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The plasma wakefield excitation by long sequence of relativistic electron bunches is considered. It has been shown
that taking into account ionization of the residual gas partially compensates resonance nonlinear detuning and the
wakefield amplitude increases in comparison with the case of constant plasma density. Certain small excess of the
plasma density on the resonant value also leads to focusing of more part of bunches, to extend the existence of the

resonance and, as a result, to increase of the amplitude of the excited wakefield.

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

For intense plasma wakefield excitation in experiment
[1] and in numerical simulation [2] a long resonance
sequence of low-density electron bunches has been used.
However, it appears that there is a limiting wakefield
amplitude. It is determined by the fact that with wakefield
amplitude increase the nonlinear shift of frequency of
wake wave appears. Due to this the resonant interaction of
bunches with wakefield is destroyed. This resonance
destroying is delayed in time, if, as was done in [3],
initially selected a small excess of the plasma density over
the resonant value. In this paper the plasma wakefield
excitation by long sequence of electron bunches is
considered. Taking into account ionization of the residual
gas and the fact that the intensity of ionization is
proportional to the amplitude of the exciting wakefield,
the plasma density increases with time. With plasma
density increase the electron plasma frequency increases.
Because with wakefield amplitude increase the negative
nonlinear correction to the frequency of the wake wave
increases, the ionization partially compensates resonance
nonlinear detuning. In other words, the ionization leads to
the resonance adjustment as in the development of the
beam-plasma discharge [4]. Using code Icode [5], the
numerical simulation of the wakefield amplitude growth
has been performed at slow temporal grow of the plasma
density. The second case of the wakefield excitation,
when initially the plasma density ng. is larger than
resonant one Nge>Nres(=0m°Me/4ne?) (o is the repetition
frequency of bunches) and plasma density grows slowly in

time, has been also numerically simulated. It has been
shown that the wakefield amplitude increases in
comparison with the case of constant plasma density,
neglecting the energy loss on ionization.

RESULTS OF SIMULATION

For beginning we consider dynamics of first 32
bunches in the plasma. We use the cylindrical coordinate
system (r, z) and plot plasma and beam densities at some z
as functions of the dimensionless time t=wpt/2n (w, is the
plasma electron frequency). We do not taking into account
longitudinal dynamics of bunches, because at considered
times and beam energies, radial relative shifts of beam
particles prevail. From Figs. 1,2 we see that in the
resonant case at the middle of the plasma, the bunches are
already focused by the wakefield, and the focusing is non-
uniform. Namely, the first fronts of the bunches are
defocused and their back fronts are focused. Then the
mean field E,=] E,n,dr/| nydr (which is proportional to
coupling factor of bunches with wakefield) on the first
front of the bunch is less, and on the back front is more
(Fig. 3).

In the case, when initially the plasma density is larger
than resonant one ng>n,,, One can see in Fig. 4 that
bunches are shifted in the focusing phases. In this case, at
a certain excess of ng over n, bunches are focused
entirely. This should lead to an increase of the excitation
intensity of the wakefield. Also, the ratio nge>n, should
lead to a prolongation of the time of the resonant
interaction of bunches with wakefield.
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Fig. 1. Temporal evolution of the beam density in the middle of the plasma (at z=50 cm from the injection point) at
wakefield excitation by resonant sequence of electron bunches
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Fig. 2. Temporal evolution of the beam radius (blue) in the middle of the plasma (at z=50 cm from the injection
point) at wakefield excitation by resonant sequence of electron bunches
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Fig. 3. Temporal evolution of coupling factor (black) of the beam with wakefield in the middle of the plasma at
wakefield excitation by resonant sequence of electron bunches
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Fig. 4. Temporal evolution of the beam density in the middle of the plasma (at z=50 cm from the injection point)
with n.>n,, at wakefield excitation by sequence of electron bunches
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Now we consider the results of these two factors of
increase of the maximum excited wakefield on the
example of sequence of 500 resonant bunches. _
Because bunches near injection boundary are not yet il ik 1'-.1;'ﬁ-;;',,‘,1;5-,5%ﬂ;ig;';1:,i§}‘;;Ai;}'?(. i
focused and at the end of plasma are over-focused the 0 00 200 00 40 500
wakefield amplitude is larger into the plasma. From . .t . .
Figs. 5 and 6 one can see that each of the approximately ~ F19- 7. Temporal evolution of radius of the bunches into
100 first resonant bunches lose only part of its energy and the plasma at wakefield excitation by sequence of 500
wakefield increases approximately linearly with time. nonresonant electron bunches (e <ay)
Further about 300 bunches lose almost all their energy, ' ' ' ' ' ' ' ‘ '
and the wakefield amplitude continues to grow, but more A
slowly. The maximal wakefield amplitude in the case of NND_MMWWWWWMWM
resonant sequence is equal to E,=0.14059 in the middle of v
the plasma. E, is normalised on mewyc/e. Then, due to the

appearance of negative nonlinear correction to frequency 0 100 200 300 400 500
of wake wave, bunches ahead of it, so that about half of E
the electrons lose energy, and half of their takes energy. Fig. 8. Temporal evolution of the mean field <E,> into

- ' - - ‘ - - - ' the plasma at wakefield excitation by sequence of 500
nonresonant electron bunches (om<a,) with slow
temporal growth of plasma density
In the case of initial non-resonant sequence (on<w) at
: : : : ‘ : : : : the beginning the electron bunches are defocused, as in
100 200 300 400 500 the case of resonance. Then, as a result of the shift of the
bunches with respect to the wave due to the initial
mismatch n.>n,, the bunches fall more into the focusing
phases (Fig. 7), that leads to increase the intensity of the
wakefield excitation. The condition wn<o, also leads to
the prolongation of the existence of resonance. Then with
time, under certain small ne-ng,<<n,, nonlinear frequency
o 10 20 | 3o w0 | s00  shift Aoy, begins to prevail. This leads to a shift of
: bunches relative to wave into the small E, and large F,. As
a result, bunches strongly expand (see Fig.7). The
maximal wakefield amplitude in the case of nonresonant
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Fig. 6. Temporal evolution of the mean field <E,> in the
middle of the plasma (at z=50 cm from the injection
point) at wakefield excitation by sequence of 500 resonant
electron bunches
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sequence (om<o,) equals E,=0.18318 and is more than in
resonant case.

From Fig.8 one can see, that in the case of
nonresonant sequence (om<w,) with slow temporal growth
of plasma density the resonance is braked and some of the
electron bunches fall into accelerating fields (see. Fig. 8)
on more bunches in comparison with initially resonance
case. In the case of nonresonant sequence (om<wmp) With
slow temporal growth of plasma density more than 500
bunches lose energy (Fig. 9), while in initially resonance
case they are about 400. The maximal wakefield
amplitude in the case of nonresonant sequence (om<wp)
with slow temporal growth of plasma density is equal to
E,=0.19046 in the first half of the plasma (z=12.5. The
plasma length is equal to L=60. z is normalised on c/c).
l.e. the wakefield amplitude is larger and longitudinal
point of maximal amplitude achieving is closer to the
boundary of the injection, because in the nonresonant case
E, is more and focusing force F, is more. Thus, more
longer time of bunches location in focusing phases and
more longer support of resonance lead to larger wakefield
amplitude.

CONCLUSIONS

It is shown that more long sequence of relativistic
electron bunches contributes to wakefield growth in some
nonresonant case and in some nonresonant case with slow
temporal growth of plasma density in comparison with
initially resonant sequence.
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BO3BYKJIEHUE KMJIbBATEPHOT' O IOJISI B HEJTMHEMHOM IJIA3ME
HOCJIEAOBATEJIBHOCTBIO PEJIITUBUCTCKHUX 3JIEKTPOHHBIX CI'YCTKOB

B.U. Macnos, H.H. Onuwenko, U.11. Aposan
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Fig. 9. Longitudinal momenta of 500 bunches
PaCCManI/IBaeTCSI B036Y)KZ[GHI/I€ KHWJIBBATCPHOT' O

PCIATUBUCTCKUX DJICKTPOHHBIX Cr'YCTKOB. HOKaBaHO,

Ioji1 B
4TO Y4YCT HOHHM3AIMKU OCTAaTOYHOI'O Tras3a 4YaCTUYHO

ia3smMe ,Z[HHHHOP‘I noCJIC10BAaTCIIBHOCTBIO

KOMIICHCUPYET HeJ'IPIHeﬁHyIO paCCTpOﬁKy Ppe30HaHCa, W aMIUIMTyJda KWIbBATCPHOI'O MOJII YBCIWMYUBACTCA IO
CpPaBHCHUIO CO ClIydacM MOCTOSIHHOM IIOTHOCTH IIIa3MEL. OHpGI[eJ'ICHHOG MaJIOC MPEBLINICHUE TNIOTHOCTH IJIa3Mbl
HaJl PE30HAHCHBIM 3HAYCHHUCM TaKKE IPHUBOAUT K (I)OKYCI/IpOBKC OoJbIIeH JA0JHU Cr'yCTKOB, K MPOJJICHUIO
CyHIeCTBOBAaHHA PE30HAHCA U, KaK PE3YJIbTAT, K YBCJINICHUIO aMIUIMTYAbL Bo36y>1<z[aeM0r0 KHWJIBBATCPHOT'O MOJIA.

3BY/KEHHSI KNIbBATEPHOTI'O I10JIS1 B HEJITHIMHIN MJIA3MI HOCAILOBHICTIO
PEJATUBICTCBKUX EJIEKTPOHHHUX 3I'YCTKIB

B.I. Macnos, I.M. Ouniwgenxo, LI1. fposa

PosrnsmaeTses 30ypKeHHS KUTHbBATEPHOTO TIOMIS B TUIA3Mi TOBTOIO ITOCIIAOBHICTIO PENSTHBICTCHKUX €IEKTPOHHUX
3rycTkiB. [loka3aHo, II0 BpaxyBaHHS i0Hi3amii 3aJMIIKOBOTO Ta3y YaCcTKOBO KOMIICHCY€ HENiHIHHY pPO3CTPOIKY
pPE30HaHCY, 1 aMIUTITYya KiTbBATEPHOTO TOJS 30UTBIIYETHCS MOPIBHSIHO 3 BUIMAJAKOM IMOCTIHHOT TYCTHHU TUIA3MH.
[leBHe Maje mepeBHINEHHS TYCTHHH IUIA3MH HAJ PE30HAHCHUM 3HAYCHHAM TAaKOX MPHU3BOIUTH A0 (OKYCYBaHHS
O1TBIIO] YAaCTWHU 3TYCTKIB, O MPOJOBKEHHS iCHYBAaHHS PE30HAHCY i, K pe3ynbTaT, A0 30UTbIIEHHS aMIUTITYAH

30y/DKyBaHOTO KiJIbBATEPHOTO TIOJISI.
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