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The origin of microwave radiation when injecting a regular train of relativistic electron bunches into atmospheric
pressure air is studied experimentally. Measurements of the wavelength of microwave oscillations were made when
they form a standing wave. The microwave oscillations have the largest amplitude, when their frequency is close to the
tripled repetition frequency of the electron bunches. The radiation mechanism is a direct conversion of excited plasma
oscillations to periodic small-scale in homogeneities of the plasma. When the sequence of bunches is injected into the
atmosphere, the radiation with the greatest amplitude is observed from the plasma region with a plasma frequency close
to the tripled bunch repetition frequency. This is because the frequencies of the first and second harmonics are much
lower than the frequency of collisions of plasma electrons with neutral molecules at an air pressure close to atmospher-
ic. The frequency of the third harmonic is only half the collision frequency; this allows plasma oscillations to develop
at this frequency. The wavelength of the third harmonic is twice as long as the length of the electron bunches, which

also leads to an increase in its amplitude relative to the first and second harmonics.

PACS: 41.75.Lx; 52.40.Mj

INTRODUCTION

The issue of the generation of electromagnetic radia-
tion near the plasma frequency has been actively studied
for tens of years. This problem is still of interest for
investigations of various astrophysical phenomena [1]
and also in the interpretation of the results of laboratory
beam-plasma experiments [2]. In this case, modulated
electron beams or a train of electron bunches can be
used to excite intense plasma oscillations, with possible
further conversion into microwave radiation. Due to the
pre-modulation of the beam, regular narrow-band sig-
nals with deterministic phases can be excited in the
plasma. Only such waves can be used to implement
plasma methods for accelerating charged particles. More-
over, preliminary modulation makes it possible to reduce
the region of linear increase in the amplitude of the excit-
ed waves and to increase the efficiency of converting the
beam power into the power of the excited waves in the
plasma. In this case, the excitation efficiency of plasma
waves increases [3]. Also, the problem of acceleration
with wake field excited in plasma remains actual. There-
fore, further investigation plasma oscillations and micro-
wave radiation excited by electron bunches in a plasma is
necessary. The paper presents experimental results of
investigations of microwave radiation and wake fields
during the injection of a regular train of relativistic elec-
tron bunches into a plasma created by the bunches them-
selves in air at atmospheric pressure.

The electromagnetic wave excited by the bunches has
a maximum of the field amplitude at a distance of 8...10 cm
from the output foil, in this region the plasma density is
close to 8:10" cm, that corresponds to the plasma reso-
nance density for a plasma frequency equal to the fre-
quency of the third harmonic of bunch repetition frequen-
cy. In this case, the transverse dimensions of plasma and
the transverse dimensions of the beam are comparable
with the wavelength of the excited oscillations.

1. PLASMA CREATION

The experiments were carried out by injecting elec-
tron bunches from the traveling-wave linear accelerator
“Almaz-2M” into the air. The electrons have the energy
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of 4.5 MeV, the pulse current is 0.5 A, and the pulse
duration is 2 ps. Each pulse consists of a sequence of
6:10% electron bunches, the repetition frequency of
bunches is 2805 MHz with a duration of each 1, = 60 ps,
(bunch length £ = 17 mm), and a time interval of about
300 ps. The charge of each bunches is 0.16 nC. The
beam diameter at the exit from the accelerator is
~10 mm. Electron bunches from the accelerator were
injected through a titanium foil 50 pm thick, with an
increase in the angular divergence of the beam <6>. If
there is no foil <6> = 0.15°, then after passing through
the titanium foil, the divergence increases to =~ 12°.
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Fig. 1. The value of the plasma density along the beam
axis as a function of the distance to the accelerator:

1 is average density value per pulse, 2 is the maximum
value of the plasma density. The circles are the average
measured value of the plasma density

When the electron bunches are injected into the air
at atmospheric pressure, an inhomogeneous no station-
ary plasma is formed with a density that decreases along
the propagate axis [4]. In Fig. 1, curve 1 corresponds to
the calculated average steady-state plasma density [4].
The circles show the experimentally measured average
density value. At the same time, the plasma density,
which is maximal during the bunch repletion period, can
be an order of magnitude higher (see Fig. 1, curve 2).

2. EXPERIMENTAL RESULTS

Measurements of the wavelength of microwave os-
cillations excited when injecting the regular sequence of
relativistic electron bunches into the plasma created by
the bunches themselves at atmospheric pressure air were
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made when electromagnetic waves formed standing
waves. A standing wave was formed when the beam
was injected into a glass tube (interaction chamber) of
6 cm in diameter and 60 cm in length. The tube was
filled with air, the pressure of which could be varied
within 50...760 Torr. At the other end of the pipe was a
copper collector, from which the microwave radiation
could be reflected (Fig. 2).

Fig. 2. Installation for stand'ing wave formation
in a glass interaction chamber: 1 is electron accelerator;
2 —electron bunches; 3 —vacuum meter; 4 —oscillo-
scope; 5 —H-sector horn antenna; 6 —gas valve

Along the tube, at a distance of 2...5 cm a horn an-
tenna of 3 cm wavelength range can be moved, the wide
side of the horn was located perpendicular to the axis of
the beam. Then the signal was detected and fed to an
oscilloscope. To increase the spatial resolution, the
width of the narrow side of the horn was reduced to 1
cm (H-sector horn antenna). The measurement result is

shown in Fig. 3.
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Fig. 3. Standing wave formed in a glass tube

The distance between the minima of the standing
wave is about 1.7 cm, which corresponds to the excita-
tion of microwave oscillations with a wavelength of
3.4 cm (frequency of 8.8 GHz).

When the air pressure in the interaction chamber
varied within 50...760 Torr, the frequency of the excit-
ed microwave oscillations did not change.

1 2
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Fig. 4. Injection of electron bunches into the air:
1 —electron accelerator; 2 —electron bunches;
3 —H-sector horn antenna
Also, studies were made of the excited microwave
oscillationsduring the injection of a sequence of electron
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bunches into the atmosphere after they left the linear
accelerator (Fig. 4). The horn antenna was moved at a
distance of the axis of the beam of 12 cm.

The amplitude of the microwave radiation on the
distance from the output foil of the accelerator changes
as shown in Fig. 5. The maximum amplitude of the field
is observed at a distance of 8...10 cm from the output
foil, in this region the maximum plasma density is close
to 8-10*cm™ that corresponds to the resonance density
of the plasma for the third harmonic of the bunch repeti-
tion frequency.
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Fig. 5. Dependence of the amplitude of 3 cm radiation
from the distance to the exit from the accelerator

Soft X-ray radiation is also observed from this plas-
ma region. At a distance more than 10 cm from the
output foil, a significant change in the energy spectrum
of the electron bunches is observed.

These phenomena clearly indicate the development
of a beam-plasma discharge in this region at the fre-
quency of the third harmonic. It should be noted that the
maximum amplitude of X-ray and microwave radiation
is observed at a width of the energy spectrum of elec-
trons in bunches 6E<15%. We carried out possibility of
an electromagnetic oscillations excitation which have
frequencies equal to the (the first harmonic) and at the
double bunch repetition frequency (the second harmon-
ic). As in previous case a wavelength was measured by
finding the distance between nodes of standing wave.
To record the radiation, we used a 90x45 mm wave-
guide section with a coaxial-waveguide transition [5]
and a detector head with a diode. This section of the
waveguide, as in the case of the third harmonic, moved
along the interaction chamber parallel to its axis at a
distance of about 10...15 cm from the wall. Microwave
radiation having a wavelength close to 5 cm with a
small amplitude (slightly exceeding the noise level) was
recorded. No reliable evidence of excitation of micro-
wave oscillations at the frequency of following clots at
atmospheric pressure was observed experimentally.

3. THE DISCUSSION OF THE RESULTS

At the present, there are many theoretical approach-
es to the problem of electromagnetic emission from a
beam-plasma system. Most of these approaches describe
a wide enough plasma, whose characteristic dimensions
are much larger than the wavelength of the generated
radiation. In narrow plasma, several other mechanisms
of electromagnetic emission operate. For example, in a
system whose transverse dimensions are comparable
with the wavelength of the radiation, electromagnetic
waves can be emitted directly into the vacuum. The
mechanism of radiation of such a system can be com-
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pared with the radiation of an ordinary antenna [6]. Its
essence is as follows. Because of the development of a
two-stream instability that arises during the injection of a
beam into plasma, a quasi-stationary longitudinal wave
forms in it. In order for it to interact resonantly with vac-
uum electromagnetic waves, its phase velocity must ex-
ceed the speed of light. Since the wave is at the Cheren-
kov resonance with the beam, this condition can’t be
satisfied in homogeneous plasma. If, however, the plasma
density is modulated along the beam propagation axis in a
harmonic manner, scattering by density in homogeneities
will generate superluminal field perturbations that can
effectively interact with vacuum electromagnetic waves.
Thus, a necessary condition for the appearance of radia-
tion in such system is the presence of longitudinal pertur-
bations of plasma density.

A theoretical model describing such a mechanism of
electromagnetic emission from a thin beam-plasma
system near the harmonic of the plasma frequency is
presented in [7, 8]. In our case the diameter of the plas-
ma at a distance of 8 cm from the exit foil is about 4 cm
and it is close to the wavelength of the third harmonic
A3=3.4 cm. The spatial period of the plasma density
gradients is 10 cm. This suggests that a direct conver-
sion of plasma oscillations to microwave oscillations
occurs at the frequency of plasma oscillations. A beam-
plasma antenna is formed. However, the frequency of
the microwave radiation in this case should be close to
the frequency of the plasma wave excited by bunches.
Plasma oscillations, like microwave oscillations, should
oscillate at the tripled bunch repetition frequency. To
explain the experimental results it is necessary to deter-
mine the collision frequency of plasma electrons.

The characteristic time of energy loss by plasma elec-
trons is ~ 10™...10™ s [9]. After this time, the electron
temperature in the molecular gases is apart of 1 eV. Thus,
in plasma formed by an electron beam in air at atmos-
pheric pressure, the energy of plasma electrons is close to
0.03 eV (ve= 10" cm/s) [10]. The cross section of electron
collisions with nitrogen molecule sat this electron energy
oe™ 4-10™° ecm? [11]. Thus, the collision frequency of
plasma electrons with gas molecules is Ve;=NaVeOea=
2.7-10.10"-4-10°=1.08-10"s™. This value of the colli-
sion frequency agrees well with the data of [12], where
plasma is produced by an RF discharge in the atmos-
phere. At that conditions electron energy was 1 eV and
the measured collision frequency v, = 2-10*s™.

According to [13], the criterion for the possibility of
the development of plasma oscillations is the expression

20p>Vea.

When this criterion is satisfied, the plasma is weakly
collisional and plasma oscillations can develop in it.
This is obviously due to the fact that when the plasma
electrons are scattered, the latter must experience sever-
al collisions before the direction of its momentum
changes [14]. The reason for the absence of plasma
oscillations at the frequency of bunch repetition
(01 = 1.76-10" rad/s) and their insignificant amplitude
at the doubled frequency (0, = 3.51-10" rad/s) is that
the frequency of collisions of plasma electrons with
neutral air molecules at atmospheric pressure signifi-
cantly exceeds frequency of the first and second har-
monics. At the same time, the frequency of the third
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harmonic (w3 = 5.27-10" rad/s) is only half the collision
frequency, with 2ws~=ve, and this makes possible the
development of plasma oscillations at this frequency.
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Fig. 6. Wakefield amplitude versus a wavelength.
Vertical lines show the wavelength of excited harmon-
ics: the first (10.7 cm), the second (5.4 cm)
and the third (3.5 cm) ones. The bunch length is 1.6 cm

The theoretically calculated dependence of the am-
plitude of plasma oscillations (the intensity of the excit-
ed wakefield) on its wavelength for our bunch length is
shown in Fig. 6 [15]. Theoretical model applied for
these simulations used collisionless plasma. That is for
the parameters of the experiment the third harmonic has
maximal amplitude even in case of absence collisions in
plasma. This result gives additional advantage of an
excitation of the third harmonic.

The wakefield with the frequency of the third har-
monic is also optimal for wakefield acceleration using
electronic bunches obtained at the accelerator “Almaz-
2M”. In the wake accelerator, the ratio of the maximum
energy gain of the accelerated bunch to the maximum
energy loss of the electrons of the driver's bunch is the
transformer ratio. The coefficient of transformation has
a maximum value for the case when the length of the
driver bunch is 0.25...0.5 of the wavelength of the field
being excited [16]. In our case, with a bunch length of
1.6 cm, the wakefield with a wavelength equal to the
third harmonic of the bunch repetition period
(A3 = 3.4 cm) satisfies the conditions for obtaining the
maximum transformation coefficient.

SUMMARY

When a regular sequence of relativistic electron
bunches is injected into an air of atmospheric pressure,
plasma that decreases in density is formed. Since the
frequency of collisions of plasma electrons is much
higher than the bunch repetition frequency, plasma
oscillations do not develop either at the bunch repetition
frequency or at the double bunch repetition frequency.
However, the appearance of microwave oscillations at a
tripled frequency of bunch repetition has been experi-
mentally detected. The microwave radiation has a max-
imum in a localized plasma region in which the plasma
frequency is equal to the frequency of the third harmon-
ic of the bunch repetition frequency. Microwave radia-
tion is formed due to direct conversion of plasma oscil-
lations on periodic in homogeneities in the plasma densi-
ty (a beam-plasma antenna is formed). Plasma oscilla-
tions develop when a collision frequency of plasma elec-
trons twice that of the third harmonic (2005~ Veg).
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BO3BYXKXJIEHUE TAPMOHUK YACTOTbBI CJIEAOBAHUS 3JIEKTPOHHBIX CT'YCTKOB
INPU UX UHKEKLIUU B ATMOC®EPY
A.®D. Jlunnuk, U.H. Onuwenxo, B.H. IIpucmyna, I'.B. Comnuxos, I.A. Kpusonocos, O.J1. Omenaenxo, B.C. Yc

DKCIIepUMEHTAIBbHO MCCIeI0BaHo Bo3HIKHOBeHHEe CBU-M3ydeHus Py HHKEKINH PETYIIIPHOM MOCIeI0BATEIbHOCTH PEIISTH-
BUCTCKHX 3JICKTPOHHBIX CTYCTKOB B BO3MyX MpH aTMoc(hepHOM JaBieHuu. Vamepenus muHbl Boaabl CBU-konebanuii mpon3Boau-
JIKCh TIPU 00pa30BaHNK UMHU cTostdeit BosTHBL. Hanbompinyro ammutyny umetor CBU-kone6anus, 4acTota KOTOPBIX OM3Ka K YTPO-
€HHOI YacToTe CIIeIOBAHUSI IIEKTPOHHBIX CI'YCTKOB. MEXaHH3MOM H3ITyYeHUs SIBJISICTCS TPsMasi KOHBEPCHS BO30YXKIAEMbIX IIIa3-
MEHHBIX KOJICOaHHI Ha TEPHOIMIECKAX MEIKOMACIITAOHBIX HEOAHOPOHOCTSX IUIOTHOCTH IUIa3Mbl, KOTOPAsi CO3IAETCsI AIEKTPOH-
HBIMH CT'YCTKaMH B BO3IyXe. [Ipy MHXKEKIHH MMOCIEI0BATeIBHOCTH CI'YCTKOB B aTMOC(epy MaKCUMasbHas aMIUTUTYIa H3JTy9ICHHS
Ha0JIoaeTcst U3 00NacTy MIa3Mbl, IUIA3MEHHAs 4acToTa KOTOPOi OJM3Ka K YTPOSHHOI 4acTOTe CIeJOBaHUS CTYCTKOB. JTO 00BsIC-
HSIETCS TEM, YTO YaCTOTHI TIEPBOI U BTOPOI TapMOHMK 3HAYMTEIFHO MEHBIIE YaCTOTHI CTOJIKHOBEHHH IUIA3MEHHBIX JJIEKTPOHOB C
HEHUTPAIBHBIME MOJICKYJIAMH [IPH JIABJIEHAH BO3IyXa, OMM3koM K armMochepromy. YacToTa TpeTheil rapMOHHKH TOJBKO B [[Ba pa3a
MEHbIIIE YaCTOThI CTOJIKHOBEHHUH, UTO MO3BOJISIET TUTA3MEHHBIM KOJICOAHHSAM Pa3BUBATHCS HA 3TOH yacToTte. JIJIMHa BOJHBI TPEThEH
rapMOHHKH B JIBa pa3a MPEBbILIACT UTHHY JIEKTPOHHBIX CTYCTKOB, YTO TAKXKE MPHUBOAUT K YBEIUUCHHIO €€ aMIUIUTYbl OTHOCH-
TENBHO MEPBOH U BTOPOI FapMOHHK YacTOTHI CIIEIOBAHUS CI'yCTKOB.

3BY’KEHHSI TAPMOHIK YACTOTHU CJIAYBAHHS EJJEKTPOHHHUX 3I'YCTKIB
MPY TH)KEKUII IX B ATMOC®EPY
A.®D. Jlinnuk, M. Oniwenxo, B.1. IIpucmyna, I'.B. Comnikos, I.O. Kpusonocos, 0.JI. Omenacenxo, B.C. Yc

ExcrniepuMeHTaNbHO MOCTikeHO BUHUKHEHHs: HBU-BUnpoMiHIOBaHHS MPH iHXKEKIIT PETyISIPHOT MOCIITOBHOCTI PEISTHBICT-
ChKUX €JIEKTPOHHHMX 3TYCTKIB Y MOBITps arMoc(epHOro TUCKy. BumiproBaHHs JoBKHHH XBHII HBU-K0JIMBaHb TPOBOMMINCS TIPH
YTBOpEHHI HUMH cTos4ol xBwii. Halbumbiry ammityy matore HBU-konuBaHHS, yacToTa sIKMX OJIM3bKA JI0 MOTPOEHOI YaCTOTH
NPOXOJDKEHHS €JIEKTPOHHMX 3ryCTKiB. MexaHi3MOM BHIPOMIHIOBaHHS € MpsiMa KOHBEPCist 30y/PKYBaHUX IJIa3MOBUX KOJMBAaHb
Ha NepioJMIHUX ApiOHOMacmTaOHUX HEOMHOPITHOCTSX IIUTBHOCTI IUTA3MH, SIKA CTBOPIOETHCS €IEKTPOHHUMH 3TYCTKaMH B ITOBi-
Tpi. [IpH iHXKeKUii MOCITiTOBHOCTI 3TyCTKiB B aTMOCc(epy MaKCUMallbHa aMILTITYAa BUIIPOMIHIOBAaHHSI CIIOCTEPIraeThes 3 00JIacTi
IUIa3MH, IDIa3MOBa YacTOTa B SIKiH € GIM3BKOIO 10 HOTPOEHOT YACTOTH NMPOXOIKEHHS 3ryCTKIB. Lle mosICHIOEThCS THM, IO YacTo-
TH TIepIoi i APYroi TapMOHIK 3HAYHO MEHIII YaCTOTH 3ITKHEHb IIJJa3MOBHUX €JICKTPOHIB 3 HEHTPAIIbHUMH MOJICKYJIAaMHU TIPH THCKY
noBiTps, Giu3bkoMy 110 atMocepHoro. YactoTa TpeTboi rapMOHIKH TUIBKU B IBa pa3H MEHIIE YaCTOTH 3iTKHEHb, IO J03BOJIIE
IUIa3MOBHM KOJIMBAHHSIM PO3BHMBATHCS Ha I 4acToTi. JlOBXKHMHA XBHJI TPEThOI FAPMOHIKH B /Ba Pa3d HEPEBHUILYE IOBXKUHY
@JIEKTPOHHUX 3TYCTKIB, [0 TaKOX IPHU3BOIUTH N0 30LIBIICHHS ii aMIUIITY ¥ IOJ0 MEepIIoi i Apyroi rapMoOHIK 9acTOTH IIPOXO-
JUKSHHSI 3TYCTKIB.
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