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We consider acceleration of plasma in vacuum in an axially symmetric, inhomogeneous,
pulsed magnetic field. The density of the plasma bunches is approximately 10'2 particles/

cm3.

The maximum energies for various atomic ions are as follows: nitrogen and oxygen,

approximately 190 ev; helium, approximately 280 ev; hydrogen, approximately 120 ev.

1. INTRODUCTION

AT the present time the acceleration of charged-
particle bunches of high density is of considerable
interest. One of the means of solving this problem
is the acceleration of quasi-neutral plasma bunches.
In contrast with the acceleration of charged particles
of one polarity, the production and acceleration of
high-density plasma bunches does not require strong
focusing forces. In one-shot acceleration by means
of electrodynamic forces!™® no provisions for ex-
tended focusing are necessary.

In the present work we report on attempts to ac-
celerate a plasma in vacuum by means of an axially
symmetric, pulsed, inhomogeneous magnetic field.

A measured amount of gas is admitted at a definite
point in the vacuum volume. Close to this region
there is a winding through which a condenser is dis-
charged at the appropriate time. A current is in-
duced in the gas and the acceleration forces result
from the interaction of the external magnetic field
with the induced current in the gas.

2. DESCRIPTION OF THE APPARATUS

The apparatus (cf. Fig. 1) consists of the vacu-
um chamber 1 in which the acceleration takes place,
the pulsed inlet system and its feed 2, a preliminary
ionization system 3, the accelerating coil and its
power supply 4, and the control circuit 5.

The vacuum chamber is formed by two coaxial
cylinders: the first, which is replaceable (organic
glass or pyrex) is 150 mm in diameter and 500 mm
long while the second, made of copper, is of the
same diameter, but 700 mm long. A pressure of
2to 4 X 10" mm Hg is maintained in the chamber.
On one side the copper cylinder is covered by a re-
placeable brass flange which contains vacuum gas-
kets for the various probe inputs. The other end is
made from a glass cylinder. On the other side the
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FIG. 1. Block diagram of the apparatus.

glass cylinder there is a flange of organic glass.
On this flange (cf. Fig. 2) are mounted the pulsed
gas inlet 1 (an electromagnetic valve®), the pre-
liminary ionization electrodes 2, the accelerating
winding 3, and a disc that provides better distribu-
tion of the gas flow 4.

The accelerating coil is cemented inside the
disc of organic glass. In these experiments the
winding is a single turn. At time t;, an IM 2.7-50
condenser is discharged through the winding by
means of a spark gap. The voltage, U, to which
the condenser is charged, varies between 10 and
24 kv. The frequency of the oscillations which re-
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FIG. 2 Cross section of the organic-glass flange.
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FIG. 3. lHigh-speed photograph showing the motion of the
plasma in air. The vertical scale is Az = 11.5 cm along the z
axis T= 280pusec. a) U, = 14.5 kv; b) Uc = 22.5 kv.

sult when the condenser is discharged through the
single turn is approximately 120 kc/sec; the dis-
charge is a damped oscillatory discharge.

All the elements in the system are operated in
a definite time sequence which is determined by a
control circuit. At time t; the valve opens. The
preliminary ionization system is also turned on;
this unit is a 500-watt rf generator which oper-
ates at 15 Mcs. After a controlled time interval
7, at time t; (when the required gas pressure
is established near the accelerating coil) the rf
generator is turned off and the voltage is applied
to the accelerating coil, initiating acceleration of
the plasma. A slave sweep on the oscilloscope
which is used for observation is triggered by the
control circuit 1.5 microseconds before the voltage
is applied to the accelerating coil.

3. EXPERIMENTAL RESULTS

The following have been investigated: the plasma
velocity along the acceleration axis (the z axis),
the nature of the radial motion, the velocity of the
wave front, and the relation between pulse duration
and plasma density.

FIG. 4. High-speed photograph of the plasma pressure in
helium along the z axis. Az = 11.5 cm; U. =22.5kv. a) T =
220 psec, b) t= 280 psec, c) t= 400 usec.
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FIG. 5. High speed photograph showing the radial motion of
the plasma in air. U = 22.5 kv, T= 280 pusec.

(a) Motion of the Plasma Along the Z Axis and
Radial Motion

These measurements are carried out by high-
speed photography of the luminous plasma, with a
CFR-2M camera. To record the motion of the
plasma along the acceleration axis the slit of the
camera (0.5 cm wide) is oriented along the z
axis. The length of the slit, taken from the accel-
erating coil, is 11.5 cm.

Figure 3 shows typical photographs obtained with
air. The sharply defined luminescent plasma bursts
are easily distinguished on these photographs. The
periodic expulsion of plasma from the acceleration
region takes place at twice the frequency of the os-
cillations in the accelerating turn. The existence
of an initial velocity component causes the plasma
to collide with the wall of the vacuum chamber at a
distance of 4 or 5 cm from the accelerating turn.
As a result the plasma velocity in the z direction
is reduced (the break in the luminescent band in
Fig. 3b).

When the time interval 7 is increased a still
greater deceleration effect is noted. Figure 4 shows
photographs of the motion of a helium plasma in the
z direction taken with various values of 7. With
7 = 280 usec (Fig.4a) there is almost no decelera-
tion whereas when 7 =400 usec (Fig.4c) the effect
is very large for the initial bursts. Apparently this
phenomena is due to the presence of high-density
gas in front of the moving plasma. The first pulses
remove the gas in front of the plasma so that there
is no significant deceleration for subsequent pulses.

Initially the luminescent intensity increases from
pulse to pulse; then it falls off. This effect is due
to the enhanced conditions for discharge develop-
ment (the increasing number of free electrons in
the discharge region) and the reduction in the am-
plitude of the oscillations in the accelerating coil.
Optimum conditions obtain at about the third or
fourth expulsion of the plasma.

The velocity is a maximum for the initial pulses
since the accelerating field is large initially and the
plasma mass is still small because of incomplete
ionization. Later the ionization increases but the
currents in the winding and in the plasma have fallen
off.
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FIG. 6. Pulses at the rf probes for different distances be-
tween the probe and the accelerating coil. Plasma in air,
U, =18 kv, T=280pusec. a) Az =21 cm, b) Az =51 cm,
c) Az =176 cm.

Figure 5 shows a high-speed photograph of the
radial motion of the plasma. The picture was taken
through a radial slit 0.5 cm wide. As is apparent
from Fig. 5, in addition to having a v, component
the plasma has a v, component directed away from
the center. After the plasma collides with the wall
of the vacuum chamber, vy changes in both magni-
tude and direction. Similar photographs are ob-
tained with hydrogen; no significant differences are
observed.

This same method is used to measure the veloc-
ity of the luminous plasma front; this velocity is
related to some effective particle velocity.

The energy of the nitrogen and oxygen ions (air
input) obtained from measurements of the corre-
sponding photographs is found to be 80 — 190 ev;
for hydrogen and helium ions the range is 40 — 120
ev and 120 — 280 ev, respectively.

(o) Velocity of the Front and Pulse Duration for a
Plasma of Given Density.

These measurements are made by means of an
rf probe which is sensitive to plasma in the density
range from 10!! to 10" em™ and a waveguide which
measures plasma densities of 10! cm™3.

The rf probe consists of an inductance circuit
which is weakly coupled to a low-power rf oscilla-
tor. The tank circuit is tuned to the oscillator fre-
quency. When there is a conducting medium (plas-
ma) inside or outside the probe, the rf eddy cur-
rents that arise in the circuit effectively reduce the
inductance of the probe and shift the resonant fre-
quency of the circuit toward higher frequencies. As
a result of this detuning, the voltage is reduced. The
time behavior of the voltage is displayed on an os-
cilloscope.

The velocity of the plasma front is measured
with two rf probes separated by a known distance.
One probe is generally kept fixed while the second
is moved along the z axis. The velocity is deter-
mined from the known distance Az and the meas-
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FIG. 7. Change of the pulse shape at the tf probe and
starting time as a function of delay time 1 and distance from
the accelerating coil Az. Plasma in air, U, = 20 kv, first probe
probe, Az = 15 cm, second probe, Az = 33 cm. a) = 310 psec,
b) t= 400 psec.

ured time interval AT corresponding to the differ-
ence in arrival time at the probes. In this case it
is possible to determine the velocity of a front for
a given density.

A series of oscillograms taken with these probes
is shown in Fig. 6. It is apparent that as the distance
from the accelerating coil is increased the time de-
lay required for the excitation of the mobile probe
increases, the signal front shows more slope, and.
the amplitude of the signal is reduced. The mini-
mum plasma density which the probe can record
iS nmin =~ 10! cm™3. The mean plasma velocity,
computed from this oscillogram, is approximately
3 X 10% cm/sec. The discrepancy in the velocity
measurements by high-speed photographs and rf
probes indicates a velocity dispersion effect.

Figure 7 are shows oscillograms of the pulses
from the two rf probes taken with air using two
different delay times. The pulses in Fig. 7Tb slope
more, start later and the time interval between
them is much larger than in Fig. 7a. Similar re-
sults, obtained in helium, are shown in Fig. 8. Here
the shift of the pulses for both the first and second
probes are clearly apparent and the shift of the
second probe is much larger. The deceleration
effect in helium and hydrogen is much stronger
than in air; this is explained by the different ther-
mal velocities of the gases and the resulting higher
pressure of the gas in front of the moving plasma
for the same values of 7.

Experiments have also been carried out to verify
the expulsion of plasma from the acceleration region
in individual bunches (density modulation of the
plasma as a function of time). However, no density
modulation was observed at the discharge frequency,
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FIG. 8. Change of pulse shape at the rf probe and time of
excitation as a function of delay time T and distance from
the accelerating turn. Plasma in helium, U = 20 kv, distance
of the probe to the accelerating turn the same as in Fig. 7.

a) T= 190 ysec, b) T= 280 usec.

120 kes. Apparently this is due to the considerable
velocity spread of the ions inside the bunches. The
frequency of the oscillations in the accelerating col
was then reduced to 56 kes by increasing the capac-
ity of the condenser. In Fig. 9 are shown oscillo-
grams of the voltage in the rf probe before and .
after detection and the voltage in the accelerating
coil. In the second part of both oscillograms there
is visible a clearly defined amplitude modulation of
the rf voltage in the probe, indicating a density mod-
ulation of the plasma as a function of time at the
probe position. At larger value of z the modula-
tion cannot be seen because of the spread in veloc-
ity. There is no modulation in the first part of the
pulse from the probe because a minimum density
Nmin > 101 ecm™ is required for modulation to be
observed.

FIG. 9. Oscillogram showing the voltage at the rf probe
for motion of the plasma in air with density modulation.
Uc = 1S kv, © = 260 psec. a) voltage at the probe after de-
tection, b) before detection, c) voltage oscillogram for the
accelerating coil, f = 58 kcs.
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FIG. 10. Detector current pulses from a ‘‘radiating”
waveguide as a function of distance from the accelerating
coil Az. Plasma in air, U, =20 kv. a) Az=13.5cm, b) A
b) Az =34.5cm, ¢) Az =56 cm.

The slope of a given signal front from the rf
probe makes it difficult to determine the length of
the pulse from a plasma of given density. For
this reason a “radiating” waveguide is used. The
use of a waveguide in these measurements is based
on reflection of radio waves from a plasma when
the frequency of the external field is lower than
the natural plasma frequency wg ~ n/2,

The sealed end of the waveguide is introduced
inside the chamber. When there was no plasma in
the waveguide it was possible to observe a station-
ary standing-wave distribution due to reflection
from the open end. When the plasma appears the
radiation is reduced and the standing wave distri-
bution changes. The change in the detector current
(proportional to field intensity at any point in the
waveguide ) is presented on the screen of an oscil-
loscope. In these measurements the waveguide is
driven at 9.4 x 10° cps, corresponding to a plasma
density for which total reflection obtains at n =
102 ecm ™3,

In Fig. 10 are shown oscillograms of plasma
pulse lengths for a plasma with n = 102, asa
function of distance z. The leading edge of the
pulse on the last oscillogram exhibits smearing.
This is apparently due to the fact that in these
measurements the waveguide was located inside
a metal tube and there was multiple reflection.
The dependence of plasma pulse length on the co-
ordinate z obtained in this work is shown in
Fig. 11.

FIG. 11. Dependence of Tpusec
pulse length for a plasma w0
density of 10'* cm™ as a uw
function of the distance z w0
between the point of ob-
. 0
servation and the accele- Ta——
. . n 2
rating coil.
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