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I.Introduction

First eﬁperiments on the interaction of a high-power rela-
tivietic electron beam with a plasma were carried out in I970-
T97T at thegHovosibirsk Institute of Nuclear Physics LI]. In
these experiments, a beam with electron energy Ep=2%5 MeV and

density nb=5'Iolocm"3 was injected along a magnetic.fiald'Hﬁ

=I+2 kOe into a plasma with density n=IOII+IOI4

cm™>, Tt was found
out that under some conditions the beam delivered to the plasma

a noticeable fracticn*) (~TI0%) of its initiai energy. This fact
can be explained only by.collective effects, because in'the'ex-
periment'[I-]the Coulomb mean free paths of both the plasma and
beam electrons were much greater than the length of the machine,
T. 18, the existence of the effective collective interaction of a
high-current relativistic electron beam with a plasma was first
demonstrated in paper [ T ]

In the experiment [ I ]the energy delivered by the beam to
plasma depénded substantially on the plasma density, The energy
waé maximum at nruIOIzcm'5 and fell down rapidly both at a dec-
rease and (what is more essential) at am increase of the plasma
density, Theory [ I,2 | shows that in order to increase an effec=-
tiveness of a plasﬁa heating in a high-density region one should

increase a density of the beam particles n,, decrease their ener-

gl

*)phis quantity is not given in the paper [I] in a direet

form, Our estimate is based on the rasuita of diamagnetic mea=-
surements published in [I],



8y Hb,.and increase a longitudinal magnetic field H. In accor-

dance with these indications of theory, an installation "INAR"

[3] was built at the Novosibirsk Institute of Nuclear Physics.

Its parameters are as follows: beam density D, up to 5.I01Icm-3;

beam energy Ey=1 MeV; longitudinal magnetic field H up to IDkOe,
In what follows, the physical results obtained at the

"TNARY installation are communicated,

2, Experimental Setup and Diagnostics

The diagram of the setup is shown in Fig.I. Electron beam
with initial energy I MeV, current 5 kA, and duration 50-70 nsec
was generated by a pulsed electron accelerator, The energy store
I ( which was a cylindrical condenser with capacity 500 pF) was
charged to the voltage I.5 MV by means of a pulses transformer,
When the voltage at the store reached a maximum, then the
gaseous spark-gap 2 was switched and the voltage was supplied
to the vacuum diode 4, A hollow 2 cm-diameter .stainless steel
¢ylinder with thin walls and flat base was used as a field-
~emission cathode,

The main part of the vacuum chamber (6) was a 220 cm=long
glass tube with inner diameter TII cm, It was connected with the
accelerator by means of a cylindrical stainless steel transition
with wall thickness I mm, The vacuum camber was limited at both
ends by two titanium foils, each 50’4 thick, one of theée
foils being an anode of the accelerator, A beam current, passing
through a vacuum tube, was received by an end electrode (II). "

This electrode was connected with the accelerator by four-



return current conductors (8) placed at the outer surface of the
vacuun chamber,
Quasistationary magnetic field of a mirror configuration

( mirror ratio I,7 ) was created by the coil (IO) with inner

Fig.I., Diagram of setup: I-energy store, Z2=spark=-gap, 3=

capacitive voltage divider, 4-field-emission diode,
S=quartz dianpragn, 6-vacuum chamber,?7-anode of
Penning diSCharge, 8=return curreﬁt conductors, 9=
diamagnetic probes,IO=coil of quasistaﬁionany mag-=
netic field, II~beam collector,I2-calorimeter and
shunt, I3-plasmoscope, I4-microwave horns, IBm.

double electrostatic probe, I6-Rogovski coils,



diameter 20 cm. The distance between mirrors was 250 cm. The
maximum value of the magnetic field in the centre of the machine
was 1% kOe, inhomogeneities in this region being less than 1 per
cC2ns. | |

Preliminary plasma was created by a pulsed Penning-type die-
charge. The end foils (which were located in the mirrors) were
used as cathodes of the discharge. An 8 cm -~ diameter ring 72
nlaced in the middle of the vacuum chamber was used as &n anode.
The positive voltage ~ 20 kV was supplied %o the anode from a
condenser bank. Amplitude and dﬁration of the discharge current
were 5 kA and 10+15 usec, respectively. Plasma diameizr was
&+9 cm, and plasma density reached (5&%)410140m_55t the ioniza-
tion degree of about 50 per cent. Electron temperature of pre-
liminarj plasma was determined by means of a double electrosta-
tic probe (15) and appeared to be 2+3 eV.

The voltage at thé field-emission cathode was measured by
means of a capacitive'voltage divider (3). The cathode current
and the total currént in plasma.were measured with Rogovski colils
(16). The beam current at the end of the vacuum chamber and the
total enefgy transported by the beam, were measured with shﬁnt

and with graphite‘calorimeter*), respectively. They were mount-
ed together in a single device (12). In some experiments thin
plastic**) piates were placed behind the exit foil in order to
register the shape of the beam cross-section. The darkening of
these plates is a méasure of the number of electrons striking

the plate[AJ.

* I '
)Noﬁe that the diameter of the calorimeter (6cm) was considerscbly

greater than the diameter of the beam, passing through the
machine in a vacuum (2,5 cm).

k) e
- In particular, astralon.
~- :



The plasma density was determlned from the cut-off measure-
ments at the wave-lengths-2,4, 8 15 50 mm, and also by means of
a microwave interferometer at A = 8 mm. The density distribu-
tion in the plane, perpendicular to the magnetic field, was de-—

ermined by means of a plasmoscope (13) of a described in Ref.

e L'.|'

)J type.

Perpendicular plasma pressure was registered with four single—
turn diamagnetic probes (9), each 13 cm in diameter. They were
placed under the return current conductors ét diatanceé 55y 90,
140, 190 cm from the left mirror. The probes were loaded with
the integrating circuits with time-constant RC 2 1 usec. - Dia-
magnetic signals were registered at oscilloscopes with band-
width 60 MHz. The time resolution of the diamagnetic pfﬂbes wa.s

better than 10 nsec.

%3, Propagation of the Beam through the Vacuum

When the beam is injected into a vacuum (background pressure
10_6torr), then the total beam energy Q,transmitted through the
- tube,and the amplitude of the exit current Iexit strongly depeﬁds
on the magnetic field intensity H. At H=0 the current and the
energy transmitted through the tube are zero, that is, the'beam_
does not pass through the tube. It 1s evident that thé beam is

destroyed at the'beginning of its way in a vacuum. In the region

.t'grow monotoﬁically with H,

of weak magnetic fields,Q and IeXl

but after some critical value of H (H ~ 5 kOe) they become

sheaisy
independent of H. The Q(H) dependence is shown in Fig.2. At the

initial eﬁergy of the beam E4y = 1 MeV and H > 5 kOe the average



e is epproximately

equal to 3 kA. It is reasonable to compare the last quantity

value of Q is 70 J, and the amplitude of I

| with the theoretical value of the critical current. Elementazy
calculations (see 6 1) show that in the case of a cylindricél
-return current conductor, with radius R considerable exceeding

the beam radiusr,,the critical current is determined by the

formula *) S
_ 3,
%
o e e
erit 614_2[_"& Gl )
| =
b
2
where-'xu== I,ET b91ng the initial kinetic energy of the
e R
beam. Wlthx Z)and Lﬂ one gets from (1) W = bl
this value belng a llttle grater ‘than the observed llmltlng cur-
rent *¥. This (small) dlscrgpancy_can be explained partly by

the influence qf an inductive electric field'which is due to -
| the unstaticnary'character of the beam and partly by the redﬁc—
tion of a 1Dng1tﬁdinal momentum of the beam electrons due to
the scatterlng in the entrance foil (an angular spread U[TE of

1 MeV electrons in a 5qﬁ titanium foil is equal to-l5~20 %3

e

)

In our case the return current conductor was done in a form of
four rods parallel to the axis of the system, but the allawance
for that fact gives rise only to a small correction (*vﬁ'/R) )

to formula (1). Note that this formula itself has the accuracy
~(20R/Y? | |

%)

Note that the 1naected current was equal to 5+6 kA (this fol-
lows from the experiments on the beam injection into a dente
plasma, see Sec.4 of the present article), In a vacuum some
fraction of this current returned to the accelerator. The
reflection took place at a distance of the order of several'

R's from the entrance foil.
3
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Figes2. The magnetic field dependence of energy
tranc ‘*ted by the beam through the wvacuun,
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Fige5. The typical oscillograms (vacuum, H=7 kOe):
a-voltage at the field-emission cathode; b=exit
current of the beam; the delay time of the exit
current 1s with reasonable accuracy equal tol/c
c,d-integrated signals from the first and the
second dlamagnetic probes (I Volt correspond'to
W=5,10"° eV,cm™ at H=7 k0s),



When the beam passes throush vacuum, then diamagnetic probes
record some signals with 15-20 nsec risetime and duration approx-
imately equal to that of the beam (Fig.3). One can interprete
these signals as a diamagnetism of the beam.

The diamagnetic signal at the first loop (which is at 35 ém
distance from the entrance foil)'is approximately two-times -
ereater than the signals at other loops. This seems to be con-
nected with the fact that the injected beam current is highex
than the critical one. Indeed, as was'already pointed out, in
this case some fraction of the beam electrons is reflected back-
ward, and the dismagnetisms of the forward and backward currents
are.summed.

Diamagnetism of a beam in a vacuum is determined by two ef-
fects. The first is the existence of perpen&icular momenta of
the beam electrons (the corr95pond1ng contrlbutlon to the per-

hp P
pendicular pressure being qp bfh 2? n:f fl The second is

the electrostatic repulsion of the beam,partly compensated by

magnetlc contraction (the cantrlbutlon to the perpendicular

T +2e?n%
pressure being CP K:,_ b ) Taklng into account the
codservation of an adiabatic 1nvarlantfh/ll const, one can
write that
| P Nz
(P"'._ M Biw. . Ny ps eg:__n E(Ku 1)9
L 2 mKYy 2MKY A L Y K

where K is the mirror ratio  and subscript "(O" denotes the
initial values of the corresponding quantities (in the mirror).
Generally speaking, the value of ' inside a machine differs

from Xo (due to'electrostatic‘retardation of the beam). In

IO




our experiments the beam current was close enough to the criti-
| .
cal one. As one can see, relationship'xz;yo3 holds in this

case. Hence,

The quantity which is determined from the diamagnetic measure-

ments is
- s v o7 ’ 7]
\A/.L =275 S(@l -+ _SJ- )l"’cll"' ~-.=\/\/L +w.l.
(W‘Lbeing directly related to the magnetic flux variation AP,
— ’ :
WJ.:: H4d3/4Jl ). One can express\f\/_'t and W;j in terms of a beam

current:

2 e

W, = o2 s ‘/—‘XZ,S - 265 -
Yo
W, = L, ' ' (3)
L —2(:.2()’:'3"1) . N
Sibotitubine T =% kA Xa = % into (3) we get Wf~2*1013%m
The_measured value of Wj is 6'10169\//6111,4511&1: is M;mll-io{&eV/cm

Inserting I =3 ki, k =1,7, ¥ = 3 into Eq. (2) we get
(53)% '“-'0.25; this result being in good agreement with the
estimate of the beam angular spread in the foil.

Let us now proceed to an explanation of the observed value

of the critical magnetic field H As one can see, this

cril,s
7k
quantity satisfies to the equlibrium condition H /81T >C_§‘)

with a great (10-15 times) overbalance , 80 it 1s improbable

that H is determined by this condition. 1MWMost likely,

epLh
the Q (H) dependence is a result of a decrease of the beam

A




angular spread in the diode, wheﬁ passing fo higher fields. As
for the critical field, it corresponds to a situation %han_thﬁ_
diode angular spread becomes smaller thaﬁ the foil scattering
angle, so that the further increase of a magnetic field does not
improve the angular characteristics of the beam.

An intense microwave radiation of the beam in the 10-40 HHz
‘renge was reglstered. Prellminary study of the spectrum of this
radiatlon.performed by'me&ns of the cut-off waveguides and quasi-
optical spectrometer showed that the spectrum depends on the
magnetic field strength. Thé observed spectrum can be inter-
preted as that of a cyclotron radiation of relatlvlstlc elect-
rons. However, the absolute intensity of this radiation is
several orders of magﬁitude higher than thecalculated one (for
thé beam with known_densitj and angular spreéd). The source of
this discrepancy may be the existence of the beam inhomogeneities
with the scales smaller than a cyclotron radius of.beam elect-
| ronéfh. Such inhomogeneities give rise to a coherent cyclosron
radiation with the inten81ty_of approximately Ijinb(ﬁnb) times
higher than that of incoherent cyclotron radiation. Taking
nb~3-10“cm-3, rH~O,2£m we get that even for a very weak in- |
homogeneities (%%"w}flﬂ'ﬁ) the gain is about 500 times. The in-
homogeneities may arise from the.explosions of microspikes at
thelamitting surface of a cathode. We should note that these
ideas of the mechanism of radiation are quite hipothetical and

require the thorough experimental study.

12



4, Propagation of the Beam through a Plasma

As a rule, the propagation of the beam through a plasna
was studied at the magnetic fields H>3kOe, It was foundcul that the
bean energy, measured with the exit calorimeter,depends noticeably

on the demsity of a preliminary plasma, This fact was already

pointed out in work[I], amnd also in our previcus work|3], results
of the last being shown in Fig.42a,

One can see that in the density range n:IOIE+IOIBCm"5 the
beam looses 50=70% of its initial energy., AU densities n2l015¢m“5
the energy losses are considerably smaller and at n~I0I4cmf5 they
beaomé less than statistical scatter of the experimental data,

In the present run of éxperiments, with accelerator forced
to give a higher current, the same measurements give a distinet
result ( Fig.4b), Now, considerably more energy is transmitted
throuzh 2 dense plaéma than through a vacuum, This is a result
of injectlon of a supereritical current*).phe amplitude of the
exit current at densities RHEOI#cm”5 is equal to 5+5,5 kA-much
greater than T, ... The improvement of the beam transportation
is due to the electric and magnetic neutralization of beam in
a dense plasma, | '

By means of astralon plates it was determined that, when
passing through the vacuum, the beam is quite symmetrical at the
exit of machine, diameter of the bean being:2,5em ( Fig 53 ),

If The beam passes through a plasma,it can'be_significantly

*) Note that in the experiments of Ref[}] injected current

= PR LT f= o T L T
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deflected and sumultaneously broadened (generally speaking, ir=
.regularly both in radial and azimuthal direction), In this regime

the beam broadening is so strong that the beam can
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Fig.4. The transmitted beam energy as a function of tThe
density of preliminary plasma, H=Y/ kOe,
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be partially '"eaten” by the walls of the vacuum chamber, If'so,
thén.the exit colorimeter will record high energy losses., Pro-

| bably, sﬁch a behaviour of beam can be responsible for both the
observed énergy losses and their dependence on plasma @ensiﬁy
in exyeriments[I,E]. At high densities,braadeping'of”the beam
was small ( Fig. 5¢ ). | |

Fig.5, The shape of the beam
- cross-section: a-vacuum;
b-plasma with demsity
n=2,10%° cm_a; c~plasma

_with'density'n=5.10;3¢m'3,

The observed behaviour of the beam can be explained by two

effects: either by a macroscopit iﬁst&bility in.n<3.1013-cm-3
density range, or by non-axisymmetrical distribution of the |
cumpensating-plasma current*With respeet to a beam (which can
arise due to inhomogeneitiés of the plasma conductivity).

Let us consider these two possibilities successively.

15




a spiral, winding on the return current, Due to this effect, the
beam can be displaced at a distance 2/A (see Fig.6) with respect
to its initial position,

Fig.6 The influence of the inhomoge-
neities. of plasma conductivity
on the perpéndicular displiace-~
ments of the beam, The initial
position of the beam is shaded,
Double-shaded is the region of

high conductivity., The circles
are the magnetic field lines.
Dashed circles are the positi-
ons of the beam at various dis-
tances from the entrance,

Owing to the bhanges in a beam cufrent, the pitch of. the
sﬁiral and, consequently, thepcsition of the beam at the exit
of machine, will depend on time, This means, that the beam will
wander across the exit foil, and the time-integrated picture,
obtained at the astralon plate, will show a rathef smooth
broadening of the beam,

The conductivity distribution is, of course,.mnre smoo th

in experimental condition than in Fig.6, but this fact has no

I6



Fstimates show that in conditions of our experiment frequencies
of the most important unstable oscillations lie in the range

Wyi <W<W,e s Where Wy and Wye are the electron and ion gyro-—
frequencies, respectively. The unstable oscillations are of the
helicon type, their dispersion being modified by the'presence'of
beam, Calculation, which will be published elsewhere, show thabt
the oscillations are localized in vicinity of the beam and have

b C

the growth rate Imu-r-ﬁ—- Iy

In order the instability to be effective, a condition
! T Imw > 10 (where T is a beam duration) should be satisfied.

8

g Taking r1,5cm, nbwa,IOIIcm"ﬁ;QanE.IO" sec, one gets a following

estimate for a marginal plasma concentration: nmnr3.IoI5cmf5,

instability being ineffective ¢ n>n , This value of n_ does not
contradict to experimental results: a noticeable spread of the
bean exists at ng 3,70 2cn™>,

The second possible explanation of the beam pérpendicﬁlar
broadening is connected with inhomogeneities of plasma conductivity,
In the case of inhomogeneous conductivity, the plaéma return current

will be, generally speaking, displaced with respect to the beam

axis, and the magnetic field of the return current will give rise
to perpendicular wandering of the beam, The situation is illustrated
with Fig.6, which corresponds to the case'When:the plasma conduc-
tivity is different from zero only in 8 narrow cylindrical region,
displaced with respect to the beam axis, The return current creates
a magnetiq-field with circular field lines. Under the jeint action

of this fielq and of the external one, the beam will move along

L7
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Fig 748 The picture of preliminary plasma cross—section,

Fig,8

obtained with a plasmoscope ( plasma diameter
Scn, magnetlc field I0 KOe, neutral hydrogen -
pressure 2100 -2 torr o

a

50 nsec

.'_

The typical oscillograms: a~-exit beam current
I4 =5,

at n IoTfem™’; b,c,d-~total plasma current at

densities 10 zcm 5, 1013cm~5, and IOI4cm 5,

respectively; H=7 kOe.



note
i influence on the essence of the effect, One should only that when

the conductivity is very high, then its inhomogeneities do not

play any role: the return current £1ows along the beam, and cdmple-
- tely compensates the beam current, so that the beam displaéemsnt
| is absent, | .

The perpendicuiar distribution of the plasma density was
studied by means of a plasmoscope which was placed instead of the
éxit fod ], Hb signifiéantdﬁnsity inhomogeneities were revealed
G Bl 7 g However, it: 1s not yet clear, if the observed degree
of homogeneity is sufflcient to exclude the secanﬂ of the expla-
nations proposed,

Let us dwell now on the measurementsof the total currant in
plasma, These measurements show that at plasma density nvaOIzcm"5
the beam current is not compensated ( Fig.8b ). At nﬁIOI3cm'_3
the cdmpensaticn is observed only at the forward front of the
beam; ﬁt the backward front, the plasma current flows along the
beam current, and then persists after decay of the beam (Fig.8¢c),
At n~10™*em™ ‘the beam current is compensated &t a very high
degree (within 95% , Fig.8d), this being an evidence of .a high

conductivity of plasma,

5. Plasma Heating

beam
When the passes through a plasma, then diamagnetic signals

become much longer and 5-7 times higher than 1u a vacuum case,

The typical diamagnetic signals are shown in Fig.9. As a rule, the

1&rgest_signal is observed at the first probe, signal at the second,

19
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Fig,9 UTIynical signals from diamagnebic prcbes loc
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Fig.10 Dependence of placma dismagnetisnm on bhe
preliminary plasma density,



+he third and the fourth probes being, respectively, 1,5, 2 and
5 times smaller. Thls fact shows. that the .reason of the ob-
served diamagnetism is not the capture of beam electrons into
the mirror machine. Otherwise, the diamagnetic 51gnals_wou1d
be equalized in a few nanoseconds (the flight time of reiativia-
tic eléctrons along the machine)._ Consequently, cne caﬁ assume
that the diamagnetism is due to plasma heating. | _H

The dependence of the quantity n1155 (which ié the energy
content per unit length ofithe plasma column) on the density of

preliminary plasma is shown in Fig.lo*). One can see, that dia-

magnetism grows monotonically:up to densities n.nn511013—10140ﬁ7?
-Note, that the density at which the di&magﬁetism reches its maxi—
mum, is almost'two orderslof magnitude greater than that in the
experiments of Ref.[l] in.our ex@erlments; the maximum diamag—
netism value is hT S = 3, S- 10 eV/cm. If one assumes that the

heating occurs only within the beam region (S8 = 7 cm‘g), then it

16 _
follows from the previous data that nTJ.'=5'10 eV/Cmb . At

13 =
n=5.10 - thls corresponds %o plasma temperature

T 2? 1 keV. The total energy content of the plasma column, as

determined from diamagnetic measurements, is equal to 10-15 per

cent of the beam energy.

The nT,_S values shown in Fig.lO are the maxima of diamagnetic

signals at the second probe. Note, that the readings of the
second probe with the reasonable accuracy correspond to the
average value of diamagnetism along the plasma column.

el




After the beam passing ﬁhrough partly ionized plasma, an adQI
ditional ionization was observed within ~ 500 nsec. Such an ion-
ization could be prdduced by pl&amg electrons heated up to tem=
perature ~ 1 keV. This value is in satisfactory agreement with
teﬁperatﬁre Ti abtained from diamagnetic measurements.'

The dependence of diamagnetism on the external mﬁgnetic
field strength is shown in Fig.ll. At a given density, the dia-
magnetism grows monotonically with magnetic field. | '

One should note that, when passing to a dense plasma
(o = 10 cm 5) the character of dlamagnetlc signals is changed
(see Fig.1l2). Regular oscillations appear now at the diamagne-
tic signals. These oscillations are especially pronounced ab
the second and at the third probes. The frequeﬁcies of these
oscillationslie in the range 5-20 MHZ, depending on the magnet
ic field strength and plasma density. The appearance of these
oscillations is probablj due to the excitation'df magneto-acous-—
ilie oﬂcillatlons, which is effective in the case when the heating
time is shorter than the propagation time of a magneto-acoustic
wave across the plasma. As one can see, this condition is well

satisfied at demnsities n 2 10t%en=?

and magnetic fields
Hy 5 05 ke |

Let us now coﬁsider the possible mechaﬁisms of the observed
plasma heating. In-the-density region n 101 3 the pair
collisions could-be of importance only at low temperatures,ﬂ:{é?(jlevJ
because at T >20 éV tﬁe Coulomb collision time is longer than the
beam pulse duration and the pair collisions can't be responsible

ivor the observed heating of plasma to temperatures T > 100 e\.

In principle, the heating could be attributed to the

a2
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Fig, 1T  Ehe dependence of plasma diamagnétism
on the magnetic field.,
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Fig.I2 Diamagnetic signals at the second probe
(z=90 cm) at high density of plasma |
(n=2,T0%% cm™3): a-H=3.5 kOe, b-H=7 kOe,
c~H=I0 kOe, d-H=I4 kOe,
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ionacoustic instability excited by the return current. (This ef-
fect was first mentioned in Ref.[7l, and later in Refs.[l’a}).

Indeed, the condition of excitation of this instability is

HE VTE\(]\L/T_ ’ | (4)

where V,q 1s the electron thermal velocity and &« is a numerical
coefficient which is of the order of unity in strongly noniso-
thermal (T »T,;) plasma with the igotropic electron distribution.
If the beam curvent is compensated, then}4=2§c:, and condition

(4) takes the form:

Ng m Vye
o Mo (5)

a =t

In our experimernts, this.inequality is always satisfied. However,
the current compensation at n =2 3-1015 is almost complete,
that is, the extisation of the ion-acoustic iﬂstability*) does not
1limit the directed velocity of plasma electrons at the critical
level (#), with o = 1. The possible explanation of this phenome-
non is the deformation of
the electron distribution function in a longitudinal electric
field, this deformation resulting in the increase of o up to
the valﬁe ~\M/Mm  (see 9, 10]).

It follows from the previous consideration that the ion-acous-
tic instability is, probably, present in our experiment. However,

the simple electrotechnical estimates show that at least in the

region of a good compensation, the contribution of the return

x )

The conditionfthﬂhJ > 10 1is satisfied for the ion—acoustic

u (@ |
instability with great overbalance: ImMW =W = = W,; — —2=
P UTE P Vre n

3 = i s f i
= 5.40 sec™" (for h=10’ cm’; "‘;;."-"‘3*101 cm ) Vee=2-10%n /sec);
T =540 "sec; TImw =25,
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current into the plasma heating is insignificant. Indeed, the

anergy'a() dissipated in plasma by the return current I, is
Lo =)
aQ=\1U,dt,
0

where U c'f (I I ) is the inductive vcltage,.aﬁd gﬁ=——|.n§-

is the 1nductance of the s;yStem-. One can shew,'-that

aQ( Efmaxll-bl max |1, LJ e

the :Lnequalrt:y being rather strong. The oscillograms .?:-:_how that
at n 25-10%cn® mex | Ip-Ip | < 0,05. Then inequality (6)
gives n'Q:,.;:_:_Z'_'S] ] th_a’c is plaéma heatj.ng Wi‘ﬁh return current is
:.ns:r_gnlflcaut .

We think that the plasma heating (at least at o >5 10130111"3)
can be attributed to the beam excitation of Langmuir oscilla-
tic}né. The corresponding instability has & high groﬁth rate'

‘2‘&) and is cbaﬁacterlzed with the small scale of asnil-

F
lations - MC/(.JPe (see, for instance, [ll' 12})

The calcula-
tions presented in Refs.£1 2] show that in the condltions of
our experiment the power liberated by the beam per unit volume-

of plasma is _
ITIC. nhxq 1 :

(z)~ BT
q( i \/92+

Whe:c-e z is a dlstance from the entrance foil and )

P 2 ¢ (mcz)z BTnTe

b n e €7D

In contrast to paper[ 1] we do not write the factor T, /'Il.‘,a
in formula (7). The necessity of this correction was '

3]

marxged in Ref.
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1s a quantity which is called "relaxation length" ( at distance
T beam liberabestapproximately the half of its initial energy ).

The efficiency of plasmatheating is:
af q(z)dz [ -
I v B ®
Inserting into equations (7),(8) n=I0™*em™, T -T0%eV, H=7 koe,

Q: =0.,1, one gets |3 =0,I~in a reasonable agreement with the
observations,

The effect of suﬁpression of a beam instability by pl&sma
inhomogeneities investigated in Ref,[I4] was not important in our

experiments due to high density of the beam,

Recently in paper [I5] the mechanism of a beam relaxation
was considered, based on the excitation of whistlers with short

wave~lengths ( X ~c/ ¢Jye -). This mechanism turned to be very

_ play
effective in some conditions, However, it can hardly a significant

role in our experiment, because the growth rate of whistler

n .
instability is small enough (Imw ~Wye -FF-), and group velocity of
We \2 - '
wue) ). As a result, whistlers
% '

cross the beam region in a very short "time Lt~ /Va <3 (ilﬁ (a))_i ’

whistlers is rather high (vgmc(
and the whistler instability becomes ineffective,

6, Coneclusion

In this section the most essential results of the work are

sumnmarized,

I. It was shown that there exists a collisionless heating of

& dense plasma ( density up to 12.10140111"3 ) by an intense relati-
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vistic electron beam, The heating efficiency is TO-I5 per cent
in optimum conditions,

2 .The ion=-acoustic instability and tﬁe anomalous plasma
resistivity do not have any considerable influence on the beam
energy dissipation in the region of high plasma density (n>3.IOI3
cm"a). Tn this region the experimental results do not contradict
the theory of beam relaxation at Langmuir oscillations, developed
earlien,

%.Considerable broadening of the beam in the region of low
plasma dehsities ( n{IOI5 cm"5_) is revealed. This efféct can
be responsible both for the value of energy losses and for their
dependence on plasma density observed in previous experiments
[L;5]-

The authors are indebted to G.I.Budker for his support of
this work, and to B.N;Breizman, B,P.Kruglyakov, and V,M,Fedorov

ikn?usefuldiﬁdussion. The authors are also grateful to A;V.Arﬁhaﬁ—
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