor [8], whichis a, = 1.0, B, = 1.2, a, = 0.55, B, = 0.26.

The variation of bunch charge and energy spread from
the electron gun to the entrance of the undulator is shown in
Fig. 2. It can be seen that there is a beam loss throughout
the injection process, which is caused by the long tail of
the bunch. The initial thermionic cathode emits electrons
with a charge of 875 pC, leaving only 174 pC at the entrance
of the undulator. Since the bunch has a long tail, only the
head particles are considered for the statistical parameters.
Particles with a longitudinal position less than 15 ps are de-
fined as the head of the bunch, which is mainly determined
by the bunch length at the entrance of the undulator. There
are two more obvious changes in energy spread curve. The
first one appears at the linac, mainly due to the effect of the
longitudinal electric field. The second one appears in the
dispersion region. The sudden increase in energy spread is
due to the increase in the number of head particles caused by
the compression of the bunch length. The reduction of en-
ergy spread is mainly because particles with large transverse
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positions are lost. Table 2 presents the bunch parameters at
the entrance of the undulator.
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Figure 2: The variation of bunch charge and energy spread
from the electron gun to the entrance of undulator

Table 2: Bunch Parameters at the Entrance of Undulator

Parameter value
Beam energy E 14 MeV
peak current /,, 11.8A
Energy spread 8 0.24 %
Bunch charge Q 174 pC
Bunch length o, 4ps

11.05 mm mrad
10.51 mm mrad

Normalized emittance in x €,
Normalized emittance in y &,

Laser

GENESIS 1.3 combined with OPC allows the simulation
of a three-dimensionals free electron laser oscillator. We
have performed time-dependent simulation of the FEL os-
cillator using these two software. For oscillator type FEL,
cavity length detuning is an important parameter. Since
GENESIS 1.3 can only set the cavity length detuning to an
integer multiple of half wavelength, we use OPC to vary the
relative position of the radiation field and the electron bunch
to obtain an arbitrary cavity length detuning.

The frequency of radiation field is 10 THz when the beam
energy is 14 MeV. Taking the cavity length detuning of
20 um as an example, the variation of peak power in the opti-
cal cavity and output peak power with the number of cavity
passes are shown in Fig. 3. When saturation is reached, the
peak power in the cavity is 12.8 MW, but the output power
through the hole is only 0.28 MW. Only 2.2% of power in the
optical cavity is coupled to output through the hole. When
saturation is reached, the micro-pulse energy of radiation
field is 2.2 uJ. The electron macro-pulse width is 4 ps, and
the electron micro-pulse repetition frequency is 2856 MHz.
The macro-pulse energy of radiation field is 3 mJ. Fig. 4
demonstrates the power distribution and spectrum of the
radiation field at the 20th and 200th cavity passes. In the
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initial few passes, there are many frequencies of radiation
field in the optical cavity, and as the radiation field gradually
increases, there is finally only one major frequency in the
optical cavity. At saturation, the longitudinal phase space
at the exit of undulator is shown in Fig. 5. Electrons exhibit
significant rotation in longitudinal phase space.

20 - T T T 0.5
peak power in the optical cavity
""" output peak power
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Figure 3: The variation of peak power with number of cavity
passes.
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Figure 4: Time and frequency diagram at different cavity
passes.

DISCUSSION AND CONCLUSION

In this paper, a start-to-end simulation of the HUST THz-
FEL facility is performed using a 14 MeV electron beam
energy and a 10 THz radiation frequency as an example.
For the injector, PARMELA and ELEGANT are used for
simulation, where space charge effects and beam loading
effects are considered. The parameters of the electron bunch
at the entrance of the undulator are obtained. For the laser,
a 3D time-dependent simulation of the FEL oscillator is
accomplished by using GENESIS 1.3 and OPC. The results
show that when the radiation frequency is 10 THz and the
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Figure 5: Electron longitudinal phase space at the exit of
undulator.

cavity length detuning is 20 um, the macro-pulse energy of
the radiation field is 3 mJ.

In this paper, the radiation performance at 10 THz fre-
quency is preliminary simulated. The optimization of cav-
ity length detuning and the verification of results will be
reported in the future paper. In addition, the designed val-
ues of HUST THz-FEL radiation frequency are from 3 to
10 THz, but here we only report the case of 10 THz. Dif-
ferent radiation frequency will present different radiation
performance, and the simulation results of S2E at different
frequency will also be reported in future papers.
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Abstract

A photo-injector is under development at Wuhan Light
Source (WHLS) to provide beams for the 1.5 GeV storage
ring proposed as a fourth-generation synchrotron radiation
light source and a future free electron laser (FEL) facility.
The photo-injector and the following LINAC will be able
to produce electron beams with low emittance (<2
mm-mrad), high bunch charge (~1 nC), small energy
spread (<<0.5%), and short bunch length, which meet the
requirements of the ring injection and the FEL operation
simultaneously. The injector boosts the bunch energy to
100 MeV, which is mainly composed of a photocathode RF
gun working at 2998 MHz, two solenoid coils for
emittance compensation, and two 3-meter-long 2998 MHz
traveling-wave (TW) accelerator units. Beam dynamics
optimization of the photo-injector is presented in detail,
which has been performed with multi-objective genetic
algorithm (MOGA) combining theoretical analysis and
ASTRA code. After optimization, the 95% projected
transverse emittance has reached as low as 0.45 mm-mrad
with an RMS bunch length of about 1.0 mm at a bunch
charge of 1 nC. Such emittance is close to the intrinsic
thermal emittance at the photocathode, implying that there
is almost no emittance growth during beam transmission.

INTRODUCTION

Including the 4th generation diffraction-limited storage
rings (DLSR) and FEL, WHLS is proposed to be built in
Wuhan, Hubei Province of China. It is planned to construct
a 1.5 GeV low-energy storage ring with emittance less than
230 pm-rad in stage I. A photo-injector is an ideal candidate
to guarantee performance of the accelerator, which can
provide high brightness electron beams at the source.

The photo-injector system at WHLS boosts the bunch
energy to 100 MeV with high bunch charge and low
emittance, which consists of a 1.6-cell normal conducting
RF (NCRF) gun followed by two 3 m-long S-band
accelerator units, and two solenoids placed at the exit of
the gun and around the first accelerator unit, respectively.
Such a design can produce electron beams with high bunch
charge and low emittance, which is widely adopted in the
similar facilities, such as MAX IV, HALF, LCLS, Pal-FEL,
Swiss-FEL, etc. [1-5].
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BEAM DYNAMICS OPTIMIZATION
WITH ASTRA CODE

Layout of the injector system is shown in Fig.1. The
projected transverse emittance is determined by a large
number of parameters, including transverse and
longitudinal distribution of the driving laser pulse, field
gradient and phase of the RF gun, magnetic field strength
and profile excited by the solenoid coils, field gradient and
phase of the S-band TW accelerator units, and locations of
these hardwares. To find the global optimal solution, the
multi-objective genetic algorithm (MOGA) combined with
ASTRA code can be used [6,7]. However, before
combination of the two tools, it is necessary to narrow
down the scanning range of each parameter to accelerate
convergence.
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Figure 1: Layout of the photo-injector at WHLS.

The driving laser with temporal flat-top distribution and
transversely truncated Gaussian distribution can linearize
the space-charge effect [8]. According to experience, flat-
top temporal distribution with a full-width-at-half-
magnitude (FWHM) pulse length of around 10 ps and
transversely about 1 sigma truncation of Gaussian
distribution are selected in our simulation. The RMS
transverse beam size can be calculated by O = nr’¢E, where
E is the electric field during photoemission, 7 is the beam
radius, ¢ is permittivity of vacuum, and Q is initial bunch
charge. To obtain a bunch charge of 1 nC or even higher,
Cs,Te semiconductor photocathodes are preferred, which
are widely used in photo-injectors with the advantage of
high quantum efficiency (QE) and moderate lifetime.
Operating RF field gradient in the gun should be as low as
possible to prolong the photocathode lifetime. On the other
hand, higher field gradient in the gun is profit for
improving beam emittance. To make a compromise, the
gradient was set to 100 MV/m. The intrinsic thermal

emittance at the photocathode was set to 0.9
mm-mrad/mm.
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To determine the range of the RF gun phase during
optimization process of MOGA, the phase from -180°to
180° has been scanned with a step of 1°in ASTRA. As
implied in Fig.2, to have the output beam energy higher
than 4 MeV and bunch charge of 1 nC at the same time, the
corresponding phase range should be from -20°to 30°.
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Figure 2: Output bunch charge and beam energy varying
with the RF gun phase.

Solenoid 1 focuses the beam transversely and aligns the
slice distribution of the bunch in the transverse phase space
to compensate for the emittance growth owing to linear
space charge forces. As shown in Fig. 3, effects of the
magnetic field strength on the transverse emittance and
beam envelope have been simulated. It can be seen that the
beam envelope keeps increasing along the beamline
without a beam waist when the magnetic field strength is
0.17 T. To match the beam to the first accelerator unit, the
emittance compensation is needed and the beam envelope
should be at a waist when injecting into the LINAC [9]. As
the magnetic field strength increases, the beam waist
moves closer to the gun with a smaller beam size. To make
enough space for installation of beam diagnostics and
vacuum systems, the distance between the entrance of
TWI and the photocathode surface need to be more than
1.2 m. As a result, magnetic field strength of solenoid 1
ranges from 0.17 T to 0.2 T in the following simulation of
MOGA.
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Figure 3: Transverse emittances and bunch sizes at various
magnetic fields of Solenoid 1.
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The matching waist size is determined by balancing the
RF transverse force in the LINAC and the space charge
force, which meets the relation of:

o = mc’ 1
e eEl[naU 2[A7/ .

where giinqc 1s the RMS transverse beam size at the entrance
of the LINAC, Ejinqc is the peak accelerating field in the
LINAC, y is the relativity factor, mc? is the rest energy of
electron, and 1,=17 kA. The average beam energy is about
4.3 MeV. To control the RMS beam size within 1 mm, the
peak accelerating field larger than 9 MV/m will be
required. Thus, the minimum peak accelerating field of
TWI1 is set to 9 MV/m, while the maximum value is limited
to be 25 MV/m according to experience.

4y

BEAM DYNAMICS OPTIMIZATION
BASED ON MOGA

Based on above discussions, the variables in the beam
dynamics optimization based on MOGA are listed in
Table 1. The population size was set to 100, and the number
of generations for each optimization was set to 500.
Progression of the Pareto front was monitored every
10 generations after initially 100. When there was no
significant improvement of the Pareto front found, the
optimization was stopped automatically. To compromise
between running time and accuracy, 10k macro particles
were used in beam dynamics simulations.

Table 1: Main Parameters for Beam Dynamics

Optimization
Decision variables Ranges
Laser transverse size *: inp 0.5~2.0mm
Laser transverse cut *: Ccy 0.5~2.0
Laser temporal FWHM 5~20ps
Gun phase -20°~30°
TW1 start position 1.2~2m
TW1 field gradient 9~25 MV/m
Solenoid1 field 0.17~0.2 T
Solenoid2 field 0.01~02 T
Objectives Goals
100% projected emittance Minimize
RMS bunch length Minimize
Constraints Ranges
Bunch charge I nC
Output energy spread <0.5%

2 Laser transverse truncated 2D-Gaussian distribution:

1
f(x)_ \/EO‘

inp inp

2
X
exp(———) for ‘x‘ < CeOp

® Distance from the surface of the photocathode

The obtained Pareto front composed of non-dominant
solutions is shown in Fig. 4, which demonstrates the

relationship between the 100% projected emittance and

RMS bunch length. It indicates that selecting a lower
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emittance is usually at the cost of allowing a longer bunch
length.
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Table 2: Output Bunch Parameters

Parameters Values
Energy 100.8 MeV
Energy spread 414 keV
RMS bunch length 1.027 mm

S 20F o
E o
E18F °
£ o
o
E 16} o
3 8
g 14 9 E
5 12} % ]
Ri=3
Q
310t K%% ]
g @
g o8} 0 B e et 1
X ° ®o o ®o
(=1
S 06 1 1 1 1 1 1
= 7070 075 080 085 090 095 100 1.05

RMS bunch length (mm)
Figure 4: Multi-objective optimization results.

In our design, the minimum 100% projected emittance
was set as the working points, and 100k macro particles
were simulated to improve accuracy. In Fig. 5, the 100%
projected emittance is 0.61 mm-mrad with an RMS bunch
length of 1.03 mm. As shown in Fig. 6, the 95% normalized
transverse emittance is 0.45 mm-mrad, which is equal to
the intrinsic thermal emittance, with a peak current of about
100 A. The corresponding optimization results are shown
in Table 2.
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Figure 5: Evolution of 100% projected emittance and RMS
bunch length along the photoinjector.
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Figure 6: Beam dynamics optimization results at 1 nC.
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100% projected emittance 0.61 mm-mrad

95% projected emittance 0.45 mm-mrad

CONCLUSION

In this paper, physics design of the photo-injector at
WHLS has been presented in detail. By combining MOGA
and ASTRA, the accelerating and focusing components
have been optimized globally. A 95% normalized projected
transverse emittance as low as 0.45 mm-mrad has been
obtained at a bunch charge of 1 nC, which is equal to the
intrinsic thermal emittance at the photocathode, indicating
that there is almost no emittance growth in the process of
beam acceleration and transport.
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Abstract

Synchrotron radiation has great application potential in
industry. However, the large scale of modern light source
has limited it from popular use. Compact accelerator light
source has many virtues such as small scale, cost effective-
ness, maintenance convenience, etc., which make it a main
solution of light source application in industry. The idea
has attracted great interests from many institutes, and much
effort has been put into its research and development. In
this paper we present a design of compact accelerator light
source with very small scale. The lattice is very simple to
ensure its compactness, while the beam parameters remain
flexible to industry needs.

INTRODUCTION

Synchrotron radiation was considered as byproduct of
colliders in the past and turned to be a powerful tool in sci-
entific research after the discovery of its merits in light
spectrum, brightness, polarization, collimation, etc. Light
sources have been widely used as a large research platform
for scientists, and numerous achievements have been made
with the help of synchrotron radiation.

A light source typically consists of an injector, a storage
ring, some beamlines and experiment stations. To satisfy
the needs of users, light sources are usually built in a large
scale to accommodate various types of beamlines for re-
search in different scientific fields. Such a large facility
costs rather great, and funding from government is a rou-
tine approach.

Industrial applications of synchrotron radiations attract
great interests as well. And some compact light sources
were built in a research institute for industrial users or in
an industrial enterprise. Most industrial applications are in
medicine, pharmacy, chemistry, mechanics, and food in-
dustry. Some new applications such as EUV lithography
are under exploration.

INDUSTRIAL APPLICATIONS

Industrial application is a direct way for synchrotron ra-
diation to benefit the society and improve people’s life
quality. With rapid growth of industrial demand, various
applications of synchrotron radiation have been developed.

* Work supported by the Youth Innovation Promotion Association of
Chinese Academy of Sciences (N0.2020287)
T Email address: zhangql@sari.ac.cn
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Medical Applications

High energy photos can be used in the medical industry
in many aspects including physical examination, cancer
treatment, pharmacy and so on. X-ray is one of the most
common ways for health checkup, and it is also a main part
in the spectrum of synchrotron radiation. Gamma ray,
which can be radiated from a compact accelerator using
techniques such as Compton backscattering, has been used
to break the DNA inside cancer cells, stop cancer from
growing and cause its death eventually.

In hospitals synchrotron radiations from compact accel-
erators can be used for medical treatment, while pharmacy
industry can use high intensity synchrotron radiations to
improve efficiency of medicine research and development.
X-ray has been used for protein structure analysis, and new
medicine can be developed more efficiently. Another ap-
plication of X-ray in medicine industry is to reform the
drug particles and to conduct a proper distribution of dif-
ferent components.

Chemical and Mechanical Industry

Catalyst plays an essential role in chemical industry, and
synchrotron radiations can help to develop and manufac-
ture high-efficiency kind. Other important applications of
synchrotron radiation in chemical industry include material
characteristics improvement etc. Using X-ray to detect
flaws in solid object is a common approach for its merits
such as flexibility, damage-free, and so on.

Radiation Sterilization

Sterilization can help to preserve food for a long time.
Radiation can be used to sterilize the products of food in-
dustry in a rather quick and easy-to-tune manner. Compact
accelerator is a good option to provide radiations the food
industry needs.

EUV Lithography

Synchrotron radiation as a solution of light source for
EUV lithography has been under exploration for years.
Comparing to LPP (Laser-Produced Plasma) and DPP
(Discharge Produced Plasma) light sources, compact accel-
erators can provide EUV light with high density and high
collimation without pollution from metal particles or
plasma ions.

Novel Particle Sources
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TYPICAL FACILITIES

The scale of light sources for industrial applications var-
ies from tens to hundreds of meters. And here we focus on
the compact accelerators below 50 meters.

A typical compact accelerator light source is the Metrol-
ogy Light Source (MLS) [1], open to users since 2008,
mainly for applications of radiometry and technological
development. The 48-m storage ring consists of 4 DBA
cells. The injection is accomplished with an orbit bump
covering half of the storage ring.

COSAMI [2] was proposed in 2017 as an EUV metrol-
ogy source. The storage ring has a circumference of 25.8
meters and consists of two SBA cells. High flux EUV light
is radiated from an undulator with 16-mm period and 0.42-
T magnetic field.

Here we present a compact accelerator light source with
tow DBA cells (Fig. 1). The circumference of the ring is
less than 30 meters, and two 5-m straights can be used to
accommodate undulator, RF cavity and injection complex.
The general design principles of compact accelerator and
specific choice of our design is discussed in the following
sections.

Figure 1: A design of compact accelerator light source.

COMPACT RING LATTICE

The double bend achromat (DBA) has been the most
successful and widespread lattice used for third generation
synchrotron-based light sources. Using a DBA structure in
a compact storage ring light source will result in significant
horizontal dispersion due to the large bending angle of each
dipole. Large horizontal dispersion generally leads to
smaller energy acceptance, resulting in lower Touschek
lifetime. However, a larger dispersion is beneficial for re-
ducing the strength of sextupoles used for chromaticity cor-
rection, thereby weakening the nonlinearity introduced by
sextupoles.

The emittance of the electron beam is proportional to the
cube of the bending angle of the dipoles. Therefore, the tri-
ple bend achromat (TBA) lattice has the potential for lower
natural emittance than the DBA lattice. Under the same
conditions, TBA produces smaller dispersion than DBA,
which will result in a greater intensity of the sextupoles
used to correct chromaticity.

Small emittance demands strong focusing quadrupoles
for stable beam dynamics and strong quadrupoles provoke
large natural chromaticity in both transverse planes. Cor-
recting large chromaticity demands strong sextupoles
which produce strong nonlinear effects leading to issue
such as shrunken dynamic aperture (DA) and reduced
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beam lifetime. To mitigate the strong nonlinear effects, two
classic lattice types have emerged, a hybrid MBA (HMBA)
and a higher-order achromat (HOA). In the HMBA cell, the
sextupoles are located in the two dispersion bumps at both
sides of the cell, with sextupoles of each family separated
by a —I transformation to cancel part of their nonlinear ef-
fects. While, in the HOA cell chromaticity-correcting sex-
tupole magnets are distributed in each unit cell with strict
phase advances over the cell such as to cancel basic geo-
metric and chromatic resonance driving terms.

In ref.[3], a torus knot type storage ring that the beam
orbit is not closed with one turn but return to the starting
point after multiple turns around the ring has been pro-
posed. If this type of lattice is adopted for a light source
ring, many insertion devices can be installed for the use of
synchrotron radiation and some new experimental tech-
niques become available which could not be used in a small
storage ring.

In our design, we used the simplest DBA structure, with
only four focusing quadrupoles (two families) in a cell, and
the defocusing force was provided by the edge field of the
dipoles. Thanks to the low energy of the electron beam and
large bending angle of the dipoles, the edge field of the di-
poles is sufficient to provide the defocusing force required
for stable beam motion. Due to the use of weaker focusing
in DBA resulting in small phase advance, the correction of
chromaticity between sextupoles does not meet the -I trans-
formation. Therefore, we used two additional sets of har-
monic sextupoles to optimize nonlinearity effects. Finally,
the optimized dynamic aperture and beam life meet the de-
sign requirements.

INJECTION

For compact storage rings, injection must be accom-
plished in a small space under a simple scheme with cost-
effective considerations. Available methods involve pulse
quadrupole/sextupole magnet (PQM/PSM) [4,5], non-lin-
ear kicker (NLK), strip line kicker, deflecting cavity, etc.
Here we give a possible approach using NLK.

The NLK injection scheme (Fig. 2) is somewhat like tra-
ditional orbit bump injection except there is no orbit bump.
The NLK injection scheme typically consists of one NLK
instead of four kickers in traditional orbit bump injection
scheme, hence the NLK injection requires less space for
the kicker and removes the complication of synchronizing
four pulsed kicker magnets.

IIIIMIIII

- Stored beam
Figure 2: NLK injection scheme for compact test ring.

The NLK provides a nonlinear distribution of magnetic
fields which has a maximum value off axis where the in-
jected beam arrives and a zero or near-zero value at the
centre where the stored beam passes by. Therefore, the in-
jected beam will receive a kick from NLK and lose its
transverse momentum and will be eventually captured by
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the storage ring. In the meantime, the stored beam at the
centre will receive no kick or slight kick, which signifi-
cantly reduces the injection perturbations on the stored
beam.

TRANSPORT LINE

The transport line of the compact light source is used to
transfer the beam from the injector or pre-accelerator to the
storage ring or the next accelerator with more similar de-
sign comparing to general light source transport lines. The
design goal is to minimize the loss of the beam on the
transport line. Unlike general light source, the compact
light source has greater restrictions on space layout. It is
necessary to have high transport efficiency and high match-
ing flexibility in a limited space, which is the main chal-
lenge of compact light source transport line design. When
designing a compact light source transport line, the require-
ments must be put forward according to the actual situation
and the beam conditions. The optimization calculation
method is then used by appropriately adjusting the geomet-
ric and/or electromagnetic parameters of the transport line
element. In order to reduce the difficulty of engineering
implementation, the transport line design needs to control
the magnet strength within a certain range. According to fit
the requirements, the long transport line can be divided into
multiple segments by different functions. The common
magnetic focusing structure of the transport line is usually
FODO or FODO-like, containing horizontal or vertical di-
poles, several focused and defocused quadrupoles, which
matches the beam twiss parameters. To achieve compact
layout, high magnetic field strength and tight dividing
space is a common choice.

COLLECTIVE EFFECTS

High beam current improves efficiency for industrial ap-
plications. However, collective effects will be a challenge,
especially for a low-energy compact accelerator.

Touschek effects dominate the beam lifetime. As the
beam current increases, the Touschek scattering gets
stronger and reduces beam lifetime significantly. Compro-
mise between high beam current and sufficient beam life-
time must be considered. A common way to increase the
beam lifetime is to increase the beam size. High hormonic
cavity can be used to lengthen the beam in longitudinal
plane. Coupling between horizontal and vertical plane can
also significantly affect the beam lifetime. Figure 3 illus-
trates the calculation of Touschek lifetime under different
coupling.

The intra-beam scattering (IBS) effect can cause growth
in emittance and energy spread, which decreases the per-
formance of a light source. A proper design should involve
comprehensive considerations including IBS effect. For
the 30-m test ring, the growth rate due to IBS effect is
shown in Fig. 4.

Other effects should also be examined carefully. For ex-
ample, coherent synchrotron radiation (CSR) effect can
cause micro-bunch instability (MBI). Various measures

MOPB036
84

SAP2023, Xichang, China

JACoW Publishing
doi:10.18429/JACoW-SAP2023-MOPBO36

such as Landau damping are used to handle these collective
effects.
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CONCLUSION

We give a brief review of the industrial needs and appli-
cations of synchrotron light sources based on compact ac-
celerators. Typical facilities and a design with simple DBA
lattice is presented. The general design principles and spe-
cific design choice of the simple-DBA one are discussed,
including storage ring lattice, injection scheme, transport
line design and collective effects.
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GENERALIZED LONGITUDINAL STRONG FOCUSING: A RING-BASED
BEAM MANIPULATION TECHNIQUE
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Abstract

Generalized longitudinal strong focusing (GLSF), a ring-
based beam manipulation technique, has been proposed to
generate steady-state, nanometer-long electron bunches in
laser-driven storage rings. Coherent EUV radiation can thus
be produced with greatly enhanced power and photon flux,
benefiting a wide range of scientific and industrial commu-
nities. The GLSF mechanism invokes precise transverse-
longitudinal coupling dynamics and exploits the ultralow
vertical beam emittance. In a GLSF ring, kW-level coherent
EUYV radiation is attainable.

INTRODUCTION

Storage rings have driven great progress in science and
technology for being stable, reproducible, and clean photon
sources. Alongside the pursuit of low transverse emittance
in recent decades, beam manipulation methods in storage
rings flourish as well in longitudinal dimension. Bunches as
short as picoseconds can be produced when rings operate in
the low-a mode [1,2].

Ambition to further shorten ring-stored bunches continues.
Laser-driven storage rings have been proposed where laser
modulators are used for bunching instead of RF cavities [3—
6]. With a modulation wavelength reduction of roughly
six orders of magnitude, the equilibrium bunch length can
be notably decreased to tens of nanometers or even less.
The longitudinal weak focusing (LWF) scheme employs
low-a and low-partial-a optics to control bunch lengthening
from stochastic photon emission [7, 8]. In a longitudinal
strong focusing (LSF) ring, multiple laser modulators are
included as longitudinal focusing elements, or ‘longitudinal
quadrupoles’ [9, 10]. Bunches are strongly manipulated in
longitudinal dimension and tailored to be short at specific
locations of the ring.

It is challenging, yet rewarding, to manipulate steady-state
bunches of nanoscale length in storage rings. These bunches
are ideal producers of coherent extreme ultraviolet (EUV) ra-
diation with greatly enhanced average power and photon flux
desired by a wide range of applications. The boosted EUV
photon flux within a narrow bandwidth has been craved by
high-energy-resolution angle-resolved photoemission spec-
troscopy [11, 12]. In sub-meV bandwidth, key electronic
structures may be probed, and findings in condensed matter
physics could be made. The high average power of coherent
EUYV radiation suggests that a storage ring-based light source
is a promising option for EUV lithography [13, 14]. Output
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power may be tripled from existing facilities, leading to a
huge promotion in microchip production. In addition, the
produced photon pulse trains with pulse duration of tens of
attoseconds is longed for by attosecond physics studies [15].
Besides, once ignored features of beam dynamics may now
come to light, opening up a thrilling new frontier for accel-
erator physics.

Obstacles, however, prevent existing methods from be-
ing fully competent when attempting to obtain steady-state
nanometer-long bunches on a turn-by-turn basis. Reducing
the bunch length in the LWF scheme to nanometers calls
for momentum compaction that is presently too low to be
technically feasible, while the power of the modulation laser
required by the LSF scheme exceeds the capacity of current
optical cavities in continuous-wave mode.

A ring-based beam manipulation technique is then de-
sired where coherent EUV radiation could be generated turn
by turn. The power of the modulation laser should be con-
trolled below 1 MW, which optical cavities could bear for
continuous-wave mode operation. Besides, the status of elec-
tron bunches should be recovered after compression. This
is pivotal in storage rings, unlike in single-pass devices.

GENERALIZED LONGITUDINAL STRONG
FOCUSING (GLSF)

In this paper, a ring-based beam manipulation technique,
generalized longitudinal strong focusing (GLSF), is pro-
posed to produce coherent EUV radiation turn by turn in
laser-driven storage rings.

Strong manipulation is imposed and significant variation
in bunch length is present in both LSF and GLSF schemes.
The way electrons are handled, however, is different. In-
stead of manipulation in the longitudinal dimension alone,
GLSF rings deliberately invoke transverse-longitudinal cou-
pling beam dynamics. The GLSF scheme takes advantage
of the extremely low vertical beam emittance in a horizontal-
vertical-uncoupled planar ring, by projecting which a short
bunch length can be attained with significantly reduced
power of modulation lasers. Cancellation of the introduced
coupling and modulation after the beam radiates is required
to retain an uncoupled bunch and maintain the low vertical
beam eigen-emittance, which is intended to be used again
in following turns.

Calculation with practical beam parameters shows that
kW-level quasi-continuous-wave coherent EUV radiation
can be achieved turn by turn in a GLSF ring with a modula-
tion laser power as low as 1 MW, allowing for continuous-
wave operation of state-of-the-art optical cavities.
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MO
Storage Storage
Ring Ring
GLSF unit
part 1 part 2 part 3 part 4
Ml Rad M2

Figure 1: Sketch showing the general layout of a GLSF
storage ring. GLSF unit includes four lattices (parts 1-4),
two modulators (M1, M2), and a radiator (Rad).

The general composition of a GLSF storage ring is shown
in Fig. 1. The GLSF unit consists of four dispersive lattices,
two modulators, and one radiator. An additional modulator
is placed in the storage ring for pre-bunching. In principle,
however, this GLSF approach also works for RF-bunched or
coasting beams.

The first half of the GLSF unit, or part 1, M1, and part 2,
compresses the beam so that bunch length at RAD reaches
the lowest possible degree and depends solely on beam ver-
tical eigen-emittance. The de-compression is accomplished
by the second half of the GLSF unit. The introduced mod-
ulation from M1 is canceled by M2 with the help of parts
2 and 3. And part 4 decouples the transverse and longitudi-
nal dimensions, allowing an uncoupled bunch at the exit of
the unit just as it is at the entrance. The low beam vertical
eigen-emittance is then maintained.

It should be underlined that while the creation of EUV
radiation is a typical application of GLSF, it is not the only
one. The wavelength of coherent radiation could be further
decreased, thus X-ray sciences may benefit. It might also
be employed in traditional rings to produce coherent THz
radiation and ultrashort pulses.

LINEAR BEAM DYNAMICS

For demonstration, the vertical dimension is taken to be
the transverse dimension involved in coupling. Therefore,
the particle coordinates of interest are (y,y’,z, 8). The linear
beam dynamics of the GLSF unit, including bunch compres-
sion, modulation cancellation, vertical-longitudinal decou-
pling, and bunching factor, are covered in this section.

The first step is bunch compression, realized from the unit
entrance to the radiator. The idea is to project the vertical
emittance €, to bunch length at the radiator o, (Rad) and
eliminate the contribution from the longitudinal emittance
€. The modulator M1 is sandwiched by parts 1 and 2. By
carefully choosing the dispersive terms of lattices and the
modulation strength, the dependence of ¢,(Rad) on initial
particle coordinates (z, §) can be removed. And there is:
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6]

Here, %y(Rad) is a lattice-dependent function. o,(Rad)
relies solely on vertical parameters. o,(Rad) = 3 nm can be
expected with €, = 1 pm-rad and 94, (Rad) = 9 um.

The next to do is modulation cancellation, accomplished
in between the two modulators. To reverse the modulation
M1 has made to the beam, a new laser modulator, M2, is
expected. Their modulations have the same waveform and
amplitude but the opposite sign. The lattice between them,
parts 2 and 3 as a whole, is made longitudinally ’transpar-
ent’ to particles. In other words, it is both achromatic and
isochronous. Coordinates in the z dimension at M1 and M2
are thus identical. Modulations, as a result, precisely add
up and cancel each other out. The cancellation works for
arbitrary modulation waveforms.

The following move is vertical-longitudinal decoupling,
handled by the lattice at the end of the unit. The intention
to decouple is to keep the vertical emittance low and retain
beam status for manipulation turn after turn. With modula-
tion canceled, the remaining coupling terms are dispersion-
related. A final lattice, part 4, is employed at the end to
ensure that the entire GLSF unit is an achromat.

And last, the bunching factor at the radiator b,,, to whose
square the power of coherent radiation is proportional, is
investigated. b,, in a GLSF storage ring is given by [16]:

o,(Rad) = ey%y(Rad).

_1z242 ~ 1 3232 52
bn —e S ki aZ(Rad)l Z Jp(n)e 5 (n=p) kmaz(Mod)L (2)
p=—o

Here, k, = 2/1—" (ky = i—”) is the radiation (modulation)

wave number, with A, (4,,) the radiation (modulation) wave-

length. n = & _ Znm is the harmonic number, and Jp is the

k e
p-th order Bessel function of the first kind. & .(Mod) is the
bunch length measured at M1. The presence of o, (Mod)
in b,, indicates that bunching factor can be degraded as the
beam distribution is distorted by the nonlinear nature of the
sine-wave modulation at M1.

The improvement of b,, is limited by [16]:

€
o, y(Mod)o(Rad) > Wy' (3)
Here |h| is the effective modulation strength. o, _y(Mod)

is the coupling part of o ,(Mod). For a given radiation power,
the product of bunch lengths is roughly decided. The demand
for laser power can then be lowered by exploiting the ultralow
€. This is the exact gist of the GLSF scheme.

AN ILLUSTRATIVE CASE

An illustrative case with magnet arrangement of a GLSF
unit has been produced. It is tested for ‘tracking’, in which
the particle coordinates of a launched Gaussian-distributed
beam have been iterated turn-by-turn. Lattice components
are linear transfer matrices. The modulation of MO is si-
nusoidal (A8 = Vjsin(ky,z)), while that of M1 and M2 is
either linear (AS = hz) or sinusoidal (1, = 1 um).
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When a linear modulation is applied at M1 and M2, a
steady-state bunch length of 3 nm is attained at the radiator,
and the bunching factor at 13.5 nm is 0.372. With sinusoidal
modulation at M1 and M2, the bunching factor at 13.5 nm
is still as large as 0.153. The produced radiation power can
be calculated given the particle coordinates [17]. Assuming
beam energy to be E; = 400 MeV, average beam current
I = 1 A, period number N, and period length 4, of the
radiator undulator 160 and 1.25 cm, at 13.5 nm and within a
+2% bandwidth, the average EUV radiation power is 1.2 kW.
The modulation laser power is 1 MW, which is tolerable for
up-to-date optical cavities in continuous-wave mode.

CONCLUSION

A ring-based beam manipulation technique, generalized
longitudinal strong focusing, is proposed to produce steady-
state nanometer-long bunches. Coherent EUV radiation of
1.2 kW can be obtained with I MW modulation laser.
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Abstract

A new concept is proposed to minimize the longitudinal
emittance of alow momentum compaction factor (low-alpha)
storage ring which has the capability to stably store sub-
femtosecond electron bunches for the first time. This storage
ring is designed for steady-state microbunching (SSMB) to
generate kW EUV radiation with level average power, com-
bined with a carefully designed insertion device in which the
electron bunches are compressed to nm-long at radiator [1].
The proposed design approach can be applied to any quasi-
isochronous storage rings to yield very high power radiation
due to longitudinal coherence of the radiation. We obtain
an optimal lattice design by minimizing global and local
momentum compaction factors simultaneously. Nonlinear
dynamics and IBS effect are discussed in this lattice, as there
are many differences for them in traditional rings and SSMB
ring.

INTRODUCTION

SSMB, is a new concept, by subtly manipulating the lon-
gitudinal phase space of electron bunches in storage rings,
to maintain micro-bunches stably [2]. while bunches with
nm-level length are maintained and radiate in super high
repetition frequency, the EUV radiation with ~ kW average
power could be produced, with a wide variety of applications
in high-volume chip manufacturing [3] and many advanced
science researches, such as high energy resolution in angle-
resolved photon-emission spectroscopy [4]. There are many
progresses in SSMB research recent years, such as the suc-
cessful proof of principle experiment [5], several proposed
schemes to generate kW average power EUV radiation based
on SSMB [6, 7]. Among the proposed schemes, a SSMB
storage ring in which electron bunches with a bunch length
of less than 100 nm should be stored is essential. In normal
storage rings, the achieved bunch length of stored electron
bunches is on the magnitude of mm or larger. One important
reason is that radio-frequency (RF) cavity whose wavelength
is on the magnitude of meter is used to focus the bunch in
longitudinal phase space. In SSMB rings, RF will replaced
by laser modulator (LM), with a modulation wavelength of
micron-meter. Another issue is low-alpha mode operation of
storage rings, M. Sands’s formula breaks down as the global
alpha of storage ring reaches the minimum limit as many
literature pointed out [8, 9]. The underlying physics behind
the breakdown is statistical property of radiation excitation,
and it can also be defined as partial alpha effects. That is to
say, the local alpha all along the ring should be minimized
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in lattice design. We introduce the method to minimize lo-
cal alpha in SSMB storage ring lattice design and give the
ring design results first. Based on the ring, we discuss the
difference of nonlinear dynamics and IBS between SSMB
ring and normal ring. Conclusion is given at the end.

SSMB RING LATTICE DESIGN
Design Concept

The SSMB ring, as we mentioned above, should be a low-
alpha ring, but also be a low local alpha ring. If we define a
point for bunch length observation, then the bunch length
contribution from local alpha (@) should be the variation
of all the alpha (defined as /) from any radiation point to
observation point, written as

AY
moeel e

Where s, is radiation point, s, is observation point, 7
is dispersion function, p is bending radius, C is the total
length from s, to 5. To minimize /,— , each local a
should be minimized. A straightforward idea is to make the
momentum compaction in each dipole be zero and decrease
the bending angle of each dipole simultaneously.

6]

a

= s

Figure 1: Layout of main cell. The red rectangle represents
dipole, green rectangles represent quadrupoles, rose red
rectangles represent sextupoles.

Here, we give an instance of lattice design to illustrate the
idea above. The basic structure used to achieve the idea is
shown in Fig. 1, called main cell. The whole ring will be
mainly constructed by main cell. To explain more detailed,
we can assuming the ring is consist of several super period,
for example, two. And each super period will be constructed
by several main cell and match cell as shown in Fig. 2.

match cell main cell main cell main cell  match cell

Figure 2: Sketch of super period constitution.

Looking back on the main cell, one objective is making the

integration fOC' @ds be zero, while C is the total length
of main cell. As Fig. 2 shows, the main cell is periodically
arranged. If there is, for example, 7 main cell in a super cell,
then the tunes of main cell should better be set as v, = =
and vy = % which is benefit for nonlinear dynamics, while i

and j are integers less than 7.
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Ring Lattice Layout and Parameters

Here, the ring lattice layout is shown in Fig. 3. It is con-
sisted of two super periods, and 12 main cell in each super
period.

Figure 3: The layout of ring lattice.

And the twiss functions of the ring is shown in Fig. 4.

70 -

60 [
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Figure 4: The twiss functions of the ring.

The lattice arrangement and twiss functions of main cell
is shown in Fig. 5.

20 , 0.2

n (my

0 0.5 1 L5 2 2.5 3 35
s (m)

Figure 5: Lattice arrangement and twiss functions of main
cell. The red represents dipoles, the green represents
quadrupole, the rose red represent sextupole.

The main parameters of the ring are listed in Table 1. The
bunch length is calculated by SLIM formula [10], while lo-
cal momentum compaction is self-consistently considered.
The damping time of the ring is a little bit large, more opti-
mization is needed by decreasing bending radius or adding
damping wigglers.

Longitudinal dynamics in SSMB ring should be carefully
studied, as LM is used as the longitudinal focusing element.
The bucket height is only 6.4 x 10~# with the parameters of
Table 1, the quantum lifetime then will be very small if no
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Table 1: Ring Parameters

Parameters Value Units
Circumference 143.78 m
Beam energy 400 MeV
Tunes x/y 18.58/7.11 /
Phase slippage factor 2.69e-6 /
2nd order phase slippage factor 1.23e-4 /
Natural emittance 281.7 pm
LM wavelength 1 um
LM voltage 100 kv
Energy spread 2.23x107% /
Bunch length at straight 91.4 nm
Damping times (x/y/z) 542.2/542.4/271.1 ms
Energy loss per turn 0.71 keV

additional trapping element is used. A barrier bucket or an
additional RF could be the potential choice. The detailed
study is on-going.

NONLINEAR DYNAMICS

As the LM bucket width is on the magnitude of micron-
meter, extra attention is needed in transverse-longitudinal (T-
L) coupling non-linearity in SSMB rings. The particles with
a transverse size will move in different path with reference
particle and result in the path length deviation. In normal
storage rings, this path length deviation is typically less small
than the RF wavelength and can be easily hold by the phase
stability principle. While in SSMB ring, the path length
deviation from T-L coupling is very likely larger than the
laser wavelength (um) without careful optimization, so the
particle will jump between different LM buckets making the
phase stability break down.

Here, we briefly discuss T-L coupling to make it more
clear for SSMB ring optimization. The particle motion in
storage ring can be described by Hamiltonian. We define the
hamiltonian by H, given as (under 3rd order, longitudinal
Hamiltonian is not included)

H(Jy, 0y, 8) = o + pydy + h11001Jx6 + hoo1117y6

+ 120001 8729 + o0 [y Se~>P,
2
where J, and J, represent the action of the particle in x
and y direction respectively. u, and p,, are betatron phase
advance in x and y direction respectively. & is relative energy
deviation, ¢, and ¢, are betatron phase. The last four terms
describe the T-L coupling at dispersion free location, and
h11001> P0o111 P20001 Hoo201 determine the strength of T-L
coupling.
In Hamiltonian system, the path length deviation per turn
for a particle can be expressed as (we only talk the contribu-
tion from low order T-L coupling here)

0H
Az= == hi1001Jx + hoo1117y 3)
+ haooo1 e 29 + |h00201|Jy€72¢y]’
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Eq. (3) says the path length deviation per turn is related to
transverse action and some coefficients. The first two terms
hi1001 and hgoq11; are independent with betatron phase,
which means it will not vary turn by turn. The last two
terms consist betatron phase, which means the path length
deviation per turn will oscillate with betatron phase. Let
haooo1 = 1haooo1le™2# and o1 = lhooaoile .
Comparing the definition of chromaticity, we can get

hi1001 =27y
hoor11 = 274,

“

Without special design, the magnitude of |/;4g91| and
|hoo201! Will be 10 or larger. When injection, the action of
injected particle could be 1 x 107" m (with 1 mm size and
~ 10 m beta function), then the path length deviation will
oscillate with a amplitude of A, = [h20001]J, ~ 101077 ~
1um. As we mentioned above, the LM bucket width is
1 um, the T-L coupling will result in that a particle with
large transverse action is very likely to jump to adjacent LM
bucket and make the longtudinal motion unstable.

We have done preliminary optimization for those T-L
coupling terms, and the dynamic aperture (DA) of the ring
is shown in Fig. 6.

0.3

0.2

y [mm]

0.1

0 "
-4 -2 0 2
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Figure 6: DA of ring, after 20000 turns tracking.

INTRA-BEAM SCATTERING

Intra-beam scattering (IBS) is coulomb scattering effect
due to space charge inside the beam of charged particles.
IBS will induce increase of beam emittance in low energy
electron storage rings. In normal rings, the bunch length of
electron bunch can be regarded as constant around the ring.
But it varies dramatically in SSMB ring, as shown in Fig. 7.
So the widely used formulas for IBS growth rate calculation
is not suitable anymore in SSMB ring.

The IBS growth rate derived by Bjorken and Mtingwa [11]
is

1 oo dit?
— =4A(l _——
T, wA(log) <f0 [det(L + /1[)]1/2 )
. 1 . 1
(i) e (i)
{TrL Tr(L+ /11) 3TrL (L+/II)}>'
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Figure 7: Bunch length of electron bunch vs observation
point in SSMB ring.

The i represent three different directions, x, y, s, and
L =LY + LY 4+ L, In SSMB ring, the L' should be
replaced as
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We adopt the correction and calculate the equilibrium
beam emittance considering the IBS effect at selected beam
current, and the results fit well with SAD in which any cou-
pling situation can be handled for IBS calculation.

CONCLUSION

In this paper, a SSMB ring who can store the electron
bunches with very short bunch length under 100 nm has
been designed. A method to minimize the local momentum
compaction effect is proposed. We also talk about the non-
linear dynamics in this ring, and give a preliminary thoughts
to enlarge the DA. The IBS calculation could be a little bit
different with in the normal ring. We clarify where the dif-
ference comes from and make some correction on widely
used IBS growth rate formulas.
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Abstract

Xi’an Proton Application Facility (XiPAF) has been oper-
ational since 2020, which can accumulate 2 x 10! protons
after injection and 1x 10! protons after acceleration. In this
paper, we have investigated the XiPAF synchrotron nonlin-
earity by simulation and experiments. The beam loss occurs
with the resonance v, + 2v, = 5 in the absence of space
charge, and the resonance 2v, — 2v, = 0 in the presence of
space charge. The stripping foil also plays an important role
due to its multiple scattering effect and ionization energy
loss effect.

INTRODUCTION

The Xi’an Proton Application Facility (XiPAF) is the first
facility that is dedicated to simulations of the space radiation
environment in China [1], which consists of a 7 MeV linac
injector and a compact 200 MeV synchrotron. After several
rounds of machine studies and experiments from 2020, the
XiPAF synchrotron can accumulate 2 x 10! protons after
injection and 1 x 10! protons after acceleration [2,3].

' () Wired

- Dipcle L) Septum
Focusing Magnetic
Quadrupole E’A Septum

Defocusing O RF Cavity

Quadrupole

Sextupole

Chicane

=

_
—
—

Bumper

Figure 1: XiPAF synchrotron lattice layout.

The XiPAF synchrotron has 6 periods, with a “missing
dipole” lattice structure, shown as Fig. 1. The circumference
is 30.9 m, stripping injection turns negative hydrogen beam
to proton beam, then the RF cavity voltage ramps from 60 V
to 600 V within 10 ms adiabatically, and accelerates particles
to 200 MeV. The main parameters are shown in Table 1, and
the lattice beta functions are shown as Fig. 2.

During beam commissioning, we found that nonlinear
resonance is the main limitation during injection, capture
and acceleration. In this paper, the nonlinear dynamics of

* Work supported by National Natural Science Foundation of China (No.
12075131)
* yaohongjuan@tsinghua.edu.cn
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Table 1: XiPAF Synchrotron Main Parameters

Parameters Values Units
Periodicity 6
Circumference 30.9 m
Injection Energy 7 MeV
Injection Tune v, /v, 1.74/1.70
Extraction Energy 10~200 MeV
Extraction Tune v, /v, 1.68/1.72

Natural Chromaticity -0.32/-2.39
Momentum Compaction 0.34

B (m), B (m), D (m)

0.0 6.18

12.36
s (m)

18.54 24.72 30.90

Figure 2: XiPAF synchrotron lattice optics.

the XiPAF synchrotron have been studied, with and without
space charge. Possible resonance has been analysed in tune
diagram, resonance stopband scan has been used to identify
the nonlinearity of the XiPAF synchrotron by simulation
and experiment, and the space charge effect has also been
discussed.

RESONANCE LINE AND HAMONIC
ANALYSIS

The XiPAF synchrotron has 6 periods. Lattice optics
functions are shown as Fig. 2, beta function is not fully
symmetric according to the 3 chicane magnets located in
the injection long drift section, which are used for stripping
injection. Harmonic analysis of beta function shows that the
strongest harmonic number is 6 (as shown in Fig. 3), which
is the same with the lattice period. Because of the symmetry
distortion of chicane magnets, the strength of all harmonic
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numbers is non-zero, this means that the resonance could be
induced by any harmonic number.
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Figure 3: XiPAF synchrotron beta function harmonic analy-
sis.

Based on the lattice harmonic analysis results, we can
understand that those resonances with the harmonic num-
ber of multiples of 6 are the most dangerous, which are the
structure resonances. Resonance lines near the injection and
extraction tune are shown in Fig. 4, red lines are structure
resonance and blue lines are non-structure resonance but
excited by normal high order fields. Critical structure res-
onance may be v, — v, = 0, and non-structure resonance
may be v, +2v, =5,3v, = 5in our interested tune region.

¢ Injection

Extraction

1.6 17 1.8

Ux

Figure 4: XiPAF synchrotron tune diagram.

RESONANCE STOPBAND SCAN

Static resonance stopband scan has been used to study the
nonlinear beam loss and space charge effect [4].

Simulation

The simulation has been performed using the PyORBIT
Code. In the simulation, we added no field errors or align-
ment errors, the nonlinearity only comes from PyORBIT
tracking algorithm.

First, we perform the simulation for coast beam. After
injection, 2 x 10'! particles are stored in the synchrotron,

Beam Dynamics and EM Fields

Tune Y

Tune Y

Tune Y

nonlinear resonance and space charge increase the beam
emittance and cause beam loss. Without space charge, the
main beam loss is caused by the resonance line v, +2v, =5,
with the maximum beam loss of about 9%, as shown in Fig. 5.
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For the space charge case, the main resonance line changes
to 2v, — 2vy = 0, and the maximum beam loss is about
19%, as shown in Fig. 6. If we choose the foil thickness as
20 pg/cmZ, the maximum beam loss is about 46%, which
means the multiple scattering effect and ionization energy
loss effect have a great influence on beam loss.
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Figure 6: Beam loss for bunch beam.

For a bunch beam, without space charge, we get a similar
beam loss pattern as for coast beam, but the pattern is quite
different for space charge case, the main resonance line is
still 2v, — 2v,, = 0, and the space charge tune shift makes
beam easier to lose above the resonance line, which makes
the beam loss at the different sides of the resonance line
2v, = 2v, = 0 different.

Measurement

Figure 7 shows the measured beam loss on XiPAF syn-
chrotron, we can see a similar beam loss at the resonance
line v, + 2v, = 5, as well as other resonances such as
2v, + vy = 5 3v, =5, 3vy =5and2v, + 2vy =7, which
may be due to alignment errors and field errors. The beam
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Figure 7: Measured beam loss for coast beam and bunch
beam.

loss at 2v, — 2vy = 0 is not so serious, that because the
particle number in synchrotron is about 6.4 x 10!° when the
measurement was taken, the space charge effect is not so
strong.

Additionally, we can see that the synchrotron motion in
the bunch beam case enlarges the stopband width, the beam
loss is more serious, as we expected.

CONCLUSION

The nonlinear dynamics of the XiPAF synchrotron have
been studied through analysis, simulation and experiment.
The main resonance is v, + 2v,, = 5 for the no space charge
case and 2v, — 2v, = 0 for the space charge case. The
stripping foil plays an important role in beam loss by in-
creasing the emittance. The synchrotron motion enlarges
the stopband width, making the beam loss more serious.
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Abstract

The elliptical magnetic field zone is a useful tool for beam
distribution homogenization and FFAG accelerators. Addi-
tionally, strongly curved magnets are studied for their appli-
cation in beam transmission and nuclear fusion. However,
traditional magnetic measurements, known as field harmon-
ics, for straight magnets are not suitable for these two kinds
of special magnets. In this article, advanced multipoles are
used to characterize the fields of straight magnets with ellipti-
cal apertures and 2D axisymmetric enclosed curved magnets.
The article provides a detailed analysis of magnetic fields
using data from FEA or Biot-Savart law. Furthermore, the
article discusses methods for characterizing the field quality
of unclosed curved magnets used for gantry.

INTRODUCTION

Magnets are crucial components for beam transport, and
their configuration depends on the specific usage scenario.
In this article, we will focus on the evaluation of field quality
in strongly curved and elliptical magnets. By utilizing ad-
vanced multipoles, we can determine the field in the central
part based on the field data from reference curves [1].

CURVED MAGNETS

When evaluating the central magnetic field of an acceler-
ator magnet, it is common to expand it in terms of circular
multipoles, such as dipole, quadrupole and sextupole flux
density distributions. The multipole coefficients, also known
as field harmonics, are obtained using the Fourier series
expansion of the magnetic field component along a circle.
These coeflicients can also represent the Taylor coefficients
of a series expansion of the flux density at the horizontal
or vertical axis. They are the transverse coordinates in the
co-moving beam coordinate system. However, this approach
is not suitable for strongly curved magnets. When particles
traverse a curved orbit, they experience a magnetic field up
to second order as follows.

1
e—sz = -1y, —kx+ky— —m(x2 —yz)

B 2

1
+mxy + 5 (=1 yk + 1k + 5} ) x2

1
;—EB}, =+, +ky+kx+ 5M (x2 - y2)

1
+mxy = 3 (1exk + 1k +1c) ) y?
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It is clear that different orders are mixed in the magnetic
field if curvature is not zero. The Fourier coefficients from
the reference circle deviate from the Taylor coefficients at
the transverse coordinate axis. In beam dynamics, we are
interested in the latter one. Assuming axial symmetry for
a curved magnet, solutions of the vector Laplace equation
can be found using bipolar coordinates in Fig. 1, where
k = coshn — cos&. Here are the expressions for the az-
imuthal magnetic vector potential inside and outside the
current shell.

A = k2 [ b, cos (ng) + ay sin (nE)] Q) 5 (coshp) (1)
At = k112 [~d, cos (n&) + ¢, sin (n&)] P,ll_l/2 (coshnm) (2

One advantage of using bipolar coordinates is that the iso-7

lines are circular, although their centres may differ slightly
from the focuses. Typically, we require the good field region
to be circular. Our goal is to reconstruct the magnetic field
based on point data acquired along a reference circle.

Figure 1: Bipolar coordinates.

The corresponding patterns of magnetic field, including
normal and skew patterns, are shown in Fig. 2. It should be
noted that the normal n = 0 pattern does exist. Associated
Legendre functions with half-integer indexes are used, we
can calculate the value from this paper [2]. With the increase
of the value that bend radius divided by the bore radius, the
focus approaches the bore centre, and traditional multipoles
recover. Here are the expression of the magnetic field inside
the current shell.

: b 132 [ ned 1 .
in — n 2 1 _ 1 -1l
By = a by Cno1/2 = 2SI nk™Qp 4 )p
ned
_sinhr]Qn*3/2 (—COSi’lé’)
) —a k32 [ n+d
in _ ank 2 Ol I -1l
B = “ [tanthn—lu 3 sinh k™20, )
1
n+ =
_nt3 o i
sinh *1—3/2] sinng
; —b, k312 . 1w
Bin = 2w [—n sinng - 1k 1smé’cosné’] Q) _, 5 (cosh)
. —a, k32 1 . .
Bin = =L [—ncosn§ + %k 1 sm§smn§] Q,l,_]/2 (cosh 17)

If we obtain magnetic field data at several points sampled
along a reference circle, the Fourier coefficients of the radial
field B, directly represent the multipole strength for straight
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Figure 2: Toroidal harmonics.

magnets. The discrete Fourier series can also be used as a
fitting function for the magnetic field along the reference
circle. The toroidal harmonics are suitable for field descrip-
tion in a curved system. Decomposing the real data into
toroidal harmonics is challenging due to the complex nature
of the function f (&) in the toroidal harmonics. However, if
we calculate the Fourier series for the first several toroidal
harmonics and combine them with the real discrete Fourier
series, we can determine the strengths of the toroidal har-
monics by using linear algebra. High-order pattern accounts
little for the real field. This algorithm may not be precise,
but it can work well.

Specifically, we can use the following equations to
calculate the toroidal strengths a, & b,: (a,|A,,) =
%f()zn B’;]” (n, skew) - cos (m0)dO (where if m =
and the result is divided by 2), and (b, |B,,)
L [27 Bin (n,normal) - sin (m0) d6. We used COMSOL

ar

to C(())nstruct aclosed curved magnet withR = 1m, » =0.3m,
rrer = 0.18 m, and a current density proportional to J,4 ~
2 cos 26 +sin26. We sampled 20 points uniformly along the
reference circle, and then calculated Fourier series A,,(n =
0,---,10), B,,(n = 1,---,9) of Bp, as shown in Fig. 3. If
21 points, then A,(n = 0,---,10) and B,(n = 1,---,10).
The number of data is conserved anyway. Regarding the
toroidal harmonics, b,(n = 0,1,---) only contributes to
B,(n = 1,2,---) items, while a,(n = 1,2,---) only con-
tributes to A,,(n = 0, 1, ---) items. We used singular value
decomposition (SVD) to obtain a,(n = 1,2,---,10) even
if we lost one data point. We made the assumption that
B1o = 0, and then used linear algebra to obtain b,,(0, -+ ,9).

=)

>

The magnetic field along the local horizontal axis can be
represented by its derivatives, which approximate the coeffi-

Beam Dynamics and EM Fields

cients of traditional Fourier series along the reference circle.
In toroidal harmonics, we can fit the magnetic field of the
analytical solution to get derivatives along horizontal axis.
Finally, we compare the derivatives of the magnetic field
along the local horizontal axis obtained from the traditional
Fourier series and toroidal harmonics. The results show
that toroidal harmonics provide a more precise characteri-
zation of the field as shown in Fig. 4. We also constructed
an enclosed CCT coil to evaluate its feasibility, as shown
in Fig. 5. We found that the relative error increases as the
order of the derivative increases. However, even though the
high order derivatives have a larger relative error, values are
small enough to make little difference to the total magnetic
field.

Referene circle: red line(p-direction), blue line(6-direction)

magnetic field
°
5
magnetic field
°

. . -0.14- . =
[ 0.1 0.2 -2 o 2
p-RIM 6frad

Figure 3: Field data at the horizontal axis and along a circle.

Unclosed curved magnets are often used for beam trans-
mission to make it more compact, as shown in Fig. 6. But
it is important to note that when magnets curve, the inner
part of the magnet will be compressed while the outer part
will be stretched. As a result, particles in the outer part
will travel a longer distance, which is equivalent to passing
through an enhanced magnetic field. To compensate for this
effect, we can use 1%3 as the new magnetic field. Here, r
represents the local bend radius, and R represents the av-

erage bend radius. In Maxwell’s equation, %E will violate
TUPB00O8
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Figure 4: Field error from COMSOL FEA.
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Figure 5: Field error in enclosed CCT coils.

Figure 6: Unclosed curved magnets.

V x B = 0 formally, but they satisfy V - B = 0, which is
different from traditional harmonics. Following equations
are in cylindrical coordinates.

- 13(rB,) B, _ a(rB,) 0 (rB;) _

VeB=T—r t % 02— g 0
D _ 2 6Br aBZ _ (3(}’3,) a(rBz)_

VxB=éy 62_0r]_ oz " ar - B

The field of beam physics places more importance on
low-order harmonics. Due to the relatively weak curva-
ture of the magnets used in beam physics, the difference in
magnitude between harmonics and the field Taylor series
is slight. In terms of integrated harmonics, the traditional
harmonics correspond to integration over angle, while the
compensation case is over distance. The integration path is
a series of concentric circles. As for magnet engineers, real
particle tracking is more reliable for field quality control.
Particles have the same bending radius and the integration
path is a series of eccentric circles with the same radii, and
then integration over distance. We can not guarantee which
measurement method is better.

ELLIPTICAL MAGNETS

In the context of beam distribution homogenization and
FFAG accelerators, a magnetic field requires a narrow and
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elongated area [3]. A narrow beam profile can effectively
decouple the two transverse spaces in beam distribution
homogenization. Elliptical magnets are a proper choice, oc-
tupole and dodecapole magnetic fields are shown in Fig. 7.
By measuring the magnetic fields along the elliptical bound-
ary, we can employ cylindrical elliptical multipoles to recon-
struct the magnetic field inside. Notably, there exists a linear
transformation between cylindrical elliptical multipoles and
cylindrical circular multipoles. This process is similar to
that used for enclosed curved magnets.

Cylindrical elliptical multipoles, n=4

Figure 7: Elliptical field zone.

CONCLUSION

This article focuses on the evaluation of field quality in
curved and elliptical magnets. We introduce toroidal har-
monics as a means to reconstruct the magnetic field in 2D
axisymmetric enclosed curved magnets. Additionally, we
provide suggestions for characterizing field quality in un-
closed curved magnets. In an elliptical magnet, we can
utilize cylindrical elliptical multipoles to reconstruct the
magnetic field within the elliptical good field zone. All of
the demonstrations are carried out in the two-dimensional
case, either with rotational axis symmetry or in the two-
dimensional plane. We hope this work can enlighten the use
of curved and elliptical magnets.
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Abstract

Accelerator based boron neutron capture therapy (AB-
BNCT) is a promising cancer treatment technology. A
general design has been proposed of a 180 MHz radio
frequency quadrupole (RFQ) accelerator for BNCT. The
particularity of dynamic design of the RFQ is that the
average aperture radius changes along the accelerator.
Beam dynamics design results show that the length of
accelerator which accelerates protons from 35 keV to
2.81 MeV is 5.07 m, and the transmission up to 99.65%.
Meanwhile, 20 pairs of Pi-mode stabilizer rods are
considered to keep the frequency of dipole mode away
from the working quadrupole mode. The simulation results
show that a large mode separation of more than 20 MHz
between the operating quadrupole mode and nearest dipole
mode can be obtained, this is sufficient to deal with the
errors caused by machining and misalignment. The initial

insertion depth

BEAM DYNAMICS DESIGN

BNCT requires sufficient flux (10° n/cm%s) of
epithermal neutrons (0.5 eV ~ 10 keV), because of this, an
RFQ accelerator has been proposed: accelerating 25 mA
proton beam (continuous wave mode) to 2.8 MeV to meet
the requirements of BNCT. Based on the requirement of
high beam transmission efficiency (greater than 99%), the
beam dynamic design adopts the idea of making the
average aperture variable along the accelerator 0. The
beam dynamic parameters are shown in Figure 1.

304 -209 35
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Figure 1: RFQ Accelerator beam dynamic parameters.

As for beam dynamic simulations, 10° macro particles
with an initial 4D water-bag distribution are simulated with
PARMTEQM 0, as shown in Figure 2 and Figure 3.
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Figure 2: RFQ beam transmission process of the RFQ.
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Figure 3: Beam profiles at the entrance and exit of the
RFQ.

After simulation, the parameter results are shown in
Table 1.

Table 1: Simulation Results

Parameter Value
Frequency 180 MHz
Input energy 35 keV
Output energy 2.81 Mev
Voltage 72 kV
Current 25 mA

0.20 =.mm.mrad
0.22 m.mm.mrad
0.62 m.mm.mrad
507.73 cm
99.65 %

&(norm. rms, entrance)
&(norm. rms, exit)
&/(norm. rms, exit)
Vane length
Transmission

CROSS SECTION DESIGN

The design and simulation of a full length 3D model of
whole cavity is usually based on slice cavity. By simulation
with slice cavity, some high frequency parameters of the
cavity can be obtained easily and the approximate range of
cavity size L (shown in Figure 4) can be quickly
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determined when restoring the quadrupole mode frequency
to the operating frequency. The 2D cross-sectional
structure adopts a quadrilateral structure 0, which has the
advantages of easy water cooling and lower cost compared
with octagonal cavity. The schematic diagram of the
structure and the specific structural parameter values are
shown in Figure 4 and listed in Table 2.

4

A

Figure 4: 2D cross-sectional structure schematic.
Table 2: Cross-sectional Parameters of RFQ

Parameter Value

To Decided by beam dynamics
p/I‘() 0.75

0, 10 degree

02 10 degree

R, 20 mm

Ry 40 mm

L, 20 mm

L, 20 mm

L Decided by 1o

L is the only tuning parameter to change the operating
frequency to 180 MHz, so it is depend on the variable
average aperture ro. Based on the beam dynamics design,
The simulation results of high frequency parameters of a
slice cavity with a thickness of S0mm with respect to 1y are
shown in the Figure 5. With the increase of the ro, the
quality factor Q and L increase linearly, while the power
loss per unit length P and the maximum surface electric
field decrease. On average, L is about 160mm and Q is
16150 with respect to variable ro.

16350 4162.5
16300 16204 *

16250 40157

161.0 H
16200
60.5
16150
160.0 o

16100
159.5

16050 F1.10

159.0 o

16000 585 L 1.05

p/ry=0.75

15950 -158.0 . . . . . ; L 1.00
4.8 5.0 52 5.4 5.6 5.8

0 /mm
Figure 5: High frequency parameters with respect to ro,
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PI-MODE STABILIZER LOOPS (PISL)
AND TUNER DESIGN

From a beam dynamics point of view, the RFQ
accelerator is about Sm long, so it is divided into 5 modules.
In order to save computer resources and reduce
computation time, it is decided to perform the 3D
simulation of full length RFQ model without modulation.
With this condition, it was found that the frequency
difference between adjacent dipole mode and working
mode was less than IMHz after whole cavity simulation
with CST MICROWAVE STUDIO 0. Therefore, special
structure must be considered to keep the frequency of
dipole mode away from working quadrupole mode. Dipole
stabilizing rods have been considered firstly. It is shown
from the simulation result that a frequency interval about
12 MHz can be reached, this requires extremely high
accuracy for the accelerator manufacturing. So it was
decided finally to add 20 pairs of Pi-mode rods to separate
the dipole mode and operating mode. The key factor
determining the frequency interval is the distance between
a pair of Pi-mode rods. In order to ensure sufficient
redundancy, the distance was finally determined to be
55 mm, resulting in a frequency interval more than 20 MHz.
Afterwards, 100 tuners are also accepted to deal with field
errors caused by accelerator assembly. Meanwhile, it is
also used to change the distribution of voltage in this design.

The initial insertion depth is set to 20mm according to
common accelerator devices.

The detailed PISL and tuner parameters are shown in
Figure 6.

Figure 6: Detailed PISL and tuner parameters.
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Results of whole cavity simulation are listed in Table 3.
The presence of the other quadrupole mode can deteriorate
the longitudinal beam dynamics, so they must also be
carefully considered. But the frequency separation between
nearest quadrupole mode and operating mode in this design
is greater than 2 MHz, no additional consideration such as
coupling structure is required.

Table 3: Whole Cavity Simulation Results

Parameter Value
Working mode frequency f 180.00 MHz
Nearest quadrupole frequency 182.26 MHz
Nearest dipole frequency fy 200.95 MHz
fg— 1] 2.26 MHz
[fo— fd| 20.95 MHz
L 155.70 mm
Q factor 13766.20

ADJUSTMENT OF FIELD FLATNESS

After the entire cavity structure is established, the
adjustment of the field flatness is crucial in the design of
RFQ accelerator. For conventional RFQ accelerator with
constant average aperture, field flatness is typically
characterized by measuring the longitudinal distribution of
the transverse electric field. In this particular design,
however, the average aperture is not constant, the
measurement of electric field are no longer applicable.
Fortunately the inter-vane voltage remains constant.
Therefore, the field flatness is evaluated by measuring the
longitudinal distribution of the transverse inter-vane
voltage. Due to the quadrupole symmetry of the cavity
model, four tuners in different quadrants at the same
position always have the same depth in the tuning process.
By adjusting the undercut and the tuners and evaluate the
transverse voltage by utilizing the macro in CST, the
fluctuation of the field is less than +2.5% finally. The
dimension of undercut is shown as Figure 7 and the voltage
distribution before and after tuning are shown as Figure 8.

CONCLUSION

The final beam dynamic design results of the 180 MHz
RFQ accelerator is that the accelerator length is 5.07 m and
the beam transmission efficiency is 99.65%. In terms of
cavity structure, cross-sectional structure adopts a
quadrilateral structure and the 3D cavity model adopts 20
pairs of Pi-mode rods to achieve a frequency separation of
20 MHz between dipole mode and the quadrupole mode,
this prevents the beam dynamics from deteriorating
transversely and is beneficial for the construction work of
the RFQ accelerator. At the same time, by changing the
depth of tuner, the unflatness of voltage distribution is less
than +£2.5%, which basically meets the project
requirements and further adjustment and optimization of
voltage flatness are still ongoing.
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Figure 7: Final Dimension of undercut.

Voltage error and tuner insert depth

—— after tuning

N

— == before tuning | -

Voltage error/%

1 1 L 1 C
2000 3000 4000 5000 ~

Z/mm

1
0 1000

Figure 8: Transverse inter-vane voltage distribution before
and after tuning.
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Abstract

Charged proton beams have broad application prospects,
and research on compact S-band proton linear accelerators
is increasingly heating up in recent years. For radiation
therapy, to achieve the conventional penetration range of
water-equivalent tissues, protons with energy of 70 to
230 MeV are required. The design of electromagnetic
structure is closely related to particle dynamics design. A
flexible and controllable particle dynamic tracking code
(PDT) through both traveling wave and standing wave ac-
celeration has been compiled to simulate particle trajectory
and satisfy automatic tuning of the various components in
the entire acceleration chain. The linac with a total length
of approximately 7.89 m composed of 16 tanks of back-
ward traveling wave structures and permanent magnet
quadrupole lenses was designed, operating at an RF fre-
quency of 2.856 GHz with a target acceleration gradient of
30 MV/m, and accelerating proton beam from 70 MeV to
250 MeV while maintaining low emittance and high trans-
mission efficiency.

INTRODUCTION

Proton linear accelerator is widely used in basic research,
medical treatment, and industrial manufacturing, among
other fields. It can be used in the manufacture of
microelectronic devices, surface modification of materials.
Currently, it’s mainly concentrated in the field of radiation
therapy. Compared with advanced photon therapy
technologies such as intensity-modulated radiation therapy
and volumetric arc therapy, proton therapy can
significantly reduce the dose of radiation to normal tissue
surrounding the tumor, reducing the possibility of inducing
second primary tumors [1]. Traditional proton therapy
equipment is bulky, difficult to install and manufacture,
and expensive, making it difficult to be widely promoted.
Currently, research into miniaturization and compactness
of proton linear accelerator is underway worldwide.

Currently, the main high-gradient RF acceleration
structures include the TeV Energy Superconducting Linear
Accelerator (TESLA) structure [2], Coupled Cavity Linac
(CCL) [3], and Backward Traveling Waveguide (BTW)
structure [4] is used in the TULIP project, which is
dedicated to developing a compact proton linac capable of
achieving an accelerating gradient of 50 MV/m, and peak
surface electric field and shunt impedance within
acceptable ranges even in low-f§ configurations. Due to the
scarcity of simulation software for proton acceleration
using traveling wave architecture, we utilized our own

* Work supported by the National Natural Science Foundation of China
(Grant Nos. 11375122 and 11875197)
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compiled open-source particle dynamic tracking code
(PDT) based on traveling wave acceleration to conduct
preliminary dynamic design of a 70-250 MeV BTW proton
linac.

PDT CODE

Compared with the abundant available design tools for
standing wave proton linac, the design tool for tracking
protons through traveling wave structures is relatively hard
to find. Most particle tracking programs are designed to
handle standing waves or use the superposition of two
standing waves to approximate traveling waves, making
them unsuitable for BTW structures. Additionally, these
programs often function as closed systems, limiting
customize and expand the solver capabilities according to
our specific requirements.

Due to the unique demands of proton therapy, it is
necessary to adjust the kinetic energy of the output
particles within a certain range while maximizing the
transmission efficiency. This implies that the PDT code not
only needs to simulate the particles trajectories through
acceleration channel but also incorporate the beam
matching functionality [5]. TraceWin is capable of
calculating the transfer matrix of a given structure and
handling standing wave electromagnetic field map
represented by real numbers, whereas PDT code accepts
not only real numbers but also traveling wave with
complex numbers. Since the electromagnetic structure
design and particle dynamics design are closely related, it
is important to find a starting point.

3 Parameters of N
o thenextce - Multi-particle
Field map . . . .
generated | meb . Snl:rilli sp?rr;:;(lien dynamics tracking
by CST Y e - FODO-like lattices
. matchin
Structure tuning )\ &

Figure 1: The Simplified scheme of PDT code architecture.

The commonly used simulation software CST studio
suite [6] makes it feasible to extend the use of the program
to traveling wave structures. CST is used to model and tune
the single cell for calculating the electromagnetic field map,
while MATLAB serves as the core of the code. The whole
solving process is mainly divided into two modules. Since
the RF structure design and particle dynamics design are
closely related, it is important to find a starting point. In the
first part, it makes full use of automated MATLAB and
CST co-simulation to track the dynamics of a single
particle in the longitudinal direction and tune waveguide
structure as an interactive multi-run simulation. has added
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this module to create appropriate wires to enable
communication between MATLAB and CST, for speeding
up the design process. Another module incorporates
longitudinal and transverse multi-particle tracking, as well
as transverse focusing of FODO-like lattices approximate

matching for bunched beams to maximize the transmission.

Its modular design permits adjustment and extend of
functions for different design requirements, including
seeking the optimal starting point for energy modulation,
and optimization of elements parameters.

Finally, the benchmark with the TraceWin shows its
accuracy both in energy gain and envelopes are good. The
simulation model integrative framework is proposed as in
Fig. 1.

LINAC DESIGN

Protons with the kinetic energy of 70 MeV are decided
inject into a compact BTW linac with an accelerating

gradient of 30 MV/m, operating at frequency of 2.856 GHz.

The linac is composed of several different tanks, and each
tank consists of multiple same BTW cells, as the particle
reference velocity f in each tank does not change

significantly, which refers to a small unit cell length change.

Nevertheless,  between tanks changes greatly which
cannot be ignored, the length of the BTW cells in the
adjacent tank needs to be adjusted with it.

Structure Tuning

After completing the modeling of the low B BTW single
cell structure in CST, the geometry of the regular BTW
structure is showed in Fig. 2. Then optimize the geometric
parameters, such as the nose cone and coupling holes, to
better the characteristics including the shunt impedance,
transit time factor and filling time. Based on this prototype
and some input data, such as particle species, initial kinetic
energy, synchronous phase, operating mode, acceleration
gradient, and target output energy, PDT calculates the cell
length, optimal number of cells and particle energy in each
tank, and obtains the corresponding electromagnetic field
maps of every unit cell generated by CST.

Figure 2: Model diagram of BTW accelerating structure.

A compact 16 accelerating tanks linac is chosen, with a
constant number of 19 cells per tank operating at 5/6x
mode. The optimal incident phase is obtained through the
optimization algorithm in PDT code and the synchronous
phase is chosen to 10 degrees. The TTF of particles in each
tank is above 0.905, which achieves the desired
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acceleration efficiency. The total length of waveguide is
7.17 m, which is designed for the main acceleration cavity.

Lattice Design

The transmission efficiency is directly related to the
transverse emittance of the beam. Meanwhile, the cavity
has the impact of defocusing for particles along transverse
direction when linac boost the particles longitudinally. For
a constant aperture of the RF structure, the excessive
particle radial distance in general can lead to particle loss.
In the following, we derive the condition to maximize the
transmission of a beam line composed of permanent
magnetic quadrupole structures (PMQs), for a given lattice
geometry.

Traditionally, in a FODO lattice structure, the tanks have
a fixed length, and the magnetic elements are designed
accordingly for beam focusing and defocusing. This allows
for a relatively straightforward matching of the transverse
ellipses. When the lengths of the tanks increase with
acceleration and the relativistic f3 increases, the matching
process becomes more complicated, requiring a more
comprehensive analysis and optimization approach to
ensure proper beam dynamics and stability. Optimize the
magnetic field gradients of the quadrupole lens and
calculate the transfer matrix by PDT code to find the
optimal matching point between the magnetic field
gradient and the Twiss parameters. This process involves
iteration and numerical techniques to converge on the
optimal matching value.

=No acceleration
=—Full acceleration

No acceleration
—Full acceleration
0 1 2 3 4 5 6 7 8
z[m]

Figure 3: Transverse beam envelop with full acceleration
and no acceleration.

To achieve the maximum acceleration efficiency, each
tank requires the particle to enter with an individually
calculated optimal incident phase. Consequently, drifts
must be incorporated between the tanks to ensure
alignment between the exit phase of the preceding tank and
the incident phase of the subsequent tank. If the length of
the quadrupole lens, which is 0.03 m, exceeds the required
ideal drift length, an extension of one wavelength of the
period should be considered. This adjustment is necessary
to ensure that the drifts is appropriately sized to achieve the
desired matching between the tanks.
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Figure 4: Configuration of the overall structure of linac (F and D are PMQs), with the envelope throughout the acceleration
(xmax, Ymax, A@), the phase-space ellipses at the beginning and the end of the acceleration (7 is transverse while L is

longitude).

The transverse beam envelops of two extreme cases with
on acceleration and full acceleration are successfully
limited to an acceptable range and are shown in Fig. 3. The
overall length of the acceleration channel is 7.89 m.

PARTICLE TRACKING RESULTS

The distribution modes of the beam particles in phase
space include Gaussian and Kapchinskij-Vladimirskij (K-
V) distribution for typical numerical simulating. K-V
distribution is chosen that provides clearer boundaries in
an intuitive way, which is good for studying particle
focusing phenomena and envelope matching in the phase
space ellipsoid. Fig. 4 shows the normalized phase-space
ellipses of the multiple particles with scale [mm-mrad] at
the beginning and the end of the linac. The results show
that transverse ellipses can almost be matched after eight
complete lattice structures. This suggests that the beam’s
transverse characteristics, such as the beam size and shape,
are close to being properly aligned and matched to the
lattice structure.

The small amplitude oscillation of the longitudinal
envelope in Fig. 4 is related to the oscillation of the optimal
incident phase synchronous phases. In addition, the overall
amplitude of the longitudinal envelope follows Adiabatic
Phase Damping, which means that the phase spread
decreases as the energy increases. This is due to the effect
of energy dispersion.
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CONCLUSION

A flexible tool PDT code that works for a variety type of
particles and electromagnetic field maps is certainly free to
include any element as we desired to. It’s used for a S-band
compact proton linac dynamic design. The result achieves
a close match of the transverse ellipses after lattice
structures, it indicates that the accelerating and focusing
channel is properly designed and configured to preserve
the beam quality and optimize its performance.
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Abstract

A new accelerator simulation code named Advanced Vir-
tual Accelerator Software (AVAS) was developed by the
Institute of Modern Physics, Chinese Academy of Science.
Although the code is proposed to simulate the particle
transport in the linac of the China Initiative Accelerator
Driven System (CiADS), it can be also used for common
linacs. We have constructed a framework for the accelera-
tor simulation program AVAS based on the structure, func-
tion, parameters, errors, and operational logic of real accel-
erators. The mapping relationship between the operating
parameters and simulation parameters of the Chinese ADS
Front-end Demo Linac (CAFe) superconducting section
was successfully established through AVAS. In the testing
experiment, AVAS successfully set the operating parame-
ters of the CAFe superconducting section, and the devia-
tion between the energy setting value and the actual meas-
urement value was about 0.5%.

INTRODUCTION

AVAS [1] is a linear accelerator simulation code devel-
oped for the requirements of the CiADS [2]. The code is
based on particle-in-cell (PIC) algorithm [3] and imple-
mented in the C++ language. All accelerator elements as
well as algorithms are packaged into an executable pro-
gram, which can be run after installation on the windows
operating system. On the one hand, AVAS has developed
the S-PICNIC [4] algorithm by improving the standard
PICNIC [5] algorithm, which significantly reduces the
computational effort to solve for space charge effects. On
the other hand, AVAS achieves efficient parallelism. The
above work has resulted in a significant reduction in the
AVAS multi-particle simulation time, which is a significant
advantage in large-scale multi-particle simulations.

The operating parameters of the accelerator are different
from those used in the accelerator simulation program. In
order to obtain the operating parameters of the accelerator
directly from the numerical simulations, it is necessary to
establish a correspondence between the operating parame-
ters of the accelerator and the numerical simulation param-
eters. In this paper, AVAS program is introduced first, and
then how to establish the corresponding relationship be-
tween accelerator operating parameters and AVAS simula-
tion parameters is explained. Finally, it is tested on
CAFe [6] superconducting section.

* Work supported by National Natural Science Foundation of China
(Grant No. 11775282)
T email address: qixin2002@impcas.ac.cn, hey@impcas.ac.cn
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MATERIALS AND METHODS

The CAFe is the pre-validation device for CiADS and is
structured as shown in Fig. 1. In CAFe, the beam is mainly
accelerated in the RF superconducting cavity and the en-
ergy of the exiting beam is determined by the parameters
of the RF superconducting section. In this paper, we use
AVAS to map the superconducting section of CAFe to
achieve a process that gives the accelerator operating pa-
rameters directly through simulations and changes the
beam energy.

Figure 1: CAFe structure schematic.

The superconducting section of CAFe contains four cry-
omodules (Cryomodules 1-4), the exact composition of
which is shown in Fig. 2. The first three cryomodules con-
tain six solenoids and six RF cavities each, and the last cry-
omodule contains five solenoids and five RF cavities. The
operating parameters of the solenoids are the current of the
solenoid magnets and the operating parameters of the RF
cavities contain the RF field amplitude and the RF field
phase. Therefore, the superconducting section of CAFe has
a total of 69 operating parameters. If these 69 operating pa-
rameters can be given directly by simulation when the
beam energy needs to be changed, stable beam transmis-
sion can be achieved quickly.

Solenoid S1
Cs; = 158.6A

Cryomodul Cryomodule 2 Cryomodule 3

[ Il

Figure 2: Cryomodule composition diagram.
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RF cavity HWR010  [}| RF cavity HWRO015
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Cey = 12.5MV/m Cep = 9.44MV/m

Cryomodule 4

These three types of parameters contain two types of
mapping relationships, one for magnitude, including sole-
noid current and RF field amplitude, both of which are lin-
early related to the magnitude of the electromagnetic field
(EMF) in the corresponding element, which is controlled
in AVAS by adjusting the magnification of the reference
electromagnetic field. Therefore, it is necessary to deter-
mine the proportionality constants between the reference
EMF and the real EMF per unit current (or per unit RF field
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amplitude) in the simulation program in order to obtain the

values of current and RF field amplitude in the accelerator.
The equation is as follows:

I, = CK @)

Epr = CK )

where C is the amplification of the reference EMF in the
simulation program, I is the solenoid current value and
Epy is the RF field amplitude. Another type of mapping re-
lationship is the mapping of phases, which is the key part
of establishing the mapping. The electric field in an RF
cavity is:
E = Eycos(gp, + wt) 3)
The mapping of phases is the determination of the phase
difference A between @ (denoted as ¢,,) in the simula-
tion program and @, (denoted as @gr) in the RF cavity.
The equation for mapping the phase of the numerical sim-
ulation to the phase of the real accelerator is
Qrr = @, + Ap + n X 360 @)
AVAS determines the phase of the RF cavity by scan-
phase. Eq. (5) is the way the RF cavity electric field is cal-
culated in AVAS
E = Eycos(¢y + w(t — to)) 5)
The relationship between Eq. (5) and Eq. (4) is shown in
Eq. (6):
Py = Po — Wty (6)
In addition, the electric field in the RF cavity can be cal-
culated in AVAS using Eq. (7). This allows AVAS to skip
the scan-phase process and simulate using the real phase of
accelerator operation, giving simulation results that are
closer to the real accelerator.
E = E, cos(¢p, + wt) @)
In summary, the design of AVAS ensures a bi-directional
mapping between the numerically simulated phase and the
real accelerator phase.

RESULTS AND DISCUSSION

The goal of the experiment was to increase the energy of
the beam (Composed of ** Ar'**) to 186.6 MeV by adjust-
ing the operating parameters of the CAFe superconducting
section. Firstly, simulate the beam propagation in the CAFe
superconducting segment using AVAS. The simulated pa-
rameters in AVAS were repeatedly adjusted so that the
beam was accelerated to 186.6 MeV in the program. sub-
sequently, the operating parameters of the CAFe supercon-
ducting section were obtained based on the mapping of the
simulated parameters to the real accelerator operating pa-
rameters (Eq. (1-2), (4)).

The CAFe superconducting section contains two sole-
noids, denoted S1 (Cy; = 158.6) and S2 (C,, = 140.8), and
two RF cavities, denoted HWRO010 ( C. = 12.5 )and
HWRO15 (C., = 9.44), and the phases of each cavity are
independent, as shown in Fig. 2. All parameters in the ex-
periment, including the 27 mapped parameters, 69 simu-
lated parameters and the 69 operational parameters calcu-
lated from the simulated and mapped parameters are shown
in Table 1 and Table 2, the unit of E,; in the table is MV/m.
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Table 1 includes the field amplification factor K of the so-
lenoid in the simulation and the solenoid current I;(A) cal-
culated through Eq. (1). Table 2 includes the field amplifi-
cation factor K and phase ¢,, used in the simulations, and
the operating parameters of the accelerator, including the
RF field amplitude Ey and phase @gp, can be calculated
using Eq. (2) and Eq. (4). The last three RF cavities in CM4
are switched off.

The beam energy was measured by a TOF (Time Of
Flight) located at the end of the CAFe linear section. The
distance between the two oscilloscopes in the experiment
is L = 0.6132m, and the measured beam time of flight
At = 20.453ns, according to Eq. (8), the energy of the
beam can be calculated as 187.5MeV.

E, =| —— |E,

[1-Ge) 2

where c is the speed of light and E|, is the rest energy of the
“ Ar'?*, which is 37218.6 MeV.

In summary, AVAS provided parameters suitable for ac-
celerator operation through simulations. In the actual test,
the energy of the beam was 187.5 MeV, with a relative error
of 0.48% from the simulated energy (186.6MeV). Subse-
quently, only minor adjustments to the RF field amplitude
or phase of the last RF cavity are required to achieve the
required beam energy, avoiding re-scan-phase, simplifying
the beam energy switching process in real accelerators, and
quickly achieving stable beam transmission.

®)

Table 1: Mapping of Solenoid Currents to Simulation Pa-
rameters in CAFe

CM1 Solenoid
S1 S1 S1 S1 S1 S1
K 0.8 078 0.81 088 0.75 098
I,(A) 1269 1237 1285 139.6 119.0 1554
CM2 Solenoid
S2 S1 S2 S1 S1 S2
K 0.87 095 047 1.05 09 0.9
I,(A) 1225 150.7 66.0 166.5 1427 126.7
CM3 Solenoid
S2 S2 S1 S1 S2 S2
0.84 087 095 082 092
1183 138.0 150.7 1155 1295
CM4 Solenoid
S1 S1 S2 S1 S2 -
099 098 095 078 -
157.0 138.0 150.7 109.8 -

I,(A) 1267

I,(A)  159.0
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Table 2: Mapping of CAFe RF Cavity Operating
Parameters to Simulation Parameters

CM1 Cavity
-1 12 13 14 15 1-6
K 128 12 18 16 15 19
Epr(MV/m) 16 15 225 20 18.8 238
Ap(deg) 116 148 44 83 107 -36
p,(deg) -171 -140 100 42 45 93
orr(deg)  -55 8 144 124 152 56
CM2 Cavity
2.1 22 23 24 25 26
K 2 1.86 2 22 24 2
E,y(MV/m) 25 232 25 275 300 25.0
Ap(deg) -146 -139 103 171 -77 -76
o, (deg) 147 72 45 30 17 137
orr(deg) 08 -132 59 141 -60 61
CM3 Cavity
3-1 32 33 34 35 3-6
K 2.1 2 23 224 176 2
E,p(MV/m) 262 25 287 28 220 25
Ap(deg) -143 -117 -50 96 -15 41
p,(deg) -174 98 46 46 86 107
orr(deg) 42 -19 4 50 71 148
CM4 Cavity
4-1 42 43 44 45 -
K 290 122 0 0 0 -
Epr(MV/m) 274 115 0 0 0 -
Ap(deg) 145 149 -37 -74 - -
o, (deg) 111 10 - - - -
orr(deg) -104 159 - - - -
CONCLUSION

This paper describes the process of mapping the operat-
ing parameters of the CAFe superconducting section to the
AVAS simulation parameters. After the mapping is com-
pleted, control of the CAFe beam energy is achieved. In the
future, further information will be used, such as infor-
mation from sensors in accelerators and historical data, to
establish more mapping relationships between numerical
simulations and real accelerators, in order to achieve com-
plete reconstruction of real accelerators in computers.

REFERENCES

[1] Jin C, “Development and Application of Linear Accelerator
Simulation Program”, Lanzhou, Institute of Modern Physics,
Chinese Academy of Sciences, 2021.

[2] China Initiative Accelerator Driven System [EB/OL].
http://ciads.impcas.ac.cn/p/zhuangzhigoucheng.

[3] Alex Friedman, David P. Grote, and Irving Haber, “Three -
dimensional particle simulation of heavy - ion fusion beams”,

Beam Dynamics and EM Fields

SAP2023, Xichang, China

JACoW Publishing
doi:10.18429/JACoW-SAP2023-TUPBO12

Physics of Fluids B: Plasma Physics, vol. 4, no. 7, pp. 2203-
10, 1992. doi:10.1063/1.860024

Chao J, Li-Juan Y, Xiao-Ying Z et al., “Improvement of Lin-
ear Accelerator Numerical Simulation Algorithm Based on
Symmetry Principle”, Nuclear Physics Review.

Hofmann I. and Boine-Frankenheim O., “Grid dependent
noise and entropy growth in anisotropic 3d particle-in-cell
simulation of high intensity beams”, Physical Review Special
Topics - Accelerators and Beams, vol. 17, no. 12, p. 124201,
2014.

Yi C, “Research on Key Technologies of Machine Protection
System of café”, Lanzhou, Institute of Modern Physics, Chi-
nese Academy of Sciences, 2021.

TUPBO12
107

©=2d Content from this work may be used under the terms of the CC BY 4.0 licence (© 2023). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI



©=2d (ontent from this work may be used under the terms of the CC BY 4.0 licence (© 2023). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

14t Symp. Accel. Phys.
ISBN: 978-3-95450-265-3

SAP2023, Xichang, China

JACoW Publishing
doi:10.18429/JACoW-SAP2023-TUPBO13

MULTIPOLE FIELD OPTIMIZATION OF X-BAND HIGH GRADIENT
STRUCTURE

B. Feng’, Q. Gao*, J. Shi, H. Zha, X, Lin, H. Chen, Department of Engineering Physics
Tsinghua University, Beijing, China

Abstract

The X-band constant gradient acceleration structure
plays a crucial role in the VIGAS project. However, the
presence of a multipole field component in the structure's
coupler leads to an increase in ray bandwidth and a de-
crease in yield, ultimately affecting the quality of the gen-
erated rays. Through calculations, it has been determined
that the quadrupole field component is particularly promi-
nent in the original structure, accounting for 29.5% of the
fundamental mode strength. Therefore, it is necessary to
modify the cavity structure of the coupler. By altering the
shape of the cavity to two staggered circles, the objective
of reducing the quadrupole field is achieved. The opti-
mized quadrupole field component now accounts for ap-
proximately 0.3% of the fundamental mode strength. Sub-
sequently, the non-resonant perturbation method was em-
ployed to simulate and experimentally measure the magni-
tude of the multipole field component in the actual accel-
eration cavity.

INTRODUCTION

In 2021, Tsinghua University introduced the Very Com-
pact ICS Gamma-ray Source project, known as the VIGAS
project. The primary objective of the VIGAS project is to
develop the world's first compact quasi-monochromatic

gamma-ray source operating in the megaelectronvolt range.

The gamma-ray energy generated by this project can be
continuously adjusted within the range of 0.2 to 4 MeV.

The accelerator structure utilized in the project is based
on the X-band technology and comprises an input coupler
and an output coupler positioned at its ends. However, the
inclusion of these couplers disrupts the circular symmetry
of the accelerator structure, resulting in the emergence of
multipole fields within the electromagnetic field. These
multipole fields, present within the accelerator structure,
have the potential to increase the beam emittance. Conse-
quently, this may have an impact on the beam dynamics,
ultimately affecting the bandwidth and yield of the pro-
duced gamma rays [1].

To analyze the beam dynamics, comprehensive simula-
tions were conducted for the entire accelerator structure.
These simulations took into account three-dimensional
field distributions for the various components, specifically
focusing on comparing the effects of one-dimensional and
three-dimensional field distributions within the X-band ac-
celerator structure. The results demonstrate that the emit-
tance, which characterizes the size of the beam, increases
by approximately 14% in the presence of three-dimen-
sional field distributions, compared to the case of one-

T tby22(@mails.tsinghua.edu.cn
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dimensional field distributions. This indicates that the pres-
ence of multipole fields indeed leads to an increase in the

emittance.

Figure 1: Different drilling situation in the cavity and the
distribution of the multi-pole magnetic field.

The emergence of multipole fields within the couplers is
a result of the symmetry breaking of the cavity, as shown
in Fig. 1 [2]. In the absence of any deviations from perfect
circular symmetry, the occurrence of multipole fields can
be avoided. However, the introduction of a hole in the cav-
ity wall gives rise to the generation of multipole fields, with
the dipole field being the most dominant component. In the
case of a pair of symmetric double holes, the quadrupole
field becomes the strongest component of the multipole
fields. When there are four symmetric holes, the octupole
field emerges as the most significant component.

In the existing X-band accelerator structure's couplers,
two symmetric holes are present, resulting in the quadru-
pole field being the most prominent among the multipole
fields. It constitutes approximately 30% of the intensity of
the fundamental mode. Hence, it becomes crucial to sup-
press the quadrupole field component effectively.

OPTIMIZATION

The most effective method to suppress the quadrupole
field component is by introducing two additional holes in
the vertical direction of the previously symmetrical double
holes, forming a symmetric four-hole structure. This mod-
ification effectively mitigates the quadrupole field. How-
ever, the process of punching additional holes has a con-
siderable impact on the structure. Therefore, a compromise
approach was adopted. The entire cavity of the coupler was
transformed from a circular structure to two staggered cir-
cular structures, creating a racetrack-type structure, as
shown in Fig. 2. This approach provides a satisfactory so-
lution to reduce the quadrupole field.
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Figure 2: Schematic diagram of coupler structure optimi-
zation.

The modified structure of the coupler resembles a sym-
metrical four-hole structure, which effectively suppresses

the quadrupole field without the need for additional drilling.

However, the changes in the coupler structure result in an
increase in the surface magnetic field. The maximum value
of the surface magnetic field occurs at the chamfer on both
sides of the feed inlet. To prevent excessive surface mag-
netic field, it becomes necessary to adjust the size of the
chamfer at this location. Additionally, the structural modi-
fications introduce a mismatch between the coupler and the
accelerating cavity, necessitating a rematching process.

By conducting parameter scanning, the optimized pa-
rameters for the modified structure are obtained, as pre-
sented in Table 1. These optimized parameters ensure im-
proved performance and alignment between the coupler
and the accelerating cavity.

Table 1: Coupler Optimization Structural Parameters

Parameters Value
[mm]
Rc 4.0
xoff 7.0
bl 5.891
w1 9.173

By utilizing the optimized parameters in simulation cal-
culations, it is determined that the strength of the quadru-
pole field component in the input coupler of the X-band
acceleration structure is reduced to 0.28% of the funda-
mental mode strength. The variation of the tangential mag-
netic field within the entire cavity of the coupler, both be-
fore and after optimization, is shown in Fig. 3.

——Before optimization
— After optimization

14

-
N

H-field Strength (A/m)
© o

(o]
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Figure 3: Simulation distribution of tangential magnetic

field on r =2 mm at the cavity of X-band accelerating struc-

ture coupler.
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MEASURE

The non-resonant perturbation method is employed to
measure the quadrupole field in the X-band acceleration
structure [3]. This method involves introducing a perturba-
tion object into the acceleration structure and measuring
the reflection coefficient S11 at the input port. By analyz-
ing the S11 measurement, the electromagnetic field at the
location of the perturbation object within the acceleration
cavity can be obtained. One of the advantages of the non-
resonant perturbation method is its ability to measure the
electromagnetic field of traveling wave acceleration struc-
tures accurately. It enables precise tuning and analysis of
the acceleration structure.

Furthermore, the non-resonant perturbation method en-
sures minimal contact between the measurement system
and the interior of the acceleration structure. This elimi-
nates any potential impact on the internal components of
the structure. The measurements conducted in this study
specifically focus on the coupler structures prior to optimi-
zation.

Simulation

In the unoptimized coupler model, a copper material per-
turbation object is introduced to simulate the actual sce-
nario. The perturbation object is moved along a circular
path centered around the coupler's center, and the reflection
coefficient of the coupler's input port is simulated at each
position of the perturbation object. By calculating the dif-
ference in reflection coefficients between the perturbed and
non-perturbed cases, it is possible to assess the electromag-
netic field at the location of the perturbation object. There-
fore, by analyzing the difference in reflection coefficients,
the magnitude of the multipole field component can be de-
termined. The measured data resulting from these calcula-
tions are presented in Fig. 4.

20
19.5

19

AS11 (dB)

18.5

18
0 100 200 300

Angle (degree)
Figure 4: Simulation results of the relationship between the
difference in reflection coefficient and the position of the
perturbation object.

Experiments

During the actual measurement process, a pair of eccen-
tric original plates was designed and fabricated to securely
position the perturbation object. The purpose of these
plates is to ensure that the perturbation body remains in a
fixed position throughout the measurement. The design
and arrangement of the eccentric original plates can be ob-
served in Fig. 5.
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’

Figure 5: Eccentric disc and fitting between disc and cou-
pler hole.

Throughout the measurement process, the eccentric po-
sition of the perturbation object is continuously rotated,
and the reflection coefficients are individually measured at
different positions. A comparison is then made between the
measurement results with the perturbation object and the
results without it. By analyzing the relationship between
the difference in reflection coefficients and the eccentricity
position, valuable insights into the impact of the perturba-
tion object can be obtained. This relationship is visually
depicted in Fig. 6.

9.4

AS11 (dB)
©
N

©

8.8
0 100 200

Angle (degree)

300

Figure 6: Experiment results of the relationship between
the difference in reflection coefficient and the position of
the perturbation object.

Through analysis, it has been discovered that the magni-
tude of the quadrupole field obtained through simulation is
approximately 0.0382, while the magnitude of the quadru-
pole field component obtained through experimentation is
around 0.0054. These values exhibit noticeable differences
between the simulation and experimental results. The dis-
parities can be attributed to various factors, such as varia-
tions in the models and parameters employed in the simu-
lation and experimental setups. Further discussion and
analysis are necessary to comprehensively understand and
reconcile these disparities.

CONCLUSION

The optimization of the X-band acceleration structure
has successfully suppressed the strength of the multipole
field in the coupler. The strength of the quadrupole field
component, which initially accounted for approximately 30%
of the fundamental mode strength, has been reduced to just
0.28% after the optimization process.

The non-resonant perturbation method has been em-
ployed to measure the electromagnetic field within the X-
band acceleration structure, both through simulation and
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experimental approaches. This method has provided initial
insights into the multipole field within the coupler. How-
ever, there exist certain differences between the experi-
mental and simulation results, indicating the need for fur-
ther analysis and calculations to fully understand and rec-
oncile these discrepancies.

REFERENCES

[1] H. Chen, Y. Du, L. Yan, J. Shi, W. Huang and C. Tang, "Op-
timization of the Compact Gamma-ray Source Based on In-
verse Compton Scattering Design", 2018 IEEE Advanced Ac-
celerator Concepts Workshop (AAC), Breckenridge, CO,
USA, 2018, pp. 1-5, doi:10.1109/AAC.2018.8659417.

[2] Chae, M. S., et al. "Emittance growth due to multipole trans-
verse magnetic modes in an rf gun." Physical Review Special
Topics-Accelerators and Beams 14.10 (2011): 104203.

[3] S. Molloy et al., “Bead-pull Test Bench for Studying Accel-
erating Structures at RHUL”, in Proc. IPAC'11, San Sebastian,
Spain, Sep. 2011, paper MOPC049, pp. 187-189.

Beam Dynamics and EM Fields



14t Symp. Accel. Phys.
ISBN: 978-3-95450-265-3

SAP2023, Xichang, China

JACoW Publishing
doi:10.18429/JACoW-SAP2023-TUPBO14

DESIGN OF A LARGE MOMENTUM ACCEPTANCE GANTRY BASED ON
AG-CCT FOR LIGHTWEIGHT PROTON THERAPY FACILITY*

Yicheng Liao, Wei Wang, Xu Liu, Ruiying Luo, Bin Qin’
State Key Laboratory of Advanced Electromagnetic Technology,
Huazhong University of Science and Technology, Wuhan, China

Abstract

Superconducting (SC) gantry can be applied to proton ther-
apy with significantly reduced footprint and weight. How-
ever, the relatively lower ramping limit of the SC magnetic
field becomes a bottle-neck for fast energy change and beam
delivery. Designing a large momentum acceptance (LMA)
beam optics can mitigate this issue, which would, mean-
while, bring potential applications for advanced treatment
schemes with high beam transmission. In this contribution,
we present the design of an LMA gantry using strong fo-
cusing AG-CCT SC magnets and symmetrical achromatic
lattice. A fast degrader is combined in this design so that
the gantry can perform rapid energy switches during the
treatment. The AG-CCT design process and beam transport
simulation are all performed with our homemade integrated
code CSPT, which has interfaces to Geant-4 and Opera, and
can reach a maximum speed-up ratio of 450 by applying
parallel computation technique. The multi-particle tracking
result proves that the gantry has a large momentum accep-
tance of ~20%.

INTRODUCTION

Hadron therapy is known to have superior physical charac-
teristics, namely Bragg-Peak. It decreases the deposit dose
to surrounded normal tissues and thus holds the potential of
reducing the toxicity of organs at risk. Gantry, as an attrac-
tive tool in particle therapy, can further expand the ability of
conformal treatment by irradiating the beam from different
angles. However, the relatively large magnet rigidity, with
respect to that of electrons in photon therapy, leads to mas-
sive facility size and weight. Most of the gantries running
for proton therapy weigh over 100 tons with their length
exceeding 10 m [1]. The figure would be much larger when
it comes to carbon-ion facilities. Therefore, a cost-effective
hadron therapy facility with a smaller gantry is one of the
major interests of hospitals and research centers.

Utilizing superconducting (SC) technology enables the
magnet to excite a higher magnetic field, which, in con-
sequence, can make the gantry significantly lighter. The
main drawback of the SC magnets is their slow ramping
rate. The momentum modulation process in the steps of
Ap/p = 1% ~ 2% is performed with a ramping time of
0.1 ~ 2.0 s per step, corresponding to the momentum of the
beam [2]. Designing a gantry lattice with large momentum
acceptance (LMA) can mitigate this issue so that the field of

* Work supported by the National Natural Science Foundation of China
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magnets maintains while the beam with various momentum
can still be transported to the iso-center. This contribution
presents the design of an LMA gantry for proton therapy
using alternating gradient canted cosine theta (AG-CCT)
magnets. The beam lattice with a fast degrader component
and a compact nozzle design is introduced in the paper. For
the convenience of the gantry design, a simulation toolkit
based on parallel computation technology is developed. A
preliminary design of the AG-CCT magnet is displayed at
the end.

OPTICS DESIGN OF THE LMA GANTRY

The overview of the LMA gantry is presented in Fig. 1,
which is a cyclotron-based design. A fast degrader compo-
nent is placed in the middle of the gantry for momentum
modulation. The degrader adopts a pair of high-density
graphite wedge for continuous momentum modulation, and
2 B, C blocks for step modulation, since the low Z material
can suppress the growth of beam emittance. Linear motors
could be equipped for fast energy switches. Two copper
collimators lie in sequence, right after the degrader, for emit-
tance restriction. At this stage, only one set of collimator
configuration is applied to form a beam with the emittance
of 10srmm mrad for the following beamline. The Monte
Carlo (MC) simulation suggests that the overall transmis-
sion efficiency at the nominal energy 70 MeV is about 0.91%,
which is about 53% higher than the traditional multi-wedges
degrader.

On either side of the degrader component are the 2 bend-
ing sections, among which only the second bending section
is demanded to have a large momentum acceptance of >16%
to ensure a sufficient range of momentum variation with
a fixed field of the SC magnet. Considering such a large
momentum offset, high-order aberration should be taken
into account. AG-CCT is introduced in the design as a main
achromatic method [3], and its magnetic field is symmet-
rically arranged. Due to its flexibility of combining the
dipole with multipole fields, the quantity of the magnet in
the gantry is reduced. A strong alternating quadrupole field
is embedded in the magnet for restricting the beam of differ-
ent nominal momentum within the bore. Weak sextupole is
added for high-order achromaticity. The optics design and
optimization process is carried out on COSY Infinity [4].
The optics result of the second bending section is presented
in Fig. 2, a stable rounded beam spot is formed at the iso-
center, which proves that the gantry is capable of delivering
the beam with a momentum range of -9.5%~+10.5%. The
main restriction of the momentum acceptance is the good
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Figure 1: The overview of the LMA gantry. (a) The AG-CCT magnet model; (b) The layout the degrader component.
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Figure 2: Beam envelope of the second bending section,
(a) in the horizontal plane; (b) in the vertical plane. The
red, black and blue lines in the figure represent the particle
trajectories with the momentum offset of -9.5%, 0%, +10.5%,
respectively. The black boxes denote the boundaries of the
magnets.

field region (GFR) of the AG-CCT magnet, which is set to
90 mm in this contribution. A compact nozzle component,
with a combined-function scanning magnet CFSM, is right
after the second bending seciton, and the SAD is set to 1.5 m
in this design.
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TOOLKIT FOR GANTRY DESIGN

The field shape of the AG-CCT magnet is greatly affected
by the winding geometry, and can hardly be abstracted to a
transfer map. The beam tracking with a realistic field offers
the best accuracy, which, however, often involves interac-
tion between electromagnetic simulation software and beam
optics software. For the convenience of gantry design, we de-
veloped a lattice design toolkit using C++, named CSPT [5].
The structure of the toolkit is shown in Fig. 3.
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Element Classes
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Particle Particle
Particle Beam High-Level GA
Source Source User Interface

Figure 3: The structure of the CSPT toolkit. Each rectangle
with round corners represents a C++ class in the toolkit.

The toolkit is capable of dealing with beam tracking
with various initial distributions in the electromagnetic field.
The toolkit provides basic optical elements such as dipole,
quadrupole and combined-function magnets. The geome-
try of the CCT magnet can be defined by a winding path
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function, and its magnetic field can be calculated with the
Biot-Savart law. The toolkit provides interfaces to Geant4
and Opera, so that the simulation can be carried out with
input electromagnetic field and complicated beam distribu-
tion after a series of particle-matter interactions. Parallel
computation technology is applied in the toolkit for fast sim-
ulation. The GPU parallel performs a maximum speed-up
of 457 times faster than the single thread CPU calculation,
exchanged with merely a 0.32% relative error increase.

AG-CCT MAGNET DESIGN

Due to the large bore aperture of the magnet for LMA
beam delivery, the field pattern of the AG-CCT bending mag-
net can’t be taken as cylindrical distribution in approximation.
But the relation between the curved winding geometry and
toroidal field pattern is complicated. In this contribution,
simply the field derivatives are applied to define the field pat-
tern, which also is consistent with the Taylor expansion for
particle motion around the nominal trajectory in the transfer
map. Ref. [6] discusses the relationship between the winding
path of the CCT magnet and its derivative field, which is
integrated into our magnet design procedure.

The design of the winding path needs iterative optimiza-
tion because there are inherent fields that depend only on the
geometrical parameters and the current of the magnet. The
final derivative field of the AG-CCT magnet is demonstrated
in Fig. 4. The integrated harmonic is limited below 5 units,
and the main tilt angle of the magnet is set to 40° for a sharp
fringe field ramp. A thin ironic shield is used in the magnet
design to ease the overshooting of the fringe field.
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Figure 4: The distribution of the derivative field along the
magnet. The black dashed lines in the figure represent the
boundaries of each AG section.

CONCLUSION

Proton therapy has attracted much attention worldwide.
Gantries utilizing SC magnets are in demand for more cost-
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effective and robust treatment facilities. In this contribution,
a systematic design of the LMA gantry with AG-CCT SC
Table 1: Integrated Derivative Fields of the AG-CCT Magnet

Order Section 1# Section 2# Section 3#
BO 10000.000  10000.000  10000.000
Bl 3247.147 3587.687 3567.178
B2 1.035 4.739 3.428
B3 1.945 2.334 1.103
B4 2.262 0.377 1.058
B5 0.535 0.497 0.345

magnets is proposed. Benefiting from the strong alternating
focusing characteristic of the AG-CCT magnet and symmet-
rical achromatic lattice design, the LMA gantry achieves a
large momentum acceptance of -9.5%-~+10.5%. For such a
large momentum range, in combination with a fast degrader
component, the transmission of the lattice at the iso-center
is significantly raised, which improves the efficiency of treat-
ment and would bring potential advantages for advanced
treatment schemes. A homemade toolkit CSPT is developed
for LMA gantry and CCT magnet design. With interfaces
to Geant4 and Opera, the toolkit can conduct more realistic
multi-physics simulations. More detailed studies, such as
the quench protection design of the SC magnet and error
analysis, are still ongoing before the LMA gantry comes to
the manufacturing stage.
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RESEARCH ON FIRST HARMONIC SHIMMING METHOD OF
CYCLOTRON BASED ON LEAST NORM SQUARE SOLUTION

J.Lu", S. An, T. Bian, China Institute of Atomic Energy, Beijing 102413, China

Abstract

The magnetic field measurement of cyclotron and the
shimming of isochronous magnetic field are one of the
important links in cyclotron. Due to the influence of fac-
tors such as processing errors, installation errors, and
inhomogeneity of the magnetic properties of magnet
materials, the main magnetic field of the cyclotron will
usually deviate from the required isochronous magnetic
field and contain a certain amplitude of the first harmonic
magnetic field. The existence of the first harmonic mag-
netic field will rapidly increase the transverse oscillation
amplitude and cyclic emittance of the particles, eventually
causing beam loss. In order to improve the beam quality
of the cyclotron, the shimming technology of the first
harmonic magnetic field is essential. In this paper,
through the finite element simulation calculation of the
main magnet of the cyclotron, a quantitative algorithm for
the first harmonic shimming based on the least norm
square solution is proposed. At present, this method is
being prepared for apply to the magnetic field shimming
of the 10MeV high-current proton cyclotron of the CIAE.

Introduction

Due to the influence of internal defects of iron materi-
als, machining errors and other factors, the magnetic field
of the cyclotron usually contains the first harmonic com-
ponent. During a particle moves in a non-ideal magnetic
field, it will be subjected to an additional external force.
The lateral oscillation of the particle caused by the exter-
nal force is a forced oscillation, which will increase the
amplitude of the lateral oscillation. When certain condi-
tions are met, it will also cause resonance and cause the
particle loss. When constructing a cyclotron, the first
harmonic component of the magnetic field must be elimi-
nated, so as to avoid the influence of forced oscillation on
the lateral motion of particles and improve the quality of
the beam.

The traditional first harmonic shim method is based on
the Hard-edge mode method. The hard-edge approxima-
tion can be used on transforming the field error to the
shape change. However, the accuracy of the calculation
results is relatively low. Since a conservative strategy
with scaling factor should be adopted to avoid over-
shimming and oscillations [1]. For high-current cyclo-

trons, in order to achieve the physical goal of high-current,

the first harmonic component of the magnetic field must
be precisely eliminated [2].

In this paper, a magnetic field shimming algorithm
based on a multiple linear regression model is proposed to
achieve quantitative and accurate shimming of the first
harmonic component of the magnetic field.

* Work supported by CIAE
+ email address: 359037465@qq.com.
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Principle of Shimming Algorithm

The research on the shimming algorithm and calcula-
tion method proposed in this paper is carried out on the
basis of the simulation calculation of the compact cyclo-
tron model shown in Fig. 1, through the software Opera-
3d. Compared with the magnetic field distribution calcu-
lated by the TOSCA solver in the software and the actual
measured magnetic field distribution, the error is within
+0.5% [3].

g
“|m I

HMHH
g l

Figure 1: 10MeV cyclotron 1/4 model of CIAE.

!,‘mmi.l\!\hn

The first harmonic magnetic field component of the
compact cyclotron can be calculated by Fourier analysis,
and the amplitude and phase of the first harmonic along
the radial direction can be obtained by Eq. (1):

B(r,0) = By(r,0) + Z by cos(k + B) (1)
0

where By(r,0) is the perfect magnetic field, b, is the
harmonic amplitude, k is the harmonic coefficient, S, is
the initial phase. The principle of shimming the first har-
monic is: without changing the average magnetic field of
the cyclotron, artificially introduce a reverse first harmon-
ic to offset the first harmonic component of the original
magnetic field. As shown in Fig. 2, in order not to change
the average magnetic field, cutting at one pole must be
supplemented at the other pole, but in the actual shim-
ming process, the magnetic pole shimming can only be
done by cutting. Fortunately, compared to the isochronous
error of the magnetic field, the first harmonic magnetic
field is a small amount, so the shimming of the first har-
monic magnetic field can be included in the shimming
process of the isochronous magnetic field, so as to solve
the problem of the first harmonic shimming.
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Figure 2: The blue arrow indicates the original first har-
monic component of the magnetic field, and the red arrow
indicates the artificially introduced reverse first harmonic
through magnetic pole shimming, thereby eliminating
magnetic field errors.

The shimming method proposed in this paper adopts
the asymmetrical cutting method of the magnetic poles to
shimming the first harmonic magnetic field. If the cyclo-
tron has m shimming points in the radial direction, the
four magnetic poles correspond to 4 X m shimming
amounts. The shimming amount at any shimming point
can be expressed by XE (P: The Pth pole, k: The kth
shimming point). Then the total shimming amount of the
cyclotron can be expressed by column matrix: X =
[X},X3,..., XL, ...,X2]T. If there are n magnetic field
measurement points in the radial direction, the phase
decomposition of the first harmonic magnetic field is
performed to obtain two components fsing and
Bcosd, then the first harmonic component of the mag-
netic field can be further expressed as: =
[Bysindy, ..., Bysind,, B1cosdy, ..., Bpcosdp,]T. Among
them, (3; represents the amplitude of the first harmonic at
the first magnetic field measurement point ry, and sing,
and cos¢, represent the phase of the first harmonic at r;.

The shimming equation of the first harmonic mag-
netic field can be expressed as:

B=A-X+¢ (2)

where, A represents the shimming matrix, which is a
correlation regression matrix of order 2n X 4m, € is a
random disturbance vector, and its mathematical expecta-
tion value is zero. The magnetic field error matrix b is
obtained by Fourier analysis of the measured magnetic
field, and the magnetic pole shimming amount matrix X
is the shimming amount required at each shimming point
in order to eliminate the magnetic field error, which is the
unknown quantity to be solved. Equation (2) can be
solved only by obtaining the shimming matrix A.

Shimming matrix A can be pre-calculated with Eq. (3)
by comparing the field difference using an array of unit
cutting patches. For example, when cutting an unit trian-
gular patch at R; on a pole, as shown in Fig. 3. We have:
X =1[1,0,0, ...,O]T , The first harmonic magnetic field
introduced after cutting: = [B1, B2, ***, B2n], the calcula-
tion results are shown in Fig.3, A; =
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[Ai1,Azy, -+, Apnq]T is calculated by Ay, = By. Repeat
the above process to find all the elements of the padding
matrix.

B; = Ai1 - Xy + App 'Xzi'” + Ajam * Xam (3)

Figure 3: Schematic diagram of cutting to calculate
shimming matrix.
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Figure 4: The first harmonic shape function calculated by
TOSCA simulation.

We only need to perform finite element simulation cal-
culations on the first magnetic pole to obtain the first
harmonic magnetic field introduced by cutting unit
shimming blocks at each shimming point. Figure 4 shows
the shape function of the first harmonic magnetic field of
a single pole obtained by finite element calculation. The
magnitude of the first harmonic magnetic field introduced
by cutting unit shimming blocks on different magnetic
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poles is the same. The phase of the first harmonic is relat-
ed to the azimuth angle, and the phase difference of the
first harmonic magnetic field caused by the cutting of
adjacent magnetic poles is 90°. Therefore, as long as the
first harmonic magnetic field shape function of one mag-
netic pole is obtained, the first harmonic magnetic field
shape functions of the other three magnetic poles can be
obtained.

After obtaining the shimming matrix A, the shimming
Eq. (2) can be written in the following form to solve:

X = (ATA)1ATB 4)

In general, the spacing of the shimming points in the
radial direction is twice the spacing of the magnetic field
measurement points, and the number of elements of the
magnetic field error vector b is greater than the number of
elements of the shimming amount vector X. Equation (4)
is an underdetermined system of equations, and the
shimming vector X can be obtained by solving the meth-
od of least norm square solution.

CONCLUSION

In our study, using the first harmonic magnetic field
shimming method based on the multiple linear regression
model can realize quantitative and accurate shimming of
the first harmonic error of the magnetic field, and the
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shimming magnetic field error can be on the order of
1073. The method is based on a multiple linear regression
model of independent magnetic pole shimming effects,
which provides a good basis for magnet shimming. The
premise is that the area of the shimming block to be cut is
much smaller than the area of the magnetic pole, and then
the multiple linear regression model can be used. Before
integrating the shimming procedure, an appropriate radial
cut step size should be chosen to avoid oscillations in the
least squares fit.
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HIGH-FIDELITY MODELING AND TRANSMISSION OPTIMIZATION
FOR THE BEAMLINE OF HUST-PTF *

Yu Chen, Bin Qin’, Xu Liu, Wei Wang, Chengyong Liu
State Key Laboratory of Advanced Electromagnetic Engineering and Technology,
Huazhong University of Science and Technology, Wuhan, China

Abstract

A superconducting cyclotron-based proton therapy facility
is under construction at Huazhong University of Science and
Technology (HUST-PTF). In previous works, the vacuum
chamber’s shape and the tail effect of the energy spectrum
are not considered when calculating the transmission effi-
ciency of the beamline. This study proposes a high-fidelity
modeling and optimization method for the HUST-PTF beam-
line based on Monte Carlo simulation using BDSIM. The
modeling procedure of the beamline based on BDSIM is
briefly introduced. Then verification of the optical parame-
ters are performed on the gantry sections, and the transmis-
sion efficiency of the gantry is optimized by analyzing the
unexpected beam loss. After optimization, the transmission
efficiency at each energy setting point is calculated. The
simulation results show that (1) the proposed optimization
method improves the gantry’s transmission efficiency from
92.4% to 95.6%; (2) the transmission efficiency calculated
by high-fidelity modeling is more accurate than previous sim-
ulations because the beam-matter interaction and practical
vacuum chamber geometry are considered.

INTRODUCTION

Huazhong University of Science and Technology is build-
ing a superconducting cyclotron-based proton therapy facil-
ity, and all magnet designs and installations have now been
completed. Previous works have focused on the beamline’s
design [1], but evaluating the beamline’s working state still
using separated codes used in the design process may be un-
suitable. The more realistic conditions should be considered.
For beam tuning, it is of engineering significance to build
a high-fidelity model to evaluate the operating state of the
beamline and as a surrogate model.

The Refs. [2, 3] use beam delivery simulation software
(BDSIM) to conduct seamless simulation on proton ther-
apy systems for radiation protection. Their works consider
the beam-matter interaction and practical vacuum chamber
geometry. Inspired by their works, this study proposes a high-
fidelity modeling and transmission optimization method
with the HUST-PTF Beamline as a case study.

The remainder of this study is organized as follows: the
model setup and the methodology are briefly introduced
in Section II; the results are presented in Section III; and
Section VI provides the study’s conclusion.

* Work supported by the National Natural Science Foundation of China
(11975107), and the National Key Research and Development Program
of China (No. 2016YFC0105305).

* bin.qin@hust.edu.cn
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THE MODEL SETUP AND
METHODOLOGY

The HUST-PTF beamline is built and validated using BD-
SIM, a Geant4-based Monte Carlo program that simulates
the dynamic motion of beam transport considering the parti-
cle—matter interaction and the vacuum chamber geometry [4].
As shown in Fig. 1, the HUST-PTF beamline includes three
sections: (i). The energy selection section (ESS) modulates
the beam energy and quality. (ii). The periodic transport sec-
tion transmits the particles to each coupling point efficiently.
(iii). The gantry section is to achieve multi-angle treatment.
In addition, the physics list “g4qbbc”, which includes pure
hadronic parts consisting of elastic, inelastic, and capture
processes, is used to simulate the physical process during
the treatment.

The primary idea behind optimizing transmission effi-
ciency is to analyze the beam loss process and use the gained
insights to guide the constraints of the Transport code [5].
This approach achieves the desired results without resort-
ing to complex algorithms. In the next section, this study
will present a detailed account of how this study optimized
the transmission efficiency of the gantry in the HUST-PTF
beamline using this method.

THE RESULTS

To illustrate the consistency of the high-fidelity model
constructed by BDSIM with the present design, the optical
parameters need to be verified. Because the optical design
does not include the energy modulation process, the beam-
line is divided into three segments for optical parameters
verification according to the collimators’ position (linel:
from the start to Col#2, line2: from Col#2 to the coupling
point; Gantry: from coupling point to iso center).

The optical parameters of linel and line2 based on
BDSIM-model bear almost no difference from the previous
optical design, and the transmission efficiency (linel: 100%,
line2: 95.8%) satisfy the design requirements of > 95%.
However, the optical parameters of the gantry section, whose
transmission efficiency is 92.4% (< 95%) and isn’t capable
of meeting expectations, exhibit some dissimilarities from
the previous design, as illustrated in Fig. 2.

From Fig. 2, it can be seen that after the beam enters the
first dipole, its x-direction envelope is too large, causing
its peripheral particles to hit the beam pipe, thus leading
to beam loss, which is the reason why the , calculated by
BDSIM is small than that calculated by MAD-X codes [6].

Therefore, it is necessary to optimize the transmission
efficiency of the gantry section. Based on the above analysis,
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Figure 1: The overall layout of the HUST-PTF beamline based on BDSIM. The ESS is from the beginning to the double-bend
achromatic (DBA) entrance. The Period section is from the entrance of DBA to the coupling point. The remaining part is
the gantry section. In addition, there are names of typical elements in the figure, which is convenient for evaluating the

beam quality after the beam passes through these elements.

Table 1: Transmission Efficiency Under Different Conditions

Type Conditions Transmission efficiency
Previous —_ ¢ mm 92.4%
restrictions

Option 1 =15mm 94.2%

Option 2 =14.5mm 94.6%

Option 3 =14.42mm 95.6%

Option 4 =14.41mm 93.4%

a new set of magnets’ parameters consisting of six normal
quadrupole coefficients can be attained by adjusting enve-
lope conditions, specifically within the x-direction, at the
exit of the first magnet. This shall be achieved by employing
Transport code matching while ensuring adherence to the es-
tablished image optics conditions in the previous works [7].
The transmission efficiency under different conditions is
shown in Table 1. As shown in Table 1, the highest transmis-
sion efficiency is obtained by option 3, which will be adopted
to replace the previous magnets’ parameters. The optical
parameters under the optimized magnets’ parameters are
shown in Fig. 3. From Fig. 3, it can be concluded that com-
pared with the result in Fig. 2a, the 8, calculated by BDSIM
in Fig. 3a is closer to the result of MAD-X code, indicating
that the collision at the first dipole has been mitigated after
optimization.

After optimization, this study estimates the transmis-
sion efficiency of the HUST-PTF beamline under the new
magnets’ parameters based on the constructed high-fidelity
model and the specific settings (lengths of graphite wedge
at each energy point and the distance of energy slit at
% = 0.3%(10)), and compares the results with the pre-
vious works [8], as shown in Fig. 4. From Fig. 4, it can
be concluded that the current results are consistent with the
results of the previous work in the high-energy range, but the
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(b) beam transport loss process

Figure 2: Comparison results of optical parameters and beam
transport loss process of the Gantry before optimization.

discrepancy becomes larger as the energy setting decreases.
This is due to the fact that as the energy setting decreases,
the tail effect of the energy spectrum in the energy mod-
ulation process becomes more severe, while the previous
work assumes beam energy distribution after the degrader
as a Gaussian distribution when using Turtle code [9] for
calculating transmission efficiency. In addition, the effect of
the vacuum chamber’s shape on the beam transport is not
considered.

To further verify the correctness of the above analysis,
Table 2 lists the particle transmission efficiency at typical
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Table 2: Transmission Efficiency of Beam Transport Satisfying the Condition % < 0.6%

70 MeV 230 MeV
Transmission L. Transmission L.
. Transmission . Transmission

Element efficiency efficienc efficiency efficienc

(A2 <0.6%) y (A2 < 0.6%) Y
Deg 8.2513% 66.4667% 82.5043% 94.2335%
Col#2 0.0546% 0.4571% 14.3113% 20.3937%
Energy slit 0.0481% 0.0495% 13.4451% 13.9387%
Coupling point 0.0472% 0.0478% 13.3852% 13.4515%
iso center 0.0446% 0.0456% 13.2052% 13.2715%
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Figure 3: Comparison results of optical parameters and beam
transport loss process of the Gantry after optimization.
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Figure 4: The transmission efficiency at each energy setting

elements under the condition (% < 0.6% 20). From Ta-

ble 2, it can be seen that: (i). The transmission efficiency
(0.0546%) at 70 MeV that meets the condition after passing

Beam Dynamics and EM Fields

viously calculated by Turtle code. (ii). With the premise
that downstream beamline transmission efficiency is high
(>95%), the beamline actually transports particles that meet
the % < 0.6% after passing through Col#2.

THE CONCLUSION AND FUTURE WORK

In summary, this study proposes high-fidelity modeling
and transmission optimization method with the HUST-PTF
beamline as a case study. This study utilized a high-fidelity
model, considering the vacuum chamber’s shape and the
tail effect of the energy spectrum, to achieve start-to-end
simulation and calculate the transmission efficiency of the
beamline at each energy setting. In addition, this study
modifies the constraints of Transport code and improves
transmission efficiency by analyzing the beam loss process,
which is simple and efficient. Our next step is to verify the
model’s realism through experiments and use the built model
data to get a surrogate model to accelerate calculations.
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CALIBRATION EXPERIMENT OF EQUIVALENT AREA OF INDUCTION
COIL FOR MAGNETIC FIELD MEASUREMENT OF
SUPERCONDUCTING CYCLOTRON

X. Chen', S. An, T. Bian, L. Ling, J. Lu, F. Wang, China Institute of Atomic Energy, Beijing, China

Abstract

China Institute of Atomic Energy’s 250MeV
superconducting cyclotron (CYCIAE-250) uses the
induction coil method to measure the magnetic field in its
airgap. To ensure the precision of magnetic field
measurement, area of the induction coil needs to be
calibrated. This paper designs a set of coil calibration
technique based on flipping coil method. The uniform
magnetic field needed for calibration is provided by a
permanent magnet with good static performance, its field
is measured through high-precision nuclear magnetic
resonance (NMR) probe. Then the induction coil will then
be installed at the same position of the NMR probe.
During the calibration process, induction coil is rotated
180 degrees and magnetic flux through it will be recorded
by a high-speed digital integrator. Corresponding
equipment is also designed to finish this task. This Paper
describes this magnetic field measurement method,
corresponding magnetic measurement equipment,
calibration process of the induction coil and calibrated
area of the coil.

BACKGROUND

Magnetic Field measurement and shimming is one
essential part of cyclotron. There are three main methods
of field measurement: hall probe, induction coil and
nuclear magnetic resonance [1]. China Institute of Atomic
Energy’s 250MeV superconducting cyclotron (CYCIAE-
250), uses induction coil as field measurement device,
which requires the precise area of induction coil.

Calibration method for induction coils used in
CYCIAE-230 and other cyclotrons only considers the
start point and end point of voltage integral data and can
be influenced by nonlinear noise [2-5]. To improve the
accuracy of calibration, this article designs a new
calibration method and equipment, and then describes the
calibration result of +the equivalent area of induction coil
used for CYCIAE-250.

CALIBRATION METHOD

According to Faraday law of electromagnetic induction,
change of magnetic flux through a close circuit will create
an induced electromotive force (EMF), of which the
amplitude is proportional to the change rate of magnetic
flux and the winding number of the circuit:

ad
E=-—n-2
dt

d = N
——n'EfB'dS )]
T email address: 962180915@qq.com
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The induction coil used for CYCIAE-250 has a small
radius and a large winding number, and is connected to
digital integrator with twisted pair. The resistance or
induction coil and twisted pair’s resistance can be
neglected, thus the relation between Voltage on the
integrator and field through the coil can be described as:

V=E=-ns-2 ©)

Bz—%fV-dt 3)

According to Eq. (3), difference of magnet field
between two points in the magnetic field can be calculated
by recording the voltage produced by induction coil with
fast digital integrator. Accordingly, by changing the
magnetic field through the coil at a given amount, the
equivalent area of coil can be calibrated according to
following equation:

ns = iwfv : dt| ()

Clearing up Linear Drift

When using digital integrator to record induction
voltage and its integral value, drift caused by electrical
noise must be cleared up [2, 4, 5]. High order cumulant of
noise tend to be cancelled out after integration and can be
neglected, only the average value of noise voltage will
cause a linear drift to the integration result. As a result,
real value of coil’s equivalent area can be described as:

1 t2
n5=5|ftlv-dt—voff-T (5)

Among the expression, nS is equivalent area of coil,
Vofe 18 the average value of noise, and T is the integration
time.

Calibration Method

A permanent magnet is used to create a constant
uniform magnetic field needed for calibration, together
with a set of positioning equipment to locate the coil at the
centre of magnetic field. First step of calibration is to
calibrate the field of permanent magnet with nuclear
magnetic resonance (NMR) probe.

NMR probe measures magnetic field through the
coupling of hydrogen’s nuclear spin (proton spin) and
external magnetic field. When applying a external
magnetic field, proton spin will precess in the direction of
magnetic field. Protons absorb electromagnetic waves at
precession frequency and become excited, creating a loss
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of incident electromagnetic waves [6]. Field intensity can
be determined by this resonance frequency and the
magnetogyric ratio of proton.

The calibration procedure of induction coil is as follows:

e Locate NMR probe at the centre of permanent magnet
and measure magnetic field intensity;

e Remove NMR probe, then locate induction coil at the
same position

o Initialize digital integrator and begin recording data,
which contains two steps: (1) Hold still the coil and
record drift voltage; (2) Rotate the coil in 180 degrees
and record voltage integral with integrator. There is a
measuring equipment to ensure the accuracy of
rotation.

e Repeat the measurement process multiple times and
calculate the equivalent area of induction coil.

CALIBRATION EXPERIMENT

We calibrated two induction coils of same parameter,
one actually used for magnetic field measurement of
CYCIAE-250 (coli 1), one as backup device (coil 2).
According to calibration procedure, we first measured the
precise field intensity at the center of permanent magnet
is measured, the value is 1.021624T, denoted as By, as
shown in Fig. 1.

02 I62Y 5 ==

The next step is to locate the induction coil and calibrate
its equivalent area. Several tests were first conducted to
figure out the appropriate gain of digital integrator in
order to improve signal to noise ratio (SNR). We finally
choose a gain of 40 times for the integrator.

Calibration of Coil 2

We conducted the calibration experiment twice at two
separate gain settings of the integrator: one at gain 20 and
one at gain 40. In each calibration experiment, Voltage
integral data was measured 10 times, including 5 times
clockwise and 5 times counterclockwise. In each
measurement, we keep the coil still for about 2.5 second,
and then rotate the coil in 3 second, the total integral time
is 6 second, total voltage integral was denoted as I.

First 2 second of data is used to calculate drift time. We
use least square method and calculate integral data’s slope
under the condition of zero intercept, denoted as V., the
equivalent area of coil can be calculated by following
equation:
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ns = % |lo = Vo T| ©)

During data handling process, we notice some bad data
caused by misoperation of integrator and no overrange
phenomenon. the calculate result is shown in Fig. 2.
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Figure 2: Calculated result of equivalent area of coil 2.

In the case of 20 times gain, one record differs
significantly from others and is excluded from final
averaging. Average area of coil 2 is described in Table 1
together with that of coil 1.

Overrange Analysis

By using high gain setting, the SNR of integrator can be
improved. However, the integrator has a finite range of
10V, if the multiplied voltage exceeds range, it will be
recorded as 10V, causing a mismatch in voltage data
record and voltage integral record. To determine whether
setting gain to 40 will cause data overrange or not, we
calculated the gradient of voltage integrals, and compares
it with induced voltage data. In practice, aforementioned
difference in voltage and integral is also influenced by
noise, so we compare result under gain 20 and gain 40. If
only the result under gain 40 is significantly higher, than
that under gain 20, we can determine that the recorded
voltage data is overrange.
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Figure 3: Difference in integral’s gradient and voltage
data.

As is shown in Fig. 3, calculation result shows similar
difference in integral’s gradient and voltage data under
two different gain settings. We also checked the difference
of the sum of induced voltage data and voltage integral,
and the result does not exceed +1.2x107.

Calibration of Coil 1

As the experiment and data handling show, choosing a
gain of 40 times didn’t cause recorded value to be
overrange, and calculated area matches well, we only use
voltage integral data in the gain of 40 times to calculate
the equivalent area of coil 1, the result shows in Fig. 4.

Result on Coil 1
0.06819

[——Coil Area - Each ]

/

0.068185

Equivalent Area

0.06818

0.068175 - - - - - g
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Measurement number
Figure 4: Calculated result of equivalent area of coil 1.
Record with number 9 differs significantly and is

excluded from calculating average area. Final calculation
result shows in Table 1.

Table 1: Average Area of Two Coils

Coil Coil 1 Coil 2,20  Coil2, 40
number gain gain
Equivalent 5618500 0.0681645  0.0681635
area(m®)

According to experiment results, the consistency of coil
area in different gain settings is good, difference in
calculated area of coil 2 is less than 20 ppm. Further
analysis of data overrange also shows that induced voltage
keeps below range, thus we choose calibration result
under the gain of 40 times as final calibrated area of coils.

CONCLUSION

In order to calibrate the equivalent area of induction coil
used for magnetic measurement and shimming system of
CYCIAE-250, this article designed a new calibration
method and equipment. Calibration experiment is
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conducted successfully according to this new method, and
the precise equivalent area of two induction coil is
measured.
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Abstract

The objective of this article is to apply the regenerative
extraction system to a 250MeV proton superconducting
synchrocyclotron. The parameters of the regenerative ex-
traction system are determined by iteratively calculating
the appropriate magnetic field and particle trajectory in the
region where the magnetic field and particle trajectories in-
teract. This is then combined with the magnetic channel
system to achieve the extraction of the beam from the ac-
celerator. In the article, the particle orbit dynamics analy-
sis and the design of relevant parameters for the regenera-
tive extraction system were successfully implemented us-
ing Matlab programming. The simulation results showed
that the stability in the vertical direction has the greatest
impact on the extraction efficiency and determination of
the regenerative magnetic field parameters. In order to
maximize the particle extraction efficiency, the radial dis-
placement of particles in the last few turns should pass
through two identical nodes.

INTRODUCTION

Proton therapy is an effective treatment for cancer with
minimal side effects. In recent years, due to the develop-
ment of superconducting technology, superconducting syn-
chrocyclotron has compact structure and low design diffi-
culty to meet the needs of medical treatment of cancer. The
extraction problem is very important in the design process
of superconducting synchrocyclotron, and the common ex-
traction methods include electromagnetic deflection sys-
tem, target scattering beam and regenerative extraction
system [1]. The electromagnetic deflection system utilizes
deflecting plates to apply a radial electric field force on
particles, causing an increase in their orbit radius. The elec-
tromagnetic deflection system is suitable for accelerators
with large particle orbit spacing, and the particle orbit spac-
ing in the superconducting synchrocyclotron is small, so
the application of the electromagnetic deflection system in
the superconducting synchrocyclotron will cause some
particles to hit the deflection plate and cause unnecessary
losses. The target scattering beam method involves scatter-
ing the beam into a magnetic channel using a material with
a high atomic number. However, this method generally ex-
hibits low extraction efficiency. The regenerative excita-
tion system generates the required magnetic field by add-
ing iron blocks between the edges of the magnetic poles.
The generated magnetic field disturbs the particles and
causes an increase in their radial amplitude while maintain-
ing stable operation in the vertical direction, thereby

T lizhihui@scu.edu.cn.
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achieving the goal of extracting particles from the acceler-
ator [2]. The extraction efficiency of the regenerative exci-
tation system can reach between 50% and 70%, indicating
a high level of extraction efficiency. In order to promote
the development of proton therapy in China, the Key La-
boratory of Radiation Physics and Technology, Ministry of
Education, has designed an extraction system for a
250MeV proton superconducting synchrocyclotron. The
main parameters of the accelerator are shown in Table 1.

Table 1: The Main Parameters of 250MeV Superconduct-
ing Synchrocyclotron

Extraction beam energy  250MeV
Magnetic pole radius 53cm

Central magnetic field 5.57T
Ampere-Turn Number 533A-3000turns
RF Cavity Voltage 20kv

RF frequency ranges 58-85MHz

The regenerative extraction system was initially pro-
posed by Tuck and Teng [2] and further improved by Le
Couteur [3,4]. The initial regenerative system is linear re-
generation, which is a method of increasing the number of
"peeler" and the" regenerator" two local magnetic fields on
the magnetic pole edge. As shown in Figure 1 (a), these two
local magnetic fields are reduced and increased by linear
methods in a linear way. Then the study found that only a
single increase in the magnetic pole edge of the magnetic
pole could also achieve the resulting effect. As shown in
figure 1 (b), where the magnetic field of "regenerator" in-
creases nonlinearly with the radius, the magnetic pole uti-
lization rate of this method is higher.

Peeler Regenerator

Regenerator

(a) (b)

Figure 1: (a) is schematic diagram of linear regenerator ex-
traction, (b) is schematic diagram of nonlinear regenerator
extraction.

Appropriate regenerative magnetic field parameters can
result in a rapid increase in the radial amplitude of particles
while maintaining stability in the vertical direction. When
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particles are running near the vicinity of a magnetic field
drop-off exponent of n=0.2(vz=2vr), the resonance effect
can cause a rapid increase in the vertical displacement of
particles, leading to particle loss. Therefore, to avoid the
resonance effect, the starting position of the regenerative
magnetic field should be located before n=0.2.

CALCULATION PRINCIPLE/PHYSICAL
MODEL

The parameters of the regenerative extraction system re-
fer to Le Couteur [4]. The distribution of the regenerative
magnetic field is:

7 _ 2 3 4 5
U FHq =kp+kp +hkp +kp"+kp )]
0

Where,fyrepresents the angular width of the regenera-
tive magnetic field region, ro represents the starting radius
of the regenerated magnetic field, Ho represents the mag-
nitude of magnetic induction at the starting position of the
regenerated magnetic field, Hqrepresents the difference be-
tween the regenerative magnetic field and Ho,prepresents
the particle's displacement from ro, ki, ka, k3, ks and ks rep-
resents the magnetic field adjustment parameters.

For a complete orbital dynamics analysis, the magnetic
field off the central plane needs to be calculated by equa-
tions (2), (3) and (4):

1,9 19 1 &

B.(r0.9)=B.r0)+z ?557@)&@%0@4) 2)

B (r,0,z)= —zaz)—rBZ(r,H)-i-O(z}) 3)

d

By(r.0,2)=-=-""_B (r6)+0(z*)
r o6

“

Where, z represents the displacement of the particle
away from the vertical direction of the center plane, r rep-
resents the radial displacement of the particle away from
the equilibrium orbit, Bz(r,6,z), Br(r,0,z) and By(r,0,z)
represent the vertical, radial and angular magnetic fields of
the desired position in the cylindrical coordinate system,
Bz(r,0) represents the vertical magnetic field distribution
on the center plane of the magnetic pole.

Programming beam dynamics analysis is based on
Runge Kutta numerical calculation method to accurately
calculate particle motion information, time t as an inde-
pendent variable.The force equation of particles is as fol-
lows:

©)

Where, Vector P represents the particle momentum,
vector E represents the electric field strength, vector v rep-
resents the particle velocity, vector B represents the mag-
netic induction intensity, and ge represents the amount of
charge of the mass particle.

;—tﬁ =geE + ge(v x B)
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PARAMETER,SIMULATION RESULTS
AND DISCUSSION

After repeated iterative calculation between the regener-
ated magnetic field and particle orbit dynamics, the regen-
erated magnetic field parameter is finally determined
as(The units used in the formula are the International Sys-
tem of Units).

qO%Hq = p(—0.0495+35.5p—800p> +105000° —50000,0" )

0

When adjusting the parameters of the regenerated mag-
netic field, the utilization rate of the magnetic pole should
be increased as much as possible, and the initial radius of
the regenerated magnetic field should be increased as much
as possible. When the regenerated magnetic field makes
the radial gain of the last circle of particles reach about
1.3cm, the trajectory of the last few circles of particles pass
through two nodes and maintain stability in the vertical di-
rection, and the radial gain of the particles makes the first
magnetic channel located within the magnetic pole, these
requirements are met, indicating that the parameter adjust-
ment of the regenerated magnetic field is completed. The
local adjustment of magnetic field can be realized accord-
ing to the main range of influence of k1, k2, k3, k4 and k5.
The simulation results show that maintaining the stability
of vertical direction is the most demanding parameter se-
lection.

1.2

1+

0.8
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04

H-H,(T)

02}

0.49 0.5 0.51 0.52

Radius(m)

0,;17 0,;18 0.53
Figure 2: The change of the magnetic field with respect to

the radius of HO.

Figure 2 describes the change of the main magnetic field
and the theoretical regenerated magnetic field with respect
to the radius of HO. The red and black lines represent the
changes in the regenerative field and the main magnetic
field with respect to the radius. Due to magnetic leakage at
the edge of the magnetic poles, the actual magnetic field
needs to conform to the designed field within a region in-
side the radius where the magnetic channels are located.
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Figure 3: The point and the real line indicate the change
in v; and 2v, with the absence of a regenerative magnetic
field.

Figure 3 describes the two solid lines intersect at the en-
ergy of 266.8MeV, where n=0.2. When the particle is run-
ning close to n=0.2, the radial amplitude of the resonance
effect particle will be converted into the vertical amplitude,
resulting in the increase of the vertical amplitude and the
particle loss. In order to avoid unnecessary loss of particles,
the magnetic field of the regeneration region should be
placed before n=0.2.

Radius(cm)

. \ L )
100 150 200 250 300
degree

Figure 4: the change of the radius r with the azimuth 6.

Figure 4 describes the trajectory of the radius r of the last
four circles of the two radially unstable orbits changing
with the azimuth angle, where the value range is from 100°
to 300°, and the vertical displacement of the two radially
unstable orbits remains stable. Figure 4 shows that the par-
ticle trajectory passes through a node, the node at 158°, the
azimuth at 206° the particle radial gain can reach 1.3cm,
and the magnetic channel can be placed here.
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Vertical Motion

)

Turns

Figure 5: The trajectory of the vertical displacement of par-
ticles as the number of runs changes.

Figure 5 describes the trajectory of the vertical displace-
ment of particles with different energies as the number of
runs changes. By looking at Figure 5, we can see that the
growth factor of the maximum z value decreases from
1.532 at 251MeV to 1.41 at 252MeV. The higher energy
particle have a smaller growth factor because the coupling
effect is smaller. The initial values of (pg,p:) are different.
The simulation results show that the change of the (pg,pr)
will eventually change the number of rotating cycles for
particle into the magnetic channel.

CONCLUSION

The research method used in this paper can be applied to
other energy synchrocyclotron beam extraction. According
to the simulation results, if the vertical displacement of the
particle beam generated by the used particle source is lim-
ited, the extraction efficiency of the beam will be improved
accordingly, because the loss of particles in the vertical di-
rection during extraction will be reduced. In addition, the
activation caused by the increase of the vertical displace-
ment of particles can be reduced.
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Abstract

Beam loss control is a crucial research direction in high-
current superconducting linear accelerators (SCL). The re-
search findings include firstly, for continuous beams, when
tune depression () > 0.7, zero current periodic phase ad-
vance (oo) can partially exceed 90° during transport in so-
lenoid and quadrupole doublet periodic focusing channels.
Different results occur when 7 < 0.7. Secondly, in the sole-
noid system, oy can partially exceed 90° without signifi-
cant impact on beam quality. In the quadrupole doublet fo-
cusing system, the partial breakdown of 90° affects beam
quality. Thirdly, Similar conclusions hold for acceleration
effects. Fourthly, numerical analysis shows that double-pe-
riod structures have more stringent design criteria than
fully period structures. The double-period structure can
cause envelope instability even if oo < 90°. Fifthly, the pri-
mary factor causing halo is the 2:1 resonance. Additionally,
when # is small, higher-order resonances can also cause
halo.

INTRODUCTION

Countries around the world have initiated a series of re-
search projects related to high-power proton superconduct-
ing linear accelerators (APT, SNS, J-PARC, CADS,
etc.) [1]. The understanding of beam dynamics in high-cur-
rent SCL has been deepened, leading to the discovery of
theories that affect the stability of beam, including enve-
lope instability and particle-core resonance. These findings
have been summarized and formulated into a set of funda-
mental principles for the design of SCL [2]. These princi-
ples include ensuring that the oy is less than 90° to avoid
envelope instability and prevent beam loss [3]. The first
principle aims to mitigate envelope instability, while the
second principle is derived from studies on halo [4]. In ad-
dition, we need to conduct systematic research on the ef-
fects of oo exceeding 90° in the quasi-periodic focusing
structure of the front section of the first acceleration stage
in the SCL, as well as the halo in the double-period struc-
ture of the cryomodule with a cryostat as a unit [5].

ENVELOPE INSTABILITY

Based on the transverse motion equation, the RF electro-
magnetic field at the low-energy end of the linear acceler-
ator exhibits defocusing and axial symmetry. In this study,
we used a solenoid (with axial symmetry) and a non-ax-
isymmetric quadrupole doublet as the focusing elements.

* Work supported by the National Natural Science Foundation of China
(Grant Nos. 11375122 and 11875197)
T lizhihui@scu.edu.cn
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The specific parameters of these elements are shown in
Fig. 1 for reference in the subsequent discussion.

K(s)f----mm--

K(s) """'|_|""""'“'"i """
H
T

-K(s) [------1

§=1237.0 mm

Figure 1: Periodic focusing elements and the correspond-
ing matched beam envelopes. (a) solenoid, (b) quadrupole
doublet.

We used TraceWin for our simulation and PARTRAN for
multi-particle simulation and tracking. The K-V distribu-
tion and K-V envelope equations were selected for their
advantages in analysing the effect of space charge. The in-
itial kinetic energy of the proton beam was 10 MeV, and
the initial normalized RMS emittance of the CW beam was
0.2 m.mm.mrad in both the x-x” and y-y~ planes. A total of
100,000 particles were simulated. The envelopes where X(s)
and Y(s) are in the two transverse directions of the periodic
focusing channels are described by [6]:

X7 e (s) X — oo 2K (1)
s X3 X+Y

. e 2K

Y +Ky(5)'y—ﬁ—m=0 2)

To study the transverse beam dynamics when oo par-
tially exceeds 90°, we designed five different focusing
schemes for simulating oo, as shown in Fig. 2. The maxi-
mum oy of the beam was set to be 120° (D), 110° (@),
100° (®), and 90° (@) to observe the trend under different
acceleration gradients in the presence of an acceleration
field. To avoid excessive sensitivity to the focusing param-
eters, we generally set the minimum value of oy to 40° after
the beam passes through 80 focusing periods. Furthermore,
for the case where the maximum oy was 120°, we imple-
mented a control scheme (®) to prevent envelope instabil-
ity in the beam. The maximum oy of this control scheme
was set to 88°, achieved by reducing the acceleration gra-
dient of the corresponding cavity.
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Figure 2: oy for the five schemes. (a) Shows the focusing
schemes -@ and (b) shows the focusing schemes (1 and

®.

Finally, the & of the output during beam transport was
obtained, as shown in Fig. 3.

Quadrupole doubler

3
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a
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3

Figure 3: The ¢ when 5 was equal to 1.0, 0.9, 0.8, 0.7, and
0.6 for different focusing schemes, respectively. (a) shows
that when the beams are transported in periodic focusing
quadrupole doublet channels, and (b) shows that when
beams are transported in a periodic focusing solenoid chan-
nel.

In Fig. 3a, it can be observed that when # = 0.7 or 0.6,
the ¢ value corresponding to focus scheme D reaches its
maximum. Notably, when 7 = 0.6, & exceeds 10% of the
initial emittance. To further analyse this phenomenon, par-
ticle distribution diagrams depicting the transportation of
beams in the quadrupole doublet focusing channel under
different # values are displayed in Fig. 4.
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Based on Fig. 4, the phase space distribution of particles
shows a four-fold structure and envelope instability. The
4th-order resonance occurs before the envelope instability,
resulting in an overlapping region between the stopbands
associated with these two instabilities. This overlap per-
sists for a significant duration when # = 0.7 and 0.6 respec-
tively, seeing of unstable structures in the particle phase-
space distribution easier. Moreover, when # = 0.6, the beam
requires more time to pass through the stopband. This sug-
gests that the stopband has a prolonged period to attract the
beam due to the space-charge effect, leading to further en-
hancement of the emittance. When the acceleration effect
is present, it has been experimentally verified that the ob-
served phenomena and conclusions align with those ob-
tained in the transverse direction. And Fig. 5 shows the
emittance when # is equal to 0.6 or 0.7, the ¢ corresponding
to Mreaches maximum in quadrupole doublet.

OQuudrupole doublet
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Figure 5: The & during beam transport. (a) the ¢ when
beams are focused by quadrupole lattices and (b) the &
when beams are focused by solenoid lattices.
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Figure 4: The ¢ and phase space distribution evolution
along a quadrupole doublet channel under the focusing
scheme O when 7 = to 0.6 and 0.7, respectively. Here, the
particle distribution diagrams of the 15th, 37th, 51st, and
80th periods are shown.
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Figure 6: The ¢ of focusing scheme (D) and @) and phase
space distribution evolution along an acceleration channel
that provides focusing strength by quadrupole doublet lat-
tice when 7 is equal to 0.6. Here, the particle distribution
diagrams of the 9th, 24th and 80th periods are shown.

In Fig. 6, it shows the corresponding particle distribution
diagrams when the beam passed through 9th, 24th, and
80th periods. By comparing the results obtained by 2D
simulation, € keeps mostly consistent with it. It means that
results obtained by 2D simulation can extend to 3D simu-
lation.
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HALO FORMATION IN CRYOMODULE

Obviously, in the design of cryomodule, we obtain
matched envelope. To analyse the transverse motion of the
beam in a double period focusing structure within a cry-
omodule better, we have designed the following structure
as shown in Fig. 7.

/ 3 N : V4 N
(k ® K kK Ok Ok ok T .
M — o l n 3
T \
B )

PAS
A double-periodic structure

() module § solenoid

Figure 7: Double period focusing structure.

Poincare maps were computed using a double periodic
structure with sy =0.25m, L; =023 m, s, =0.63 m, k; =
13.0 m?, k3 = ks = 6.0 m? and a fully periodic structure
with focusing parameter & as the focusing unit (slicing at
the minimum of the envelope). Meanwhile, ¢ = &x = ¢y =
0.2 m.mm.mrad and kinetic energy is approximately 30
MeV. According to particle-core model with test particle
with time follows the equation:

2

df+k(s)x—£2x=o (¥ <r)
S r
2

d f+k(s)x—5:o (x>
S X

(a) Double-period. 7 = 0.908 (h) Double-period, 7 = 0.830 (¢) Double-period, 5 = 0.751

X rmin (mm) X/ rmin (mm) X/ rmin (mm)

(d) Fully-period, n = 0.908 (¢) Fully-period, p = 0.830 (1) Fully-period. 5 = 0.751

X' (mrad)

[ 1 2 2 1 0 | 2 2 | 0 1

X frmin (mm) X rmin (mm)

Figure 8: Stroboscopic plot for # = 0.908, n = 0.830, n =
0.751 when the beam is transported in double-period ((a),
(b), (¢)) and fully period ((d), (e), (f)) focusing structures
respectively.

X/ mmin (mm)

The Poincare map reflects the frequency ratio between
particle and envelope oscillations. Meanwhile, the particle-
core model limits the probability of particle loss. Using the
double-period structure, as well as the fully periodic struc-
ture with &, as the period, three sets of # were set: 0.908,
0.830, and 0.751, and the Poincare maps were calculated
under each of these conditions. From Fig. 8, it can be seen
intuitively that the difference in the frequency ratio be-
tween particle and envelope oscillations is significant when
the beam is transported in the fully periodic structure and
the double-period structure. In the fully periodic structure,
the frequency of the matched beam envelope oscillation is
consistent with that of the particle oscillation, which is
shown as circular-like ellipses on the Poincare map. In this
case, we believe that there will be no beam mismatch or
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beam halo. However, for the beam transported in the dou-
ble-period focusing structure, it is obvious that the fre-
quency of particle and envelope oscillations no longer re-
mains consistent as the 7 decreases. The most significant
change is the appearance of a prominent 2:1 resonance in
the double-period focusing structure when # = 0.751, and
the resonance range at 2:1 is larger at # = 0.751 than that at
n = 0.830. In conclusion, from the results obtained from
numerical simulations, compared with fully periodic focus-
ing structure, the formation of beam halo is more likely to
occur during beam transportation in the channel of the dou-
ble-period focusing structure.

CONCLUSIONS

This study systematically investigates the envelope in-
stability in quasi-periodic focusing structure and halo phe-
nomena for double-periodic focusing structures in SCL.
We explored the beam dynamics when oy partially ex-
ceeded 90° for quasi-periodic structures for both 2D and
3D simulation. As for double-periodic structure, even for a
matched beam, the 2:1 resonance remains a significant
cause of halo formation. Furthermore, under the same
beam intensity, double-periodic structures are more prone
to beam halo formation compared to fully periodic focus-
ing structures.
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Abstract

Xi’an 200 MeV Proton Application Facility (XiPAF) has
been basically completed at the end of 2020, providing pro-
ton beams of 10 to 200 MeV for space radiation effect stud-
ies on electronics. To expand its capabilities, XiPAF is un-
dergoing an upgrade to deliver multiple ion species, from
proton to Bismuth ion. The upgrade focuses on three as-
pects. First, the original negative hydrogen linear injector
will be remodelled to a proton linac injector. Second, a
heavy ion linear injector will be added. Third, the existing
proton ring will be retrofitted into a hybrid proton-heavy
ion synchrotron. This paper details the considerations and
physical designs for upgrading the synchrotron. Within the
scope, we discuss the challenges and solutions in trans-
forming a specialized proton synchrotron into a multi-ion
accelerator under the constraints of existing plant layout
and reuse of existing equipment.

INTRODUCTION

XiPAF is a dedicated facility for space radiation environ-
ment simulation. It has been designed since 2014, and the
beam commissioning was completed in a temporary plant
at the end of 2020 [1], providing 10 ~ 200 MeV proton
beams for irradiation experiments, while the formal plant
is also under construction. With the continuous develop-
ment of space radiation effect studies, new demands have
been put forward for the device. Therefore, the XiPAF-Up-
grading project was proposed and approved. The require-
ments and basic principles of XiPAF-Upgrading are:

e Expanding ion species from protons to multiple ions

containing protons and heavy ions.

o The size of the upgraded accelerator complex is re-
quired to be within the layout of the plant under con-
struction.

e Reuse the original equipment of XiPAF as much as
possible to reduce costs.

XiPAF-Upgrading project began design in 2022 and
beam commissioning is scheduled to be completed by the
end of 2025. The overall layout of XiPAF-Upgrading is
shown in Fig. 1. The original H™ linac injector of XiPAF
will be changed to H" injector with an energy of 7 MeV. A
set of heavy-ion linac injector will be added, the charge-to-
mass ratio range of the heavy ions to be accelerated is

T zhengsx@tsinghua.edu.cn

Hadron Accelerators

1/2~1/6.5, and the energy is 2 MeV/u. The original proton
ring will be upgraded to a proton-heavy ion hybrid syn-
chrotron, and two terminals are for proton and heavy ion
experiments respectively.

) é’. Proton Terminal
4
g S rB¥-BBH= Heavy-ion Terminal

Low energy beam
application Terminal

W 1
Synchrotron lﬁ.r

i»',l LRBT

RTBT

Heavy-ion linac injector
-gu mmméigﬁw
¥ ¥

Proton
proton linac injector  source

Heavy-ion
source

Figure 1: The overall layout of XiPAF-Upgrading.

The main parameter requirements of XiPAF-Upgrading
synchrotron are shown in Table 1. The existing equipment
needs to be reused, and the size of the synchrotron is lim-
ited by the size of the plant (ring circumference < 40 m).
Under these constraints, the physical design of the proton-
heavy ion hybrid synchrotron upgraded from a proton ring
is reported.

Table 1: Design Requirements of XiPAF-Upgrading Syn-
chrotron

Ion Injection Extraction  Particle No.
Energy Energy [ppp]
[MeV/u] [MeV/u]
H* 7 10~200 1x101°
He* 2 4 1x108
c+ 2 9 1x108
Si¥* 2 7 1x107
Artt? 2 4 1x107
Kr!¥* 2 6 1x107
Bi3? 2 6 1x107
LATTICE DESIGN

To upgrade XiPAF proton ring to a proton-heavy ion hy-
brid synchrotron, two major issues need to be addressed:
(1) vacuum; (2) injection. To meet the requirements of the
heavy-ion beam lifetime, the vacuum pressure of the syn-

chrotron needs to be upgraded from 1x10 Pa to 5x10°'° Pa.

XiPAF proton ring adopts the H™ stripping injection, to
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inject multi-ions, the multiturn injection scheme needs to
be adopted. Therefore, the vacuum system and injection
system need to be greatly modified. More equipment in-
stallation space is required, that is, the circumference of
synchrotron needs to be increased. To reuse the existing di-
poles and quadrupoles, the lattice still maintains the origi-
nal structure of 6 DBFO cells [2], and six straight sections
are lengthened. The circumference of the synchrotron is in-
creased from 30.9 m to 39.96 m.

The horizontal tune remains unchanged; if the vertical
tune is maintained as the circumference of the synchrotron
increases, the strength of the defocusing quadrupoles will
decrease to close to zero. Under low current operation, the
power supply ripple of the defocusing quadrupole will sig-
nificantly affect the machine working point, causing beam
instability. Therefore, it is necessary to increase the vertical
tune to above 2. The injection tune for heavy ions is se-
lected as (1.73, 2.26). For protons with high intensity, at
(1.73, 2.26), the space charge effect and lattice nonlinearity
will induce coupled resonance v + 2vy = 6, resulting in
beam loss. Therefore, the injection tune for protons is ad-
justed to (1.73, 2.11). After the lattice parameters were de-
termined, the influence of the magnetic field errors on
closed orbit and dynamic aperture was studied and the de-
tailed results can be found in the Ref. [3].

INJECTION SYSTEM

To achieve full ions injection, the original negative hy-
drogen stripping injection scheme needs to be changed to
a multiturn injection scheme. The injection system trans-
formation includes:

e Remove the stripping foil equipment and Chicane
magnets in the original injection section and add an
injection electrostatic septum (ESi).

o Increase the number of bumper magnets (BP1~BP4)
from the original two to four to independently adjust
the position and angle of the orbit bump at the injec-
tion point.

e Redesign an injection magnetic septum (MSi) to meet
new injection requirements.

The layout diagram of the injection system is shown in

Fig. 2.

ESi

Figure 2: The layout of the injection system.

The main goal of heavy ion injection design is to achieve
higher injection efficiency through optimizing the orbit
bump curve and the phase space filling, to reduce the influ-
ence of beam loss on vacuum. According to the require-
ments of extraction design, the maximum emittance of
each ion after acceleration to the required energy is
100r mm-mrad, calculate the allowable emittance after

TUPBO21
130

SAP2023, Xichang, China

JACoW Publishing
doi:10.18429/JACoW-SAP2023-TUPBO21

injection and divide it into three categories for injection op-
timization: the emittance after injection is 200 mm-mrad
(C*), 170mmm-mrad (Si*, Kr'®, Bi*") and
120 mm-mrad (He", Ar!!") respectively. The multiturn in-
jection simulation was performed using PyORBIT. After
the bump curve optimization, the injection efficiencies of
heavy ions have been improved to above 75%, as shown in
Table 2.

Table 2: Simulation Results of Multiturn Injection

Ion Injection Injection Particle No.
Intensity Efficiency [ppp]
[enA]
H* 2000 87% 7.2x1010
He* 35 78% 3.1x10°
c+ 69 86% 2.3x10°
Si% 25 76% 3.4x108
Artt? 32 75% 2.5x108
Kr!¥* 40 75% 2.6x10%
Bi*** 20 78% 7.5%x107

Limited by Liouville's theorem, the injection gain of
XiPAF-Upgrading synchrotron using multiturn injection is
lower than that of the XiPAF using stripping injection. By
increasing the proton beam intensity before injection, the
particle number after injection can reach the same level as
XiPAF. For example, the beam intensity before injection is
8 mA, and the number of particles after injection is
2.5x10", but the beam loss is serious during the subsequent
capture and acceleration process, and the total efficiency is
only 5%.

100

@~ N=6.7x10%, Injection @~ N=67x10°0, Acceleration
-@ N=135x10, Injectior: @ N=12.5x10", Acrelvra

[
80 4 * $

60

Efficiecy(%)

40 A

204

0

2.10 2.30 2.35 2.40 2.45

Vy

Z’lb 2.'20 2.'25 2.50
Figure 3: Proton injection and acceleration efficiency var-

ies with vertical tune.

The above problem was studied, and it is found that the
main source of beam loss is the transverse coupled reso-
nance vy + 2vy = 6. Scan the vertical tune and calculate the
injection efficiency and acceleration efficiency as shown in
Fig. 3. The injection efficiency is almost same under dif-
ferent tune and different stored particle numbers, but the
acceleration efficiency is obviously different. When vy is
2.26, the resonance crossing will occur induced by space
charge. The vertical emittance increases sharply, resulting
in serious beam loss in vertical direction. To obtain higher
acceleration efficiency, the working point is selected as
(1.73, 2.11) and the number of particles after injection
should not be too high, as shown in Table 2.
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CAPTURE AND ACCELERATION

For XiPAF-Upgrading synchrotron, the capture and ac-
celeration parameters of the proton remain the original
XiPAF design. In the case of reusing existing equipment as
much as possible, it is necessary to design the parameters
of heavy ions. The revolution frequency of heavy ions is
0.49 ~ 1.04 MHz, and the operating frequency range of the
existing RF system is 1 ~ 6 MHz. To reuse the existing
equipment, the harmonic number is selected to be 2 for
heavy ion capture and acceleration.

Table 3: Acceleration Parameters and Results of XiPAF-
Upgrading Synchrotron

Ion RF Voltage  Max. Phase Efficiency
V] [l [7]
H* 600 8 47.2
He* 700 6 99.9
c+ 550 12 87.9
Si% 650 12 95.9
Artt? 650 6 99.6
Kr!¥* 850 10 96.3
Bi¥? 1150 10 96.1

The gap voltage and synchronous phase need to be opti-
mized to form a suitable bucket height and area to reduce
beam loss during adiabatic capture and acceleration. The
design parameters of capture and acceleration and the sim-
ulation results for the total efficiency of capture and accel-
eration are shown in Table 3. Due to the influence of space
charge effect, the efficiency of protons is low, and beam
loss mainly occurs in the early stage of acceleration. The
existing magnetic alloy cavity can be reused, but the power
amplifier needs to be upgraded to increase the gap voltage
from the original 800 V to above 1200 V.

EXTRACTION SYSTEM

XiPAF-Upgrading synchrotron still adopts the third-or-
der resonance and transverse radio frequency knockout
(RF-KO) method to achieve slow extraction. The layout of
the extraction elements is like that of the XiPAF synchro-
tron [4]. It is necessary to find the optimal value under the
existing equipment aperture limitation. Comprehensively
consider the beam loss in the last three turns before extrac-
tion and the number of particles stored in the ring to deter-
mine that the maximum emittance before extraction is
100 mm-mrad. The extraction parameters for heavy ions
are shown in Table 4.

The trajectories with different momentum dispersions in
the last three turns are shown in Fig. 4, the trajectories of
particle with the negative momentum dispersion obviously
exceed the existing aperture limitation at two chromatic
sextupoles (SC02, SC04), resulting in serious beam loss.
To improve the extraction efficiency, the existing two chro-
matic sextupoles cannot be reused, and need to be rede-
signed to increase the aperture.

The extraction energy range of protons is 10 ~ 200 MeV,

so the extraction parameter design is divided into two cases:

low energy (10 ~ 60 MeV) and high energy (60 ~

Hadron Accelerators

SAP2023, Xichang, China

JACoW Publishing
doi:10.18429/JACoW-SAP2023-TUPBO21

200 MeV). In the case of high energy extraction, the design
parameters can be like those of heavy ions and will not be
discussed. Under the condition of low energy and high in-
tensity, the influence of space charge force is great. If the
same horizontal tune as the heavy ion is adopted, many par-
ticles will be extracted during the turning on of resonant
sextupoles. Therefore, for low energy slow extraction, a
design scheme of setting the horizontal tune below the
third-order resonance line is proposed. Take 10 MeV as an
example, the extraction parameters are listed in Table 4.

. 1 l | I 1 1 1 . 1
ES MS SR03 I. scro.: I. I. s;m ! sco2

X [mm]

0 5 10 15 20 25 30 35
Longitudinal position [m]

Figure 4: The trajectories in last three turns with different
momentum dispersions.

Table 4: Extraction Parameters of XiPAF-Upgrading Syn-
chrotron

Parameters Heavy Proton Proton

ion (200 (10 MeV)
MeV)

Tune vy / vy 1.678/2.26 1.678/2.11 1.661/2.11

Corrected -0.3/-3.3  -1.34/-1.1 -1.2/-1.2

Chromaticity

Triangle 113 108 63

Area[mum]

The beam simulation during the extraction phase was
carried out using SynTrack, an upgraded version of Li-
Track [5]. The space charge effects are considered for pro-
ton. The simulation results show that the extraction effi-
ciency of heavy ions and high energy protons is higher than
90%, and the efficiency of 10 MeV protons is 75%. Com-
bined with the results of Table 2 and Table 3, the number
of particles extracted from the synchrotron meets the re-
quirements of Table 1 and has sufficient margin.

CONCLUSION

Under the condition of limiting the ring circumference
and reusing the existing equipment as much as possible, the
physical design of XiPAF-Upgrading synchrotron has been
completed. The extraction energy for the proton is 10 ~
200 MeV, and 4 ~ 9 MeV/u for the heavy ions. The number
of particles meets the design requirements. The design of
ultra-high vacuum system of XiPAF-Upgrading synchro-
tron with a vacuum pressure of 5x10°'° Pa is a challenge
and has been completed and will be reported soon else-
where.
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ELECTRON COOLING FOR FUTURE HIGH-ENERGY HADRON
ACCELERATORS*

H. Zhao
Institute of Modern Physics, CAS, Lanzhou 730000, China

Abstract

Electron cooling is an important method to reduce the
emittance and momentum spread of hadron beams, and it
has been successfully applied in several facilities around the
world. In 2019, the world’s first RF-based electron cooler
(LEReC) was commissioned at BNL for the RHIC BES-II
project, and the integrated luminosity of RHIC is finally
doubled. In addition, electron cooling is also a must for the
future Electron-Ion Collider (BNL EIC). However, the high
energy requirement of the electron beam (150 MeV) is far
beyond what all present coolers can achieve (<4.3 MeV). For
that, an electron ring cooler with strong radiation damping
is proposed and designed, in which the non-magnetized and
dispersive cooling techniques are applied. In this paper,
I will introduce the physical design and some important
considerations of the ring cooler.

INTRODUCTION

Electron cooling is a powerful method to shrink the size
and momentum spread of the stored ion beams for accu-
mulation and high-precision experiments. Since it was first
proposed by G. I. Budker in 1967, this technique has been
widely applied and developed in many heavy ion accelerators
around the world [1,2]. With the development of particle
accelerators and the higher requirements for experimental
physics, beam cooling with much higher energy electron
beam is demanded.

Up to now, all electron coolers built around the world are
based on dc electron beams, which are accelerated by elec-
trostatic fields. The highest-energy electron cooling system
with 4.3 MeV electrons has been successfully constructed
and operated at Fermi National Accelerator Laboratory in
2005 [3]. Recently, the world’s first rf-based electron cooler
is successfully commissioned at BNL and the cooling of
gold beams in RHIC by 1.6 MeV and 2.0 MeV electron was
successfully achieved [4]. It provides the possibility to use
similar approach to develop high-energy electron coolers in
the future.

Brookhaven National Laboratory (BNL) is designing an
Electron-Ion Collider (EIC), which will be a new discovery
machine that opens new frontiers for the researches in nu-
clear physics and quantum chromodynamics [5]. In order
to maintain the high luminosity during long collision runs,
it is desirable to cool the hadron beam (275 GeV proton) to
counteract the emittance growth caused by intrabeam scat-
tering (IBS) [6]. However, the conventional coolers and the

* Work supported by the National Natural Science Foundation of China
(No. 12275323)
 hezhao@impcas.ac.cn
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rf-based coolers are no longer suitable for such high energy
beam cooling in EIC. In fact, various proposals and new
cooling schemes have been proposed, but the technical and
experimental demonstrations are still lacking. In this pa-
per, we present a design of electron storage ring cooler with
bunched electron beam for the EIC [7].

EIC COOLING DEMANDS

For the EIC, the most demanding case is to cool the proton
beam at the energy of 275 GeV. During the long collision
stores, the emittance growth of proton beam due to IBS is
the dominant limitation for the luminosity. The requirement
for the hadron beam cooling is mainly to counteract the
IBS heating effect. The evolution of the 275 GeV proton
beam emittance caused by IBS is shown in Fig. 1. It shows
that the IBS heating effect for the flattened proton beam is
dominated by the horizontal and longitudinal planes. As
a result, vertical cooling is not needed for EIC. So, one
can effectively use horizontal dispersion to redistribute the
cooling rates between the longitudinal and horizontal planes,
and achieve required cooling performance.

—— Vertical
—— Horizontal
[|[— 2000:0:

0 1 P 3
Time (hour)

Emittance (nm eV-s)

Figure 1: Emittance growth of the 275 GeV proton beam
caused by IBS in EIC.

RING COOLER DESIGN

Overview

The electron storage ring has a race track shape, with
the cooling section located in one long straight section and
wigglers in the other. The ring is mirror symmetric around
the center of the cooling section, and the top view of the ring
is shown in Fig. 2. The cooling section has a length of 170 m
and it fits into the straight section of the hadron ring. There
are four arcs with radius of 3.42 m, each of them has 10
dipoles and a 90 degree phase advance per cell. The wiggler
section is also mirror symmetric with four pairs of wigglers
in each half. In our setup, the alternating horizontal and
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vertical wigglers are used, and the wiggler poles are shaped
as combined function sector dipoles. The optics of the ring
cooler is shown in Fig. 3, and the parameters of the ring are
list in Table 1.
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Figure 2: Layout of the ring cooler.
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Figure 3: Optics of the ring cooler.

Because of the edge focusing of the dipoles, the wigglers
and bending dipoles will create a large chromaticity. As a
consequence, the required strong sextupoles strongly affects
the dynamic aperture. In order to reduce the strength of the
sextupoles, the sextupoles are placed inside the wiggler mag-
nets, where a small dispersion is available throughout the
length of the magnet. Also, since the edge focusing is only
in one plane, a large ratio between horizontal and vertical
beta functions can be maintained, making the chromaticity
compensation more effective.

Considering IBS effect, the increase of the transverse
emittance which is proportional to H = yD? + 2aDD’ +
BD’?, must be minimized. The beta function in wiggle plane
is chosen to be 25 m, which makes the D’? term of the H
function two orders of magnitude bigger than the other terms.
Therefore, the dispersion in the wiggler section doesn’t have
to be small as long as D’ is kept small. We set the dispersion
function in wiggler section to 75 cm, which works well for
both chromaticity correction and dynamic aperture.

Beam Parameters

In the ring cooler, the cooling performance is directly
determined by the electron beam quality. Based on the lattice
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Table 1: Parameters of the Ring Cooler

Circumference [m] 449.079
Length of cooling section [m] 170
Average § function in cooling section [m] 170/280
Dispersion in arc [cm] 18.5
Wiggler field [T] 1.88
Length of wiggler [m] 7.44
Bend radius of wiggler [m] 0.246
Poles in wiggler 158
Wiggler period [cm] 4.8

B function in wiggler [m] 25
Max. Dispersion in wiggler [cm] 75
Number of wiggler magnets 16
Tune (Q,/Qy) 59.92/59.85
Chromaticity before correction (x/y) -117.8/-114.4
Momentum compaction factor a -3.21x1073
Natural emittance (x/y) [nm] 3.1/3.1
Natural momentum spread 2.6x107%

design, the equilibrium electron beam parameters can be
calculated by considering the radiation damping, quantum
excitation, the IBS effect and the Beam-Beam Scattering
(BBS) effect. The differential equation of the emittance of
electron beam is given by

de
drt
where 4 44, is the radiation damping rate, C,, is the factor
of quantum excitation, A;5¢ and A ggg are the heating rates
from IBS and BBS, respectively. The equation of momentum
spread has the same form as Eq. (1). It is known that the
heating rates from IBS 1,55 and BBS A 5 depend on beam
parameters dynamically. In order to get the equilibrium
beam parameters in the ring cooler, a simulation code was
developed which allows to perform turn-by-turn tracking.
In the simulation, the radiation damping rates are calcu-
lated from the radiation integrals based on the optics of the
ring [8]. The factor of quantum excitation can be obtained
by C; = 22 gamp€ nar» Where €,,,, is the natural emittance
of electron beam. The Bjorken-Mtingwa IBS model with
horizontal and vertical dispersion is used in the code [9]. As
of BBS, we derived a new formula using the full Landau
collision integral that allows for different temperatures in all
three dimensions [10-12]. Considering all above effects, the
evolution of the electron beam in the ring cooler with two
sets of arbitrary initial parameters is shown in Fig. 4. After
several thousand turns, the electron beam converges to an
equilibrium state, which is the final e-beam parameters for
hadron beam cooling.

e))

= (=22gamp + Aigs + Apps)€ + C,

Dispersive Cooling

At high energy, the horizontal anglular spread of electron
beam in the rest frame is much larger than in the longitudi-
nal plane, which makes the horizontal cooling much slower
than the longitudinal cooling. Here, we introduce the dis-
persions both for the hadron and electron beams to increase
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Figure 4: Evolution of the electron beam parameters in the
ring cooler with two sets of arbitrary initial parameters.

the horizontal cooling rate at the expense of the longitudinal
cooling [13]. As we known, dispersion on ions couples the
horizontal coordinate with the longitudinal momentum, thus
the cooling effect on momentum spread can be transferred
to the horizontal plane. Figure 5 shows an example of the
dispersive cooling, in which a dispersion and a transverse
graident are necessary. Even though the change of beam
density caused by dispersion will reduce the cooling rates in
all three dimensions, the horizontal cooling rate still can be
enhanced by the coupling effect, as long as the dispersion is
not too large.

1.0

0.5
0.0

S
&
9
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-2 -1 0 1 2
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Figure 5: Schematic demonstration of dispersive cooling, in
which a dispersion and a transverse graident are necessary.

Other Effects

In the ring cooler design, there are also some important
effects need to be investigated, such as the beam dynamics,
beam lifetime, dynamic aperture, instabilities and so on.
These studies are not presented here, and the details can
be found in Ref. [7]. In summary, the final electron beam
parameters are summarized in Table 2.

COOLING SIMULATION

Based on the simulation code TRACKIT [14], the cooling
process is performed with the electron beam parameters list
in Table 2. Figure 6 shows the evolution of the hadron beam
transverse and longitudinal emittance with cooling. When
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Table 2: E-beam Parameters in the Ring Cooler

Beam energy [MeV] 149.8
Number of electrons per bunch ~ 3x10!!
Peak current [A] 48.3
Number of bunches 135
Average current [A] 4.4
RMS emittance (x/y) [nm] 21/18
RMS Momentum spread 8.9x10~%
RMS Bunch length [cm] 12
Required RF voltage [kV] 6.1
Synchrotron tune Q; 1.63x1073
Max. space charge (x/y) 0.19/0.21
Damping rates (x/y/s) [s™!] 32/32/64
IBS rates (x/y/s) [s™'] 54/53/68
BBS rates (x/y/s) [s~!] -0.4/1.0/49
Dynamic aperture (x/y/s) 60/60/13¢0
Momentum aperture 0.79%
Quantum lifetime [hour] 2.8
Touschek lifetime [s] <55

there is no dispersion, it shows that there is almost no trans-
verse cooling but a strong longitudinal cooling, which is due
to the large difference in cooling gradients. By applying the
dispersion both for the proton and electron beam in the cool-
ing section with D; = 2.5m and D, = 2m, the proton beam
can be cooled more effectively in the horizontal plane. With
cooling, the proton beam emittance is essentially unchanged
within two hours, which satisfies the requirement in the EIC.
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Figure 6: The evolution of the hadron beam emittance during
cooling. (Upper plot: D; = 0 m, D, = 0 m, Bottom plot:
D;=25m, D, =2m)
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CONCLUSION

The hadron beam cooling at high energy is an important
part of the EIC. In this paper, we present a possible design of
such high-energy ring-based electron cooler using bunched
electron beam. The electron beam can continously cool the
hadrons while electrons are being cooled by the radiation
damping in the storage ring. This approach strongly depends
on the design of electron ring which is described here in
detail. Based on such ring cooler design, the cooling per-
formance on the hadron beam is simulated, in which the
dispersions of the ion and electron beams in the cooling sec-
tion are effectively employed to redistribute the cooling rate
between the longitudinal and horizontal planes. Although
there are still some challenges, it appears that the ring-based
electron cooler concept offers a viable path for cooling of
protons at the top energy in the EIC.

REFERENCES

[1] Budker, Gersh Itskovich, “An effective method of damping
particle oscillations in proton and antiproton storage rings”,
Soviet Atomic Energy, vol. 22, no. 5, pp. 438—440, 1967.

[2] Poth, Helmut, “Applications of electron cooling in atomic,
nuclear and high-energy physics”, Nature, vol. 345, no. 6274,
pp. 399405, 1990.

[3] Nagaitsev, Sergei, et al., “Experimental demonstration of rela-
tivistic electron cooling”, Physical review letters, vol. 96, no. 4,
p. 044801, 2006.

[4] Fedotov, A. V., et al., “Experimental demonstration of hadron
beam cooling using radio-frequency accelerated electron

TUPB024
136

SAP2023, Xichang, China

JACoW Publishing
doi:10.18429/JACoW-SAP2023-TUPB024

bunches.” Physical Review Letters vol. 124, no. 8, p. 084801,
2020.

[5] EIC: Colliding Electrons with Ions at Brookhaven Lab. https:
//www.bnl.gov/eic/eRHIC. php

[6] Montag, Christoph, “eRHIC design overview”, No. BNL-
212130-2019-COPA. Brookhaven National Lab.(BNL), Upton,
NY (United States), 2019.

[7]1 H. Zhao, et al. “Ring-based electron cooler for high energy
beam cooling”, Physical Review Accelerators and Beams,
vol. 24, no. 4, p. 043501, 2021.

[8] S.Y.Lee, “Accelerator physics”, World scientific publishing,
2018.

[9] Nagaitsev, Sergei. “Intrabeam scattering formulas for fast
numerical evaluation”, Physical Review Special Topics-
Accelerators and Beams, vol. 8, no. 6, p. 064403, 2005.

[10] E.M. Lifschitz and L. P. Pitajewski, “Phycical kinetics”, Text-
book of theoretical physics, 10, 1983.

[11] R. D. Hazeltine, “Coulomb collision operator”, Tech. Rep.,
University of Texas, Austin, 2006. http://w3fusion.ph.
utexas.edu/ifs/ifsreports/1140_Hazeltine.pdf

[12] H. Zhao and M. Blaskiewicz, “Electron Heating by Ions in
Cooling Rings”, in Proc. of North American Particle Acceler-
ator Conference (NAPAC’19), Lansing, MI, USA, September
1-6. 2019.

[13] H. Zhao and M. Blaskiewicz, “Rate redistribution in dis-
persive electron cooling”, Physical Review Accelerators and
Beams, vol. 24, no. 8, p. 083502, 2021.

[14] Code available at https://github.com/hezhaol670/
ECool-TRACKIT.

Hadron Accelerators



14t Symp. Accel. Phys.
ISBN: 978-3-95450-265-3

SAP2023, Xichang, China

JACoW Publishing
doi:10.18429/JACoW-SAP2023-TUPBO25

INFLUENCE OF TRANSVERSE DISTRIBUTION OF ELECTRON BEAM
ON THE DISTRIBUTION OF PROTON BEAM IN THE PROCESS OF
ELECTRON COOLING*

Xiaodong Yang®, Institute of Modern Physics, CAS, Lanzhou, China

Abstract

The electron cooling process of 20 GeV proton beam in
EicC was simulated for the eight transverse distribution of
electron beam with the help of electron cooling simulation
code. The transverse cooling time was obtained in the dif-
ferent transverse distribution of electron beam. The final
transverse distribution of proton beam was demonstrated.
The simulated results reveal that the transverse distribution
of electron beam influences the distribution of proton beam
in the process of electron cooling. In the future, this idea
was expected to apply to the longitudinal distribution of
electron beam. The longitudinal distribution of proton
beam was attempted to be controlled by the longitudinally
modulated electron beam. As a result, the peak current and
longitudinal distribution of proton beam will be controlled
by the electron beam. The loss of proton beams will be re-
duced, and the stored lifetime of proton beam in the storage
ring will be extended. The intensity of the proton beam will
be maintained for a longer time.

INTRODUCTION

The electron cooling process of 20GeV proton beam in
EicC was simulated in cases of variety of parameters [1].

The transverse electron cooling time [2] not only de-
pends on the lattice parameters of the storage ring, the Be-
tatron function, dispersion of the cooling section, such as
energy, initial emittance and momentum spread of proton
beam, but also on the construction parameters of electron
cooling device, the strength of magnetic field, the parallel-
ism of magnetic field in the cooling section, the effective
cooling length, and the parameters of electron beam, such
as radius, density and transverse temperature of electron
beam. These parameters are determined by the storage ring
and the technology limitation, on the other hand, they are
influenced and restricted each other.

As mentioned in the reference [3, 4], As a result of elec-
tron cooling, the core of beam distribution is cooled much
faster than the tails, producing a denser core. To account
for a core collapse of ion distribution. The core directly im-
pacts luminosity in a collider.

From the experiments results from LEReC BNL [5], Ap-
plication of electron cooling directly at the collision energy
of the hadron beams brings some challenges. Of special
concern is control of the ion beam distribution under cool-
ing in order not to overcool the beam core. As a result, most
of the ions experienced linear part of the friction force
without overcooling of ion beam distribution. Providing

* Work supported by NSFC No. 12275325, 12275323, 12205346.
+ email address yangxd@impcas.ac.cn.
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transverse cooling appeared to be more beneficial for col-
lider operations compared to the longitudinal cooling. This
is because longitudinal cooling led to higher peak currents
of ions, affecting the ion beam’s lifetime due to the space-
charge effects.

MOTIVATION

High intensity proton beam and short bunch length was
expected to store in a collider with long lifetime and less
loss. In order to increase the lifetime of proton beam and
decrease the loss, longitudinally modulated electron beam
[6, 7] will be attempted to suppress the intra-beam scatter-
ing. The traditional DC electron beam in the electron
cooler will be modulated into shorter electron bunch with
different longitudinal distribution. The stronger cooling
was expected in the tail of proton beam and the weaker
cooling was performed in the core of proton beam. The
proton loss will be decreased and the lifetime will be in-
creased. The intensity of proton beam in the collider will
be kept and maintained for longer time.

ELECTRON BEAM DISTRIBUTION

The distribution of electron beam was uniform in the
transverse direction in the traditional simulation of electron
cooling. The electron density was uniform in the radial di-
rection.

In order to investigate the influence of transverse distri-
bution of electron beam on the distribution of ion beam in
the process of electron cooling, eight kinds of electron
beam profiles were attempted in the simulation shown in
Fig. 1.

15
Electron Denalty =
et o &

Figure 1: The transverse distribution of electron beam.

Due to the distribution of electron beam in the transverse
direction was axial symmetry, only half distribution was
described in the simulation.
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Half, half of Gaussian distribution, the electron density
presents one complete gauss shape in the radial direction.

Peak, two Gaussian distribution, the electron density ap-
pears two complete gauss shapes in the radial direction.

Uniform, solid beam, the electron density presents uni-
form in the radial direction.

Hollow, the electron density is zero in the half central
region, and the electron density is uniform in the edge re-
gion.

Raise, the electron density increases with radial coordi-
nate from the centre of electron beam.

Down, the electron density decreases with radial coordi-
nate from the centre of electron beam.

Triangle, similar as hollow beam, the electron density
emerges two triangles in the radial direction. The electron
density increases with radial coordinate from the centre of
electron beam in the central half part, and decrease with
radial coordinate in the edge part.

Small, smaller radius beam, the electron density is uni-
form in the central half part, and no electrons in the half
edge part.

¢ L -
RN T S O S N T

Election Dunlty

Figure 2: The radial density distribution of electron beam.

During the simulation of hollow beam, the proton beam
was not cooled due to zero electron density in the central
part of electron beam. Two compromise distributions were
considered for the hollow electron beam.

Half, the electron density is one second in the half central
region, and the electron density is uniform in the edge half
region.

Quarter, the electron density is one fourth in the half cen-
tral region, and the electron density is uniform in the edge
half region.

In order to compare the cooling results, the electron
beam current is set as the same in the different transverse
distributions. As a result, the electron density is not same
at the different radial position. The radial density distribu-
tion of electron beam was present in Fig. 2.

SIMULATION OF COOLING

The transverse cooling time under the different trans-
verse distribution of electron beam is shown in Fig. 3.

The electron density is higher in the central region.
Where the electron density is higher, the cooling is stronger,
and the cooling time is shorter.
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Figure 3: The transverse cooling time under the different
transverse distribution of electron beam.

The protons experience the varying strength cooling in
the different region. The cooling force was stronger in the
region with higher electron density, the cooling force was
weaker in the region with lower electron density. No cool-
ing was experienced in the electron empty region. But the
effect of intra-beam scattering will expand the proton beam
and final distribution becomes wide.

DISTRIBUTION OF PROTON BEAM

The transverse full width at half maximum of proton
beam after electron cooling is demonstrated in Fig. 4.

The proton experienced the stronger cooling in the cen-
tral region. Where the electron density is higher, the cool-
ing is stronger, and the width of proton beam is narrower.

In the case of hollow beam, the proton beam was not
cooled due to zero electron density in the central part of
electron beam. The effect of intra-beam scattering will ex-
pand the proton beam and final distribution becomes wider.
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Figure 4: The transverse full width at half maximum of
proton beam after electron cooling.

The final transverse distribution of proton beam under
the cooling of the different transverse distribution of elec-
tron beam was illustrated in the Fig. 5.

As a result, the final distribution of proton beam present
the different width because the proton was cooled by the
diverse electron density in the different region in the same
period.
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Figure 5: The final transverse distribution of proton beam
after cooling.

RESULTS AND DISCUSSION

The distribution of proton beam has been influenced by
the transverse distribution of electron beam in the process
of electron cooling from the simulation results. This idea
will be extended to the longitudinal direction. The proton
beam bunch with Gaussian distribution was expected to be
cooled by the different distributions of electron bunches in
the longitudinal direction [8, 9]. The longitudinal distribu-
tion of proton beam was expected to be controlled by this
method in the process of electron cooling. The peak current
of proton beam will be decreased and the lifetime of proton
beam will be extended. The intensity of proton beam will
be maintained.

Differences exist between transverse and longitudinal
distribution of electron beam. The transverse distribution
of electron beam is axial symmetry. Due to the actions of
electric field of space charge in the electron beam and mag-
netic field, the drift velocity of electron is not same in the
different radial position. In the centre of electron beam, the
drift velocity is minimum. The relative velocity between
proton and electron is also small too. The cooling force is
varying in the different radius.

The electron beam is direct current, the longitudinal dis-
tribution is uniform. This is the distinction between the
transverse and longitudinal direction.

The longitudinal distribution of electron beam is uniform
in the traditional electron cooling. The ion beam is coasting
beam.

Due to the lack of the setting of longitudinal distributions
of proton and electron beams in the existing simulation
code, the longitudinal distribution of proton was not pre-
sented in the results.

SUMMARY

The influence of transverse distribution of electron beam
on the transverse distribution of proton beam in the process
of electron cooling was presented in the paper. In order to
obtain the influence of longitudinal distribution of electron
beam on the longitudinal distribution of proton beam in the
process of electron cooling, the necessary improvement
was needed in the electron cooling simulation code. The
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input of longitudinal distribution of electron beam should
be added. The longitudinal distribution of proton beam
with the time in the process of electron cooling should be
output in the simulation. The final information of the lon-
gitudinal distribution of proton beam should be provided.

In the future work, the simulation code will be modified,
and the setting of longitudinal distributions of proton and
electron beams will be added in the simulation. The longi-
tudinal distribution of proton beam will be demonstrated in
the process of electron cooling. The final longitudinal dis-
tribution of proton beam will be obtained after electron
cooling.

In the future high energy electron cooling, the electron
beam was produced by the RF accelerator, and the electron
beam will be not direct current, it will be consisted by
pulsed electron bunches. The ion beam will not be coasting
beam, it will be multi-bunch configuration in the storage
ring.

The cooling process in the longitudinal direction should
be investigated furtherly.
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Abstract

Ultra-high dose rate (FLASH) radiotherapy not only
guarantees effective tumor treatment but also greatly en-
hances the protection of normal tissue. Moreover, it is a
convenient procedure for tumor patients that has enhanced
the benefits provided by medical institutions. Proton
FLASH radiotherapy, which combines the Bragg peak ef-
fect of proton spatial dose distribution with the unique tem-
poral effect advantage of FLASH, is an attractive tumor
treatment approach. To achieve proton FLASH discrete
pencil beam scanning in a 1-L volume, taking into account
the 5-mm point interval, 9261 points would need to be ir-
radiated within 500 ms, which is beyond the capability of
existing medical devices. To meet these requirements,
based on a fast cycle synchrotron with a period of 25 Hz,
we simultaneously combined variable-energy, fast split-
ting, and extraction beam bunches, and proposed a scan-
ning method suitable for continuous variable-energy ex-
traction bunches. The proposed technique meet the require-
ments of proton FLASH discrete pencil beam scanning
within a volume of 1 L.

INTRODUCTION

While ensuring the effect of tumor treatment, FLASH
therapy greatly reduces the damage to normal tissue cells
[1], and at the same time brings convenience to tumor pa-
tients and improves the benefits of medical institutions.
Proton FLASH therapy, which combines the Bragg peak
effect advantage of spatial dose distribution and the unique
time effect advantage of FLASH therapy, is a very attrac-
tive tumor therapy. The ultra-high dose rate (>40 Gy/s) and
very short treatment time (usually less than 500 ms) in the
target area of FLASH therapy impose high requirements on
the accelerator outlet beam intensity and energy transfor-
mation time. Synchrotron has the advantage of active en-
ergy regulation. Using proton synchrotron in FLASH ther-
apy combined with spot scanning irradiation therapy with
high beam utilization rate is expected to meet the require-
ments of dose rate and irradiation time in the target area.

Due to the high requirements of proton FLASH therapy
for dose rate and treatment time, only some medical insti-
tutions have conducted proton radiotherapy based on small
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12075131).
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volume or fixed energy penetration irradiation on cyclo-
trons. Some preliminary results of these experiments have
shown the effect of FLASH therapy, but further research is
needed in more functional proton radiotherapy equipment.
At present, cyclotrons are mainly used in medical institu-
tions around the world. However, cyclotrons have low en-
ergy regulation speed, high beam loss and great influence
on beam quality, which is not conducive to the treatment of
tumors with large depth distribution. Synchrotron has the
advantage of active energy regulation, which can shorten
the energy regulation speed and ensure the beam quality,
and has certain advantages in the application of FLASH
therapy. However, some key problems still need to be
solved in the application of proton synchrotron in FLASH
therapy.

KEY ISSUES AND CHALLENGES

Proton FLASH therapy is a kind of ultra-high dose rate
radiotherapy. The average dose rate is not less than 40 Gy/s
and the total irradiation time is in the order of hundred mil-
liseconds. For the pencil beam scanning method, the aver-
age dose rate in the target scanning process can be calcu-
lated according to the dose sum of each scanning point and
the total scanning time:

D 2.0

T n m
Z (];eli,[ + Tvcan,i) + z zwenergmwnah.j
Jj=1

. ()

i=1

where, D is the dose rate ; D is the dose sum of each
scanning point; 7 is the total treatment time; there are n
scanning points and m energy switching processes; D; is
the dose of each scanning point; Ty and Tyeqn,; are the
beam delivery time and scanning time of each scanning
point, respectively; and Tepergyswiren,i 1 the time of each en-
ergy switching.

To improve the average dose rate, it is necessary to in-
crease the number of particles reaching the target area dur-
ing the treatment time, and to shorten the delivery time, en-
ergy switching time, and scanning time. In the volume of 1
L, to meet the minimum dose rate requirement of 40 Gy/s
for proton flash therapy, the number of particles required
for 100 ms was 3.8x10''[2]..

At present, medical institutions providing radiation ther-
apy around the world mostly use cyclotrons to extract
beams of fixed energy, and irradiate in the target area after
energy regulation. Energy regulation with a range shifter
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has the problem of producing a large number of secondary
particles and large residual radiation. The multi-energy
slow extraction method of the synchrotron provides a new
idea to solve the above problems. By changing the energy
of the particles at the right time during the extraction pro-
cess, the extracted particles will deposit the dose at differ-
ent depths in the lesion area due to different energy, so that
the dose can be deposited at different depths of the target
area without the need of energy reduction device. In order
to give full play to the variable energy advantages of the
synchrotron, if the multi-energy fast extraction can be real-
ized, it will further shorten the treatment time, if the beam
bunch can be divided into several small beam bunches in
advance in the ring, it will greatly improve the convenience
of multi-energy fast extraction, and at the same time pro-
vide the possibility for the application of back-end extrac-
tion beam in radiotherapy with three-dimensional point
scanning.

To perform spot scan FLASH therapy on a 1 L (10
cmx10 cmx10 cm) tumor within 500 ms, a total of 9261
spots[3] would be scanned with an average scan interval of
54 ps per spot at a dot interval of 5 mm. 21 energy layers
are required, and the switching time between adjacent en-
ergy layers is required to be <25 ms. In order to shorten the
time interval of point scanning during flash therapy, we
used square wave pulse voltage to split the bunch in the
synchrotron. By adjusting the pulse voltage to control the
number of particles in the small beam cluster, we avoided
the waiting time to turn off the beam according to the dose
feedback on the target. In the follow-up study, we improved
the beam bunch splitting method to meet the requirements
of point scanning interval of FLASH therapy. In order to
shorten the time to adjust the energy, the energy is adjusted
by a square wave pulse voltage in the time interval of gen-
erating small beam bunches, and finally the variable energy
beam splitting is realized. Combined with the oblique scan-
ning method for continuous variable energy beam splitting,
the variable energy scanning irradiation can be realized, so
as to meet the requirement of variable energy during
FLASH therapy.

DESIGN OF A SYNCHROTRON

To reduce the required number of particles in a synchro-
tron duty cycle, a 25-Hz fast-cycle synchrotron with a pe-
riod of 40 ms can be used. This allows for multiple cycles
in a single FLASH treatment time (e.g., 500 ms), thereby
reducing the need to store a high number of particles in one
cycle. The rising stage of the main magnet of the fast cycle
synchrotron generally produces a sinusoidal magnetic field
waveform, and there is no platform for fixed energy extrac-
tion, as Fig. 1 shows. In one working cycle, half of the pe-
riod of 40 ms is used for demagnetization. To make full use
of the cycle, the time interval of the scanning points is in-
creased as much as possible. To provide more time for
beam splitting, it is necessary to combine the beam split-
ting and extraction process with the rise and fall of the
magnetic field to realize the continuous variable-energy
beam splitting and extraction process.
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Figure 1: The intensity waveform curve of the main mag-
net.

In a fast cycle of 40 ms, the rising stage of the main mag-
net lasts for 20 ms. The waveform expression of the main
magnet strength is as follows:

(B — B

) B,)
fsm(Zﬂf(t—to)) +

(Byax + By, 2)
2

By represents the DC part of the main magnet waveform,
B, represents the sinusoidal part of the main magnet wave-
form, B represents the maximum value of the main mag-
net waveform, B;, represents the strength of the magnetic
field corresponding to the injected energy, and fis the fre-
quency of the sinusoidal waveform. For a fast cycle syn-
chrotron with a period of 40 ms, f'can be set as 25 Hz, and
t is the time. ¢, represents the amount of translation of the
sinusoidal waveform on the time axis, which is negative
when translated to the right and positive when translated to
the left. Generally, the strength of the main magnet at =0
is minimized, i.e., the sinusoidal waveform is translated to
the right on the time axis by a 1/4 cycle.

Figure 2 shows the waveform distribution of the barrier
bucket. V2 and V4 form a pair of potential well voltages
that are used to constrain the particles of the main beam
bunch. A low V2 amplitude is set to ensure that some par-
ticles overflow from the main beam bunch area to the left.
The particles entering the left phase area increase their mo-
mentum dispersion under the action of the larger voltage of
V1, accelerating the phase shift speed in the left phase area.
The momentum dispersion of particles on the left side does
not change within the phase range covered by the V3 volt-
age. The protruding part of V3 on the left side prevents the
momentum dispersion of the overflow particles from being
substantially deviated due to the change in the energy of
the main beam bunch. After the particles overflow to the
left, the kicker is applied in a certain phase range to kick
these particles out of the circulating beam. This is com-
bined with the back-end electrostatic septum (ES), mag-
netic septum (MS), and other extraction devices to realize
the extraction of this part of the particle beam. The single-
turn phase shift of the particle beam in the longitudinal di-
rection is determined as follows:

v, =2m5. €)
V1 can effectively improve the phase shift speed by in-
creasing the momentum dispersion of particles entering the

B=B,+8,=
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left region. In a short time (tens of us), the particle phase
shift can cover the phase region kicked out by the kicker,
so that the particles can fill the phase region again, thus
ensuring the continuity of the split beam bunch. In this pro-
cess, V3 remains open, and the split beam is carried out in
the process of energy switching. The time interval of the
kicker kicking out the bunch is the time required for parti-
cles to make up for the kicker kicking them out of the phase
area. If the required number of turns is n and the period is
T, then the time interval of the kicker kicking out the bunch
is:

%,2,[ r 4
l:"‘YL:L-Toz 0 oT, = Zhicker ( )
27né 2zno no

where, Tiircer 18 the pulse duration of the kicker, which to-
gether with 7 and & determines the time interval required
for kicking out the bunch.
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Figure 2: The waveform distribution of the barrier bucket.
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Figure 3: The longitudinal phase space of the bunch to be
extracted.

The longitudinal phase space during the rapid bunch
splitting process is shown in Fig. 3. The momentum disper-
sion range of the beam before bunch splitting is + 0.6%o..
During the bunch splitting process, the particles enter the
left side from the bucketl region, and the momentum dis-
persion of the particles increases to 2.5%o under the action
of V1. At Tkikcer = 30 ns, the time interval for kicking out
the bunch is t = 20 ps, that is, the fast splitting of bunches
can be realized.

The extraction process takes "kicker + electrostatic de-
flector + Lambertson magnet" to complete as Fig.4 shows.
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kicker first acts on particles of a specific phase to realize
the pre-separation of the particles to be extracted and the
circulating beam. Kicked particles enter the diaphragm of
the electrostatic deflector and are deflected by the electro-
static deflector into the Lambertson magnet, thus entering
the transport line for transmission to the target station.

Extraction

X Beam direction orbit

Electrostatic
Pulse kicker septum

e Sl — A

wy

Kicker Thin wire

Longitudinal After-kicker works

period
Figure 4: The schematic diagram of the extraction process.

A fast cycle synchrotron based on the existing compo-
nent layout of the XiPAF (Xi 'an 200 MeV Proton Applica-
tion Facility) can be combined with the rapid variable-en-
ergy bunch splitting and extraction methods described
above to achieve improved outcomes. The key parameters
of synchrotron scheme design are shown in Table 1.

Table 1: The Key Parameters of the Synchrochon

Parameter Value Parameter Value

Magnetic 0.38~2.43T-

Ion type Proton Rigidity m

Circumfer- 30.9m Particle >3.88el1

ence Number

Energy Energy _

(Min,) 7 MeV (Max.) 70~250MeV

Frequency Frequency

(Min.) 1.2MHz (Max.) 6.0MHz

Operating 25Hz Time per 40ms

Frequency Cycle

CONCLUSION

Aiming at the needs and challenges faced by the appli-
cation of proton synchrotron in the pencil beam scanning
FLASH therapy scenario, this paper proposes to alternate
the fast beam bunch splitting and extraction processes in
the continuous energy transformation process of the fast-
cycle synchrotron, so as to realize the beam bunch with
continuous energy sweeping at the exit of the accelerator,
so as to shorten the energy transformation time during the
pencil beam scanning therapy, improve the dose rate on the
target, and finally meet the requirements of the FLASH
therapy for dose rate and total treatment time.
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Abstract

The generation of plasma in a microwave ion source in-
volves confining electrons using a static magnetic field and
energizing them with an electromagnetic field that trans-
mitted into the plasma chamber. However, according to
electromagnetics theory, there is always a cut-off size in
circular wave guides for a given frequency. For a 2.45 GHz
microwave, this dimension is 72 mm, which should theo-
retically prevent transmission of the microwave into the
discharge chamber and no plasma can be generated. Since
2006 Peking University(PKU) has successfully developed
a series of permanent magnet 2.45 GHz microwave ion
sources (PKU PMECRs) with a discharge chamber less
than 50 mm, capable of delivering tens of mA beams for
accelerators. To explain this anomalous phenomenon, a hy-
brid discharge heating (HDH) mode that combines surface
wave plasma (SWP) and electron cyclotron heating (ECH)
has been proposed. This HDH mode not only successfully
explains PKU PMECRs, but also predicts that the opti-
mized inner diameter of the plasma chamber is 24 mm,
which is confirmed by experiments involving different lin-
ers in the miniaturized microwave ion source.

INTRODUCTION

Microwave ion sources (MISs) operating at 2.45 GHz
have found widespread use in scientific research, industry,
agriculture, and medical science due to their high intensity,
low emittance, high stability, simple structure, low cost,
and long lifetime[l]. For example, tens even hundred
milliampere H', DY, etc. ion beams have been obtained by
2.45GHz ECR sources, such as CEA/Saclay, PKU [2][3].
Their rms emittance is about 0.2 7-mm-mrad. Through long
term operation test, CEA/Saclay has made a record with
103 hours CW beam operation with no spark or plasma
fault occurred in 2001. In 2016, PKU group improved this
non-spark record up to 300 hours. Up to now, no new long
term CW beam operation result can be found in the world.

Recently, there has been growing interest in high current
miniaturized microwave ion sources (MMISs) for use in
compact equipment such as neutron generators, ion thrust-
ers, and ion implanters [4-6].Despite impressive perfor-
mance exhibited by MMISs generating overdense plasma
(n>10 neuorr) over the past few decades [7,8], theoretical
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studies on the breakdown mechanism of MMISs remain
perplexing. Conventional microwave transmission theory
suggests that the chamber diameter of a 2.45 GHz MIS
should be larger than the cutoff size of a 2.45 GHz micro-
wave [9], implying that microwaves cannot penetrate into
the plasma chamber of MMISs with a diameter smaller
than 72 mm.

In our previous work, a novel HDH mode is put for-ward
to understand the complex mechanism of the MMISs [10].
The HDH mode believes that the initial stage of plasma es-
tablishment is based on SWPs and the plasma maintenance
is based on ECH. In this paper, we will present the HDH
mode in details. Meanwhile, the optimized inner diameter
of the plasma chamber will be investigated systematically.

THE MINIATURIZED MICROWAVE 10N
SOURCE

The MMIS of PKU is composed of microwave window,
plasma chamber, permanent magnet rings, and extraction
system. A schematic diagram of the source body of the
MMIS is presented in Figure 1. The 2.45 GHz microwave
of TEM mode produced by microwave generator is trans-
mitted through coaxial line, then transformed to TE10
mode in the coaxial-waveguide transition by a N-type
conector and transformed to TE11 mode in circular micro-
wave window and finally injected into the plasma chamber.
The microwave window is composed of 3 alumina layers
with the diameter of 27 mm. A piece of BN is placed behind
the microwave window, which faces
plasma to protect the alumina from the backbombarded
electrons. The dimension of plasma chamber is ®30
mmx40 mm. The mirror magnetic field is produced by a
set of permenant magnets surrounded plasma chamber. The
diameter of the chamber can be changed by inserting liners
with different inner diameters. In addition, three NdFeB
permanent magnet rings are installed around the plasma
chamber to provide a magnetic field for the plasma con-
finement. The magnetic field distribution is presented in
Figure 2, it can be found that the axial magnetic field is a
magnetic-mirror field with Bpax > 875 Gs. A 50 kV three-
electrode extraction system consisting of a plasma elec-
trode, suppressor electrode and ground electrode is used for
beam extraction.
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Figure 1: Schematic diagram of the source body of the min-
iaturized microwave ion source at PKU.
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SIMULATION OF HDH MODEL

The HDH mode believes that the initial stage of plasma
establishment is based on SWPs and the plasma mainte-
nance is based on electron cyclotron resonance. In this
work, the numerical simulation of the hybrid discharge
mode is made using the @30 mm MMIS at PKU based on
COMSOL Multiphysics, plotted in Figure 3. The temporal
behaviour of the plasma density and hot electron tempera-
ture up to the steady state condition are calculated and pre-
sented. In our simulation, the gas pressure of hydrogen in
the plasma chamber is 10 Pa, and the microwave power
supplied on the microwave window is 100 W.

As presented in Figure 4, the electron density increases
dramatically with the elapse of time, while the electron
temperature gradually increases with the elapse of time and
reaches the highest value of 36 eV at 2.5x107 s, then grad-
ually decreases and finally reaches a certain stable
value [10].

Furthermore, at the stage of stable plasma, the plasma
properties are analysed in pure ECH or SWPs. As shown
in Figures 5 and 6, the electron density increases as the in-
ner diameter increases from 20 mm to 30 mm in the mode
of pure ECH. What stands out is that in the mode of SWP
without the confinement of magnetic field, however, the
electron density can reach the maximum when the inner
diameter is 24 mm and then decreases as the inner diameter
decreases or increases. The simulation of stable plasma in
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MMIS points out the possibility of further miniaturization
of MMIS.

] 027 mm

Iﬂcmwavj

Figure 3: Schematic diagram of the HDH mode for MMIS.

Figure 4: Profiles of the electron density (up) and electron
temperature (down) at different time steps [8].
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Figure 5: Dependence of electron density on inner diameter
with pure ECH mode.
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Figure 6: Dependence of electron density on inner diameter
with pure SWPs which means no confinement by magnetic
field.
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EXPERIMENT RESULTS

According to the simulation results, 4 stainless steel lin-
ers with different inner diameters are inserted into the
plasma chamber of the MMIS. The dependence of high
voltage load on pressure, with different liners, is shown in
Figure 7. As the pressure increases, the changed point of
pressure describes the high voltage load starts to have a
rapid growth and the maximum point is the pressure related
to the maximum of high voltage load. With the different
liners, the high voltage loads have the same changing trend.
The dependence of maximum point and change point on
the inner diameter is shown in Figure 8.

Among the four liners, the MMIS with the inner diame-
ter of 24 mm can produce the highest high voltage load
above 40 mA which is the higher than ones with other lin-
ers. This experiment result confirms the stable plasma of
simulation, which means in stage of the plasma mainte-
nance, SWPs is important to produce overdense plasma in
MMIS.

s —=—D-SS:20 mm
40 4 a - ¢ -1D-SS:22 mm
) - -4--ID-SS:24 mm
— - ID-SS:26 mm

w
g
1

) N [
S G =3
! i 1

HighVoltage load (mA)

1 10 100
Pressure (10~ Pa)

Figure 7: Dependence of hydrogen beam current on pres-
sure with different chamber diameters.

DISCUSSION AND OUTLOOK

In this work, the HDH mechanism is proposed and stud-
ied based on the MMIS at PKU. The spatial and temporal
evolution and stable discharge of the electron temperature
and electron density have been investigated. The changing
trends of electron density with increasing inner diameters
in pure ECH mode and pure SWP mode are compared. Pre-
liminary experiments indicate that the MMIS has even bet-
ter performance than the traditional PMECR at PKU and
the optimized diameter of plasma chamber is 24 mm. All
of these results have illustrated the rationality of the HDH
mode. This work, we believe, is helpful to the comprehen-
sion and miniaturization of MISs.
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Abstract

Wakefield issues are always important in free electron
laser (FEL) facilities. Since the wakefield in free electron
laser facilities usually leads to a decrease of FEL perfor-
mance, the research of the wakefield impacts is of great
significance. Step structures are almost ubiquitous in the
overall undulator section of an FEL facility, which always
generate critical wakefields. In this paper, we systemati-
cally analyse and summarize the wakefield characteristics
of step structures including the step-in and the step-out. In
addition, the skin depth issue of the wakefield is still con-
troversial. We study the skin depth of the wakefield field in
the vacuum chamber of the kicker in the Shanghai high-
repetition-rate XFEL and extreme light facility (SHINE),
which is made of the dielectric tube. We proposed the con-
ception of “effective skin depth” from two different per-
spectives and wrote simulation codes to calculate the “ef-
fective skin depth”. We hope these methods could provide
new mentalities for related research in the future.

INTRODUCTION

FEL lasing performance largely depends on the quality
of electron bunches [1]. While the wakefield generated by
the electron bunch always destroys its phase space, which
leads to a decrease of lasing performance [2-4]. Since there
are many different types of devices the inner apertures of
chambers in different devices are always different. The
connection of chambers with different apertures is called
step structure. In our research before [5, 6], we found that
the wakefield generated in step structures is an important
component of the total wakefield of an FEL facility. The
step structure wakefield even contributes half of the total
wakefield. Therefore, the study of the step structure wake-
field is important for FEL. There are currently some studies
on the step structure wakefield, but there is still a lack of
systematic summary of the characteristics of this kind of
wakefield. In this paper, we calculate and analyse the step
structure wakefield in different situation and initially list
its characteristics comprehensively.

In our study of the wakefield in the kicker of the SHINE,
we found that the skin depth issue in wakefield calculations
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(12125508, 11935020), Program of Shanghai Academic/Technology
Research Leader (21XD1404100), and Shanghai Pilot Program for
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SHFY-2021-010).
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is still unsolved. Different teams presented different per-
spectives. In this paper, we proposed the conception of “ef-
fective skin depth” from the perspective of the accumula-
tion of free charges and the attenuation of the surface cur-
rent. We calculate the effective skin depth using our own
simulation code. The results demonstrate the feasibility of
the development of this conception in the future.

WAKEFIELDS OF THE STEP
STRUCTURE

The step structure includes two types of structures, the
step-in and the step-out. The former means the structure
whose aperture varies from large to small while the latter
is the opposite structure to step-in. There are two
connection types of step structures, the saltatory type is
called the “hard connection” and the “soft connection”
means a gradual change of aperture. Although there are
some research about the step structure wakefield, some
questions are still unsolved. In this section, we will answer
these questions based on our simulation results (simulation
code: ECHO2D [7)]).

Short Bunch Situation

In our research before, we always ignore the effect of
step-in wakefield since its value is much smaller than that
of step-out wakefield. Taking the situation in the SHINE as
an example, we calculated wakefields of a step-in and a
step-out with soft (taper) and hard connection schemes.
The parameters are listed in Table 1 and the simulation
results are shown in Figure 1.
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= -0.04 = -0.04
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<1 -0.06 <1 -0.06
-0.08 -0.08
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s[m] x107 s[m] %104

Figure 1: Simulation results of step structure wakefields in
short bunch situation.

TUPB029
147

©=2d Content from this work may be used under the terms of the CC BY 4.0 licence (© 2023). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI



©=2d (ontent from this work may be used under the terms of the CC BY 4.0 licence (© 2023). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

14t Symp. Accel. Phys.
ISBN: 978-3-95450-265-3

Table 1: Parameters of Wakefield Simulation

Aperture 1  Aperture2 Bunch length Charge
[mm] [mm] [GeV] [pCl
14 24 8 100

Figures in the first row are step-in wakefields and the
second row contains step-out wakefields. The first column
is soft connection, and the second column is hard
connection. As shown in Figure 1, the step-out wakefield
is almost unchanged in different connection schemes,
while the step-in wakefield shows a significant growth in
soft connection scheme. However, step-in wakefields are
consistently inappreciable compared with step-out
wakefields. In most FEL facilities, the bunch length is
usually short enough that the step-in wakefields could be
ignored.

To understand the characteristics of step structure
wakefields, we referred to L. Palumbo’s theory about step
structures [8].

7,19] 7]
150 ; : 200 . .
STEP-IN | STEP-OUT
100 150 | i
50 ]» ‘ - lotT I »
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0 ‘ Vs S | |
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Figure 2: Impedance spectrum of step-in and step-out [8].

As we all know, the wakefield is the inverse Fourier
transform of the impedance, so the larger impedance means
the stronger wakefield and they have opposite signs.
According to Figure 2, we could analyse the reason of step
structure wakefield variation. In short bunch situation, the
main part of the impedance comes from the high frequency
part in the spectrum. Thus, the step-out wakefield is a
negative number just like the most wakefields, while the

step-in wakefield is positive due to the negative impedance.

In soft connection scheme, the low frequency of impedance
is growing with the slope decreasing. Then, the step-in
wakefield is getting stronger and the step-out wakefield is
getting weaker. The value of this variation is very small, so
it is obvious for the step-in wakefield but not for the step-
out wakefield.

Long Bunch Situation

When the bunch length becomes extremely long, the
conclusion could be quite different from the short bunch
situation. We calculated wakefields in the same structure
but generated by a long bunch (rms=260mm, Q=670pC).
The results are shown in Figure 3.

The correspondence between the wakefield and structure
is the same as Figure 2. It is obvious that in long bunch
situation, the value of the step-in wakefield and the step-

out wakefield in soft connection scheme is almost the same.

This is expectable according to Figure 2. In long bunch
situation, the low frequency part becomes the key part of
the impedance. When the frequency is approaching to zero,
the impedances of step-in and step-out become almost
opposite numbers. Thus, when the slope of connection part
TUPB029
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is getting smaller, the sum of their wakefields is getting
closer to zero.

Note that the step-in wakefield is always positive in all
simulation results. It seems that the electron bunch has
gained energy at this position. This does not conform to the
law of conservation of energy. In Palumbo’s theory, the
energy loss of an ultra-short bunch caused by step-out and
step-in is given by the following equation:

q*k°¥~2U(a <7 < b),
qz kin~0, (1)
while the energy loss of an extremely long bunch caused
by a long tapering step structure is given as:
q*k°“~U(a <r < b),

21, in
q*k'™~—-U(a <r < b). 2
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Figure 3: Simulation results of step structure wakefields in
long bunch situation.

According to Eq. (1), when the high frequency part
dominates, the wakefield of step-in could be ignored.
While if the low frequency part dominates, as shown in
Eq. (2), the wakefield value of step-in is equivalent to that
of step-out. Under this circumstance, the effect of step-in
wakefield should not be ignored anymore and its physical
implication needs to be explained. Actually, the energy lost
by the electron bunch at the position of step-out will not
immediately dissipated but diffuses into the cavity space.
We believe that the positive wakefield of the step-in
structure means that the energy loss at the step-out
structure will be partially returned through the step-in
structure. We summarize the wakefield characteristics of
the step structure as follows:

o The wakefield of step-in is positive, which means an
energy compensation. This part of energy comes from
the energy lost by the electron bunch itself at the
position of step-out.

e In the case of ultra-short bunch and hard connections,
the wakefield of step-in is extremely small. It is
several orders of magnitude smaller than that of step-
out.

o As the electron bunch becomes longer and the slope
of the step structure becomes smaller, the low-
frequency part of the impedance spectrum increases,
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resulting in a larger step-in wakefield and a smaller
step-out wakefield. Ultimately, the absolute values of
the two gradually approach. For a infinitely long
bunch and an infinitely flat slopes, the sum of the
wakefields of step-in and step-out is 0.

e The length of the electron bunch is the main factor that
dominates the high and low frequency proportion of
the impedance spectrum of the step structure.

e The value of the wakefield discussed above refers to
the total wakefield from the beginning to the end of
the step structure. In the case of ultra-short beam
clusters, although the total wakefield cannot be
obviously changed by a tapering connection, it can be
distributed across the entire slope, which is helpful in
weakening the thermal effect of the wakefield.

SKIN DEPTH ISSUES OF THE
WAKEFIELD

The kicker in the SHINE employs a metal coated
dielectric tube as its vacuum chamber. In order to better
transmit the field, the coating thickness should be as thin
as possible, while to avoid the wakefield of the dielectric
tube, the coating thickness should be thick enough. Under
the common requirements of both aspects, we recommend
that setting the coating thickness as the skin depth is the
best scheme. For a single frequency electromagnetic field,
solving skin depth is never a problem. But in the wakefield
issue, the skin depth of a multifrequency mixed field is
hard to define and calculate. To find a suitable coating
solution, we proposed the conception of “effective skin
depth” from the perspectives of the accumulation of free
charges and the attenuation of the surface current.

Effective Skin Depth 1: Accumulation of Free
Charges

Assuming that the electromagnetic field enters the
conductor perpendicular to the surface of the conductor. If
only under the action of the electric field force and the
Lorentz force, the electrons in the conductor will move
deeply. At this time remainder residual positive charges
will be generated on the surface, resulting in a charge force
that attracts electrons towards the surface. As more and
more electrons move towards the depth, this amount of
charge gradually increases. Finally, the electrons achieve
equilibrium under the combined action of the
electromagnetic field and charge force, as illustrated in
Figure 4.
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Figure 4: The trajectory and force of electron motion
reaching equilibrium state
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We calculated the attenuation total charge density at the
equilibrium state as shown in Figure 5. Take the depth
where the charge density attenuates to 1/e as the effective
skin depth 8 r, we got 6 = 162 mm.

Effective Skin Depth 2: Attenuation of The
Surface Current

Actually, charge accumulation may not occur at all
frequencies of electromagnetic fields, as evidenced by the
decay function of free charge density within a conductor:

a
p(t) = poe €. 3)

When the attenuation characteristic time 7 << w™1,
charges will attenuate before accumulating. In the
impedance spectrum of kicker's quasi coating material
titanium, the curve almost comes to zero when the
frequency exceeds 10THz [9,10] while T = 10~7s. Thus,
we have to calculate the effective skin depth from a new
perspective. Considering the transvers motion of electrons
along the conductor surface, we could calculate the surface
current and figure out effective skin depth. We wrote a code
and simulated electron motion under multi frequency
superposition field. The result of surface -current
distribution is shown in Figure 5. Equally, we found the
position where surface current attenuates to 1/e and the
effective skin depth, in this situation, is 272mm.
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Figure 5: Attenuation curve of total charge density (left)
and surface current distribution under multi frequency
superposition field (right)

CONCLUSION

We  systematically summarized the wakefield
characteristics of the step structure. The conclusion could
be helpful for related research. In addition, we proposed
the conception of “effective skin depth” from two different
perspectives. Although the simulation code is rough, we
believe these methods could provide new mentalities for
related research in the future.
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Abstract

Heating of the vacuum chambers are unavoidable when
electron beams pass through the chamber channels at rela-
tivistic speeds. In the undulator vacuum chambers, such ef-
fects might lead to temperature increase of the magnets and
eventually cause degradations in the FEL lasing process.
Thus, in this paper, the heating of the undulator vacuum
chambers at Shenzhen superconducting soft x-ray free-
electron laser due to wake field effects and spontaneous
synchrotron radiation are estimated using an analytical ap-
proach. For the wake field effects, the contribution from
finite conductivity of the vacuum chamber material and
from the inner surface roughness are considered. An elec-
tron beam profile from a start-to-end simulation is used to
calculate the total wake field and the induced heat. For the
synchrotron radiation, a simple analytical expression is
used.

INTRODUCTION

At Shenzhen superconducting soft x-ray free-electron la-
ser (S’FEL) [1], electron beams from the injector system
are accelerated in a single superconducting linac and trans-
ported to the undulator lines through the beam distribution
system (BDS). At the end of the BDS, the typical electron
beam parameters are given in Table 1. The maximum de-
signed repetition rate of the electron bunches is IMHz.

Table 1: Electron Beam Parameters

Beam Parameters Value Unit
Electron Energy 2.5 GeV
Slice Energy Spread 190 keV
Electron Bunch Charge 100 pC
Slice Emittance 0.5 mm-mrad
Rms Bunch Length 25 um

When electron beams pass the vacuum chambers of the
beam lines, heat will be deposited in the chamber walls due
to electrons losing energy when interacting with their own
wake fields.

The heating problems may become prominent for vac-
uum chambers in the undulators since the chamber trans-
verse dimensions are small compared to other parts along
the beam lines, and the wake filed effects are stronger. In

* wangxf@mail.iasf.ac.cn
¥ weiqingzhang@dicp.ac.cn
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addition, spontaneous synchrotron radiation is generated
and absorbed by the chamber walls.

The vacuum chambers within the undulators at S’FEL
are made of extruded aluminium with an elliptical cross-
section, as shown in Fig. 1. The full height and width of the
chamber cavity are 6 mm and 15 mm, respectively. The two
circular holes adjacent to the chamber are for the water-
cooling system, while the two outermost holes are space
designed for correction coils.

Correctlon Water
Coils Cooling

/

Water Correouon
Cooling Coils

15

Figure 1: Cross-section of the vacuum chamber geometry.

If excessive heat in the vacuum chambers is not removed
efficiently by the cooling system, the temperature gradient
within the permanent magnet blocks will be affected and
the magnetic field distributions and undulator K values will
be modified. This will result in a negative impact on the
FEL lasing process.

Under such considerations, the heat load projected on the
vacuum chambers by the two heat sources mentioned
above is estimated analytically in this paper. The results
will serve as supplementary information to aid the design
of the cooling system.

WAKE FIELD EFFECTS

The wake fields due to wall resistivity and the roughness
of the inner surface of the vacuum chamber are considered
in this work. Wake fields generated by single or periodic
structures or other effects are ignored. A simplified ap-
proach is taken in the current calculations, where the lon-
gitudinal distributions of the electron beams is assumed to
be unchanged as they travel down the undulator lines.

Calculation of the Wake Fields

The analytical approach first involves the calculation of
resistive wall and roughness induced surface impedance
and thereafter the longitudinal beam impedance Z. The lat-
ter depends on the cross-section shape of the vacuum
chamber, and in this work, both round and flat plate
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approximation of the chamber cross-section is assumed.
The analytical expressions for coupling of the impedances
due to resistance and wall roughness for round and flat ge-
ometries derived in [2] is used. An appropriate analytical
model for elliptical shaped chamber is not yet available,
but numerical calculations have shown that the beam im-
pedances computed for elliptical cross-section shapes are
very similar to those calculated using a flat plate model [3].

The resistive wall surface impedance, denoted as (., is
given by [2]:

k(1 — iket,
T () = (1= 1) /%

where k is the wavenumber of the Fourier transform of the
wake field, Z, = 377 (1 is the impedance of vacuum, g, is
and 7, are the dc conductivity and the relaxation time of
the metallic walls. The surface impedance due to roughness,
denoted by (., is given as [4]:

2k + Kk — iN2k — x)l @
4k2 — K2

€Y

1 3
{rs(k) = ZkhZKZ (

The roughness model assumes sinusoidal corrugation of
the round pipes or of the flat plate model where the radius
(or the half height of flat plate) r vary according to r =
a — h - cos(xz). For the model to be valid it is required
that the period (1,, = 2m/k) and the amplitude of the cor-
rugation is small compared to the radius, i.e., ka > 2w and
h < a, and that the corrugation is shallow (h < 27 /k).
The impedances given in Eq. (1) and Eq. (2) are defined
for k = 0. For k < 0, the complex conjugate should be
taken, i.e., {(—k) = {*(k) [5].

For a round vacuum chamber, the coupled beam imped-
ance contains the contribution from both (., and {,¢, and
is given by [2, 6]:

-1

). ®

Z0 1 ika
Zr(k) = (

T ®) + o (k) 2

while for the flat plate model, the coupled beam impedance
is [2, 7]:

2ma

Z

Zrp(k) = — -
1o (k) 2na

e cosh(q) ika -
f_wmh(q) (crw(k)um(k) q Smh(q)) da. (4)

where q is the frequency component of another Fourier
transform.

With the beam impedance known, the wake field of a
single electron may be calculated with the inverse Fourier
transform:

wy(s) =5 [ " Zu (e, )

21

where s is the distance behind the electron that invoked
the wake field. Considering an electron beam that has a
certain longitudinal distribution f(s) (with unit C/m), the
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wake field along the beam longitudinal position can be cal-
culated with the convolution:
W == [ W) =shas. @)
0
Using a typical electron beam longitudinal profile that is
obtained from start-to-end simulation, the total wake field
is computed according to Eq. (1-6). The integrations pre-
sented in these equations are performed numerically by se-
lecting sufficiently small integration steps. As given in Fig.
1, the chamber radius or half height a is set to 3 mm. The
aluminium conductivity and relaxation time are taken to be
0, =3.5%x1070"'m ! and 7, = 8 fs, respectively.
While the resistivity induced wake is well determined by
the geometry and material of the chamber, the parameters
for the roughness wake is uncertain due to the manufactur-
ing process. However, practical experience suggested that
the roughness surface thickness local maxima and minima
difference is around 200 nm, which corresponds to h =
100 nm. The determination of the roughness oscillation
wavelength is even more ambiguous, thus, the wake fields
generated along the beam with different h and A,., values
for the flat plate pipe model are compared in Fig. 2.

Wake Field [V/m]
Wake Field [V/m]

-6 b—-—— L -
-150 -100 -50 0

s [um]

50 0

s [um]

Figure 2 Electron beam wake field calculated using the
round pipe model, for different surface roughness ampli-
tudes (left) and for different corrugation wavelength (right).
The beam profile is shown in grey.

It can be seen that variations of the roughness parameters
have very limited influences on the total wake field and,
consequently, on the amount of heat generated. Similar be-
haviours are also observed for the round model. Hence, the
values for the roughness parameters are used in calcula-
tions hereafter are h = 200 nm and 1,,, = 100 pm.

Based on these parameters, a comparison of the wake
field calculated with round and flat model, and their corre-
sponding effects on the electron beam longitudinal energy
distribution, after passing 10 undulator segments (i.e., trav-
elling a distance of ~40 meters), are shown in Fig. 3. In
calculation of the beam energy change, the longitudinal
distribution of the beam is assumed to stay unchanged. The
advantage of choosing longer horizontal width of the vac-
uum chamber is thus clear since the flat plate model pre-
dicts lower influence on the beam energy as compared to
the round pipe model.
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Figure 3 Wake field calculated using the round pipe model
and flat plate model (left), and their corresponding influ-
ences on the electron beam energy distribution (right). The
beam profile is shown in grey.

Heating due to Wake Fields

The wake fields computed with both geometry models
are then used to estimate the heating power.

Taking an electron located at position s within the beam
that travels a length L in the vacuum chamber, the energy
loss per meter travelled for this electron is:

We(s)-L-e
B be )L @)

where e is the charge of the electron. Then after travelling
one meter in the vacuum chamber, the energy loss of the
entire electron beam is:

8y (s) = =W (s) e,

lB S’
AEFWHTS = (S‘E,(s’)gds’. (8)
0
Finally, taking into account the repetition rate of the
electron beams that pass the undulator lines, the heat gen-
eration rate per unit length (with the unit W/m) is calcu-

lated according to:

dPTW+TS
dz

The total wake field is computed using both round and
flat plate models and the heating estimation is summarized
in Table 2. The flat plate model predicts slightly higher
heat generation rate but is still the favourable geometry
choice since it induces less energy variation along the elec-
tron beam.

Table 2 Wake Field Induced Heat Generation Rate Per Unit
Length

_ Tw+ro ,
- _AEB f;-ep .

9

Model Round Pipe  Flat Plate
dP™17S /dz [W/m] 2.0487 2.2722
SYNCHROTRON RADIATION

Synchrotron radiation emitted by relativistic electron
beams in the undulators may be absorbed by the chamber
walls. The total synchrotron radiation power after passing
through a length L,, is calculated with [8]:

1) 2m\?
(I (_) KL,
12mey \ Ay,

psT = eyz

(10)
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where y is the Lorentz factor, 4,, is the undulator period, K
is the undulator parameter and (I) is the average current of
the electron beams calculated by:

(1= QBfrep- (11)

Q5 is the charge of each electron beam. Assuming conser-
vatively that half the power will be absorbed by the vacuum
chamber, the heat generation rate per unit length due to
synchrotron radiation is then given by:

(12)

The typical undulator parameter K values at SFEL
ranges from 1 to 5. Considering the case where 15 nm ra-
diation is generated with an undulator period of 0.043 m,
the corresponding undulator K value is 5.6034. In this case,
the synchrotron radiation related heat generation calculated
according to Eq. (10) and Eq. (12) is 0.38537 W/m.

CONCLUSION

In this paper, the heat generation rates in the S’FEL un-
dulator vacuum chambers are estimated. The electron beam
longitudinal profile in the undulator is obtained from a
start-to-end simulation and is used to compute the contri-
butions wake field effects. The synchrotron radiation de-
posited power is calculated conservatively using an analyt-
ical expression. The estimated total heating power is ap-
proximately 2.6 W/m and should be easily compensated
with the cooling water system.
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Abstract

The Beijing Electron Positron Collider II will upgrade to
extend the beam energy and the luminosity by increasing the
beam current and slightly compressing the beam size, where
the beam energy will be extended from 2.3 GeV to 2.8 GeV
and the peak luminosity will be up to 1.1 x 1033cm=2s~!
at the optimizing beam energy of 2.35 GeV. The BEPCII
upgrade is expected to result in challenging levels of beam
related background in the interaction region. An precise
simulating and mitigating beam background is necessary
to protect the BESIII detector and increase the beam cur-
rent and peak luminosity. The beam related background at
BEPCII is mainly from the Touschek effect and the beam gas
effect, this paper presents the recent progress of the beam
background simulation and experiment.

INTRODUCTION

The Beijing Electron Positron Collider IT (BEPCII) [1] is
a two-ring electron positron collider which has operated suc-
cessfully for over 10 years and collected more than 40 !
data sets in the T-charm energy range. A series of signif-
icant experimental observations have been reported based
on these data sets [2]. In 2019, BESIII collaboration has
reported the future physics programme (also called “white
paper”) which contains a detailed survey of important topics
in T-charm physics and hadron physics [3]. However, the age
of BEPCII becomes an important issue, such as main drift
chamber (MDC). Due to the beam-induced with a hit rate
up to 2 kHz/cm?, the cell gains of the inner chamber drops
dramatically (about 39% drop for the first layer cells in 2017)
and furthermore lead to a degradation of the spatial resolu-
tion and reconstruction efficiency [3]. In addition, the peak
luminosity of BEPCII is optimized at 1.89 GeV, the evalu-
ated peak luminosity at 2.35 GeV is only 0.35x1033cm=2s~!.
Therefore, an upgrade is required for BEPCII to collect more
data sets in this energy region, espectially at center-of-mass
energies larger than 4 GeV [4]. The peaking luminosity at
2.35 GeV will increase to 1.1x 1033cm™2s~! with high beam
current and small beam size. However, the resulting high
beam background must be controlled within a safe range.

In the beginning of BEPCII, ten collimators with fixed
aperture were installed on both the electron and positron
rings. Three horizontal movable collimators were installed
at 8.2 m, 11 m upstream, and 11 m downstream from IP

* Work supported by the National Natural Science Foundation of China
(NSFC), under Contract No. 11905225

¥ corresponding author: wangbin@ihep.ac.cn
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on the electron ring , and a horizontal movable collima-
tor was installed at 8.2 m upstream from IP on the positron
ring. Simulations of beam-gas effect [5], Touschek effect [6],
SR [7] and movable collimators [8] were separately studied
to predict the background rate in BESIIIL. These collimators
obviously mitigated the beam background and played an im-
portant role in the stable operation of the BEPCII machine
in its initial stage. Each movable collimator has a pair of
movable jaws which is able to adjust their aperture indepen-
dently. Due to the high beam current and small beam size of
BEPCII upgrade project, it is necessary to rexamine beam
background simulation and experiments.

BEAM BACKGROUND SIMULATION AND
EXPERIMENT IN 2021

The beam background at BEPCII consists of luminosity-
related background and beam-related background, where
the first one is generated by beam-beam interaction and can
be simulated with an acceptable precise, the second one is
highly dependent on beam parameters and the storage ring.
The dominant sources of beam-related background can be
parameterized by:

I, -1,

0,0

yUz +Sgas 'It . P(Iz) +Sconst’ (1)

OSingleBeam = Sious *

where OgjpgleBeam i the total background rate of single beam
and can be described by the dark current or count rate of
the machine-detector interface (MDI). The first term (the
Touschek background) is proportional to bunch current (1)
and beam current (/;), and inversely proportional to beam
size (0, .). The second term (beam-gas background) is
proportional to beam current and vacuum pressure. Gen-
erally, the residual gas mainly comes from the interactions
between synchrotron radiation (SR) photons and the inner
wall of beam pipe, so the vacuum pressure depends on the
beam current. The third term is the constant background
from cosmic rays and electronic noise, independent of the
beam condition and can be presented by a constant term.
The beam-related background simulation is based on
the framework which includes generators for lost particles,
SAD [9] for tracking the particles in the collider ring, and
Geant4 [10] and Geant4-based software framework of the
BESIII offline software system (BOSS) [11] for simulating
the detector’s responses and MDI. The beam background ex-
periment was performed for validating the simulation result.
The “data/MC” ratio, which is the ratios of the background
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rate between experimental measurements and simulating
prediction, is used to evaluate the difference between them.

We performed a separate measurement of the main two
beam-related beam background components in 2021. Fig-
ure 1 shows the distribution of the count rate in the first layer
of the MDC versus the bunch current for both electron and
positron beams, where the nominal total beam current is set
to 450 mA, the bunch current and bunch number are scanned
from 3.8 mA to 8 mA and 118 to 56, respectively. According
to Eq. 1, the Touschek background is calculated from the
slope in the linear fit and the intercept of the fit denotes the
beam-gas and constant background. Figure 2 shows the sepa-
rated beam background in all layers of the MDC. The results
show that the Touschek background is dominant in all layers,
and the beam-gas consitutes a small portion, especially in
the outer layers. Figure 3 shows the “data/MC” ratios of the
background rate between experiments and MC simulations,
the result reveals that the simulating Touschek background is
larger than that in the experimental measurement by one to
two orders of magnitude. It means that more optimizations
for simulation and experiment, such as collimator simula-
tion, particle tracking, and the interactions of MDI materials
in simulation, are necessary for future work.
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Figure 1: The distribution of the count rate in the first layer of
the MDC with respect to the bunch current for both electron
and positron beams, where the beam current is set to 450
mA.
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Figure 2: The distribution of the accumulated count rate of
separate background sources in all MDC layers, where the
bunch current is set to 6 mA.
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Figure 3: Data/MC ratios with respect to the radius of all
MDC layers for both electron and positron beams for the
Touschek and beam-gas effects.

MOVABLE COLLIMATOR EXPERIMENT
IN 2022 AND 2023

We have conducted several tests on these movable colli-
mators in the last decade. Changing the aperture of these
collimators will increase the vacuum pressure and worsen
the operation status. So it is necessary to perform a feasi-
bility test for changing the aperture of these collimators. In
2022, we perform the feasibility experiment and irradiation
dose of these collimators. The results show that changing
the aperture of collimatos can suddenly but no dramatically
increase the vacuum pressure and decrease the lifetime of
beam. While the vacuum pressure and lifetime will recoverd
in a few seconds. It indicats that more detailed collimator
experiments can be conducted in the next beam background
experiment.

The following movable collimator experiment is con-
ducted in 2023:

1. Baseline beam background experiment. To compare
with the experiment results collected in 2021, a series
of baseline beam background experiment is performed
for different aperture of these movable collimators,We
also set the nominal single beam current to 450 mA
and four bunch number, which are 60, 75, 82, and 90.

2. Aperture scan. We independently scan the aperture of
the inner and outer jaw for all four movablbe collima-
tors on both electron and positron ring. The aperture
settings with minimul dark current are assumed to be
the “best settings” for further beam background experi-
ment.

3. Baseline beam background experiment with best seet-
ings of movable collimators.

4. Beam background experiment with different aperture
settings. We collect the experimental data by changing
the aperture of each movable collimators.

5. Beam background experiment with different beam cur-
rent.

Figure 4 shows the overall plots for the beam backgorund
experiment in 2023. 01 to 17 denotes the different experi-
ment item, where 01 and 11 denote the baseline beam back-
ground experiment before collimator movements for electron
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and positron rings, respectively. 02 and 03 denote the aper-
ture scan of the outer and inner jaw of the movable collimator
at 8.2 m upstream from IP on the electron ring. 04 and 05
denote the aperture scan of the outer and inner jaw of the
movable collimator at 11.0 m upstream from IP on the elec-
tronring. 06 and 07 denote the aperture scan of the outer and
inner jaw of the movable collimator at 8.2 m downstream
from IP on the electron ring. 08 and 14 denote the baseline
beam background experiment with the best settings of the
movable collimator movements on the electron ring, 09 and
15 denote the beam background experiment with different
aperture settings for electron and positron rings, respectively.
10 and 16 denote the beam background experiment with dif-
ferent beam current. 12 and 13 denote the aperture scan of
the outer and inner jaw of the movable collimator at 8.2 m up-
stream from IP on the positron ring. 17 denotes the normal
data taking with the best settings of all movable collimator
movements.

The further data analysis is ongoing. The preliminary
result shows that the movable collimator upstream from IP
obviously effect the beam background, while the collima-
tor downstream from IP has not obvisouly effect the beam
background. The collimator in positron ring is much more
effective than that of electrion ring. It is worth noting that the
beam lifetimes and the luminosities for different aperture set-
tings are almost unchanged. We also perform an additional
validation for the best setings of these movable cllimator in
the normal collider, which the beam current is up to 900 mA.
By comparing the dark current with and without the best
seetings of these movable collimator, the dark current is
decreased from 11 pA to 6 uA (about 40%). This obvious
decrease of the beam background will provide a important
support for the top-up injection in the next machine runing,
as well as the beam background evaluation of the BEPCII
upgrade project.
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Figure 4: The beam background experiment in 2023, where
the pink and purple points are the lifetime of electron beam
and positron beam, respectively. the green, black, red and
blue curve are the peak luminosity, dark current, electron
beam current, positron beam current, respectively.

CONCLUSION

In summary, we reported the recent progress of beam
background experiments and simulations at BEPCII. The
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Touschek background is dominant in the beam-related back-
ground according to results of experiment and simulation.
A comparison between experiment and simulation for Tou-
schek background shows a discrepancy of one to two orders
of magnitude. A series of movable collimators experiment
is conducted. The collimator at downstream from IP is ex-
pected to be no significant effect with the beam background,
while the collimator at 8.2 m upstream from IP obviously ef-
fect the beam background. The best settings of the aperture
of all collimators is calculated and obviously mitigated the
beam background. Further data analysis for these data sets
is necessary for comparing with the simulating result and
evaluating the beam background for the BEPCII upgrade
project. An additional data taking with the best setting of
these movable collimators is perfromed, the dark current is
decreased from 11 pA to 6 A (about 40%) with 900 mA
beam current and the beam lifetime and peak luminosity
are no obviously changed. The obvious mitigation of beam
background will play an important role of the future data
taking of BEPCII and the evaluation of the beam background
of the BEPCII upgrade.
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