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By using 2d3v code LCODE the investigation of plasma wakefield excitation by a nonresonant sequence of
relativistic electron bunches for the case of bunch repetition frequency lower plasma frequency is carried out. Contrary
to the case of nonresonant sequence with bunch repetition frequency higher plasma frequency the picture of field and
bunches evolution is more complicated with no linear field growth. Nevertheless the asymmetry between the energy
loss of decelerated bunches in the front half of beats and the energy gain of accelerated bunches in the rear half of
beats, caused by different bunch-field coupling gives on average the growth of wakefield amplitude.

PACS: 29.17.+w; 41.75.Lx
1. INTRODUCTION

Resonant plasma wakefield excitation by long
sequence of relativistic electron bunches simulated in [1]
for parameters of experiment [2], is difficult to realize
because we need to keep plasma frequency with
precession 1/M, where M is number of bunches in the
sequence. Results of 2.5D simulation by LCODE [3] of
plasma wakefield excitation by a nonresonant long
sequence (repetition frequency @, is not coincided with
plasma frequency w,) have been early presented in [4].
Frequency detuning Aw=wm,-0,, causes beats in wakefield
excitation. The mechanism of the wakefield excitation is
the asymmetry appearance between energy exchange of
bunches with wakefield at first and second halves of beats
due to different radial dynamics of bunches. Moreover it
was shown that for w,<w, the bunches occurred in
maxima of beats are defocused and leave the region of
excited wakefield so the sequence “self-cleans” becoming
resonant one (so called frequency synchronization)
though with only 1/6 beam intensity.

In this paper we consider more detaily the case when
the plasma frequency is larger than the repetition
frequency ®,>w, In this case bunches occurred in
maxima of beats are focused and there are no bunches
which are irreversibly defocused by the wakefield.
Contrary to case ®,<oy evolution of wakefield and
bunches is more complicated. However due to radial
dynamics of bunches and their phase shifting asymmetry
between energy exchange in first and second halves of
each beat arises that leads to the growth of wakefield. It is
important since in experiment inhomogeneity of plasma
density embraces both considered cases.

2. ASYMMETRY OF ENERGY EXCHANGE
IN HALVES OF EACH BEAT

2d3v simulation of nonresonant case ®,>®, in
cylindrical coordinate system (r, z) were performed for
parameters of experiment [2]: sequence of M=6-10°
electron bunches each of energy W=2MeV, charge
Q=0.32nC, mms length 2c5,~1.7cm, rms radius
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6,=0.5 cm, rms angular spread ©y=0.05 mrad, bunch
repetition period 360 ps, resonant plasma density
n,=10""cm”.

At first we consider 500 electron bunches. Number of
the beats, excited by sequence of 500 bunches, contrary
to nonresonant case ®,<®py, to the end of the plasma
decreases in comparison with the number of the beats
near injection boundary. Amplitude of the on-axis electric
field as a function of the coordinate along the plasma and
the number of injected bunches are shown in Fig. 1 for

two nonresonant cases ®,~1.025w,, and ©,~0.97®,,.
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Fig. 1. The amplitude of the on-axis electric field as a
function of the coordinate along the plasma and the
number of injected bunches for y,=5; @,~1.025 @, (below)
and @,~0.97 w,,.. (upper)

Fig. 2. The amplitude of the on-axis electric field as a
function of the coordinate along the plasma and the
number of injected bunches for y,=5; w,~1.025w,,
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Fig. 1 demonstrates wakefield growth with increase of
number of bunches and plasma length for both cases.
However for ;w,~1.025w, picture of wakefield and

bunch evolution is complicated [4] (Fig. 2).Further—we
are investigating in detail the mechanism of wakefield
growth for the case of w,>wpn.

For cogency that radial dynamics is decisive in
wakefield growth for nonresonant case we performed
2d3v-simulation the case of ultra relativistic bunches
(Y,=1000) for which radial motion is suppressed (Fig. 3).
It is seen that wakefield growth is absent for this case.
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Fig. 4. Longitudinal momentum of 500 bunches on the end of the system (z=100 cm) for y,=5; w,~1.025w,,

It is seen on phase plane (Fig.4) that number of
decelerated electrons exceeds the number of accelerated
electrons in each beat of wakefield. This explains
averaged wakefield growth accompanied by wakefield
beating.

Let us consider mechanism of plasma wakefield
excitation on example of sequence of 32 bunches in the
case ®,~1.025m,,. From Figs. 5, 6, 8-10 one can see that
the radial distribution of bunch density is asymmetrical
relatively to maximum of beat. In maximum of beat
bunches experiences focusing contrary to the case of
0p<0p [4]. In front half of a beat, where bunches are
decelerated, focusing of bunch electrons are stronger and
in the rear half of beat, where bunches are accelerated,
their focusing are smaller. Moreover, in the rear half of
beat, as one can see from Fig. 6, the bunches can get in
defocusing phase of wakefield. So decelerated electrons
occur in higher wakefield comparatively to accelerated
electrons. Thus energy losses by decelerated electrons
exceed energy gain by accelerated electrons.

From Figs. 8,9 one can see that the middle radii of
bunches are larger (see Fig. 9) and the coupling of
bunches with wakefield is smaller (see Fig. 8) in rear half
of beat (phases of electron acceleration) in comparison
with front half of beat (phases of electron deceleration).

Because the wakefield is excited by nonresonant
sequence the wakefield represents beats. Near injection
boundary the symmetry between phases of decelerated
electrons in wakefield in front half of beat and phases of
accelerated electrons in wakefield in rear half of beat is
realized. As a result of bunch radial dynamics the
wavelength changes far from the injection boundary. This
leads to phase symmetry braking, i.e. accelerated bunches
in rear part of beat get in another radial fields
comparatively to decelerated bunches in front half of
beat. Therefore middle radii of bunches are larger in rear
half of beat, than in front half of beat. It decreases
coupling of bunches with wakefield in rear half of beat in
comparison with front half of beat. So the sequence
continues to excite the wakefield.

Fig. 5. Evolution of bunch density on the plasma end
(z=100 cm) for w,~1.025w,
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Fig. 6. The radial wake force F,,(blue) averaged radius of
bunches ry (green), and density of bunches on the axis

(vellow) for w,~1.025w,
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Fig. 7. The on-axis wakefield excitation E. (red) by a
sequence of 32 bunches (z=100 cm) @,=1.025 @, The
averaged field E, (black)
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Fig. 8. E, (red), averaged radius of bunches ry, (green),
and density of bunches on the axis (yellow) for
w,=1.025 @,

115



comparatively to decelerated bunches in front half of
beat. The sequence continues to excite the wakefield.

In front half of beat, where bunches are decelerated,
focusing of bunch electrons are stronger and in the rear
half of beat, where bunches are accelerated, their focusing
n is smaller. Moreover, in the rear half of beat the bunches
VU IAA can get in defocusing field.

— >y The averaged radii of bunches are larger and the
coupling of bunches with wakefield is smaller in rear half
of beat in comparison with front half of beat.

The densities of bunches near axis are larger in front
half of beat, where bunches are decelerated, than in rear
half of beat, where bunches are accelerated.
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Fig. 9. The radial wake force F,,(blue) averaged radius of
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From Figs. 8-10 one can see that the density of
bunches near axis is larger in first half of beat, where
bunches are slowing down, than in second half of beat,
where bunches are accelerated.
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Fig. 10. E, and density of electron bunches on the
distance from axis, equal beam radius r, (vertical lines)
at z=50cm for @,~1.025 w,
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BO3BYXJIEHUE KHJIbBATEPHOI'O 1OJIA B INIASME HEPE3OHAHCHOM IIEIIOYKOMI
PEJATUBUCTCKHUX CT'YCTKOB 2JIEKTPOHOB

K.B. J/lomos, B.U. Macnos, H.H. Onuwenxo, E.H. Ceucmyn, M.C. Becroeckas

C ucrnonmszoBaaneM 2d3v-koma LCODE mpoBeneHs! uccienoBaHus Bo30YKICHUS KHIBBATEPHOTO MOJS B IDIa3Me
HEPE30HAHCHOW IIETIOYKOH PENSTHBHCTCKUX AJIEKTPOHHBIX CTYCTKOB B CIIydae, KOTJa 4acTOTa CIEJIOBaHHSA CTyCTKOB
MEHbIIIE MJIa3MEHHON 4acToThl. B oTinnMume OT cilyyas HEpe30HAHCHOW LIETIOYKH C YaCTOTOM ClIeI0BaHMS CTYCTKOB,
OOJBIICH TUIA3MEHHON YacTOTHI, KapTHHA IBOJIOIMH ITOJI M CTYCTKOB Oojiee CIIOXKHasi, 0e3 JIMHEHHOTo pOCTa IOJIS.
Tem He MeHee, aCHMMETpHUs MEKIY MOTEpeld IHEPTHH TOPMO3SAMIMMUCS CTYCTKaMH B IIEPBOW IOJIOBHHE OWEHWHA U
MPHOOPETEHNEM PHEPTUU yCKOPSIEMBIMH CTyCTKaMH BO BTOPOW IIOJIOBMHE OWEHHH, BBI3BaHHAS PA3IUYHON CBS3BIO
CFyCTKOB C II0JIEM, HpI/lBOZ[I/lT, B CpeILHeM, K pOCTy aMHJ’II/lTyH])I Kl/L]'l])BaTepHOFO 10JI4.

3BYKEHHA KINIBBATEPHOTI'O IIOJIA B ITIJIAZMI HEPE3OHAHCHHUM JIAHITIOKKKOM
PEJIATUBICTCBKHUX 3I'YCTKIB EJIEKTPOHIB

K.B. Jlomog, B.I. Macnos, I.M. Onuwenxo, O.M. Ceicmyn, M.C. Becruoscoka

3 BukopuctanasM 2d3v-komy LCODE mnposenmeHo mocmimkeHHS 30yKEHHS KiTbBAaTEPHOTO MO Yy IUIAa3Mi
HEPE30HAHCHHUM JIAHIFOXKKOM PENATHBICTCHKHX €JIEKTPOHHHX 3TYCTKIB Y BUIIAIKY, KOJIH YacTOTa CJIiyBaHHS 3I'YCTKIB B
I1a3My MEHIle I11a3MOBOI yacToTd. Ha BiAMiHY Bl BHIQJKy HEPE30HAHCHOTO JIAHIIOXKKA 3 YacCTOTONO CIIiyBaHHS
3TYCTKIB, OUIBIIOIO 3a IIA3MOBY YacTOTY, KapTHHA €BOJIIOLII TOJI Ta 3TyCTKIB OUIbII CKiagHa, Oe3 JIiHIHHOTO
3pocTaHHs moJisl. TUM HE MEHIe, aCHMETPis MK BTpaTaMH €HEepril 3TyCTKaMu, IO TAIEMYIOTECS B MIEPIIiil MOJOBHHI
OUTTS Ta 3700YTKOM €Heprii 3ryCTKaMH, 0 MPUCKOPIOIOTHCS Y APYTiH IMOJIOBHHI OUTTS, CIPUYMHEHA PI3HUM 3B’ SI3KOM
3TYCTKIB 3 M10JIEM, TPU3BOJINTh, Y CEPEIHBOMY, A0 3POCTAHHS aMIUTITYIN KUIbBATEPHOTO TOJIS.
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