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Earlier, the authors found a mechanism for the sequence of short relativistic electron bunches, which leads to resonant excitation of
the wakefield, even if the repetition frequency of bunches differs from the plasma frequency. In this case, the synchronization of
frequencies is restored due to defocusing of the bunches which get into the bad phases with respect to the plasma wave. However, in
this case, the bunches are lost, which as a result of this do not participate in the excitation of the wakefield. In this paper, numerical
simulation was used to study the dynamics of electron bunches and the excitation of the wakefield in a magnetized plasma by a long
sequence of short bunches of relativistic electrons. When a magnetic field is used, the defocussed bunches return to the region of
interaction with the field after a certain time. In this case, the electrons of the bunches, returning to the necessary phases of the field,
participate in the excitation of the wakefield. Also, the use of a magnetic field leads to an increase of the frequency of the excited
wave relative to the repetition frequency of bunches. The latter increases the time for maintaining the resonance and, consequently,
leads to an increase of the amplitude of the excited wakefield.

KEYWORDS: wakefield, relativistic electrons, maintenance of the existence of a resonance, an increase of the amplitude of the
excited wakefield.

3BIBIHEHHA AMILIITY U NPUCKOPIOIOYOT'O KIJIbBBATEPHOT O IIOJISL, SIKE 3BY KYETBCSI
MOCJIIZOBHICTIO KOPOTKHUX PEJSITUBICTCHKHX EJIEKTPOHHHUX 3I'YCTKIB B IIVIA3MI, ITPU
BUKOPUCTAHHI MATHITHOT O ITIOJISA
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]Xapkisczokmi HayionanvHuil ynieepcumem imeni B.H. Kapasina
61022, Xapxie, Ykpaina
2 HHIJ Xapriecoxuti (isuxo-mexuiunuii incmumym
61108, Xapxie, Yrpaina

Paniire aBropamu OyB 3HAWAEHHWH JUIS MOCIITOBHOCTI KOPOTKHX PEJSATHBICTCHKHUX ENEKTPOHHHX 3TYCTKIB MeXaHi3M, SKHi
MIPHU3BOAUTH 10 PE30HAHCHOTO 30yIDKEHHS KiTbBATEPHOTO IOJS, HABITH SIKIIO YAcTOTa MPOXOKEHHS 3TYCTKIB BIIPI3HAETHCS Bil
IUTa3MOBOI 4YacTOTH. B 1bOMy BHIAAKy CHHXPOHI3allisi HYacTOT BiJHOBIIOETHCS 3a PaxyHOK Je(oKycyBaHHS B3TYCTKIB, SKi
MOTPAIUISIOTH B MOraHi a3y Mo BIAHOMIEHHIO JI0 M1a3MOBOi XBrIIi. OTHAK MPH [[bOMY BTPAYalOThCs 3TYCTKH, SKi B pe3yJIbTaTi bOT0
He OepyTh ydacTi B 30y/DKEHHI KUTBBATEPHOTO TONSA. Y Wil poOOTi YHCENFHIM MOJICITIOBAaHHSIM BHBUYCHA JHHAMIKA CIEKTPOHHUX
3TYCTKIB 1 30y/DKEHHS KUTBBaTEPHOTO IIOJIS1 B 3aMarHideHid Iuia3Mmi JOBroIO IOCIITOBHICTIO KOPOTKHX 3TYCTKIB PENSTHBICTCHKHX
eNeKTpoHiB. [Ipn BUKOPHCTaHHI MarHiTHOTO MoJjst Ae(OKYCOBaHi 3ryCTKH 4epe3 IEBHMI 4Yac MMOBEPTAalOThCs B 00JIaCTh B3a€EMOIT 3
nosieM. [Ipy 1bOMy eNeKTPOHH 3TYCTKIB, L0 TOBEPTAIOThCS B MOTPiOHI (a3u mos, 6epyTh y4acTh B 30yIKEHHI KiIbBATEPHOTO MOJIS.
Tako BMKOPUCTaHHS MarHiTHOTO IIOJS TPU3BOAUTH 10 30UNBIIEHHSA YacTOTH 30YMKyBaHOI XBHIII LIOJO YAaCTOTH MPOXOJDKEHHS
3rycTkiB. OcTaHHE 30UIBIIY€E Yac MATPHIMKH PE30HAHCY 1, OTKe, IPU3BOAUTH 10 30UIBIIEHHS aMILTITyIU KiTbBAaTEPHOTO MOJISL.
KJIFOYOBI CJIOBA: xinbpBaTepHe 1ojie, peTsATUBICTCHKI €IeKTPOHH, MATPUMAHH 1CHYBaHHS PE30HAHCY, 301TbIICHHS aMILTITy I
30yKYBAHOTO KiJIbBaTEPHOTO IOJIS.

YBEJIUWYEHUE AMIIVINTY Ibl YCKOPSIOIIEI'O KUWJIBBATEPHOI'O 110J151, BO3BYKJIAEMOI'O
HOCJUIEJOBATEJIBHOCTBIO KOPOTKUX PEJIATUBUCTCKUX SJIEKTPOHHBIX CI'YCTKOB B IIVIABME, ITPU
HNCIIOJIb30BAHUU MATHUTHOTI'O I1OJISAA
I.C. Bormapbl, WU.II. .JIquylcz, B.W. Macios?, U.H. Onnmenxo’
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Panee aBropamu OBUT HaWJEH IS ITOCIEAOBATEIBHOCTH KOPOTKHX PEJIITHBHCTCKHUX DJIEKTPOHHBIX CTYCTKOB MEXaHM3M, KOTOPBIi
IPUBOJUT K PE30HAHCHOMY BO30Y>KACHHIO KHUJIBBATEPHOIO MOJIS, AaXK€ €CIM YacToTa CJIEOBAHUS CIYCTKOB OTJIMYAeTCA OT
I1a3MEHHOW 4YacToThl. B 3TOM cilyyae CHHXpOHH3allMsi 4acTOT BOCCTAHABIMBACTCS 3a CUET JAS(OKYCHPOBKH CIyCTKOB, KOTOPbIC
MOMA/IAI0T B IUIOXHUE (Da3bl MO0 OTHOLICHUIO K MIa3MEHHOM BosiHe. OIHAKO MPU 3TOM TEPSIIOTCS CTYCTKH, KOTOPBIE B pe3yJIbTaTe 3TOTO
HE YYacTBYIOT B BO30Y)KIEGHMM KHJIbBAaTepHOro moms. B oToif paboTe 4YHCIEHHBIM MOAENUPOBAHMEM H3ydeHa IHHAMHKA
JNIEKTPOHHBIX CT'YCTKOB U BO30Y’KAEHHE KIIHBATEPHOTO MOJIS B 3aMarHMYESHHOH IITa3Me JUIMHHOHN TOCIEI0BATeMbHOCTBI0 KOPOTKIX
CTYCTKOB PEISITUBHCTCKUX 3JIEKTPOHOB. [Ipy MCHONB30BaHUM MarHUTHOTO ITOJST A€(OKYCHPOBAHHBIE CTYCTKH Yepe3 OIpe/IeNICHHOe
BpeMsI BO3BPAIAIOTCS B 00IAcTh B3aMMOAEHCTBUS ¢ moseM. [Ipy 5TOM 2J1eKTPOHBI CTYCTKOB, BO3BPAIIAIONINECS B HYXKHBIE (ha3bl
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oJjig, y4aCTBYIOT B 3036y>1<ﬂem/114 KHWJIBBATCPHOTO T10JIA. Takxke HCIIOJIb30BaHME MArHUTHOTO ITOJIS NPUBOAUT K YBEIIUYCHUIO
HaCTOThI B036y)KllaeMOﬁ BOJIHBI OTHOCUTEJIBHO 4YaCTOTBI CJICAOBaHUA CI'yCTKOB. l'locne)mee YBEIIMYUBACT BPEMA NMOAACPKAHUA
pe30HaHca U, CI€A0BATENBHO, TPUBOANT K YBEITHUESHUIO aMILTUTY b BO30YK/Ia€MOT0 KMIIbBATEPHOTO TOJIS.

KJIIFIOYEBBIE CJIOBA: xwibBaTepHOE II0JI€, PENATUBHCTCKHE OJIIEKTPOHBI, TOAJCp)KAaHHE CYIIECTBOBAaHMSA pPE30HAHCA,
YBEIMYEHHIO aMIUTUTYABI BO30YKIaeMOTO KHIBBATEPHOTO MO

Development of accelerators of charged particles, in particular, colliders is one of the most promising areas of
current research. Modern accelerators on metal structures are huge and expensive, because metal breaks out at
100MeV/m. It is clear that to achieve in linear colliders high energy (above 1 TeV) it is necessary to increase their
length to tens of kilometers. One can estimate which dimensions of the accelerators should be used to accelerate
electrons to the required energy of 1 TeV. It's tens of kilometers. It is necessary to make them smaller and cheaper. To
do this, it is necessary to increase the rate of acceleration, i.e. to increase the accelerating field. In a plasma, one can
excite the field E,=100 GeV/m. This can be done using a wakefield, excited by a bunch of electrons, by a bunch of ions
or by a laser pulse. In the experiment, the record results were already obtained: the laser pulse accelerated electrons in
the plasma to 4.2 GeV at a distance 9cm. Therefore, the electric field equals E,~47 GeV/m [1]. Also in an experiment in
plasma, a dense electron bunch with the energy of 42 GeV excited the wakefield, and its tail accelerated to the energy
84 GeV (i.e., doubled the energy) at a distance of approximately 1 m [2], then the electric field is E,~42 GeV/m. In a
dielectric in the experiment, an impulse field of approximately 10 GeV/m has been excited. L.e. the dielectric
accelerator can be in 100 times shorter than the metallic accelerator, and the plasma accelerator is in 1000 times shorter.
Because the dielectric accelerator is easier to operate, and the plasma provides larger fields, the dielectric and plasma
accelerators are intensively investigated.

The wakefield excitation in a plasma by a long sequence of electron bunches is considered in this paper. An
important factor of interest to this case is the use of external longitudinal (along the axis) magnetic field with the
purpose to increase the accelerating field. So, the aim of the work is to investigate the features of use some optimal
magnetic field, that would ensure a greater growth of the rate of acceleration.

PROBLEM STATEMENT

At resonant excitation of the wakefield in the plasma, the repetition frequency of bunches ®_, is equal to the

m

frequency of the excited wakefield ®, =, , i.e. to electron plasma frequency ©,. . Since along the radius r, the

wakefield is localized near the sequence of bunches, i.e. along the radius r, it is localized in some neighborhood of the
sequence of bunches, then the wakefield has not only a longitudinal E, accelerating/decelerating field, but also a radial
F, focusing/defocusing force. The field E, and F, are shifted relative to each other by a quarter of the wavelength, i.e. on
7/2. Where E,=E, .x, there F=0; and where E,=0, there F,=F; ..x. Since the bunches are finite size, the part of the bunch
is defocused and ceases to excite wakefield. Part firstly is focused, and then due to the expansion of betatron
oscillations (i.e., radial in the radial potential well) is again defocused, i.e. it leaves along r the region of interaction with
the field and ceases to excite the wakefield too. Therefore, it is advisable not to allow the bunches to be defocused or
periodically return them by an external longitudinal (along the axis) magnetic field. Although it is known that the use of
a magnetic field in the experiment is associated with additional difficulties. But the magnetic field suppresses the
focusing, and the maximum wakefield has been observed when the bunches are focused by the wakefield. Also, the
magnetic field suppresses defocusing. And it is very important for the excitation of the wakefield, because in the
experiment it is very difficult to maintain the resonant plasma because of its uncontrolled inhomogeneity and
nonstationarity. And in the nonresonant case only small amplitude beatings are excited. However, it was shown in [3-7]
that due to the self-cleaning of the "bad" bunches at their defocusing and in the nonresonant case, intense excitation of
the wakefield is possible.

ANALYSIS OF THE USING OF A MAGNETIC FIELD

As a consequence, it would seem that the use of a magnetic field is impractical, it suppresses defocusing. Hence it
follows that one must use some optimal magnetic field when it does not yet suppress focusing and defocusing, but it
already returns defocussed bunches after some time into the region of interaction with the field. Then it is necessary to
use a not very strong optimal magnetic field, so that after defocusing the bunches they return to the axis after some
time, and they again excite the wakefield. The return time is 2/®... Where o, is the electron cyclotron frequency. In
order that H allows electrons to reach the axis in the focusing field, the radius of the radial oscillations of electrons in
crossed Hy, and E, fields should be not less than the radius of the bunch

eE

— >y, (1)
meybo‘)ce

It is necessary that for N-th bunch (if N bunches excite the maximum wakefield) it is satisfied when the maximum
wakefield is reached. Sequential bunches excite wakefield that firstly it grows linearly with increasing number of
injected bunches
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E,=NE,. )

N
E.\ 1s the radial wakefield after N bunches. E,, is the radial wakefield after the 1st bunch. Then it must be fulfilled
eNE

Y 3)
mey bmce

It is necessary to note that an additional frequency shift occurs when a magnetic field is used which, at a certain
value of the magnetic field, tightens the maintenance of the resonance, leading to an increase of the excited wakefield.

A long sequence of electron bunches of a small charge was used in the experiment [8] and in numerical simulation
[9] for excitation of an intense wakefield in a plasma. However, as it turned out, there is the limiting amplitude of the
wakefield. It is determined by the fact that the nonlinear shift of the frequency of the wakefield appears with increase of
the wakefield amplitude. Because of this, the resonant interaction of bunches with the wakefield is detuned. This
resonance detuning is delayed in time, if, as it was done in [10], a small excess of the plasma density above the resonant
value is chosen initially. The same resonance maintenance can be ensured by using a small magnetic field. Using the
LCODE [11], numerical simulation of the growth of the wakefield amplitude was performed. It is shown that when the
resonance is maintained, the amplitude of the wakefield increases in comparison with the case of the initial resonant
conditions.

The wakefield excitation in a plasma by a long sequence of electron bunches is considered in this paper.

The resonant excitation of the wakefield by a long sequence of relativistic electron bunches is difficult, because it
is difficult to maintain a homogeneous and stationary plasma in the experiment. However, intense wakefield excitation
by a long sequence of relativistic electron bunches has been observed. The mechanism of resonant excitation of the
wakefield by a nonresonant sequence of short electron bunches has been investigated in [9]. Frequency synchronization
is carried out due to self-cleaning of the sequence of bunches due to defocusing and leaving along radius of some
bunches that are not in phase with the wave. The simulation results of the mechanism of maintaining the resonance of
electron bunches with a wakefield using a magnetic field are presented in this paper.

In [9], for a sequence of short relativistic electron bunches, a mechanism was found which leads to a resonant
excitation of the wakefield, even if the repetition frequency of bunches differs appreciably from the plasma frequency.
Synchronization of frequencies is restored due to defocusing of bunches which get into bad phases with respect to the
plasma wave. However, the bunches are lost, which as a result do not participate in the excitation of the wakefield.
When a magnetic field is used, the defocused bunches return to the region of interaction with the field after a certain
time. In this case, the electrons of the bunches returning to the necessary phases of the field can participate in the
excitation of the wakefield. Also, the use of a magnetic field leads to an increase of the frequency of the excited wave
relative to the repetition frequency of bunches.

The latter increases the time for maintaining the resonance and, consequently, leads to an increase of the amplitude
of the excited wakefield.

SIMULATION OF RESONANCE RECOVERY FOR THE CASE OF 32 BUNCHES
For numerical simulation parameters are selected: n,.e=10""cm™ is the resonant plasma density which corresponds
to ratio o)pe=com=2n'2.8~109, relativistic factor of bunches equals y,=5, have been selected. Where @, is the repetition
frequency of bunches, o)pe=(4nnrese2/me)” ? is the electron plasma frequency. The density of bunches n, =6x10°cm™ is

distributed in the transverse direction approximately according to Gaussian distribution, ¢, =0.5cm, A =10.55cm is

the wavelength, E=Vit-z, V,, is the velocity of bunches. Time is normalized on (ope"l, distance - on c/m,., density - on
Nyes, current I - on [,=rmc’/4e, fields — on (4nnresczme)” 2,
We consider the dynamics of the first 32 bunches in plasma. We use the cylindrical coordinate system (r, z) and
draw the plasma and beam densities at some z as a function of the dimensionless time 1=w,t.
The longitudinal coordinate E=z-Vyt is normalized on 27/A (A is the wavelength). The values of the E,, F,, Hg and
Hy are normalized on mcw,./e. Where e, m are the charge and mass of the electron, c is the light velocity, w,. is the
electron plasma frequency.
We do not take into account the longitudinal dynamics of the bunches, because at the times and energies of the
beam according to
av,(r) 1 dv,(r)_ 1
dr vy dr Yo
radial relative shifts of beam particles predominate. V,, V, are the longitudinal and radial velocities of the electron
bunches, vy, is the relativistic factor of the bunches.
The wakefield excitation by 32 bunches is considered for two cases: initially the resonant case and the case of
resonance recovery. We consider a sequence of 32 bunches which are uniform in the longitudinal direction and are
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distributed according to Gaussian along the radius. The lengths of the bunches are chosen equal to half of the
wavelength &,=A/2.
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Fig. 1. Spatial distribution of density n,, of sequence of initially radially Gaussian and longitudinally homogeneous resonant bunches
into the plasma at &,=\/2, 1,=0.2x107*
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Fig. 1a (part of Fig. 1). Spatial distribution of density n, of 32nd initially radially Gaussian and longitudinally homogeneous resonant
bunch into the plasma at &,=A/2, [,=0.2x107*

We consider the case when the initial density of plasma electrons ng is such that the repetition frequency of the
bunches oy, is equal to the electron plasma frequency w,=w,.. In this case, up to the point of maximum focusing of the
bunches E, grows and then it decreases during refocusing. To compensate the charge of the bunches, some of the
plasma electrons leave the axis. Then the phase velocity of the wave V(r=0) (and o,.(r=0)) on the axis becomes
smaller than at the periphery with respect to r. As a result, the wave becomes skewed (Fig. 2.).
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Fig. 2. Spatial distribution of plasma electron density n. in wakefield, excited by sequence of initially radially Gaussian and
longitudinally homogeneous resonant bunches
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Fig. 2a (part of Fig. 2). Spatial distribution of plasma electron density n. in 12th wavelength of wakefield, excited by sequence of
initially radially Gaussian and longitudinally homogeneous resonant bunches
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Also, in this case, V ,(r=0)<Vj, is smaller than the beam velocity Vy, and ©,.(r=0)<oy,, i.e. the wave becomes
nonresonant with a sequence of bunches. The wave lags behind the bunches and the smaller their parts get into the
focusing fields (Figs. 1, 1a, 3, 3a, 5, 5a, 7, 7a).
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Fig. 3. Longitudinal distribution of radius ry, of density n;, of sequence of initially radially Gaussian and longitudinally homogeneous

resonant bunches and of radial wake force F; into the plasma at £,=\/2, [,=0.2x107
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Fig. 3a (part of Fig. 3). Longitudinal distribution of radius r, , of density n, of 32nd initially radially Gaussian and longitudinally
homogeneous resonant bunch and of radial wake force F, in 32nd wavelength of wakefield into the plasma at £=A/2, [,=0.2x10"

In this case, a very small part of their first front gets into the accelerating phases (Figs. 4, 4a.).
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Fig. 4. Longitudinal momenta of 32 bunches
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Fig. 4a (part of Fig. 4). Longitudinal momenta of 30th bunch
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Fig. 5. Spatial distribution of density n, of sequence of initially radially Gaussian and longitudinally homogeneous bunches into the
plasma at &,=\/2, 1,=0.2x 107, Hy=0.1, ng/nyes-1=0.02, n is the resonant plasma electron density
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Fig. 5a (part of Fig. 5). Spatial distribution of density n, of 32nd initially radially Gaussian and longitudinally homogeneous
resonant (right) (left at Hy=0.1, n¢/n,es-1=0.02) bunch into the plasma at &=A/2, 1,=0.2x107

-192

If we use a somewhat larger ny and a small magnetic field Hy=0.1, then the resonance of the wave with the bunch
sequence is restored on the axis, since on the axis o (0) = o,. However, at the periphery with respect to r, the wave
becomes nonresonant with the bunch sequence, so now ,(r>0) > w,,. Then the wave becomes skewed in the opposite
direction (Figs. 2, 2a, 6, 6a.).
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Fig. 6. Spatial distribution of plasma electron density n, in wakefield, excited by sequence of initially radially Gaussian and
longitudinally homogeneous bunches into the plasma at £,=\/2, 1,=0.2x107%, Hy=0.1, ny/n,e-1=0.02
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Fig. 6a (part of Fig. 6). Spatial distribution of plasma electron density n. in wakefield, excited by sequence of initially radially
Gaussian and longitudinally homogeneous resonant (rigth) (left at Hy=0.1, n./n,-1=0.02) bunch into the plasma at &,=A/2,
1,=0.2x107, Hy=0.1, n¢/n,e-1=0.02

When the resonance of a wave is restored to a sequence of bunches on the axis, larger parts of the bunches get into
the focusing fields (Figs. 1, 1a, 3, 3a, 5, 5a, 7, 7a), and defocused bunches is weakly defocused (Fig. 7a),
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Fig. 7. Longitudinal distribution of radius 1, of density n, of sequence of initially radially Gaussian and longitudinally homogeneous
bunches and of radial wake force F; into the plasma at §,=A\/2, [,=0.2x1073, Hy=0.1, no/nyes-1=0.02
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Fig. 7a (part of Fig. 7). Longitudinal distribution of radius r, of density n, of bunch and of radial wake force F, into the plasma at
H=0.1, n¢/n,e-1=0.02)

the excited wakefield becomes larger (Figs. 3,7) compared with the initially resonant and subsequent disturbance of the
resonance, and small parts of the back fronts of the bunches get into the accelerating phases (Figs. 8).
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Fig. 8. Longitudinal momenta of 32 bunches at &=1/2, [;=0.2x103, Hy=0.1, n¢/n,-1=0.02

At Hy=0.1 the wakefield E, became more uniform along the plasma, because it does not so rapidly decrease to the
end of the plasma.

CONCLUSION

The main conclusion is that, magnetic field can be used for wakefield increase and for increase the transformation
of driver-bunch energy into the accelerated electrons (witness) energy. In this paper it is shown that in order to improve
the energy transformation of driver-bunch energy into the witness energy, some optimal magnetic field should be used
when it does not yet suppress focusing and defocusing. Such optimal magnetic field should also ensure returns
defocussed bunches after some time into the region of the interaction with the field. Moreover, it is important to choose
such optimal magnetic field that would return the bunches to the axis, after some time that bunches would again excite
the wakefield.

It is also important to note that the use of a magnetic field leads to an increase in the frequency of the excited wave
relative to the repetition frequency of bunches. Using the code lcode [9], numerical simulation of the growth of the
wakefield amplitude was performed. It is shown that when the resonance is maintained, the amplitude of the wakefield
increases in comparison with the case of the initial resonant conditions. The simulation results of the mechanism of
maintaining the resonance of electron bunches with a wakefield using a magnetic field are presented in this paper.

REFERENCES
1. Leemans W.P., Gonsalves A.J., Mao H.-S. et al. Multi-GeV Electron Beams from Capillary-Discharge-Guided Subpetawatt
Laser Pulses in the Self-Trapping Regime // Phys. Rev. Lett. —2014. — Vol. 113. - P. 245002.



18

EEJP Vol.4 No.2 2017 D.S. Bondar, I.P. Levchuik...

10.

11.

Blumenfeld I., Clayton C.E., Decker F.-J., et al. Energy doubling of 42 GeV electrons in a metre-scale plasma wakefield
accelerator // Nature, Letters. -2007. - Vol. 445. - P. 741-744.

Lotov K.V, Maslov V.I., Onishchenko I.N., Svistun E. Resonant excitation of plasma wakefields by a nonresonant train of short
electron bunches // Plasma Phys. Control. Fusion. — 2010. — Vol.52 . — No.6. — P.065009.

Lotov K.V, Maslov V.I., Onishchenko I.N., Svistun E. 2.5D simulation of plasma wakefield excitation by a nonresonant chain
of relativistic electron bunches // Problems of Atomic Science and Technology. —2010. — No.2. — P.122-124.

Lotov K. V., Maslov V. L., Onishchenko I. N., Svistun O. M., Vesnovskaya M.S. To the Plasma Wakefield Excitation by a
Nonresonant Sequence of Relativistic Electron Bunches at Plasma Frequency above Bunch Repetition Frequency // Problems of
Atomic Science and Technology. Ser. Plasma Physics. —2010. — No.6. . — P.114 — 116.

Lotov K. V., Maslov V. I, Onishchenko I. N. Long Sequence of Relativistic Electron Bunches as a Driver in Wakefield Method
of Charged Particles Acceleration in Plasma // Problems of Atomic Science and Technology. Ser. Plasma Physics. — 2010. —
No.6..—P.103 - 107.

Lotov K.V, Maslov V.I., Onishchenko L.N., Yarovaya [.P. Mechanisms of Synchronization of Relativistic Electron Bunches at
Wakefield Excitation in Plasma // Problems of Atomic Science and Technology. —2013. —Vol.—86.— No.4. — P.73-76.

Berezin A.K., Fainberg Ya.B., Kiselev V.A., et al., Wakefield excitation in plasma by relativistic electron beam, consisting
regular train of short bunches // Phys. Plasmas. — 1994-V0l.-20. — No.7. — P.663-670.

Lotov K.V, Maslov V.I., Onishchenko I.N., Svistun E.N. Resonant excitation of plasma wakefields by a non-resonant train of
short electron bunches // Plasma Phys. Control. Fusion. — 2010-Vol.—52. — P.065009.

Lotov K.V, Maslov V.I., Onishchenko L.N., Svistun E. N., 2.5D simulation of plasma wakefield excitation by a nonresonant
chain of relativistic electron bunches // Problems of Atomic Science and Technology. —2010. — No.— P.122-124.

Lotov K.V. Simulation of ultrarelativistic beam dynamics in plasma wakefield accelerator / Phys. Plasmas. — 1998. — Vol.5. —
No.3.—P.785-791.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


