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A new experimental method was used for internal injection of a hot plasma into a magnetic 
mirror trap. Using the geometry of an "ion magnetron," an oscillating voltage of the ion 
cyclotron frequency was applied between the plasma column and the grounded chamber, 
filling the trap with a hydrogen plasma of ~ 1011 em - 3 density and ~5-keV mean ion energy 
while maintaining a vacuum of ~5 x 10- 7 mm Hg. The electrons remained relatively cold. 
The plasma generated during a pulse decayed in about 150 J.lSec, mainly as a result of flute 
instability. Ion heating was also observed at nonresonant frequencies. It is suggested that 
the ion acceleration mechanism is of stochastic character. 

1. INTRODUCTION 

WE present here preliminary results obtained in 
an investigation of plasma heating by a modifica
tion of the so-called "ion magnetron'' method.[l- 3] 

In magnetron injection a cold plasma beam is sent 
along the axis of the magnetic mirror machine. A 
20-30 J.lSec pulsed potential difference of 
10-40 kV is applied between this column and the 
grounded walls, leaving the trap filled with a 
plasma of ~ 1-keV ions. This effect has not yet 
been fully accounted for; according to the adiabatic 
theory, an ion in a magnetic field should not ac
quire appreciable energy from electric pulses 
with leading edges whose duration considerably 
exceeds the Larmor period. The ion heating that 
is actually observed suggests that during a pulse 
the radial electric field undergoes high-frequency 
modulation as a result of various instabilities. 
This is accompanied by a stochastic acceleration 
of the ions, which "select" their resonant har
monic in the randomly fluctuating electric field. 

It was to be expected that ion heating would be 
enhanced by artificially generating in the plasma 
an alternating electric field having an intense 
resonant harmonic. For this purpose M. S. Joffe 
suggested that a packet of harmonic oscillations 
with the ion cyclotron frequency could be used as 
the accelerating pulse. This method obviously ap
pears to be an ''electrostatic'' variety of the cy
clotron method of plasma heating. We know from 
the theory that classical cyclotron acceleration of 
ions in a dense plasma is impossible because of 
polarization. [4J However, if plasma fluctuations 
(or a magnetic field inhomogeneity) produce a 

random phase drift of ion revolution relative to 
the alternating field, acceleration will occur. In 
this case we can consider intuitively (but not 
rigorously) that individual ions experience the 
external field as more or less prolonged seg
ments of regular oscillations interchanged at 
random. Each such train will slightly increase or 
decrease the ion energy; this leads ultimately to 
a stochastically increased total energy of the en
tire ensemble. 

EXPERIMENTAL APPARATUS 

Alternating-voltage injection was investigated 
with the PR-2 apparatus [l, 2J represented by a 
block diagram in Fig. 1. The central diameter of 
the trap is 50 em and the mirror separation is 
120 em. The magnetic field at the center is 8 kOe 
and the mirror ratio is 1.6. The main evacuation 
was performed with the aid of flashed titanium. 
The operating pressure (neglecting the liberation 
of gas during a pulse) is usually (0 .5-1) 
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FIG. 1. Diagram of apparatus. 1 -magnetic field coils, 
2- chamber, 3 - source, 4- collecting electrode, 5 - titan
ium evaporators, 6 -diaphragms, 7 - pipes to pumps. 
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X 10- 6 mm Hg; the residual pressure (when the 
gas supply to the source is shut off) does not ex
ceed 5 X 10- 8 mm Hg. 

The plasma source [1] consists of a tungsten 
cathode heated by an electron beam and a tubular 
anode into which about 200 cm 3/hr of hydrogen is 
fed continuously. Plasma is generated by apply
ing, between the cathode and anode, a 1.2-1.3-kV 
square pulse through a 3[2 limiting resistance. 
An arc discharge is ignited with a current of about 
150 A. A cold plasma column of at least 1013/cm 
density flows along the magnetic field from the 
anode hole. During a discharge the gas inside the 
anode is ionized and is possibly occluded on the 
anode walls. This supply is sufficient for a few 
hundred microseconds, after which the discharge 
becomes intermittent. The plasma beam passes 
through the central compartment of the trap and 
terminates at a special collecting electrode lo
cated in the last compartment; this electrode is 
connected to the source anode. A rf pulse is 
applied to the anode of the plasma source about 
30 ~-tsec after the arc discharge is ignited. The 
duration of the oscillation packet is 250-300 /-(Sec. 
The rf and the discharge in the source are 
switched off simultaneously. 

The self-exciting rf oscillator, with one tube, 
is of imperfect design, so that the generated vol
tage is strongly nonsinusoidal; the spectrum of 
the accelerating pulse thus contains strong har
monics, which are multiples of the fundamental 
frequency (Fig. 2). The maximum amplitude of 
the output voltage oscillations is of the order of 
5 kV at about 0.5 megawatt pulse power. The 
fundamental harmonic varies from 4. 8 to 7 Me. 

The apparatus used to study the plasma con
sisted of detectors of charge-exchange particles 
(using secondary electron emission), electric 
probes, and a spectrometer to measure the ener
gies of the charge-exchange particles. All these 
instruments were located in the central cross
section plane of the trap. 

EXPERIMENTAL RESULTS AND DISCUSSION 

1. Signal of charge-exchange particles. When 
an alternating voltage is applied to a cold plasma 
beam the detector of charge-transfer particles 
registers a strong signal, the typical form of 
which is shown in Fig. 3. During an injection 
pulse hot plasma is accumulated. The signal also 
continues for some time after the pulse; this 
"tail" indicates that the accumulated plasma 
exists for a time T. All of our data will pertain to 
the tail, i.e., to the freely decaying plasma. 

FIG. 2. Oscillator output oscillations. 

When only the plasma source is switched on 
(without applying the rf) a certain signal of charge
exchange particles is also observed. This appears 
to indicate that ion acceleration then occurs in an 
unstable beam. [5] The signal is about 50 times 
smaller than that observed with the rf. 

In selecting the optimum conditions for acceler
ation the principal criterion of efficiency was the 
strength of the charge-exchange particle signal, 
which is obviously enhanced with increasing den
sity and energy of the hot plasma ion component 
(for a given vacuum). The signal strength was 
measured 10-20 /-(sec after termination of the in
jection pulse, i.e., at the start of plasma decay. 

.................... ~----- , t, Jlsec 

FIG. 3. Signal of charge-exchange particles; p ~ 10-6 mm Hg. 

Our investigations were performed using the 
two extreme oscillator frequencies, 4.8 and 7 Me. 
At 7 Me in a 4.4-kOe field the resonance of H+ 
atomic ions is observed (Fig. 4). At 4.8 Me in a 
6-kOe field the resonance of Hi molecular ions 

{,arbitrary units 

J 5 H, kOe 

FIG. 4. Charge-exchange particle signal vs. magnetic field. 
f = 7 Me. 
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is observed; in this case the charge-exchange 
particle signal is about five times greater than in 
the case of atomic resonance. 

It must be emphasized that in the case of mo
lecular resonance atomic ions are also acceler
ated because the second harmonic of the funda
mental frequency is present in the oscillation 
spectrum. As already mentioned, the harmonics 
are contained in the primary rf pulse, but should 
also arise within the plasma in the absence of a 
pulse. Indeed, the plasma outside of the central 
column is located between the grounded ends of 
the trap and cannot acquire a negative potential 
because cold electrons are escaping. Within the 
plasma, therefore, the negative half of the ac
celerating packet should evidently be cut off; this 
means that harmonics of the fundamental fre
quency will appear. We thus actually have double 
molecular resonance. 

The high efficiency of double resonance evi
dently provides no basis for a conclusion that the 
molecular component predominates in the compo
sition of the plasma ions. First, as we know, for 
a strong discharge in the source the plasma beam 
should not contain many molecular ions; secondly, 
it can be expected that the accelerated H{ ions 
will not be accumulated due to dissociation in a 
dense plasma. The strong signal of charge-ex
change particles in double resonance is still un
explained; pertinent factors can include both vari
ation of the magnetic field and variation of the ac
celerating voltage frequency. 

We shall investigate mainly the double reso
nance, which is the more efficient phenomenon. 
All experimental data, unless otherwise specified, 
will pertain to the case of H = 6 kOe and f = 4.8 Me 
at near-maximum oscillator power. 

The impairment of the vacuum during an injec
tion pulse is important. A vacuum gauge can ob
viously not register short-period pressure varia
tions. It would therefore be wrong to use its 
readings as a measure of the vacuum while the 
trap contains a hot plasma. However, by measur
ing the dependence of the charge-exchange parti
cle signal J on the initial pressure p determined 
by the vacuum gauge, we can evaluate the pulsed 
variation of the vacuum which is present as a 
constant component. It is assumed here that the 
plasma parameters and gas liberation are not 
strongly pressure dependent. The experimental 
dependence J(p) is shown in Fig. 5, where it is 
seen that with decreasing initial pressure the flux 
of charge-exchange particles approaches a con
stant value depending on the unregistered im
pairment of the vacuum. The latter is equivalent, 
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FIG. 5. Charge-exchange particle signal vs. pressure. f = 

4.8 Me; H = 6 kOe. 

according to its charge exchange effect, to a hy
drogen pressure of ~ 5 x 10- 7 mm. All pressures 
given in the present article include this error. 

The shape and duration of the charge-exchange 
particle signal require special discussion. The 
oscillogram in Fig. 3 shows that about 100 11sec 
after injection a spike appears on the tail. This 
enhancement of the signal cannot result from 
changes of the plasma parameters, which vary 
considerably more slowly in the absence of ex
ternal influences. The same applies to the vacuum. 

Investigations using differently placed detec
tors of charge-exchange particles and electric 
probes showed that the aforementioned anomaly 
is of geometric origin. After the rf is switched 
off most of the plasma is concentrated in a blob 
that begins to move within the trap. When this 
concentration passes near the detector window an 
enhanced signal is observed. The blob always 
moves in the same direction, evidently as a result 
of small magnetic field asymmetry. This motion 
is obviously one form of magnetohydrodynamic 
flute instability of hot plasma in a magnetic mirror 
machine, which was thoroughly investigated pre
viously at lower density and energy with the same 
apparatus. [t • 2] In the present case the development 
of instability differs in a new way; the bunched 
plasma moves in one direction instead of exhibit
ing the previously observed azimuthally quasiuni
form turbulent convection. The characteristic 
plasma decay time as a result of instability (the 
''anomalous time" Ta) is about 150 f.!Sec, as 
previously. In the described experiments the 
plasma instability was not investigated and all in
formation concerning this is contained in the 
foregoing discussion. 
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2. Ion energy spectrum and plasma density. To 
measure the ion energy distribution we used the 
spectrometer of charge-exchange particle ener
gies. [G] This spectrometer functions as follows. 
Fast charge-exchange particles pass through a 
very thin ( ~ 100 A) silver foil, where some of 
them are stripped. The energies of emerging ions 
are analyzed with an electrostatic analyzer. Indi
vidual particles are counted using an electron 
multiplier. The spectrometer was calibrated for 
an ion beam in the range 0.25-40 keV. The spec
trometer saw only a small ( ±4°) solid angle; 
therefore the data pertain only to the ion group 
with small longitudinal velocities. 

Each point of the observed energy distribution 
of charge-exchange particles is converted into the 
corresponding velocity and charge-exchange cross 
section, from which the energy spectrum of plasma 
ions is obtained. It was assumed that the neutral 
particle flux consisted only of fast hydrogen atoms; 
we shall show that this apparently introduces only 
a small error. 

The experiments show that ions in registrable 
quantities are found in the entire accessible en
ergy range. Figure 6 shows the ion energy spec
trum averaged over several measurements. The 
very slowly descending hot-ion tail, at least 
50 keV long, is noteworthy. The coldest part of 
the spectrum (below 0.5 keV) cannot be measured 
exactly, but we can expect a cutoff near 100 e V, 
since under the described conditions the plasma 
is charged as a whole to a considerable positive 
potential. A mean ion energy of 5 keV was calcu
lated from the spectrum in Fig. 6. 

It should be noted that the spectrum can be 
well approximated by the sum of two Maxwell 
distributions (hereafter called "cold" and "hot") 
with temperatures of 0.8 and 15 keV, the mean 
energies being one and one-half times greater, 

dn/dE, rel. units 

....... -~ I 

1,0 

""---.... 

"'' ' •' 
1.0 10 100 

£, keV 

FIG. 6. Energy spectrum of plasma ions. p = 10-• mm Hg; 
f = 4.8 Me; H = 6 kOe. 

respectively. The ratio of hot to cold ion densi
ties is 0.3. 

The absolute ion density was determined from 
the signal of the charge-exchange particle detec
tor. The most direct way to determine the number 
of fast ions in the trap is to measure the total flux 
of charge-exchange particles during the entire 
existence of the plasma. For the experimental 
pressure 10- 6 mm the density of ions experiencing 
charge exchange is (3-4) x 1010 cm- 3, the plasma 
diameter being arbitrarily taken as everywhere 
equal to 20 em. This result can be taken as the 
minimum plasma density, but is clearly greatly 
underestimated, because losses due to instability 
are several times greater than the charge-ex
change effect. 

More accurate results are obtained similarly 
by increasing the pressure until charge transfer 
is the principal cause of loss. The density is then 
~2 x 1011 cm- 3 in a vacuum of ~10- 5 mm. It 
must be emphasized, however, that in this case 
because of the poor vacuum the charge-exchange 
losses must also play an important part during 
injection by changing the plasma parameters as 
compared with the usual conditions (p ~ 10- 6 mm ). 
Specifically, the ion energy spectrum will then be 
shifted to lower temperatures. 

The most accurate plasma density n can evi
dently be obtained by using the previous ion en
ergy distribution. We have the relation 

rrro2 
1 = -2 - n0n (kva), (1) 

:n:a 
where J is the charge-exchange current signal 
(per em 2 of the detector entrance slit), r0 is the 
plasma radius, a is the distance from the cham
ber axis to the detector, n0 is the neutral gas 
density (including gas liberation), and (kva) is 
the product, averaged over the entire spectrum, 
of the secondary electron emission coefficient, 
the velocity, and the charge-exchange cross sec
tion. 

In the calculations k was taken as proportional 
to the velocity and as equal to unity at the energy 
2 keV. The value of the cross section a was taken 
from L7 ,BJ. The total density for a typical case is 
~1.5 x 1011 cm- 3, while the density of ions having 
energies greater than 5 keV is ~ 3 x 1010 em - 3. 

When the spectrum is divided into cold and hot 
parts, we again note that the density of the first 
part is ~50% inaccurate at low energies. This 
inaccuracy is associated with insufficient statis
tics and with the fact that the lower limit of the 
spectrum is unknown. Therefore the mean energy 
and density of the cold group are also not deter
mined very accurately. However, the parameters 
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of the hot group (Em~ 23 keV and n ~ 3 
x 1010 em - 3 ) were determined quite reliably, be
cause, as a result of the small value of kva, the 
cold region of the spectrum makes practically no 
contribution to the charge-exchange particle 
signal. 

All the foregoing results were based on the 
assumption that the ion component of the plasma 
consists only of protons. If the plasma contains 
an appreciable number of fast H2+ ions, the 
charge-exchange particle flux will contain fast 
molecules. Since the described analyzer does not 
separate atoms from molecules, some error is 
thus introduced into the spectrum and the associ
ated plasma parameters. In order to evaluate the 
effect of a H2 admixture we calibrated the ion 
spectrum, mean energy, and density assuming 
that the charge-exchange particle flux consists 
entirely of fast molecules. In this case the spec
trum resembles that previously obtained, but is 
farther extended in the high-energy direction. The 
mean energy is 7.5 keV at a density of about 0.9 
x 1011 cm- 3. The possible presence of molecular 
ions in the plasma therefore somewhat reduces 
the mean energy and increases the density only 
slightly. 

3. Influence of magnetic field and rf amplitude 
on injection efficiency. The resonance character 
of the relation between the magnetic field and the 
total signal of charge-exchange particles has al-
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FIG. 7. Magnetic field dependence of ion density at differ
ent energies. a- 30 keV; b- 15 keV; c - 2 keV; d- total 
signal of chatge-exchange particles (arbitrary units). 

ready been discussed. However, the given data do 
not enable us to determine whether increased 
density or increased energy has the principal role. 
We therefore obtained "resonance curves" in 
different segments of the energy spectrum; the 
results are shown in Fig. 7. 

It appears that the hotter portion of the spec
trum, corresponding to energies of tens of keV, 
is manifested only at resonance. At the same 
time, the portion of the spectrum below ~ 15 keV 
undergoes an important reduction in absolute 
value. One might assume that at resonance some 
ions are transferred from the cold group to the hot 
tail; however, a quantitative comparison of the 
spectra shows that the increased density of the 
hot group is far from being sufficient to compen
sate the impoverishment of the cold portion of 
the energy distribution, i.e., the total density at 
resonance is lower than the nonresonant value. 
We must therefore assume that the "inversion" 
of the resonance peak in the cold spectral region 
results from greater plasma loss during injection 
at resonance. 

Figure 8 shows the dependence of the total 
charge-exchange particle signal on the amplitude 
of the accelerating pulse, as well as other de
pendences in different parts of the spectrum. As 
the amplitude of the accelerating pulse increases, 
the ion density at a given energy increases at 
first, and then begins to decrease; the maximum 

U, rel. units 

FIG .. 8. Ion density at different energies vs. accelerating 
voltage. a - 30 keV; b - 20 keV; c - 3 keV; d - total signal 
of charge-exchange particles (arbitrary units). 
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is reached at a rf amplitude which increases with 
the energy. Consequently, as the accelerating 
pulse amplitude increases, the number of ions in 
the hot part of the spectrum is increased with a 
corresponding reduction of the cold part of the 
spectrum. At the same time the total density is 
reduced, at least for a rf amplitude above a cer
tain value. 

With increasing amplitude of the accelerating 
pulse we thus observe the same effect as in the 
transition from a nonresonant to a resonant mag
netic field. The number of fast ions is greatly 
increased, although the total density is reduced by 
a factor of two to three. The total signal of charge
exchange particles is strengthened, because of 
higher registration efficiency (~kilO') for hot ions 
than for cold ions. The reduced density is ap
parently associated with higher ion loss during 
the injecting pulse. 

CONCLUSION 

The following comments are based on the re
sults. By using magnetron injection with an al
ternating accelerating voltage, we can under the 
described conditions fill a trap with hydrogen 
plasma of density ( 1-2) x 1011 em -3 having a 
mean ion energy of 5 keV. The electron tempera
ture then does not appear to exceed a few tens of 
electron volts. The ion energy spectrum is ap
proximately represented by the superposition of 
two Maxwell distributions, a cold distribution at 
the temperature ~ 0.8 keV and density 
~ 1 ·1011 cm- 3, and a hot distribution at 15 keV 
and ~3 x 1010 cm- 3. The conditions for producing 
a plasma with these parameters are a sufficiently 
high density of the initial beam (not less than 
1013 cm- 3 ) and rf voltage of the order of a few 
kilovolts at the resonance frequency. The vacuum 
conditions must be well maintained after injection. 

The ion heating mechanism is presumably of 
stochastic character. This hypothesis is supported 
by the fact that intense heating also occurs at fre
quencies when the resonance condition is unful
filled throughout the entire volume of the trap. 
Indeed, stochastic acceleration of a single ion re
quires only a large number of random energy 
changes occurring during the interactions of an 
ion with an unordered sequence of rf oscillation 
packets (see the Introduction). These variations 
will also occur when the packet is formed by non
resonant oscillations. However, the individual 
energy changes will then be of smaller magnitude 
than at resonance, and the acceleration will be 
slower. 

We can thus account for the observed difference 

between the resonant and nonresonant ion energy 
spectra, which consists in the fact that both the 
hot and relatively cold ion groups are present at 
resonance, whereas in the absence of resonance 
there is no hot group. It can be assumed that the 
cold group results from general stochastic ac
celeration in a nonresonant alternating field (we 
recall that the principal rf harmonic is not reso
nant for protons), but that oscillations with a 
resonant frequency generate a hot ''tail'' of the 
energy distribution. The acceleration of ions in 
the hot group can reasonably be assumed to be 
stochastic also, because pure cyclotron accelera
tion would make their energy much greater. There 
is no conflict here between experiment and a 
theory that denies the possibility of pure cyclotron 
acceleration. In any event, it is seen that fulfill
ment of the resonance condition plays a very im
portant part. 

The purpose of the experimental work was only 
to investigate the possibilities of the described 
injection method, and not to serve as a compre
hensive study; therefore the interpretation of the 
results provides essentially only a working hy
pothesis. The efficiency of the given method for 
producing denser plasmas is an important prac
tical question that remains unanswered. 

In conclusion the authors wish to thank M. S. 
Ioffe for suggesting the problem and for useful 
discussions, A. A. Smirnov for invaluable experi
mental assistance, and Yu. T. Ba!borodov for 
constructing the rf oscillator. 
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