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I. INTRODUCTION

Several investiga'borsl-é have reported initial success in stabi-
lizing a pinched discharge through the utilization of an axial B
magnetic field and conducting walls and theoretical work/= 5 wifh
simplifying assumptions, predicts stabilization under these conditions.
At Los Alamos this approach has been examined in linear (Columbus) and
toroidal (Perhapsatron) geometries.

Perhapsatron S-3 (PS-3) described elsewhe:c'eh » was found to be
resistance limited in that the discharge current did not significantly
increase for primary voltages over 12 kv (120 volts/cm). The minor
inside diemeter of this machine was small, 5.3 cm, and the onset of
impurity light from wall material in the discharge occwred early in
the gas current cycle. It was tentatively concluded that in the small
PS-3 torus the flux of energy to the walls had reached an intolerable
value., The resulting evaporation or sputtering of wall material then
contaminated the discharge causing the resistance of the discharge to
rise. For this reason the next in the progression of toroidal machines,
Perhapsatron S-L (PS-li) was constructed, Fig. 1.

The machine has a quertz torus, 1L.0-cm minor inside diameter, 218-
cm mean circumference, and wall thickness 0.6 cm. An aluminum primary,
1.25~cm thick surrounds the quartz torus with minimum spacing, ~ O.l cm,
and can be erergized by 90,000 joules, 20 kv at two feed points, per-
mitting a maximum electric field of 150 wolts/cm. A two-ton iron core
(laminations 0,002-inch thick) links the primary and secondary and has
a rating of 0.2 volt-sec. A solenoid, 1.6 turns per cm, wound around
the primary is energized by a 2400 uf capacitor at voltages up to 3 kv
and produces an axial B, magnetic field up to LOOO gauss. A split in the
aluminum primary allows rapid Bz field penetration.
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II. EIECTRICAL CHARACTERISTICS

The typiecal behavior of gas current and secondary voltage at 25 kv
is shown in Fig. 2. The current-voltage phase relation shows that the
gas current is largely inductance limited and not resistance limited as
observed in PS-3. After gas breakdown ~B0% of the condenser voltage
appears around the secondary in agreement with the ratio of source and
load inductances. The rate of rise of gas current at first is large,
~1,3 x 104+ amps/sec, until the gas current contracts to cause an
increase in inductance at which time the gas current is a good approxi-
mation to & sine curve. The gas cwrent moximum is found to rise linearly
with primary voltage, Fig. 3, deviating as expected at the higher voltages
because of iron core satura"tmn.

. A% the discharge current maxmwn, the secondary voltage is not zero,’
- and if one assumes thal there is no large change of inductance, the total
resistance of the discharge (R = V/I) is computed to be ~ 28 mi1liohms,
TII. EXPERTMENTAL RESULTS

A, Neﬂtron Prcciue’cmn

The total average yield of neutrons is ~ L x 106 per discharge at
30 kv and neutron yields as high as ~ 107 per discharge have been re-
corded. No cireumferential asymmetry in neubtron yield has been observed.

The aversge yield of neutrons is found to vary with pressure as
shown in Fig, L. The maximum neubtron yield is found at-a lower pressure
(w15 ) than with the smaller machine, PS-3 (~30 ). The neutron yield
also is observed to decrsase more rapxdly with increasing mressure than
for PS;B and is reduced to cm-half of its maximam value at a pressure
Of 23. e ;

The dependence of the average neutron yield from PS-l on the initial
axial B, megretic field (Fig. Sa) exhibits a striking similarity to that
reporf;eé for.PS-3 with an optimum value of B, giving the maximum yield,
It is also found that the optimum value of B varies with the applied
- primary voltage as shown in Fig, 5b, Again H comparison with PS=3 can
be made in that a smaller value of B is required in the larger machine
to optimize the neutron vield for a glven discharge current. It is of
further interest to note that for the B, field adjusted for optimum
neutron ﬂeld at various primary voltages, the yield experiences es-
sentially a linear rise with increasing mrimary voltage. These data are
swmnarlzed in Fig. 6.

 The average times of onset cessatlon, and duration of neutron

‘ emission are shown in Fig. Ta a.nd To.  As the pnmary voltage is in-~
creased the neubtrons appesr eorlier in time and their duration grows’

. shorter. The onset of neutrons at a fixed B, field may well be associ-

- ated with a critical value of discharge cur:cent (~ 180 ka) so that as

the more. the primery voltage is increased, with the resulting increase




-3 - A/CONF,15/P/2,88
USA

in the rate of rise of gas current, the earlier will this critical current
be reached and neutrons emitted. The termination of the neutron burst is
correlated with the appearance of radiation from wall materials. At the
lower voltages (20 to 2l kv), neutron emission occurs almost symmetrically
in time about the current maximum with little or no impurity light (Si II)
emitted in this time interval. At the higher voltages (> 24 kv), impurity
light comes in earlier with an apparent quenching of the neutrons, thus
leading to shorter burst duration. .

The region of emission of neubtrons in the torus has been measured
with a large paraffin collimator used in conjunction with a fast phosphar
and photomultiplier detector. The results of the measuwrement are shown
in Fig. 8. Within the experimental errors, the results for the horizontal
and vertical scan across the minor diameter are the same, and it is con=-
cluded that the source is probably symmetric about the minor axis. From
a knowledge of the resolution of the collimabtor, these data have been un-
folded with the aid of a 70L computing machine. The results of the unfold-
ing process, (Fig. 9,A) show that the neutrons are produced in a hollow
cylinder, ~ 2 cm I,D, and ~3 cm 0.D., with some contribution between 8-
and 1lh-cm diameter. The data, however, are not inconsistent with neutrons
being produced uniformly in a2 rod 3 cm in diameber with a small conbri-
- bution between this rod and the torus wall, Fig. 9,B.

- The energy distributions of the emitted neutrons have been measured
in two directions tangential to the major circumference: one in the
direction in which deuterons are accelerated by the induced electric
field, and the other opposed. An expansion type cloud chamber, 30-cm
I.D., filled with CH), at a pressure of 1.5 atmospheres placed one meter
from the torus was used as the detector. A paraffin collimator between
the eloud chamber and the torus limited the accepted neutrons to those
emitted tangentially from the torus. To minimize x-ray background a 0.6~
cm thick lead shield surrounded the cloud chamber. The high relative
neutron yield from this machine has made it possible to obtain ~ 870
usable tracks in ~ 1600 expansions. The results with the machine operating
at 27+6 kv, 1500 gauss B_ field and 12.5 p Do gas pressure, are shown in
Fig. 10 together with a calibration run made on a Cockcrofi-Walton ac-
celerator. It is seen that the neutron energies measured in the direction
in which deuterons may be accelerated in the machine are higher than those
in the opposite direction, with pronounced energy peaks at 2.59 Mev in the
forward direction and 2.37 Mev in the backward direction. The widths at
~half maximum of the neutron energy peaks are 0.3 and 0,35 Mev and only
slightly larger than that of the calibration run,~ 0.2 Mev. These energy
shifts show that the center of mass of the reacting deuterons is moving
in the direction of the induced electric field with a velocity of ~ 5 x 107
cm/sec. If the assumption is made that fast deuterons react with deuterons
at rest, the peak of the neutron energy distribution implies a deuteron
energy of 10 kev. ‘

B. Magnetic Field and Pressure Distributions

The Bg and B, magnetic field distributions have been measured across.
a minor diameter of the torus in the horizontal plane, I the assumption
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- of sy'mme'bry of the discharge about the horizontal plane is correct, then
only two components of the magnetic field, Bg and B,, need be measm'ed '
as By is zero. Subsequent to these measm'emrrts , other resultst? at Los
Alamos in cylindrical geometry indicate a gross bodily movement of the
discharge with the resulting inference that a more detailed program of
measurements including the third component (radial) in toroidal geometxy
is requ:.red. :

- The magnetic flelds are measured by previously described ’&ec?t*;n::.cg:tesl‘l 5
and the resulting calculated Jg and Jjo current density distributions at
30 kv primary voltage and 1700 gauss g stabilizing field are shown in
Figs. 1la and 11b, respectively. The dz.scharge appears bo be confined
by the pinch field and is concentrated about the axis with little or no
current near the walls after the initial pinching at about onme microsecond.

; The discharge cuwrrent along the axis is not zero when the total secon-
dary current passes through zero., This phegomenon has been obseprved in
the linear discharge machine, Columbus S-Ll® and is of course due to finite
velocity of diffusion of currents through the conducting medium,

Pressure and cuwrrent distributions were caleulated from a knowledge
of the magnetic fields measured along a minor diameter of the torus. The
equation used for calculating the pressures dlong this diameter is

R ; 5 o ; ;

. w2 T2 2 , B

bl et es o
N R ~ L

~where R is the major radlus to the point urder conolderat:.on, A is deter-
mined by the condition Be =0 atR =A, and the arbitrary constant C is
de‘be ned at some pomt where the pres"ure is known. The quantity
/ZR is the minor radius of the toroidal ecoordinate suwface through
the po:.nt. The equations for the current distributions along the diameter

are
. 1 (98 . = |
2" " Ty (’33 ¥ onge Be) @

B ; ,
3-1(32+Bz) | e
‘ - '8 Lo \on R

Typical results of the pressure calculations are shown in Fig. 12,

.
!

i

An examination of.‘ the pressure profiles revealk several outstandlng
features: (1) the center of the discharge as defined by By = O does not
move appreciably during the first half cycle of gas curren but is local-
ized within less than 1.0 cm along the axis, (2) a pressure minimum occurs
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on the axis and pers:Lsts during most of the first half period. Two
pressure peaks of varying amplitude are present on each side of the
pressure minimum at a radius of ~ 2 em, (3) appreciable pressures of
varying amplitude are present at the inside and outside walls.

These pressure distributions were urnexpected as they have not been
obtained in toroidal machines heretofore. The possibility exists that
the assumptions made in the derivation of Eq. 1 are not valid and a
complete mapping of the fields is required. It is interesting to note,
however, that one possible configuration for the radial distribution of
the emitted neutrons (see Fig. 9,A) is a thin shell and that this shell
is located on the pressure peaks at radius ~ 2 cm.

At least three possible explanations exist for the large pressures
calculated at the walls: (1) the discharge moves bodily sbout the tube
and large inward and outward accelerations are present as has been ob-
served radially in the linear systemlz (the present data are not suf-
ficiently precise at this time to make a more detailed analysis), (2)
high energy runaway electrons are contributing to the pressure by their
centrifugal force, or (3) errors in field measurements exist near the
walls or near the probe openings in the primary shell.

C. Powered Crowbar Operation

 For some conditions it has been found possible to sustain the current
maximum for times as long as 30 microseconds. The current is maintained
by switching an additional 2k millifarads of capacitance (1.1 x 10° joules
at 3 kv) in parallel with the primary energy supply at the time of current
maximum, Because of the unexpected high impedance of the discharge, the
discharge current could be held constant by the crowbar bank only at the
level corresponding to a total primary voltage of S kv, If switching
takes place at current maximum with initially 7 kv and 3 kv on the primary
and sustaining crowbar supplies respectively, the results shown in Fig. 13
are obtained. With an initial applied secondary voltage of ~ 13 kv, it
is observed that the discharge current is held relatlvely constant, ~180
ka, for ~ 30 usec by the crowbar system.

The Bg and B, magnetic field distributions have been measured as a
function o? time m‘bh a sustained crowbar operation, and the corresponding
current densities, j, and Jjg, calculated (Fig. llia,b). Pressure profiles
have also been calculated., It is surprising that for times as long as

32 psec after the first current maximum that the magnetic field distri-
butions vary as little as they do. It is appavent that the axial discharge
current remains separated from the walls for ~h8 microseconds after 1n1'b1-
ation of discharge current.

A neutron yield o,f ~2 X 105 per burst under normal operating conditions
with 13 kv applied secondary volbtage increases with crowbar operation at
13 kv to ~2 x 10% per burst with duration increased up to € 60 psec (Fig.
13¢). The rate of neutron emission remains relatively constant during this
time. This result apparently precludes explanations of neutron production
which use shocks originating by rapid rate of rise of discharge currents
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or sudden applications of high voltages; It appears recessary that the
neutron producing mechanism be continuous far relatively long times and
that it involves no permanent breakup of the pinch strﬁcture.

- During the sustalned crowbar operation, a con51derable amount of
energy (9.0 x 102 joules per psec) is being transferred to the discharge.
No appreciable changes, however, are found during these timés in the
pressure dlstrlbntlcns. The conclusion is 1nescapable that energy is
being lost by the discharge as fast as it is being received.

D. Spectral Observations

 The intensities of the deuterium Dg, and silicon, Si II (Li28 Eﬁ,
lines vary with time as shown in Fig. 15. The hydrogen line initially
is relatively intense. Radiation from the discharge gas becomes much
weaker when ionization has taken place, and then becomes very strong
presumably due to the ionization of hydrogen released from the walls.
The time of onset of silicon light is a function of primary voltage
(Fig. 7a) and is associated with the bombardment of the walls by parti-
cles or radlatlon.

E. X-rays

For primary voltages above ~ 20 kv a short burst of x-rays, duration
~32 usec, is detected outside of the aluminum primary at the start of gas
current. Little or no x-ray emission of energy > 50 kev occurs during the
remainder.of the discharge cycle. The mean energy of the x-rays outside
the alumlnum primary is 68 kev as measured with film badges. With an
applied primary voltage of 30 kv, a maximum x-ray energy of 0.6 Mev was
determined by lead absorbers. The x-ray intensity varies widely from
discharge to discharge with an average reading of a,l mr per discharge
measured with a dosimeter placed alongside the torus primary.

III. DISCUSSION

From the above data some conclusions can be drawn concerning the
plasma confinement antheatlng in Perhapsatron S-i.

A, BElectrical Resistance

In the operation of PS-l, the electrical resistance of the discharge
was found to be considerably lerger than expected. At the discharge
current maximum (3 x 10° amperes), for example, the secondary voltage was
measured to be 8.4 kv which gives from Ohm's law a total discharge im-
pedance of 28 milliohms. From the j, and jg current density distributions
(Fig. 1la,b) it would appear that there are no large fluctuations in the

current dens1ty'dlstr1butlons at the current maximum (t = 12.5-usec)

indicating that at this time there is little change in the secondary
inductance and hence the voltage drop is purely resistive. The current
channel diameter Aav7.2 cm 18 also defined by the jy distribution. With
the assumption that the electric field is constant throughout the dis=

_charge we calculate a resistivity of L.0 x 10-3 ohms-cm, L5° pitch of
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the magnetic field lines, and a corresponding electron temperature of
~6 ev assuyping validity of the resistivity, temperature relation
p=3x 10-8/r /2?(1% ’

A second measurement of the discharge resistence is available from
the performance of the discharge during the sustained crowbar operation.
In this case the discharge current was held essentially constant for
30 psec with little observed change in the Jg cyrrent distributions
(Fig. 1ha). The discharge cwrent was 1.8 x 10° amperes with a secondary
- voltage of ~ 5.0 kv, From the foregoing crowbar operating conditions s
the total discharge resistance is calculated to be ~ 28 milliohms in
agreement with the calculation made at the higher voltages and currents.
At the reduced power level required for crowbar operation the discharge
remains remarksbly free from impurity radiation for ~ LO psec. This
enables us to reject impurities as a serious contributor to the high
resistivity. :

A more precise and meaningful measurement of the resistivity of the
discharge can be made with the knowledge of the Bg and B, distributions.
The electric fields and cwrrent densities parallel to the magnetic field
can be calculated throughout the discharge and from these data changes
in the resistivity obtained as a function of time. These cdlculations are
now being made but no results are available ab this time,

In summary, the experimental results indicate that the apparent
resistivity of the discharge is large (L.O x 10-3 ohms-cm) with a corres-
ponding low ~ 6 ev electron temperature. It should be emphasized, however,
that these calculations use the simplified Ohm's law relation for the
plasmal ignoring, in particular, velocity terms that would exist in the
presence of plasma waves or turbulent conditions.

B, 1Ensrgy Balance

It is instructive to account for the energy taken from the capacitor
banks during the discharge. With PS-lj operating at 15 kv, the energy
deposited in the various sections of the machine at 2 time of 6 usec has
been calculated. The results are summarized in Table T.

: Table I
1. Initial energy in condenser bank 50,600 joules
2. ‘Energy remaining in condenser bank at 6 psec 28,200 joules
3. Energy in external inductance 2,760 1
. Magnetic field energy associated with discharge,
2 2 :
jBo/Bv av + 35/8‘[{ av -fBz /8 av 11,620 "
5. Resistance losses ‘ ; sho ®
6. Energy in primary inductance 300
‘ Totals 50,600 joules  L3,420 joules

Erergy unaccounted for ; 7,180 joules
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If the remaining energy, 7180 joules, were used to heat all the
gas initially present'in the torus a plasma temperature of ~ 760 ev
would exist at 6 usec in the discharge cycle. This result is clearly
incompatible with the ~ 6-ev electron temperatures cal culated i‘rom the
res:.st:.v:Lty.

The sustained crowbar operation gives us additiomal information as
to the problem of heating the plasma. With a constant curremt of 1.8 x ZLC)5
amperes the secondary voltage remains essentially constant at 5.0 kv for
~30 psec., Energy is then being transferred to the discharge at a rate
of approximately (1.8 x 105) (5 x :LO3)10"6 900 joules per usec. The
caleculated current dens:.ty distributions (Fig. lha 'b) indicate that this:
energy is not appearing in the magnetic field since these distributions
do not change appreciably during this time interval, The erergy must
then be deposited to the gas at a rate of 95 ev per particle per usec.
However, the calculated pressures during this time interval do not rise
appreciably nor does the rate of neutron production increase as would be
expected from a steadlly rising temperature.

These arguments lead to the obvious conclusion that there are
mechanisms at work by which ensrgy is being continuously drained from
the discharge. The magnetic probe measurements indicate that the dis=-
charge current is at lsast grossly confined awsy from the tube walls,
but the experimental results demonstrate that the energy transferred to
the plasma is not confined. The nature of the loss mechanism is not yet
known though it is suspected that less by escape of energetic particles
across the confiring magnetic field, particle acceleration by the electric:
field, and loss by radiation generated by plasma waves and turbulence may
be contributing factors. _ ‘

Cs Pressure Balance Resultis

The pressure distributions calculated from the measured magm‘ca.c field
distributions in PS-L show,:m general,a pressure maximum at a radius of
~2 cm. With a pressure minimum on the axis it can be concluded that the
pressure difference between the peak pressure and the axial pressure is
not a result of forces such as those produced by runaway electrons. The
pressure differences between the peaks and the minima at the axis vary up
to ~ 2,5 atmospheres with corresponding energy densities of 0.25 joules
per em3. It is not clear whether this energy exists as gas turbulence,
shock waves, plasma waves, or in thermal motion of the gas particles., If
it is assumed that all the gas is confined uniformly in a rod of diameter
3.5 cm, and that an energy density of 0.25 joules/cm’is expended in thermal
motion of the gas particles within the rod then a temperature of 220 ev is
deduced from the pressure measurements., ' This temperature is perhaps low
since considerable pressures are observed between 3.5-cm radius and the
wall, which indicates that 41l the gas may not be confired within the
3 S-cm radius. ;

A temperature of 220 ev is not sufficient to explain the PS-L neutron
yield based on thermonuclear reaction considerations, although as stated
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above the results of the collimated neutron observations across a minor
diameter suggest that the neutrons are preduced in the mezsured high
pressure regions of the discharge.

D. Neutron Energy Distributions

The energy shifts in the neutron energy distributions described
earlier in this revort show conclusively that most of the neutrons
are generabted by reacting deuterons having a center of mass velocity of
~5 x 107 cm/sec.

Two possible mechanisms representing extremes of viewpoints can be
considered by which the neutrons may be produced with the observed center
of mass velocity: (1) a simple acceleration process in which 10-kev
deuterons,which are a small fraction of the total deuterons present in
the torus,react with the remaln*nv deuterons at rest, and (2) a streaming
of deuterons of velocity 5 x 107 cm/sec reacting w1th each other by their
relative velocities.

(1) In the acceleration process we can calculate the current of
10-kev deuterons required to produce the observed neutron yield. With
an initial gas pressure of 12.5 W and an assumed compression of ten, a
deuteron current of ~ 370 amperes_is required to give the observed rate
of neutron productiocn of ~ S x 10+ neutrons/sec. (If a smaller com-
pression is assumed, the current will increase inversely as the compression.)
The percentage of the total number of deuterons present in the torus which
would contribute to this current would be small, ~ 0.02%, and the erergy
required to accelerate them to 10 kev quite reasonable, ~ § joules.

Possibly the strongest argument that can be made against this process
of neutron production is that.the required deuteron current is too large.
If conservation of momentum is to occur in the discharge, then the ratio
of the deuteron and electron currents should be inversely proportional to
their masses. With a total discharge current of 300 ka, the deuteron
current would be only 80 amperes.,

The sbove calculation of the required deuteron current has assumed
that all the accelerated deuterons have an energy of 10 kev corresponding
to the peak in the neutron energr distribution.  This may well be in error
since comparable numbers of lower energy deuterons may be present, which
would not contribute much to the total neubtron yield since the cross-
section is such a rapidly rising function of energy. Unfortunstely the
cloud chamber data are not sufficiently precise to permit a deuteron
energy distribution to be calculated.

(2) If it is assumed that deuterons are streaming parallel to the
axis of the torus it can be shown that the deuterons in the gas cannot
all have the indicated velocity of 5 x 107 cm/sec (~ 2.5 kev energy).
To accelﬁraue all the deuterons to this energy, a total energy of
1.2 x 104 joules is required. In the energy balance consideration dis-
cussed above, only 7.2 x 103 joules are available for translational kinetic
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energy. One must then conclude that only a fraction, 60% at most, of the
deuterons could cooperate in this process., A difficulty arises in that
this number of deuterons travgling at a velocity of 5x 107 cm/sec would
produce a current of 6.5 x 10V amperes. In order to be consistent with
the observed current and momentum conservation, the steady deuteron current
must not exceed 80 amperes. The pressure distribution also establishes

a 1imit on the maximum temperature and density which can exist. We must
then conclude if hypothesis (2) is correct that in order to be consistent
with current and energy balance the reaction must proceed at large relative
deuteron velocities in a small fraction of the total gas. The necessarily
high transient pressures which would then exist would not be observed by
the present techniques. This highly localized source of neutrons receives
some experimental confirmation in that during the collimated neutron
measurements, at a given collimator position,the numbers of neutrons de-
tected on successive shots frequently varies by a factor of three.

Further experiments may reveal that the models developed above are

gross oversimplifications of the true mechanism for neutron production
in PS-l.

E. Summggz

The preceding cormments may be summarized as follows,

(1) The discharge has been stabilized in a gross sense
(the discharge current confined from the walls) for
times &~ L8 usec.

(2) Trom the measured resistivity of the discharge the
electron temperature is ~ 6 ev.

(3) By some as yet unknown mechanism,energy is being
lost by the discharge at a rate of ~ 900joulesfsec
under certain operating conditions.

(4) Maximum gas pressures of ~ 2.5 atmospheres are
measured during the current cycle.

(5) There is a center of mass velocity of ~5 x 107 cm/
sec of the reacting deuterons which produce the
neutrons., The mechanism responsible for the pro-
duction of these neutrons is not clear.
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Fig. 1. Photograph of Perhapsatron S-L showing the torus, iron cores,
electrical feed points, and a section of the vacuum system.
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