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ABSTRACT

The absolute spectral intensity of the syn;hrotron radiation emitted from
a hot electron plasma in a strong magnetic field has been measured in the
4.0 to 0.2 mm wavelength range. | The spectral distributi.on of this radiation,
for propagation perpendicular and parallel to the magnetic field, is in
general agreement with the theoretical 'predictions of Trubnikov and others,
based on independent emission from a two-dimensional Maxwellian distribu-
tion of single particles. Both the temperature and density of the plasma
have been determined from these measurements. The radiation spectrum
exhibits some additional structure which ha§ not been completely explained.
Measurements have also been made, with a broadband detector, of the
total tirﬁe-resolved radiation. In addition to yielding similar values of
temperature and density, these broadband r.neasurements proved to be a
convenient method of observing instabilities.

The absorption of microwave energy, both at cy_clotron resonance and
at other values of magnetic field, has been studied with 3 cm and 8 mm
magnetron pulses. In contrast to other microwave heating experiments,
the plasma parameters were such that the interaction was primarily with
single electrons, The results, which agree qualitatively with analytical and
numerical calculations, show no significant heating of the main bociy of the
plasma, although a few electrons are given large increases in energy. In
some instances, the microwave radiation pulses could induce instabilities

in the confined plasma.,
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INTRODUCTION

In this paper we report the results of experiments for studying
the emission and absorption of electromagnétic radiation by a magneti-
cally confined "hot electron' plasma. The hot electron plasma is created
in the.single stage, magnetic mirror, compression experimentl depicted'
schematically in Fig. 1. The plasma is generated by a deuterated tita-
nium washer stack source, 2 which injects plasma into the magnetic
mirror field during the initial period of the coﬁlpression cycle. A por-
tion of the plasma injected from the source is trapped and c.ompressed
in the mirror field. The mirror ratio is 1;5:1, .the rise time is 500 psec,
and the field decay time constant is 25 msec. The maximum midplane
magnétic field for most of the experiments reported here was 50 kG;
however, experiments were conducted over a range of magnetic fields
from 30 to 60 kG.

For a 50-kG peak field, the plasma has an electron temperature
measured by X-ray pulse height analsrsis, of between 75 and 80 keV, a
density o.f approximately 1012/cfn3 and mé.y be stable with a decay con-
stant of a few milliseconds. The diameter of the plasma at peak com-
pression is measured to be 4 - 6 mm, and the length is estirhated to be
about 3 cm. The plasma temperature is determined by compariﬁg the
measured, single X-ray pulse-height distribution, obtained from a

series of shots, with the computed distribution function for a



two—difnensional Maxwellian distribution. The variation in temperature
from one pulse-height measurement to another is less than 5%. The
dimensions and location of the plasma are determined by means of a
plasma camera, which is an 8-cm diameter quartz flat, coated with
aluminized (10 keV thick) P-11 phosphor., The quartz flat is situated per-
pendicular to the magnetic axis outside the mirror peak so as to-inter-
cept end-loss electrons. An image-converter camera with a lbo-psec
shutter time is used to photograph the back of the quaftz flat,

For frequencies much higher than the plasma frequency, the
real part of the index of refraction of a plasma is nearly unity. For
this situation Trubnikov, 3 and Drummond and Rosenblu'ch4 show that
collective interactions between the plasma particles have a negligible
effect on the absorption and emission of rgdiation. This implies that
the emission and absorption properties of a high-temperature, tenuous
plasma, 'such as used in the experiments reportec} here, can be obtained
from single particle theory assuming an optically thin plasma. We out-
line the single particle theory, applicable to our experimental investi-
gation, here, This theory will be compared with the experimental

results in Secs. II and III.
A. Radiation

In a steady magnetic field, an electron moves along a helical

path. As a result of this motion, the electron radiates electromagnetic



energy at its cyclotron frequency and harmonics, where the Doppler-

shifted cyclotron frequency of the radiation in the direction of observa-

tion is given by
w, = eB/mO.y(l - By cos @), : (1)

The angle of observation 6 is measured from the magnetic axis;

By =vy/c and B, =v,/c are the normalized parallel and perpendicular

velocities; and y = [1- VZ/CZ] -1/2 . The radiation intensity at the nth

harmonic for a free electron in a steady magnetic field is (in mks units)

2
t:e2 wz cos 8 - By 2 sin 0
I(w 0)d2 = dg - Ilnp, ot

8w c € sin 6

1
n cos O

2 2 . .
vk (s )| Qo
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where Jn and Jr’1 denote the Bessel's.function of the first kind and its
derivative with respect to its argument. The delta function shows that
the radiation occurs only at the fundamental cyclotron frequency and
harmonics. For propagation perpendicular to the magnetic field the
first term (~ J121) in Eq. 2 accounts for the ordinary wave, w;hich is
polarized with its electric vector parallel to the magnetic axis, while

2 . .
the second term (~ J;l ) accounts for the extraordinary wave with



E 1 to. B. The ordinary wave amplitude is always émall compared to
the extraordinary wave amplitude. For parallel propagation (6 = 0) and
a two-dimensional Maxwellian, radiation occurs only at the fundamental
frequency.

The frequency spectrum of the synchrotron radiation at a given
angle is obtained by integrating the Schott-Trubnikov formula (Eq. 2)
over the velocity distribution, and summing over harmonics. .These
integrations were performed, using analytic approxiniations, by
Trubnikov3 and numerically by Beard and Baker5 and Hirshfield, Baldwin,
and Brown. 6 The theoretical spectra of synchrotron radiation, which
we use to compare with experimental results, are obtained by numerical
integration, similar to that of Beard and Baker, of the product of Eq. 2

(with v, = 0) and a two-dimensional Maxwellian distribution

U+E
) 0 -U/kT
1o = KT(E, +KT) © = (3)

where U is the kinetic energy, U = Eo(y -1), and EO =m, cz.

The total radiation at any angle can be found if Eq. 2 is integrated

with respect to frequency. For 6 = 90° the result is

3 4 2 U(U + 2E ) [7(U +E)°- 3EZ]~
1, da - : 0 0 ol |.
128 n° ¢ Eg U+tE,




The total radiation in watts per steradian per electron is

QO
dQS‘ I, (U) £(U) dU

P, dQ =
0
4 3 _2
_dle ¢ B o [8 + 64(1/a) + 168(1/&')2 + 168(1/0)3]s (4)
2 2 a+l
128~ €0 EO

where a = EO/kT and f(U) is the two-dimensional Maxwellian of Eq. 3.
For 06 = 0, the integration of Eq. 2 (with v, = 0), with respect

to frequency and over the two-dimensional Maxwellian, yields

4_2 3 2

dQe B c o o
léw € EO

where El(a) and E3(a) are exponential integrals

(v o]
E(e) = y 1/t) e @ at,
1

Q0
E,(a) = 5; w1/t e at.

B. Absorption

As with the radiation calculation, we assume that the frequency
of the radiation is sufficiently above the plasma frequency that the
plasma is transparent and the rf wave interacts with single particles.

Seidl'7 used a perturbation method to study this interaction for a



nonrelativistic charged particle in a magne.tic mirror configuration. He
found, within the assumptions, (1) that the unperturbed motion could be
described by adiabatic constants and (2) that the rf perturbation of the
particle energy is small in a longitudinal period, that the energy of
most charged particles does not increase indefinitely in time but rather
oscillates about an average value. In order to check the sensitivity of
Seidl's results for cases that do not satisfy his assumptions, equations
of motion for a charged particle were numerically integrated for the
case of a magnetic mirror field and a circularly polarized plane wave
propagating along the magnetic field. 8 The parameters were chosen so
that cyclotron resonance occurs at some point between the minimum and
maximum magnetic field. For cases of small excursion into a weak
magnetic field gradient, Seidl's adiabatic approximation is shown to be
valid by the numerical results. For a large excursion into the magnetic
field gradient‘of a mirror region, even in the absence of an rf field,

the magnetic moment may not be a constant of thc; motion. In this situ-
ation, in which Seidl's assumptions are violated, the energy of

the electron is not periodic within the time limits of the numerical
calculation, and some electrons lose enough transverse energy to
escape via the mirror loss cone. These numerical results indicate
that, in addition to the few particles that Seidl's theory predicts are
heated, another class of particles, with large longitudinal excursions,

undergo a significant change in their energy.



Experimental work on electron ch}otron heating within magnetic
mirrors has b'een reported by Dandl et al. ? and by Kuckes. 10 Their
results, which indicated substantial heating, applied to situations in
which the single particle theory is not adequate. In Dandl's work,
collision processes were impor.tant. In Kuckes experiment, collective
effects predominated. Both of their plasmas were created, as well as
heated, by the rf. In the heating experiment‘s reported here, the rf
power is applied to an already hot electron plasma (5 - 20 keV) in which

the single particle treatment is valid.

II. RADIATION EXPERIMENTS

A. Description of Apparatus and Measurement Techniques

The radiation spectrum emitted by the magnetically confined hot
electron plasma has been studied in the wavelength region from 4 to
0.2 mm. To Vdetect this radiation, a cryogenicall:y operated indium-
antimonide photodetector is used. 'I;his detector has a measured output -
of approximately 1.0 V/mW at 1 mm wavelength for the nominal condi-
tions of detector operation (i.e., the indium antimonide crystal at a
temperature of 1.7° K, with a bias current of 1 mA/cm2 .in a dc mag-
netic field of 6.4 kG). The response time of the detector is < llp.sec.
The spectral distribution of the radiation is measured with an echelette
grating monochrometer. The bandwidth of the monochrometer is 10 %

at the central frequency in each grating. The angular acceptance angle

-7-



is 0.1 steradian, which limits observations to plasma located near the
midplane of the magnetic mirror. Five gr.atings are required to cover
the region from 4 to 0,2 mm wavelength, and additional filters in the
form of gratings, mesh filters, quartz windows, black photographic
paper, and blackened polyethyléne, are used to ensure that only the
intended wavelength arrives at the detector. To determine the absolute
intensity of radiation measured by the combined monochrometer -
detector system, the radiation is compared with aisecondary standard,
ultraviolet, mercury arc lamp that has an equivalent blackbody temper -
ature of approximately 3000° K between 2.0 and 0,2 mm wavelength.
The mercury arc lamp is calibrated again.st a primary standard black-
body of 200° C. The low intensity of the standard sources requires
syncﬁronous detection. The long post-detection integration time for
the primary standard prevents its use difectly with the experiment.

The total radiation emitted at all frequencies by the hot electron plasma
is measured iay operating the monochrometer in zero order, or by
admitting the radiation directly into £he detector. The radiation is
guided to the monochrometer or detector by hollow metal light-pipes.
The attenuation of these light-pipes is included in the evaluation of

system sensitivity.



B. Experimental Results

The radiation emitted by the dasma is measured separately
for propagation perpendicular to the magnetic axis in the midplane
between the mirrors, and for propagation parallel to the magnetic field.
In each of these locations, the total radiation and the spectral distribu-
tion of the radiation are measured. Results are given for each of these
four situations.

Previously reported experimenfal results did not include
measurements of radiation parallel to the magnetic axis or resﬁlts with
an absolute intensity calibration. Improved techniques for measuring
the spectral distribution have revealed that in certain instances there
is a two-peak structure in the emission spectrum which is most

distinct on the fundamental.

Perpendicular Radiation Spectrum

The spectral distribution of radiation observed in the direction
perpendicular to the magnetic axis is shown in Fig. 2(dark line), taken
from data at the peak of the compression cycle with a midplane mag-
netic field of 50 kG. The curve is constructed from a composite of
many separate spectral measurements, each measurem.entl itself con-
sisting of a normalized average of 3 to 9 shots at every point. 'i‘here

were significant differences in the spectrum for different runs, well
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outside of theAcomputed rms deviation. These differences which do
not appéar in the composite spectrum of Fig. 2, are discussed below.
In the same figure we compare the measured spectrum with computed
two-dimensional Maxwellian distributions at 75 and 100 keV, normalized
to the experimental second harmonic amplitude. The general features
of the measured spectrum are seen to agree with the calculated spec-
trum at the temperature, measured by X-ray pulse height analysis, of
75 keV. The synchrotron radiation appears to give a somewhat higher
temperature, which is consistent with the fact that the X-ray pulse
heightsare measured during the millisecond after peak compression
when the temperature is decfeasing. The minima in the spectra
between the first and second harmonic and between the second and
third harmonic are quite close to the thepretical predictions, but the
peaks of the first and second harmonic radiation are shifted to lower
frequencies. This difference is at least partially accounted for by the
é.ppea.rance of secondary peaks in the spectra of certain runs, as dis-
cussed below.

Spectra have also been constructed for the radiation 1 msec
after the peak compression, showing, generally, a shift to lower fre-
quencies, and also showing a lower amplitude of the radiation which is
attributed both to cooling and to the loss of particles. The shift to

lower frequencies and part of the amplitude reduction is a result of the
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decay of magnetic field strength together with the consequent adiabatic
cooling of the plasma. In addition to this adiabatic cooling, there is
radiation cooling which preferentially cools electrons in the tail of the )
Maxwellian distribution. A self-consistent calculation, using a
Fokker-Planck equation with a radiation damping term, predicts a
cooling rate of 2 keV/msec which is not sufficient to account for the
observed cooling. 1 Neither the excess cooling nor the loss of particles
can be accounted for by coulomb collisions with ions. The hot electrons
have a large ionization cross section which produces burn-out of the
initial burst of gas from the source. This is seen from observations
of the visible and UV light spectrum which is initially high but becomes
quite small late in time. It is not known whether the rate of evolution
of gas from the walls is sufficient to cause the observed cooling and
particle loss after peak compression.

On some runs the spectra show a splitting of the peak radiation
both on the first and second harmonic, as shown for one particular
run in Fig. 3. The lower frequency peaks correspond to a distinctly
lower value of magnetic field. On the runs in which the lower fre-
quency peaks were most distinct, the plasma also exhibited a low-
frequency instability on many shots, resulting in a loss of hot electrons.
The observed instabilities are discussed briefly in Sec. IV. Observa-

tions with the end-loss camera indicate that, on some shots, in
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addition to the hot plasma core, there is a concentric shell of hot
plasma. A photograph of this phenomenon is shown in Fig. 4. The
core corresponds to a midplane plasma diameter of 4 mm, while the
shell extends beyone a diameter of ]l cm. A model for the splitting of
the synchrotron radiation harmonics can be constructed based on the
existence of a plasma shell. A calculation assuming a 60 keV core
and a 40 keV shell (with a diameter somewhat larger than that observed
in the end-loss photographs) is compared with the experimental results
in Fig. 3. Other explanations for the double peaks have also been con-
sidered, but none appear to give a fully consistent picture of the
phenomenon.

Theory predicts that the radiation emitted perpendicular to the
magnetic axis is polarized with its electric vector perpendicular to the
magnetic axis. Measurements with ruled (1000 lines per inch) thin
gold foil, failed to reveal any preferred polariza:tion. It is suspected
that polarization mixing in the light pipe system is responsible for

this negative result.

Parallel Radiation Spectrum

The radiation spectrum for emission parallel to the magnetic
field is strongly peaked at a frequency slightly less than the funda-
mental frequency (mo = eB/mO). This is seen in Fig. 5 which shows the

spectrum at the peak of compression and 1 msec after peak compression
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for the same parameters as the perpendicular spectrum. Theory
predicts no harmonic radiation, but the exberiment does not completely
satisfy the theoretical model. The presence of the small second and
higher harmonic radiation is explained by the solid angle and magnetic
field curvature. The fundamental is broader than for the perpendicular
radiation. This is caused by Doppler broadening and by the fact that
the parallel radiation originates from all magnetic fields between the
mirrors and the midplane. The two-peak structure is also present in
the parallel radiation spectrum presented here. The same mddel used
for the perpendicular case of a hot core and slightly colder shell of
plasma is used again to obtain the theoretical spectrum shown in the
figure.

The spectrum 1.0 msec after peak compression gives a peak
amplitude that is decreased by a factor of 2 from that at peak com-
pression. This decrease is considerably larger than that expected
from the adiabatic cooling, and from the nonadiabatic effects discussed
in connection with the perpendicular radiation, and has not been

explained.

Total Radiation

The total radiation either perpendicular or parallel to the mag-

netic axis can be measured as a function of magnetic field by two
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methods. The first is to average the intensity at a particular peak
magnetic field and then to change to a different peak compression field.
The second is to measure simultaneously the time-dependence of the
magnetic field and the synchrqtron radiation and then to eliminate time
to obtain radiation intensity as a function of magnetic field. Both
methods give the same result; however, the data used here are from
the second method, which is more convenient.

Figure 6 shows the total radiation both paraliel and perpen-
dicular to the magnetic axis as a function of time, together, with the
time varying increase of the magnetic field. The average increase of
the radiation intensity as a function of the increase of magnetic field
strength can be expressed, within a small interval of field, as a power
of the magnetic field. The average between 40 and 50 kG yields, for

perpendicular radiation,

P, o B3'82 . )

From Eq. 4 it is seen that for a small interval in T there exists an

approximate relation

x, (T)
P.L oC B T

and consequently, with x;, =1.82 from the observation an electron
temperature of 70 keV is calculated. This method of deducing the

plasma electron temperature is not as accurate as that obtained using
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a full spectrum because it assumes a constant amplitude versus wave-
length respoﬁse of the indium-antimonide detector, ignores particle
losses during compression, and is averaged over an interval in B,
Despite these shortcomings, the estimate of temperature agrees
generally with that obtained b3'r other methods. An estimate of the
total number of radiating particles is obtained from a comparison of
the theoretical total power, at the above tefnperature and magnetic
field, with the total measured power based on an avérage response of
the detector of 0.5 V/mW. With this method, the total number of
particles is of the order of 1011. Together with the measurements of
plasma volume using the end-loss camera, this given the plasma
den;ity, already quoted, of 1012 cm3. The X-ray bremsstrahlung
measurements have shown that the spread of plasma temperature is
only a few percent. For this reason, the total synchrotron radiation
is a convenignt, relative density monitoring diagnostic, as well as an
indirect method of measuring the absolute densi-ty.

The measured rate of increase of intensity of radiation emitted
parallel to the magnetic axis as a function of the magnetic field

strength is expressed as a power of the magnetic field,

Xy
o pl45£0.5) _ o2

P, BT

such that x, = 2.5+ .5, This exponent is much larger than the theo-

retical value of x, = 0.55 obtained from Eq. 5 for a 70 keV plasma.
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This discrepancy has not been completely resolved but the effect may
also account for the major portion of the large decrease in the peak

of the parallel radiation spectrum observed after the peak compres-
sion. One possible explanation involves the frequency response of the
detector and light pipe system which is assumed to be flat in compar-
ing theory and experiment. The absolute calibration, discussed in
Sec. IIA, is not complete for wavelengths longer than 2 mm and may,

in fact, fall off sufficiently to account for the discrei)ancy.
III. ABSORPTION EXPERIMENTS

A. Description of Apparatus

To study the electron cyclotron resonance heating of an already

hot electron plasma, short pulses of rf power at 3 cm and at 8.0 mm
wavelengths are applied. A 250-kW magnetron, with a pulse length

of 0.5 psec, supplies linearly polarized 3 cm pawer. A 100-kW mag-
netron, with a 2.0-psec pulse length supplies 8 mm rf power in a

TEO1 mode with a zero field intensity on axis. The rf energy at each
wavelength is fed into the vacuum system either parallel or perpen-
dicular to the magnetic field. The experimental sequence and diag-
nostic instrumentation are the same as for the emission experiments

except for the addition of the magnetron pulses. The time at which

the magnetron is pulsed is varied over a wide range that includes
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those times which correspond to resonance at the peak of the mirror
and at the midplane. The magnetron is also pulsed at times earlier
and later to investigate any heating that might occur away from the

resonant condition.
B. Results

Electron cyclotron resonance with the 3 cm rf power will
occur at a magnetic field of 3.6 kG. The time at which the midplane
magnetic field attains this value is 42 psec after the start of the com-
pression cycle. For 8 mm radiation the resonance at the midplane
magnetic field of 12.5 kG corresponds to a time of 95 psec after the start
of the compression cycle. These times are shown in Fig. 7 as dashed
lines on a plot of the midplane magnetic field as a function of time.
Resonant interaction with the magnetic field, somewhere within the
mirror, will occur at times below the corresponding dashed lines in

each of the two cases.

3 cm Radiation

In Fig. 8, the total synchrotron radiation is compared with
and without 3 cm rf heating. There is a large enhancement of the
synchrotron radiation signal if rf heating is applied during the period
when electron-cyclotron resonance occurs between the mirror peak

and the mirror midplane. In Fig. 9, the integrated pulse-height
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distribution of bremsstrahlung X-rays are given for 3 cm rf power pulsed
at various times both before and after the optimum time for resonance
heating, The time of 37 usec shows the greatest heating with the apparent 7
bulk of the heating occurring at the higher temperatures. The increase

in the synchrotron radiation signal due to this temperature increase, as
calculated from Eq. 4, is only a small part of the experimentally

observed increase in radiation. We are thus led to believe that the rf
pulse increases the plasma density by ionizing and heé,ting neutral gas

in the vacuum chamber.

Figure 10 shows the X-ray pulse-height distributions for radia-
tion propagated parallel to the magnetic axis. These distributions are
compared with distributions for 40 and 50 kG without the rf. The heat-
ing for this situation is less than that for perpendicular incidence, and at

32 psec there is apparent cooling of the plasma.

8 mm Radiation _

In Fig. 11, a comparison is made of the X-ray bremsstrahlung
pulse-height distribution with and without 8 mm radiation propagated
perpendicularly to the magnetic field. For this case, the magnetron
definitely reduced the plasma temperature. This cooling is tentatively
attributed to the spatial distribution of the electromagnetic field which
is such that the velocity of the electrons parallel to the magnetic field

causes the electrons to pass through an rf field that reverses direction
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in a short dist_a.nce; Under some conditions this situation can result in
a transfer of energy from the electrons to the wave.

In Fig. 12, a comparison is made of the X-ray pulse-height dis-
tribution with and without rf heating for parallel radiation. The times
at which the rf energy was applied were chosen to correspond to time s
when resonance is possible. At 95 psec the maximum increase (about
20%) in plasma temperature occurs. For this case, the enhancement
of synchrotron radiation can be explained by the 20% increase in the
plasma temperature. This indicates that, for these conditions, no

additional hot plasma is created by ionization of the background gas.
C. Comparison with Single Particle Theory

Qualitatively, the experimental results confirm certain aspects
of the single particle calculations. No significant heating of the bulk of
the plasma was observed. In some cases a few electrons were sub-
jected to a large increase in energy, as observed by the change in the
tail of the pulse-height distribution. One contribution to these high-
energy electrons comes, in some cases, from the few electrons that
remain in resonance with the high-frequency field, as described by both
the analytical and numerical calculations. Probably the greater contri-
bution comes from those electrons penetrating more deeply into the
mirror which, according to the numerical calculation, can have sub-

stantial energy excursions.
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IV. OBSERVATIONS OF COOPERATIVE EFFECTS

In addition to the noncoherent radiation and the single particle
absorption, a number of cooperative phenomena have been observed and -
are being investigated. We here briefly describe these effects without
detailed analysis. At least three distinct types of instabilities have
been recorded: two types result in loss of all or part of the hot electrons
but not accompanied by microwave radiation, and the other type generates
short pules of microwave radiation, but without appreciable loss of
plasma particles. All of these instabilities have been observed from
measurements of the total radiation between 8 mm and 0.2 mm, using
the InSb detector, and corroborated with other diagnostics. Figures 13
through 15 are plots of the total radiated power within this wavelength
range.

Of the two types of instabilities causing loss of hot electrons,
one previously reported onl is shown in Fig. 13. "It is characterized by
a slow loss of the entire hot plasma, and is more likely to occur at higher
plasma densities. There is a definite onset with increasing magnetic
field, as seen in the figure. During the decay of the hot electron
plasma, particles are observed to leave the plasma radially and the loss
along field lines is enhanced. There is no accompanying radiation in

the 8-mm to 0.2-mm range.
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In Fig. 14 a relatively sharp drop in the total radiation indicates
another instability, usually occurring during the decaying magnetic
field, which dumps some, but not all, of the hot electrons radially to
the walls. This instability characteristically is triggered by an exter-
nal signal, and the 8-mm magnetron radiation proved to be an efficient
trigger, provided the density was higher than some fixed value. This
instability, similar to that previously discussed, is not accompanied
by microwave radiation; the spike of radiation in the figure is accounted
for by scattering from the 8-mm magnetron radiation.

In Fig 15 the total radiation between 8 mm and 0.2 mm includes
instability radiation. These radiation bursts occur characteristically on
the rising portion of the magnetic field. They occur\ more frequently and
with larger magnitude on the shots with larger deﬁsity, and could often
be triggered and amplified in intensity by the 8-mm magnetron that was
used in the heating experiments. Spectrometer measurements indicate
that the frequency of the intense radiation corresponds primarily with
the midplane electron cyclotron frequency at the time of occurrence.
From the background synchrotron radiation one can deduce that there
is no substantial loss of plasma.

The instability resulting in microwave radiation is most likely
of the velocity-space type. Similar, though not necessarily identical,

instabilities have been reported, for hot electron plasmas, by Perkins
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and Baer12 and by Ard et a.l.13 The other two instablities are not of

this type and are probably associated with low-frequency oscillations.
Low-frequency instabilities have been observed experimentally in hot-
electron plasmas, at lower magnetic fields, by a number of investi-
ga’cors.13 Although flute-type growth, characteristic of the low-
frequency instabilities, has not been observed in our experiments at
high field strengths, we have observed the m =1 mode under certain
conditions when the peak compression field was reduced to approximately

10 kG.
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Fig. 2. Comparison of theory and experiment for the absolute power spectrum of
perpendicular radiation in bandwidth Aw and solid angle AQ2. For
experiment: B = 50 kG on axis at midplane, Aw = 0.l Wy Wg = eB/m.

&2 = 0.1 ster.; theoretical spectra are obtained from two-dimensional
Maxwellian with radiation amplitude normalized to experimental second

harmonic peak.



Fig. 3.

Comparison of experimental results showing two peaks, with theoretical
core-shell model. For theory core parameters are: Bc = 50 kG,

kT, = 60 keV; and the shell parameters are: By, = 42.5 kG, kTSh = 40 keV,

Ngp = 0.5 Nc » Where N is total number of radiating electrons. Experi-

mental parameters and normalization as in Fig. 2,



Fig. 4. Plasma camera photograph showing plasma
core and surrounding shell.
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Comparison of absolute power spectra for parallel radiation
from experiment and theory. Theoretical parameters as in
Fig. 3; experimental parameters and normalization as in
Fig. 2 except that experimental spectrum 1 msec after peak
compression is also given.



Fig. 6. Comparison of time variation of total synchrotron
radiation perpendicular and parallel to magnetic
field with the time variation of the magnetic field.
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Comparison of the synchrotron radiation for 40 kG and

50 kG maximum midplane magnetic field, with the synchrotron
radiation at 50 kG if pulses of 3 cm rf energy are propagated
perpendicular to the magnetic field at the times shown.
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Fig. 9. Comparison of pulse height distributions of the plasma
bremsstrahlung X-rays with and without 3 cm rf energy
propagated perpendicular to the magnetic field. The
pulse heights are counted for one millisecond following
peak compression.
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Comparison of the pulse height distribution of
bremsstralung X-rays at 40 kG and 50 kG magnetic
field, with results at 50 kG maximum midplane

field with 3 cm rf energy pulsed parallel to the field.
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Fig. 11. Comparison of X-ray pulse heights with and without
rf energy pulsed perpendicular to the magnetic field.
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Fig. 12. Comparison of X-ray pulse heights without rf energy for
40 kG and 50 kG maximum midplane magnetic field, and
with 8 mm rf energy pulsed parallel to the magnetic
field for 50 kG magnetic field.
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Fig. 14. Triggered instability which dumps
most, but not all, of the plasma.

Fig. 15. Velocity space instability.
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