WAKEFIELDS EXCITATION IN PLASMA, PRODUCED BY A SEQUENCE
OF ELECTRON BUNCHES IN NEUTRAL GAS, ACCELERATING
AND FOCUSING ELECTRONS BY THEM
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Experiments on wakefield excitation by a long sequence of relativistic electron bunches in plasma, formed by head
bunches of the same sequence in neutral gas of various pressure are presented. The ranges of pressure are found, in
which beam-plasma discharge is developed, that leads to intensification of plasma generation. Acceleration and
focusing of bunches electrons that is determined by ratio of the bunch length to its diameter and detuning between
bunches repetition frequency and wakefield frequency, are investigated.

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

Acceleration of charged particles by wakefields
excited in plasma by a relativistic electron bunch or a
sequence of bunches, is a promising method to accelerate
electrons with the acceleration rate of several orders of
magnitude higher than used in conventional accelerators
[1-3]. Besides wakefields provide focusing of the
accelerated electrons by orders of magnitude greater than
focusing by magnetic systems [4].

In this paper we study the excitation of wakefield in
plasma by a long sequence of bunches as they pass
through the neutral gas at different pressures, unlike to
[1], where plasma was produced by a plasma gun. We
have previously shown [5] that during the injection of a
sequence of bunches in the neutral gas at atmospheric
pressure plasma is created with the resonant density, for
which the plasma frequency w, coincides with the
frequency of bunches ®,. We study the acceleration and
focusing of electron bunches by excited plasma wakefield
in the presence of detuning Aw= w,-o,, arising from the
change plasma density. To enhance the focusing effect
bunches were made of elongated shape by means of
aperture, that led, as we have shown in [6], to the
prevalence of radial component of the wakefield [7].

2. EXPERIMENTAL SETUP

Experimental study were carried out with setup,
scheme of which is shown in Fig.1
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Fig. 1. 1 —sequence of bunches , 2 - electron accelerator,
3 — interaction chamber, 4 - diaphragm, 5 - plasma
column, 6 - movable plug, 7 - microwave probe,

8 — oscilloscope

Relativistic electron beam produced by a linear
resonant accelerator. Beam parameters: energy —
4.5 MeV, pulsed current — 0.5 A, pulse duration — 2 ps,
modulation frequency — 2805 MHz.

Each pulse consists of 6x10° bunches with a duration of
each one — 60 ps and the time interval between them —
300 ps. Beam diameter at the exit from the accelerator
10 mm, bunch length — 17 mm, charge of bunch —
0.16 nC.

Beam was injected into a rectangular waveguide of
cross-section (72x34) mm’ and length of 25 cm. Neutral
gas pressure in the waveguide can be varied from 760 to
5x10 Torr. As the neutral gas was air. The waveguide
was pumped through the pipe, and was filled with neutral
gas through the leak. When closing the exit end of the
waveguide with a metal plate in the center of which the
probe was mounted, the cavity was formed. To measure
the beam current passing through the waveguide, the
probe was replaced by Faraday cup with a diameter of
15 mm. The energy loss of electrons bunches were
determined using a magnetic analyzer. The transverse size
of bunches was estimated by the beam portrait on a glass
plate.

3. RESULTS OF EXPERIMENT
3.1. EXCITATION OF WAKEFIELD

The dependence of the amplitude of Ez-component of
the excited wakefield on neutral gas pressure is shown in
Fig. 2 (curve 1). Two ranges of pressure was observed -
107...10 and 400...760 Torr, in which the intense
wakefield are excited. In these ranges more efficient
generation of plasma is explained by fact that in addition
to collisional ionization of the gas a beam-plasma
discharge (BPD) is developed. In the first range there is
an avalanche-like increase of the plasma density in the
microwave field of beam-plasma instability (classic BPD)
is developed. Unlike classic ERP using beams with
energies of tens of keV and observed at gas pressures of
10°...10* Torr, in our experiments with a beam of
4.5 MeV this pressure range is shifted to higher pressures.
This is due to a decrease in the ionization cross-section
for the electron beams of relativistic energies, that
requires a higher density of gas to generate the critical
plasma density, at which BPD starts developing. In the
second area of higher pressure collisional ionization is
intensified, as well as BPD is developed on the base of
beam-dissipative instability. In both ranges, the growth of
plasma density stabilizes at a level when resonance of
frequency of bunches repetition and plasma frequency is
satisfied (0, = o).
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Fig. 2 (curve 2) shows the change in the beam current
which passed through the system and was measured by
Faraday cup diameter of 1.5 cm. It is seen that the beam
current, registered by Faraday cup, decreases in the
pressure range where the wakefield amplitude increases.
This decrease is the result of spread of the electrons by
transverse component of the exciting wakefield.
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Fig. 2. Dependence of amplitude of the Ez-component
of the excited wakefield (curve 1) and magnitude of the
beam current (curve 2) on neutral gas pressure

In the pressure range where the amplitude of Ez-
wakefield is small, it is required more time to reach
resonant plasma density op = owm. It is concluded from
oscillograms of Ez wakefield, shown in Fig.3. At
atmospheric pressure, the maximum amplitude of the
excited wakefield is achieved in a short time. At pressure
300 Torr maximum field is achieved only by the middle
of the current pulse (Fig. 3, b), and at pressure 40 Torr
wakefield amplitude not at al reaches its maximum value
(see Fig. 3, b).

a b c

Fig. 3. Oscillograms of Ez-component of the excited
wakefield at different pressures: a) 760 Torr,
b) 300 Torr, ¢) 40 Torr

The slow growth of wakefield and its small value in
Fig. 3,b,c indicates that the plasma density is below the
resonant value wp =~ ow, i.e. there is a detuning between
bunches repetition frequency om and plasma frequency
op in this pressure range.

Detuning Aw= w,-0y, caused by change in the plasma
frequency at plasma density reducing can be obtained
both at a decrease in gas pressure, and at a decrease in the
beam current.

3.2. ACCELERATION BY WAKEFIELD

The presence of the detuning leads to that part of the
sequence of bunches, the shifting along phase, fall into
the accelerating phase of the excited wakefield and take
the energy of the wakefield excited by previous bunches.
Electrons which lost their energy on wakefield excitation
and the electrons accelerated by wakefield (up to 6 MeV)
were observed using a magnetic analyzer, which is
located at the waveguide exit (see electron energy spectra
in Fig 4).
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Fig. 4. Energy spectra of electrons
(1-input, 2-after interaction with plasma)

3.3. FOCUSING BY WAKEFIELD

In the presence of detuning at pressure in the range
from 200 to 40 Torr the various parts of the sequence of
bunches, shifting on phase, are occurred in defocusing or
focusing radial wakefield. Bunches, which fell in
defocusing phase, radially diverse and do not reach the
chamber exit. The passage focused bunches is improved.
This leads to the beats of the beam current, registered by
Faraday cup at the exit (Fig.5,b). At atmospheric
pressure (Fig. 5, a) the beats are absent because in this
case there is no detuning.

Fig. 5. Oscilograms of beam current at chamber exit
(a-250 Torr, b - 40 Torr)

Studies of focusing were carried out at gas pressure
=760 Torr for two cases: 1) the current I, = 0.5 A,
diameter of the bunch a and its length | are comparable
(@a= 10 mm, | = 17 mm) and 2) the current I, = 0.25 A,
diameter of the bunch appreciably less than its length
(@=10 mm, | = 17 mm). The second case was realized by
diaphragming of the bunch and provided preferential
excitation of the radial component of the wakefield. In the
second case the current was decreased to create a
detuning and moving of bunches along phase, and bunch
shape was changed to emphasize the focusing effect.

Fig. 6 shows oscillogram of excited wakefield for the
first case. It is seen that the amplitude of the excited field
is growing during the whole pulse, that indicates that all
bunches are in the decelerating phase of the excited field.
At that, as it is evident from the measurements of beam
diameter on the darkening of the glasses (Fig. 7), part of
electrons of each bunch are in the focusing phase of the
excited field and keep within the same transverse
dimension, and the other part are defocused.
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Fig. 6. Oscillogram of Ez wakefield in the absence of
detuning (I, =0.5 A, a =10 mm, | =17 mm)



Fig. 7. Beam diameter at different distances from the exit
foil (I, =0,5A,a=10 mm, | =17 mm):
1)0 cm, 2) 5 cm, 3)7cm, 4) 9cm, 5)11cm, 6)13cm, 7)15 cm

When reducing the beam diameter to 4 mm,
accompanied by a decrease in the current two times,
oscillograms of the wakefield showed beats (Fig. 8),
which are connected with the fact that at decrease in

Appeared detuning leads to that various part of the
sequence of bunches gets into focusing or defocusing
phase of wakefield. This is proved by measurements of
the bunches diameter on the darkening portraits on the
glass plate (Fig. 9), on which is observed focusing and
defocusing effect is observed.

4. CONCLUSIONS

1. Studies of wakefield excitation in plasma produced by
a sequence of bunches of relativistic electrons as they
pass through the neutral gas at different pressures have
shown that there are two ranges of pressure —
400...760Torr and 10™...10Torr, in which the maximum
amplitude of the wakefield and plasma frequency is close

repetition frequency of bunches.

2. The energy spectrum of electrons at exit shows both
energy loss by exciting electrons and the tail of f
accelerated electrons.

3. Focusing of bunches by excited plasma wakefield is
investigated in the resonant case and in the case of
detuning between the repetition frequency of bunches
and plasma frequency.

4. The beats of wakefield amplitude and beam current
associated with the detuning are revealed
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current nonresonant plasma is created, that is caused by
weakening ionization process.

Fig. 8. Oscillogram E, wakefield in the presence of
detuning (I, = 0,25 A, a = 4mm, | = 17mm)
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Fig. 9. Beam diameter at different distances from the exit
foil (I, =0,25A,a=4 mm, | =17 mm):
1)0 cm, 2) 5 cm, 3)7cm, 4) 9cm, 5)11cm, 6)13cm, 7)15 cm
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. BO3BYXK/JIEHUE KWJIbBATEPHBIX MOJIEM B IVIAZME, .
OBPA3YEMOMU MNOCJIEJOBATEJBHOCTBIO 3JIEKTPOHHBIX CI'YCTKOB B HEUTPAJIBHOM TI'A3E,
YCKOPEHHUE U ®OKYCHUPOBKA MU SJIEKTPOHOB

B.A. Kucenée, A.®. /lunnux, H.H. Onuwenko, B.U. IIpucmyna

[IpeacraBieHbl 3KCIEPUMEHTHI MO BO30Y)KICHUIO KWIBBATEPHBIX IMOJEW UIMHHOW TMOCIEI0BaTEIbHOCTHIO
PETATHBUCTCKUX 3JEKTPOHHBIX CTYCTKOB B IUTa3Me, 00pa3yeMoil TOJIOBHBIMHU CTyCTKaMH ATOH )K€ MOCIIeI0BATEIbHOCTH
B HEHTpalbHOM Ta3e pa3InYHOro JaaBjicHusA. HalieHbl 00acTy JaBlicHHH ra3a, B KOTOPBIX Pa3BUBACTCS IMyYKOBO-
TUTa3MEHHBIN Pa3psij, MPUBOSIINN K HHTCHCU(UKAIMK TeHepaliy mia3Mbl. MccienoBanbl yCKopeHue  (hOKyCHPOBKa
9JIEKTPOHOB CTYCTKOB, OIpe/eisieMble OTHOILIEHUEM JIJIMHBI CTYCTKa K €ro AUaMeTpy U pacCTpOMKON Mexay 4acToTon
CJICZIOBAHUS CTYCTKOB U 9aCTOTOW BO30YKIaeMOro KHIbBATEPHOTO IOJIS.

3bY/UKEHHSI KIJIbBATEPHUX ITOJIIB Y IITIA3MI, SIKA CTBOPEHA IIOCJIITOBHICTIO
EJIEKTPOHHUX 3I'YCTKIB Y HEUTPAJIBHOMY T'A3L, IIPUCKOPEHHSA TA ®OKYCHUPOBKA HUMHU
EJIEKTPOHIB

B.O. Kucenvos, A.®. Jlinnuk, I. M. Onuwenko, B.1. Ilpucmyna

[IpencraBneHo eKCHEPUMEHTH N0 30YKEHHIO KiNbBaTEPHHMX IIOJIB JOBrOK0 IIOCITIZOBHICTIO PEIATHBICTCHKHX
€JIEKTPOHHHX 3TYCTKIB y IUIa3Mi, sIka CTBOPEHA TOJOBHMMH 3TyCTKaMH Ti€l )X IMOCIIJOBHOCTI B HEWTpaJIbHOMY rasi
pi3HOTO THUCKY. 3HalZeHO 00JIacTi THCKY Ia3y, B SIKHX PO3BHBAETHCS IYYKOBO-IJIa3MOBHH PO3PSsi, 110 NPUBOIMUTH JIO
iHTeHcuGikauii renepaii mia3mu. JJocnimkeHi NIPUCKOPEeHHs Ta OKYCHPOBKaA €IEKTPOHIB 3TYCTKIB, SIKi BU3HAYAIOTHCS
BIJJHOILICHHSIM JIOBKMHHU 3T'YCTKY A0 HOro AiaMerpy 1 po3CTpPOMKOI0 MK 4acTOTOIO CIIiIyBaHHs 3TyCTKIB i 4acTOTOIO
30y KyBaHOT'O KiTbBATEPHOTO ITOJIS.
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