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Results of analytic study and computer simulation of the cylindrical charged bunches' dynamic are presented.
Analytic solution was obtained for cold plasma in the given current approximation. Results of the computer simula-
tion of the ion bunch are in a good agreement with theoretical estimations. The wake field has a behavior of the
spatial beating because the phase difference between the waves excited by forefront and rearfront varies along the
bunch trajectory. Dynamics of the electron bunch differs strongly due to the formation of the microbunches' with
complex dynamics. The wake field magnitude increases substantially due to the microbunches' focusing. The first
microbunch is better focused longitudinally and defocused in the radial direction in comparison with the next micro-
bunches. It results to different spatial structure of the wake field at the axis and at the periphery of the system.
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INTRODUCTION

Wake wave excitation in plasma by charged bunches
is one of the actual problems of plasma electronics.
Charged particles' acceleration in the strong wake fields
became the basis for high-energy electron accelerators
[1]. However, the dynamics of electron bunches in the
excited wake wave fields is also interesting for the pos-
sibility of inhomogeneous plasma diagnostics [2]. The
main aim of this work is the study of wake wave excita-
tion by the cylindrical electron bunch in the longitudi-
nally inhomogeneous plasma. Wake field is estimated
analytically in the given current approximation for cold
plasma in section 1. In section 2 excitation of the wake
wave is studied via computer simulation of the ion and
electron bunches dynamics in plasma.

1. ANALYTIC CALCULATION

Full analytic solution for the wake field in the longi-
tudinally inhomogeneous plasma is only possible in the
given current approximation for cold plasma (for the
warm plasma solution can be obtained in the far radia-
tion zone). Plasma density profile is linear, near the
right boundary the density is four times more than near
the left boundary.

Bunch and plasma parameters are presented in Table.
The same parameters were chosen for computer simulation.

Bunch and plasma parameters

System length, z 150 cm
Radius of the system, r 20 cm
Left plasma density 2:10° cm”
Right plasma density 8:10° cm™
Bunch density 8:10° cm™
Initial bunch velocity 3-10° cm/s
Radius of the bunch 2 cm
Bunch duration 2010°s=4T,

The wake field excited by the cylindrical electron
bunch in the cold plasma is given by the following ex-
pression:
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Two terms in (1) correspond to wake fields excited
by the forefront and rare front of the bunch. One can see
that phases of these fields vary non-monotonously in
space due the plasma inhomogeneity (Fig. 1).
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Fig. 1. Spatial wake wave phase distribution, excited
by leading and rear fronts of the long charged bunch
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Fig. 2. Spatial distribution of the plasma electrons den-

sity perturbation, at the time moments t=12 ns (a)
and 18 ns (b)
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The phase difference between the waves excited by
the bunch forefront and rear front changes along the
trajectory for long bunches. As a result, amplitude of the
wake field has a form of the spatially periodic beating
(Fig. 2). In the model of the cold plasma Langmuir
oscillations in the neighbor points are independent. It
results in continuous increase of the phase difference
between these oscillations. As a result the spatial period
of the excited wake wave decreases with time and with
the distance from the moving charge (see Fig. 2). Obvi-
ously this effect doesn't take place in the warm plasma.

2. SIMULATION OF THE ION BUNCH
DYNAMICS IN THE INHOMOGENEOUS
PLASMA

Simulation of the proton bunch propagation was
studied by 2.5 D electromagnetic PIC code [4]. Plasma
electron and ion temperatures were 1 eV and 0.1 eV,
respectively.

One can see from Fig. 3 that the ion bunch shape is
not perturbed substantially during its motion, so the
given current approximation is valid.
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Fig. 3. Spatial distributions of the proton bunch density,
radial and axial electric field for t=48 ns

Consequently results of simulation are in good
agreement with analytic calculation. Spatially periodic
beatings are also present in simulation results (Fig. 4).
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Fig. 4. Space-time distribution of the excited axial
electric field near the system axis
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These beatings appear only after the rear front pas-
sage. Of course, the decrease of the wake wave spatial
period predicted by the model of cold plasma doesn't
take place. In the warm inhomogeneous plasma the
Langmuir wave excited at the plasma frequency is re-
flected and propagates to the area with the lower plasma
density.

3. SIMULATION OF THE ELECTRON BUNCH
DYNAMICS IN THE INHOMOGENEOUS
PLASMA

The main difference between simulation results for
ion and electron bunches is the strong redistribution of
the electron bunch density due to the initial wake wave
excited by the sharp forefront of the bunch. Electrons of
the bunch move in the field of this wave that leads to the
microbunches' focusing similar to the simulation for
homogeneous plasma [4]. The number of microbunches
is defined by the wake wave length at the area of the
bunch injection.

The spatial distributions of the bunch density, radial
and axial electric field for the time moments 26 ns and
38 ns are presented on the Fig. 5,a,b.

One can see that the first and the second micro-
bunches at # = 26 ns have the shape of the hollow cone.
The opening angle of this cone increases up to 90° (see
Fig. 5,b). Formation of these cones takes place self-
consistently with the electric field.
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Fig. 5. Spatial distribution of the bunch density,

radial and axial electric fields at time points 26 ns (a)
and 38 ns (b)
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Dynamics of the first microbunch differs substantially
from the next ones. It is better focused longitudinally
but worse in the radial direction. As a result for the late
time points the spatial distributions of electric field at
the axis and at the periphery of the system differ
strongly. The field at the periphery of the system is
excited by the first microbunch, the field at the axis — by
the next ones.

With the increase of the plasma electrons' tempera-
ture this effect is reduced.

Fig. 6 presents the time dependence of the maximal
electric field excited in the system. One can see that the
absolutely maximal magnitude of this field is approxi-
mately three times larger than magnitude of the field
excited by the bunch forefront (initial part of the curve).
In the homogeneous plasma the similar result was inter-
preted via Cherenkov excitation of the wake wave by
the resonant sequence of microbunches. But in the in-
homogeneous plasma this mechanism is not valid. So
this result can be connected with the effective longitudi-
nal focusing of the microbunches.
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Fig. 6. Time dependence of the maximal longitudinal
electric field component near the axis
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Fig. 7. Space-time distribution of the excited axial
electric field near the system axis
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Space-time distribution of the axial electric field is
given on Fig. 7. The area of the most intensive field
becomes immobile for > 50 ns. The similar result was
obtained in the simulation for homogeneous plasma [4].
This effect can be connected with the nonlinearity of the
excited wave — its magnitude is more than an order
higher than the threshold of the thermal nonlinearity.

CONCLUSIONS

1. The wake field excited by the ion bunch in plasma
with the linear density profile has a shape of the spatial
beatings. These beatings are caused by the variation of
the phase difference between the wake waves excited by
the forefront and rare front of the bunch.

2. The initially homogeneous cylindrical electron
bunch decays to the sequence of microbunches due to
the wake wave excited by its forefront. Dynamics of the
first microbunch differs strongly from dynamics of the
subsequent microbunches. It is better focused longitudi-
nally but worse in the radial direction. As a result the
field at the periphery of the system is excited by the first
microbunch, the field at the axis — by the next ones.

3. Synchronism between microbunches is broken in
the inhomogeneous plasma. So the maximal electric
field is substantially smaller in comparison to the ho-
mogeneous plasma.
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JTUHAMUKA 3APSI)KEHHBIX CIT'YCTKOB B ITPO10JIbHO HEOJJHOPO/JHOM IIVIASME
IO.M. Tonoukesuu, T.E. /lumowenxo, U.0. Anucumos

PaccmarpuBarotcst BO30Y»KI€HUS KHIHBATCPHBIX BOJH M AHMHAMUKA IMIIMHAPHYCCKUX JICKTPOHHOTO ¥ MOHHOTO
CTYCTKOB B HEOJHOpOJHOM ruiazme. KoHUeHTpalus 1uia3mbl JIMHEHHO BO3pacTaeT BJOJb TPAEGKTOpUHU crycrtka. B
MePBOI YacTh pabOTHI MPEACTABICHO aHAIUTHYSCKOE PEUICHUE 3a/1a49H B IPHOIMKCHUY 3aIaHHOTO ToKa. J{iist ;uinH-
HBIX CTYCTKOB H3-32 HEOJHOPOTHOCTH IIIa3MBl Pa3HOCTH (a3 KHIBBATEPHBIX BOIJH, BO30YXKIAEeMBIX MEPEOHUM H
3amHUM (POHTAMU CTYCTKA, U3MEHSETCS BIOJb TPACKTOPHHU ITOCIIEIHETO, MOITOMY aMIUTUTYIa KWIbBATEPHOH BOII-
Hbl 3@ CTYCTKOM HMCHBITHIBAET IyJIbCAallMU. Pe3ylbTaThl MOAEIMPOBAHUS MOHHOI'O CTYCTKa XOPOLIO COBHAJNAOT C
AQHATUTHYECKIMH pacyeTaMH, TaK Kak U1 HEeTO BBITIONHACTCS NPHUOIIKEHHE 3aJaHHOTO TOKa. JIMHaMHKa 3JeK-
TPOHHOT'O CI'yCTKa OIpPEAesseTcs KHIbBATEPHBIM I10JIEM, KOTOPOE BO30YyKAaeT ero nepenHuil GpoHT. B pesynbrare
CTYCTOK paclajiaeTcs Ha OTAEJIbHbIE MUKPOCTYCTKH, KOJIMYECTBO U XapAKTEPUCTUKU KOTOPBIX ONPENEISAIOTCS ITU-
HOW KIJIBbBATCPHON BOJIHBI BOJHM3H TOYKH MHXCKIMH. [IepBbIil MHKPOCTYCTOK JIydIlie (JOKYCHPYETCS B MPOIAOJIBHOM
U XyX€ — B paJlaibHOM HaIIpPaBJICHUW CPAaBHUTENBHO C mocheayromumu. Kak crneacTBue, mpocTpaHCTBEHHBIE pac-
npeJIeNiCHHs KIIbBATEPHOTO IMOJI Ha OCH CHCTEMBI U Ha TIEPU(PEPUH 3aMETHO OTIIHYAFOTCS.

JAUHAMIKA 3APSIJIZKEHUX 3I'YCTKIB B ITIO310BKHBO HEOI[HOPII[HIFI TIJIA3ZMI
IO.M. Tonouxesuu, T.E€. Jlimowmenxo, 1.0. Anicimos

Posrnsmatorecst 30yKeHHS KiTbBATEPHUX XBWJIb 1 AMHAMIKA MITIHAPUIHUX €IEKTPOHHOTO Ta iI0HHOTO 3TYCTKIiB
B HEONHOpiAHIN m1a3mi. KoHIeHTpamis mia3Mu JTiHIHHO 3pOCTae B3IOBK TPAEKTOpIi 3rycTKy. B mepmriii wacTuHi
PpOoOOTH TIpEACTaBICHO AHATITUYHUHN PO3B’SA30K 3a7adui B HAOMIKEHHI 3a1aHOTO cTpyMy. s JOBIUX 3ryCTKiB yepe3
HEOJHOPITHICTD IIa3MH Pi3HULA (a3 KiUTbBaTepHUX XBHIIb, 30yIKyBaHUX MEPEIHIM Ta 3adHIM (POHTaMH 3TYCTKY,
3MIHIOETHCS B3JIOBXK TPAEKTOPIi OCTAHHBOTO, TOMY aMILTITYAa KiIbBaTEPHOI XBHJII 3a 3TYCTKOM 3a3HA€E ITyJIbCalli.
Pe3ysibpraTi MOJEIOBaHHS IOHHOTO 3rYCTKY J00pe 30iraloThesi 3 aHAIITHYHUME PO3paxyHKaMH, OCKIJIBKH JUIsl HbO-
rO BUKOHYETHCS HaOJIKEHHS 3a/laHOTO CTpyMy. J[MHaMika eNeKTPOHHOIO 3ryCTKY BHU3HA4YaeThCsl KilbBaTEPHUM
nosem, sike 30y/pKye Horo mepeasiii GpoHT. B pesynbrari 3ryCTOK po3mafaeTbess Ha OKpPeMi MIKpO3TYCTKH, Killb-
KICTh Ta XapaKTEPUCTHKHU SIKMX BH3HAYAIOTHCS JOBKHHOIO KUIBBATEPHOI XBWIII MOOMM3Y TOUKM imxekuii. [leprmit
MIKpO3TyCTOK Kpalie (POKYyCYEThCSI B TO3JOBKHBOMY 1 TipIlie — B paJiaJIbHOMY HANpPsIMKY ITOPIBHSIHO 3 HACTYITHHMH.
Sk HacHimOK, IPOCTOPOBI PO3MOIIH KiTbBATEPHOTO OIS HA OCI CHCTEMH 1 Ha Tepudepii TOMITHO BiIPI3HIIOTHCS.
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