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Using an open barrel-shaped resonator (OBR) plasma density, produced by a sequence of duration 2 ps of relativistic electron
bunches, each of energy 4.5 MeV and charge 0.16 nC, in air at pressure of 10...60 Torr was measured. The plasma density was
determined from the shift of the OBR resonant frequency estimated after measuring the reduction of oscillations amplitude in
plasma loaded OBR at the initial frequency of OBR. It was shown that the maximum density of the produced plasma reaches
310" em™ at wakefield excitation in a semi-infinite plasma waveguide and 10'' — in plasma resonator

PACS: 41.85.Ne; 41.85.Lc;

INTRODUCTION

Among the known methods of noncontact high-
frequency diagnostics for measuring the density of a
weakly ionized plasma, in which the frequency of the
plasma electrons collisions with the neutrals is compa-
rable with plasma frequency, the method of open barrel-
shaped resonator (OBR) is the most reasonable [1].
OBR has rarer spectrum of eigen frequencies compared
to closed cylindrical resonator. The use of distributed
coupling provides additional rarefaction of the spectrum
[2]. As a result, it is managed to achieve the absence of
other resonances in the frequency range equaled to the
resonance mode frequency shift, caused by the plasma.

Existing methods for measuring plasma density by
the shift of resonator frequency are applicable for
plasma densities at which the frequency shift is greater
of the half-width of the working resonance mode of the
resonator. In the case of low-density plasma that leads
to the smaller frequency shift for measuring plasma
density it is necessary to modify the known method [1].

In this paper, plasma density was determined by the
estimated shift of OBR resonance frequency, using the
measuring the changing of oscillations amplitude in the
plasma loaded OBR on the initial resonant frequency.
This modified method we used in the experiments on
plasma production and wakefields excitation in plasma
by a sequence of relativistic electron bunches, injected
into the waveguide filled with a gas.

1. MODIFIED METHOD

Shift of the resonance frequency of the resonator at
its filling with plasma of averaged density ﬁp is given

by [5]:
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where @=27f;, Cy is value of the form-factor, Vg is the
volume of the resonator, filled with a microwave field,
V, is the volume of plasma in the microwave field of the
resonator (in our case, VP/VRF=9.7~10'2), v is effective
frequency of collisions of plasma electrons with neu-
trals, which in the investigated pressure range is
v=7-10"...2-10" s [4], n, - is critical electron density,
which is equal to n=mw’/4me’ =1.714:10" cm™ (m and
e are mass and charge of electron).
Form-factor Cy in the case of plasma is equal to the
form-factor in the case of inserting into the same place
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(the same displacing from the resonator axis) the
foamed plastic core with e=1.09 (at frequency 10'° Hz )
of the same dimensions (length and diameter).

It is known that the shift of the resonance frequency
of the resonator at inserting a dielectric rod is given by
[2]:
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where V; is the volume of dielectric rod. By measuring
the shift of the resonance frequency, we find from (2)
form-factor C, = 0.67.

Substituting into (1) found above values of all
variables we obtain an expression for determining the
density of the plasma through the resonant frequency
shift Aw:
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In our case of low plasma density our experimental
equipment does not allow to measure directly the reso-
nance frequency shift Ao. Therefore, the frequency shift
caused by plasma load was determined by means of
measuring the change in the microwave signal ampli-
tude on the initial resonance frequency. Fig. la shows
that the shift of the resonator frequency at plasma load
from f to f}, leads to the amplitude decrease of the sig-
nal at the initial (without plasma) resonant frequency
from I, to I;.

By measuring the amplitude of the microwave signal
in the receiving waveguide without plasma Iy and in the
presence of plasma I;, the frequency shift can be deter-
mined from the relation [5]:
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where Q, is loaded O-quality on a given mode, which is
determined from 1/Q,=1/0,+A(1/Q,), where Q, is O-
quality of resonator without plasma, +A(1/Q)) is the

term corresponding to change of resonator O-quality at
plasma load that is determined by the expression [3]:
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With increasing plasma density from 10° to 10'! cm™
loaded Q, decreases from 1.94-10* to 1.0-10".

Aw

143



I n-10°

40

20

i G t - 06 1 L)
a b Ip
Fig. 1. a—relationship between decrease of signal
amplitude I, with plasma at frequency fy and frequency
shift fy— fi1; b — plasma density dependence upon de-
creased signal amplitude

Substituting the value of 4@/@ found from (4) into
(3) we obtain the expression for determining plasma
density by the change of the signal amplitude on the
initial frequency f, when resonator is loaded with plas-
ma:
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Fig. 1,b shows the calculated from (6) dependence of
plasma density in the resonator upon the normalized
signal with the presence of plasma.

At operation in the pulsed mode, an important
parameter is the transition time of oscillations in the
resonator, which in our case is equal to
7~Q/w=8,53-10"s that allows to measure the change in
the density of plasma produced by a sequence of
electron bunches of duration rb=2'106 S.

2. EXPERIMENTAL SETUP

At the experimental stand plasma was produced by a
sequence of 6000 bunches of relativistic electrons of
energy 4.5 MeV, each bunch of charge 0.16 nC and
duration 60 ps, sequence duration 2 ps. From the
accelerator bunches were injected through separating by
vacuum Ti-foil into a circular waveguide, filled with gas
at various pressure. which is part of the OBR with
distributed coupling was a part of the waveguide.

We used OBR (Fig. 2) destined to work in 8 mm wave-
length range and experimentally investigated in [3]. The
resonator is made of copper, on its inner surface after pol-
ishing of copper coated silver cover-ment was deposited to
increase the quality-factor. The resonator length
L= 70 mm, radius ay = 34 mm, the curvature of the barrel
7o =204 mm. Distributed coupling is realized by means of
the coupling holes in the common wall of the resonator and
the feed and receiver waveguides. These waveguides of
cross-section 3.4x7.2mm have 7 rectangular coupling
holes of size of 2x0.5 mm each.
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Fig. 2. Open barrel-shaped resonator
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Measurements of plasma density were made using
OBR mode TMsgs; with resonant frequency
f0=37245 MHz, which is excited with considerable am-
plitude. Q-quality of OBR on this mode 0,=2-10".

Radius of the inner caustic surface on mode TM;;s
is equal to 11 mm, radius of the electron bunches at the
exit of OBR is 20 mm, so in order the beam to propa-
gate in the area, occupied with a microwave field, the
axis of the beam should be removed from the resonator
axis by 21 mm. Note that for gas pressure P> 10 Torr
plasma radius is close to the beam radius. Scheme for
measuring plasma density is shown in Fig. 3.

Fig. 3. The scheme of the plasma density measure-
ment: 1 — microwave oscillator; 2 — ferrite valve; 3 —
wavemeter, 4 — microwave detector; 5 — amplifier; 6 —
oscilloscope; 7 — microwave field region; 8 — electron
beam; 9 — region inside inner caustic, 10— matched
loads

3. EXPERIMENTAL RESULTS

Measurements of plasma density were performed for
low microwave signal at resonator exit (amplitude of the
signal in the receiver waveguide is two orders smaller
than amplitude at resonator entrance), and high levels of
electromagnetic stray. Therefore, the signal amplitude
was found by subtracting the signal without plasma
(stray) from the signal in the presence of plasma.
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Fig. 4. Oscillograms of signal from OBR (upper)
and beam current (bottom):
a — without plasma; b — with plasma (X-axis —
1 ps/div)

Fig. 4 shows the oscillograms of the beam current
(bottom traces) and of the signals (upper) from the de-
tector of the receiving waveguide in the absence of the
beam and produced plasma in a resonator (a) and in the
presence of the beam and plasma in the resonator (b).
Subtracting the signal of Fig.4,a from the signal of
Fig. 4,b, we obtain the dependence of the change of
amplitude of the microwave signal upon the plasma
density in the OBR.

In Fig. 5,a the change of plasma density upon time
at injection of bunches in the semi-infinite waveguide
filled with air at a pressure of Torr is presented. The
dependence of the plasma density upon time is obtained
taking into the count the change of the plasma loaded
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resonator Q-factor. In this case, the plasma was pro-
duced of density up to 3-10' cm™.
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Fig. 5. Plasma density vs time; a — semi-infinite
waveguide, b — resonator

If the interaction chamber is resonator for wake-
fields excited by a sequence of electron bunches and
bunch repetition frequency coincides with the eigenl
frequency of the resonator, plasma density increases
considerably. The dependence of plasma density on
time for this case is shown in Fig. 5,b. Plasma density in
this case reaches value 10'' cm™. The increase in the
plasma density can be explained by additional ioniza-
tion of neutrals by plasma electrons, collisionally gained
energy in the excited wakefield. Indeed, the probe mea-
surements of the Ez component of wakefield confirmed
this, showing in this case its increase by 7 times.

CONCLUSIONS

From the change in the microwave signal amplitude
at a fixed frequency of the open barrel-shaped resonator
the plasma density produced by relativistic electron
bunches at their injection into air at pressure
10...60 Torr has been measured. Plasma density was in
the range of around 10'°cm™ for semi-infinite wave-
guide and 10" cm™ for resonator cases.
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W3MEPEHUE IVIOTHOCTH IIJIA3MBI, OGPA30OBAHHOM ITPH ITPOXOKJIEHUN
MHOCJIEAOBATEJIBHOCTH CI'YCTKOB PEJIAATUBUCTCKHUX 3JIEKTPOHOB YEPE3 BO31YX

B.A. Kucenés, A.®. lunnux, H.H. Onuwenxo, B.U. Ilpucmyna,
b.U. Heanoes, B.I1. IIpuuienos

C nomMonipio OTKpHITOro 604k006pasnoro pesoHaropa (ObP) m3MepeHa miIoOTHOCTH II1a3MBbl, 0Opasyemast mocie-

JIOBATEBHOCTHIO PENISTHBICTCKUX 3JIEKTPOHHBIX CTYCTKOB IUTMTENBFHOCTBIO 2 MKC, ¢ 3Heprueit 4.5 MaB, 3apsnom
0.16 vK xaxmoro B Bozayxe ¢ gapnerueM 10...60 Topp. [IT0THOCT Mm1a3MBI OIpeaensIack MO CABUTY PE30HAHCHOM
gacTtoThl OBP, OIIeHEeHHOTO 10 M3MEPEHHUI0 YMEHBIIICHHUS aMIUIUTYIbI KOJIeOaHni B HarpyxeHHoM 1iazmoit OBP Ha
nucxonHou pe3oHaHcHoi yactote OBP. [loka3aHo, 9T0 MakcuMaipHas TIOTHOCTh 00pa3yeMOl IIa3MBl JOCTHUTAET
3-10" em™ st BO30YK/ICHHS KMIBBATEPHOTO OIS B TIOTYOTKPEITOM BosHOBOzE 1 10! cM™ — B IUIa3MEHHOM PE30-
HaTope.

BUMIPIOBAHHS I'YCTHUHH IIVIA3MU, SIKA YTBOPIOETHCS ITPU NTPOXOAKEHHI
MOCJIIAOBHOCTI 3I'YCTKIB PEJISITUBICTCBKHUX EJIEKTPOHIB KPI3b ITOBITPS

B.O. Kucenvos, A.®. Jlinnux, 1. M. Onuwenxo, B.1. Ilpucmyna,
b.1. lIeanos, B.I1. IIpuuienos

3a momomororo Bimkputoro 6oukomnonioHoro pesoHaropa (BBP) BuMipsiHa rycTHHA mia3mu, sika YTBOPIOETHCS
MOCTITOBHICTIO PENIATUBICTCHKUX €NEKTPOHHUX 3TYCTKIB TPUBATICTIO 2 MKC, 3 eHepriero 4.5 MeB, 3apsoom 0.16 HK
KO>XKHOTO B TOBIiTpi 3 THICKOM 10...60 Topp. ['ycTrHA 1U1a3Mu BU3HAYaIacs 1Mo 3CyBY pe3oHaHcHoi yactotu BBP, sxa
OLIIHIOBAJIACS MO0 BUMIPIOBAHHIO 3MEHIIICHHS aMILUIITyId KOJHMBaHb Y HaBaHTa)XeHOMY ruia3moro BBP Ha BuxigHiii
pe3onancHiii gactori BBP. [loka3aHo, mo MakcuManbHa T'yCTHHA yYTBOPIOBAHOI IUIA3MH JOCSTAE 310" em” mpm
36y KEHHI KiTbBATEPHOTO TI0JIsS B HATIBBIAKpHTOMY XBrteBoi i 10! cm™ — y mmasmoBomy pesonatopi.
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