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MULTI-BUNCH BEAM DYNAMICS STUDIES FOR THE EUROPEAN XFEL

N. Babofi, DESY, Hamburg, Germany

Abstract Table 1: Comparative parameters for XFEL and TESLA
In the X-ray free electron laser (XFEL) planned to be XFEL | TESLA

built at DESY the acceleration of the electron bunches will| bunch length (fs) 80 1000

be made by 9-cell superconducting cavities. These cavitiesbunch spacing (ns) min. 200 337

have been initially developed within the TESLA (TeV En- | bunch train lengthys) max. 800| 950

ergy Superconductind.inear Accelerator)linear collider bunch charge (nC) 1 3.2

study. The impact of the higher order modes (HOM) hag beam energy (GeV) max. 20 250

been shown to be within the acceptable beam dynamicsnormalized emittance (rad) | 1.410~6 | 3.10°8

limits for the collider. For the XFEL the dynamics is re-
laxed from the point of view of multi-bunch effects (e.qg.
lower bunch charge, higher bunch emittance). However the
lower energy and different time structure of the beam make MULTI-BUNCH DYNAMICS
the study of the HOM effects in the XFEL linac desirable. SIMULATIONS
Multi-bunch beam dynamics simulations have been made. Li | ¢t For th lti-bunch tracki h
The results of the HOM measurements at the TESLA Test —'Hac 'ayout. Forthe muiti-bunch fracking, we have
Facility are used. Several options for the beam structur%on.S'dered the linac design previously used in simulations
and energy are studied. of single-bunch effects [6]. The layout has been rgcently
slightly changed, to two bunch compression stages in order
to increase jitter tolerances [3, 7]. These changes should
INTRODUCTION not affect the multi-bunch effects. A photo-injector pro-
duces electrons bunches of 1 nC which are immediately
Inthe European XFEL [1, 2, 3] a beam of up to 400 elecyccelerated by four cryo-modules. Each cryo-module con-
tron bunches with 10 to 20 GeV energy will generate ultragging eight 1 m long 1.3 GHz accelerating cavities (TESLA
short, high-intensity, coherent X-rays in long undulatorscayities). Fig. 1 shows the beta function along the linac
The design is based on the superconducting technology dgrting with the last cavity of the first module, where our
veloped for the TESLA linear collider study [1, 4]. For the gjmy|ations begin. The linac elements are also schemati-
SASE FEL process, a good alignment, low emittance angh)jy shown.
small energy spread of the beam are essential. The mainafier the first TESLA modules, the bunches pass
cause ofdegradation_of the multi-bunch beam dynam_ics E‘ﬁrough a cryo-module with eight cavities working at
the long-range wakefields generated by each bunch in theg Gz, used to compensate for non-linear distortions of

accelerating cavities. These may lead to accumulating dgye longitudinal phase space. Two subsequent bunch com-
flections of the subsequent bunches, so that the multi-bunch

emittance increases. The study of the wakefield effects is
therefore important.

No dedicated multi-bunch beam dynamics simulations g}
have been made so far for the XFEL. However many es-
timations could already be made based on the extensive 69]
studies made for TESLA [1, 5]. In the linear collider two 50t
beams, one of electrons and one of positrons, would be ac-
celerated against each other to an energy of 500 GeV c.m E. 40r
in an initial stage, and later up to 800 GeV c.m. The emit- ** 39}
tance preservation in the XFEL is less critical than in the
case of TESLA due to the lower bunch charge and length
and the higher design emittance (see Table 1). There- 10}
fore smaller wakefield effects are expected. However one
should take into account some major differences, such as . ; . . .
the lower energy, where the wakefield kicks are stronger 0 50 100 150 200 250 300
and the different pulse structure. Therefore a series of sim- z mi
ulations have been made of the multi-bunch emittance dil
tion along the XFEL linac. The results are discussed he

201

Lifigure 1: Beta function along the linac. The cryo-modules
"&hd quadrupoles are also sketched. The 3.9 GHz module

after. is situated at zz 45 m. Two bunch compressors are placed
* nicoleta.baboi@desy.de between about 50 and 120 m.
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pressors reduce the bunch length tq80 Then 57 FODO 5
cells containing each 2 cryo-modules and 2 quadrupoles
bring the electrons to a maximum energy of 20 GeV. The of

figure shows only the first few FODO cells, which repeat
themselves up to a total length of about 1.5 km. From here g _5
the bunch train is directed into the undulators where the 3’

FEL beam is produced. £ _10
<
[S]
HOMsin the TESLA cavities The long-range wake- é -15
field, excited by each bunch at the passage through an ac
celerating cavity, are given by the sum of many individual  _og
resonances, the higher order modes (HOM). The main ef-
fect on the beam is given by dipole modes. —o5 : : : : : : :
The frequencies and quality factors of the modes from 0 o1 02 03 04 05 06 07 08

the first 2 dipole bands have been measured in a single cav- Time fms

ity test setup in most cavities built for the TESLA Test Fa-

cility (TTF) [8]. It has been found that in most cavities all 1
modes are well damped by the special couplers mounted a

each side of the cavities. For the simulations the average
frequencies resulted from these measurements are consic g5l
ered. For the quality factors (Q) higher quantities than the
most likely values are assumed. For the simulations we &
take into account all modes from the first 2 bands and 3 5 |
modes with highest loss factor in the 3rd band. However
there are only few modes with a large loss factor, i.e. with
a strong interaction between the mode and the beam [9]. —05}

(a) bunch offsets

Simulation assumptions For the simulations we have

used the MAFIA-L code [10]. The beam is injected on-axis -1 ; ; . ; .
with an energy of 117 MeV into the last cavity of the first -1 -0.5 0 05 1
cryo-module, where the simulation is started. In the first x (norm)
four cryo-modules and the 3.9 GHz cavities the accelera- (b) phase space

tion is made off crest, for bunch compression. The elec- _ _ )

trons are accelerated here up to about 730 MeV. The phak@ure 2: Typical bunch train at the linac end for 4000
in the cavities of the FODO cells is adjusted for maxi-unches spaced by 200 ns. The energy is 20 GeV.

mum acceleration. The gradient is 20.65 MV/m. The beam

reaches a final energy of approximately 20 GeV. All the o .
modes from the first 2 dipole passbands as well as 3 mod the FEL process, it is important to note that the varia-

from the 3rd passband are considered, although only abomnfdabre gogceytgatted in dthe f(;rSt less :;16075%::' hir‘:’_ p;'];\rt |
5 dipole modes will effectively contribute to emittance gj-could be defiected towards a dump and only the high qual-

lution. The wakefields in the 3.9 GHz cavities has been néty tail of the beam be used in many experiments. On the

glected. The cavities have a misalignment of 5@ rms other hand, the deflections in subsequent beam pulses are

The HOM frequencies have a spread among the cavities EngSt identical, as it was shown for TESLA [11]. There-

0.1% rms. The bunch spacing is 200 ns, and the maximu re the unwanted offset (and angle) variations along the

number of bunches is 4000. Other bunch distances, trafﬁa”?s can be corrected W'_th afeed.ba(.:k system. )
Fig. 3 shows the emittance dilution along the linac.

lengths and final energies have been considered as well. ‘ )
100 random machines have been calculated in each case! N @verage over all machines has been made. The emit-
tance growth relative to the design slice emittaneg'c is
0.02+ 0.02%, which is negligible.
Results

Reference bunch train  We consider first the case Variouspulselength and bunch spacings If the pulse
of 200 ns bunch spacing and 806 pulse length (4000 length is shortened as compared to the reference case
bunches). Fig. 2(a) shows typical offsets of the buncheagbove, the steady state is not reached (see first part of the
at the end of the linac, while in Fig. 2(b) the bunch trainbeam in Fig. 2(a)). The emittance increases significantly.
is displayed in the phase space. The rms of the bunch pbr particular for a train length of 2s a multi-bunch emit-
sitions is in this case 04m (5.7%). While the maximum tance growth of 0.62 0.69% is reached. In many situ-
oscillation of the bunch offsets of 20m may be a problem ations one can accelerate a pulse longer than the desired
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the 10 GeV case (gradient 10.05 MV/m), the same beam
— has an emittance growth of 15 1.6%. As mentioned
: T . above, the relative bunch offsets can be compensated with
Esal - the feedback system.

A

w

Energy spread The three strongest longitudinal
monopole HOMs, which are situated in the second
monopole band of the TESLA cavities, have also been
included in the calculations. The rms energy spread is
5.15 MeV for a pulse length of 20 ns. For a full bunch train
(800ps) the rms spread is 0.88 MeV. A final peak-to-peak
energy spread of 17 MeV has been obtained. For a 20 GeV
beam this represents 0.085%, while for 10 GeV itis 0.17%.

As for the bunch offsets, the energy variation occurs in
the first part of the bunch train. For short pulses this should
be compensated by the RF system.

=

o

Average emittance []_.33O m]
N
o v P 1 N Ul W A~ U,

z [kml

Figure 3: The emittance growth along the linac for 4000
bunches spaced by 200 ns. The energy is 20 GeV. The SUMMARY

emittance is averaged over 100 random machines. The up-The simulations we present in this paper show a some-
per lines represent the limit of standard deviation bars.  \hat large effect of the wakefields on the bunch offsets
within the train for short bunch trains and low beam en-

. ergies. However, on one hand the negative effects are con-
length and then retain only the steady state part. Howev%rg 9

. . X entrated in the first part of the beam, which gives us the
the question remains about the unconventional pulse Strqution to dump this part of the beam and send to the un-
tu_rtﬁs needheg by r\]/?rlqusleﬁﬁ_erlmentfr,] e.gt. V\gth T'tm'.tra'aulator only the high quality tail. On the other, the multi-
Wi 'E %aCTh' unc.:” bram' nb' |stcef1?et € stegl y stale1s nBEmch excitation is quasi-static, which makes easy the com-
reached. This wifl be the obJect ot TUre Studies. .. _pensation of the bunch offsets by a feedback system. The
For larger bunch spacings, multiple of 200 ns the S'tuaénergy spread may require compensation by the RF sys-

tion can only IMprove. This is s_hown in Table 2 in ®MStem for short trains. Unconventional pulse configurations
of emittance growth, in comparison to the reference cas

S . Femains to be studied.
The double of the smallest spacing is considered. Although Last but not least, we would like to mention that the pos-

not_ p'a!””e‘j to b_e used, Fhe results for a distance _Of 337 bility to align the beam in the cryo-modules based on the
which is the design spacing for TESLA, are also displayed.,~, signals is under study at TTF2 [12]. This is impor-

Itis remarkable that thg Ia}test case gives much sma'ller V3ant particularly at low energy and would further contribute
ues than for 400 ns. This is due to a concurrent relatlonshl[B the improvement of the beam quality

between the bunch spacing and the mode frequencies.
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Table 2: Emittance growthe /¢ (in %) for various beams. X )
h W. Decking and R. Brinkmann.

Each number is the average over 100 linacs. The standaftf
deviation is of the same order of magnitude.
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