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Dynamics of electron bunch with initially rectangular density profile injected into plasma was studied for 1D model
using PIC method. Dependencies of maximal beam density and maximal amplitude of wake wave field upon the model
parameters (plasma density and temperature, beam density, velocity and duration) were obtained and interpreted.
Deformation index as a qualitative characteristic of deformation of the bunch initial density profile is proposed, its

dependencies on the model parameters were studied.
PACS: 52.35.Fp, 52.40.Mj, 52.65.Rr

1. INTRODUCTION

Dynamics of electron bunches in plasma is a topic of
increasing importance due to its broad range of
applications. The prominent place among them take the
acceleration of electrons by wake fields, injected in
plasma by relativistic electron bunches, and
heterogeneous plasma diagnostics [1-2]. For the
realization of proposed techniques of diagnostics it is
necessary to understand, which shape of electron bunch
should have be minimally deformed during its motion in
plasma. Dynamics of rectangular electron bunch in
plasma was studied in [3-6]. But there were no
interpretations of results obtained. That is why, the main
aim of this work is research and explanation of received
dependencies and effects that arise during the motion of
electron bunch with initially rectangular density profile in
plasma.

2. DYNAMICS OF ELECTRON BUNCH
IN THE WAKE WAVE FIELD

Electron bunch moves initially in the wake field raised
by its leading front. As a result it splits into micro-
bunches, and its dynamics is similar to well-known effect
of phase focusing (see Fig.1a). Near the phase focus wake
field is no more raised by leading front, but by coherent
sequence of micro-bunches and reaches much greater
magnitude (Fig.1b). Further bunches defocus due to
overtaking of particles, and the wake field decreases.
Velocity of electrons on the bunch's leading front, where
the wake field is close to zero, hardly changes during its
motion in plasma. At the same time electrons on the
bunch's back front are decelerated due to the wake field.

When bunch velocity increases, the length of the wake
wave, raised by it, increases: A=2nv/w,, where , is
Langmuir frequency of background plasma. As a result
the number of electrons in a bunch on the length of a
wake wave increases. Thereby maximal density of
electrons in a micro-bunch will increase with the speed
increase. Thus amplitude of wake wave electric field
raised by this micro-bunch will also increase.

By increase of initial bunch density the field of the
excited wave also increases, and dependence is close to
linear. Indeed, by the electron bunch density increase the
charge carried by this bunch also grows, consequently,

micro-bunches amplitude and correspondent wake wave
field will increase. Till the bunch length is less then the
length of wake wave, increase of bunch duration leads to
growth of maximal concentration. By further bunch duration
growth, the number of micro-bunches increases.
Correspondingly, the magnitude of the field coherently excited
by that micro-bunches in plasma is also increased slowly.
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Fig. 1. Spatially-time distribution of wake wave fields (a)
and electrons density in bunch (b)
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By increase of background plasma density the wake
wave amplitude decreases. Possible explanation of this
effect is connected with the fact that the frequency of
plasma’s eigen oscillations is proportional to npm. Thus,
by increase of the background plasma density the wake
wave's duration decreases. Correspondingly, the micro-
bunches length decreases, too. The last effect leads to
decrease of the electron density amplitude in that micro-
bunches.

3. DEFORMATION INDEX AND ITS
DEPENDENCE ON THE MODEL
PARAMETERS

To characterize bunch deformation during its motion
in plasma it is convenient to introduce some integral
characteristic which would describe this process —
deformation index
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where ny and L are initial bunch density and length,
respectively, n(x) is the bunch density spatial distribution
in the current moment of time.

On a small distance from the injector the deformation
index monotonously grows with the increase of this
distance. This effect corresponds to gradual micro-bunch
focusing. Deformation index maximum is reached at the
moment of maximal focusing of the first micro-bunch.
Then the first bunch begins to fall to pieces due to
overtaking of electrons, so the deformation index
decreases. Next local maximums are reached at the
moments of maximal focusing of second and third micro-
bunches, and also shaping of secondary density
maximums.
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Fig. 2. Spatial dependence of the deformation index for
different background plasma densities. The initial bunch
density and velocity are 2-10° cm™ and 2-10° cm/s,
respectively

Deformation parameter increment decreases on short
distance from injector by growth of initial velocity of the
bunch. Really, at growth of velocity the lengths of wake
waves and, accordingly, micro-bunches increases. As a
result for focusing of micro-bunches greater time is spent.

Deformation parameter increment increases on short
distances from injector with increase of injected bunch
length. When the bunch length is short (in scale of the
wake wave length) all its electrons will come across in
almost identical phase of a field and everyone will
simultaneously slow down or be accelerated. For long
bunch there will be a grouping caused by essentially
different character of changes of initial speeds.

At growth of bunch density the -electric field
amplitude raises. It results to the increase of initial density
profile distortion.

At growth of the background plasma density (Fig.2)
both wake wave field and maximal bunch density
decrease. It results to reduction of a deformation index at
significant distances from injector. In the same time for
larger density of plasma focusing of the first micro-bunch
occurs at shorter distances from injector. It moves to
corresponding spatial dependence of deformation index.

4. CONDITIONS OF THE BUNCH MINIMAL
DEFORMATION

From the simulation results it is possible to obtain a
conditions of the least deformation of an electron bunch
with initially rectangular density profile during its motion
in homogeneous plasma.

1. Duration of a bunch should be much less than period
of Langmuir oscillations of background plasma.

2.Bunch velocity should be as much as possible. One
can expect that the relativistic increase of the electrons'
mass will lead to additional decrease of the bunch
deformation (our calculations were carried out for non-
relativistic case).

3.The density of a bunch should be as small as
possible.

4. If the distance of the bunch motion is less than
length of the first density maximum formation, then
smaller deformation of the bunch density is reached in
less dense plasma.

5. CONCLUSIONS

1. Dynamics of the electron bunch with initially
rectangular density profile in a field of wake wave is
similar to the phase focusing of the electron beam with
initial velocity modulation. At little distances from
injector the wake wave is excited by the bunch forward
front. At large distances this wave is excited mainly by
micro-bunches formed due to focusing of initial bunch by
the wake field.

2. Dependencies of the maximal bunch density and
maximal wake field upon the model parameters are
defined, primarily, by the variation of micro-bunches'
length at the parameters' modification. Sometimes it can
be caused by excitation of wake wave with coherent
sequence of micro-bunches.

3. The proposed deformation index (analogue of
dispersion for random process) can be the integral
characteristic of deformation of the initial bunch density
profile. During the motion of a bunch with initially
rectangular density profile through plasma the
deformation index first grows, than reaches a maximum
value at the moment of the first micro-bunch focusing,
and further decreases non-monotonously. Dependence of
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deformation index on the model parameters is defined
mainly by the factors that determine values of the
maximal bunch density and maximal wake field.

4. Use of short weak bunches for inhomogeneous
plasma diagnostics via transition radiation [2-3] results in
the little amplitude of this radiation. This amplitude can
be increased if plasma inhomogeneity is situated at the
distance of the first micro-bunch focusing. In this case the
bunch with duration equal to the wake wave period can be
used.

In this work only bunches with primarily rectangular
density profile were considered. But the amplitude excited
by a bunch wake waves as well as the bunch deformation
rate essentially depends on the shape of its initial density
profile [7]. Study of this dependence can be a subject of
the further researches.

Preliminary results of this work were reported in [8-9].
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JUHAMUKA OJHOMEPHOI'O 2JIEKTPOHHOI'O CT'YCTKA C ITPAMOYT OJIBHBIM ITPOPUIIEM
KOHIEHTPAIIUU, TH)IKEKTUPOBAHHOTI'O B IIVIABMY

H.A. Anucumos, FIO.M. Tonouxeeuu

bruta mccrnemoBana auHaMHKa OJHOMEPHOI'O JBJIEKTPOHHOTO CryCrka C HpsAMOYT'OJIBHBIM Ha4daJbHBIM HpOd)I/IJ'IeM
KOHICHTpAallu, HWHXCKTUPOBAHHOI'O B OJHOPOJHYIO IUIasMy, C HNPHUMCHCHHUEM KOMIBIOTECPHOTO MOACIHMPOBAHUA
METOAOM KPYIIHBIX YaCTUYCK B siyelikax. beuta 00bsCHEHA 3aBUCUMOCTh MaKCHMAaIbHOM KOHIECHTpaluH 3JICKTPOHHOT'O
Cr'yCTKa U MakKCHUMaJlbHasA aMIUIUMTYya KHHbBaTepHOﬁ BOJIHBI B 3aBUCUMOCTU OT IMapaMETPOB MOACIN ( KOHICHTpaluu
mjia3Mbl, KOHHLCHTpAaUHUWU CrycTKa, HavaJIbHOI CKOPOCTH U MPOJAOJIZKUTCIBHOCTU CFYCTKa). BBOHI/ITCH I10Ka3aTciib
I[e(l)OpMaHI/II/I B KaUCCTBC XapaKTCPUCTUKHU Z[e(l)OpMaHI/II/I HayaJIbHOI'O HpO(l)I/IJ'IH KOHIICHTpAalUM CryCTKa U HUCCIICAYCTCA
€ro 3aBUCUMOCTD OT MapaMeTpOB MOACIN.

JANHAMIKA OJHOBUMIPHOI'O EJIEKTPOHHOTI'O 3I'YCTKY 3 IPAMOKYTHUM ITPO®PIJIEM
KOHIIEHTPAIIIL, IHHKEKTOBAHOI'O V ILIA3MY

1.0. Anicimos, FO.M. Tonoukesuu

Byno pocnijpkeHO IMHAMIKy OJHOBHMIPHOTO €JIEKTPOHHOIO 3TYCTKY 3 TNPSIMOKYTHMM IIOYaTKOBUM Mpodiiem
KOHLEHTpALil, IH)KEKTOBAaHOT'0 B OJHOPIIHY IUIa3MY, 32 JOIMOMOI'OI0 KOMIT IOTEPHOTO MOJICTFOBAHHS METOAOM KPYITHHX
YaCTHHOK B KOMipKax. ByIlo mOsSICHEHO 3aJIe)KHICTh MAKCUMAJIbHOI KOHIIEHTPAIII] €JIEKTPOHHOTO 3TYCTKY 1 MAaKCHMAJIbHY
aMIUTITYly KUTbBAaTEpHOI XBHJI B 3JI€XKHOCTI BiJl mapameTpiB Mojeni ( KOHIEHTpalii 1uia3My, KOHIEHTpaIii 3TyCTKY,
MOYaTKOBOT MBHU/IKOCTI 1 TPUBAJIOCTI 3TYCTKY). BBOANTHCS NMOKa3HUK nedopmartii B IKOCTI XapaKTepUCTHKH Aedopmartii
ITOYATKOBOTO MPO(DITIF0 KOHIIEHTPAIIIi 3TYCTKY 1 JOCTIHKYETHCS HOTO 3aJIeKHICTh BT TapaMeTpiB MOZETI.
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