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The problem of the interaction of high-current electron beams (HCEB) with different sur-
faces is now attracting a great deal of attention because of the possibility of employing the
effects of the reflection of a beam with compensated charge from a conducting surface for re-
flecting HCEB at definite angles and also for forming high-current ring-shaped electron beams
[1]1. In view of the solution of these problems it is of interest to employ the interaction
of a beam with a plasma layer. Such systems have the advantage over metallic surfaces that
it is possible to compensate comparatively rapidly the space charge of the electron beam
either by injecting it into the region of the diffuse boundary of the plasma iayer or by means
of flow of ions into the region of the beam in the space-charge field of the charge-uncom-
pensated head part of the beam in a sufficiently high vacuum (1.3-102—1.3.103 Pa) in the main
volume of the drift space.

In this paper we present the results of an experimental and theoretical investigation
of the reflection of a high-current electron beam from a plasma layer in order to find the
optimal conditions of reflection.

1. The experiments were performed on an accelerator with an electron beam with the
following parameters [2]: the energy Ej = 450 keV (y = 1.9), the current I, = 10 kA, thera-
dius r; = lcm, and the pulse duration t_ = 25 nsec. Two types of plasma layers were used:

a) a layer formed with a sliding discharge along the surface of a dielectric (glass 6 mm
thick) and b) a layer formed with a discharge between flat parallel electrodes. To reduce the
ohmic resistance, copper electrodes were employed in the discharge circuit.

The layout of the experiment is shown in Fig. 1, where 1 and 5 are the receiving and
transmitting antennas of the microwave diagnostics, respectively; 2 is a photodiode; 3 is a
telescope; 4 is a sectioned Faraday cylinder (SFC); 6 is an electrode; 7 is a dielectric; and,
e is the direction of motion of the beam. The discharge was ignited between electrodes whose
length was varied in the range 50-250 mm, while the distance between them was constant (60 mm),
in the case b the dielectric substrate was removed. The discharge was ignited with the help
of a high-voltage pulse with an amplitude of up to 25 kV and a 120 nsec first half-period,
generated by a generator based on a TGI-1000/25 thyratron. In order to set the re-
quired distance between the beam and the plane of the electrodes the entire system can be mrved
along the vertical x axis.

The use of a low-inductance pulse generator {(without parasitic inductances) and low gas
pressures (p < 133.3 Pa) for igniting the discharge, for which the formation of the channel is
delayed owing to the reduction in the collision frequency, was facilitated by the formation
of a discharge that was uniform along the electrodes and prevented the discharge from being
transferred into the completion stage with the formation of a leader channel. The presence of
the dielectric substrate changes the character of the discharge from a corona type to a slid-
ing type, and a more uniform discharge is obtained owing to the distributed surface capaci-
tance of the discharge gap [3].

The space-time characteristics of the plasma layers were measured by three methods: 1)
microwave sounding at wavelengths of 3 cm and 4 mm based on suppression of the signal in the
waveguide segment filled with the plasma under study; 2) recording the change in the emission

of the plasma as a function of time with the help of a telescope and photodiode, which gave.a
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Fig. 1

spatial resolution of 2 mm; and, 3) Langmuir probes were used at the last stages of the decay
of the plasma for densities in the range 108-10'? cm" 3. 1In order to increase the resolution
of the microwave sounding of a plasma with a density gradient and to reduce the effect of re-
fraction of radiation on passage of the signal, when the plasma partially fills the trans-
mitting channel, the measurements were performed using two-conductor Lecher wires.

The procedure of obtaining the space—time characteristics consists of the following.
For a given distance x the curves of the plasma density as a function of time were con--
structured from the results of microwave measurements and Langmuir probing, as well as from
the curve Igp®’?. Here Iy, is the intensity of the plasma emission, which for the parameters
studied is determined after termination of the discharge current (t>14~ 30 nsec) is deter-
mined by the recombination rate of the ions: Ign~ @ N (o is the recombination coefficient).
This procedure was repeated in the entire range of variation of x. After this the curves
showing the dependence of the plasma density on x were constructed for different times. The
use of these methods simultaneously made it possible to follow the characteristics of the

plasma for densities in the range n, ~ 105—10" cm-3 with a spatial resolution of ~5 mm.

Figure 2 shows the results of measurements of the plasma density distribution along the
normal to the plane of the discharge for interelectrode (a) and sliding (b) discharges. The
curves 1-4 correspond to the times after the pulse generator is triggered tg = 0.2, 1, 3, and
10 usec. The air pressure in the chamber p = 13.3 Pa. The accuracy with which the plasma
density ng is determined is a function of ng. The standard deviations for five measurements
are presented on the graphs for one curve. The scheme employed to create the plasma layer
gives densities of Memax — 10 cm™® and an exponential decay length of Az ~ 0.2—0.5 cm, over
which the density drops by a factor of 2.7. Deformation of the distribution ng(t),. owing to
the decay of the plasma, causes ng to decay and Ax to increase . It follows from Fig. 2b that
Axmax is greater for a sliding dischage, since the presence of the dielectric leads to more
efficient recombination of the plasma.

The parameters of the beam were monitored with a Faraday cylinder, a Rogowski loop placed
at the outlet of the beam from the accelerator, and a small magnetic spectrometer. The co-
ordinates of the center of gravity of the beam after passage through the interaction zone were
determined with the SFC or a sectioned scintillation detector with POPOP luminophore, installed
instead of the SFC. The electric signals from the sensors were recorded on two 6LOR-04 os-
cilloscopes, triggered synchronously. The experiments on studying the interaction of the HCEB
with the plasma layer were performed in a cylindrical chamber 40 cm in diameter and 15 cm high,
into which the beam was injected radially. .

Figure 2 also shows the measurements of the transverse force F/Fpax as a function of the
impact parameter X = x/rp for the interelectrode (c) and sliding (d) discharges with p = 13.3
Pa. The curves were constructed based on measurements of the relative displacement of the
center of gravity of the beam §x/6z, where 8x is the magnitude of the displacement of the beam
along the coordinate x and 6z is the extent of the plasma layer corresponding to this dis-
placement. The largest spread in the measurements occurred for X < 1 and X » 3. For this
reason and also taking into account the poor repeatability of the beam parameters each value
represented on the graphs is the result of the statistical analysis of the values obtained with
five shots of the accelerator.
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Fig. 2

Figure 2c shows the reflection force as a function of X and the parameters of the plasma
layer for an interelectrode discharge with the space-time characteristic ng (x, r) presented
in Fig. 2a. Analysis of the curves shows that in the entire region of the parameters of the
experiment the reflection force depends on X in a characteristic fashion: there exists an im-
pact parameter for which the force of reflection is maximum, and as X increases it drops off
nearly as X'! and F » 0 as X » 0. The largest effective reflection of the beam occurs at the
moment T = 0.2 usec corresponding to an end of the discharge pulse, when the plasma density
and the gradient of the density at the boundary of the layer are highest. At this time plasma
production continues and the recombination process can be neglected.

At T = 1 ysec the beam is injected into a layer with the more diffuse boundary (Fig. 2a)
and the force of reflection becomes substantially weaker; this is especially noticeable at the
maximum, when the density gradient affects most strongly the spatial separation of the beam
current and the plasma current. For the moment of beam injection 1 = 3 usec because of the
strong smearing of the boundary of the plasma layer with the general low level of reflection
the force of reflection has a weak maximum and is virtually independent of X. When the in-
jection is further delayed (Tt = 10 psec) no perturbation of the beam trajectory is observed
within the experimental error. The curve in Fig. 2a gives in this case ngpay = 7.10%° cm™3,
Ax = 0.4 cm.

The general characteristics of the dependence of the force of reflection on the plasma
density and its gradient at the boundary of the layer are the same for a sliding discharge
(Fig. 2d). However the presence of a dielectric substrate, whidiis an additional source of
plasma with injection of a high-current beam [1, 4] in this scheme can change the structure
of the plasma layer and the efficiency of beam reflection. This effect affects beam re-
flection most strongly with low densities of the synthesized plasma; this explains the presence
in this scheme of a comparatively high maximum in the force of reflectionat t=23and 10 psec,
when, as follows from the corresponding curves in Figs. 2a-c, the decaying synthesized plasma
layer cannot give efficient reflection of the beam as well as displacement of the maximum of
the force of reflection to the surface of the dielectric. As the density of the synthesized
plasma increases the effect of the surface of the dielectric becomes increasingly weaker; for
T = 1 psec the presence of the dielectric still leads to an appreciable increase in the force
of reflection at the maximum (by a factor of ~1.4) and a more rapid dropoff of F (X) than for
the interelectrode discharge scheme, whereas for t = 0.2 psec (it corresponds in the experiment
to more efficient reflection) the dielectric has virtually no effect.
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2. Analytical study of the reflection of a charge~compensated high-current electron
beam from a plasma layer with a sharp boundary shows that at distances i« |z P« zi from the
beam head in the plasma layer a comparatively high plasma current is induced at the boundary
of the layer; the density of this current is given by [5]
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where zg = 4(v,/ve) [1 - (Ap/rb)] — is the decay length of the surface waves excited in the
plasma layer at the front of the beam (usually 23S rp); zq = vorzb/ve)\p2 — is the diffusion
length of the magnetic field; c is the velocity of light; m, is the electron rest mass; e is
the elementary charge; Ap = c/wp; wp = (4me’ng /my)'/? is the plasma frequency of the plasma
electrons; vg is the effective grequency of collisions between plasma electrons and ions and
neutrals; np and v, are the density and average velocity of the beam; v§ = Bgc is the velocity
of the beam front; f = nj/np is the charge neutralization factor; x, is the distance
from the beam axis to the boundary of the plasma; v = (1 — Bofe) V% v=(1—p3)™ V% ve=(1— B3~
Bo = vyfe; 3 =z —vt. At these distances primarily the interaction between the beam current
and the induced plasma is manifested, since the induced charge density in the plasma layer is
a second-order infinitesimal in the parameter v,A,/v, € 1 relative to ipz-

The transverse force acting on the average particles of the beam, which lie on the points
X = X, and y = 0 along the z axis, arising to the interactions indicated above, has the form
in the region zj<<|z'|?<< 2?4
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whence it follows that the beam is reflected from the plasma surface more efficiently as ng
increases and the collision frequency decreases. This isattributable tothe growth in both the
magnitude of the plasma current and its decay length. It also follows from the expression
(2.1) that the force of reflection decreases as the impact parameter increases. This de-
pendence on the impact parameter describes well the experimental curves (Fig. 2c) only if the
distance between the beam and the plasma layer is significant, when the diffuseness of the
boundary of the layer can be neglected.

To study the effect on the efficiency of beam reflection from a plasma layer with a
diffuse boundary the passage of a HCEB near a plasma layer with a diffuse boundary was studied
using the method of numerical modeling. To describe the physical mechanism the following eq-
uations were employed in the numerical model:
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where A, is the axial component of the vector potential, satisfying zero boundary conditions
and initial conditions; jp is the current density of the injected beam; o(x) is the con-
ductivity of the plasma; vp, is the average velocity of the beam of electrons taking into
account the retardation of the electrons in teh induced field E, at the front of the beam,
calculated from the average losses over the interaction length AE, = |eE.L,|. For relativis-
tic particles with By~ 1 and actually existing currents v,, ~ 1, At the moment of injec-
tiont =0 (1t =t + ty).

The pulse of current in the beam as a function of time Ib(t) was chosen to be a trap--

ezoid with the corner points approximated by third-order curves and the plasma density was
a-—x —1
taken in the form n,{z) = 2n {1*kexp(1Axaq] , which corresponded tothe experimental measure-

ments (Fig. 2a).
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Fig. 4

The results of the numerical calculations are presented in Figs. 3 and 4. Figures 3a and b
(4x = 0.1 and 0.2 cm, respectively) show the dependence of the current distribution in the
beam jp(z) (broken lines) and the plasma current j,(z) (solid lines) on the-depth of the
plasma layer with Ip = 30 kA and nge = 10*® cm”® (the lines 1 and 2 for t = 8 and 15 nsec).
The curves show that when the density gradient (a) is largepracticallyall of the plasma
current flows outside the beam and the transverse force acting on the beam is sufficient to
change the trajectory of the beam; as the gradient of ng(x) decreases (the smearing in-
creases) part of the plasma current flows in the region of the beam (b) and the force of re-
flection becomes weaker.

Figure 4 shows the force of reflection F/Fy,y as a function of the impact parameter for
p = 13.3 (a) and 66.5 Pa (b); the curves 1-4 correspond to nge = 5.2-10%%; £.3.10%%; 5.1.10%%
1.9-10%! cm™® with Ip = 10 kA. The behavior of the curves and analysis of the calculations
show that for each plasma density there exists an impact parameter Xpyay for which the plasma
current leaves the region of the beam and the force of reflection is maximum. This effect —a con-
sequence of the diffuseness of the boundary — is explained by the fact that as the impact parameter
decreases part of the plasma current flows in the region of the beam, which sharply weakens the
force of interaction of the currents, and as the impact parameter increases the force of reflection
decreases owing to the increase in the distance between the interacting currents. In the process
the rate of decrease of the force reflection as the impact parameter increases depends on the degree
of diffuseness of the boundary and for a sufficiently sharp boundary (curve 1) the dependence
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F(X) forX > Xpax is close to the analytical dependence (2.1). The presence and position of
a maximum in the theoretical dependence of the force of reflection on X agree with the be-
havior of the experimental curves in Fig. 2c.

Changing the pressure of the residual gas in the chamber with high plasma density has
virtually no effect on the profile of the reflection forces as long as the conductivity of the
plasma in the region of injection is determined primarily by the electronic collisions and the
ionization of the gas by the beam is still insignificant.

In this case the maximum of reflection shifts, owing to avalanche ionization at the front
of the beam, toward increasing impact parameter (Fig. 4b). For a low plasma density, when
collisions with neutrals play an appreciable role, the efficiency of reflection changes strongly
with the gas pressure and drops rapidly as the gas pressure is increased. The analytical and
computed dependence obtained for the force of reflection supplement one another and agree well
with the experimental measurements over a wide range of impact parameters X > 0.4, encompassing
the range of most efficient reflection.

The theoretical and experimental results presented show that reflection of the beam from
the types of plasma layers studied occurs in virtually the same manner when the density of the
synthesized plasma is sufficiently high. When the plasma density decreases, a difference is
observed in the systems. In this case, for small impact parameters, reflection is more ef-
ficient in the presence of a dielectric substrate than:  when there is no dielectric. This is
explained by the beam-induced formation of a plasma near the wall at the surface of the die-
lectric — this increases the gradient of ng.

Comparing the results obtained with the results on reflection from meta%lic surﬁaces [1]
leads to the conclusion that :in the optimal.regime'(high plasma density and high gradient .
|0n./0z|) for impact parameters X > Xp,yx the character of the dependence of the force reflection
on X and its magnitude do not differ significantly from the force of reflection in the case of

a metallic surface.

Since in the case when a beam is reflected from metallic surfaces it is difficult to
meet simultaneously the requirements that the charge of the beam be compensated and that
there be no plasma withhigh conductivityin the region of the beam {6], it is more efficient
to use reflection systems based on the plasma layers enabling control of the plasma current.
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