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The amplitude of plasma waves, excited by the resonant sequence of electron bunches, saturates after passage of
some number of bunches. This behavior was observed and simulated, using particle-in-cell code, but was not com-
pletely explained yet. Our study of this behavior was carried out via computer simulation, using modified PDP3
code — 2D3V PIC code for axially symmetric geometry and relativistic collisionless plasma. Simulation demonstrat-
ed that amplitude saturation was caused by the plasma pressing-out from the area of the most intensive wake field.
This hypothesis has been verified by the obtained electrical and magnetic field spectra, temperature and density

maps and density profile for various simulation times.
PACS: 29.17.+w; 41.75.Lx

INTRODUCTION

Study of the interaction of high-energy particles can
be a tool for discovering so called New Physics, still
unknown physics lows that could extent the Standard
Model of particle physics, initially designed as tempo-
rary theoretical construction for describing of known
fundamental forces and elementary particles classifica-
tion. But modern methods of reaching high energies are
related to large particle accelerators, which are cost-
expensive and takes much time to build. Plasma-based
particle accelerators are very attractive alternative to
modern colliders, as they can produce up to 10° times [1]
larger electrical fields comparing to traditional accelera-
tors, with plasma wake waves, excited by particle
bunches or laser pulses. It allows decreasing size of the
future particle accelerators. One of the possible methods
to excite high-amplitude plasma wake wave is injection
of resonant sequence of particle bunches, in opposition
to traditional way with single-bunch schemes. This
article continues the series of scientific researches ([2 -
6], et al.) devoted to the study of behavior of the wake
waves, excited by the sequence of the short relativistic
electron bunches.

The simulation was carried out for the long sequence
of short relativistic electron bunches in warm plasma
(Ta=1¢eV, Tions= 0.1 eV). On-axis electrical field grows
close to linear law up to the saturation with further per-
turbation, caused by non-linear effects. It correlates with
the previous simulations ([2, 3, 7, 8]).

1. SIMULATION PACKAGE
AND PARAMETERS SELECTION

Simulation is carried out via PIC code, based on
original PDP3 code, described in [9] and contains modi-
fications [6], directed to improve calculation speed,
concurrency, input-output and data analysis. Modern-
ized PDP3 code implements PIC calculation algorithm
in 2.5D cylindrical geometry as well as original one.
Single-cell sized macro-particles with rectangular form-
factor are axially symmetric (cylindrical rings, Fig. 1).
Boris relativistic algorithm is implemented as particle
advancer. Charge-conservation scheme is implemented
after [10]. Maxwell equations solver is built on FDTD
algorithm [11]. Perfectly matched layer [12] is used to
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prevent wave reflections from walls. New modifications
of PDP3 code related to current article, directed to in-
vestigate temperature and plasma particles density more
deeply. Original algorithms for particles temperature
and density calculation, based on macro-particle param-
eters weighting were designed and implemented.
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Fig. 1. General scheme of the simulation model

Simulation parameters chosen with respect to exper-
imental conditions [4] on “Almaz-2” electron accelera-
tor with corrections, related to plasma volume changing
and fast non-linear effects occurrence.

Plasma density set to 10''cm™, bunch density —
5x10'" cm73, bunch duration — 2x107'! s. Initial bunch
velocity set to 2.8x10° m/s, and its radius is 0.5 cm.
Simulation time is 2x10™® s. Simulated plasma volume
was decreased to » = 75 mm, z = 600 mm to optimize
calculation and visualization accuracy.

2. SIMULATION RESULTS
2.1. OVERVIEW

The simulation shows the separation by time to three
serial stages at near-axis area, close to injection point
(see Fig. 2). Amplitude of electrical field in plasma,
caused by wake wave, grows almost linearly at initial
stage (up to 5x10°s for radial component and
7x10"" s for longitudinal component of electric field). At
the measurement point, radial and longitudinal compo-
nents of electric field saturate at different time moments.
This behavior is probably caused by reaching highly
non-linear regime and still requires further study. Initial
stage finishes with the amplitude saturation. Amplitude
saturation at middle simulation stage observed (Fig. 3).
At the end of the middle stage amplitude decreases to
neck shaped structure. Further amplitude growth with
saturation at the lower amplitude (relatively to the mid-
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dle stage) is observed at the late simulation time

On the other hand, temperature maps demonstrate plas-
((1.5...2)x10 % s, after neck passage).

ma heating at the near-axis area. Plots (Fig. 4) for dif-

o Electrical Field Radial Component (E5) ferent time points demonstrate the ion temperature
growth with time at the near-axis area along the path of
electron bunches. The heating is most visible at the

n region of highest amplitude of plasma wake wave.
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Fig. 4. Temperature map at initial (3 x10"%s), middle
1,'75}104 (1x107%s) and late (1.9x10 %) stages of simulation.
Plasma heats up at the central near-axis region
(at the bottom of all plots) along the path
of the sequence of electron bunches

Inhomogeneous plasma heating causes plasma press-
. AR IR RRL A ing out from the heated regions. In this simulation it
= could cause disturbance of the plasma density profile in
radial and longitudinal directions (see Fig. 5). Fig. 6
| visualizes the density profile disturbance with time.
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Being initially homogenous, it grows up at the near-axis
- region, than decreases to the density well, than grows to
i . the initial density value. At the late stages, density pro-
) =107 file also makes a local density maximum right after the
Fig. 2. Radial and longitudinal electrical field density well.
components at the pointr = 0.01 m andz = 0.1 m Tine(s) Partiles Density Map ()
2.2. MECHANISMS OF THE SATURATION
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Two mechanisms are proposed as a reason for satu- 0042
ration with neck shaped structure: nonlinear wake field ™"
frequency shift with the further resonance breakdown or ) ] 2 )
plasma density radial profile disturbance, caused by Fig. 5. Ions density map. Correlatlon with temperature
heating of the near-axis region. To verify these hypothe- growth (Fig. 4) observed
ses, additional calculations were carried out, namely
spectral analysis (including short-time Fourier transfor-
mations) and temperature and density calculating.

Classic and short-time Fourier transform of the wake
field shows maximum only at the single frequency
which coincide with maximum of azimuthal component
of magnetic field, excited by the sequence of electron .

bunches and plasma frequency, calculated analytically & 121
for the initial plasma density. So, wake field frequency Y
does not shift during the simulation time. I
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Fig. 6. Ion density radial profile at the different time
points (z = 0.1 m from the injection point). Density
profile disturbance is observed at the middle
and late stages

Such density disturbance breaks the wave front,
causing phase shift between central and peripheral parts
o of wake wave. Consequence of the wave front braking is

e the wave energy scattering and decreasing of its ampli-

Fig. 3. Components ofelectr;'cal and magnetic fields' tude. On the other hand the electron bunches continu-
spectra at the point r = 0.01 m, z = 0.1 m ously pump the central area of plasma wave.
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2.3. VERIFICATION USING ARTIFICIAL
PLASMA PROFILE

To verify the behavior caused by disturbance of the
density profile, simulation with artificial rectangular
shaped density well at the system axis was carried out.
The split of wake wave front was observed in both cases
(Fig. 7). Also, wake wave saturation was observed in the
case of artificial density profile. The reason of some
difference in the field maps of real and artificial case
can be the difference in density profiles (in the real
simulation it is not an ideal step) and long evolution of
the real simulation model with time, starting from pro-
file without density well.

Electrical Field Radial Component (F,)

Fig. 7. Splitting wake wave ﬁ’ont in real simulation (top)
and real conditions emulation with artificial
density well (bottom)

CONCLUSIONS

The simulation of saturation of the wake wave am-
plitude excited by the resonant sequence of the relativ-
istic electron bunches in warm plasma was carried out.
Three stages of simulation model evolution were ob-
served: initial close to linear amplitude of wake wave
growth, saturation of wake wave with further decrease
to neck shaped structure, second growth with saturation
at lower amplitude rate. The reason of such behavior is
plasma heating at the near-axis area, which causes plas-
ma density profile perturbation. It destroys Cherenkov
resonance between the bunches' sequence and wake
waves at the near-axis area. This hypothesis can be
verified via preconfigured simulation with the artificial
plasma density well.
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3BOJIIOINA KNJIBBATEPHOUM BOJIHBI, BO3BYXJIEHHOW MOCJEJIOBATEJIBHOCTBIO
PEJATUBUCTCKHUX 9JIEKTPOHHbBIX CT'YCTKOB

A.K. Bunnuk, H.A. Anucumos

AMIUIATY]a KUITEBATEPHON BOJIHBI B TIa3Me, BO30YKICHHOW PE30HAHCHO ITOCIIEI0BATEIFHOCTHIO SJIEKTPOHHBIX
CTYCTKOB, HACBHIIIAETCS TIOCIIE TIPOXOKACHHUS ONPEACICHHOTO KOINIECTBA CTYCTKOB. JTO MOBEJCHNE HAOII0IAI0Ch
1 OBIJIO MTPOMOJICIIMPOBAHO HA KOMIBIOTEPHON MOJIENH, HO IOKa HE 0 KOHIAa oOBscHEeHO. [IpoBeneHo m3ydeHue
9TOTO MOBEJCHUS Ha KOMITBIOTEPHOW MOJIENH C MCIIONb30BaHHeM MonudunupoanHoro PDP3 xoma — 2D3V mpo-
TPaMMHOTO KOJa, KOTOPBIH HCHOIB3yeT METOJ KPYIHBIX YacTHI (YaCTHIl B S9eHKaxX) B aKCHAIbHO-CHMMETPUIHON
TCOMETPHUH JIJIsl PEISITUBUCTCKON OECCTOIKHOBHUTENBHOW Iia3Mbl. CHUMYISIHMS JTEMOHCTPUPYET, YTO HACHIIICHUC
AMIUTUTYBI BBI3BAHO BBIJABIMBAHHEM IUTa3Mbl M3 OOJIACTH HAWOOJEeEe WHTCHCHUBHOI'O KHJIHBATEPHOTO MOJs. OJTa
TUIOTE3a MPOBEPEHA C MOMOIIBIO MOJYUYEHHBIX CIIEKTPOB KOMIIOHEHTOB JJEKTPOCTATHYECKOTO U MAarHUTHOTO TO-
JIel, a TaK)Ke MPOCTPAHCTBEHHBIX KapT TEMIIEPATYPbl U KOHIEHTPALUH I1JIa3MBbl, 8 TaKXKe Mpoduiael KOHLIEHTPAIHH,
HpOI/ISBeﬂeHHbIX B pa3H1>1e MOMECHTHBI BpeMeHl/I Cl/IMyJ'DIIlI/Il/I.

EBOJIIOIISA KIBBATEPHOI XBHWJIIL, 35V I)KEHOI ITOCJIJTIOBHICTIO PEJIATABICTCHKUX
EJIEKTPOHHUX 3I'YCTKIB

O.K. Bunnuk, 1.0. Anicimos

AMIUTITYIa KiTBBaTEpHOI XBHJI Y TIIa3Mi, 30YIKEHOI pe30HAHCHOO TIOCIIIOBHICTIO €NIEKTPOHHUX 3TYCTKIB, Ha-
CHYYETHCS MiCII IPOXOKEHHS IMTeBHOT KUTBKOCTI 3rycTKiB. L moBeniHka ciocTepiranacs ta Oyna 3MoJeTh0BaHa Ha
KOMIT FOTePi, aJie Ie MTOBHICTIO He NMosicHeHa. Hamle BUBYECHHS 1Ii€l OBEIIHKH MPOBEICHE Ha KOMII IOTEPHIH MoJei
3 BUKOpHUCTaHHAM MoudikoBanoro PDP3 xoxy — 2D3V mporpaMHOTro Ko1y, IO BUKOPUCTOBYE METOJl YaCTHHOK y
KOMIpKax B aKCiaJlbHO-CHMETPHUYHIA TeOMeTpil Ta PeNsITHBICTCHKIN ma3Mi 0e3 3iTKkHeHb. CUMYIISMIS JeMOHCTPYE,
[0 HACHYCHHS aMIUTITY{ BUKJIMKAHE BUTHCHEHHSIM ILUIa3MH 3 OO0JIACTI HAWOUIBII IHTEHCHBHOTO KiJIBBATEPHOTO
noys. s rinoresa Oyna nepeBipeHa 3a JOMOMOIOI0 OTPUMAHHMX CIEKTPIB €JIEKTPUYHHUX Ta MArHiTHUX IOJIIB, a Ta-
KOX TPOCTOPOBHX Mall TEMIIEpaTypu Ta T'YCTHHU IUIA3MH, a TaKOX MPOQIUIB T'YCTHHHU IUIa3MH, 3pOOJICHUX ISt
PI3HUX MOMEHTIB Yacy CUMYJIALI.
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