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A. BEAM-PLASMA DISCHARGES
1. THE KITZELTRON

From our beam-plasma discharge experiments we have discovered the following
important characteristics:

(i) Nearly 100 per cent ionization. When we fire a 10-kv, 10-amp electron beam

. - 1 .

into a hydrogen atmosphere 2 X 10 5 torr (~6X 10 ! mol/cc) a plasma density of approx-
imately 1013/cc is created. This indicates that most of the gas has been pumped into,
and ionized in the central column of plasma.

(ii) Good stability. A broad range of conditions can be found, consistent with (i),

in which the plasma appears to decay stably (by simple diffusion) after the beam turn-

off. Decay-time constants of ~0. 1 sec have been observed.

(iii) Strong oscillations at wpi' A survey of the radiofrequency spectrum radiated
by the beam-plasma discharge has shown only two relatively narrow regions of high
intensity. One is near wpe and is associated with the heating of the electrons by energy
acquired from the beam-induced oscillations. The other, lower frequency, region is
at approximately 1/45 “be in a hydrogen discharge, and we associate it with an ion
oscillation at Whi° It is still not clear if this oscillation is driven directly by the beam
or by the highly non-Maxwellian distribution of the plasma electrons. In any event, it
represents a mechanism for transferring energy to the ions, and thus of heating them.
We are still not able to estimate the energy level that we can impart to the ions by this

method. If we can reduce charge exchange by eliminating impurities and by using a

* This work was supported in part by the National Science Foundation (Grant G-24073);
and in part by Purchase Order DDL BB-107 with Lincoln Laboratory, a center for
research operated by Massachusetts Institute of Technology, with the support of the
U.S. Air Force under Contract AF 19(628)-500.
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(IX. PLASMA ELECTRONICS)

pulsed gas feed, the energy given to the ions may turn out to be substantial.

If the last conjecture proves true, we have the makings of a device for producing
thermonuclear type plasmas. In keeping with the custom of naming such devices, I have
called this one Kitzeltron. The Yiddish-German prefix is descriptive of the process of

"tickling" or exciting the plasma by the electron beam.
L. D. Smullin

2. OBSERVATION OF LONG CONFINEMENT TIMES OF HOT ELECTRON PLASMA
IN SYSTEM C

We have observed long confinement times (lo_z-lo_lsec) of high-energy (10-50 kev)
electrons and strong emission of 250-kev x radiation in the beam-plasma discharge of
System C. In this system, which has been described in detail previously,l’ z a hollow
electron beam of 10-15 amps at 10 kv generates the beam-plasma discharge in hydro-

gen gas. The discharge is confined by
magnetic mirrors with typical mirror

ratios of 5 to 1 and an induction of

VISIBLE LIGHT DETECTOR
— PLASMA {

COLUMN
/_MIRROR e ya MIRROR PAK 1000 gauss at the mid-plane. Distance
— 7 W.%/M/%{//%I,__;,;, between mirror peaks is 26 inches.
— The operating pressure ranges from
L — COLLECTOR 2 X 1()_5 torr to 5 X 10.4 torr, with
~ ELECTRON GUN REGION X-RAY DETECTOR hydrogen gas being fed continuously into

the system during operation to establish
the desired pressure.

—_—

F— 12 INcHES — Plasma confinement times that range

from 107 sec to 10~} sec have been

Fig. IX-1. Schematic diagram of System C
showing the location of the x-ray

and visible light detectors. times in this range are predicted on the

observed in the experiment. Confinement

basis of loss from the magnetic bottle

by electron-neutral scattering. The
plasma electron density apparently decreases by two or three orders of magnitude within
a few hundred microseconds after the 300-usec beam pulse is turned off. The remaining
plasma electron density, which is believed to be of the order of 1010- 1011 electrons/cm3,
decays slowly with a time constant as long as 10—1 sec. Measurements of the attenuation
of x radiation by aluminum indicate that the x-radiation energy is at least 10 kev during
the long decay. Measurements of x-ray attenuation by lead indicate that during the beam
pulse the upper limit of the x-ray energy spectrum exceeds 250 kev.

The strong emission of energetic x radiation and the long confinement of hot elec-

trons give the most dramatic evidence of the production of a hot electron plasma in
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Fig. IX-4, The decay time constants for the light are of the same order of magnitude
as for the x radiation. In general, the light appears to decay slightly faster.

From previous wor‘kl’ 2 it is known that strong RF radiation at 40 Gc¢/sec is pro-
duced by the beam-plasma discharge in System C. If it is assumed that this radiation
is at the electron plasma frequency, then the corresponding plasma density is
2 X 1013 electrons/cmS. Considering that immediately after the beam pulse the light
intensity decreases by 2-3 orders of magnitude, we believe that the electron density
decreases by the same factor and is, therefore, in the range 1010-1011 electrons/cm3

at the beginning of the long plasma decay.
W. D. Getty, L. D, Smullin
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3. RADIOFREQUENCY SPECTRUM RADIATED BY BEAM-PLASMA DISCHARGE

The radiofrequency spectrum from 10 mc to 44 kmc at three sampled times during
the beam-plasma discharge has been measured for three different gases. For all of
the experiments reported here, the following parameters were kept constant, and were

checked from time to time as the spectrum was plotted.

Magnetic mirror: 3tol
Central magnetic field: 280 gauss
Beam voltage: 6 kv

Beam perveance: 1 microperv

Tb (denotes duration of regime 1) 4-6 psecl
Beam pulse: 170 usec
Repetition rate: 30 pulses per second
Pressure: 1.1 p Hg Hydrogen
2.8 u Hg Helium
0.25 u Hg Argon
Figure IX-5 shows the location of the RF detectors that were used to obtain the fre-
quency spectrum. Figure IX-6 shows the schematic diagram of the measuring instru-
ments.
In order to obtain a large dynamic range, the gain of the SPA-4a receiver is usually
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Fig. IX-5. Diagram showing the location of RF detectors in System A.
Helmholtz coils are not shown.

set high. The pulse-shaping network eliminates any overshoot caused by large spikes

of RF radiation. 2 The boxcar integrator could be adjusted to sample the synchroscope
output of the SPA-4a spectrum analyzer at appropriate times. Various frequency filters
were used to sort out the spectrum, since the receiver can respond to a given frequency
at several dial settings. No amplitude calibration of the receiver has been made. Thus,
we cannot compare amplitudes at different frequencies., For a fixed gain setting, how-

ever, we can compare amplitudes at any one frequency for different time delays.
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Fig., IX-7.
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Each sweep of a band of frequencies represents an average plot of 3-70 pulses per
10 mc. The number of pulses per 10 mc depends on the range selected by the SPA-4a
receiver, A frequency spectrum at a particular sampled time such as the one shown
in Fig. IX-7a represents the power emitted by approximately 200, 000 different pulses.
This spectrum may be interpreted as the probability of seeing a particular frequency
emitted during the sampled time interval of one typical pulse of the beam-plasma dis-
charge,

Figure IX-7 shows the frequency spectrum for a 10-psec interval during the beam-
plasma discharge in helium gas at 15 psec, 75 usec, and 145 psec after the beginning
of regime 2.1 Generally, for the nine experimental conditions, the spectrum shows
principally two large bands of oscillations. Typically, one band extends from 10 kmc
to 27 kmec, and the second band, its width varying with the gas, extends from 30 mc to
500 mc. If one takes the center of the first band, fl’ and compares it with the center
of the second band, fz, one finds ratios of (see Fig. IX-7) approximately 50 for
hydrogen, 80 for helium, and 200 for argon. If one assumes that the ions in these
plasmas are singly ionized, then the ratios of wp-/wp+ are 43 for hydrogen atoms, 61
for hydrogen molecules, 86 for helium, and 272 for argon,

H. Y. Hsieh
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4. ROTATIONAL INSTABILITY IN THE BEAM-PLASMA DISCHARGE

The existence of an instability that transports plasma across the magnetic field in
the beam-plasma discharge1 has led to speculation about some plasma properties and
loss mechanisms, The direction of rotation of the observed instability suggests that
the plasma electrons have energies of several hundred volts while the ions have average
energies of only a few volts. The condition for triggering the instability indicates an

optimum pressure for obtaining a hot discharge.

a. Discharge Core

The rotation of a spoke of plasma in the right-hand sense about the magnetic field
implies the existence of an inward-directed electric field. The conditions under which

the plasma can attain a negative potential with respect to the walls of the discharge
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chamber are examined. The criterion for determining the sign of the plasma potential
is as follows: If we neglect space charge and the loss rate of ions exceeds the loss rate
of electrons, the plasma will attain a negative potential when space charge is considered.
We shall direct our attention only toward obtaining the potential of the core or source
region of the plasma. Perpendicular diffusion will be neglected, since it is clear that
the inclusion of perpendicular diffusion can only drive the plasma more negative., Veloc-
ity distribution effects will be neglected.

100 — PLASMA DENSITY The assumption of no perpendicular dif-

5x 1012

fusion will tend to be balanced by the
high loss rate of low-energy electrons
from the magnetic mirror. All gradients
of temperature and density are neg-
lected. These assumptions lead to a
one-dimensional model of scattering

in a magnetic mirror.

The rate at which particles are scat-

tered out of a magnetic mirror is the

v/ s
Y/ :

rate at which particles are scattered

TEMPERATURE (VOLTS)

through 90° multiplied by the prob-

4
2

ability of being scattered into the loss

AXIAL LOSS RATE - PARTICLES /SEC - M3
=
S
H

cone. Electron scattering is governed
by e-e, e-i, and e-n collisions. The
Coulomb collision time is taken to be
Chandrasekhar's deflection time.2 The

neutral collision time is given by Brown3

sl 1 T for electrons of energy less than 100 volts.

163 102 10 For electron energies above 200 volts the
ELECTRON TEMPERATURE (VOLTS) cross section for large-angle (momen-
Fig. IX-8. Axial loss rates from the tum transfer) deflection was obtained by
magnetic mirror. H2 density, the numerical integration of the elastic
1013/cm3. differential cross section given by
Moiseiwitsch and Williarns4 and the ine-
lastic differential cross section given by Marton and Schiff and by Mor‘se.5
It is assumed that the collision cross section for e-H2 is twice that given for e-H.
It is assumed that only H; is present, because of the low probability of formation of
H' by direct electron impact with H2.6 Multiple processes cannot play an important
role, because of the short time scale. A build-up of H in the continuously pumped sys-
tem must be discounted because of the low duty ratio. Ion scattering is governed by

i-i and i-n collisions. The total H;-H2 collision cross section is given by Simons et al.’
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For ions of a few volts energy, the mean-free path for a 90° deflection is less than the
distance between the mirrors. Thus the ion motion is "collision dominated." The maxi-
mum rate of escape of the ions is given by the rate of effusion from the ends of the mag-
netic mirror.

The loss rates of electrons and ions for given electron and ion temperatures and
plasma densities are plotted in Fig, IX-8, The plot indicates that for a plasma con-
sisting of electrons that have an average energy above several hundred volts and ions

that have an energy of approximately 5-10 volts the plasma potential will be negative.

b. Rotating Instability

It will be assumed that with some modifications Simon's theory of cross-field insta-
bility8 is a fair explanation of the instability observed in the beam-plasma discharge.
By combining the results of theory and experiment, it is possible to predict the vari-
ation of electron temperature with pressure. It will be seen that there is an optimum
pressure for producing a hot discharge. Simon's theory is modified in two ways. First,
the wave number that is parallel to the magnetic field (k") is set equal to zero. Axial
loss is reintroduced by considering scattering out of the magnetic mirror. Second, the
effect of ionizing collisions is included. If each unit length of discharge is assumed to

contribute the same amount of scattering loss, the continuity equation becomes
mn_ o, oy —
et = v F (VS Vi)n,

where Vg is the scattering loss rate and v is the ionization rate. The effective axial
loss rate, Ve T Vo could be calculated if the electron energy distribution function were
known. The distribution function is not known, however, and Ve T Y cannot be calcu-
lated directly. We are forced to make an approximation. We shall formulate a model
for the plasma that is external to the core of the plasma, which, when combined with
experimental information, will yield the effective loss rate.

The plasma that is external to the discharge core is described by equations that are
different from those used to describe the source region. The loss of electrons is
assumed to be controlled by perpendicular diffusion and parallel scattering out of the
magnetic mirrors. That the perpendicular diffusion is caused by neutral collisions
rather than by Coulomb collisions is suggested by the observed exponential decay of
plasma density with increasing radius. The action of the perpendicular electric field
on the electrons is negligible compared with the action of the parallel electric field,
because of the very small perpendicular electron mobility. But the effect of the par-
allel electric field is felt only through the alteration of the electron loss cone, which is
proportional to T+/T_, which is also supposed to be small. Thus, to a good approxi-

mation the electron flow is independent of the space-charge fields. The ion flow is not
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so simple because the electric field constrains the ions both in the parallel and perpen-

dicular directions. The plasma density is given by

2
an _ 9a™'n _ _
T D.L > (vs vi)n. (1)

- 9x

In the steady state we have

The characteristic length of the density gradient, which is taken from the experiment,
yields !Z/Lo = 10. Setting k| = 0 and taking £/L = 10 require the assumption that sheaths
will match the plasma potential to the wall and prevent the perpendicular electric field
from becoming very large there.

The frequency of rotation of the instability is given by

S oY D W U (L (2)
ROLLBA 202%) BB (wr)_ T+
The growth rate is given by
K2 T (wr), T
wI=—A2+1—2 p_LT_++—— EOI:1+—é—2 —L—+ 1 - +T—_} (3)
L - L A (wr), B 2L_A o (wr)_ 7+
where
T ™
Lo n, dx
k=n/l
E = -V/L
Az = 2(r /0 )2
¢ = distance between plasma core and discharge chamber wall,

The real part of w may be substituted in the expression for the imaginary part of w,

thereby yielding

T kw
wp= (14 1> — 4 LR (4)

LZA% | (wr) B L AP(wr),
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The condition for marginal stability (wI=O) gives a relationship between the electron tem-

perature and wRB.
(wT)_ 1
T = k-L(wT) > ) (wRB) (5)
+ LOA 1+ >
LOA

The electron temperature as a function of pressure still has not been measured, but wRB

at the onset of instability has been measured. Let us use the theory of cross-field

400 F—

300 —

ELECTRON TEMPERATURE ( VOLTS)

200r—~

100

0.2 0.4 0.6 0.8 1.0

PRESSURE WH,

Fig., IX-9. Electron temperature vs pressure at the onset
of rotating instability.

instability to’estimate the behavior of the electron temperature with pressure. Equa-
tion 5, with the experimentally determined values of wRB used, is plotted in Fig, IX-9,
The variation of T_ with p agrees qualitatively with observation of the variation of the
strength of x-ray production at different pressures.

B. A. Hartenbaum
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B. BEAM-EXCITED ION-PLASMA OSCILLATIONS

Several changes in the apparatusl for the investigation of a beam-excited ion insta-
bility in a hot electron plasma have led to the observation of interaction at the ion-
plasma frequency.

In the first place the magnetic mirror field, in which the cavity for the cyclotron
discharge is placed, was made more symmetrical and stronger. Second, the contin-
uous microwave power, exciting the discharge, was increased to 100 watts, and simul-
taneously the frequency decreased to 2. 8 kmc., With these changes, the condition that
the electron-cyclotron frequency must somewhere in the cavity be equal to the frequency
of the input power could easily be met. At low pressures, ~10--5 torr, a cyclotron dis-
charge producing x-rays could be excited. At higher pressures the yield of x-rays goes
down rapidly; but the discharge becomes brighter. (The electron-cyclotron resonance
discharge is discussed in Section IX-C.)

In our earlier experiment,l we looked for and did not find self-excited oscillations
around w i when a beam was fired into the electron-cyclotron discharge. We concluded
that even if an interaction occurred between beam and ions it was too weak to establish
self-excited oscillations or to build up a measurable signal from noise. Therefore, in
the next set of experiments, a grid-modulated gun was used. Approximately 2 volts rms
was applied to a crude grid across the cathode, at frequencies in the range 10-200 mc.
We measured the modulated beam current reaching the collector, At frequencies around
70 mc there was a pronounced enhancement of the signal when the hot electron plasma
was present. Typically at the peak the RF collector current was approximately 10
times higher with the hot plasma than without it. Since the electron-plasma frequency
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is in a cyclotron discharge with “y SO it follows that in hydrogen the ion-plasma
frequency is indeed of the order of 70 mc. The beam voltage used was near 250 volts,
and the current, 10 ma. The beam diameter is estimated to be 1 mm.

Briggs and Bers2 deduced a condition for infinite gain at the ion-plasma frequency
in an unbounded beam-plasma system. Applying Allis' condition, namely )‘pb < xD, to

our case, we find that the electron temperature of the plasma must be

n

A% >V, —(volts),

TE b n,

where np and n, are the particle densities of the plasma and the beam, respectively,
or, by substituting the relevant numbers, VTE > 2.5 kv. It is unlikely that this temper-
ature would be reached in our 100-watt cyclotron discharge. On the other hand, the con-
dition used may be too strong. It is possible that transverse waves might be responsible
for the amplification observed. Transverse space-charge interaction may occur when
the dielectric constant of the plasma that is perpendicular to the beam (and the external
magnetic field) is negative, The zeros of this dielectric constant are given by Bers.3

Using his notation, we can reduce the equation for the low-frequency root of K| = 0:

) 2 2
“01““pi/<”‘”pe/°’b_>’

since wlz)e » @ Since in a cyclotron discharge the electron-plasma frequency must
+ —

be of the order of the cyclotron frequency of the electrons, we find that an interaction
may occur in our experiment at mpi/\/z_,
M. T. Vliaardingerbroek, M. A. Lieberman
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C. ELECTRON-CYCLOTRON RESONANCE DISCHARGE’=<

Since the last report by Fiocco and Smullin? the electron-cyclotron resonance dis-
charge experiment has been improved through the addition of a large amount of elec-
tronic and other types of equipment. New magnet coils have been built, and it is now
possible to obtain a magnetic field at the center of the magnetic mirror field of over
1000 gauss for almost indefinite periods. It was found that the machine generated large
fluxes of x~-rays, and consequently it was necessary to encase the resonant cavity in a
sheath of 0. 5-inch lead. The x-ray flux is now less than 5 mr/hr in the vicinity of the
machine.

A large number of experiments of an exploratory nature has been performed, and
the principal results of these experiments will be reported on here. In these experi-
ments the discharge was produced in hydrogen by 1-psec pulses of microwave energy
at a frequency of 2800 mc. These pulses occurred 1000 times each second at a peak
level of 50 kw. These pulsed experiments are complementary to the high-power, cw

experiment of R. A. Dandl at Oak Ridge National Laboratory.2

1000-GAUSS PROFILES

AXIS OF ROTATION

CAVITY END WALL CAVITY END wWALL

1000-GAUSS PROFILES

AXIS OF ROTATION

CAVITY END WALL CAVITY END WALL
(b)

Fig. IX-10. The 1000-gauss profiles for magnet currents (a) less
than 46 amps and (b) greater than 46 amps.

s .
This work was supported in part by the U.S. Atomic Energy Commission under
Contract AT(30-1)-3221.
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The steady magnetic field that is produced along the axis of the cavity is in the mir-
ror configuration with a mirror ratio of approximately 4 inside the cavity. The magnets
are capable of producing a field of more than 1000 gauss at the center of the mirror.
The shapes of the surfaces representing the 1000-gauss contours within the cavity are
important. It is on these surfaces that cyclotron resonance occurs, and thus they define
the regions in which the plasma is heated. For low (less than 46 amps) currents in the
magnets, these surfaces of revolution have the form shown in Fig. IX-10a. For magnet
currents greater than 46 amps the 1000-gauss profile has the form indicated in
Fig. IX-10b.

1. Operation of the System

The characteristics of the system are divided into three groups by the background

pressure: the low-pressure region from the base pressure to approximately 2 X 10-5 torr;

> torr to 2 X 10"4 torr; and the high-pressure range

the intermediate range, from 2 X 10~
-4 -3
from 2 X 10 ~ torr to 10 ~ torr. Thus far these constitute the ranges of pressure over

which the experiment has been studied.
a. Low-Pressure Region
(i) X-ray Characteristics

This region is characterized by very strong x-rays of large intensity. X-ray fluxes
of over 2.5 roentgens/hour have been observed at an unshielded port in the cavity. A
crude absorption measurement of these x-rays made by using aluminum indicated that
their energy was approximately 250 kev. The x-ray maximum appears at a pressure
of 7 or 8 X 107° torr.

X-ray photographs of the discharge, obtained by using a fluorescent screen and a
pinhole in the lead shielding, indicate that most of the x radiation is coming from the
cavity end walls. On the photograph there was no evidence of x-rays coming from the
cavity volume or cylindrical cavity walls.

Time studies of the x-rays were made by using an Nal scintillator. The scintillator
indicates that nearly all of the x-rays are produced during the 1 psec in which the micro-
wave power is applied. At the end of the microwave pulse the x-ray intensity falls in
approximately 10 psec to a level of less than 1/1000 that of its peak. The interpulse
x-ray level then decays relatively slowly with a time constant of the order of 10 msec.
The x-rays emitted by the discharge between pulses of microwave energy were found to
be coming from the volume of the discharge and/or from the cylindrical cavity walls.

These measurements indicate that there is a group of high-energy electrons in the
discharge which, in the absence of microwave energy, is confined by the magnetic mir-
ror for times of the order of 10 msec. During the microwave pulse these hot electrons

are forced into the cavity end walls by the large microwave fields.
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As a function of the magnet current, the x-rays first appear at 26 amps and increase
slightly in intensity until 47 amps, whereupon they increase by a factor of approximately

3 for pressures between 5 X 107° torr and 10 x 107° torr.

(ii) Light

The plasma in the low-pressure region generates very little light. Its intensity is
only a few times that of the background. The distinguishing characteristics of this light
are (a) that it continues to build up after the microwave pulse for approximately 10 psec

and (b) that it decays very slowly with a time constant of several hundred microseconds.

This time constant has not been accurately measured.

{iii) Cyclotron Radiation

In this lowest range of pressures a large amount of cyclotron radiation is observed
for magnet currents greater than 45 amps when the 1000-gauss magnetic surface has
the form of Fig. IX-10b. The cyclotron radiation is observed coming back through the
S-band waveguide and through a TR switch placed in the waveguide. The RF envelope
consists of random pulses of approximately 5-psec duration which are observed up to
600-700 psec after the pulse of microwave power from the magnetron. The pulses of
cyclotron radiation are of very large amplitude and are large enough to saturate the
crystal detector placed in the TR switch. The cyclotron radiation has not been thor-

oughly investigated.

(iv) Diamagnetic Signal

In this pressure region the diamagnetic signal is small until the magnetic current
reaches 40-45 amps, and then it increases rapidly with the magnet current. At times
it is possible to observe fluctuations in the diamagnetic signal at a frequency of 10 mc
or 20 mc during the period in which strong cyclotron radiation from the discharge is

observed.

b. Medium-Pressure Range

This region is announced by an abrupt increase in the light generated by the discharge
with a sharp reduction in the x-ray intensity. The transition pressure is between
2 X 10_5 torr and 3 X 10-5 torr. The upper pressure bound of this region is marked by
a further jump in the light intensity and a change in the discharge characteristics. The
upper bound is much less pronounced and occurs between 2 X 10_4 torr and 3 X 10_4 torr.
The lower transition is the most interesting. At the transition point all of the depend-
ent parameters of the system fluctuate wildly: the light, the x-rays, the diamagnetic
signal, even the neutral-gas pressure (as indicated by an ionization gauge). It is believed

that the regime of operation of the system is constantly changing from that of the low-
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pressure range to that of the intermediate range. The frequency of the fluctuations is
slow and is a few per second.

A tentative explanation for these observations is as follows. At the transition pres-
sure the initial operation of the system is that characterized by the lower pressure; the
x-ray intensity is high, with little light and strong electromagnetic fields in the interior
of the discharge. In this type of operation the discharge "pumps" and the particle den-
sity inside the discharge increases with a corresponding decrease in pressure in the
region of the ion gauge. The influx of particles into the discharge, however, has the effect
of cooling the discharge in several ways: first, there are more neutrals to be ionized;
second, the electron, and hence the ion density, increases rapidly, and hence the energy
transfers by electron-electron and then electron-ion collisions rapidly cool the very hot
electrons that were produced earlier; and third, the higher electron density shields the
applied microwave field from this region of the discharge and less energy is available
for further ionization. By these processes the discharge collapses — much fewer x-rays
are produced as the electron gas cools, the light output increases with the electron den-
sity, the diamagnetic signal decreases, and, finally, there is a large outflux of particles
from the discharge. These particles are then pumped away by the pumps and the process

is repeated.

(i) Light

Figure IX-11 is a graph of the light produced by the discharge as a function of the
background gas pressure. These curves represent a 5-psec integration of the light during
the peak of the light pulse (approximately 5 psec after the end of the magnetron pulse).
The violent fluctuations of the light in the 50-, 60-, and 70-amp curves at 3 X 10—5 torr
are due to the previously described process and to the inability of the x-y recorder to
follow the fluctuations of the signals. The near linearity of the curves suggests that the
electron density is relatively independent of neutral density over this whole range.

As a function of the magnetic field, the light has two maxima as shown in Fig. IX-12.
At the first maximum, which occurs at 26 amps, the 1000-gauss points on the axis are
at distances of 1.25 \/4 from the left wall and 1.5 \/4 from the right wall of the cavity.
Here, \ is the free-space wavelength of the microwave energy. There is some question
as to the accuracy of the distance measurements, and it is believed that this first maxi-
mum may occur because the 1000-gauss profile coincides with the first local maximum
of the microwave electric fields within the cavity. These maxima would be expected to
appear at \/4 from each of the cavity walls. The second maximum of the light occurs
just at the point at which the 1000-gauss profile passes through the center of the magnetic
mirror. Therefore, this is the transition point between the two types of 1000-gauss pro-
files illustrated in Fig. IX-10.

The shape of the light pulse in the intermediate-pressure regime is similar to its
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shape in the low-pressure regime. That is, the light continues to increase after the end
of the microwave pulse. The maximum light intensity occurs approximately 5 psec after
the end of the microwave pulse. The light then decays until the next pulse occurs. The
light-decay time constant in this range is given by the empirical relationt = 5 X 10_9/p,

where p is in torr.

(ii) Diamagnetic Signal

Figure IX-13 is a graph of the relative diamagnetic signal strength as a function of
the magnet current for various pressures. The interesting feature of these curves is
their insensitivity to pressure changes. This is especially true at the breakdown point
of 27 amps of magnet current. This indicates that the stored energy in the plasma is

nearly constant in this range.

(iii) X-rays

Figure IX-14 is a graph of the x-ray intensity, as observed by using a sodium iodide
scintillator, as a function of the magnetic field for the various pressures indicated.
Here, one sees the rapid fall-off of x-ray intensity with increasing pressure. It is inter-
esting to note that for the curves at 4, 6, 8, and 10 X 1072 torr the product of the x-ray
intensity at the first peak and the pressure is very nearly constant.

¢. High-Pressure Range

The high-pressure range begins at approximately 2 X 10"4 torr and extends above
10_3 torr, which is the greatest pressure that has been investigated.

(i) Light

Figure IX-15 is a graph of the integrated light intensity as a function of pressure for
various magnet currents. The only conclusion that could be drawn from these curves
is that the light increases approximately linearly with pressure and that the transition
from the intermediate range occurs at a pressure of 1.5 X 10_4 torr.

Light as a function of magnet current is given in Fig. IX-16. One can see the maxima
in light intensity at 27 amps and 46 amps which were also present in the intermediate-
pressure range. Here, however, we see that breakdown occurs at lower magnet currents
for the higher neutral-gas pressures.

The time dependence of the light pulse in this pressure range is different from that
of the lower pressure ranges. The maximum of the light pulse coincides with the end
of the microwave pulse — the light begins to decay immediately. The initial decay rate
is considerably larger that its value a few microseconds later. At lower pressures the

light continues to rise after the end of the microwave pulse for a few microseconds.
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(ii) Diamagnetic Signal

The diamagnetic signal as a function of the magnetic field is shown in Fig. IX-17
for the high-pressure region. The curve taken at a pressure of 2 X 10-4 torr belongs
in the intermediate-pressure range. Of particular interest in these curves is the fact
that the sharp maximum at a magnet current of 26 amps does not exist in the high-
pressure ranges. Also, the diamagnetic signal decreases with pressure, although in the
intermediate range it increases with pressure. This indicates that the electron density
is increasing with pressure and shielding the plasma from the microwave fields in the
higher pressure range. The behavior of the light and the diamagnetic signals indicates
that the electron gas on the average is much cooler than at the lower pressures. There-
fore, it appears that future experiments will be mostly concerned with the lower pres-

sure ranges.

PRESSURE
10 X 1074 TORR

RELATIVE FLUX CHANGE

l l

0 10 Pl 30 40 50 60 70 80

MAGNET CURRENT ( AMPERES )

Fig. IX-17. Diamagnetic signal for the high-pressure range.

(iii) X-rays

In the high-pressure range the average x-ray intensity is very small. The ratio of
the x-ray intensities during and after the microwave pulse is much smaller than at lower
pressures and is approximately 5 or 10. Thus most of the x radiation occurs between

the pulses.
T. J. Fessenden
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D. WAVE PROPAGATION IN HOT-ELECTRON PLASMAS
1. Introduction

The observation of low-frequency (~wpi) oscillations in a beam-plasma discharge
has stimulated the theoretical study of hot-electron plasma waveguides. An initial
approach was made by Briggs and Bers. 1-3 They made use of the quasi-static approxi-
mation and the assumption that the thermal velocities are much larger than the beam
velocity. The thermal motion of the electrons was assumed to have only a longitudinal
component and was introduced into Maxwell's equations by using the Boltzmann transport
equations. It is our intent to extend their work, in order to obtain more rigorous and

general solutions of the hot-electron plasma problem.

2. Longitudinal Waves in an Infinite Plasma

In order to make a comparison between the transport equations'and kinetic theory
in their ability to describe a hot-electron plasma, longitudinal waves are being studied.
An infinite plasma with cold ions and hot electrons is being investigated in three ways

and the results will be compared. The three approaches involve:

a. Transport Equations

The ions are assumed to be cold and described by a delta-function at zero velocity.
The electrons are assumed to be characterized by a double humped distribution fe,
symmetric about zero velocity. The drift velocity associated with the humps is Uy
and the spread is described by Vo (Fig. IX-18).

The following dispersion equation was obtained for longitudinal plane waves.

2 2
w . w
pi “pe ) )
0=1-— -—3 ok )z_kzz+(+ku)z_kzvz
w w uo VT () o T
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Fig. IX-18. Distribution used in transport equations.

b. Resonance Curve Distribution

The ion velocity distribution is assumed to be a delta-function at zero velocity. The
electrons are described by a double humped resonance distribution (see Fig. IX-19). A

dispersion relation was obtained by using kinetic theory and is

wZ wZ
pi ~ “pe ] ]
0=1-—"%1+7 2t 2
w (1w—1kuo+va ) (1w+1kuo+va )
a _a_
fo = 212 N 272
[vrug) 2w 1? Lv-u) 2oy 212
—/-ir\
I
| !
=-u Uo v >

o

Fig. IX-19. Resonance distribution.

c. Square Distribution

Kinetic theory was used with a symmetric, double-square, distribution for electrons
(see Fig. IX-20). As before, the ions were described by a delta function at zero veloc-

ity. The resulting dispersion relation is the same as that obtained from transport

theory,
2 2
“’pl wpe 1 1
0=1- - +
wz 2 ) kZVZ ) kzv%
(w—kuo) ) (w+ku0) T

All the dispersion equations are sixth order in « and fourth order in k. The dis-
persion curves (w-k) are being evaluated by the IBM 7090 computer, and the results
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Fig, IX-20, Square distribution,
will be presented as plots of complex w vs real k.

3. Hot-Electron Plasma Waveguidses

The key to the dispersion relations for a finite plasma appears to be the dielectric
tensor K defined as

VXH=jw€OE+J=jw€OK'E.

The current density J is, in general, a function of the electric and magnetic field.
Expressing J entirely in terms of E results in the K tensor becoming an operator.
For a finite plasma this tensor must be general enough to allow for the necessary trans-
verse variation required to satisfy the boundary conditions.

Theoretical work has been started on the description of a waveguide filled with a
cold-ion, hot-electron plasma. The random energy of the electrons is restricted to
the longitudinal direction. Transverse AC and longitudinal DC magnetic fields are
included. The electrons are described by an infinite number of streams in the manner
described by Serafim.4 The K tensor below has been obtained by extending these sum-

mations to integrals.

Kin K Ky
K=1K;, Koo Kys
K31 K3y Kgg

In cylindrical coordinates, with 9/986 = 0.

2
w
p wdf(vo)
K=t zy 2 2 Vo
0)(02
b p wdf(vo)
Kip=—3 gz_ 7 v,
w (.Ob (.Od
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wyg T @- kvo n = particle density
2
, a'n .
ws = q/m = charge to mass ratio
p € m

At the present time, the integrations are being carried out.
B. Kusse, M. T. Vlaardingerbroek
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E. COMPUTER ANALYSIS AND DISPLAY OF WAVE INSTABILITIES

Techniques are being developed to use a digital computer and display device to facili-
tate applying the stability criteria derived by Bers and Briggs.l

The computer system is the IBM 7094 of Project MAC. A display console built by
the Electronics System Laboratory, M.I.T., is connected to the Direct Data Connection
of the IBM 7094 Data Channel.

The method of solution lies in first solving for the roots of the dispersion relation
D(w, k) = 0 as a polynomial in w with real values of k. The complex w-plane is then
displayed to show the contours of the roots of complex w as real k varies. D(w,k)=0
is then solved as a polynomial in k with w varying over values determined from the
display of the w-plane. A display of the k-plane now shows the contours of the roots
of k from which stability information can be determined.l

We have written a test program that solves for the roots of a dispersion relation
whose solution was known previously. This program calculates the coefficients of the
polynomial for a range of values of the variable (either w or k), solves for the roots
of the polynomial, and then displays these contours. At present, changing from the
w=-plane to the k-plane is accomplished by reading a second program into the computer.
Provisions for dynamic interaction with the program are now being planned.

Photographs of the w-plane and k-plane displays for a particular example are

shown in Fig. IX-21,
A. Bers, J. D. Mills
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[See next page for Fig. IX-21.]
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F. FUSION REACTOR BLANKET EXPERIMENT

1. Tritium Gas Target System

The operation of the tritium gas target that was designed to produce 14-mev neutrons
by the H3(d, n)He4 reaction to bombard the fusion reactor blanket mock-up at the
positive-ion facility of the Air Force Cambridge Research Laboratory, Bedford, Massa-
chusetts, is described in this report. The construction of the gas target itself has been

described earlier.l

a. Collimation System

The gas target holder is connected to a collimation system (see Fig. IX-22) and con-
sists of (i) an aperture assembly with a 0. 25-inch I. D. aperture and 0. 5-inch I. D. baffle

CLAMPING NUT

APERTURE ASSEMBLY

ADAPTER TO ANALYZED-BEAM

TUBE OF Van de Graaff TARGET BASE

HARD-SOLDER JOINT

TARGET TIP

0.25 INCH APERTURE DISC

(WATER-COOLED) ™~ GAS CHAMBER

DEUTERON BEAM ——=
ALUMINUM WINDOW

COPPER SEALING RING

M~ TARGET HOLDER

NYLON SPACING RING —

SILICONE RUBBER O-RING -~ 0.375 - INCH |.D. ELECTRON REPELLER (-135 VOLT DC)

0.5~ INCH |.D. BAFFLE TO TRAP DEFLECTED IONS

Fig. IX-22. Collimation system for gas target assembly. Aperture assembly,
electron repeller, and target holder are held together by iron
bolts covered with teflon tubing; use of fiber washers makes these
joints electrically insulating. Water-cooling of 0.25-inch I.D.
aperture disc and target holder is not shown.

to trap the deuterons that are deflected by large angles upon collision with the edge of
the aperture, and (ii) an electron repeller with a 0. 375-inch I. D. opening that is main-
tained at —-135 volts to prevent the secondary electrons, which are emitted when deuterons
strike the aperture and target, from confusing beam-current measurements. The aper-
ture disc and the target holder are water-cooled. The components are positioned by
nylon spacing rings, sealed by silicone rubber O-rings, and fastened by screws that are
protected with teflon tubing and fiber washers to keep the joints electrically insulating.

The assembly was attached to the analyzed beam tube of the 1-3 mev Van de Graaff
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accelerator at the Air Force Cambridge Research Laboratory. Since the end of the tube
was insulated from ground, the connection between the aperture assembly and the tube
was not insulating.

The currents flowing from the aperture assembly, the electron repeller, and the
target were monitored during the runs. The current from the electron repeller was
zero. The target current measured the intensity of the deuteron beam, and the aperture
current measured the focus and alignment of the beam. For a well-focused and cor-

rectly aligned beam of 3 pa on the target, the aperture current was <0.5 pa.

b. Uranium Reservoirs

The tritium for the gas target was obtained from uranium tritide in stainless-steel
reservoirs, one of which is shown in Fig.IX-23. The system is similar to that described
by Johnson and Bemta.2 The tritium was released by heating the reservoir to 410°C.
For this purpose, a nichome heating wire was threaded on a boron nitride cylinder that
could slip on the reservoir; a larger boron nitride cylinder covered the assembly.
Stainless-steel snap rings held the heater in place. The temperature was measured by
an iron-constantan thermocouple that was spot-welded to the bottom of the reservoir.
The reservoir was sealed inside a water-cooled protective can to trap any tritium that
might diffuse through the walls of the reservoir during the heating cycle.

The reservoir was constructed by welding a plug to the bottom of a stainless-steel
tube 4 inches long, 0.25 inch I.D., and 0.375 inch O.D. The oxide layer was removed
from 5-7 grams of depleted uranium foil scrap by momentarily immersing the foil in
concentrated nitric acid, then rinsing, first in distilled water and finally in acetone.

The air-dried foil was minced into the reservoir; the volume above the uranium was
packed with glass wool, and the tube was welded to the stainless-steel feed tube
(0.375 inch O.D., flared to 0.25 inch at the point of the weld) which led through the lid
of the protective can (where it was fastened by a soft-solder joint). The other end of the
feed tube was soft-soldered to a Hoke bellows valve (either No. 482 or A431). Johnson
and Banta recommend a 0. 125 inch O.D. feed tube butt-welded to a 0. 25 inch O. D.
plug, but we found that the butt weld leaked. Helium was flowed in through the furnace
valve before heliarc welding to avoid igniting the uranium during the welding process.
During the weld the reservoir tube was cooled by a wet cloth. Care had to be taken
during the final stages of the welding that the heated gases inside the reservoir did not
cause a pressure build-up and a blow-through in the weld. After the reservoir had been
welded onto the lid assembly, the whole assembly was helium-leak tested before the
thermocouple and heater connections were spot-welded into place.

The reservoir assembly was then connected to a manifold and pumped to ~1p with
the reservoir temperature at 410°C. Afterwards the reservoir was cooled to approxi-

mately 200°C and hydrogen was let into the system. After a short delay caused by
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hydrogen diffusion through the surface oxide on the uranium, up to 1 liter-atmosphere
of hydrogen was taken up within 30 minutes. After the hydriding reaction had ceased,
the furnace was heated to 410°C and the hydrogen was pumped off to ~1 p. This cycle
was repeated several times to ensure activation of all of the uranium in the reservoir.
If all of the uranium had been packed below the level of the heater, a system volume of
hydrogen let in at 1 atm could be driven off at 1 atm by raising the reservoir tempera-
ture to 410°C — even in the presence of excess uranium. The excess uranium was nec-
essary so that small amounts of air which would inevitably leak into the reservoir through
the valve seat during transfer operations could be combined with the uranium (as a ura-
nium nitride and uranium oxide) without impairing the effectiveness of the reservoir.
For transportation purposes the uranium reservoir in the protective can was placed
in a helium atmosphere in a container whose lid was sealed with an O-ring. This con-
tainer was, in turn, placed in a "2R" container that consisted of a cast-iron pipe with

end caps.
c. Gas-Handling System

After the reservoir had been filled with 30 curies of tritium at the New England
Nuclear Corporation in Boston, it was transported to AFCRL and connected to the gas-
handling system shown schematically in Fig. IX-24, which consisted of an inner system

QUTER SYSTEM INNER SYSTEM
THERMOCOUPLE BOURDON GAGE INNER MANIFOLD
VACUUM GAGE (0 - 30 INCH HG) (BRASS BLOCK)

TARGET

!

+— TRITIUM RESERVOIR IN
PROTECTIVE CAN
(WATER-COOLED)

LEGEND TO HELIUM ~-——o
TANK

0.125 - INCH TUBING

0.25 - INCH TUBING ‘

®  HOKE BELLOWS VALVE TO FORE PUMP

(NO.482 FOR OUTER SYSTEM,
NO.A431 FOR INNER SYSTEM)

STAND-BY RESERVOIR VENTED ASBESTOS BOX

IN LIQUID NITROGEN
BATH

Fig. IX-24. Gas-handling system at the Air Force Cambridge
Research Laboratory.

made of 0. 125-inch copper tubing, a Bourdon gauge (0-30 inch Hg), the reservoir, a
stand-by reservoir, and the gas target; and an outer system that contained a thermo-
couple vacuum gauge for routine leak checking and measuring the final take-up of tritium
into the reservoir, and connections to a helium line for leak testing and to a forepump.
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The stand-by reservoir was included in the system in case it became necessary to
remove the tritium from the system while the tritium reservoir was still hot.

To reduce tritium contamination of the air in the target room, the asbestos box that
contained the reservoirs and the forepumps for the tritium handling system and the

accelerator were exhausted from a point 50 ft above the ground outside the building.

d. Safety Precautions

The work with the tritium required an ammendment to the AEC by-product material
license held by M.I.T. In order to obtain this ammendment a comprehensive study3
of the hazards involved was made with the cooperation of the Radiation Protection Com-
mittee of M.I. T. and the Wing Radiological Hazards Committee at AFCRL, and appro-
priate safety precautions were developed. Of chief concern were the possible release
of all or some of the tritium into the atmosphere, and the contamination of personnel
who operated the tritium system or who worked in the building.

A particular source of tritium release was the possible failure of the aluminum tar-
get windows. Extensive tests showed that while the window apparently would operate
indefinitely (more than 12 hours) with a defocused beam of 6-7 pa, it would break within
a minute at approximately 8 pa. Here a defocused beam is defined as one for which the
target current and aperture current are equal. To guard against an accidental increase
in current on the target window, a gate valve in the beam tube was closed automatically
when the target current exceeded 7 pa. The gate valve was also closed automatically
by a rise in pressure in the beam tube, or could be closed manually from the control
room. A drop in the neutron flux, as monitored by a BF3 detector, was also an indica-
tion of a leak.

Since there appeared to be a real possibility that all of the tritium might be released
to the atmosphere in spite of the precautions, the total amount of tritium was kept to a
minimum. As a result the tritium system volume had to be kept as small as possible.
This led to a search for the smallest possible valves, gauges, and so forth, that could

be used. The system described above appeared to be satisfactory.

e. Preliminary Operations

Before tritium operations began, the system was operated with deuterium. Meas-
urements were made of the integral flux of neutrons from the Hz(d, n)He3 reaction with
1 atm of deuterium in the target, by means of a calibrated BF3 neutron detector. In
Fig. IX-25 the experimental results, corrected for the energy degradation in the alumi-
num window, and the background neutrons (which were measured in a similar run with
1 atm He in the target), are compared with the calculated results of a theor‘y4 that was
developed earlier. A sharply focused deuteron beam of 3 pa was used for these

runs.
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ENERGY OF DEUTERON BEAM STRIKING TARGET WINDOW (MEV)
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Fig. IX-25. Comparison of experimental and calculated values for neutron flux
at a point 280 cm from a deuterium gas target at an angle 12.5°
from the path of the deutron beam. Target contains 1 atm deute-
rium. Experimental points are corrected for background neuterons
measured in a run in which target was filled with 1 atm He.

f. Operations with Tritium

After the tritium system shown in Fig. IX-24 was evacuated and checked, the valve
connecting the inner and outer systems was closed, and the tritium reservoir was
heated. Within approximately 20 minutes all of the tritium had been driven into the
system, thereby raising the pressure to 0.6 atm. When the pressure had reached
this (or a lower) limit, the target valve was closed, and the reservoir was allowed
to cool, thereby reducing the pressure to less than 0.2 inch within a few minutes.
The reservoir valve was closed and the run was begun. After the run the target
and reservoir valves were opened to allow the gas in the target to be returned to
the reservoir. Within a fewminutes the pressure was reduced to <0.2 inch Hg;

within an hour the pressure could be reduced to <10 p Hg. (In spite of these
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splendid beginnings, the system did not operate satisfactorily.)

From the early runs it was concluded that between the times that the tritium reser-
voir was removed from the filling manifold and it was sealed in a helium atmosphere
for transportation, air had entered the reservoir through the reservoir valve, which had
not been properly closed, oxydizing some of the T2 to TZO‘ Overnight, between the
time of installation of the reservoir and the first run, up to 10 curies of tritium were
pumped out of the valve and exhausted up the stack. We reached the above-given con-
clusions on the basis of the following facts: (i) When the reservoir valve was opened
for the run, it was found to be loosely closed. (ii) A careful calculation of the system
volume revealed that less than 30 curies of tritium were being released when the res-
ervoirs were heated — if all of the gas was assumed to be tritium. (iii) The neutron
yield was low by a factor of 2. (iv) The shape of the curve of the neutron yield vs deu-
teron energy indicated the presence of a contaminant with a higher atomic number
than 1. (v) The tritium contamination in the oil of the forepump was too high (8 mc/liter)
after the first four runs to be explained as holdup of the few microcuries of T2 which
were evacuated from the system at the end of each run; if there were TZO in the gas,
however, the high holdup was plausible.

At this point in the operations a leak developed at the joint at which the target line
was soldered to the target valve — after the target had been filled and isolated from the
system. The air leaked into the target to raise the pressure inside from 0.5 atm to
~1 atm. The two reservoirs were able to absorb all but a small amount of gas in the
system (<5 mc had all of the gas been T,); the remainder was exhausted through the
forepump up the stack. It was necessary to dispose of both reservoirs. New ones were
prepared under stricter specifications.

In the preparation of the second set of reservoirs, it became apparent that there was
only a small difference between the tightness of the closure of the bellows valves which
gave a satisfactory seal and that which would crack the bellows. Two alternatives were
possible. (i) A larger and more sturdy commercial valve could be used, thereby
increasing the volume of the system. This procedure would require a change in the AEC
by -product material license. (ii) A custom-made valve in which the valve stem was
supported by more than the bellows could be designed which would be sufficiently sturdy,
and would still have the requisite small volume. The delays entailed by either alterna-
tive, coupled with the recent availability of Cockcroft-Walton accelerator (with which a
solid tritium target can be used) at M.I. T., led to the decision to terminate gas target
operations at AFCRL.

g. Tritium Contamination

During operations with tritium a program of wipe tests was conducted to control

the spread of tritium contamination. The outside of the reservoir itself was highly
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contaminated from its presence in a tritium hood during the filling operations (and pos-
sibly by tritium leaking through the reservoir valve). Immediately after the installation
of the reservoir in the asbestos box, the whole inside of the box showed a tritium con-
tamination of approximately 500 dpm for a 10-c:rn2 wipe. Within a few days, however,
the air flowing through the box (vented to the outside) had reduced contamination below
measurable levels.

The only other major source of contamination was tritium adsorbed on the inner
walls of the target chamber, which was released when the target windows were changed
after each run as required by the AEC by-product material license. During window
changes a portable hose connected to the ventilation system was held close to the tar-
get to entrap any tritium that might otherwise be released to breathing zones.

An air rnoni‘cor5 was used throughout all operations and indicated that at no time
did the tritium concentration in the air exceed permissible levels (2 X 10—3 pc/cm3).
After 4 runs, urine samples were taken from all personnel in the building and analyzed
for tritium content. In spite of the fact that disposable plastic gloves were worn by those
handling potentially contaminated equipment, samples from the author and an assistant,
who were involved in window changes, and from the technician who operated the acceler-
ator, were 6.0, 4.0, and 0. 6 pc/liter (uncertainty is ~0. 2 pc/liter), which are less than
the permissible level of 28 pc/liter. Samples from other personnel in the building,
including those who supervised the window changes, showed no activity, indicating that
contamination was spread by contact with contaminated equipment, rather than by inhala-

tion of contaminated air.

2. Threshold Detectors

The following information is added to the previous report1 of the series of threshold
detectors which is being used to measure the neutron-energy spectra in the fusion reac-

tor blanket mock-ups.

a. Uranium

The natural uranium foils have a background activity of “'105 cpm on the counting
equipment used in these experiments. When the foils were irradiated for several hours
at neutron fluxes of approximately lO6 n/(:mZ per sec, the activity was increased only
by a few per cent. As a result the activity of the fission products that recoil into Mylar
catchers will be counted, instead of the uranium foils themselves. Although the effi-

ciency of the catcher technique is less, the counting statistics are much better.

b. Iron

6

The decay of Mn5 from the Mnss(n,y) reaction provides an undesirable background

to the desired Mn56 activity from the Fe56(n,p) reaction, even if there is only the
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0.5 per cent manganese present in commercially available high-purity iron. The iron
foils used in these experiments were cut from a slug of iron with less than 10 ppm man-

ganese which was obtained from the Department of Metallurgy, M.I.T.

c. Iodine

The foils used to measure the 1127(n, Zn)I126 threshold reaction are made by com-
pressing 2 grams of hexaiodobenzene powder into a mold at a pressure of 100 tons/inz.

The resulting pellets are of uniform size, nonhydroscopic, and reasonably sturdy.
3. Experimental Procedures

In the first series of runs axial and radial tranverses are being made in an all-
graphite blanket mock-up with the threshold detectors to provide data for the devel-
opment of a Monte Carlo code that is being written to provide a detailed description of
the fusion blanket experiments. Details are shown in Fig. IX-26.

The mock-up is a graphite cylinder 45.7 cm in diameter and 1. 48 cm thick, which
consists of 26 graphite slabs. In the center of each slab is a circular depression 1.91 cm
in diameter and 0. 48 cm deep, which holds a cadmium pill box with the threshold detec-
tor(s). Two slabs have series of depressions along radii as well. Depressions that
are not being used for foils in a given run are filled with a graphite button. The mock-up
rests on an aluminum cart that can be rolled away from the target to remove the foils
after the run. This procedure reduces exposure from the beta and gamma radiation
that is induced in the target by the 14-mev neutrons.

The foils are counted by using an automatic sample changer that counts each foil
for a preset number of counts and records the time required for the count. A computer
program "SAMTAPE" has been written to reduce the data. The initial activities are
computed by a modification of the Frantic program6 which fits a sum of exponentials
(with known half-lives) to the reduced data.

The axial and radial traverses that have been measured to date with iron and fluorine
(teflon) foils are presented in Figs. IX-27 through IX-29.

P. S. Spangler
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G. MODEL FOR ANOMALOUS RADIATION IN THOMSON-SCATTERING
EXPERIMENTS

The possibility of using intense monochromatic light beams to determine the velocity
distribution of plasma electrons is being explored in many laboratories. This deter-
mination, based on measurement of the Doppler-broadened spectrum of a Thomson-
scattered laser beam, appears to have sound theoretical footing, and the experimental
techniques have been developed to a high degree of sophistication. Nonetheless, experi-

’

men’csl 2 have been plagued by an unexpected broadband light signal from the plasma
that often completely swamps the desired Thomson-scattered signal. We have developed
a tentative explanation of this anomalous radiation and have completed an order-of-

magnitude estimate of its importance.
1. Experimental Results

The experiments discussed below were performed near the core of a hollow-cathode

discharge plasma generator.3 The plasmas investigated (hydrogen, helium, and argon)
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Fig. IX-30. Schematic diagram of Thomson-scattering experiment.
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for two cases, the incremental density increase, and the ratio of anomalous to Thomson-

scattered radiation.

3. Computation of Photoionization Cross Section

The cross section for photoionization of a hydrogenic atom or ion from the state with

principal quantum number j by a photon of frequency v is given4 by
a(v.j) = g 32m’ O Rz /3320203, (1)

where R is the Rydberg constant and gj is the gaunt factor. For ruby laser frequency,

1.0, this becomes

n

J=3andg,
J

5y = 3450 % 10718/55 cm?. (2)

The approximate cross sections given by Eq. 2 agree within 5 per cent with those given
by the asymptotic expression derived by Bur‘gess5 and the numerical values tabulated
by M(:Dowell.6

The photoionization rate depends on the product of cross section and population for

Table IX-1. Tabulation of the lifetime against radiative decay, T lifetime against
excitation, Te’ and the lifetime against photoionization for some excited

states of the hydrogen atom. The plasma and photon beam parameters

are listed.

j T T ()=j+1 T .

: (sei) e?sei) ! (sEJc)
3 1.02x 1078 - 2.9% 10"
4 3.35% 1078 - 1.2x10°°
5 8.80x 1078 - 3.8x107°
8 3.6% 1077 3.9%107°
9 [Tr~j4‘ 5} 2.4%x 1077 7.1%x107°
10 1.8 x 1077 1.2x 1074
n, = 1013'/crn3 20 joules
T,~ lev 1073 sec
0.28 cm’
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each ionizable state (j =3 for 6934 .f&). In the absence of the leser pulse, the lifetime

of the lower excited levels is determined by spontaneous decay to lower energy states.
The numerical values of T the lifetime against radiation, have been computed by Bethe
and Salpeter7 and are listed in Table IX-1.

The lifetimes of the upper (n>7) excited levels are determined by collisional effects.
This can be inferred from the theoretical and experimental result that in dense plasmas
the upper states are in "Saha equilibrium" even though the plasma may be optically thin.
Numerical values for the electron impact excitation cross sections are best evaluated
by using Seaton's semi-empirical formulation, but for the upper levels these results
are in the order of magnitude agreement with results based on the much simpler clas-

. . .8
sical expression
oli,j) = 7 e E“[E{j‘—E“IJ cgs, (3)

for the cross section for transition between states of energy difference Ei' caused by
collision with an electron of energy E. The lifetime against excitation from state j to
state j + 1, Tet in a plasma density 1013/cm3, where all electrons have 1 ev energy,
computed from Eq. 3, is tabulated in Table IX-1. The actual lifetime must be much
shorter than the tabulated values because the myriad of other possible reactions (j—=j+2,
j—=j—3, etc.) have been ignored.

The lifetime against photoionization from state j is

_ -1
Tpj = Pppi®) (4)

where np is the photon density in the laser beam and c is the velocity of light. If we
consider a 10_3-sec long square pulse of 20-joule total energy focussed to a beam diam-

eter of 0. 6 cm, we find

T . =1.2% 10"93'5 sec. (5)

pJ
Equation 5 is also tabulated in Table IX-1. Notice that for any j, the lifetime against

photoionization is much larger than either TpOr T The conclusion is that the laser
pulse itself will not cause significant changes in the relative or absolute populations of
the excited states. Thus, we can compute the photoionization rate on the basis of the

population densities existing before the laser pulse.
4. Photoionization Cross Section
a. Maxwellian Electron Distribution

To simplify the following discussion, we consider one particular set of plasma
properties. The values chosen are appropriate to the experiments described above.

We take n,=n = 5 X 1013/cm3, kTe/e = 2. 8 ev, and fix the density of neutral atoms,
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n, at 2 X 1014/cm3 (that is, a background pressure of 6 microns).
McWhirter and Hearn9 have recently published the results of a theoretical study of
the instantaneous population densities of excited levels of hydrogenlike ions in a plasma.

They present an extensive tabulation of the coefficients Cj and Dj appearing in the

expression
n,
J n,
—=C. +D- s (6)
nJ%? J s

where nj is the density of the jth excited levelaad nf is the Saha equilibrium population
of the same level. Their results are in excellent agreement with the rather limited
experimental data.10

For the plasma conditions assumed above, we find that the second term on the right-
hand side of Eq. 6 is much larger than the first. This is a statement of the physical
fact that the levels below j ~ 10 are populated by direct excitation from the ground state
far more strongly then by cascade from the higher levels. This situation is common to
many laboratory plasmas in which the electrons have a Maxwellian velocity distribution
but the ground state is continually flooded by an influx of cold neutrals.

The macroscopic photoionization cross section, X, may be defined by

0
Z = z nJ.o-pJ.. (7)
=

We find, after application of Egs. 2 and 6, that the first five terms of Eq. 7 yield
Zr: 2% 107" em ! (8)

It is interesting to note that the j=3 contribution to the cross section exceeds that of the
others (j 24) more than an order of magnitude. Furthermore, for the given conditions,

the numerical value of Z is almost directly proportional to the neutral density.
5. Streaming Electrons

Excitation from the ground state, the dominant process here, is a strong function
of the high-energy tail of the electron distribution. We shall estimate the importance
of a streaming high-energy group for the specific case of a helium plasma formed in the
hollow -cathode discharge plasma source.
The steady-state density of an excited level is given by
nj = nlcrlj(v*) nZv*TJ, (9)

where ¢.. is the cross section for excitation from the ground level to state j by electrons

1
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: * * o, .
of velocity v, and n, is the density of electrons with this velocity. We assume the
presence of a single group of streaming electrons and consider only direct excitation
and radiative decay. The core of the hallow-cathode discharge plasma is traversed by

a high-energy group of streaming electrons with an estimated energy of 30 ev and a

density of approximately 5 X 10"/cm3.3
For the 132 —~ 1s 3p transition in neutral helium, Eq. 3 gives T3~ 2 X 10-18 cmz.
Lees' experimental value for this cross section is 0.72 X 10-18 crnZ.11 We take T3 =

10718 cm?. The lifetime, T of the 3p state is 11.5 X 1078 sec. Therefore, the mac-

roscopic cross section resulting from the streaming group is

Z 5% 108 cm™!. (10)

Thus, for a rather typical laboratory plasma, the contribution to the photoionization
cross section by streaming electrons is comparable to that of the main body of the elec-
tron distribution. Note that the value of Z' also varies directly with the background
pressure.

6. Density and Recombination Increments

The increment in plasma density at the point of observation is determined by the
balance between the production and diffusion rates at the point of observation. Within
the accuracy of the present computations, it is probably sufficient to assume that the
excess plasma produced fills the entire length of the magnetic flux tube intersecting
the observation region and that the lifetime, L’ of an ion in this flux tube is that of an
average plasma ion. The assumption of uniform density within the flux tube is justi-
fied by the arguments that the excess density perturbation should spread along field
lines with a velocity near that of an ion sound wave and that the sound-wave transit time
for the system is short compared to the build-up time of the anomalous radiation pulse.
The second assumption is bolstered by the agreement between L and the decay time

of the radiation pulse observed in preliminary experiments. Thus, we have

dné npc = né
T T (11)
L1 L

where n'e is the increment in plasma density, npc is the photon flux during the laser
pulse (2.4 X 1023/cm2

in the present case), the system length, Il’ is 30 cm, and TL
is 5 X 10_3 sec. For the steady-state solution, this yields

3

nl = 1X 1012/cm . (12)

The increment in the volume recombination rate, W, is given by
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AW = 2a(n_,T ) nn' cm > sec 1, (13)
e e € e

where the recombination coefficient, e, is a function of density and temperature because

three-body recombination is the dominant process. For a(5 X 1013/cm3, 2.8 ev)= 10—12,
. 12,13
we find
AW = 1% 101 /cm? sec. (14)

7. Comparison of Radiation Intensities

The Thomson-scattering rate, WT()\), for a Maxwellian distribution of free electrons

at temperature T is

npcnecT _()\/)\T)Z
WT()\) =—e¢€ s (15)
nl/zx
T

where \ is the wavelength shift, ng is the density of free electrons, O is the Thomson-
scattering cross section, and for 90° scattering of radiation of wavelength )\o

2

M

= 8AKT/mc”. (16)
The scaling coefficient, )‘T’ is the linear Doppler shift for a particle with 8 kT energy.
For the parameters listed above,

2 <
10 e (n/45. 6) pho‘cons/cm2 sec A . (17)

WT()\) =9.8% 10
The increment in recombination light per unit wavelength, AW(\), is a number that

is more difficult to estimate, but we shall use Seaton's value computed for recombination
in tenuous plasmas14 corrected by the ratio of collisional radiative to purely radiative

recombination for the hollow-cathode discharge plasma. This process yields

1
2\(()\0) n.ng
1N
o)

AW ()\O)

1.5 X lOlophotons/cm2 sec A. (18)

The agreement between WT()\), the volume emission rate of Thomson-scattered pho-
tons, and AW(XO), the volume increment in recombination photons near )‘o’ is evidence
that the mechanism proposed may, in truth, be the source of the anomalous signal.

Entirely apart from the assumptions made in the calculations above, there is another
factor acting to increase the ratio of recombination to scattered signals. The rates

above have been calculated for a unit volume of plasma, but the plasma volume actually
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emitting increased recombination far exceeds the plasma volume traversed by the laser
beam. The ratio of signals received must therefore be multiplied by the ratio of active
observation volume to the volume traversed by the laser beam.

The mechanism proposed here should be most important in plasmas of relatively
high electron temperature and low degree of ionization. A more sophisticated analysis
of its relative importance as a function of plasma properties is under way. It should
be noted that large anomalous signals do not obviate the use of Thomson-scattering diag-
nostics because the unpolarized recombination signal is inherently different from the
polarized scattered radiation. The Doppler-shifted signal can be retrieved as the differ-
ence between the radiation intensities in the polarizations parallel and perpendicular to
the input laser beam.

The increment in recombination light depends linearly on the background pressure
in the plasma. Experiments now under construction should quite easily be able to deter-
mine its importance for the hollow-cathode discharge generated plasma.

L. M. Lidsky, D. J. Rose, E. Thompson
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H. FIELD CONFIGURATIONS IN THE STUFFED CUSP

"Minimum-B" confinement systems appear to offer the best hope of stable plasma

confinement. As a preliminary step in the design of an experiment embodying this
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Fig. IX-32. Contours of constant ]Bl in a stuffed-cusp system. The coil separation
is 1.4 X the coil radius. F, the ratio of central conductor to coil current,

is 0.2. The scaling factor between |B| and current is p/2m, that is, B =

2 X 10_3 gauss/ampere-turn for a 1.0-meter radius.

principle, we have been study ing field configurations in the stuffed cusp (a spindle cusp
with the addition of a current-carrying conductor along the central axis). Figure IX-32,
an early result of these studies, is a plot of the contours of constant lgt for a particular
arrangement of coil spacing and coil/center conductor current ratios. The system
shown offers an interesting combination of properties — good access, large containment
volume, reasonable mirror ratio, and low current in the central conductor.

The easily accessible line cusp opens intriguing possibilities for nonadiabatic plasma
injection. We are investigating the possibility of using a properly modified "Corkscrew."

L. M. Lidsky
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