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By using 2d3v code LCODE the investigations in detail of the reconstruction of a long nonresonant train of rela-
tivistic electron bunches into resonant one at plasma wakefield excitation are presented. Because of bunch repetition
and plasma frequencies detuning the wakefield beatings are occurred. The bunches in the maximum of beating ex-
perience defocusing radial force and go out the interaction with wakefield. It leads to the shortening of the beating
period and to the asymmetry between the energy loss of decelerated bunches of the beating front and energy gain of
accelerated bunches of the beating rear. In result along with wakefield amplitude beating the monotonical growth
takes place with the rate equivalent to the resonant train with smaller current.

PACS: 29.17.+w; 41.75.Lx;

1. INTRODUCTION

Resonant plasma wakefield excitation by long train
of relativistic electron bunches is difficult because reali-
zation of homogeneous and stationary plasma in ex-
periments is difficult. Results of 2.5D numerical simula-
tion by the code LCODE [1] of plasma wakefield exci-
tation by a nonresonant train of relativistic electron
bunches (repetition frequency ,, is not coincided with
plasma frequency ®,) with parameters close to experi-
ment [2] have been presented in [3]. Train of short rela-
tivistic electron bunches of energy 2 MeV, charge
0.32 nC, rms length 26,=1.7 cm, rms radius ,=0.5 cm,
rms angular spread c,=0.05 mrad, repetition period
360 ps excites a wakefield. The plasma of density,
smaller than resonant one 10''cm?, is simulated, so the
frequency of the excited wave is smaller than the fre-
quency of bunches repetition ®,<woy. The mechanism of
the wakefield excitation in this case is the self-
consistent self-cleaning of electron bunches. As a result
of interaction with wakefield the train becomes more
resonant.

In this paper we consider the mechanism of this ex-
citation more detaily, taking into account bunch defo-
cusing in radial field and changing of the coupling of
bunches with wakefield.

2. RESULTS OF SIMULATION

It is difficult to support plasma strongly resonant
(o is coincided with @) in experiments. Therefore, the
wakefield excitation by nonresonant train of electron
bunches in plasma is of great interest. We simulate dy-
namics, using cylindrical coordinate system (r, z). At
first we consider 500 electron bunches. Fig.1 shows the
amplitude of the on-axis electric field as a function of
the coordinate along the plasma and the number of
bunches for ®,~0.97m,,. At small coordinate along the
plasma, we observe beatings of the field, as it is excited
by a periodic force of a different frequency. Number of
bunches in beating equals N=1/(1-op/0y)=39. Number
of beatings along train equals Ny=500(1-w,/0y,)~13.

Fig. 1. The amplitude of the on-axis longitudinal electric
field as a function of the coordinate along the plasma
and the number of bunches for ©,~0.97 @,

Some distance downstream the wakefield grows, be-
cause the train becomes resonant due to self-cleaning at
radial defocusing of nonresonant bunch electrons [3]. The
effect of reconstruction of resonant train due to radial
defocusing of nonresonant bunch electrons is useful, be-
cause during evolution the nonlinear wave frequency
o™ change takes place. Really, from Fig.1 one can es-
timate this nonlinear frequency change (w(NL)/mp—l)z—
0.1% using increase of beating number at amplitude
growth.

Fig.2. The amplitude of the on-axis electric field as a
function of the coordinate along the plasma and the
number of bunches for @,=1.0025w,, and ,~0.97 @,

We simulate and compare the case, close to optimal
0,~1.00250, (initial compensation of nonlinear ®, de-
crease), and the nonresonant case ®,;~0.97w,,. For opti-
mized difference wy-®, the wakefield amplitude
reaches value 4.5 MV/m, corresponding to 15% of the
wave breaking limit. From Fig.2 one can see that near
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exit of the system after 500 bunches the wakefield in the
case 0,~0.97w,, is smaller only in 1.5 times in compari-
son with the case, close to optimal ®,=1.0025wy,.
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Fig.3. Dependence of the wakefield amplitude on plas-
ma density difference from resonant one, determined by
bunch repetition frequency. 1 - y,=5,

2 - 5=1000. E."™ is normalised on mewpc/e
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Fig.4. Longitudinal momentum of train of 318 bunches
in the middle (z=50 cm) and on the exit of the system
(z=100 cm) for ©,~0.999w,,

We simulate dependence of the wakefield amplitude
on plasma density difference from resonant one, deter-
mined by o,=0,. Maximal wakefield is achieved at
0,~1.0018wy,. It is determined by nonlinear wave fre-
quency ™" change. Maximal wakefield is excited by
nonresonant train of bunches (see curve 2 in Fig.3, ob-

P/mc ‘

tained for ultra relativistic electrons, for which radial
motion is negligible). Due to the self-cleaning and re-
construction of the nonresonant train to resonant one
(see curve 1 in Fig.3 for slightly relativistic case with
essential radial dynamics) the achieved wakefield is
especially larger for large detuning.

One can see self-cleaning due to defocusing in
Fig.4. Near exit of the plasma the bunch electrons,
which get in large radial defocusing fields and conse-
quently in small longitudinal electrical field E,, are de-
focused.

For the train of 318 bunches (Fig.4), we observe
that approximately 100 bunches lose their energy line-
arly. Further bunches lose their energy slower. Let us
consider energy exchange of bunches with wakefield
for small difference ®y, and w,. Energy losses of N-th
bunch on wakefield excitation on A equals

8N:27'CeanENc/(0p, ENc:EN+(B'1)6EN9 le/Z
Then wave energy W changes on
Wr-Wi=nen, 1717 107, 0,/A=1/6,
1 is the part of volume, occupied by bunches in com-
parison with volume, occupied by wakefield
5EN:EN-EN_1, ENzNSEN, SEN:EIZCHbCT](ZTC)Z/(Dp.
Energy losses of train of bunches ) ¢; equal
Zai:nn(ecnbN2n/wp)2.

Energy losses of train of N bunches are proportional
to N°. On st asymptotic the wakefield amplitude grows
linearly with time

OEn=2men,cn=const.
When bunches completely lose the energy
Zsi:(N—K)mcz(yb—l)nb+nnc(ecan2n/mp)2.

When each bunch loses a significant part of the en-
ergy, the wakefield amplitude grows with time as \t.

From Fig.5 one can see that there is electron group
which is decelerated and there is no another similar
electron group which is accelerated.
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3. SELF-CLEANING MECHANISM

Let us consider self-cleaning mechanism of the train
of 32 bunches in the case ®,~0.92w,,. From Fig.6 one
can see that the radial distribution of bunch density is
asymmetrical along beating. In front of beating the
bunch electrons are located closer to the axis and in the
rear of beating they are located far from the axis.

From Figs.6-8 one can see that the middle radii of
bunches are larger (Fig.6) and the mean field
Eo= |E,nydr/Inydr is smaller (Fig.7) in rear of beating
(phases of electron acceleration) in comparison with
front of beating (phases of electron deceleration).

250
Fig.5. Longitudinal momentum of 500 bunches on the end of the system (z=100 cm) for ©,=0.97 w,
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Because the wakefield is excited by nonresonant
train the wakefield represents beatings. Near injection
boundary the symmetry between phases of decelerated
electrons in wakefield in front of beating and phases of
accelerated electrons in wakefield in rear of beating is
realized. As a result of bunch radial defocusing in the
middle of beating the wavelength becomes larger far
from the injection boundary. This leads to phase sym-
metry braking, i.e. accelerated bunches in rear of beat-
ing get in the smaller (larger) longitudinal (radial) fields
comparatively to decelerated bunches in front of beat-
ing. Therefore middle radii of bunches are larger in rear
of beating, than in front of beating. It decreases cou-
pling of bunches with wakefield in rear of beating in
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comparison with front of beating. The train continues to CONCLUSIONS

ite the wakefield.
exctie e waketle As a result of bunch radial defocusing in the middle

of beating, excited by nonresonant train of electron
bunches, the wavelength becomes larger. This leads to

ricm)

Ly i bunch phase shift, in rear of beating accelerated

{ u L l \‘ | l’: | | bunches get in the smaller (larger) longitudinal (radial)
D ik i bt AL im\ i {EL fields comparatively to decelerated bunches in front of
beating. The train continues to excite the wakefield.
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Fig.6. Evolution of bunch density on the plasma end
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2,5-MEPHOE MO/IEJIMNPOBAHUE BO3BYKJIEHUSI KWJIBBATEPHOM BOJIHHGI B IVIA3BME
HEPE30HAHCHOM IENNOYKOM PEJTATUBUCTCKUX SJIEKTPOHHBIX CTYCTKOB

K.B. Jlomos, B.U. Macnos, H.H. Onuwenko, E.H. Céucmyn

[IpencraBneHsl AeTanbHBIE HCCIIEAOBaHMS ¢ ncnoib3oBanueM 2d3v koga LCODE npeBpamienns JMuHHON Hepe-
30HAHCHOM LIEMOYKU PEIATUBUCTCKHUX 3JEKTPOHHBIX CTYCTKOB B PE30HAHCHYIO IPU BO30YXKIEHUH KHJILBATEPHOI'O
I10JIs B IIJIa3M¢E. BCJ'Ie[lCTBl/Ie OTJINYUA 4aCTOThI CJICAOBAHUA CFyCTKOB nu HﬂaSMeHHOPI YaCTOThI HpOl/ICXOIlSIT 6I/ICHI/IH
KIJIbBaTEpHOTO MoJisl. Ha crycTku B cepenuHe OUCHHS NEHCTBYeT paauaibHas AeoKycHpyIoiasi CHia, 4TO MPHBO-
JIUT K YMEHBIICHUIO UX B3aUMOJICUCTBUS C KMJIbBATEPHBIM MOJIEM. DTO IMPUBOAUT K YKOPOUCHHIO OMEHHIA U K aCHUM-
METPHH MEXAY BETHUYUHAMH TEPSEMOI SHEPIUU TOPMO3SIIMMUCS HA PPOHTE OHEHHsI CIYCTKaMK M PpUoOpeTaeMoit
SHEPruM YCKOPSEMBIMH B KOHIIE OMEHHs CcrycTkamu. B pesynibrare Hapsy ¢ OMSHHSIMH aMIUTUTYla KHJIbBATEPHOTO
TOJI1 MOHOTOHHO HApacTaeT ¢ MHKPEMEHTOM, SKBUBAIICHTHBIM PE30HAHCHOU IIETIOYKE C MEHBIIIMM TOKOM.

2,5-BUMIPHE MOJIEJTIOBAHHSA 3BYI’)KEHHS KIJIbBATEPHOI XBW.II B ILVIA3MI
HEPE3OHAHCHUM JIAHIIIOKKOM PEJIATUBICTCBKUX EJJEKTPOHHUX 3I'YCTKIB

K.B. Jlomoes, B.I1. Macnoe, .M. Onuwenxo, O.M. Céucmyn

Hanano geranbHi mociimkenHs 3 Bukopuctanusam 2d3v-kony LCODE nepeTrBopeHHs JOBroro Hepe30HaHCHOTO
JIAHITIOKKA PENSATHBICTCHKUX €NEKTPOHHUX 3TYCTKIB y Pe30HAHCHUH IpH 30y/KEHHI KiTbBATEPHOTO TOJS Y IIIa3Mi.
3aBAgKH BiAMiHI YaCTOTH BXOJDKECHHS 3TYCTKIB Ta IJIa3MOBOI YaCTOTU CIOCTEPIraeThCs OUTTS KiJIbBATEPHOT'O MOJIS.
Ha 3rycTku B cepeauHi OUTTS zi€ pajiaibpHa JedoKycyroda Cuia, 10 NPU3BOIUTH 10 3MEHBLICHHS iX B3aeMOJIl 3
KizbBaTepHUM IoJieM. Lle Bene 10 ckopodeHHs OUTTS Ta 0 aciMMeTpii MiXK BETMYMHAMH €HEPTill, 0 BTPAYaETHCs
3TyCTKaMHU, SIKH TAIEMYIOTECS Ha PPOHTI OUTTS, Ta 10 HA0YBAETHCS 3TYCTKAMH, SIKH MIPUCKOPIOIOTHCS Ha Kparo OUT-
Ts. B pe3yaprati mopsia 3 ONTTAM aMIUTITYa KITbBAaTEPHOTO TOJISI MOHOTOHHO 3POCTAa€ 3 iIHKPEMEHTOM, €KBiBaJICHT-
HUM PE30HAHCHOMY JIAHIIFO)KKY 3 MEHBIIUM CTPYMOM.
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