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Abstract

An dectron beam with a smdl energy soread (0.1%) and a smdl normdized emittance (2
mm.mrad) is required to drive a Free Electron Laser at the TESLA Test Facility (TTF) a
DESY. During FEL operdtions, the longitudind and transverse wekefidds which are
generated by vacuum components, principdly by RF cavities bdlows and vaves, will
induce an additiond energy Sread and emittance growth, respectivdy. This paper
presents the wakefields and its induced corrdated energy spread and emittance growth at
the TTF FEL of phase | and 1.

1 Introduction

The Free Electron Laser a the TESLA Tedt Fadility (TTF FEL) is based on the principle
of the so-cdled Sdf Amplified Spontaneous Emisson (SASE) [1]. The god is to obtan a
coherent, very bright beam of photons with wavelengths tunable between 6 nm and 42
nm. This ambitious god is redized by two seps [2], TTF FEL phase | and phase I,
respectively. In phase |, a SASE FEL experiment will be firdly done a wavdength down
to 42 nm by usng 380 MeV TTF linec, as shown in Fgurel(@. In phese Il, 5 additiond
TESLA cryomodules are insarted and its energy is thus increased to 1.0 GeV with the
waveength down to 6 nm, as shown in Figure 1(b).

A gsndl energy soread, a smdl transverse normdized emittance and high phase space
dendties in dl three dimendons ae mandatory for achieving micro bunching and
saurdion within an undulaior of reasonable length. The longitudind wakefidd can
increase the corrdated energy soread, while the transverse wekefidd can dilute the
transverse emittance. In this paper we congder the short-range wakefidds and its induced
dnge bunch beam dynamics corrdated energy sSpread broadening and transverse
emittance growth at the TTF Linac.

This paper is organized as follows The second section is to present the short-range
longitudind wakefidd of the vacuum components, such as cavities bdlows and vaves,
and therr induced the energy Soread broadening. In the third section, the short-range
transverse wekefidd and its induced emittance growth are edimated. The disperson
induced emittance growth is briefly discussad in the fourth section.

" On leave of absence from IHEP, Beijing
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Figure 1: Layout of TTF FEL phasel and 11
2 Corrdated energy soread dueto longitudinal wakefield
2.1 Longitudina wakefidd

TTF Linac contains vacuum components, such as RF cavities, bdlows vaves and BPMs,
which give rise to discontinuities in the beam pipe As the beam traverses these
discontinuities, the wakefidd is then exdted. The longitudind wakefidd of undulator
beam pipe and its diagnogtic section has been esimated [3]. The longitudind wakefields
of main vacuum components & TTF Linac except the undulator pipe and coherent effects
in the bunch compressors, eg, RF cavities, bdlows and vaves, are edimated in this
Section.

211 TESLA cavity

TESLA superconducting cavities are used to accelerator the beam in the TTF phase | and
II. One cryomodule is composed of 8 cavities, one of which is composed of 9cdl cavity.
As shown in FHgure 1, the bunch length in the TTF Linac is shortened initidly from 2 mm
to 0.8 mm by the fird dage bunch compression, from 0.8 mm to 025 mm, and findly
from 025 mm to 005 mm by the second and third stage bunch compresson,
repectivdly. The longitudind wekefidd of cavities with different bunch length is
caculaed asfollows.

a Waeakefidd of 2mm

At the exit of the RF gun the bunch is 2 mm long. Then, the bunch traverses the capture

cavity which is composed of 9-cdl cavity for the further aceeration and focusing after a
longer drift. Due to its rdative longer bunch length, the longitudind wekefidd of one

cavity iseadly caculated by MAFIA T2, as shown in Figure 2.
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Fgure 2: Longitudina wakefidd of one cavity with 2-nm+-long bunch
b. Wakefidd of 0.8 mm

Following the capture cavity, the fird bunch compressor is used to compress the bunch
length from 2 mm to 0.8 mm. Then, the bunch traverses the firg cryomodule which
indudes eignt 9-cdl cavites For a longer bunch, its totd energy loss in multi-cavity
dructures would be then amply the sum of the losses in the individud cavities snce the
fidd pattern around the bunch is assumed unchanged before and after its trave through a
cavity in the dngle-cavity gpproximation. However, this assumption is not vaid for the
ghort bunch smdler than 2 mm [5]. For short bunches, the fidd pattern changes
tremendoudy after a passage through a cavity. For the bunch of 0.8 mm long, MAFA
cdculations show that the wakefidd of the third cavity is cdose to the convergence, which
dso agrees wel with ABCI code cdculaions Therefore, the wakefidd of the following
5 cavities from #4 to #8 in one cryomodule is conddered to be the wekefidd of the third
cavity. The wakefidd of the cavity #1, 2 and 3 are shown in Figure 3.

— 0 AmAndsAch A 4 a7
(] A
=S i
s s KAl
[J] "
§ -10 o' = v A —&—cavity #1
= oo LR .
= 5 S ’¢’ o —— cavity #2
c - . [ o —
5 1 - cavity #3
=
S -20
c
(=}
— -25
0 0.002 0.004 0.006 0.008
distance from bunch head (m)

Figure 3: Longitudind wakefidd of the first 3 cavities
with the bunch length of 0.8 mm
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c. Wekefidd of 0.25mm

After the second bunch compressor, the bunch is then shortened from 0.8 mm to 0.25
mm. It is undergood that for such short bunch length one should cdculate wakefidd of
the whole 8 cavities in one cyomodule in order to obtan its practicd wakefidd.
However, it is a serious problem to use numericd codes to cdculate the wakefidd of 8
cavities of 8 m with such short bunch length. For such longer dructures, the disperson
eror due to the finite mesh Sze in the z direction need to be congdered during the
wakefidd cdculaion for progranmes as MAFIA, ABCI. The disperson eror can be
uppressed effectively with the following condition:

Dz” L

S 3

z

£1 1)

where L the totd length of the Structure, Dz the mesh Sze in the z direction, and s , the
bunch length. The mesh dze in the z direction with different bunch length is given in
Table 1.

Table 1. Mesh Szeinthe z direction (unit: mm)

L=1m 8 m

s, =08(mm) 226 8
0.25 4.0 1.4
0.05 0.35 0.13

It is difficult to cdculae the wakefidd of 8 cavities due to its huge mesh points and
unendurable long CPU time. For the case of the bunch length 0.25 mm, the wakefied of

the fird 3 cavities is computed by numeicd method, as shown in Fgure 4. The
wekefidd of the following 5 cavities are directly derived from the wake green function of
the point charge, which is consdered to be converged. The practicd wakefiedd of the
cavity from #4 to #38 is in between the wakefidd of the third cavity and the converged
one. However, dnce the energy soread induced by the wakefidd of third cavity is close to
the one of the converged wekefidd, which will be compared in the next section, it is
reasonable to esimate the wakefidd of the cavity from #4 to #8 in one cryomodule to be
the one from the wake green function. The wake green function of one TESLA cavity is
expressed as[5):

W, () = 38.5(1.18" exp(- 0.577+/s) - 0.18) @)

where s is the digance from the point charge. The wakefidd of the bunch can be derived
from the wake green function:

W11(S) = d (S(D >«N;le (S' Squq: (3)

where W,,(S) is the wakefidd of the bunch, r(s) is the bunch digribution. The
wakefidd of the bunch with 0.25 mm from the green function is shown in Figure 5.
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Fgure 5: Longitudind wakefidd of one cavity with 0.25-mmlong
bunch derived from wake green function
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d. Wakefield of 0.05mm

Smilar to the case of 0.25 mm, the wakefidd of the firg 3 cavities are cdculated with
numerical codes and the wakefidd of other 5 cavities is ds0 derived from the green
function, as shown in Figure 6.

2.1.2 Bdlows

The cavities are connected by short below sections to dlow for length variaions of the
cavity and thermd contraction during cooling down. Condderation has been given to the
ingdlation of an RF shidding to avoid the HOM loss in the belows which add to the
cryogenic load a 1.8 K. However, dl desgns showed that this will take the danger of
producing metdlic dust by friction. Therefore, the RF shidding is not inddled in the
bdlows in the TTF Linec [5]. There ae severd types of belows in the TTF Linac with
different number of waves and different beam pipe radius. In this section, the wakefidd
of bdlow with 4 waves are cdculated. The wakefied of other types bellows can then be
amply scaded from it, dnce its wakefidd is linear with the number of the waves and
inverse to the square of the beam pipe radius. The schemaic map of the below and its
longitudina  wekefidd with different bunch length ae given in Fgure 7 and 8,

respectively.
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0.25 mm and 0.05 mm
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2.1.3Vaves

The vaves in the TTF Linec ae usd to isolae the vacuum in one section from the
vacuum of adjacent section. Each module of 8 cavities has vaves a dther end. A vave
in the beamline is like a rectangular cavity when it is open. The dructure of the vave
used in the cdeulation is smplified as shown in Figure 9 with a sguare crosssection and
a gep of 25 mm [6]. In the cdculdaions the square cross section of the outer vave pipe
can be conddered as the circular one, since the corners contribute less to the wakefied.
With 2-D ABCI code, the wekefidd of a vave with different bunch length is shown in
Fgure 10.
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FHaure 9: Schematic map of the gate valve structure
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Fgure 10: Longitudind wakefied of the gate valve with
the bunch length of 2 mm, 0.8 mm, 0.25 mm and 0.05 mm
2.1.4 Cthers

The wakefidd of resgsive wal, BPMs, flanges and other components are not addressed
in this section, since their contribution is smdler and could be neglected.
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2.2 Correlated energy spread

The longitudind wake fidds can affect the energy didribution of the partices in one
bunch. The change of energy digtribution after one accelerating structure can be given by:

DE(s) =G, L xog , + 2pf,s/c) + NeW,,(s) @
where G, the accdlerating gradient of the structure, L the dructure length, j , the initid
RF phese, f, the RF frequency, N the patide number in the bunch, W, (s the
longitudina wakefield. The corrdlated energy spreed due to longituding wakefidd is[3]:

dE = g, ¢yt (9 W4, () - ko’ ©
where k;, isthelossfactor,
ki = QS () W, (S) ©

In the 8-cavity wakefidd cdculaion for the short bunch length, the wakefidd of the
cavity from #4 to #8 are deived from the wake green function, as consdered in the lagt
section. The energy soread induced by the wekefidd of cavity #3 and #8 has been
compared, as liged in Table 2. It is shown tha the difference of both energy Soreads
could be neglected.

Teble 2: Energy soread comparison (unit: keV)

Cavity #3 Cavity #8
s ,=025mm 74 1.2
s ,=005mm 9.6 9.2

The loss fadors and corrdlated energy spread in the TTF FEL phase | and 1l ae
summearized in Table 3.

Table 3. Theloss factor and its related broadening energy Spreed

Phase| ky, (V/pC) dE (kev)
Capture cavity (2 mm) 8.3 3.7

RF module 1 (0.8 mm) 86.63 40

RF module 2 and 3 (0.25 mm) 1134*2 58.4
Bdlows (2 mm) 6.0 3
Bdlows (0.8 mm) 42.6 21.3
Bdlows (0.25 mm) 80 40
Vaves (2 mm) 2.75 14
Vaves (0.8 mm) 3.72 1.86
Vaves (0.25 mm) 133 6.63
Tota 470.1 176.3
Rdative energy soread 0.05% (380 MeV)
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Phase | ke (V/pQ) dE (kev)
Capture cavity (2 mm) 8.3 3.7

RF module 1 (0.8 mm) 86.63 40

RF module 2 and 3 (0.25 mm) 1134*2 58.4

RF module 4, 5,6, 7 and 8 1985*5 400
Bdlows (2 mm) 6.0 3

Bdlows (0.8 mm) 42.6 21.3
Bdlows (0.25 mm) 80 40
Bdlows (0.05 mm) 404 202
Vaves (2 mm) 2.75 14
Vaves (0.8 mm) 372 1.86
Vaves (0.25 mm) 13.3 6.63
Vaves (0.05 mm) 40 20

Tota 1906.6 798.3 (keV)
Relative energy spread 0.08% (1.0 GeV)

3 Transver = wakefield and its induced emittance growth for the single
bunch

3.1 Transverse wakefidd

Transverse (dipole) wakefidds are excited if the beam traverses an accelerating structure
off axis. The fidds excited by the head of the bunch will kick the tails of the bunch even
more off axis The whole bunch may devdop a banana shepe tal, as shown in Fgure 11.
This can strongly dilute the emittance of the beam.

Figure 11: Banana shape of a bunch with off axisin the Sructures

The dipole wakefidld is related with the bunch length as follows:

3 )

where a is the radius of the beam pipe, s, is the bunch length. Therefore, the shorter the
bunch, the smdler the transverse wakefidd. For the TTF Linac, we can give its upper
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edimation of the emittance growth for one cavity offss with 2mmilong bunch
transverse wekefidd. The transverse wake green function of one TESLA cavity is fitted

as[7]:
W~ (s) =1290Vs - 2600s (V/pC/m) ®

where s is the disance from point charge. Usng the rdation between the transverse
wakefidd of the bunch and point charge:

W, (8) = (J (s§W (s - s§xast, ©

the transverse wakefiddd of 2-mm-long bunch can be deived, as shown in Fgure 12,
which aso agrees well with MAFIA cdculdions
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Fgure 12: Transverse wakefidd of one cavity
with the bunch length of 2 mm

3.2 Emittance growth

The differentid equaion of the transverse motion of a bunch with zero transverse
dimendon isgiven by:

dmod 0. e 0
OISgg(S) dSX(Z,S);gI (S)BQ(S)-X(Z,S)

== € Neé r (zQW." (z¢ z5).x(z¢s)dz¢, (10
m,C

where | (s) is the indantaneous wavelength of betatron focusing a postion <, g(s) is
the normdized energy, N, is the number of patides in bunch, W (2) is the transverse
weke green function per unit length in unit of V/pC/m. With the andogy to the Brownian

10
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motion of a molecule, the emittance growth due to the transverse wakefidd is expressed
as[8]:

s (1D

(e, = <X Lx<b >a®NW, (2) 6
” 29(0)G; mc® g

where gDe, is the normdized transverse emittance, < X> is the accelerating Structure
transverse offsst in unit of meter, L is the dructure length (M), <b > is the betatron
function (m), g(0) is the normdized initid energy, W, (z) is the transverse wakefidd per
unit length & the tail of the bunch, usudly a 2s, in unit of V/pCim/im, and G; is given
by:

9(s) =9(0) {1+ G; ) 12

where < is the totd length of accderating Structures. In the TTF Linac, the beam is
accelerated from the initid energy 5 MeV to the find 1 GeV with the accderating
gradient of 15 MV/m. The accderating length of one cavity is 1 m, and the average beta
function,

+b
<p>= d

»10m, (13

where b,, b, ae the beta function a the focusng and defocusing quadrupoles,
repectively.  Subdiituting these parameters into Equation (11), the emittance growth
induced by the transverse wakefidd is given as

gDe, =2.75" 10°% < x >? (m.rad) (14)

In the usua case, there are two sources of offset between the beam and the axis of the
accderding dructures. One is from the acceerating sructure misdignments, and the
other is from the beam jitter or beam offsgt, eg., kick by the focusng solenoid which has
a transverse offsst in the RF gun [9]. In addition to the cavity misdignments, a transverse
beam offsat a the cavity entrance of 1 mm has been congdered. Its wekefidd induced
emittance growth is cdculaed as shown in Table 4, which agrees wel with smulation
data[1].

Table 4: Emittance growth due to RF cavity misaignments

Rms cavity offset (mm) Emittance gronth
05 0.6%
0.8 0.9%
1 1.2%

11
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4 Digperson Induced Emittance Growth

For amplicty we condder a longitudind pogtions s with maximum dispeson (h(=0).
Its emittance can then be written as:

e=¢g,+Dey(9+ Dedisp(s)
where the second term in the right Sde of the eguation is the wakefidd induced emittance

growth, and the third term is the digperson induced emittance growth, which can be
cdculated asfollow:

h?(9)>d*(9)

<h>
where h is the centroid disperson, d is the enagy soread, and <b > is the beta-
function. In the TTF FEL, snce d »0.1%, <b >»10 m, and the disparsion is vay
amadl, obvioudy the dispersion induced emittance growth can be neglected.

De

disp »

5 Summary

The short-term weakefiddd and its induced corrdaed energy Soread and emittance growth
have been edtimated. The corrdaed energy soread of TTF Linac except undulators is
below 0.1% and its transverse wakefield induced emittance growth is near 1.0%.
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