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The results of theoretical and experimental studies of the influence of the plasma in the transit channel of
dielectric structure on the efficiency of wakefield excitation by a sequence of relativistic electron bunches are
presented. The dielectric structure of circular cross-section with Teflon (¢=2.1; 1g6=2-10") The plasma in the
channel dielectric structure is formed by passing bunches of relativistic electrons through the neutral gas as a result
of impact ionization and acceleration of plasma electrons in the excited wake wave. It is shown that when the gas
pressure in the range 107...1 Torr, an increase of the amplitude of the excited wakefield due to changes in the
topography of the main electromagnetic mode. In the pressure range 0.1...1 Torr observed focusing electron
bunches due to the presence of bunches in the decelerating the total longitudinal electromagnetic field and Langmuir

wave and at the same time focusing field of the Langmuir wave.

PACS: 41.75.Ht

INTRODUCTION

Acceleration of particles by wakefield, excitation
bunches of relativistic electrons as they propagate in
slowing media is a perspective and actively developing
direction in high-energy physics. Due to extra high
accelerating  gradients,  wakefield  acceleration
techniques allow to reach higher energies of the
accelerated particles with much smaller length of the
accelerating systems.

To accelerate charged particles wakefield that is
excited by relativistic electron bunches as the slowing
media used or plasma [1] or a dielectric structure [2]. If
you use a dielectric structure with the transit channel
filled with plasma, then in addition to plasma wakefield
will be excited the own wave dielectric structure,
modified by the presence of plasma in channel.

Usually dielectric structures are calculated so that
when you use a regular sequence of relativistic electron
bunches has taken place synchronism between the
fundamental mode of the excited wakefield oy and a
repetition frequency o, bunches (wg = w,,), as a result of
the Cherenkov’s resonance field from each bunch add
together coherently.

1. THEORY

The performed theoretical studies of
electrodynamics of dielectric waveguide with an axial
transit channel, filled with plasma (so called hybrid
plasma-dielectric waveguide) show that the presence of
plasma in transit channel leads to changes in the
topography of the principal mode of the dielectric
wakefield, so that in the channel r=0...1.0 cm wakefield
becomes volumetric. Caused by this the growth of the
coupling coefficient of bunches with a wave provides an
increase of the longitudinal field amplitude in the
channel more for higher plasma density (Fig. 1).

Note that in a strong magnetic field such a situation
occurs at plasma densities, for which w,>w, For a
sequence of bunches the situation is complicated by the
fact that the presence of plasma in the channel violates
the resonance condition of the coincidence bunch
repetition frequency wrep and frequency of the excited
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with Cherenkov dielectric field wo. As a result at the
presence of plasma the total wakefield beat is arisen for
a long sequence of bunches. It limits the linear growth
of wakefield with the increase of number of bunches, so
that the maximum field is significantly reduced
compared with the case without plasma. The situation is
aggravated in the resonator case because of the need to
comply with additional resonance with the eigen
frequencies of the resonator wn, i.e. wrep=wo=wn. For
experimental verification of the above conclusions on
the role of plasma presence in the transit channel
(increasing or suppressing wakefield excitation), we
carried out experiments both with a resonator, in which
plasma suppresses the excitation because of the
emerging resonance detuning wrepwo£mn, and with a
waveguide, when the plasma presence accordingly to
theory (see Fig. 1) causes an increase of the excited
field in comparison with the case without the plasma.
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Fig. 1. Topography of excited wakefield in transit
channel of cylindrical dielectric waveguide filled with
plasma of different densities

In the waveguide case, besides the absence of the
eigen resonator frequency on, it is needed to get rid of
the bunch repetition frequency wrep, which in the plasma
presence occurs detuned with the frequency of
Cherenkov dielectric wakefield wo (wrep#m0). For that
we should realized a single bunch regime by taking the
waveguide length L = A (A is the dielectric wave length).
In this case, bunches excite wakefield independently,
each carries off excited wakefield from the waveguide
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with group velocity vg, so that the next bunch flies into
the waveguide, free of the wakefields of previous
bunches. Therefore, in experiment the envelope of the
wakefields of all 6:10° bunches has an amplitude, equal
to the wakefield amplitude excited by a single bunch.

2. EXPERIMENTAL SETUP

The scheme of experimental setup is shown in Fig. 2.
Relativistic electron bunches produced by resonant
electron accelerator “Almaz-2M” (energy 4.5 MeV,
number of bunches 6-10° bunch charge 0.26 nC, bunch
duration 60 ps at intervals between bunches 300 ps,
bunch repetition frequency 2805 MHz) penetrate
through a titanium foil with a thickness of 30 microns
and enter into the dielectric waveguide of circular cross
section, filled with dielectric (Teflon F-4, ¢ = 2.04; tgo =
2-10...4) with transit channel of diameter 21 mm for the
passage of bunches.

Fig. 2. Scheme of experimental setup: 1 —accelerator
“Almaz-2M”; 2 —titanium foil; 3 —vacuum meter;
4 —dielectric waveguide; 5 —dielectric cone;

6 —ferrite absorber; 7 —microwave probe;

8 —oscilloscope; 9 —double Faraday cup;

10 —vacuum pump

For realization of the waveguide case it is needed to
avoid reflections of the excited wakefield. For this
purpose, the dielectric insert is ended with dielectric
cone, and on Teflon vacuum cap ferrite absorber is
placed. For obtaining single bunch regime the length of
the dielectric insert was chosen equal to length of the
excited dielectric wave L=A. To study focusing
relativistic electron bunches double Faraday cup (9) is
used in which the focusing effect is determined by the
presence of the beam current increase in the second cup
and a simultaneous decrease in the beam current in the
first cylinder. Plasma in the transit channel of the
dielectric waveguide is produced by the beam itself
when it passes through the neutral gas of regulated
pressure filling the transit channel due to the beam-
plasma discharge (BPD) with the excited wakefield
developing at pressure 1 Torr and due to the collisional
ionization by beam electrons at higher pressures.

3. INFLUENCE OF THE PLASMA IN THE
TRANSIT CHANNEL ON WAKEFIELD
EXITATION EFFECIENCE

As shown by the oscillograms of the microwave
signals envelope obtained by means of a microwave
probe placed at the exit of the dielectric waveguide
having a dielectric insert of length L = X under neutral
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gas pressure in the transit channel in range
0.02...1 Torr, the amplitude of excited wakefield
(Fig. 3,b) exceeds the amplitude of wakefield excited in
the dielectric waveguide without plasma (see Fig. 3,a,c).

Fig. 3. Oscillograms of the envelope of the microwave
signals of wakefields (blue oscillograms) for various
gas pressure: a— 70...3 Torr; b — 0.5 Torr;
¢ — 140 Torr. Red oscillograms — beam current

The dependence of the amplitude of the excited
longitudinal wakefield on the axis for the wide range of
the gas pressure in the case of a waveguide and a single
bunch regime is shown in Fig. 4 (red curve). It is seen
that in the pressure under which BPD develops and
plasma is formed the wakefield wave topography in the
channel becomes volumetric (in agreement with the
theory (see Fig.1)), that increases the coupling
coefficient of the bunch with the wakefield wave and
leads to the increase in the excited wakefield amplitude
compared with the case without gas injection (see
Fig. 4, the horizontal red line).
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Fig. 4. The dependence of the longitudinal component
E: of the excited wakefield upon neutral gas pressure
in the transit channel of the dielectric structure

In the case of dielectric resonator (matching
elements were removed and metal exit plug was
installed) under conditions of the double-resonance
wrep=wo=wmn (coincidence of Cherenkov frequency o
with bunch repetition frequency wrep and simultaneously
with eigen frequency of the resonator wn) the wakefield
amplitude grows significantly. This is due to the fact
that the number of bunches which contribute to the total
wakefield is limited by quality factor Q (for
conventional Q it is hundreds of bunches), whereas in
the case of the waveguide the number of bunches,
determined by the waveguide length and the group
velocity, does not exceed tens of bunches. However,
unlike the waveguide case with a single bunch regime in
the resonator case all bunches involved in wakefield
build-up excitation, i.e. bunch repetition frequency wrep
comes into play, and resonator eigen frequencies wn are

ISSN 1562-6016. BAHT. 2015. Nel(95)



presented. The presence of plasma at pressures under
which BPD develops leads to detuning of both
resonances and to a reduction in the wakefield
amplitude (see Fig. 4, black curve) compared with the
case of without gas injection, i.e. without plasma (see
Fig. 4 horizontal black line)

4. EXPERIMENTAL RESULTS
ON FOCUSING BUNCHES

In the case of the waveguide (matched exit) in a
single bunch regime (L = ) both mentioned resonances
are absent and all bunches are in the same conditions of
exciting bunches-drivers. Fig. 5 shows theoretically
obtained [3] the dielectric and plasma wakefields
excited by a single bunch for two plasma densities.

(R

Fig. 5. The total longitudinal component of dielectric
and plasma wakefields (solid) and transverse
component of plasma wakefield (dashed curve)
for plasma densities:
a—np=10"em?; b —np=10" em™

It is evident that the bunch of finite length and finite
radius is occurred in its own wakefield — longitudinal
dielectric (decelerating) and radial plasma (focusing)
ones. Radial defocusing dielectric field with its almost
uniform longitudinal field over radius is absent. As a
result of bunch-driver will be focused by its excited
plasma wakefield along with the focusing due to
compensation in the plasma of its radial electric field [4].
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Fig. 6. Oscillograms of beam current taken with double
Faraday cup: top - first cylinder; bottom - second
cylinder; a— P =10...3 Torr; b— P =0.5 Torr
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Fig. 6 shows the waveform of the beam current,
experimentally obtained with a double Faraday cup at
vacuum P =107 Torr (see Fig. 6,a) and at neutral gas
pressure in the transit channel of dielectric waveguide
P = 0.5 Torr (see Fig. 6,b). The increase in current in the
second cup while its reducing in the second one
evidences focusing electron bunches, more at a higher
plasma density (namely for gas pressure P = 0.5 Torr).

CONCLUSIONS

Shown that in the presence of plasma in transit
channel of dielectric waveguide of length L = A (single
bunch regime), produced during passage of a sequence
of relativistic electron bunches through the neutral gas
in the pressure range 1021 Torr, the increase of the
total excited wakefield amplitude on the waveguide axis
in accordance with the theory. For this case, focusing of
the relativistic bunches-drivers is observed as they are
occurred not in the decelerating phase of the total
longitudinal field dielectric and plasma wakefields but
simultaneously in the radial focusing field of the plasma
wakefield (for relativistic bunches radial defocusing
dielectric wakefield is negligible as longitudinal one is
almost radially uniform).

In the resonator case plasma filling suppresses
wakefield excitation due to occurrence of detuning
resonances - coincidence of Cherenkov frequency wo
with bunch repetition frequency wrep and simultaneously
with the resonator eigen frequency on.
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BO3BYXJIEHUE KHJIbBATEPHBIX BOJIH
B VIABMEHHO-AUDJIEKTPHYECKHUX CTPYKTYPAX NOCJIEJOBATEJBHOCTBIO CI'YCTKOB
PEJIATUBUCTCKHUX DJIEKTPOHOB

B.A. Kucenes, A.®. lunnux, .M. Onuwenxo, B.U. IIpucmyna, I.B. Comnuxkos, I.Il. Bepe3una

IIpencraBneHsl pe3ynbTaThl TEOPETUIECKUX M HKCIIEPUMEHTAIBHBIX MCCICAOBAHUI BIHMSHUS IUIa3Mbl B KaHAJIE
JIM3JIEKTPUIECKONH CTPYKTYphl Ha 3(QEKTUBHOCTE BO30YKAEHHA KHIBBATCPHBIX BOJH IIOCIIEI0BATEIHHOCTHIO
CTYCTKOB PEJIATUBUCTCKUX 3JIEKTPOHOB. B sKkcrmeprMeHTax MCHOJIb30Bajach AUAIEKTpUUECKas CTPYKTypa KpPYyIjioro
TOTIEPEUHOrO CCUCHHS C TUAIEKTPUKOM U3 (roporiacta (e = 2,1; tgd = 2-10™). Ilnasma B KaHATE AUAICKTPHUECKOM
CTPYKTYpBl 00pa3yercsi MpH IMPOXOXKICHUU CIYCTKOB PEJIITUBUCTCKUX DJIEKTPOHOB 4Yepe3 HEWTpalbHBIA Ta3 B
pe3ynbTare yAapHOW MOHM3AIMK M YCKOPEHHs AJICKTPOHOB IUIa3Mbl B MOJIE€ BO30YXKJIAaeMOH KWIbBATEPHOW BOJIHBI.
I[lokazaHo, 4TO TpH JaBleHHH rasa B guanasone 1072...1 Topp HaGIIODaeTCS YBEIMUCHHE AMILTHTY/IBI
B030y’K/1aeMOT'0 KMJILBATEPHOTO II0JIS1 B Pe3yJbTaTe U3MEHEHHsI TONOTrpadui OCHOBHON 3JIEKTPOMArHUTHOW MOJIBL.
B nmmamazone mammenumit 0,1...1 Topp HaOmromaeTcst (QOKYCHpPOBKAa 3JIEKTPOHHBIX CTYCTKOB, OOYCIIOBIICHHAsS
HAaXOXJICHHEM CTYCTKOB B TOPMO3SIIEM CYMMAapHOM IIPOAOJIBHOM IIOJIE HICKTPOMAarHUTHOW M JIEHI'MIOPOBCKOM
BOJIH U OZTHOBPEMEHHO B ()OKYCHPYIOIIEM ITI0JIE JIEHTMIOPOBCKOH BOJIHBI.

3BY/VKEHHS KIVIBBATEPHUX XBWJIb Y IIVIASMOBO-JAIEJJEKTPUYHHUX CTPYKTYPAX
MOCJIIAOBHICTIO 3I'YCTKIB PEJISITUBICTCBKUX EJIEKTPOHIB

B.O. Kucenvos, A.®. Jlinnux, I. M. Oniwienxo, B.1. IIpucmyna, I.B. Comnikos, I'.11. bepe3ina

[IpencraBneHi pe3yjibTaTH TEOPETHYHHX 1 CKCHEPUMEHTAIBHUX JOCIIDKCHb BIUIMBY IUIa3MH B KaHali
IICNEKTPUIHOI CTPYKTYpH Ha e(QeKTHBHICTh 30YIKCHHA KUTbBaTEPHUX XBWIb MOCITIJOBHICTIO 3TYCTKiB
PEIATHBICTCBKHX €JEKTPOHIB. B  ekcrepyMeHTax BHKOPHCTOBYBAlacs JICNIEKTPUYHA CTPYKTYpa KpYyIJIOro
TOMEPEYHOTO Mepepisy 3 AieneKTpHKoM 3 (ropommacty (e = 2,1; tgd = 2:10™). Ilnasma B kaHami AieTeKTPHIHOT
CTPYKTYPH YTBOPIOETHCS MNPU TMPOXOJIKEHHI 3TYCTKIB PENISTUBICTCHKUX ENIEKTPOHIB 4epe3 HEeWTpalbHUU Ta3 y
pe3ynbTaTi ynapHOi i10Hi3amil i MPUCKOPEHHs EJEKTPOHIB IUIa3MH B MOJI KUIbBaTEpPHOI XBWII, SKa NPU LBOMY
36ymKyeThes. T1oKasaHo, Mo MpH THCKy rasy B miamasoni 107...1 Topp crocTepiraeThest 3GiIbIICHHS AMILTITYIH
30yKyBaHOTO KUTBBATEPHOTO TIOJISL B PE3YIIbTaTi 3MiHH TOOTpadii OCHOBHOI €1eKTPOMAarHiTHOI MOIH. Y Jiana3oHi
tuckiB 0,1...1 Topp croctepiraetbest HOKYCYBaHHs €IEKTPOHHUX 3TYCTKIB, 00YMOBIICHE 3HAXOKCHHSIM 3TYCTKIB Y
TalbMyIOYOMY CYMapHOMY IIO3JOBXXHBOMY IIOJi €JEKTPOMArHiTHOI 1 IUIa3MOBOi XBWIb 1 OJHOYACHO B
(hOKYCYOUOMY TTOJTi TUIA3MOBOI XBHIII.
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