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Observation of ultrahigh-energy electrons by resonance absorption of high-power
microwaves in a pulsed plasma
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The interaction of high power microwave with collisionless unmagnetized plasma is studied. Investigation
on the generation of superthermal electrons near the critical layer, by the resonance absorption phenomenon, is
extended to very high microwave power levels={ E3/4mn kT.~0.3). HereE,, n,, andT, are the vacuum
electric field, electron density, and electron temperature, respectively. Successive generation of electron
bunches having maximum energy of about 2 keV, due to nonlinear wave breaking, is observed. The electron
energye scales as a function of the incident microwave poRgaccording toexP%® up to 250 kW. The
two-dimensional spatial distribution of high energy electrons reveals that they are generated near the critical
layer. However, the lower energy component is again produced in the subcritical density region indicating the
possibility of other electron heating mechanisms.
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[. INTRODUCTION enhances the range of incidence angle for which resonance
absorption is effective and decreases the effects of paramet-
Absorption of an electromagnetic wave incident on inho-ric decay and oscillating two stream instability8]. Thus the
mogeneous plasma is important to understand the laser lightave breaking phenomnon has the highest probability to ac-
absorption by plasmas for the design of laser fusion systernount for the generation of high energy electrons in the case
[1], heat the magnetized fusion plasma, and in problems resf strong incident radiation.
lated to electromagnetic wave propagation in space. The In the present paper, we present experimental observation
classical inverse bremsstrahlung, for example, becomes inedf superthermal electrons, generated by high power micro-
ficient in a hot plamsa due to rapid decrease of the electrorwave absorption near critical layer, to demonstrate the valid-
ion collision frequency with temperature and therefore ab4ity of the cold wave breaking theory even whep=0.3.
sorption of an intense radiation is then determined bywhen microwaves, with 250 kW of incident power, are
collective effects in the plasma. launched into unmagnetized and collisionless plasma, super-
When an electromagnetic wave, whose electric field vecthermal electrons having energy as high as 1.8 keV are ob-
tor is polarized in the plane of incidence, is obliquely inci- served near the critical layer. The energy scaling of such
dent on an inhomogeneous plasma layer, the component etectrons with microwave powe? is measured and the re-
the electric field along the density gradient tunnels througtsults are in fairly good agreement with those predicted by the
the reflection point up to the resonance region, where thevave breaking theornf12]. The main difference in the
local plasma frequency becomes equal to the incident radigsresent experiment as compared to the earlier ones is that the
tion frequency. The amplitude of an enhanced electric fieldscaling law of high energy electrons has been verified for
in the resonance region is limited by various processes likéigher range ofy. The energy of electrons in the present
the collisional effect[2,3], convection of energy by the work is much higher than that observed in any of the previ-
plasma wave[4-6], nonlinear effects, such as parametric ous laboratory experiments using microwaves. Also, the spa-
instability [7—-9], and wave breakin{#,10-13. tial distribution and temporal evolution of high energy elec-
High energy electrons have been observed in many labarons, which have not been measured until now, show that
ratory experiments using microwavef4,13] with 7 high energy electrons are successively generated from the
=E2/4mnkT,~3.5x10 *~3x10 3, where Ey, k, ne, critical layer as predicted in earlier simulatidis$,17]. After
and T are the vacuum electric field, Boltzmann constant,the production of the high energy component near the critical
electron density, and electron temperature, respectively, anggion, the lower energy component, having energy between
in simulations[14—16. It has also been sedd8] that de- 300 eV and 1.8 keV in the subcritical density region, is also
spite large variation iry, absorption of the incident radiation observed. This reveals the possibility of two different elec-
is mainly due to the resonance absorption phenomenon. Faron acceleration mechanisms acting simulataneously at dif-
high incident powers, the wave breaking phenomefi#j  ferent spatial locations, which will be discussed in detail
and parametric instability are the most probable phenomeniater.
for production of high energy electrop&8]. But, strong den- The paper is organized as follows: experimental arrang-
sity modification, associated with intense incident radiationsment is described in Sec. Il and results in Sec. Ill. Section IV
discusses the results and contains calculations of energy
gained by the electrons due to nonlinear wave breaking. Sec-
*Now affiliated with Fujitsu General. tion V concludes the paper.
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(@ 1(b). A cylindrical probe with a tip of 1 mm length and 0.25
N | Cathode mm diameter is used to measure the spatial distribution of
O 3<] ProbeTy (LaBo) microwave field. Pulsed microwave has a central frequency,
Ly = - i ity .~
= g 7 - wl2m=9 GHz (corresponding to cutoff densityn.=1
Horn P X 102 cm~3) and maxmimum power, 250 kW. The pulse
Antenna @ ® ;j duration is variable from 1-3us, full width at half maxi-
mum (FWHM), with a rise and fall time of 100 ns and a

z=0 Pump N . .
repetition rate of 10 Hz. The present experiment is performed

(b) ————— with 1.5 us. Microwaves are launched into plasma from a
rectangular horn antenna, with an aperture area of 14.8
X 11.7 cnf. This antenna contains a metal lens for making a
ray trace of incident microwave parallel to the propagation
direction. Thus the microwave can be considered as a plane
wave and this has been confirmed in air without plasma. The
antenna is located at the lower end of the plasma density.

|

FIG. 1. (8 Experimental setuptb) Schematic drawing of the
energy analyzer. IIl. EXPERIMENTAL RESULTS

When a microwave pulse is injected into the plasma, it is
observed that high energy electrons are ejected from the re-

The experimental arrangement is shown schematically igion close to the critical layer. Figurd& shows the typical
Fig. 1(a). Cylindrical, unmagnetized argon plasma is pro-collector signal of the electrostatic energy analydsttom
duced in a stainless-steel chamber of 100 cm length and 3Pace and wave form of incident microwawvéop trace cor-
cm diameter. The outside surface of the vacuum chamber igsponding to the input power of 100 kW. The first grid of
covered, for improved plasma confinement, with line cusphe energy analyser is biased #©30 V, the second grid
arrangements, made from permanent magnets having a sur-500 V, and the collectof- 100 V. To measure the maxi-
face magnetic field strength of 4 kG. Plasma is produced bynum energy of electrons, the negative bias voltage of the
a pulsed discharge between four LaBathodes and the second grid is varied until the collector signal shown in Fig.
grounded chamber wall acting as anode. Typical discharg2(a) vanishes for the fixed incident microwave power.
voltage and discharge duration are 180 V and 1.5 msec, re- Figure 2b) shows the axial profile of microwave field at
spectively, with the repetition rate of 10 Hz. Typical plasmar=6 cm (wherer=0 corresponds to the chamber axier
parameters ara,=2x102 cm 3, T,=2 eV, and axial three different incident powers and of plasma density in the
density gradient scale-length,=44 cm. Argon gas pres- absence of microwaves. The resonantly excited electric field
sure is adjusted to 35x10 2 Torr by a needle valve. can be seen at abomt=44 cm(wherez=0 corresponds to
Plasma density and temperature are measured by a digkat extreme end of the chamber, where the horn antenna is
probe with area of 0.96 mfnmovable along the axis and located clearly, which is the position where the plasma den-
rotatable in the azimuthal plane. To get better spatial resolusity becomes critical £1x10% c¢cm ®). Beyond z
tion and time response, a disk probe is also used to measure44 cm, incident microwaves vanish for all powers as the
spatial distribution and temporal evolution of high energyplasma becomes overdense. It can be seen that electric field
electrons. Electrostatic energy analyzer of 23 mm length andt resonance increases in magnitude with the incident power.
10 mm diameter, capable of measuring electron energy up to In order to investigate the electron energy scaling with
3 keV, is employed for measuring the electron energy distriincident microwave power, the maximum observed electron
bution function. All three electrodes of the energy analyzerenergy is plotted as a function of power as shown in Fig. 3.
(two grids and one collectpare covered with a copper cup It can be seen very clearly from Fig. 3 that the maximum
to shield them from microwaves and other noises. The scheelectron energy depends on the incident microwave power
matic design of shielded energy analyzer is shown in FigP asexP%". This is in good agreement with that predicted

Il. EXPERIMENTAL SETUP

4 1.5
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£ 3 S FIG. 2. (a) Typical time history of collector
< = signal from the energy analyzévottom) and mi-
N: le é crowave pulsgtop). (b) Axial profile of micro-
s 2 = . X L .
o £ os wave electric field inside the plasma, using a

= e needle probe, for 250 ky*), 150 kW (O), 50
. ) = kW (¢), and the density profile at=6 cm
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10 ; T oa describes the Airy function pattern, the distarizdetween
P the last two peaks of electric field can be written as

D=Lz[sirf6+ (koL,) ~?7]. 2

If we use Eq.(2) for 0=49.9°, we getD=28 cm which is
much larger thaD=7 cm observed in Fig.(®). Thus we
believe that angle of incidence in the present case is approxi-
mately =5°. Determination of the incident angle from Eg.
(2) will not be very accurate as it requires the electric field
profile to describe the Airy function pattern. This condition
0 10 100 1000 will not completely be fulfilled in actual experimental con-

ditions due to reflections of microwaves from chamber walls,

P (kW) ; ) X o . :
radial density gradient, and deviation from linear axial den-
FIG. 3. The highest energy of ejected electrons as a function o8ity profile. Also, the angle of incidence depends very sensi-

incident mirowave power showing the scaling law of high energytively on D for its values close tokyL,) %2 Thus small

Energy (keV)

0.1

electrons. errors in measurement &f can also change the value of the
incident angle very much.

by the wave breaking theory as<P%°[12]. Power depen- Interestingly, another location is also seen around

dence and calculations of electron energy for the present ex=37 cm and'==+6 cm, where hot electrons are generated.

perimental parameters will be given later. The observation of hot electrons at two different positions, as

For getting better physical insight of mechanisms actingmentioned above, motivated us to investigate their temporal
in the resonance region, spatial distribution and tempora¢volution. Accordingly, the temporal evolution of high en-
evolution of hot electrons are measured and depicted in Figergy electrons at=6 cm is shown in Fig. é). |, indicates
4(a). To measure these results, a one sided disk probe ihe peak current collected due to hot electrons as indicated in
emloyed with retarding bias of 300 V to collect electrons Fig. 2(@). It is clearly observed that hot electron bunches are
with energy higher than 300 eV. Two dark spdtshere  successively generated near the critical layet44 cm) for
increased darkness corresponds to enhanced flux of high eall times (40-540 ns) during which incident microwave is
ergy electronsatr=*+6 cm andz=44 cm, near the criti- present. However, electron flux observed neai37 cm, is
cal layer, are clearly showing the locations, where hot elecproduced at later time~180 ns). It is clear that high en-
trons are generated. These positions are very close to thggy electrons are produced at different time and spatial lo-
resonance region. As the maximum absorption of incidentations indicating two different phenomena acting simulta-
radiation takes place at an optimum angle, the angle of incineously in these two regions. The details will be discussed in
dence can be unfolded from the above measurements as fahe next section.
lows: As hot electrons are observedrat =6 cm andz In Fig. 4(b), it appears that high energy electrons near the
=44 cm, maximum absorption of microwaves takes place atritical layer disappear after moving a certain distance, but
these locations. Defining, to be the microwave launching they do not and it can be explained as follows: High energy
point, one can obtain the following equation for the angle ofelectrons should move in the direction of density gradient
incidence: [18,19. In the present case, the expected direction of accel-

eration is perpendicular to the density contours starting from
Z 2 r 27172 .. . A
(1_ _h) _(_) } . 1) the dark spoforigin of high energy eIectror)sgs shown in
L, L, Fig. 4a). Presently, the probe in the radial direction cannot
be moved, so the distance between the probe tip and the
With a measured value of,=26 cm, r=6 cm, L, points on the density gradient direction will increase as the
=44 cm, one obtaind=49.9° andd=5°. Out of these two probe is moved in the axial direction and hence the probe
roots, we can neglect=49.9° as follows. If we assume that may completely miss these electrons after the probe is
the axial profile of the electric field, shown in Fig(h2, moved away for a ceratin distance in the axial direction. That

z
2co0=1+ "+
L,

0.03 03
t=40 ns
2 0.025 ﬁ FIG. 4. Spatial distribution and temporal evo-
S g0 B gp :A =140 ns lution of high energy electrons measured by disk
§ ’ § ’ probe, with applied bias voltage 6f300 V to
g 0015 =240 ns collect electrons of energy more than 300 ¢&).
é —_— ) o1 Contour map showing two-dimensional spati_al
:_: ’ = t=340 ns distribution of high energy electrons for an inci-
< 0.005 (=440 1 dent power of 250 kW(b) Temporal evolution of
—————— high energy electron bursts at=6 cm for an
0 0 t=520 ns e
25 30 35 40 45 50 incident power of 250 kW.
Radial Distance (cm) Axial Distance (cm)
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is why high energy electrons are not collected by probe andscillations through initial wave breaking exceeds that sup-
seem to disappear in Fig(h). It would be better to measure plied by the driver field in a period and can represent a sig-
spatial distribution and temporal evolution of high energynificant fraction of total energy in the system. As a result,
electrons in a full two-dimensional plan to cross check theresonant oscillations start approaching the less energetic
energy of electrons from the time of flight method by mea-state. Similar particle bursts from the resonance region also
suring the distance travelled by electrons in a specific timeccur in subsequent periods of oscillations. The field at the
interval. This approach can give the velocity with which resonance then ceases to increase. One may expect that regu-

electrons are moving and hence their energy. lar electron burstgthrough the periodwill continue until
there is an appreciable energy loss due to the departure of
IV. DISCUSSION accelerated particles. If these particles leave the plasma, the

field amplitude at the resonance reaches again, after a time
This section discusses foregoing results qualitatively and. /4,5, its maximum[16] and therefore a new series of

contains a brief review of various processes occurring in thgyyrsts of accelerated particles appears leading to the succes-
resonance region. When high power microwaves argjye generation of high energy electrons near the resonance
launched in inhomogeneous plasma, the component of thgs observed in the present experiment. This kind of quasip-
electric field parallel to the density gradient tunnels up to thesriodic behavior has been seen in simulatifitf, 16].
resonance region, where the local plasma frequency approxi- |n order to derive the electron energy scaling law and
mately equals the incident microwave frequency. The amplicajculate the maximum electron energy for the present ex-
collisions or energy convection by plasma wave, if the inCi-the cold wave breaking theory associated with resonant ab-
resonance breakdown. Paramet&g,=(eEo/mw’L,)"*  displacement in the presence of the externally imposed field
andSr=(\p/L,)*" where\p, e mare the electron Debye is governed by12,13,21,22
length, electron charge, and electron mass, respectively, de-
fine the regimes for wave breaking and the plasma wave d2s _
convection phenomena, respectively, which are responsible —2+w;2)(20) 5= dyw’e', 6)
for limiting the amplitude of the electric field near the reso- dt
nance region16]. If electron temperature does not play an

important role and the incident radiation power is high, Orzzo+5(zo,t) are the electron displacement in the driver,

mathematicallyS,,,>S;, then whole energy of the wave, : :
after wave breaking, should go to fast electrons. But in thelocaI electron plasma frequency, and spatial coordinate, re

Spectively. Wave breaking occurs wheé/ 9zo= — 1, which
case whe =S;, the whole energy does not go to fast . . . .
electrons,rgmnall pit of it is carried avx?gy by nonlingar plasmé“eld_S the electron velocity .((ZELZ_(SO) “#and this results in
waves after the wave breakifig6]. The maximum value of Maximum energye=(1/2)m(5)* given by[12]
the field at resonance is given b%0]

where 8y=eEq/mw?<L,, w)(z))=w?(1+2/L,), and z

e=mw?L,8,. (6)
Emax~Ed/Snont 3) Using the definition ofs,, the above formula reduces to
whereE, is the high frequency field at resonance connected e=eEyL,. )

to Eq by Eq=Eq¢(7)/(2koL,) Y2 whereg(r) is Ginzburg

function. A brief review of wave breaking phenomenon Equation(7) can be undertood physically from the fact that,
would help form a base for its analytical treatment to seeas described earlier also, the conservation of energy in the
power dependence and the calculation of electron energyesonance region requires that an increase in the field ampli-
The field at resonance, initially, builds up linearly in time tude should be exactly balanced by the contraction of reso-
and reaches its maximum value, given by E2), within a  nance width. Thus the energy gained by electrons passing
very short time for high incident powefd2]. At the same through the resonance region of the width in one oscil-
time, energy conservation in the resonance region requirgation period of the wave can be written ag,,,, Ax. Mak-

the contraction of resonance width, within which the field ising use of Eqs(3) and(4), we again get the result given by
localized[12]. The wave breaking occurs when the displace-Eq. (7). Using the definition of4 for the optimum angle of
ment of electrons by the wave electric field in one oscillationincidence, we have from Eq7)

period becomes comparable to the dimension of resonance

width [20], 1 eEl,

: ®
AX%Snonll-z- (4) 2m LZ/)\O

At this time resonance breaks down and the energy goes fgViding Eq. (8) by the electron rest mass enemc” and

plasma electrons resulting in the ejection of a high energy e+ ON€ gets
electron burst. The velocity of the electrons, at the time of

wave breaking, exceeds the velocity of free oscillations due £
to the driver. In other words, the energy lost by collective Te

E2 mc? LZ} 12 ©

4mn,Te Te Mg
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Using the definitiony= E§/47rneTe, Eg. (9) can finally be measurements shown in Fig(b# are taken by biasing the

written as probe at—300 V, the energy of the electrons at the lower
density region is expected to be in the range 300 eV-1.8
€ m02 1/2 L 1/2 keV
0.5 -z (10) € - ) » )
Te 7 Te No) (i) We have also observed strong density modifications

and caviton 23] generation in the present experiment. Tem-

Sincen>P, from Eq.(10), the maximum energy of electrons poral evolution of cavitons and high energy electrons in the
ejected due to wave breaking scalessa$?® which is con-  lower density plasma shows that cavitons and high energy
firmed experimentally in the present paper. Substituting thelectrons are almost simultaneously generated near
present experimental parameters=0.3, T,=2 eV, and =37 cm. One would expect the trapped high frequency
mc?=512 keV, one getse=2.4 keV which is in good electric field in the caviton structure to greatly affect the
agreement with the experimentally measured electron energglectron energy distribution functiofl5]. However, the
(see Fig. 3. mechanism responsible for the generation of the caviton is

Now we will explain the phenomenon responsible for thenot very clear at present. Strong density modifications have
generation of high energy electrons near the region arounbdeen observefil5,24,29 because of additional pressure due
z=37cm in Fig. 4b). Although the exact mechanism is not to the transverse rfradio frequency field. Thus a strong
very well understood at present, some of the possibilitiesransverse field observed neat 37 cm can play important
may be considered. In all previous works, It has been rerole in caviton generation.
ported that parametric instability is the most prominent can-
didate to absorb the incident high frequency field after the V. CONCLUSIONS
resonance absorption at high pow¢is]. As the incident
radiation is intense enough to make=0.3, which is well
above the theoretically predicted threshold valyg=6
X 102 for the parametric instability, its possibility cannot be

We have extended the investigation of generation of high
energy electrons due to nonlinear interaction of high power
microwaves with inhomogeneous plasma to the regime,
where the incident microwave power is as high as to make

ignored. But, it requires matching t.he. condltlpn of wave ~0.3. When microwaves with peak power of 250 kW are
numbers and frequencies between incident microwave an . : )
aunched into inhomogeneous plasma, electrons, having

other two parametrically coupled waves, viz. electron plasm A oximum enerav 1.8 keV. are generated succesively from
wave and ion acoustic wave. Thus parametric instability can ear the resona%)::e .re ion ,Ex e?imental results show}[/hat the
occur at a location in underdense plasma, which is different gion. £xp

from the resonance region. As the difference between thg'aXimum energy of electrons scales to the incident power

i 0.5 . .
electron plasma frequency and the ion plasma frequency %ng\)/(;mt?rf;iii@;ﬁeoruF}rfosﬁiﬁ l;\/xl Sr:]ov(\)/\l,cgrt?g \i/rilédltgal-
very large, the frequency matching condition will require g y gnp gime.

that the plasma wave frequency should be very close to th(ématIon of maximum electron energy on the basis of the

external pump frequency, which in turn requires the spatia\Nave breaking model sh(_)ws _gopd agreement with experi-
rpental observations. Spatial distribution and temporal evolu-

location to be very close to the resonance region on the Ioweton of high energy elecirons show that lower energy

density side. In the present case, however, the expected sp .
tial location, where parametric instability can occur, comesteinigtrgg(? g,tjt dwfé;;;r;%tenggzgr?othz\é, g}rg F;;Z%Lrj:;encist rlgtei(r)n
out to be only 1.5 cm down the density gradient from the gion.

resonance region. Another set of high energy electrons oa?r?t?sé?lgtéiztmrsoi?ne a:gegigiz';gz :ﬁgrf;]t'er;ge ;;etg\?i dzun?l'
served in the present experiment is generated approximate y reg . y
ifferent than resonance absorption phenomena near the

7 cm away from the resonance layer indicating that some ...
mechanisms, other than the parametric instability, are opelp-”tlcalI layer.
ating to produce high energy electrons in the subcritical den-

sity region. Expected candidates are as follows:

(i) It is quite possible that the strong high frequency elec- We are deeply indebted to Professor N. Andreev, Institute
tric field nearz=37 cm, seen in Fig.(®), is not necessarily for High Energy Densities, Russian Academy of Sciences
in the direction of the density gradient, and can excite plasmand Professor M. Bakunov for their fruitful discussions.
waves, normally having a broad spectrum in wave numbewe gratefully acknowledge Professor P. K. Kaw, Institute
space due to plasma inhomogenity, with lower excitationfor Plasma Research, Gandhinadgémdia), for his valu-
efficiency (due to mismatching of local plasma frequency able suggestions. This work is partly supported by the
and incident radiation frequencyThese waves can turbu- Grant-in-Aid for Scientific Research from the Ministry
lently heat plasma electrons. Due to the nonresonant headf Education, Science, Sports and Culture of Japan. We are
ing of electrons, we expect that the energy of electrons obalso grateful to the Co-operation Research Center,
served in the lower density region should be less than thattsunomiya University, for partly supporting the present
observed near the resonance regionl(8 keV). As the experiments.
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