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ABSTRACT

In the experiments described, plasma was produced by the passage
of planar shocks down the axis of a cylindrical discharge tube. The
resulting plasma had a temperature of several electron volts.

A strong axial magnetic field which compressed and adiabatically
heated the shock preheated plasmse was then applied to the cylindrical
section of the discharge tube.

One of the critical conditions of the experiment was that the
preheated plasma had to have sufficient temperature and electrical
conductivity so that the axial megnetic field would push on the plasma
rather than diffuse through it, in the rise time of the magnetic field.
The results presented here indicate that this condition was achieved
and that the adiabatic heating obtained from the magnetic compression
stage wag in reasonable agreement with theoretical predictions over

most of the range of temperatures and pressures covered.
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I. Introduction

This studyl of the compression and heating of a hot plasma by an
axial magnetic field involved a two-stage experiment. First, hot plasma
was obtained by directing high-velocity planar shocks down the axis of a
cylindrical discharge tube. Second, a high-intensity axial magnetic field
which compressed and further heated the plasma was applied. This work was
done during the late spring and summer of 1957.

II. The Production of Hot Plasma by Fast Shocks

The ability of fast planar shocks in deuterium to produce plasma of
sufficient conductivity to be confined by an axial magnetic field has been
studied2 for the case of shocks produced by a tapered pinch tube called
the wineglass.

In the studies reported here, planar shocks were produced in a
tapered tube driven by a rapidly varying axial magnetic field. Previously,
such an oscillating Bz field had been used to produce3radial shocks, as

observed at Los Alamos in experiments with the "Jug,"” and with "Gloworm."u
In these cases, rapidly oscillating megnetic and electric fields comprised
the initial energy source. We shall call these "ﬁz" fields, to dis-
tinguish them from fields which are used for their magnetic pressure alone.
The radial shocks result from the rapid build-up of an IQ current, which
in turn results from the sudden breakdown of the gas. The breakdown is

due to the electric field EQ associated with the éz' The electric field
is greatest near the outer region of the gas so a radial shock starts

there and moves inward. One may think of this motion as caused by a



combination of the magnetic pressure due to the Bz field, which builds

up with time, and the Jjoule heating, which suddenly increases the tempera-
L

ture of the gas in the outer region. Data from the "Gloworm" experiment

indicated plasma had been produced of at least 5 to 1O ev temperature.

A. The Tapered éz Shock Tube

The smear pictures of the radial shocks or compressions produced
by ﬁz fields have many similarities with the smear pictures of the radial
shocks and compressions produced by pinch currents. Hence it was decided
to see if the tapered-tube princ1ple as employed in the wineglass experi-
ments 255 could be combined with the B method to produce planar shocks
in the axial direction. This method of magnetically producing shocks was
first tried by Ferrell,6 who used several parallel three-turn coils driven
by a 10 pf capacitor charged to 5 kv. He observed shock velocities of 1
to 3 cm/usec in the adjacent linear tube.

The tapered-tube ﬁz method has the important advantage of eliminating
electrodes and results in a considerable simplification of the hardware.
In addition, it results in an order-of-magnitude reduction in impurities.

Figure 1 is a photograph of one of the arrangements used in the
adiabatic heating study described in Section IIT. The bottom section
of the discharge tube was a tapered section, complete with ﬁz colils, used
to produce hot plasma for the study of adiabatic heating.

The ﬁz field was produced by three parallel two-turn coils spaced
about 2 in. apart along the tapered section. The coils were connected in
parallel to a coaxial spark gap, which in turn was connected to twelve
25 kv capacitors by 24 parallel lengths of RG/8U coaxial cable. The
tapered section of the discharge tube was 7 in. long. The maximum
diameter was 4 in. (o0.d.), the minimum diameter 1-1/2 in. (o0.d.), the
taper angle about lOo, and the wall thickness l/h in. The length of the
adjacent linear section of the tube was 6-1/4 in.
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brass rod.

Fig. 1 Totempole II, showing shock-producing coils and two-turn main
compression coil made from 1/2 in.




The voltage V. produced by the ﬁz colils was measured with a one-turn
pick-up loop, wound on the outside of the discharge tube. By measuring
the frequency and magnitude of the Vb signal, and knowing the area of the
pick-up loop, one can calculate the magnitude of the enclosed Bz field.
The V. signal was measured at both the narrow and wide ends of the tapered
tube, as well as at the center.

In a typical case, the period of the oscillating BZ field was found
to be 11.6 psec. The maximum voltage signal V. was 2.7 kv at both the
narrow and wide ends of the tube. This means that the EQ field was
greatest at the narrow end of the tube and one would expect the breakdown
of the gas to occur there first.

The maximum current supplied by the 12 pf capacitor bank when
charged to 20 kv was computed to be 130,000 amp. The total inductance
was 0.28 ph. The inductance of the three two-turn coils in parallel was
0.075 ph, the remainder of the inductance being in the external circuit.
Under these conditions the maximum B field was 7500 gauss at the wide
coil and 30,000 gauss at the narrow coil. A one-turn shorting coil,
bPlaced at the junction of the straight and tapered sections of the dis-
charge tube served to isolate the shock-producing coils from the main
adiabatic compression coil, whose use is described later.

Smear pictures were taken of both velocity and profile of the
shocks produced by the arrangement described. The smear camera was
focused at the center of the linear section of the tube away from the
ﬁz fields. Figure 2 shows a typical shock velocity picture. Such
pictures in general show several distinct shock fronts, the earliest one
having a typical velocity of about 4.4 cm/usec. This front corresponds
to the half cycle of EQ during which the gas breaks down. This and later
shock fronts decreased in velocity along the length of the tube seen by
smear camera (11.75 cm), indicating considerable attenuation of the shock
energy. The second shock front, having a much more constant velocity
than the first, corresponds in time to the next half cycle of Eb, and

had a velocity of 8.8 cm/usec for the case shown. It is, of course,
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Fig. 3 Smear camera picture showing radial profile of typical linear
shocks.




traveling in gas heated by the earlier shock. Figure 3 shows the radial

profiles of similar shocks, with the smear camera writing speed the same
as for Fig. 2.

The shock velocities reported above occurred at a pressure of about
300 microns with the capacitor bank at 20 kv. The observed shock
velocities decreased slowly with increase in deuterium pressure. The
shock velocity increased slowly with capacitor voltage in the range 15 to
25 kv.

With the coil arrangement described, the tube could be fired at
pressures of about 1000 microns down to pressures of less than 10 microns.
This was a distinct advantage over the wineglass electrode arrangement,
which with the same condenser bank would not fire at pressures lower than

25 microns.

B. Temperature Estimates from Shock Theory

The determination of plasma temperature from shock theory was not
as stralghtforward for shocks produced in the tapered éz tube as it was
for shocks produced in the wineglass pinch tube. In the case of the
wineglass, a single shock wave was produced, with smear pictures showing
a well-defined front of the type used for the theoretical calculation*
of temperature behind a shock front.

In the case of the ﬁz tube the measured velocity of the first shock
indicated a temperature of only 3 to 4 ev according to shock theory. The
second shock, corresponding to the next half cycle of Ee, had a more
constant velocity in the range 8 to 10 cm/usec. Such a velocity would
seem to imply a temperature of 7 to 10 ev. The second shock front, how-
ever, was traveling in the hot ilonized gas produced by the first shock
and hence the theoretical curves connecting shock velocity to temperature
behind the shock do not apply. The fact that smear pictures show the

*
The calculations were made by D. Venable and L. Stein and are published
in Ref. 2.
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second shock to be less intense than the first indicates that the gas
was still considerably ionized when the second shock reached it.

If one thinks of a shock front as a continuing source of energy
heating the gas as it goes along, one might suppose that a given shock
velocity in a hot gas would create a hotter plasma than the same shock
velocity in a cold gas. One would then conclude that the second shock
observed in the present experiments heated the plasma even hotter than
T to 10 ev value predicted by shock theory.

On the other hand, since the velocity of sound is faster in a hot I

gas than at room temperature, the Mach number assigned to a shock of
given velocity will be smaller for a shock in a hot gas than in cold gas;
hence the curves of Venable and Stein would predict a lower temperature.
It should be noted that the radial smear picture of the second shock
indicates a much more diffuse shock front than that used in the theory.

Thus for multiple shocks, shock theory should be expected to give
us only a rough estimate of the plasma temperature. However, from other
considerations (see Section III), the temperature in the tube, To, at the
start of the main compression field agrees well with the temperature
behind the first shock front as predicted by shock theory.

c. Use of a Copper Sheet for the Bz Coil

In an effort to achieve stronger shocks, the three parallel two-turn
colls were replaced by a single copper sheet 5.75 in. long. The sheet
fitted the tapered tube snugly so that it had the same taper angle. The
sheet was connected to the spark gap by two short 1 in. wide straps held
flat against each other to reduce inductance. The spark gap and capacitor
bank assembly was the same one as used with the parallel coils.

The ﬁz period with the sheet coil was 8.5 usec, compared with 11.6
psec for the parallel coil. The faster BZ field gave about the same
shock velocity as did the slower BZ field of the parallel coils. The

shock fronts looked very similar for the two cases.
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D. Use of Two Tapered BZ Sections

Since the purpose of the tapered ﬁz section of the discharge tube
was to produce a hot plasma in the linear section of the tube, the
complete discharge tube was made with an identical tapered section on
each end of the linear section, as shown in Figs. 1, 4, 5, and 7. For
the experimental data reported here, and in Section III, the one-turn
copper sheet coill was used for the bottom ﬁz section, an? the three
parallel two-turn coil arrangement was used for the top Bz section. BEach
coll was connected separately to an identical spark gap and capacitor
bank,

One of the characteristics of the ﬁz-produced discharge is that the
gas ordinarily does not break down on the first half cycle. ZEarlier
data > T with ﬁz-induced discharges showed that, in meny cases, several
half cycles of Vb are necessary to bulld up a level of electron density
sufficient to enable a succeeding half cycle af\% to break down the gas
at zero B field. Only after the gas breaks down does it achieve sufficient
conductivity for magnetic fields to compress it, or for joule (32 p)
heating to be appreciable. 0

The gas did not break down with the tapered shock-driving sections
until the second or third half cycle of V , depending on the voltage,
pressure, period, etc. This is a disadvantage because of the loga-
rithmic decay of the oscillating field.

In the results reported in Section IIT, the top shock colil was
exclited first, and the resulting shock used to preheat the gas in the
bottom shock section. Then the bottom shock coil (the copper sheet) was
excited so that the first quarter cycle of Vb and the corresponding half
cycle of Bz could act on a hot plasma. The result was to increase the
velocity of the first shock produced by the bottom section from about
4.0 cm/usec for no preheating to 5.5 cm/psec when preheating was used.

Figure 6 shows scope traces of the V. pulse at the bottom shock

section for the case of no preheating and the case of preheating from

16
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The
top photo shows the pulse when the lower section was not pre-

Fig. 6 Scope traces of the Vp pulse at the lower shock section.

heated. The bottom photo shows the pulse when the lower section
was preheated by shocks from the upper shock tube.
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the top shock section. The perturbations from a pure sine wave give a
good indication as to whether or not there is hot plasma enclosed by the
ﬁz coil at any given half cycle.

The use of two shock sections resulted in the production of a hot
plasma in the entire discharge tube, but the mechanism of heating was so
complex that deductions from simple shock theory were very difficult.
About all one could say at this point was that the plasma temperature in
the linear section resulting from the several shocks must have been of
the order of several electron volts shortly after the passage of the

shock fronts.

ITT. Magnetic Compression and Adiabatic Heating

This experiment was designed to study the adiabatic heating mecha-
nism at densities and temperatures of interest to the Sherwood program,
which has as its goal to heat plasma to thermonuclear temperatures.

Adiabatic compression of preheated plasma has been done most
commonly at this laboratory in pinch tubes.8’9 In these devices, a
BB compressing field is obtained from the pinch current itself. This
method has the advantage of producing an intense magnetic field near the
outer radius of the pinch. A disadvantege of the method in straight tubes
is the necessity for electrodes to supply the pinch current. Large
quantities of impurities are observed on the walls of pinch discharge
tubes after a few shots, and the electrode surfaces generally appear
sufficiently corroded to have been the main source of impurities.

In many cases impurities may have been sufficient to appreciably
change the effective value of particle density Nb used in pressure-balance
calculations. In addition, impurities represent an energy sink distributed
throughout the hot gas. The shock channeling data? strongly suggested the
feasibility of using an externally produced increasing BZ field to
accomplish the adiabatic compression of a preheated Plasma. This method

20



has the following advantages:
1. The elimination of electrodes to supply the compressing field

greatly reduces impurities.
2. The Bz compressing field should form a reasonably stable
"container" for the hot plasma, as it did in the shock

channeling experiments.

In this experiment, a high-energy Bz field was applied at the linear
section of the tube shown in Fig. 7. The gas was preheated by the multi-
ple shocks described in Section II. This combined arrangement is called
Totempole IT.

A, Adiabatic Heating Theory

The adiabatic heating theory for the Totempole II experiment is
based on the following equations:

v’ - constant (1)
P = NKT (2)
NV = constant (3)

where

= gas pressure

gas volume

= absolute temperature

R H < W
Il

= ratio of the specific heats
(cp/e,)

Boltzmann constant

'
Il

= number of particles (ions and
electrons) per unit volume

These equations, together with the magnetic pressure balance equation

B2
37 = NKkT ()-#)

21



Fig. 7 Totempole II arrangement, showing the one-turn copper band
main compression coil.
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where B is the magnetic flux density, can be combined to give the

equations
v \ (7-1)
KT, = KT_ v-‘l (5)
b
87 N T, \_/; (6)

where the subscripts £ and o correspond to final and initial states of
the heating process. By eliminating the ratio VO/Vf from Egs. (5) and
(6), one obtains
2 -1)/
T, - 10, %;,ﬁT— (7=1)/7 1)
o o
Since y = 5/3 for a deuterium plasms of sufficient collision rate,
Eq. (7) becomes
(kT )3/5Bu/5
KLy = 2
(8ﬂNo)

(8)

Equation (8) predicts the final temperature that will be reached for a
given initial temperature, initial density, and a given final value of
the compressing B field. It is interesting to observe that the final
temperature predicted by Egqs. (7) and (8) does not depend on whether the
volume change accompanying the compression is in one, two, or three
dimensions.

The following conditions must be met if the ideal adiabatic heating
equations are to describe the experiment correctly:

(a) The initial electrical conductivity of the plasma must be high
enough so that the magnetic field will push on the plasms rather than
diffuse through it. It has been shown that plasma with initial tempera-

tures of the order of several ev will reasonably meet this requirement.
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Since conductivity goes as T3/2, higher initial temperatures, of course,

would be very desirable.

(v) A Boltzman temperature for both the electrons and ions must
exist and these temperatures must be the same.

Condition (b) will be met if the relaxation times for the following
three types of collision processes are short compared with the compression
and confinement times of the experiment:

l. Electron-ion collision.

2. JTon-ion collision.

3. Electron-electron collision.

Spitzer,lo in considering these relaxation times, defines a "self-collision
time" tc for a group of particles interacting with each other to approach
a Boltzmenn distribution. He also defines an "equipartition time" teq as
the time for two groups of particles at different initial Boltzmann
temperatures to approach the same temperature. .

15

If one assumes an electron-deuteron gas, of density 10”7 parti-
cles/cm3 and temperature 10 ev, one obtains values of tc of the order of
0.05 psec for deuterons, and less than 0.00L psec for electrons from
Spitzer's formula. Since both t and t eq are proportional to T3/2/N, and
since for an adiabatic compress1on with 7 = 5/3, Egs. (3) and (5) show
that T3 /N is an invariant, the relaxation times remain unchanged during
compression. Since we are dealing with confinement and compression times
of the order of 1 to 10 psec, these self-collision times are sufficiently
short to ensure Boltzmenn distributions of the ions and of the electrons.

The equipartition time teq calculated from Spitzer's formula comes
out to be of the order of 1 or 2 psec for the same temperature and
density. Since there is no reason why the electron and ion temperatures
should separate very much during compression, a compression time of
10 pusec should be sufficiently long to maintain equipartition.

(c) The loss due to radiation must be negligible. The radiation
loss problem is present in most Sherwood devices and generally has been

estimated to be unimportant at temperatures below 1 kev. If the impurity
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level is high enough, as may be the case with electrodes, radiation
would be important. However, in the electrodeless all-glass system used
here, it is hoped that radiation from impurities is negligible.

(d) The diffusion of heat out the ends must be small. This
condition is one of the most critical for the experiment. Spitzerlo
discusses the thermal conductivity K of fully ionized gases and shows
that Ko TS/E. The heat diffusion loss out the ends increases drasti-
cally with the temperature.

The important parameter measuring heat loss is the diffusion time
td in which temperature decays a given amount because of diffusion out
the ends. Rough calculations based on Spitzer's formula indicate that

for the lower densities and the higher temperatures considered, t. may

be less than 1 psec; this would be seriously short compared with :
10 pusec compression time. At the higher initisl densities and at

temperatures of several tens of electron volts, estimated diffusion times

are long enough compared with the compression time to prevent serious heat
loss. The effect of heat diffusion will be further discussed later in

this section.

B. Production of the Compression Field

A large capacitor bank containing 190 l-pf capacitors rated at
25 kv was used to supply energy for the compression field. Each capaci-
tor was connected by a separate length of RG 8/U cable to a coaxial spark
gap which in turn was connected to the BZ field coil. 1In the first
arrangement tried, shown in Fig. 1, the Bz coil itself consisted of two
turns of 1/2 in. diameter brass rod. The coil was held in place at the
center of the straight section of the discharge tube by phenolic supports.
Twenty-two 6 ft. lengths of RG 8/U cable connected the coil with the
spark gap. With this coil, a Bz of 120,000 gauss was achieved when the
condenser bank was operated at 20 kv. The VO voltage observed with a
one-turn pick-up loop was 8 kv, hence the effective coil voltage was
16 kv, indicating that 80 per cent of the total inductance of the system

25



was in the coil itself. The oscillating period was 90 usec so that

the first quarter cycle of compression was 22.5 usec.

The device was operated for a number of shots, complete with pre-
heating, but before smear pictures could be taken, the Bz coll connection
was severely dameged by mechanical forces produced by the high currents
involved. Several less rugged coils were completely destroyed by magnetic
forces before the coil of 1/2 in. brass rod shown in Fig. 1 was in-
stalled.

C. Multiple Spark Gap and Fast Bz Coil

Following this preliminary arrangement a multiple spark gap
assembly was constructed to accomplish the following:

1. Reduce the external inductance so that a lower inductance Bz
coll could be used. It was hoped that the faster rising BZ field would
reduce the effect of diffusion losses.

2. Reduce the timing jitter in the firing of the main condenser
bank.

3. TImprove the voltage ranges over which the machine could
operate.

4, TImprove the general reliability of operation.

The multiple spark gap consisted of ten individual spark gaps
spaced uniformly on a 24.0 cm radius circle. The ground return had a
27.5 cm radius. Although the peak current through the mltiple gap
could be as high as 700,000 amp, each individual gap had to carry only
70,000 amp. The lower current per gap increased the operating life over
that of the single spark gap used previously for the same capacitor bank.

The adiabatic heating coil used with the multiple spark gap con-
sisted of a one-turn copper sheet, of thickness 1/4 in., of diameter
5 in., and of length 3 in. It was held in place about the linear section
of the tube by phenolic supports, and is shown in Figs. 4, 5, and 7.
Figure T also shows the header and parallel cable arrangement used to

26



connect the coil with the multiple spark gap. The narrow radial slot
cut in the center of the BZ coil sheet permitted radial smear pictures
to be taken of the hot plasma in the tube. With 20 kv on the capacitor
bank, a peak BZ field of just over 40,000 gauss was obtailned with a rise
time of 10 psec. Figure 8 shows a scope trace of the BZ field, obtained
by integrating the Vb voltage picked up by a single-turn loop. The time
markers are 5 psec.

The ratio of the V. voltage to the capacitor bank voltage indi-
cated that one half the etota.l inductance of the system was in the BZ
coil, and one half in the external inductance. The total inductance is
computed from the oscillation frequency and capacitance to be 0.14 ph,
so that th? Bz coil itself had an inductance of about 0.07 uh.

The Bz coils for driving shocks were added to the tapered sections
of the tube shown in Fig. 7 and the complete Totempole II experiment was
performed. The bottom shock section was excited 25 pusec after the top
shock section, and the compression section was then turned on 5 to 1.0 usec

later.

D. Discussion of Results

Measurements were made on Totempole II, varying the main capacitor
bank voltage over the range 18 to 24 kv, and varying the D2 pressure over
the range 10 to 900 microns. A series of smear pictures was taken at
each of three conditions:

1. With a capacitor voltage of 20 kv and D, pressure of 125 to 150

2
microns.
2. With a capacitor voltage of 20 kv and a D, pressure of 625 to 865
microns.

3. With a capacitor voltage of 20 kv and a D2 pressure of 15 microns.
In addition, smear pictures were taken at 125 microns with only the

main field bank used, i.e., no preheating shocks.
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The markers are at 5 pusec intervals.

field.

Z

Typical scope trace of the main B

Fig. 8




Figure 9 shows a typical smear picture of case (1), Fig. 10 for
case (2), and Fig. 1l shows a smear picture for the case of no preheating
by the tapered shock sections.

For the preheating cases, the smear pictures clearly show the com-
pression of the hot plasma. The fact that a radial shock or implosion
appears on the smear picture for the case of no preheating indicates that
the EQ field associated with the compressing Bz field must do consider-
able ionizing and heating on its own. The radial motion is seen to be
much faster in the case of no preheating than in the preheating case.
This behavior was similar to that obtained with the "Gloworm" experiment.

The smear pictures may be analyzed in the following way. The com-
pression recorded in the pictures is assumed to be cylindrical, so that
the volume ratio Vo/Vf of Eq. (5) is (RO/R)E, where R is the initial
radius of the gas (i.e., the inner radius of the tube) and R is the outer
radius of the light recorded in the pictures. The radius R is assumed to
be the outer radius of the hot plasma at any time. Then Eq. (6) may be
written in the form

5/3
R 77 B (9)

R (8 v kT )1/2
o o

where we have again teken 7y = 5/3.
According to Eq. (9), a plot of (RO/R)S/3 versus B should give a
straight line. The quantity (81rN'okTo)l/2 represents the initial

condition of the hot plasma and can be evaluated from the slope. The
radius ratio Ro/R was read directly off the smear pictures at regular

time intervals. The values of B corresponding to these same time
intervals were obtained from a scope trace such as Fig. 8. .

Figure 12 shows typical plots of (RO/R)S/3 versus B. Curve II is
for normal Totempole IT operation with shock preheating. The base
deuterium pressure is 125 microns. As B varies from O to 40,000 gauss,
the curve is a straight line within experimental error. Above L0, 000

gauss, the values of (RO/R)S/3 appear to be a little larger than theory
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Fig. 9 Smear camera picture of the radial compression with capacitor bank charged to 20 kv
and D2 pressure of 125 microns. The time scale is the same as for Fig. 10.
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Fig. 10 Smear camera picture of the radial compression with capacitor bank charged to 20 kv
and D, pressure of 625 microns.
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Fig. 11 Smear camera picture of the radial compression with no linear shock préheating and
with D2 pressure of 125 microns. The time scale is the same as for Fig. 10.
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Fig. 12 Plots of (RO/R)S/3 as a function of B without shock preheating (Curve I) and with
shock preheating (Curve II). The base pressure of deuterium was 125 microns.




would predict, indicating that there was some temperature loss. This
could be due to diffusion out the ends. Curve I shows the same kind of
plot for a case where the preheating shocks were not fired. As already
mentioned, there is some effective "preheating" for this case due to the
E  field of the compressing B field and hence a source of plasma to give
Cgrve I. The fact that Curve I is definitely not a straight line but
shows values of (RD/R)S/3 mich larger than for Curve II illustrates the
value of the preheating shocks.

Figure 13 shows typical plots of (RO/R)S/3 versus B for three
different values of the initial base deuterium pressure. The same shock
preheating was used in the three cases. Over the range of 0 to h0,000
gauss, all three curves appear to be straight lines within the experi-
mental error. The curve for 15.5 microns deviates drastically from the
theory just above 40,000 gauss, however.

The curves shown in Figs. 12 and 13 strongly indicate that the
adiabatic heating theory presented here is applicable for the densities
and temperatures covered. One would certainly expect it to be appli-
cable at higher densities and for higher electrical conductivities.

At higher temperatures and at densities lower than 15 microns, one
would expect deviations from the simple theory, since diffusion out the
ends must then become serious. This trend is indicated by the 15.5
micron case of Fig. 13.

The slopes from the curves of Figs. 12 and 13 give values of
initial energy density of the gas NokTo. Since we have assumed pressure
balance during the compression stage, the final energy density, taken
here at 40,000 gauss in all cases, is just B2/8W2 A final temperature
can be calculated from

B
kT, = >
8w NO(RO/Rf)

where (Ro/Rf) is obtained from the curve at 40,000 gauss. If one assumes
that the initial particle density is that computed from the base deuterium
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pressure, one can estimate the initial and final temperatures for the
cases sgtudied.
The results for the curves of Figs. 12 and 13 are given in Table 1.

TABLE 1

TEMPERATURES FOR DIFFERENT INITIAL PRESSURES
kT kT

Initial Deuterium Pressure o f
(microns) (ev) (ev)

15.5 13.8 AR

123 3.1 b1

150 4.2 b

725 4.5 26

The assumption that No is the value indicated by the initial
deuterium pressure may be in error due to compression behind the shock
fronts. But for all the data given here, the main field was excited
after the last shock had traveled 10 to 15 cm beyond the region of
observation, hence conservation of the total number of particles in the
tube would require that the density behind the shock front must have
returned to nearly the starting value.

A comparison between the curves of Fig. 13 for 150 and 725 microns
is interesting. Their slopes vary by a factor of 2.25. If the initial
temperatures are the same, Eq. (9) predicts that these slopes should vary
inversely as the square root of the initial density. This ratio is 2.20.
These measured predicted values agree within the error of the measurement.

If one considers Curve I, Fig. 12, the average slope in the region
10,000 to 25,000 gauss implies an "effective" initial temp=rature of about
L ev by the same analysis. Since for this curve the theory obviously does
not hold, and since for this case there may be considerable mixing of the
plasma and the B field due to the lack of preheating, the 1 ev value means
little except to illustrate that Jjoule heating occurs during the early

stages of the compression field due to the secondary current IQ in the gas.

34




In Section II, it was predicted, on the basis of shock theory,
that the initial temperature kTo produced by the multiple shocks would be

of the order of several electron volts. The measured values of kTo given

in Table 1 are in agreement with this, except for the lowest pressure

case, where the 13.8 ev value appears to be about a factor of 2 or 3 higher
than one would expect. However, shock velocity measurements at this low
pressure were not available, so a comparison cannot be made. The 13.8 ev
temperature would correspond to a temperature behind a shock moving.at a
velocity of about 9.3 cm/usec in a cold gas. This a reasonable velocity
to expect at the lower pressure.

It should be remarked that the magnetic compression studied here is
of a somewhat different nature than in the interesting experiment of
Kolb,ll since in his case the initial shock wave was being accelerated by
the compression field. Both experiments emphasize the importance of ob-
taining plasma of high electrical conductivity.

E. Teggerature Diffusion

As already mentioned, one of the assumptions of the adiabatic heating
theory used here is that there be no loss of heat due to diffusion of
temperature along the axis of the magnetic field. The requirement for this
to hold is that the magnetic compression must take place rapidly compared
to the heat diffusion time.

The heat diffusion is governed by the heat equation:

pC 3z = V- (KVT) (10)
where
T = plasma temperature
C = plasma heat capacity
p = particle density
K = thermal conductivity of the plasma
t = time
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To solve Eq.ClO), we use Spitzer's formula for the thermal con-
ductivity of a fully ionized gas, which states

K = a /2 (11)

Using (11) in (10), and assuming one-dimensional heat loss as the
only source of temperature change, the solution of the heat equation gives

2

b
t1/2 - Ts%a (12)

tl/2 = time for the temperature to decay to
one-half its original value

L = length of the contained plasma,
i.e., the diffusion dimension

b = constant of proportionality

The constant b depends on the value of a in Eq. (11), the geometric
constant of separation from the solution of Eq. (10), and on the units
used for the other quantities. An absolute determination of the constant
b is subject to considerable uncertainty, but it is quite reasonable to
expect that the heat diffusion time depends on T, p, and L in the manner
shown by Eq. (12).

In an effort to learn something about the actual diffusion times
existing in the experiment, an analysis has been made of one of the smear
pictures for which a considerable portion of the cooling quarter cycle
following the first heating quarter cycle is visible. The analysis is
made as follows:\ A plot of (RO/R)S/3 versus B is made for both the heating
and cooling regions, i.e., for the quarter cycles of increasing and de-
creasing magnetic field. Straight lines are drawn to average the plotted
points, as in Fig. 14. Values of (RO/R)S/3 at each of five field strengths
are obtained from the heating and cooling regions, and the time between
the equal values of field strength is found. From the change in the ratio
(RO/R)2 for each field strength, an estimate of the loss of temperature
during the corresponding time interval can be computed. For exanple, at
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a given field strength, a smaller value of R on the cooling cycle than at
the same point on the heating cycle indicates a loss of temperature.

From these values, characteristic times t are obtained, as well

as the density ratios (p/po) and the temperaturiéecorresponding to each
field strength. These numbers, obtained from Fig. lh are given in

Table 2. The values for temperature are based on the value of T =3.6 ev
given by the slope of the (R /R)S/3 versus B heating curve. These data

are for the case of an initial pressure of 865 microns.

TABLE 2

DENSTITY RATIOS, TEMPERATURES, AND CHARACTERISTIC TIMES
FOR FIVE FIELD STRENGTHS

B T t1/2
gauss ) p/po (ev) (nsec)
5,000 1.12 4.1 30
10, 000 2.93 6.3 27.5 ;
20,000 6.05 12.3 17.8
30,000 9.88 17.0 11.1
35,000 11.8 19.4 7.9

_5/2
1/2 (po/p) versus (T/To) . The
resulting straight line is just what would be expected if Eq. (12) holds,

indicating that the heat loss is d7e to heat diffusion and that thermal
5/2

Figure 15 shows a plot of t

conductivity is proportional to T

This result is not at all conclusive since Fig. 15 is based on only
one smear picture. It is presented here only to illustrate how additional
data on the effect of temperature diffusion might be obtained. A more
accurate way to observe temperature diffusion would be to keep the magnetic
field constant at one of the higher values of temperature and observe the
reduction of plasma radius for as many time intervals as possible.

From the results of Fig. 15 and the proportionalities of Eq. (12),

values of t can be calculated for the lower pressure cases. These

1/2
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values indicate that at 725 microns and at 150 microns, the values of
tl/2 are sufficiently large in comparison with the 10 psec compression
time that heat diffusion will not be serious. The values of tl/2 for the
15.5 micron case are much smaller than 10 psec and indicate that heat
diffusion should be even more serious than indicated in Fig. 13, which,
however, does indicate considerable heat loss at the high temperature end.
Since Totempole II experiments look most promising at low densities,

i.e., one achieves the highest temperatures there, and since heat diffusion

increases as TS/E/N, the need for a faster rising compression field and a

field configuration to reduce end losses is strongly indicated by these
results.

JV. Conclusions and Recommendations

The data reported here should be regarded as preliminary and in no
way decisive. Much work remains to be done to investigate thoroughly
the behavior of the Totempole II device. However, with these limitations
in mind, a few conclusions may be drawn regarding Totempole II. The data
indicate that:

1. Planar shocks from tapered ﬁz sections can be used to produce a
plasma of sufficient temperature to satisfy the minimum preheating re-
quirements of the experiment.

2. The adiabatic heating theory appears to hold over the range of
temperatures and pressures studied, except perhaps for the high tempera-
ture case at the lowest pressure (15.5 microns) used. This conclusion is
based primarily on the linearity of the (RO/R)S/3 versus B curves. This
linearity indicates that there is no serious heat loss due to radiation,
temperatures diffusion, etc., over most of the region tested. Thus Eq. (8)
mey be used with some confidence to predict the behavior of Totempole II
experiments.

3. The high temperature behavior of the 15.5 micron curve of Fig.
13 and the results of Section III E strongly indicate that temperature
diffusion becomes serious if one proceeds to lower initial densities or

higher final temperatures.
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4, fThe cleanliness of the discharge tube after many dozens of

firings strongly suggests that the impurities are reduced by one or more
orders of magnitude as compared with systems of comparable energy using
electrodes.

5. The long radial containment times and apparent lack of serious
diffusion of the plasme into the magnetic field indicate that a consider-
able electrical conductivity was achieved during the compression stage.
A comparison with the magnetic diffusion times of the shock channeling
experiment2 supports the conclusion that Totempole II achieved electron
temperatures in excess of 20 to 30 ev.

There seems no reason to doubt that a combination of the following
improvements would enable the Totempole II type experiment to produce
plasma of sufficient temperature to give significant thermonuclear neutron
yields.

(a) The temperature diffusion effect can be reduced by increasing
the length (L) of the main compression coil or by a magnetic mirror con-
figuration of the compressing field. A faster rising compressing field
is also very desirable.

(b) Equation (8) shows that the final temperature may be increased
by increasing the final strength of the compressing field.

(c) Higher initial temperatures (To) are desirable both to increase
the final temperature as predicted by Eq. (8) and to reduce radial dif-
fusion of the magnetic field into the plasma during the early stages of
compression. These higher values of (To) can be obtained by increasing
the strength of the preheating longitudinal shocks. They might also be
obtained by use of "Gloworm"u type ﬁz heating an% its associated radial
shocks. This would involve applying a separate Bz of.high EQ super-
imposed axially on the main compressing field. This BZ heating would be
fired before the main compressing field. Since the "Gloworm" data indi-
cated temperatures of 5 to 10 ev, this method looks quite feasible. How-
ever, one should study it with magnetic probes to verify that mixing of
magnetic field and plasma does not become serious during the preheating
Phase.
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(d) Equation (8) also shows that lower initial densities (No)
would increase the final temperature. However, as one lowers the base
pressure of any given device, a point will be reached where impurities
from the walls will become appreciable compared to the deuteron density.
So any device of this type would have an optimun initial density which
should be determined. Since heat diffusion became important in the
Totempole II, the optimun base pressure was somevhere near 15 microns.

In addition to the potentialities of producing thermonucleaxr
neutrons, Totempole II type experiments look promising as a means of
studying the basic physical properties of hot plasma.

ko




10.

11.

REFERENCES
E. M. Little and D. B. Thomson, Los Alamos internal report, June 1957.
F. R. Scott, W. P. Basmann, E. M. Little, and D. B. Thomson,

"Magnetic Channeling of a Strong Shock," The Plasma in a Magnetic
Field, Stanford University Press, Palo Alto, California (1958).

J. W. Mather, et al., Los Alamos internal reports, November-December
1953 and January-March 195k4.

W. M. Bullis and D. B. Thomson, Los Alamos internal reports,
November-December 1956.

V. Josephson, "Production of High Velocity Shocks," J. Appl. Phys. 29,
30-32 (1958).

R. B. Ferrell, Los Alamos Scientific Laboratory; private commnication,
January 1957.

R. B. Ferrell and D. B. Thomson, Los Alamos internal reports, June-
July 1955.

F. R. Scott, "Totempole," Berkeley Conference on Thermonuclear Reactions,
TID-7536, Pt. II, February 1957.

Burkhardt, Dunaway, Mather, Phillips, Sawyer, Stratton, Stovall, Jr.,
and Tuck, J. Appl. Phys. 28, 519-521 (1957).

Lyman Spitzer, Jr., Physics of Fully Tonized Gases, pp. T76-8L,
Interscience Publishers, Inc., New York, 1956.

A. C. Kolb, "Propagation of Strong Shock Waves in Pulsed Longitudinal
Magnetic Fields," Phys. Rev. 107, 1197 (1957).

).;.3




