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Introduction to SAPS

SAPS, which stands for Southern Advanced Photon Source

A fourth-generation diffraction-limited storage ring light

source. It's planned to be built near the China Spallation
Neutron Source in the southern region of China (CSNS).
Design goal: Achieve high brightness (> 1e22 ).

MAX-IV

3e21

* Sirius 3 518 350 250 2e21 22

. SLSHI 2.7 288 400 157 1e21 75
Diamond-Il 3.5 560 300 157  3e21 19.5
NSLS-Il U 3 792 500 342 1e21 50

| saPs 3.5 810 500 <60 >1e22 <30 |

Research goal: to achieve a coherent attosecond beamline in SAPS with high repetition rate (> 6kHz) and high average flux
(>10° photons/s/(%bw))

IHEP  |FLS2023| Weihang Liu, 28-8-2023 Page 3



Background

molecular structural deformation processes

From femtosecond to attosecond

Observation the motion
of Cooper pair electron

“See” the spin exchange
process

Observation of the electron-
hole pair separation and
recombination

IHEP
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Real-time observation of electronic motion deep inside atoms

phonon interaction

© (rperld
Understanding the high-temperature superconductivity (o
€0
Study the Ultrafast Magnetization Dynamics ) ) ~100as

Deep understanding the physical mechanism of PN junction
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Backg round Attosecond pulse in HHG-based sources

high harmonic generation (HHG)

-

A strong, near-infrared
laser was adopted to _
drive electrons in a gas, Few-cycle laser »Gating
leading to harmonic up-
conversion of the driving | High stability of
\Iaser. CEP control

/ guarantees good
repeatability

Attosecond pulse

15mJ12fs, | Magneti-botte d
1.2-22 um, CEP stabla = || tmeotight
Delay mimor \H‘ \ elacron l j
il i ;‘m szszma: |1 spactometer = 1.0 A 10 actively staliilisd attasdcond bieamlii
¢

, el Currently, the HHG sources hold the record for the shortest |
l\\K i o ,“‘t.:‘i“( z attosecond soft X-ray pulse, at apprOX|mater 43 as

time-of-flight

’

Amplitude gating

0.5 -

0
t(fs)

Polarization gating

‘1 Optical axis 7. Ar=L(liv=10v) Optical axis
ot l | —> oy

Isolated attosecond pulses

n
Quartz plate A4 plate

Double optical gating

Two color laser shaping the laser field

(B)  FTL pulse duration

psuuosl waM = —Eﬁ j M

Polarization
-100 0 100 200
Time (as)

Pholadode  H0®  Halium (neor)  Soft ey | gastube filled
famoang)  MTOr  gasje grating

with Ar, Ne

J. Li et al. Nature Communications, 8(1), aug 2017

-200 -100 0 100 200
time / as

T. Gaumnitz et al. Optics Express, 25(22):27506, oct 2017

Due to the low conversion efficiency,the photon flux is low(~103photons/pulse/1%bw)
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Background Free elctron laser (FEL)

Beam shaping: Beam shaping & Self-modulation enhanced SASE
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FIG. 1. Conceptual illustration of the c
/ ‘-__-' scheme: the electron beam is acceler- 360as .:'_'
Beam Direction ated and compressed in the LCLS E
i linac. In the second chicane, a slotted o ]
;i:tlable —B, metal foil spoils all but a short tempo- " J (E} = N —— 339as -E
- / 60 —B ral spike of the electron beam. The bot- E-beam —-_-__.:f =
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Time -1000 0] 1000
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Marinelli A, et al., Applied Physics Letters, 2017, 111(15): 151101.
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t(s)

10 20 - 0
t(fs) t(fs) t(fs) AE (eV)

K 1 A clateh of nonlinaar hunch comnreccinn at tha T T @ At the tan ic a lavant of tha T T € with main linar C_hand mnﬁlons d u ratio n ~2 1 7aS 9 Wavele ngth - Soft X— ray
duration ~179 as, wavelength ~ hard x-ray -

FEL photon energy in this simulation is 5.6 keV. Bunch head is to the left.

Huang S, et al., Physical review letters, 2017, 119(15): 154801.
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Backg rounad Free elctron laser (FEL)

Beam shaping: Beam shaping & Self-modulation enhanced SASE
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FIG. 1. Conceptual illustration of the
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duration ~179 as, wavelength ~ hard x-ray

FEL photon energy in this simulation is 5.6 keV. Bunch head is to the left.

Huang S, et al., Physical review letters, 2017, 119(15): 154801.
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Background

The storage ring-based light source is a stable, high repetition rate, a multi-user light source that has been at the forefront
of high-brilliance experiments. It has evolved from the third generation to the fourth generation, also known as the
diffraction-limited storage ring (DLSR), increasing brilliance by more than two orders of magnitude. Due to these
advantages, the ability to achieve attosecond pulses in DLSRs would make them very attractive.

By achieving high-brilliance and providing high-flux and high repetition rate attosecond pulses, DLSRs can make great

contributions to the development of attosecond science.

In DLSR, the natural light pulse is typically in the range of 10 ps to 100 ps due to the stretching of the electron beam length
to reduce the collective effects. obtaining an attosecond pulse by shortening the electron beam length or by slicing only a

fraction of the electrons for synchrotron radiation means a huge reduction in flux.

To achieve a high-flux attosecond pulse, need coherent radiation
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attosecond pulse In storage ring

EEHG + few-cycle laser

!pcal bunching factor
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Repetition rate 6KHz
290 as FWHM
average flux ~10°
phs/s/0.1% BW

Connecting two straight sections using an achromatic cell as the first chicane.

J.-G. Hwang, et al. Scientific Reports 10, 10093 (2020)
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attosecond pulse in storage ring ecxc

EEHG + few-cycle laser local bunching factor
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J.-G. Hwang, et al. Scientific Reports 10, 10093 (2020)
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Method

Angular dispersion-induced microbunching (ADM)

Feng Chao, and Zhentang Zhao. Scientific Reports 7 (2017).

Using a weak dipole and dogleg to couple the electron
transverse and longitudinal motions.
Benefiting from low vertical emittance of the ring ADM
can generate strong microbunching.

All dipole elements are
symmetrically distributed in

a straight section, ensuring D
that the beam orbit returns PIN
to the horizontal plane. o4 a

ut one of the straight section in the ring

IHEP

By a few-cycle laser, sub-fs individual microbunch can be generated

few-cycle laser

/
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———————————————————————————————————————————————————————————————————————————————

rb. units)

1.0, 2 10 ps, 0, ~ 4fs, accommodate large time jitter. Easy synchronization.
2.<e>=¢,+ At ~ g, <0> =05+ Aoy ~ 0y, the brilliance of other IDs is not affected.

ADM opt.cond. Dogleg par.cond.

56 = —b1) (Ly + Ly)0 = 1
1+ hr56 =0 (L2 + 2Lb/3)92 = Ts6

Dogleg

4 oL
2
__________________ 1
1/2 1/2 <
| BLo/2h) 7 < n < BLeys /2077 Lo

Less = (L —2Ly —2Ls —5Ly)*/(3L — 6Ly — 6L3 — 17Ly)
""" ™toring

Given the laser parameter (h), the only optimizable variable for ADM is dogleg
dispersion 7. and its value interval is restricted to the space of the straight section.
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Parameters opt.

30 prer e

30 P B AN RN R

After modulation, a current spike is R b e -
generated in the electron beam: 5 »f ] ¢t :
o0 4{5 15:— —: E 155_ .
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t(fs) S

Local bunching factor: more sensitive to dispersion compared to emittance.
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o PR de 0.14f 1 o TR ]
s—1/krn 0 c C ] [ ]
a 0.12f 1 E oa2f .
< [ 1 & i
'ﬁ' 0.1 :— ] I 0.1 ]
2E§:1 f(m) sin(mir/n) mcos(k,:_msz}+:'nzsin(k,r_ms} :> 0.08 _ _ % 0.08 _ ]
bﬂ(s) = o0 - . ;::}(kLFHS) exp(_ikl‘ns) : mO 0 06:_ _: § 0.06 :_ _:
n/n+2Y,_ f(m)sin(mm/n)— L= & 1 ° 7% ;
0.04F ' 3 0.04f 3
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In order to obtain high radiation power, a sufficiently large //l, and local bunching factor are required.
They all need low n and ¢,.
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Parameters opt.

g, =¢&,(n) + ke,

Betatron Coupling

To obtain a small ¢, it is necessary to control the betatron
coupling to a small level, which we assume to be 0.4%
(0.4% ¢, from betatron coupling).

g, is a function of 7

To take into account the intrabeam scattering (IBS) effect,
we adopt the completely integrated modified Piwinski
approximation method*:

de

X

dt

de

2

= __(gx _gxo)
T

X

2¢

X

+
T;((gxagyao_gao-s)

equilibrium

—

=2 =
£,=—-&,+&, & =& TKE,

_
05 =—-05+0

N

IHEP *Kubo, K. et al. Phys. Rev. ST Accel. Beams 8, 081001(2005).

bZDO,max

Il Dipole

ELEGANT (incl. IBS) for opt. , beam parameters:
€,100 pm, ¢, 1.4 pm, c; 0.134%

Conforms well with the theoretical results.

r @ undulator ‘,;"".,, N
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Effect of ADM on storage ring dynamics

the vertical dispersion introduced by the ADM section in the straight section breaks the periodicity of the
storage ring and has some effects on the beam dynamics. The calculations show that both the dynamic
aperture (DA) and the local momentum apertures (MA) are reduced. But, the DA reductions of less than 2%

and the MA reductions of less than 25% have a negligible impact on the daily operation of the storage ring
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Performance

Modulation and radiation results

0.5F

& {%)
=

Flux (photons/pulse/1%bw)

-
o
N

power (kW)
—

We adopted GENESIS and ELEGANT codes to perform simulation.
Modulation results show local current is amplified by 24 times (v.s 19)
and the peak local bunching factor is about 0.16 (v.s 0.17),

which are in a great agreement with the theoretical optimal results.

& o008}
i oo0sf

1 ooaf

"

A (nm)

P(A) (arb.units)

IHEP

1 05 0 -

0.02
o]

=
X (nm}

Radiation results show At is directly proportional to N. The output
radiation pulses are chirp-free attosecond pulses with time-bandwidth

products are close to the Fourier transform limited (~ 1.83fs-eV).

m Flux (10°phs/pulse/1%Bw) | AtAE (fs-eV)

0.12 0.19 1.88
10 122 0.07 0.95 2.65
20 252 0.04 3.39 2.97
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Performance

Repetition rate

After modulation, vertical emittance and energy spread of this modulated portion increase. These parameters

quickly return to their equilibrium values with the help of radiation damping. This happens within about four times

the damping time, i.e., 60 ms.

1 T T T T T T T T T T T T T
e,/(33pm) Given the presence of 405 bunches in the ring, the repetition rate can reach up
o 0.87 _05/(0'31%)'. to 6.75 kHz, provided that each bunch is modulated only once in each 60 ms
TE 0.6 L \\\ _ recovery period.
) I ]
> i ]
©0.4 _ . average flux (photons/s/(%bw))
@ | ] 50 0.128x109
2T \¥ ] 122 0.64x109
ol v v 252 2.29x10°?
0 20 40 60 80
times(ms) 1/f~0.1481 ms
modulated beam &, 3.4pm-> 33pm, < i
65 0.134%->0.31%. return to their J 1 1 >
equilibrium values after 60ms ¢
modu-bunchl modu-bunch2 modu-bunch3
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Improvement of repetition rate

It is worth noting that during each modulation, only a small part of the beam (with beam length 7)) is modulated by the few-
cycle laser (with duration o). If multiple modulations of different parts of the bunch are carried out during each recovery
period(60 ms), the repetition rate can be increased to a maximum of approximately g,/o, times.

However, after each modulation, the particles undergo a transverse betatron oscillation and are affected by the momentum
compaction effect so that the modulated particles have a path length variation after one revolution. The equivalent path

length difference of the modulated electron beam can be estimated as*

o, = J (,Co5)? + (M€ e, + TE, )2

where a, is the momentum compaction factor, C is the circumference of the ring, §X,yare the chromaticities of the ring, o5
and ¢, , are energy spread and emittances of the modulated beam. The estimated value of o, is about 63 um.

Furthermore, it is important to consider the Gaussian longitudinal distribution of the beam, as a delay distance that is
too large can result in a decrease in local current.

*Shoji, Y. Phys. Rev. ST Accel. Beams 8, 094001 (2005)
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Improvement of repetition rate

Repetition rate, performance and brightness

When a delay length of 0.1 mm is selected and 200 modulations are performed on the beam, the corresponding
reduction in local current is maximally 6%, and there is a decrease in radiation power of approximately 10%. This
suggests that multiple modulations generate radiation pulses with a variation magnitude of less than 10%. In this way,

the repetition rate can be increased to 1.35 MHz.
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T T
N

-

Se
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-0.5F

-0.01  -0.005 O 0.005  0.01 -0.01  -0.005 0 0.005  0.01
s(m) s(m)

In addition, the degradation of the beam parameters of the
modulated beam after multiple modulations is more severe
than that after a single modulation. This degradation
significantly affects the brilliance of other IDs.

IHEP  |FLS2023| Weihang Liu, 28-8-2023
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The highest brilliance of
an ID decreased by

approximately 72%.
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Discussion and conclusion

We proposed a method to generate attosecond pulses in SAPS by combining ADM and few
cycle laser. simulations show attosecond pulse with repetition rate of 6.75kHz can be
generated. By introducing a suitable time delay between the laser and the beam, the
modulation can be performed repeatedly on a beam, thereby increasing the repetition rate to
1.35MHz.

Ongoing and future works:

1. pulse duration variation with period number variable undulator (using segmented

undulators and adjusting the gap to control the number of periods, phase shift issue?)

2. Improve signal-to-noise ratio

increase current? Not favored by storage ring dynamics
Separation of the attosecond pulse [next slide]

3. Design a laser delay system for high repetition rate mode
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separation of the attosecond pulse

Idea Beam dynamics and some FEL experiments have shown that, microbunches rotate toward the new direction of travel if the electron beam
is kicked and defocused. This can be used for multiplexing at FEL. While under weak focusing kicker, the direction of microbunches is

unchanged®.
------- synchrotron radiation . .
micobunches | @ =TT S When the kick angle is large enough,
+ > coherent attosecond pulse we may isolate the attosecond pulse

Simulaton (code SRW) At a distance of 10 m from the source, we

Aperture:
10 m X‘[)_%:r;em 1mm] @added a suitable aperture to separate the

i " y[-1mm,1mm] coherent radiation from the synchrotron
—+—L£’” radiation

5/. \ / \ o;
6 = 200 prad:

0.4

before aperture  ° @ coherent pulse

-0.4

After aperture,
~99% attosecond pulse pass through
~0.1%, synchrotron radiation remainder

y(mm)

Increase the signal-to-noise ratio to 10~100

-0.6

o L s (50as ~ 252 as)
5 -0.4 -0.2 0 O,ZX(mm;).4 0.6 0.8 1
-5 0 5
..................................................... i ot e e et e e e e e e e e e e e e e —m mmmmm e m e
AS, the increase in 6 2 —EE o A full optic beamline design is needed to
issue brings about a decrease :... 1 &t o .

see if those degradations are acceptable

50urad . IOO“rad 200urad . for the experimental requirements.

in radiated power and M
coherence o

0
t(fs)
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