FRPMNO063

Proceedings of PAC07, Albuquerque, New Mexico, USA

SUPERCONDUCTING RF GUN CAVITIESFOR LARGE BUNCH
CHARGES

V. Volkov”, BINP SB RAS, Novosibirsk, Russia, K. Floettmann, DESY, Hamburg, Germany
D. Janssen, FZD, Dresden, Germany

Abstract

The first electron beam of an RF gun with a 3.5 cell
superconducting cavity is expected in July 2007 in FZD.
This cavity has been designed for small bunch charges. In
this paper we present the design of a similar cavity and of
1.5 cell gun cavities for large bunch charges. For a charge
of 2.5 nC, which is the design value of the BESSY-FEL,
and a bunch length of 21 ps a projected transverse
emittance less then 1wy has been obtained (without
thermal emittance).

INTRODUCTION

For producing radiation with high power and high
luminosity in FEL and in SR sources, and also for other
applications, intensive electron beams with short bunches,
small emittances and large charges are required.

Now bunches with an emittance >1 ntp for Qgunen<1 NC
are produced in accelerating complexes consisting of a
laser driven RF photocathode gun and a superconducting
linac. The photo cathode guns are based on normal
conducting cavities. In order to obtain a small emittance
in these guns beam focusing by the magnetic field of two
solenoids and a high accelerating gradient (~30 MV/m)
are applied. For this gradient the RF power loss at the
cavity surface reaches 16 kW/cm?. By water cooling it is
possible to remove not more than 500 W/cm?® from a
cooper surface [1]. Therefore RF guns with warm cavities
can work only in a pulsed RF mode.

The application of superconducting cavities alows
working in a continuous mode. Numerical simulations
have shown that electric and magnetic RF focusing inside
the superconducting cavity can be applied to compensate
the emittance growth. In this way the SRF injector is able
to produce an electron beam with a bunch charge of 2.5
nC and a pulse length of 21 ps, were the normalized
transverse emittance is ~1 . The repetition rate could
be > 26 MHz so that alarge average current is possible.

SIMULATIONS

By means of a large number of numerical calculations
(>100) a set of optimal parameters has been found, which
minimizes the emittance after the RF gun and seven
TESLA cavities. For Ey. = 25 MV/m the final energy is
193 MeV. The results are given in fig. 3, 4 and 5. The
calculations show that the resulting bunch emittance
differs only insignificantly for the case of a 1-cell, a 1.5-
cell and a 3.5-cell gun cavity.

The simulation has been done for 2.5 nC bunch charge
and a laser pulse with 21 ps duration and 2 ps rise time.
The optimal laser pulse diameter was found to be 4 mm.
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For large bunch charges the value of the thermal
emittance g, is not well determined. It should be of the
order of 1 mu. In most calculations we did not take into
account this value. But we can add the calculated thermal
emittance by the formula e,= 1.07-(ecac’terd)™>. The
factor 1.07 has been verified by additional calculations.

A modified ASTRA code is able to take into account
the image charge field of a curved cavity wall and cathode
(see fig.1). This new possibility of ASTRA was verified
with the USAM code [2] which is the RF modification of
the SAM code made by BINP. The results of bunch
dynamics simulations of both codes on the first ~10 mm
areidentical.

The SLANS code was used for the field calculations. A
maximal RF electric accelerating field at the axis of the
RF gun cavities of E;,=50 MV/m was assumed.

Electrical RF Focusing

The deepening (dz=2 mm) of the cathode in the wall of
the cavity (see fig. 1) leads to a distortion of the
accelerating field. The radia components of this field
form a focusing lens. The optical force of this lens
exceeds the defocusing forces of the space charge near the
cathode. Due to the small velocities of the photoel ectrons
they experience relatively large focusing impulses near
the cathode from the radial force (~1/p ~1/2"?).

Electric RF Focusing

Figure 1: View of the
photo cathode stem
disposed into the hole of
the back cavity wall of
the RF gun. The electric
field of the image
charge in the entire wall
was taken into account
in the calculations. The
optimized sSizes are
presented in the picture.

On figure2 the
distribution of the axial
and radial components
of the accelerating field
aong the axis of the 1 cell cavity are shown. The focusing
impulse for the spherical surface is much larger than for a
flat one due to the radia components directly at the
cathode surface. The radial field distribution at the
spherical cathode surface:

E.(r),.o=(E-Eg) /R isalinear distribution.
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Here E is the electric field and Eg: is the image space
charge field; al orthogona to the surface. R is the
curvature radius of the surface.

For the estimation of the focal length F of such an RF
lens for charged particles close to the cathode we consider
Lawson’s dynamics equation written for a cylindrica
coordinate system in the paraxial limit [3]:

d

=6 (ar)-po By ar )

]/F =_V/ﬂc']/rc

Here e and m, are the particle charge and rest mass, E,
and By are the radia electric and azimutha magnetic
fields, y is the relativistic factor, r and v are the radial
particle coordinate and velocity, Bc is the axial velocity
and r. isthe radial coordinate at the photo cathode.

We write the normalized focusing force as:

1
'B}/'E
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Figure 2: Cathode
geometry and
accelerating field
distribution along
obs o1 == the axis of a1 cell
redacorpenen 0 1 | RF gun cavity for

i r=1mm.
A (D < _1
~—2 1z

A positive effect
of the Pierce cone
is that the linearity of the radial field of the vector sum of
the accelerating field and the image charge field becomes
better close to the cathode at z ~ 0+1 mm.

In the simulations the accuracy of the RF field
distribution near the cathode was essentially improved by
using a3D RF field obtained by SLANS.
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3) and the TEy; mode of a separate specia cavity
following the 1.5 cell RF gun (see fig. 4, 5) play arole as
magnetic RF lenses for the emittance compensation.

The vectors of the TE field are orthogona to the
vectors of the TM field. The magnetic field pattern of the
TM mode and the electric field pattern of the TE mode
show rings symmetrically disposed around the axis. In the
superposition of the TE and the TM modes the peak fields
(Bpea) @t the cavity surface have different places.

Because of these properties the added By field of the
TE and the TM mode on the surface is small. It is lower
as the Bye field of a single TM mode with increased
field, Ena= 60 MV/m instead of 50 MV/m. Values are
presented on the right hand sidein fig. 3, 4 and 5.

The TE mode is excited with a separate generator with
a power of ~30 W. The frequency of the generator is set
to the free resonance frequency of the TE mode. A tuning
of the TE resonance frequency is excluded.

The temporal variation of the emittance due to the RF
focusing has a smal vaue In the case of the
superposition with the TM mode (see fig. 3) it islessthen
4%. In the cases of separate RF focusing (see fig. 4 and 5)
itis practically zero.

For the estimation of the RF magnetic focusing forces
of such RF lenses we consider Lawson’s eguation [3]:

9y L2 sinfat o
dt amt y ¢

here B,(2) is the axial TE field component, o is the TE

mode angular frequency, ¢ isthe phase of the TE mode.
From sin(ot+¢)?=1/2-1/2-cos(2mt+20) follows:

1 € B, Z.L € B, 2_ T
i ) 7w ) oo
The normalized focusing force consists of two parts —
the first oneis the usual focusing force of a static solenoid
field with the same field distribution as the effective TE

Magnetic RF Focusing field B,(2)/2"2 and a second part depending on the phase
Both, the TEg; mode of the 35 cel cavity and frequency of the TE field which diminishes
superimposed with the accelerating TMg;o mode (see fig.  exponentialy with increased TE frequency.
€n=0.99 RF Gun. Magnetic RF Focusing fTE=3781 MHz Figure 3: Transverse
+ 5 Emittance RF Pulsation=+/- 4% ~ - normalized emittance
E‘peaklgmageo e T and rms beam size of
Qm=  10° bunches in a super-
g | Bpeak= 115 mT g conducting 3.5 cell photo
£ } Ppeak= 10 mW/cm?2 & cathode RF gun and a
31 ' Ore= 056 1010 2 linac with TESLA
ié Bmax=0.276 T Emax=50 MV/m B;i:: 8o T 8 cavities. Fig. 1 shows the
e Peea= 54mwiem? | ©  RF focusing.
N o — -5 The RF gun beam is
\\/\/ \st BpealZ=132 mT I here matched to the
PpeakZ=55 mW/cm?2 . . .
b 0 01 02 03 04 05m linac, i.e. the beam waist
I v and the location of the
| RE Gun Emittance Linac Emittance B emittance minimum are
FRF Gun 10 MeV Linac: Emax=27.9, 50, 50, 50, 55, 55, 55 MV/m E=193 MeV expanded due to the
= acceleration up to the
1 1 2 4 6 8 192m _ endof thelinac.
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of TE focusing

En=1137u )
Emittance RF Pulsation | fu=1300 MHz ~ fre=1613 MHz Figure4:  Transverse
=+/- 0.3% ™ =100 normalized emittance of
| RF Gun Emittance without Q - bunches in a super-

Bpeak=115 mT

Ppeak=10 mW/cm2 | conducting 1.5 cell photo

Emax=50 MV/m

e ™ mrad mm

Bmax=0.305 T

cathode RF gun and in a
linac with TESLA
cavities. The electric RF
focusing is shown in fig.
1. The RF power feed for
the TM mode has to be
made from the side of the

QTE= 2.61 1010
Bpeak=90 mT |
Ppeak=8.5 mW/cnm2 |

0.4m

cathode assembly. The RF
peak power density at the

jl\/lini mMUM 2_nd Minimum

surface for the TE mode

E=103mev | (Poead) is close to the TM

Gun 4.6 MeV Linac; Emax=50., 50, 50, 50, 50, 50, 50 MV/m mode pesk density.
: ! : i 10 2 m
. en=1.46 T frE=2487 MHz

< [Emittance RF Pulsation Figure 5: Transverse
=+/- 0.3% QTM= 1010 normalized emittance of
g RF Gun Emittance Bpeak=115 mT | bunches in a super-
g ] Ppeak=10 mW/cm?2 { conducting 1.5 cell RF
=7 =1 gun and in a linac with

N Ema=50 MV/m Bma=0.342T { QTE= 1.12 1010 TESLA cavities.
S Bpeak=107 mT In both cases with
& Ppeak=27 mW/cm2 | Separate RF focusing two
N AxisKields 7 emittance minimums

0 01 02 03 04

05 | appear at the axis. The RF

gun beams are matched
with the linac, i.e. the RF
gun beam waist and the
location of the emittance

1st f\/|ini mum Linac Emittance

-t 2nd Minimum |
RF Gun 4.6 MeV Linac: Emax=51.8, 50, 50, 50, 50, 50, 50 MV/m E=193 MeV -
==

1 minimum are expanded
8 10 z my{

o ‘ ? . ? . ? i ‘ | up to the end of the linac.
The second part of the equation is similar to the Fourier
equation for the spectrum density of B,[z(t)]*r(t)/y(t). The CONCL USION

frequency dependence of the maximal value of this part
has many maximums and zero minimums. But the
envelope decreases exponentialy with increasing TE
mode frequency. Due to this fact the variations of the
emittance for a high TEg,; mode frequency of 3781 MHz
presented in fig. 3 islessthen 4 %.

In the simply case when the RF magnetic lens is made
as separate cavity we can be free for choosing the cavity
geometry and can provide the appropriate resonance
frequency (wg) a which this second part is equal to zero.

In the figures 4 and 5 we obtain the frequencies of the
TE modes assuming in the above equation: y=const and
r~re=const and z(t)=pct, where f = 0.995 (E=4.6 MeV),
from the resulting formula written for any phases of ¢ as:

B (8et)- sinf2act)et +[[ B, (5t -co(zaretot [ =0

It was found that the geometry of the TE cavity must
have an elliptic shape in the cross section to minimize the
peak field at the surface.
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e Application of a concave spherica surface of the
tip of the photo cathode stem gives the possibility
to obtain ~1mu emittance for doubled bunch
charge (2 nCinstead of 1 nC).

e Using a Pierce cone and taking into account the
image charge in the wall we were able to obtain
the same emittance for a bunch charge of 2.5 nC .

e RF focusing is suitable to match the beam into a
linac and expand the location of the emittance
minimum and the waist up to the exit of the linac.
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