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that the potential on the capacitor whose gap has
mis6red may reach a maximum reversed potential ap-
proaching 2.6 times the initial potential to which it is
charged,

The five-stage cascade charging circuit consists of
Gve banks of seven 7.5-pf pyranol capacitors of 20-kv
rating that are charged in parallel and discharged in
series through a 50-ph inductance from which ten
EG-17/U cables 10 m long lead to the individual 100-kv
capacitors. Five four-element spark gap switches carry
out the switching operation. The 100-kv capacitors are
charged in 50 @sec to the potential 5.25 U„where V,
is the potential to which the cascade bank is charged.
The capacitors in this bank are found to have a long
life since they do not oscillate in potential. The charging
inductor serves to isolate the cascade bank from the

osci11ating potentiaI of the 100-kv capacitors during
the operation of Scylla.

Note added in proof.—Reference to the work on axial
magnetic Geld compression devices would not be com-
plete without mention of recent work at the General
Electric Research Laboratory" as well as that in
Aachen, Germany, " in Fontenay-aux-Roses, France, '
in Rome, Italy, "and in Sukhumi, U.S.S.R."

"H. C. Pollock, L. M. Goldman, and F.Westendorp, Bull. Am.
Phys. Soc. 5, 367 (1960).

2'H. Fay, E. IIintz, and H. L. Jordan, 4th International Con-
ference on fonieation Phenomena in Gases, Uppsala, Sweden
(North-Holland Publishing Company, Amsterdam, 1960).

~ M. Alidieres, R. Aymar, C. Etievant, P. Jourdan, P. Langer,
and A. Samain, see footnote 29.

3' J. E. Allen and S. Segre, see footnote 29.
3~ I. F. Kvartshava, K. N. Kervalidze, and J. S. Gvaladze, see

footnote 29.
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Continuum Radiation in the X Ray and Visible Regions from a
Magnetically Compressed Plasma (Scylla)*
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The identiGcation of a sharp low-wavelength cutoG in the spectrum of x rays emitted from deuterium
discharges in Scylla has resulted in the assignment of an electron temperature of 240&40 ev at the time
of peak magnetic Geld compression. Simultaneous time-resolved absolute intensity determinations in the
visible continuum, when coupled with the temperature measurement, yield an upper limit electron number
density of (5&1)X10"/cm' at peak compression. The absolute value of dE/dP in the soft x ray region is
two hundred times larger than bremsstrahlung from a pure deuterium plasma at the temperature and
density quoted, and it is postulated that the large experimental dE/dX is the result of recombination radiation
from about 2% of oxygen contaminant from the discharge tube walls.

I. INTRODUCTION
" 'T is possib/e, in principle, to determine many of the
~ - properties and characteristics of a plasma from an
examination of the electromagnetic radiation emitted
from the plasma itself. In particular, if the plasma
temperature is greater than about 100 ev, the most
characteristic radiation from pure deuterium is brems-
strahlung from electrons accelerated in the Coulomb
6eld of the ions, and the electron temperature and
density can be estimated from the spectrum shape
and the total radiated power. If impurities are present,
recombination and line radiation obscures the free-
free radiation, particularly near the shorter wave-
lengths, and an interpretation of the experiment must
be modified to include these processes. Spectral lines,
where present, can be analyzed in terms of thermal or
pressure broadening to yield information about the
temperature and density, respectively. These techniques
have been applied to the Scylla plasma compression

*Work performed under the auspices of the U. S. Atomic
Energy Commission.

experiment to measure the temperature, density, and
purity of the deuterium discharge.

The Scylla experiment has been described pre-
viously. ' ' In addition, detailed descriptions of other
aspects of the apparatus and experimental results are
presented in the articles preceding and following this
account. 4' The data reported there show that the
magnetic 6eld compressing the plasma reaches 50
kilogauss in 1.25 psec, and that about 3 cm' of volume
is raised to a number density approaching 10'r/cm'
and a deuteron temperature of 1.3 kev. In addition,
at the time of neutron emission, soft x rays are detected

'W. C. Elmore, E. M. Little, and W. E. Quinn, Phys. Rev.
Letters I, 32 (1958}.

2%'. C. Elmore, E. M. Little, and W. E. Quinn, (with K.
Boyer), Pr'oceedings of the Second United Nations International
Conference on the Peaceful Uses of Atomic Energy, Geneva, 1PSh'
(United Nations, Geneva, 1958), Vol. 32, p. 337.' D. E. Nagle, W. E. Quinn, W. B.Riesenfeld, and W. Leland,
Phys. Rev. Letters 3, 318 (1959).

4K. Boyer, W. C. Elmore, E. M. Little, %'. E. Quinn, and
J. L. Tuck, preceding paper LPhys. Rev. 119, 831 (1960)j.

5 D. E. Nagle, W. E. Quinn, F. L. Ribe, and W. B.Riesenfeld,
following paper )Phys. Rev. 119, 857 (1960)j.
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which have an energy of about one kev and are produced
in the gas. ' '

The analysis reported here of the x-ray spectrum,
as well as the associated visible continuum, shows that
the electron temperature is less than the ion temperature
and that the electron density is in agreement with the
observed geometrical compression and also with the
deuteron density inferred from the measured nuclear
reaction rate, deuteron temperature, and volume of
neutron emitting plasma.

A preliminary report on some sections of this work
was given at Uppsala, and appeared in the published
proceedings of the conference. '

where
E =C1V 1Vg'(XH/kT )'ge ""i"ra-

C=2'(~/3) rr'XHass= 1.7&&10 4' erg-cm'.

o. is the fine structure constant, ao is the Bohr radius,
and XH is the hydrogen ionization potential. g is the
Gaunt factor, which represents the departure of the
quantum-mechanical calculation from the classical
result, averaged over the Maxwell velocitydistribution
at electron temperature T,. The Gaunt factor for an
unscreened Coulomb potential has been evaluated
numerically by Karzas and Latter" and is an important
correction in the visible wavelength region for the
high temperatures considered here. Converting to
emission per unit wavelength,

E&,,=1.9X10 "1V,N;Z'g(kT. ) &h 'e ""'+' '
watts/cm'-angstrom. (2)

The total radiation power for a hydrogen plasma,
obtained by integrating over all wavelengths, is:

II. FREE-FREE AND FREE-BOUND
CONTINUUM RADIATION

The bremsstrahlung emission per unit frequency
interval and unit volume for S, electrons per unit
volume with temperature T, resulting from the inter-
action with lV; ions per unit volume of effective nuclear
charge Z is':

spectra peak between 5 and 15 angstroms, and an
appreciable fraction of the total emission is in the
soft x-ray region. The strong exponential dependence
of the spectrum in the neighborhood of the short
wavelength cutoG implies that the most sensitive .

temperature measurement can be made in the x-ray
region, whereas the density is most readily measured
in the visible, where the temperature dependence
reduces to T. '.

If impurity ions are present, there will also be
free-bound (recombination) and bound-bound (line)
radiation from the impurities. The recombination
emission per unit frequency interval per impurity
ion of charge i+1 for ¹electrons per unit volume with
temperature T, is'.

E„)XH~
——P C¹( ( ~ [

—pe&"-"" ' (4)
1V,+, ~ tkT. J EXH) n,

where C is as before, X =he„is the ionization potential
from the eth shell of the ion of charge i, e is the principal
quantum number of the final state, &„is the number of
empty places in the rsth shell, and fi is the free-bound
Gaunt correction. " Aside from small e8ects due to
the Gaunt factor, recombination radiation has the
same spectral shape as free-free radiation except for
the fact that there are low-frequency cutoGs when the
energy of the emitted quantum equals an ionization
energy of the emitting ion, that is, when a zero energy
electron falls into the eth shell. Because of the factor
rs '(X„/XH)'e~"~~~', ion species with large ionization
potentials and low quantum numbers are particularly
effective sources of free-bound radiation.

Impurity line radiation is much more dificult to
express in 'closed form, but Knorr" estimates that
even for such a low Z impurity as oxygen, the electron
temperature must approach one kev before the total
line radiation becomes less important than recombina-
tion radiation. These estimates are based on the assump-
tions that the plasma dimensions are so small that
the optical thickness is negligible and that the density is

Eidh = 1.5&( 10 "(kT,) 'gilV, 1V; watts/cm'. (3)
lO

In Eqs. (2) and (3), kT, is in ev, and h is in angstroms.
Figure 1 shows the classical bremsstrahlung energy
spectra, i.e., g=1, in the wavelength range of 1 to
100 angstroms for temperatures of 0.2 to 1.0 kev. The

'K. Boyer, E. M. Little, %'. E. Quinn, G. A. Sawyer, and
T. F. Stratton, Phys. Rev. Letters 2, 279 (1958).

7 H. R. Griem, A. C. Kolb, and %.R. Faust, Phys. Rev. Letters
2, 281 (1958).

F. L. Ribe, Proceedings of the Fourth International Conference
on Ion~sation Phenomena in Gases, Uppsala (North-Holland
Publishing Company, Amsterdam, 1960).' G. Elwert, Z. Naturforsch. 9a, 637 (1954).

'0 W. J. Karzas and R. Latter, The Rand Corporation Report
AECU-3703, rev. , 1958 (unpublished).

10 FIG. 1. Bremsstrahlung
spectra as a function of
electron temperature. The
curves are to the same scale
but the ordinate is in
arbitrary units.
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"W. J. Karzas and R. Latter, The Rand Corporation Report
RM-2091-AEC, 1958 (unpublished) ."G. Knorr, Z. Naturforsch. 13a, 941 (1958).
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low enough to allow all excited states to fall radiatively
to the ground state before any further electron excita-
tion occurs.

IG. X-RAY MEASUREMENTS

Experimental Apparatus

Figure 2 is a drawing of the geometry for the experi-
ments in the soft x-ray region. A pinhole aperture one
mm in diameter 60 cm from the midplane of the driving
coil limited the solid angle to 2.2)&10 ' steradian.
With the pinhole 60 cm from the midplane of the
discharge, there was no clogging of the aperture with
discharge tube debris and the solid angle remained
constant with time. In order to eliminate the possibility
of fast electrons passing through the pinhole and
producing a signal in the detector, a magnetron magnet
with a Geld strength of 1000 gauss was placed so that
its fieM was across the pinhole. 20 cm behind the
pinhole was the detector, which consisted either of an
x-ray sensitive photographic emulsion or a scintillator
material mounted on the face of a 6810A photomultiplier
tube. The photomultiplier tube was protected from
the stray magnetic field of the electron deflecting
magnet by five 0.005-in. thick sleeves of high permeabil-
ity iron, and was screened from the strong leakage
pulsed magnetic field of the driving coil by a 2 mm
thick brass cylinder enclosing the detector assembly.
Electrostatic pickup in the photomultiplier was
eliminated by enclosing the entire detector and the
coaxial voltage and signal leads in copper tubing leading
to a shielded room containing the oscilloscope and
photomultiplier high-voltage power supply. Because
the discharge becomes contaminated with wall materials
after the Grst ten @sec, it was necessary to protect the
detector from the intense visible light emitted at late
times in the discharge cycle by placing a thin metal
foil in front of the photographic Glm or scintillator
material. Foil holders which were mounted interchange-
ably on the front of the photomultiplier assembly
formed a Geld stop to limit the region viewed by the
detector to a diameter of two centimeters at the

HV AND
IQNAL CABLES

0 SCREEN
ROOM

FIG. 2. Apparatus for observing soft x rays. The ceramic discharge
tube is 5.1-cm inside diameter.

Field

.. . . , .. .. . xrays

Neutrons

"-'-" x rays

FIG. 3.X-ray and neutron correlation with the driving magnetic
field. One large division of the oscilloscope grid is 1 @sec. The
two oscillograms were recorded for the same discharge.

midplane of the coil. In addition to excluding visible
light, the foils prevented low-energy neutral or ionized
atoms from reaching the detector. The volume between
the pinhole and the detector was diGerentially pumped
to a pressure of about 10 ' mm Hg.

The time dependence of the x-radiation was estab-
lished by displaying the signal produced by the scintil-
lator and photomultiplier directly on a Tektronix
Model 551 dual-beam oscilloscope. Figure 3 shows
oscilloscope records of the driving-coil magnetic field,
neutron emission, and x-ray emission. The scintillator
was protected from visible light by 1.5 mg/cm' of
aluminum. The signal cable was terminated in its
characteristic impedance so that the voltage signal
displayed by the oscilloscope was a faithful representa-
tion of the photomultiplier output current. It is
apparent from the traces that neutrons and x rays are
emitted during the peak compression of the second
half-cycle of the magnetic field, and that the x rays are
emitted at the same time as the neutrons. The precau-
tion of making the plastic scintillator" only 0.1 mm
thick reduced the counter efficiency for hard x rays
sometimes produced by acceleration of runaway
electrons in the induction Geld. Neutrons and protons
of about three Mev energy from the d-d reaction were
an additional possibility for the origin of the signal, but
simple considerations of numbers and geometry in the
case of protons, and detector e%ciency in the case of
neutrons, were sufhcient to eliminate these particles
as signal sources.

"Pilot Scintillator B. Pilot Chemicals, Inc., Watertown,
Massachusetts.
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FIG. 4. Pinhole photograph of soft x rays emitted along the
discharge tube axis. The circular boundary corresponds to the
5.1-cm inside diameter of the discharge tube at the mid-plane of
the driving coil.

The area and location of the emission region was
determined by replacing the scintillator and photo-
multiplier by a photographic emulsion to record a
pinhole photograph of the discharge in soft x-ray light.
The field stop was removed for these observations so
that the entire discharge tube was imaged. A typical
photograph obtained under these conditions is repro-
duced in Fig. 4. 1.5 mg/cm' aluminum protected the
61m from visible light, and the negative was masked in
exposing the print so that the circular boundary of the
picture corresponds to the inner wall of the ceramic
discharge tube at the midplane of the driving coil.
The photograph reveals that the x-ray emitting region
is centered in the discharge tube, that its diameter is
about 1.5 cm, and that there is no x-ray production at
the tube wall.

The position of the x-ray emitting region in the tube
depends on the way the coil is connected to the parallel
plate transmission line. When the transmission line
leaving the coil has the same width as the coil itself,
the x-ray emission region is centered as shown in
Fig. 4. However, if the transmission line is wider than
the coil so that an abrupt change in width occurs at
the feedpoint, the x-ray photographs show that the
emitting region is displaced about 0.5 cm toward the
feedpoint. This behavior can be easily understood in
terms of magnetic field gradients, because when the
width of the transmission line is greater than the width

of the driving coil, the magnetic Geld in the coil is

greater than the magnetic field between the plates of
the line and the plasma is pushed toward the feedpoint.

Among all the characteristics of x radiation, the
best known experimentally are the mass absorption
coefBcients as a function of wavelength and absorber
material (Fig. 5). Measurement of the transmission of
x rays through absorbers of various thicknesses and
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Fn. 5. Mass absorption
coefIicients for various ab-
sorbers. The E and L edges
allow sensitive comparisons
of experimental transmis-
sions with calculated source
characteristics.
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' Supplied by J. A. Northrup, Cyclotron Group, Los Alamos
Scientific Laboratory.

'~ Analyzed by Spectrochemical Analysis Group, Los Alamos
Scientific Laboratory.

'6 Analyzed by R. Rogers, Group GMX-2, Los Alamos Scientific
Laboratory.

materials is therefore a technique for the spectral
analysis of the incident radiation.

Thin free foils of beryllium, "polyethylene, aluminum,
and nickel were used for the absorption measurements.
The thinnest polyethylene and Ni samples were 0.5
mg/cm' thick while the thinnest Be and Al foils were
1.2 and 1.5 mg/cm', respectively. The foil thicknesses
were determined by weighing a measured area of the
material on an analytical balance, and were accurate
to three percent. It was important to establish the
purity of the materials, particularly with respect to
high Z contaminants because the x-ray mass absorption
coefficient is a strong function of atomic number.
Spectrochemical analysis" of the Be, Al, and Ni
revealed no contaminant of su%cient concentration
to require correction of the mass absorption coeS.cients.
Combustion and infrared analysis" of the polyethylene
revealed that it was 99.5 percent CH2, with oxygen as
the principal impurity. Because the absorption coeffi-
cient of hydrogen is negligible compared to that of
carbon, the CH~ absorbers were treated as carbon of
the appropriate density. They were rendered opaque to
visible radiation by evaporating Al onto both sides of
the CH2 film to a total thickness of 50 pg/cm', and a
correction to the CH2 mass absorption coeKcient was
applied for the aluminum.

Absorption measurements yield information about
the spectrum of incident x rays by the shape of the
plot of transmitted intensity vs absorber thickness. In
addition, if the signal can be referred to an absolute
scale, information about the number density of the
emitting plasma, and the presence, or absence, of
impurity ions can be derived. For this purpose, both a
NaI scintillation counter and an argon-filled ionization
chamber were calibrated on an absolute energy scale.
The NaI detector was calibrated by establishing the
end points of the gamma-ray spectra of Co", Mn",
Cs"', and Am'", which provide gamma-rays ranging
in energy from 0.0j.8 to 1.3 Mev. A straight line passing
through these calibration points was extrapolated to
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Analysis

The self-collision time for particles in a plasma is
given by Spitzer" as:

t,= (11 4A '*. T')/(ssZ4 1nA) seconds, (5)

where T is in degrees Kelvin, n is the number density/
cm', 2 is the atomic weight and Z the charge state of
the colliding particles, and lnA is a slowly varying
function of e and T, with a value of approximately 10.
For electrons this reduces to

t.= (0.26T&)/(N. lnA) seconds. (5')
LQ

hl
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200ev

Over the entire range of the variation of e and T for the
Scylla discharge, the electron-electron collision time is
sufficiently short compared to the experimental time
scale that a Maxwell distribution of electron velocities
is expected. In the spectrum analysis, therefore, it is
safe to assume that the electrons are at some tempera-
ture T,.

The relative transmission through foils of beryllium,
polyethylene, aluminum, and nickel was numerically
calculated on an IBM-704 computer for bremmstrah-
lung spectra, without Gaunt factor corrections, corre-
sponding to electron temperatures of 0.1 to 1.4 kev.
The details and the results of these integrations are

FIG. 8. Experimental aluminum absorption curve compared
with calculated transmissions.

i0

difference is not considered signi6cant because the
calibrations of the scintillator had already indicated
that the absolute value of the sensitivity was subject
to at least 20% error. Absorption curves obtained with
the ionization chamber were the same shape, within
experimental error, as the integrated signal data from
both NaI and plastic scintillators, indicating that the
response of the scintillators to quanta of 500 ev to
2000 ev energy was sufficiently linear to allow them to
be used for this application.

The transmission curves which were obtained
for the x rays emitted from Scylla during the second
half-cycle of operation are drawn on the same relative
scale in Figs. 6 to 9. All exhibit some degree of curvature
on a logarithmic plot, indicating that a spectrum of
energies is involved, and all indicate x-ray quantum
energies of the order of one kev. Each experimental
point was established by averaging ten or more separate
discharges and the errors indicated are mean deviations
from the mean. All data were obtained for operating
conditions of 85 kv on the capacitor bank, 90 microns
of Hg deuterium pressure, neutron production of a
few million per discharge, and a 96% alumina discharge
tube. Care was taken to return periodically to a
standard absorber thickness throughout any set of
observations to ascertain that the x-ray yield of the
machine was constant.
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FIG, 9. Experimental nickel absorption curve compared
with calculated transmissions.

"L. Spitzer, Physics of Fully Ionized Gases (Interscience
Publishers, Inc. , New York, 1956).
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Fxe. 10. Ratios of intensities transmitted through diGerent
absorber materials of the same mass thickness for bremsstrahlung
spectra from diferent temperature sources. The triangles are
the experimentally observed ratios for the appropriate absorbers.
Calculations involving CHs were corrected for the 100 pg/cm'
aluminum 61m excluding visible light.

presented in the Appendix. The experimental trans-
mission data can be compared with these calculations
in two ways. First, shapes of the measured absorption
curves can be fitted. This type of comparison is shown
in Figs. 6 to 9 for the four absorber materials. It is
apparent from visual examination that the experimental
data fit best an electron temperature between 0.2 and
0.3 kev. The aluminum absorber is not very sensitive to
temperatures in this range because the E edge at 7.9A
makes the mass absorption coe%cient from 3A to 8A,
nearly the same as it is from 8A to 15A. A second
comparison which depends on another property of the
absorb ers is to compare the relative transmission
through foils of different materials so as to take advan-
tage of the selective transmission of aluminum above
its E edge at 7.9A, of nickel above its 1. edges at
12.5A to 14.6A, and of carbon above its E edge at
44.5A. The calculated transmission ratios as a function
of temperature can be obtained from the results
tabulated in the Appendix for all pairs of absorber
materials and thicknesses. Figure 10 shows these
calculated ratios for four pairs of materials in the
temperature range of 0.1 to 1.0 kev. The experimentally
measured ratios are plotted as triangles on the calculated
curves. Similar evaluation of a total of twelve ratios

TAsLz I. Absolute integrated soft x-ray yield in the second
half-cycle as determined with three types of detectors. In the
third column, the yield is the energy radiated into kr steradians
which is transmitted through 1.46 mg/cm' aluminum.

Detector

Ion chamber
Plastic PM
NaI PM

Foil
(mg/cm')

1.46 Al
1.46 Al
1.46 Al

Yield into kr
steradians (joules)

(3.5+1)X10 '
(3.2~ 1)X10-3
(33~1)X10 '

averages to 230&40 ev as the best 6t of the experimental
absorption data to the transmissions expected for
deuterium bremsstrahlung. Correction for the free-free
Gaunt factor would raise the temperature 13% to
260 ev.

In addition to the indirect methods of inferring the
experimental x-ray spectrum described above, it is
possible to unfold the absorption curves back to an
incident spectrum, within certain bounds. Analytic
techniques have proved unsuitable, but a graphical
procedure applied to the carbon absorption data allows
the experimental curve to be unfolded into a mono-
tonically increasing intensity function from 3A to 12A.
3A corresponds to the highest energy radiation which
is appreciably attenuated by the thickest carbon
absorber and 12A is the softest radiation which is
appreciably transmitted by the thinnest foil. The
unfolded spectrum, to an absolute scale, is plotted in
the form of logdE/dv vs v in Fig. 11. If the radiation
spectrum is the result of bremsstrahlung, or of recom-
bination radiation beyond the low-frequency cutoff,
the resulting plot will be a straight line of slope —h/kT.
It should be noted that the solid lines drawn in Fig. 11
correspond to the recombination spectra, for frequencies
greater than the low-frequency cutoff, from sources
with temperatures of 200 ev, 240 ev, and 280 ev, and
have been corrected for the free-bound Gaunt factor.

With the assignment of an electron temperature it is
possible to calculate back from the yield to derive a
density assuming that the radiating volume has been
measured and that the radiation is due to deuterium
bremsstrahlung. Three sets of absolute yield determina-
tions integrated over the second half-cycle pulse and
corrected for detector sensitivity and solid angle are
tabulated in Table I.

Since the temperature and volume determinations
are valid only at the time of peak magnetic field, the
unintegrated signals from the scintillators must be
used for a calculation of the density. The number of
watts radiated into 4x steradians at the time of peak
magnetic 6eld is tabulated in Table II.

If the emitting region is a prolate spheroid' 2-cm
long and 1.5-cm diameter, the volume is 2.4 cm'.
Substituting in Kq. (3), 7= 260 ev, vol. =2.4 cm', and
fo"(Ex/g)d)t='1. 6X10s watts, one obtains S,X;=1.3
X10' or E',=31;= 1.1X10'8 cm—3 Such a large
density, nearly two hundred times greater than the
initial deuterium atomic number density, is clearly in
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disagreement with the ion and electron densities
derived by techniques involving the geometrical com-
pression and the absolute intensity of the visible
continuum. From the point of view of the radiation
intensity, the power radiated in the soft x-ray region is
260 times greater than pure deuterium bremsstrahlung
at the temperature and density determined from other
information. Therefore radiation processes in addition
to pure bremsstrahlung are indicated.

The presence of high-Z impurity atoms is the most
likely cause of the large radiated power. In addition to
increasing the free-free radiation because of the Z'
dependence of the radiation intensity, impurities give
rise to recombination and line radiation& Beyond the
low-frequency cuto6, the intensity of recombination

Thickness
Absorber (mg/cm')

Yield into
4

ster adians
(watts)

Extrapo-
lation

to zero
absorber

Total yield
into kr

steradians
(watts)

Al
CHg
He
Ni

1.46
1.03
1.45
0.55

4.4X10'
5.4X 103
9.8X10'

19.4X10'

158
145
79
40

6.9X105
7.9X105
7.7X 105
7.8X10'

TAB?.E II.Absolute soft x-ray intensity at the peak compression
of the second half-cycle. The fourth column is the extrapolation
factor to zero absorber thickness, assuming that the spectrum is
the result of bremsstrahlung from a deuterium plasma at an
electron temperature of 260 ev.

radiation has the same frequency distribution as the
free-free radiation, but the absolute intensity is very
much greater than the free-free radiation because of the
discrete final state. Line radiation has even greater
total integrated intensity than recombination radiation
but because it involves transitions between bound
states, the frequency of the emitted lines is necessarily
less than recombination radiation arising from free
electrons falling to the ground state of the particular
ion species. Because of these properties, a valid tempera-
ture determination is possible even in the presence of
impurity ions and line radiation if the continuum at
the high-frequency limit of the spectrum is identi6ed.
A slight adjustment of the interpretation of the spec-
trum in terms of a temperature is necessary because of
the diferent Gaunt correction for recombination
radiation.

Two experiments were performed to substantiate the
assumption of impurity atoms as the source of the
high-frequency limit continuum. First, line radiation
from likely impurity materials was surveyed with a
photoelectric recording vacuum-ultraviolet mono-
chromator. Of the most probable impurities, carbon
from the oil diffusion pumps, oxygen and nitrogen
from air contaminant, and oxygen and aluminum
from the ninety-six percent alumina discharge tube,
only oxygen was detected at the center of the discharge
during the second half-cycle of current. Spectra of low
ionization states of oxygen appeared just after the
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peak of the current and then increased steaaily in
intensity until the end of the half-cycle. 0~~ appeared
just before the second half-cycle current peak, decreased
to a low level at the current maximum, and then rose
to a high level with the current decay. Such behavior
suggests that the population of the 0~ species was
depleted as the impurity atoms were more completely
strippe yed b the increasing electron temperature, and

s asseda erft the maximum electron temperature was passe
with the peak magnetic 6eld, 0 was repopulate .VI d.
A heretofore unobserved triplet in the helium-i e

f 0 ' corresponding to the 2s 'S—2p 'P
ce oftransitions" was identified, con6rming the existence o

very highly ionized oxygen species. The presence o
the 0 ' triplet is itself a valuable confirmation of the
high electron temperature because the final state o
the transition lies 561 ev above the ground state of
0 '. Oscillograph records of the time history of lines
of 0 ~ to 0 ' are shown in Fig. 12. The increase o
intensities with the third and subsequent half-cycles
is typica an re1 d eQects the growth of impurities in the
discharge.

in theAs the second test for the presence of impurity in t e

4J 5—
C3
D
L

4

X

0

discharge, known fractions of nitrogen, neo,on and
argon were added to the deuterium filling. For example,
h ddition of about one percent of argon to a pure

deuterium discharge is expected to give rise to recom
ation radiation of several hundred times greater
intensity t an eh th deuterium x-ray bremsstra ung,
and should reduce the electron temperature consider-
abl . The actual change of x-ray intensity for nitrogen
and argon contaminants is shown g.an in Fi . 13 where it is
seen that only factors of two or so wereere the actual
increases. In addition, absorption measurements taken

showed that the high frequency cutoff shifted to longer
1 h b onl about ten percent, so that the

of 200 ev.electron temperature was still in excess o ev.
i ence thatThese experiments provide strong evi en

the Scylla discharge is contaminated by the order of

e . The soft x rays are then mainly due to re-
combination radiation from highly ionize oxyg
atoms ins ea ot d of free-free bremsstrahlung from eute-
rium, and the temperature must be corrected by a ou
three percent from 230 ev (the best fit to the classical
bremsstrahlung spectrum) to 240&40 ev to allow for
the free-bound Gaunt factor. Corrections for the low-
fre uenc limit of recombination radiation are unimpor-

tant because the absorbers have alrea y ere

spectrum so that the longer wavelength portion of the
~ ~

bremsstrahlung spectrum makes a negligible contribu-

tion to the transmitted energy.
In order to calculate the spectral shape and intensity

from an oxygen. contaminated deuterium discharge for
comparison wi e oth th bserved spectrum, it is necessary

~ ~

to first estimate the populations of the oxygen ion

I

l0 l5 20 25 50 55 4
ATOM IMPURlTY PERGF.hlT

F 13. X-ray amplitude transmitted through 1.5 mg/cms
of added impurities. Thealuminum absorber as a function o

urit .amplitude is normalized to unity in the absence of added impurj. y.
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RADIATION X RAY AN D VISIBLE REGIONS FROM SCYLLA

subsidiary optics to view 150 micron wide slits in the
film plane of the 11A/mm dispersion instrument. Three
6328 photomultipliers set for wavelengths between
4000 and 6500 angstroms, each with a Corning filter
No. 3389 to eliminate the second order of lower wave-
lengths, and three 1828 photomultipliers set for wave-
lengths between 3500 and 4000 angstroms covered the
visible spectrum. The 1828 tubes observed in the
second order (higher grating efficiency) and a Corning
filter No. 4305 eliminated the first order spectrum.
The wavelength separation of the detectors was fixed
and wavelength changes were made common to all
units by rotating the grating. %avelength calibrations
were made with the 5460A line of mercury.

The output signal cables, shielded with copper pipe,
were led to oscilloscopes inside a shielded room in
order to reduce pickup from the main capacitor
discharge. The low signal levels made it necessary to
reduce noise levels with low-pass sharp cutoff (=3 Mc/
sec) electrical filters at the cable terminations. Two
four-beam oscilloscopes" displayed the six signals,
with one beam on each oscilloscope recording the
magnetic field. In addition, a dual-beam oscilloscope
displayed the magnetic field and the soft x rays mon-
itored by a scintillator-photomultiplier detector in
fixed geometry within the Scylla tube. This monitor
provided time correlation with the soft x rays in the
data reduction. The oscilloscope deflections were
calibrated with single pulse square waves of known
voltage from a Hewlett-Packard 212A pulser with
fixed attenuation steps.

The optical alignment was accomplished with the
aid of a point light source at the object point. Two
separate alignments were made during the course of the
experiment —once on the geometrical center of the
coil and once displaced two mm toward the electrical
feedpoint. No diAerences were observed in the spectrum,
in agreement with the fact that a 1.5-cm diameter
hot core is seen on the soft x-ray photographs.

Absolute intensity calibrations were made with a
tungsten ribbon filament operated at controlled bright-
ness temperature placed at the source position. The
true temperature and the spectral intensity distribution
were computed with the emissivity data of DeVos. '~

The dc output level of the detectors was adjusted
during calibration with a wavelength-calibrated neutral
density filter to give an adequate signal-to-noise ratio
while still being well within the region of linear response.

The largest error in the calibration was an uncertainty
in the correction factor for the transmission of the
Pyrex end window of the discharge tube. The window
transmission changed after every discharge because of
deposits of impurities driven from the tube walls. In
order to minimize this correction, the end window was
always protected by a Rap valve except during dis-

'6 J. Winston, Los Alamos Scientific Laboratory Report
LA-2281 (unpublished) ."J.C. DeVos, Physica 20, 690 (1954).

Fro. 15. Four-beam oscilloscope traces of magnetic field (top
trace) and photomultiplier signals for three different wavelengths.
One large division of the oscilloscope grid is 1 psec. Light signals
were read just before the peak of the second half-cycle; saturation
in the third half-cycle is due to impurities.

charges when data were taken, and was replaced after
a maximum of fifteen discharges. At the end of the
experiment the transmission of each window was
measured as a function of wavelength and proportional
corrections were applied to the data, with the assump-
tion that the total transmission loss was the result of
equal decrements for each discharge. The~largest
correction was 30%.

The primary uncertainty in the experiment was due
to the lack of a clearly defined peak signal at the time
of interest. The signals usually showed a short plateau
in a rising signal which was partly obscured by the
noise characteristic of the photomultipliers in the
presence of a signal. One example of a four-beam
oscilloscope trace is shown in Fig. 15. The period of the
magnetic field (top trace) is 5 iisec and neutrons and
x rays were produced for about one @sec near the peak
of the second half-cycle. Failure to observe a decrease of
the light signal after peak magnetic compression was
the result of competition between decompression of
the plasma, producing decreased intensity, lower
temperature, producing increased intensity, and arrival
of impurities, producing greatly increased intensity.
The situation is further complicated by the possibility
of varying intensity contributions from the large tube
region through which the core is viewed. The very
large rise in light intensity seen at the end of the
second half-cycle in Fig. 15, appeared 1.2 @sec earlier
when the discharge was viewed one cm oG center,
indicating that this was an impurity inRux from the
wall. The same impurity influx from the walls was
observed in streak camera pictures. 4

Analysis

In analyzing the visible light data, the six channels
were read at the time corresponding to the x-ray peak,
and the maximum and minimum within 0.2 @sec of
this time recorded to give a range of the uncertainty.
Figure 16 shows the data obtained from two discharges
of Scylla. The intensity recorded in each of the channels
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is plotted with the possible range assigned to each point.
The central dot is the value obtained at the presumed
correct time from the x-ray monitor. Through each
set is fitted a theoretical X ' curve [Eq. (2)]. That
these curves diGer in absolute value reflects the differ-
ence in conditions between separate discharges. The
points near the Balmer discontinuity which fall above
one of the curves are typical and are due to line emission
and free-bound emission in cooler outer layers of the
discharge. Of sixteen discharges analyzed in this manner,
only two could not be fitted with a X ' curve when
neglecting the one or two points near the Balmer
discontinuity. While the ranges of uncertainty are so
large and the wavelength spread covered is so small
that these data cannot be regarded as proof of a X '
behavior, the data are consistent with the expected
bremsstrahlung spectral shape.

The averages at the various wavelengths covered by
the sixteen discharges are shown in Fig. 17.The ordinate
is in units of measured brightness, i.e., it must still be
divided by an optical depth before being compared with
Eq. (2). The solid bars are the root mean square
errors of the central dots, and the broken bars are
independent averages for the maximum and minimum
signal values within the 0.2 psec interval discussed
above. The small numbers indicate the number of
data points contributing at each wavelength. The A,

'
curve has been drawn to represent an average of the
points above 4500 A. The fact that three points below
4500 A fall below this line is primarily a consequence
of the fact that these happen to be averages of just two
discharges, both of low absolute value. Neither the
high intensity of Dp (4860 A), nor the shift in the
Balmer discontinuity (the result of the merging of the
upper discrete levels through Stark broadening), are
consistent with the core temperature derived from the

0 l I I

5500 4000 4500 5000 5500 6000 6500
WAVELENGTH, A

Fzo. 16. Brightness vs wavelength for two separate discharges.
The solid and dotted lines are best X ' 6ts. The difference is
typical of the variation between discharges.

soft x rays or the core density derived from the visible
continuum. They are, however, readily explained by
assuming their origin is in a cooler, less dense, outer
layer of the discharge.

In contrast to the x-ray intensity, the visible con-
tinuum is in fair agreement with pure deuterium
bremsstrahlung. Because of the strong dependence of
the free-bound spectrum on the ionization potential and
the principal quantum number of the final state, and
because of the small population of lowly ionized atoms
at the center of the discharge, recombination radiation
is not an important contribution to the continuum
for quantum energies much less than kT, .

The light intensity obtained from Fig. 17, together
with the electron temperature of 240 ev obtained from
the x-ray measurements and an optical depth of the
hot plasma of two cm obtained from the neutron
collimation measurements provide sufhcient data so
that Eq. (2) can be solved for the electron density.
With a Gaunt factor g=3 at 5000 A, the electron
density is found to be (7&1))&10"/cm' before correc-
tion for the oxygen impurity. If two percent oxygen
contaminated the fireball, Table III shows that the
highly ionized states of oxygen contributed as much
to the visible continuum as did the deuterium, so that
the electron density was 5+1X10"/cm'. In addition,
15%%uq of the electrons came from the oxygen so that the
deuterium density was about 4.3 && 10"/cm', corre-
sponding to a magnetic compression of about eight, in
agreement with observations of the size of the soft
x-ray and neutron emitting region.

The first half-cycle of the discharge when there are
no neutrons or soft x rays showed prominent Dp
radiation on the axis of the discharge. The observed
intensity indicated that the electron temperature was
less than 10 ev at that time. The density in the first
half-cycle derived from a modified Holtsmark distribu-
tion" applied to the observed line broadening was about
half that in the second half-cycle.

V. DISCUSSION

The experiments herein reported show that tech-
niques are available for the diagnosis of extremely
high-temperature plasmas. In review, by an analysis
of the continuum radiation from Scylla, the maximum
electron temperature and density have been established,
as well as the state of the discharge with respect to
impurity ions. In addition, the deuteron density was
inferred from the measured electron density by a
suitable correction for the impurity ions.

Although the exact heating mechanism of the
discharge has not been conclusively established, these
results are in agreement with the proposal that a
strong hydromagnetic shock serves as the preheater
before the adiabatic compression of the plasma by

'8 M. Lewis and H. Margenau, Revs. Modern Phys. 31, 569
(~959).
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TABLE IV. Fraction of total intensity transmitted through absorber foils—classical bremsstrahlung spectrum. &

Thickness
Absorber mg/cm2 Te 100 ev 200 ev 300 ev 400 ev 500 ev 600 ev 800 ev 1000 ev 1200 ev 1400 ev

CH2

Be

0
0.5
1.0
1.5
3
5
7
9

aa
13
15
20
30
50

0
0.5
1.0
1.5
3
5
7
9

11
15

1
2.02 ( —2)
4.04 ( —3)
9.98 ( —4)
2.38 ( —5)
3.91(-V)
a.za(-s)

1
2.13( —3)
5.44( —4)
3.53 ( —4)
3.55 ( —5)
7.47 ( —6}
2.38( —6)
9.45 ( —7)

1.19(—7)

1
4.27 ( —2)
1.06 ( —2)
3.61 ( —3)
4.97 ( —4)
1.38( —4)

2.80 ( -5)
a.s4( —s)
9.16(-6)
5.71(-6)
2.12 ( -6)
4.59 ( —7)
5.24 {—8)

1
3.21 ( —2)
1.47 ( —2)
S.63( —3)
3,oz(-3)
1.22 ( —3}
6.28( -4)
3.68 ( —4)
2.33 ( —4)
1.10( —4)

1
V.14(—2)
2.56( —2)
1.3O( —2)
4.12 ( —3)
1.70( -3)
5.37(-4)
2.3v(-4)
1.68 ( -4)
s.as( —s)
2.6v(-s)
5.47 ( —6)

1
s.ss(-2)
S.oV( —z)
3.46 ( —2)
1.62 ( -2)
S.43( —3}
5.19( -3)
3.52 ( —3)

1.46 ( -3)

1
a.os( —1)
5.03 ( —2)
3.10( —2)
1.32 ( —2)
6.60( —3)

2.63(-3)
1.85 ( —3)
1.37 (—3)
1.04 ( —3)
s.s5( —4)
2.39 ( —4)
6.73 ( —5)

1
1.51 ( —1)
9.v3( —2}
7.19(—2}
3.9s( —z}
2.3s( —z}
1.6o(-z)
1.17(-2)
9.05 ( —3)
S.SS(-3)

1
1.52 ( —1)
8.20 ( —2)
s.61 ( —2)
z.so( —2)
1.57 ( —2)

7.27 ( —3)

4.21(—3)
3.35 ( —3)
2.07 (-3)
9.75 ( -4)
3.36(—4)

1
2.15 ( —1)
1.4s(-1)
1.16( —1)
V.oz( —2)
4.56 ( —2)
3.30 ( —2)
2.55 ( —2)

1.43 ( —2)

1
1.69( —1)
1.11( —1)

4.69 ( —2)
z.ss( —z)
1.97( —2)
1.46(-Z)
1.14(—2)
9.1O(-3)
7.54( —3)
4.93 ( —3)
2.75 ( —3)
a.oz( —3)

1
z, vo( —1)
1.9V( —1)
1.59 ( —1)
1.04( —1)
7,14(—2)
5.42 ( -2}
4.34 ( —2)
3.s9( —z)
2.62 ( -2)

1
2.53 ( —1)
1.S1(—1)

9.23 ( —2)
6.21 ( —2)
4.64( —2)

1
3.25( —1)
2.47 ( —1)

1.41 ( —1)
1.02 ( —1)
7.98(—2)

1
3.90 ( —1)
3.09 ( —1)

1.90( —1)
1.44 ( —1)
1.1V( —1)

1
4.41 ( —1)
3.60 ( —1)

2.36(—1)
a.ss( —1)
1.S4( —1)

3.00 ( —2) 5.55 (—2) 8.56 ( —2) 1.17( -1)

1.72 ( —1)
1.2S( —1)
1.O3(-1)
s.65( —2)
7.48 ( —2)

2.37( —1)
a.s6( —1)
1.55 ( -1)
a.34( —1)
1.1S(—1)

2.97 ( -1)
2.41 ( -1)
z.ov{—1)
1.82 ( -1)
1.64( —1)

3.49( —1)
2.91( —1)
2.54(-1)
z.zs( —1)
z.ov( —1)

2.85 ( -1) 3.59 ( —1) 4.24( -1) 4.V6( -1)

Al

Ni

0
0,5
1.0
1.5
3
5
7
9

11
15

0
0.5
1.0
1.5
3
5
7

1
3.00 ( —3)
3.zo( —4)
8.53 ( —5)
9.38 ( —6)
1.57 ( —6)
4.13( —7)
1.36( —7)

9.35 ( —9)

1
1.4Z(-3)
2.49( —4)
4.3s( —5)
s.9s( —v) .
a.oa(-s)
1.52 ( —10)

1
2.77 ( —2)
8.72 ( —3)
4.36( —3)
a.av( —3)
3.47 ( -4)
1.30( —4)
5.44( -5)
2.45 ( —5)
5.61 ( —6)

1
1.5 V( —2)
3.os( —3)
7.79(-4)
2.19( —5)
4.3o(-v)
3.25 ( —8)

1
v.o9( —2)
3.05 ( —2)
1.79( —2)
5.98 ( —3)
z.o4( —3)
8.36 ( —4)
3.71(—4)

4.20 ( —5)

1
3.50 ( —2)
7.61 ( —3)
2.13(—3)
1.08 ( —4)
1.08 ( —5)
z.s9( —6)

1
1.15(—1)
5.66 ( —2)
3.sz( —2)
1.29 ( —2)
4.69 ( -3)
1.9S(—3)
9.01 ( -4)
4.29 ( —4)
1.O6(-4)

1
s.34( —2)
1 31(—2)
4.35 ( -3)
4.75 ( —4)
9.46 ( —5)
3.14 ( —5)

1
1.57( —a)
8.28 ( —2)
5.29 ( —2)
z.o2 ( —2)
7.61 ( —3)
3.zs( —3)
1.sz( —3)

a.ss( —4)

1
V.31(-z)
z.os( —2)
s.zs( —3)
1.49( —3}
4.11( —4)
1.61(—4}

1
1.81 ( —1}
1.04( -1)
6.S3{—2)
z.vo( —2)
1.04( —2)
4.57 ( —3)
2, 16(-3)
a.ov( —3)
2.92 ( -4)

1
9.33(-Z)
3.os( —2)
1.40( -2)
3.46( —3)
1.14(-3)
s.ov( —4)

1
2.3s( —1)
1.43 ( -1)
3.99(-2)
1.63 ( -2)
7.55 ( —3)
3.ss(-3)
2.09 ( —3)

1
1.3S(—1)
5.57( —z)
3,11(-2)
1,08 ( —2)
4,50( -3)
2.35 ( —3)

1
2.SV( —1)
1.77( —1)

5.36(-z)
2.35(—2)
a.zo( —z)
6,76( -3)
4.13(—3)

1
1.78( —1)
s.61(—2)
s.3s(-2)
2.27 ( —2)
a.os(-z)
6.3O( —3)

1
3.30(—1)
2.10( -1)
6.97 ( —2)
3.31(-2)
1.85 ( —2)
1.15( -2)
7.71 ( -3)

1
2.22 ( -1)
1.20 ( —1)
8.03 ( —2)
3.82 ( -2)
2.01 ( -2)
1.25 (—2)

z.4o( —1)

s.6v( —2)
4.46 ( —2)
2.69 ( —2)
a.sa( —z)
1.30 ( —2)

1
2.61 ( —1)
1.S3(—1}
1.08 ( -1)
s.61(—2)
3.16( —2)
2.05 ( —2)

& The number in parentheses is the power-of-ten multiplier of the transmisson.

The absorption coefficients have been obtained from
the literature and the IC and I.edges have been included
in the transmission calculations. Where Victoreen's
empirical formulas" are applicable, the IBM 204 has
calculated the absorption coefFicient; just below the
I. edge and at all longer wavelengths, the tabulated
experimental absorption coeKcients of Gilmore" are
interpolated by the 704.

The transmitted intensity is the result of numerically

"J.A. Victoreen, J. Appl. Phys. 20, 1141 (1949)."F.R. Gilmore, preliminary version, The Rand Corporation
Report RM-2367-AEC, 1959 (unpublished).

integrating in 0.1 A intervals the product of the
bremsstrahlung spectrum and the exponential absorp-
tion factor, with normalization to unity at zero absorber.
The results of these calculations are presented in tabular
form in Table IV, and are expressed as the fraction
of the total energy transmitted through the absorber
foil. From these calculations, it is possible to prepare
absorption curves for a given material and electron
temperature and also the ratios of the transmission
through foils of diferent materials and thicknesses as a
function of temperature. The number in parentheses is
the power-of-ten multiplier of the transmission.










