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CONTROLLED THERMONUCLEAR RESEARCH
'SEMIANNUAL REPORT -
July through December 1961
Lawrence Radiation Laboratory

, University of California
Berkeley and Livermore, California

_Jamiary 19, 1962

INTRODUCTION
C. M. Van Atta

. The period July 1 to December 31, 1961 was one of intense research
activity and great stimulation, enhanced significantly by participation in two
.international conferences, the Fifth International Conference on Ionization
Phenomena in Gases at Munich and the IAEA Conference on Plasma Physics
and Controlled Nuclear Fusion Research at Salzburg. The conferences pro-
vided an incentive to obtain reportable results at a specific deadline, so that
. the period before departure for the conferences was one of particularly in-
tense effort. The conferences not only provided information on results ob-
tained in controlled fusion research in other countries but also generated
serious discussion, indeed at times even heated debate, on the significance
and validity of implications inferred from the results reported. LRL
contributions to.the programs of the two conferences are 11sted in the Talks
and Publications section at the end of this report. :

- Some of the more 31gn1flcant events of the past six months are briefly
summarized- below

1. In the multiple compression (Toy Top) facility diagnostic measure-
ments demonstrated that in the 9-inch-bore'third stage the plasma responded
normally to magnetic compression for the first 90 psec of the cycle but
drifted radially as a body striking the wall at the end. of this period. Neutrons
produced during this period were clearly shown to-be produced by d-d.fusion
events in the hot plasma. The side drift of the plasma (approx 2 X 10° cm/sec)
was shown to be correlated w1th asymmetries in the f1elds produced by the
two transfer coils. : : : :

To remove the asymmetries, a new set of multiturn coils on a 6-inch-
bore section was installed in place of the 9-inch-bore system. - With the new
system the neutron-production time has been extended by a factor of about
2, but still is far short of the 270 jisec'compression time.  Diagnostic
measurements now indicate erratic radial loss of the plasma without any
strong azimuthal consistency. - During these experimients the large neutron-
production rate has been an invaluable aid in. d1agnos1ng the hlstory of the -
~ hot plasma. :
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2.  The ALICE facility for injecting a beam of 20-kev neutral atoms
“into a steady-state mirror field.is essentially completed and will be in _
operation early in the next report period. The ion beam neutralizer, beam
.tube, and burial chamber for disposal of.the unused beam of energetic atoms
have been assembled. and successfully operated with-a beam of 70 ma of 20-
kev neutral atoms, _which.is ample for _initial ‘pl.asma buildup‘__.; experiments.

3. In.the Table Top magnetlc rhirror compression facility the char-
acter of the velocity-space instability previously mentioned has been more
clearly defined. The critical density at which.the instability occurs is lower
by at least two orders of magnitude than that corresponding to the "mirror"
instability, which had previously been postulated as:.the mode of the in-

- stability.  Radial current and electrostatic probes show that in the unstable
mode.the plasma usually develops a single radial prgjection. which exhibits
charge separation and rotates at'speeds of 109.to 10 revolutions/sec.  These
results suggest.the presence of an interchange instability, usually with a
single rotating flute. It is also observed that under certain circumstances
the plasma is quasi-stable in the sense that the instability-does not.occur
unless it is triggered by any of several different types of disturbances.  The
detailed structure of the plasma when it becomes unstable and the mechanism
and rate of growth of the 1nstab111ty are subJects for further study. :

4 S1gn1f1cant results obta1ned dur1ng pre11m1nary operatlon of the-

- levitron were reported previously. . Dur1ng bakeout of the liner at 450°C to
1mprove the vacuum, trouble developed in two areas. ' Cracking of the inconel
inner liner occurred near the hard-soldered joints; and the insulating epoxy
coat on the inside surface of the outer shell failed owing to inadequate heat
transfer. The levitron is now being reassembled with many substitutions-of
materials which should eliminate the difficulties and permit operation at
‘substantially lower base pressure than was possible with the original con-

- struction. .

. 5, Resistive instability calculations have resulted in the -prediction
~-that within the Astron E layer a Bg field will be spontaneously generated.
What effect if any this process will have on E-layer buildup . and stability

_ is not clear. It has also been shown that.in a beam-plasma column formed
by a high-energy electron beam passing through a gas the usual electrostatic
-two-stream mechanism in a weakly ionized medium is less important than
.a resistive instability of lower growth rate for which dissipative effects do

not suppress collective interaction. ' ; :

6.- Exten51ve calculatlons of 51ng1e partlcle injection and confine-
ment in a bumpy torus field have been carried out. Particles injected through
-the split. coil of the torus behave qualitatively as originally predicted, but a
more nearly optimum set of injection parameters has been determined. Ex-
Pperimental-evidence for the drift surface diffusion previously pred1cted for
‘the motion of particles. in:a. bumpy torus field has been obtained by studying’
. the effects of stationary.probes on the current of particles escaping. through-
~the mirror at one end of a distorted mirror field.- Engineering design for
the bumpy torus apparatus for injection and:trapping of 100-kev electrons
is nearing completion, and some components of the apparatus have been
. constructed.
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7. In‘the ion cyclotron resonance experiment (Hothouse II) the struc-
ture of the rotational hydromagnetic wave has been determined in greater
detail by the use of a seven-coil magnetic probe allowing observation of the
bg field component at seven positions simultaneously. The results confirm
the conclusion reported previously on the basis of shot-to-shot observations
that a substantial fraction of the 8.5 Mc power from the oscillator is trans-
mitted along the plasma column .in the form of a torsional wave. Large
variations in wave amplitude with 'z - position and in azimuth, however, are
now apparent, and are interpreted as evidence of plasma turbulence ohre-
flection of the wave from the magnet1c beach region.

8. A term1na1 report on the ion. magnetron dev1ce is included in the
section on the Berkeley program.  Many features of this interesting EXB
type of dlsc_harge have been investigated and deserve further study.. How-
ever, in the interest of pursuing projects that give greater promise of re-
sults of thermonuclear application, the ion magnetron project has been
.terminated. : .
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I.- PYROTRON (MAGNETIC MIRROR) PROGRAM . -

Vod

" 1. INTRODUGCTION AND SUMMARY
Richard F. Post

» Expenmental study of plasma 1nstab1ht1es and. thelr anatomy, and final
. preparations for putting the ALICE experiment into operation, were .the main
items of activity in this report period. In the Toy Top experiment the ex-
istence of a slow plasma drift to the chamber walls was shown, through its
influence on the neutron yield from the plasma and the onset of light emitted
from the chamber walls. - The drift was found not to be random.in direction,"
but-to be correlated with - asymmetries.in the pulsed fields used for manipu-
lating the plasma. New coils have been installed'with smaller asymmetry.
This has resulted.in approx1mately doubling the confinement time, even
_though the chamber diameter is now smaller (6 in. instead of 9. in. ). - How-
ever, abnormal losses still persist and their nature is being studied.

- New Table Top IlI was put into operation, with greatly improved vac-
uum conditions and with a lengthened field~holding time (0.2 sec). The first
experiments with Table Top III have been concerned with further study of
the plasma instabilities associated with the high-ratio magnetic compression
mode of operation (as used in Table Top II).. Some particularly interesting
features of the instability have been discovered, and evidence of the apparent -
existence of nonlinear phenomena in its initiation has been seen. - It has been
_found that, in its fully developed form, .the instability appears to be a rapidly
- rotating "'flute, " carrying with it a dipole-like charge distribution consistent
- with its observed rotation and the transport of particles across the conf1n1ng
f1e1d

L]

As before, the instability.is suppressed when the injected plasma
density is increased. - Of considerable interest is the fact that, under the
proper conditions of density, the instability can be'latent, '" not appearing
until many milliseconds after the initiation of compression, and then only
when triggered by an electrostatic perturbing signal, which may apparently
be small and of very short duration.  This seems to show that nonlinear
effects are operative, such that a minimum initial amplitude, larger than
normal fluctuation levels, must be present for the instability.to occur.  If,

. in fact, the observed instability turns out to be '"the'" hydromagnetic inter-
change instability of the mirror machine, this property could be of sub-

- stantial importance in understanding and --one would hope-- achlevnng
adequately stable plasma states.

Most of the preparations for the ALICE neutral injection experiment

. are now complete, and final assembly is now under way. - A neutral beam of
nearly the supposed required intensity was transmitted successfully through-
out the entire apparatus. "Also, some very interesting and encouraging '
measurements were made in the use of gettering and cryogenic vacuum
pumping techniques.. Some studies of the use of transient plasma bursts to
‘'boost' the initial buildup rate were also made, with encouraging results.
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In summary, we are now fully in the middle of studies which bear
crucially on the question of stable, long-time confinement of:plasmas in a -
mirror machine. Although not all has proceeded without a hitch, we are
encouraged by the increase in experimental data, by our new knowledge of
the anatomy of plasma instabilities, and by the promise of a new method of
plasma formatmn (neutral 1nJect10n) about to be tested :

: MULTISTAGE HIGH- COMPRESSION EXPERIMENTS

Frederic H. Coensgen, William F. Cumm1ns, William E. Nexsen, Jr.,
Arthur E. Sherman, and Robert E. Ellis

: .Int roduction .

In the period covered by this report we have worked with.two different
multistage compression experiments. The first of these was, of course, the
one (9-inch three-stage experiment) described in the preceding quarterly
report. 1 All the results from the 9-inch three-stage system are reported
in UCRL-6381 Addendum. 2 During September, at the time of the Salzburg
meeting, the 9-inch three -stage experiment was dismantled and a 6-inch
three-stage experiment installed. The 6-inch system was designed to elim-.
inate certain asymmetries present in the 9-inch magnetic fields, and thus to
check the fundamental nature of the observed cross-field plasma drift:- found
in the 9-inch system. Investigation of the plasma behavior in the 6-inch
system 1is still in progress.

9-Inch Three-Stage Experiment -

Throughout the 1nvest1gat1ons from June to September, the magnetic
field at the injection point in.the 18-inch chamber was 600 gauss, and the dc
magnetic field in the transfer section of the 9-inch volume was 2400 gauss.
The dc field beyond the transfer section could be maintained at the 2400-
gauss value (flat field configuration) or raised to about 10,000 over the third-
stage region. Furthermore, the third-stage pulsed magnets located at 18,

12, 15, and 8 inches could be used to provide (essentially constant) large
magnetic barriers in the third- stage reglon as well as be used in the more

- conventional third-stage compression.: Three pulsed magnets were used in

- the transfer (second-stage) region. - First, the single-turn gate coil at 74
inches followed by two 20-inch.transfer magnets. One-inch separations were
used between the gate coil and first transfer magnet, between the two transfer
magnets, and between the end of the second transfer magnét and the first of
the third-stage magnets.

Frederic H. Coensgen, in Controlled Thermonuclear Research Quarterly
Report, UCRL 9777, August 1961, p. 4. :

5 :
F. H. Coensgen, W. F. Cummins, W. E. Nexsen, Jr.,; and A. E. Sherman,
UCRL-6381 Addendum, presented at the Conference on Plasma Physics and
Controlled Nuclear Fusmn, Salzburg, Austrla, September 1961
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Optimum operation, as judged by neutron production, was obtained for
the following timing sequence: injection at 0 psec, gate and first.transfer
magnet pulsed at 14 psec, second transfer magnet pulsed at 20 psec, - and
first third-stage magnet pulsed at 50 psec while the third third-stage magnet
was pulsed early and was used as a dc barrier. The sequence viewed from -
the plasma is first mainly one-of trapping, followed by a rapid radial com-
pression which slows down as the second transfer magnet current attains its
maximum value at 70 psec. Also, in the period from 50 to 70 psec the
plasma is being.transferred into the third-stage compression region where
the radial compression is continued at a slower rate to 300 usec, when the
third-stage magnet currents have attained full value. As reported earlier,
the compression process as judged from the rate of neutron production
proceeds as expected at about 70 psec, when it starts to decline rapidly and
by 100 psec it has decreased essentially to zero. This sudden break in the
neutron production and its subsequent decline despite the continuing com-
pression is in sharp contrast with the expected continued plasma heating and
compression. Plasma loss due to excessive longitudinal compression and
energy loss from the hot ions to cold electrons could be expected to slow the
increase of the reaction rate, but could not be expected to lead to a catas-
trophic quenching of neutron production. Although the total neutron produc-
tion could be changed by changing the timing sequence, capacitor bank po-
tentials, and injection conditions, the reaction history remained essentially
unchanged for all conditions. Indeed, early in July the evidence strongly
supported the existence of losses of plasma or ion energy or both by processes
other than classical, i.e., supported the existence of instabilities or other
co-operative effects. ~ ' : IR

Early in July the character of the investigation changed from a study
of the effect of parametric changes upon the total neutron production and
reaction history to a more detailed study of the plasma behavior for one
operating condition. The system was viewed transversely by a photo-
multiplier located at the final compression chamber. Large light bursts
were found at the time the neutron-production rate decreased. An electro-
static probe was introduced which detected plasma near the wall at the time:
the neutron production decreased. It was established that the light and
probe signals were exactly time-correlated and that as these signals in-
creased the rate of neutron production decreased. Multiple-probe arrays
were made which could be rotated and moved in the longitudinal direction,
thus allowing a detailed investigation of the plasma bombardment of the wall.
To facilitate interpretation of the data, most of.the probe studies were made
by using only one plasma injector located on axis. Investigations in the final
compression region indicated that the plasma reached the wall at preferred
azimuthal locations. The flute-like nature of the plasma flow was also
verified.

- As the preferred location appeared.to be somewhat correlated with the
leads of the transfer magnets, a 'flat'-field experiment was performed.  In
this experiment the dc field was maintained flat at 2400 gauss throughout the
entire 9-inch glass section, i.e., in both the transfer and third-stage regions.
An "end" magnetic barrier was provided by pulsing one of the third-stage"
magnets early in time. Inthe absence of the end magnetic barrier, no
probe signals or light signals were obtained for any operating sequence of
‘the second-stage magnets. With the stopping magnetic barrier and only
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one transfer magnet the location of the plasma bombardment of the wall was
found to be strongly correlated with the lead position of the transfer magnet.
Fortunately, the leads for the two transfer magnets were on opposite sides
(i.e., 180° azimuthal separation).- It was found that the plasma drifted as
a body toward the low-field region at the lead side of the magnets.: The
drift velocity was found to be 2x 105 cm/sec. The azimuthal extent of the
plasma, as determined from multiple probe arrays, at-a radial position.of
3 in., was 2 in. to 3 in., which.is consistent with the expected diameter of
the plasma column. The time dependence of the probe signals was con-
sistent with the diameter of the plasma column and the drift velocity.

Even before it was known that the plasma drifted to the wall, the
persistent similarity of the tails of the various neutron histograms cast
doubt on the validity of 1dent1f1cat10n of the counts observed at the late times
with.late d-d reactions. Therefore, simultaneously with the probe investi-
gations just described, a complete duplicate of the final compression section

-was fabr1cated and installed in the Cockcroft-Walton target area.  The 500-

kev'D* beam. from this accelerator was allowed to bombard deuterated tar-
gets placed in the final containment region of this duplicate system. These
targets were bombarded for 50 psec:and the counting rate was measured by
using the same counters in the same relative positions as used to obtain the
neutron histograms. - The decay of the counting rate in this experiment was
found to be the same as that of the counting rate after 100 psec in the plasma
experiments.  We conclude that the counts later than 100 usec are due pri-
marily to y rays from the capture of neutrons which have been slowed down
and have been rattling around in the large mass of plastic and copper of the
pulsed and dc magnet systems.. Previously, the late counts were identified

-as neutrons by measuring their absorption length in lead. Because the

counting rate is low, the detector could not be moved very far from the
system, so it was known that the counting geometry was "poor' and that

the observed absorption.length would be greater than the 2-cm value one
would expect if "'good counting geometry" could have been used. The ab-
sorption length obtained was 10 cm, which was assumed.to be sufficiently
greater than 2 cm to indicate that the late counts were neutrons. For the
extended y-ray source represented by the magnet system and close position
of the recoil ¢ounters this assumption is now believed incorrect, and the
plasma containment time in the 9-inch three- stage experiment must be re-
vised downward from 900 to 90 usec. It is possible that late counts could
be due to capture y rays arising from neutrons which slow down in the scin-
tillator and are captured there. This effect was evaluated in the Cockcroft-

* Walton runs by noting the apparent broadening in our counter of a neutron
. pulse of known width.. The broaden1ng was found to be less than 7 psec.

As the plasma is known to bombard the walls, the quest1on arises

‘whether or not the observed reactions are in the plasma or due to wall

bombardment. Only 1010 fast (50- to 1000-kev) Dt 1ons/cm3 in the plasma
would produce, through wall bombardment, the total observed number of
neutrons. The following observations are evidence that the reactions occur
within the plasma.. First, as stated above, from neutron histograms taken
simultaneously with the probe data, the rate of neutron production was found
to reach its maximum value about the time the plasma was first detected by
the probe, and as the probe 81gna1 increased the neutron rate rapidly de-
creased.. Second, the peak of the rate is 20 psec earlier when the wall
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_probes are in position. As the probes extend 3 cm from the walls, the
drifting plasma would be expected to encounter them 20 usec before striking
the wall.. Thus the 20-psec shift in the peak of neutron production is con-
sistent with the hypothesis that the reactions are quenched upon striking the
probe or wall. : ‘ . . :

Finally, the following experiment was carried out to check neutron
production by wall bombardment. It was found that the neutron production -
~was about 104 n/pulse if the plasma was simply compressed and transferred
into the third-stage region without the use of any compression in that region
. {that is, without use of the third-stage pulsed magnetic fields). - Under these
conditions the plasma ions have attained their maximum energy by the time
they enter the third stage.  If the neutron production is simply due to wall
bombardment because. the plasma drifts, then the same production should be
obtained if ions encountered the wall immediately upon entering the third-
stage region. Such a wall was introduced by mounting a glass plate at the
position of lowest field in the third-stage region, so that every ion entering
the region encountered the plate on its first traversal. No neutrons were
observed.  When the plate was moved into the higher-field regions near the
“'end!' magnetic barrier, some of the plasma ions could not strike it and
neutrons were detected. The neutron production increased as the plate was
moved into the barrier field. We conclude that at least 90% of the reactions
occur within the contained plasma. This experiment also sets an upper
limit of 109 fast ions per cm® in the plasma, which is confirming evidence
. supporting the previous conclusion that the d-d reactions arise from the
plasma ions of the previously measured energy distribution rather than
from a small number of exceedingly hot ions. :

6-Inch Three-Stage Experiment

It had been shown that in the 9-inch three-stage experiment the plasma
drifted toward the lead side of the transfer magnets. As . these magnets were
constructed of five wide turns in series, the symmetry of the field should be
similar to that of a single-turn magnet. Asymmetries up to 5% were sub-
sequently found by differential field measurements, confirming the earlier
hypothesis of field' asymmetries in the 9-inch transfer fields.. Although the
actual field shape is quite complex, the essential feature is the weak-field
_region at the lead side of the magnet. .

The question arose whether the plasma drift was due only to strong
driving forces or was a hydromagnetic instability (m = 1) which, because of
. the asyrmmmetric field, developed in a preferred direction.- To answer this
question a system was designed with greatly improved azimuthal symmetry.
It consists of five eight-turn coils, each fed by a separate capacitor bank.

. In order to achieve initial values of dB/dt comparable to the former experi-
ment the coil diameter was reduced, so that the present system is reduced
to 6 in. from the 18-in. injection end. o

Both the light monitor and the electrostatic probes indicate con-
siderable wall bombardment in the 6-inch chamber at the time of injection.’
This was reduced to some extent by increasing the field in the injection
region to 1000 gauss.. However, the amount of bombardment is still
apparently higher than in the 9-inch system. '
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The performance of the 6-inch’ syste'm"as judgéd from neutron output
is quite sensitive to timing and field conditions. - This sensitivity is due in

part to the short trapping Iength and perhaps’in part to a competition between

heating and charge exchangé When the system is optimized the maximum -
neutron output is 3%x10° n pulse, which is about an order of magn1tude
greater than obtamed prevmusly

At this production level the neutron signal in the fast counter provides
a-histogram for each operation. These histograms have been very useful
in evaluating the effect of various modifications of the system. Typically

‘the neutron production starts between 30 and 40 usec after the sources are
.fired; and persists to 150 to 200 psec.: Therefore production times of 150

pusec are common. This is to be compared with typical production times of
50 psec in the 9-inch system. '

Two types of decay of the neutron product1on have been’ tentat1vely

~ identified. - In'the first'type (mode I decay) there is a sudden drop. in the

neutron production, occurring most frequently in the time interval between
100 and 200 psec. ‘Bothlarge light signals and large probe signals are
obtained at the time of the sharp decrease in neutron ‘production. - Indeed,

- the phenomenon is much the same as that observed.in the 9-inch system at g

the time the plasma struck the chamber wall. In the 6-inch system the
rmode I’ decay is also associated with a loss to the walls of a large fraction,

‘perhaps all, of the hot plasma ions. In the second type of decay (mode 1)

the decay of the neutron-production rate is slower and on the average the”
production lasts to sllghtly later times. However, the compression process

~continies té 270 psec,_ go’it.is apparent that there is a'loss of hot plasma

ions due either to a plasma loss or to a coohng process. There is an early
plasma loss {as detected by probes) associated with some mode II decays
and perhaps indicating a density effect. However, in controlled-density
experiments the ratio of mode II decay to mode I decay was not affected.

- It is p0551b1e to postulate for the mode II decays a loss of plasma 1nvolv1ng

a cascade process due to charge exchange and slow neutral ‘production at
the walls by the fast neutrals. So far, we have not been able to check this
hypothes;s, and 1t may well be that the quest1on W1ll not be resolved until
the 6-inch system is replaced by a larger system

Attempts to stabilize the plasma by means of weak "loffe type® fields
and by end conduction have yielded no positive results. With the stabilizing
fields there is a large plasma loss.  Consequently the total neutron produc-

-tion is lower. However, the lower neutron production may in part be due

to the added production of neutrals by the escaping plasma. Added neutral
production and slower pumping speed prevented anylarge effect due to the
introduction of a conductlng end plate. : ‘There was, however, weak evidence
that the neutron-production time was slightly extended. '
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Summary and Conclusions

. There are rather large end losses of plasma throughout the time of
. neutron productlon, but the loss of plasma through the mirror does not seem
to extend much beyond the neutron-production time. As the density and ion-
energy distributions are unknown, the end-loss rate cannot be compared
-with theory.  Neither the energy or e/m has been measured for.the plasma
lost out of the end.

We suspect that neutrals produced at the walls at the time of injection
play a large role in the operation of this device. Preliminary designs of
. clean and hot wall systems are in progress. Such systems require larger
volumes, and their constructlon may await the installation of larger facil-
ities.

- Certainly in some instances a flute-like instability develops. Its
velocity is apparently low, about 2%x10° cm/sec - Within the limits of our
observations, the development of the flute (perhaps, in some instances,

m = 1) in the 6-inch system is random in time and in azimuthal position.

In the 6-inch system the curvature of the field is too sharp to expect the full
effect of ""stabilization by finite larmor orbits.'" Also, because of the pres-
ence of sharply curved field lines and small mirrorlike regions (rather
rippled field lines) within the containment region, conditions for other.insta-
- bilities may be enhanced, leading to the development of flutes as a secondary
process.

- We conclude that operation with the 6-inch system has definitely
shown that factors other than azimuthal field symmetry are important for
control of transverse plasra-transport in-mirror contaipnment geometries.
' The study of the reaction history has been an invaluable aid in eval-
uating the operation of this device. In particular, neutron production large
enough to provide that history with.each operation is essential for a device
which has large fluctuations in its operation from one shot to the next. - For
example, distinct modes of decay of the neutron production can now be dis-
tinguished. These modes would be completely unobservable if the h1stogram
were constructed from several operations.

" 3.- TABLE TOP III

 New Re»s,ulfs in 'Exﬁerimental Studies of an Iﬂstability

Walton A. Perkins, Richard F. Post,. and Norris W. Carlson

-Previous results of experiments on Table Top II indicated a velocity-
space instability, and this instability was thought to be the ""mirror" in-
stability. 1 Recent calibration of the scintillation detectors with an electron
source has shown that the experimental critical § (associated with the high-
energy electron component) is less than the theoretical B by some two or

v»IR; F. Post and W. A. Perkins, Phys. Rev. Letters 6, 85 (1961).
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more orders of magnitude (deduced from approximate measurements of the
velocity-space anisotropy of the energetic electrons). Also one qualitative
disagreement has been discovered; in a few cases the instability was ob-
served.to start after the peak density and, presumably, the largest anisotropy
had passed. Both.these observations seem incompatible with an explanation
based on "mirror" instability induced by the high-energy electrons.  With
these facts in mind we initiated new studies of this instability in Table Top

IIT under conditions as similar as possible to those formerly used in Table
Top II.

A d1agram of the experimental arrangement.was shown in the preceding
report. 2 Unlike Table’ Top II'the vacuum chamber walls are stainless steel
~in the plasma-trapping region. 3 The principal diagnostic detectors were a
4.5-in. -diameter scintillator monitoring the end-escaping electron flux, a
0.25-in. -diameter scintillator 3.5 in.. from axis in the midplane detectlng
the rad1ally escaplng flux, and an. electrostatlc plckup probe also 1n the
midplane. : i PR

- For the results reported here the initial midplane magnetic field was
about 10 gauss and the pulsed mirror field rose to 17 kilogauss (at the mid-
plane) in 7.5 msec; the decay time constant was 200 msec. One hydrogen-
loaded titanium source was used

Figure I-1 shows the different phases through which the instability
passes as the base: pressure is changed for'a given source voltage (chosen
to enhance the l1kel1hood of 1nstab111ty, see remarks in next paragraph). The
presence of the 1nstab1l1ty, which results in a rap1d transport of plasma
across the field lines, is indicated by the radial probe signal. Note that at
a pressure of 2%x10-7 mm Hg the end probe signal sharply decreases and
the radial probe signal appears at the same time, both evidencing the rapid
loss of plasma radially. The main characteristics of the three regimes are:

(a) At high vacuum the plasma becomes unstable very early and most of
the plasma is lost to the 1nstab111ty, note the pulse heights (Volts) of the end
probe signals. : :

- (b). At med1um vacuum, the plasma seems to be quas1 stable. - The in®
stability starts at from 1 to 9 mséc with a sharp rise.* It usually occurs
right at the crowbar time of the pulsed mirror coils. The crowbarring of
the field triggers the instability, as is discussed below;

{c) At high pressure, the plasma appears to be stable.

Different phases of the instability are also encountered, as the source
voltage is varied at a base pressure of 5X10-9 mm Hg. These are shown in
Fig. I-2. The main characteristics of the four regions are:

(a) At very low injected plasma density (0.5 kv on source) the plasma is
observed to be stable. Here the Debye length is presumably greater than
the dimensions of the containment region.

Walton A, Perk1ns and Rlchard F Post, in Controlled Thermonuclear Re-
search Quarterly Report, UCRL-9777, August 1961, p. 5.

Whether the walls are metallic or not seems to have an effect on the in-
stability. See Walton A. Perkins, in Controlled Thermonuclear Research
Quarterly Report, UCRL-9598, March 1961, p. 9.
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'Fig.' I-1. End and radial scintillation probe signals, showing .

the effect of chamber pressure on the instability.
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Fig. I-2. End and radial scintillation probe signals showing the
effect of source voltage on the instability at a base pressure

" of 5%10-9 mm Hg.
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(b) At moderately low injected density (2.0 kv on source).the plasma is
observed to be very unstable.

(c) At medium injected density (3.0 kv on source) the plasma is "quaS1-

: stable, " only occasionally exhibiting unstable behavior.

(d) At high.injected density (5.0 kv on source).the plasma appears to be
stable. - It should be noted that when the source fires, a gas burst occurs
whose magnitude varies with source voltage. - However, the effects of this

. gas burst are greatly reduced by the fast pumping speed.of the molybdenum-
coated walls.

- The. fine structure of the end and.radial probe signals was observed. in
detail. - When examined with a.fast scope and nonintegrating tube base, the
- .end probe signal is seen to be composed of random 0.0l-psec pulses--
‘typical of pulses: from a plastic scintillator. ‘However, the instability signal
of the radial probe is composed of regular, periodic pips, as.is shown in
- Fig. I-3A and B. - The half width of the pips is usually about 0.1 usec, but is
_occasionally as.long as 2 psec. By use of two radial scintillation probes
(one of which was movable along the circumference of the circular chamber)
at opposite sides of the chamber in the midplane, we discovered that the
periodicity is associated with a rotation of the unstable plasma.

- To study the rotation further, we inserted an electrostatic probe in
.the midplane, which samples the changing electric field.- The probe is
_essentially an antenna consisting of a short length of insulated wire.  Typical
electrostatic probe signals are shown in Fig. I-3C and D. By (a) pulling the
electrostatic probe back out of the region accessible to charged particles,
and (b) using a similar probe enclosed in a glass tube, we have demonstrated
~that the signal received is not caused by collected charged particles.  The
positive part of the signal is caused by the presence near by of a predominance
- of positive charges, whereas the negative part is caused by a predominance
of electrons. This means that.the unstable rotat1ng plasma form is elec-
- trically polarized, i.e., some charge separation is present.

Occasionally, two or more plasma forms rotate around the chamber
at the same time with different angular velocities. A case in which this
occurs is shown in Fig. I-3E; the two periods are 4.0 psec and 7.4 psec.

Three possible models for the simple cases of rotating plasma are
shown in Fig: I-4: (a) a rotating column, (b) a rotating wave on a disk,
and (c) a spinnjng arm. These models are meant only to indicate general
shapes. The E field should actually point almost directly inward, as the
rotational velocity is in fact about 100 times the outward radial velocity.

, There is some experimental evidence for the simple outer configuration,
but almost none for 1nner structure. The evidence for the outer shape is as
~ follows: : "

1. The direction of rotation relative to.the direction of the magnetic field
was determined by the time sequence of signals from a fixed and a movable
probe.

2.- The electrostatic probe signals showed that the electrons pass by first,
the ions second. The polarization would have to be in this direction in order
to produce an azimuthal E field that would drive the plasma outward across
the field lines (with a velocity v, =S E /B)

Pl
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| -_ lopsec

-——time
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MUB-930
Fig. I-3. These traces were all taken with a delayed trigger on
- the scope. A and B are radial scintillation probe signals.
' C and-D are electrostatlc probe signals. B and C are for
the same pulse and the scopes were triggered dt'the same
time, but the probes were at different locations in the
chamber. E shows a case in which two plasma forms rotate
with different angular velocities. The periods are 4.0 usec
and 7.4 pusec. (Time goes from right to left. )
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Fig. I-4. Three models for the rotating plasma:

column, (b) rotating wave on a disk, and (c) spinning arm.
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3. The relative pulse heights of the posijtive and negative electrostatic
probe signals indicate that relative to the negatlve region, the positive region
is closer to the probe, i.e., farther from the axis. This is supported by the
fact that the scintillation probe is observed to be struck by particles just at
the time when the. predominantly positive part goes by it. Also, the observed
.direction. of rotation would require 1nward radial E f1e1ds

In cases in-which the plasma is qua51 stable, the 1nstab111ty can be
triggered. Many methods were found-to trigger the instability anytime from
3 to 50 msec after injection. Three of the best methods were (a) firing a
second plasma source in the midplane, (b).crowbarring the pulsed mirror
field (see Fig. I-5a), and (c) pulsing an axial magnetic coil nearby (see Fig.
I-5b).  In Fig. I-5 a the fast-scope traces were initiated with the triggering
of the crowbar ignitrons and in Fig. I-5 b with the triggering of the ignitrons
for the coils. - The instability could even.be.triggered with no voltage on the
coil''s capacitor bank. The" electrostatlc probe plcks up the 1gn1tron "ha.sh"

- at the beglnnlng of the trace. o : -

The period of the rotation of the 1nstab111ty varies from shot to shot,
but is usually from 1 to 10 usec. The period for a single shot was measured
with a raster scope over the whole instability time and found to be quite con-
stant. - It usually increases slowly with time (much slower than B changes),
but there are exceptions. These data are occasionally complicated by one - -
plasma form, rotating with one period, dying out while another one, with a
different period, takes over. The instability has been observed sometimes
to start as early as 130 psec (when the magnetm f1e1d is only 450 gauss).

: These results reported suggest the presence of an interchange in-
stability with a 51ng1e, rotating flute." Slnce the start of experiments on
Table Top III in September the results on the 1nstab111ty have been very in-
formative, but these results have in turn raised many new questions. A
few of these are: (1) What does the inner shape of the rotating plasma look
like? (2) Why does the rotation occur at all? (3) What is the stabilizing
mechanism in the high-pressure and high-density cases? (4) What actually
happens when the instability is triggered?

Discussion and Calculation of Some Possible Stabilizing Effects

Richard F. Post

The questlons ra1sed by the experiments reported show that in-
stability phenomena in magnetic-mirror geometry may be more complex
than previously suspected. - That the plasma can exist in a state in which
instability appears only when triggered by an electrostatic perturbation
signals strongly suggests that there are stabilizing forces present of an
effectiveness which depends on the plasma parameters. The fact that
instability and anisotropy seem to go hand in hand suggests that one should
look for both destabilizing and stabilizing effects which are anisotropy-
dependent., The further observations that we apparently cannot appeal to the

"mirror" instability to explain our results, and that the nature of the insta-
bility (when fully developed) seems most nearly to resemble the "flute"
instability, suggest that this instability be considered. Although no definitive
theoretical treatment of the flute instability in a reahstl_c model of the mirror
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Fig. I-5. The ins;t"ability is triggered by (a) crowbarring the pulsed
mirror field, (b) pulsing an axial magnetic-field coil near by
to 2 kilogauss. Time goes from right to left. '
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machine has yet been made, ‘some 1nformat1ve leads can be derived. frorn
partlal treatments :

That plasma veloc1ty space anlsotropy can lead to a destabﬂlzlng ef-
fect can be shown from the .energy principle. * A treatment, more general
than previous ones,. of interchange instabilities in the mirror machine has
been given by Newcomb. 5 In the limit of infinitesimal orbits (where finite-
orbit induced dr1fts are neg11g1b1e), and for B.<<'1, Newcomb finds the
expression * : o

* . . . S
v : v . ‘
: 2 déf 2 Py - —B-! > 0, stable,
rBR VB il ,‘A.B FEREE .
I
where P ! + p., and the gradlents are taken in the dlrectlons ‘indicated,

i.e., either parallel or perpendicular to the local field direction. - The line
integral is to be taken along any axi- syrnmetrlc flux tube, the instability
characteristics of which are to be evaluated. The quantities r, B, and R
refer to the radius of the flux. tubes, the local magnetlc field strength and
its 1oca1 radlus of curvature, respectlvely '

Exam1n1ng Newcomb' s expressmn, one can see that the "parallel“
term . (labeled I) is always destabilizing, for any realistic plasma distribution,
and is the more so the more anlsotroplc the distribution. This is because
p always decreases with position in going away from the midplane, and at
a more rapid rate 'as the distribution becomes more anisotropic. Similarly
term II, the ”perpend1cu1ar" term, has stab11121ng contributions only near
_the mirrors (where V B/B changes s1gn), and is still always on the whole
unstable for rea.hstlc dlstrlbutlons, the rnore so the higher the degree of
anlsotropy

Consistent with the general trends predicted by Newcomb' s ex-
pression, we do observe a tendency for greater instability for the more
anisotropic dlstr1but10ns In disagreement with his expression, however,
we observe stable cases where none are predicted. This suggests that the
observed stability may be traced to one or more stabilizing terms, not in-
cluded in his formulation, and which may also be anisotropy-dependent. One
such term is the effect of ""line tying, " i.e., the relative effectiveness with
which electrical contact is established to some conducting surface external
to the ends of the confining region.  However, other than to say that the
degree of electrical conductivity along the magnetic lines and through the
mirrors is presumably less if the plasma is concentrated at the midplane
and does not reach the mirrors, nothing quantitative can presently be said
about this mechanism.  There exists, however, another stabilizing effect
which. can be evaluated quantitatively, at least as far as its time scale
relative to'that of the observed instability growth times is concerned. This
is the mechanism of the statistical smearing of a flute, arising from the

—
I. B. Bernsteln et al Proc Roy: Soc. (London)A 244, 17 (1958).
-5
W Newcomb, Annals of Physics (to be published).
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-azimuthal VB drift velocities (traceable to the finite size of the particle
orbits) of the particles of the plasma. 6 A spread in these drift velocities
arises from the distribution of energies of the particles about the mean.
This spread will result, in the absence of compensatory effects, in the
eventual "smearing out" of any azimuthally varying charge separations. It
is easy to see that in first order thé magnitude of the VB drifts are in- .
dependent of the existence of such charge separations, since the resultant
motions are:at right angles to each other, so that.the rate of smearing is
also independent of charge separation, to this order. A brief summary of
the calculations that have been made follows.

Considering the guiding center motion. of the individual particles of
the plasma, we can distinguish two independent kinds of drifts, (a) the usual
E X B drift velocity of magnitude v, = C(EJ_/B), and (b) the vB 1nd1uce drifts
which for B << 1 are given by the expression vq = (1/w R)(V" t5- v ).

- Here @ _ is the gyromagnetic angular frequency of the particle, and R the
local radius of curvature of the magnetic lines. " Drift (a) is in the same
direction for both electrons and ions, and is independent of particle energy.
When it arises from axi-symmetric charge separations (such as in the -
equilibrium state) it may be formally eliminated by transforming to a ro-
tating frame of reference where E; = 0. Drift (b) is in opposite directions
for electrons and ions and varies linearly with energy, this drift gives rise
to the smearing effects which we wish to evaluate. The results will be
given for a simple Maxwellian distribution; they can readily be generalized
to include more realistic distributions

- We consider an'initial azunuthally varying 1n:fin1te51rnalrcharge
separation of "flute" form (in the mth mode) and ask for its rate of decay
due to smearing. Take the charge separation distributions to be of the form

Py = po(r)[l + 6 cosm (6 - w,t)]

b 'pO,(r) [1-8cosm(@-0t)],

where 6§ << 1, and Wy and w_ ‘are the magnltudes of the angular precessmn
frequenc1es (ow1ng to vB drift) of ions and electrons, respectively

For the case w; = w_ the net charge se_paratlon is then simply
(p+" - P )'= ZpO‘ & cos (m0) cos'(h w t).

- If the energy distribution is taken to be Maxwellian, we then. find upon
Fourier analysis in 6, for the rate of decay of the mth mode,

6Rosenb1uth et al. have also considered stabilizing effects arising from

- finite orbit size, but:their calculation considers another aspect of the prob-
lem, related to the difference in orbit size between electrons and ions, a
difference which clearly persists even at very small orbit sizes.

(M. N. Rosenbluth, N. A. Krall, and N. Rostoker, Paper CN- 10/170 pre-
sented at the Conference on Plasma Physics and Controlled Nuclear Fusion
Research, Salzburg, Austria, September,: 1961.
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- o
A=A —
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Here wg is the mean angular velocity of VB precession of the particles,
and A 1s the initial Fourier amplitude of the mth mode. The. characteristic
time fnqr the modé to decay to half amplitude. is thus t1/2 = l/mw The
significance of this time resides in compar1ng it with fhe observed or cal-

- culated growth times of the instability. If ty / is comparable to these latter
times, it s fuld result in a stabilizing effect. At the mean energies believed
.to exist, w 0 is calculated to be of the same order as the observed growth
“rates.

Some remarks can be made concernlng the above express1on First,
the rate of decay is more rapid for high-order modes (as is intuitively ’
obvious). Since the theoretical growth rate of flutes is independent of m, |
for m >> 1, this should result in inhibiting the growth of hlgh -order modes.
Second, it can readily be seen from the form of’ the expression for the VB
drifts that wq is anisotropy- dependent, so that ty/2 tends to be longer for
more an1sotroplc dlstrlbutmns, and vice versa. Thus the competition be-
tween smearing and unstable ‘growth.is a function of anisotropy. Qualitative-
ly, it can also be seen that this compet1t1on is also a function of the amplitude
of'the flute, since when the flute is of finite amplitude its effect on the azi-
muthal plasma drlfts is no longer neg11g1b1e

The last remark hints at what may ‘be one of the most S1gn1f1cant fea-
tures of the 1nstab111ty now be1ng studied. That it can be 'latent" and then
be triggered by an electrostatic’ perturbat1on of sufficient arnphtude suggests
that amphtude ‘dependent--i. e., nonlinear--effécts are important in deter—
mining the actual stability or instability of the confined plasma.

In summary, although no adequate theoretical treatment is available,
many of the observed features of the plasma instability in Table Top suggest
that in'its flnally developed form it is a rotating hydromagnetic flute. The
evidence further indicates that the plasma exhibits the instability only when
the anisotropy is large or when a triggering electrostatic perturbation is
available to start the instability. Anlsotropy -dependent destabilizing and

stabilizing effects have been suggested to arise from the particle drift
motions.. These same effects may also play a role in the fact that in its
latent regimes the instability does not start from statistical fluctuations,
but requires a triggering perturbation of finite amplitude.

4 ALICE ION- SOURCE AND FAST ATOM BEAM STUDIES
‘ Charles C:. Damm and Frank Gordon

Ion-source parameters have now been standardized, although im-
provements can undoubtedly be made. Too few runs have been made to pin-
point the large numbeér of physical parameters exactly. - For instance, the
. experiment to determine the shapé of the entrance end of the magnetic shield

-has been limited to three possibilities. An attempt to vary this shape in
small steps .failed because of vacuum difficulties with the assembly.
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Two important parameters that have been fairly well bracketed are
the exit-slit shape and the beam path in the magnetic field. The exit slit.is
now 3 in. long, 0.102 in. wide, and curved on a 19.0-in. radius, while the
beam is allowed to bend 107.5 degrees before entering the magnetic shield.

The accelefating‘ vOltaéé power supply is now regulated to'better, than
0.1%. A flip of a switch converts from unregulated to regulated operation,
with a resultant gain in beam on a remote target (34 ft) of about 10%.

The ion source can now be. depended upon to operate' smoothly at a
total drain on the accelerating voltage power supply of about 1 amp with’
target currents as reported below.

- The ALICE beam tube, including the neutralizer, all differential vac-
uum pumps, and the beam-disposal pump, has been assembled. A bridge
tube was inserted in place of the mirror machine to complete the vacuum
system. Base pressures in all sections of the assembly were adequate,
after evaporation of the getter materials, except for the molybdenum pump
on the input side of the tube. A large leak was located in a weld at this pump,
and will be repaired dur1ng the next shutdown. "Meanwhile, varnish was used
to seal this leak; the base pressure achieved, however, was only 3X10°® mm
Hg, whereas a value in the range of 10'_9 mm Hg is desired.

Two retractable beam targets are located along the tube; the first is
just before the neutralizer and the second is 7.5 ft from the first. - In addition,
the quick-acting plug valve beyond the second target was operated for rapid.
on-off gating of the beam. Theé terminal target in the beam-disposal cham-
ber was arranged to give both electrical and calorimetric measurement of
‘the beam,; as were the two retractable targets. A magnetic '"sweep' coil
was installed beyond the neutrahzer to remove the residual charged par-

- ticles from the beam.:

During steady operation at 20 kev, typical (and reproducible) beam
currents were 320 ma total at the first target, 95 ma total at the second
target, and 77 total at the terminal target. - With the sweep magnet on, the
beam on the second target dropped from 95 to 75 and on the terminal’ target
from 77 to. 64 ma equivalent.- The lajter figure azppears to determine a
hydrogen atom. flux of about 1.8 1016 atoms/c sec available for injection.

‘The vacuum system was prepared for gated operation of the beam by
evaporation in all getter pumps. - When the best base pressures were achieved,
the beam was gated through the system by opening in order the first target,
the second target, and the quick plug valve. After approx1mate1y 5 sec all
three beam stoppers were reclosed. During the "beam-on'' period, the
electrical beam reading on the terminal target was observed to climb slowly
from about 80% of its'steady value. It is not clear whether this is a true
change in transmitted beam or a change in the secondary electron emission
from the target.  The calorimetric response was too slow to be of use during
this period. Additional measurements will be needed to settle this point.

The pressures along the tube wére n'oted.durnﬁg the beam pulée.' The
d1sposa1 chamber gauge reading increased from about 5% 10-8 mm Hg to
2%10-7 mm Hg, which is adequate. The other pumps also indicated suitably
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low pressures, again'except for the molybdenum pump on t;he input side of
the bridge tube.- The pressure‘at this-pump rose to 3X10”' mm-Hg, in- '~
dicating a loss of ‘about 10 to 15 ma of beams at'this point. This is ex-
cessive, and is probably due to scattéring in the neutrahzer (wh1ch used .
water vapor for these experlments) ’

A shght decrease in beam collimator area will be tried, in order to
reduce the beam loss in the critical regions near the trapping chamber.
The effect of a shghtly smaller beam on the buildup process is negligible
according to ‘the numerical solutions of. the bu11dup equations obtained by .
Futch et al. !

During the next shutdown of the beam tube, the vacuum leak will be
repaired, the beam size will be reduced slightly, and the mirror machine
‘will be inserted.to complete the system.

5. BEAM NEUTRALIZATION
Archer H.: Futch and Charles C. Damm

" The measurements of proton and deuteron neutrahzation by water
vapor have been concluded. The equilibrium fractions -of charged and neu-
tral beam components were measured in the energy range of 6 kev'to 20 kev.
In add1t1on, data were obtained which enable determination of the ionization
cross sect1on 001> and. the neutra11z1ng cross section, 0105 in this energy
range. The data are currently being analyzed.

. 6. ALICE DIAGNOSTICS
James H. Foote, Archer H. Futch, and Cha'rles'_(;, Damm

. Ion Beam

The “Dlagnostlc Development and Test1ng“ ion- beam a.ppa.ratus is now
assembled and the facility is in operation.- We expect to continue debugging
and improving the beam, intermittently, for some time.  The utility of this
experimental area has been increased by allowing for two simultaneous
experimental setups rather than just one as originally planned.  To accomplish
this, we employ an analyzing magnet that can deflect the particles leaving.
the ion source by 30° to either the right or the left. This increased flexi-
bility will allow us to perform not only experiments associated directly
with the ALICE dlagnostlc program but also related 1nvest1gat1ons

A, H. Futch, W;, ' Heé*k'rdt’te’, C.’ C. 'Damm, J. Killeen, and L. Mish,
Plasma Production by Neutral Atom Injection: Equations and Numerical
Solutions, UCRL-6728 (to be submitted to Phys. Fluids).
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- Our ion source is of the von Ardenne type and was purchased from

the High Voltage Engineering Corporation.  The maximum ion energy ex-
- pected is about 50 kev, although at present we have operated the. source only
up to 30 kev. We have obtained a proton beam (20 kev) of about 1-ma in-

- tensity at a distance of 84 cm from the source anode. After the beam is
. analyzed and focused, and after it is passed through two collimation holes,
0.6 cm and 0.3 cm in diameter and separated by 50 cm, the beam intensity
“is approx1mate1y 1 pa. About.two-thirds of these ions can be changed to
neutral atoms by allowing water vapor to enter the neutralizer section of
the beam apparatus. - We will soon use the neutralvbeam to check and
calibrate the ALICE fast-atom detector. '

"Probes

Two movable probes have been designed for the ALICE diagnostic
work. A long bellows arrangement in each permits the necessary motion.
The first probe fits into the top diagnostic port on the ALICE trapping cham-
ber, and consists of two separate parts: a nude ionization gauge and a water-
cooled copper target. We can move each of these individually along the
radial direction into the center of the trapping chamber. The target can be
used to measure the beam intensity at the chamber center. By setting the
target at intermediate radial positions, we can use its inner edge to limit
. the radial extent of the volume of trapped part1c1es

The second probe will move along the axial direction and is desighed
to measure the radial variation of intensity of the charged particles escaping
through the magnetic mirrors. A series of 17 small collector plates, ex-
tending radially and preceded by biased screening, will be used to determine
this radial profile. We will be able to move this probe.to positions inside
the mirror point.  Its inner edge can then be used to limit the axial extent
of the trapped particles.

- Scintillation - Counter for Low-Energy Particles

A scintillation counter for the detection of low-energy particles has
been installed in the east arm of the “"diagnostic Development and Testing"
apparatus. - A counter of this type would be useful for detection of energetic
neutral atoms produced by charge-exchange collisions in the confinement
region of ALICE. A counter for low- energy particles is also needed as a
detector in- the Lorentz d1ssoc1at10n experlment :

The present counter consists of a thallium-activated CsI crystal
mounted directly on the face of an RCA-6810 photomultiplier tube with Dow-
Corning high-viscosity silicone oil. " A light-collection cone similar to that
described by Sweetman surrounds the crystal and photocathode of the tube.
The present system has detected 30-kev protons, but with poor resolution -
from the noise pulses. At present a number of photomultiplier tubes are
being checked for low noise in pulse counting. A selected tube should im-
prove the. resolutlon considerably and enable lower-energy part1c1es to be
counted.

A. E. Souch and D. R. Sweetman, Rev. Sci. Instr. Q, 794 (1958).
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7.. TRAPPING WITH COLD PLASMA

James F. Steinhaus and Charles C. Damm

The application of a cold plasma to the ALICE exzperunent for. addi-
tional trapping of atoms has been described earlier.

Experiments have been conducted to study the effect on high vacuum
of the pulsed cold plasma source. 3 Other related data, including source
operation and a brief spectrographlc analysis of the plasma, were obtalned
These results are reported in more detail in a separate paper.

The experlmental arrangement for pressure measurements is shown
in Fig. I-6. The occluded-gas cold plasma source was located on axis at
one of the magnetic mirrors. The source was fired in a region surrounded
by a 11qu1d n1trogen cooled liner through the opposing mirror and into a
pump1ng region.at room temperature. - Both regions contained molybdenum
evaporators and nude Bayard- Alpert type ionization gauges - Total volume -
of the apparatus was 230 liters. - The source was: operated in magnetlc fields
'~ ranging from 0 to 30. 4 kllogauss

All pressure ‘measurements were, of course, dependent on the energy
‘delivered to the source, i.e., pulse-line voltage and pulse:.length. The
pulse line was operated up.to 15 kv with a maximum pulse length of 200 psec.
These maximum values delivered 30 joules to the source. Besides the con-
ventional single titanium hydride washer in the source, a loaded trigger
washer was used for obtaining the data presented here. Peak pressures are
only from 1/4 to 1/8 as large without the loaded trigger washer. '

The pressure rise due to the f1r1ng of the source with no pumping
{(before installation of- the evaporators) ranged from 5.6% lO'7 to 5.5X 10-5mm
Hg. :

‘After molybdenum evaporation the geak pressures, with the same
conditions as above, ranged from 9X 107" to 6.4%x10 mm Hg, as shown in
Fig. I-7. It is possible to obtain even smaller peak pressures with reduced
source energies, but plasma densities may be correspondingly smaller.

The observed pressure range represents charge-exchange times ranging
from about 3 msec to 0.1 msec. Note that these pressures were read on
gauge No. 2 outside the cold liner. Peak pressure values were difficult to
obtain on gauge No. 1 because of plasma interférence.. Peak pressure values

1

R.. F. Post, Fast Neutral Particle Injection into a Mirror Machine, Riso
Report No. 18, Presented at the Plasma Physics Summer School, Roskilde,
Denmark, August 1-13, 1960, p. 529.

2'C., C. Damm, J. F. Steinhaus, and N. L. Oleson, in Controlled Thermo-
nuclear Research Quarterly Report, UCRL-9777, August 1961, p. 21.

3
C. C. Damm, J. F. Steinhaus, and N. L. Oleson, Paper Cll, presented

at the APS Division of Plasma Physics Meeting, Colorado Springs, Colorado,
November, 1961 (UCRL-6614-T-Abstract-Rev. ).

4 . . .
J. F. Steinhaus, Pressure Measurements Associated with the Occluded Gas

Source and Cold Plasma Injection, UCID-4416 (in preparation).
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in the midplane region of ALICE may also be lessened with additional cold

surfaces and a recently conceived scheme by which those particles outside

the plasma column (approximately 3/4-in. diameter) are reflected back

into a molybdenum pump, while the column itself is allowed to leave the -
confinement region through a l-in. -diameter hole into another pump. :

One of the main parameters of interest inthese measurements is the <
characteristic time T required for the pressure to decay 1/e of its original
- value.  This was measured on gauge No. 2 and found to be 0.7 msec. The
liner was cold (-195°C) and both molybdenum evaporators had been used. .
A limited number of corresponding measurements on gauge No. 1, in the
liner region, gave a value for 7 of about 0.3 msec. The pressure decay
rate was found to be independent of the magnetic field, pulse length, and
pulse-line voltage within the accuracy of the experiment. . '

- Spectrographic observations were made by William L. Barr, ob-
serving the cold plasma column perpendicularly at the mirror midplane.
- Adequate exposure was a problem with the high-dispersion spectrographs;
- however, 403 firings of the source at 15 kv and 200 psec did provide
positive identification of the following lines: : '

1 line .- H, (65624A)
11 lines - Till (3300 to 4500A)
1 line - TiIV (3541A)

2 1inés - Till or TilV.

By using a spectrograph of lower dispersion it was possible to photo-
graph approximately 200 lines, and though identification was uncertain,
nearly all of these appeared to be Till with possibly one Hﬁ line.

Further spectrographic work is expected following the source-output
profile studies currently under way.

8.  VACUUM AND SURFACE STUDIES
Angus 1,. Hunt, Charles C.. Damm, and Earl C.- Popp

Relative Pumping Speeds of Hydrogen on Molybdenum Films

at Room Temperature and at Liquid Nitrogen Temperatures

The study of the relative hydrogen adsorption rates on evaporated
molybdenum films at room temperature and at liquid nitrogen.temperature
was formulated in terms of the difference between the pumping speeds at hd
these two temperatures. - The molybdenum film is deposited on the walls of e
a large experimental volume.  Hydrogen is admitted from a gas-introduction
chamber at one end of the experimental volume through an orifice of calcu-
lated conductance, C. The pumping speed of the molybdenum deposit is
obtained from the equality of the rates of hydrogen admission and the rates
of hydrogen adsorption on the molybdenum deposit by C(P; - P,) =S PZ’



>,
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where P, is the pressure in the hydrogen- 1ntroduct1on chamber and PZ is
the pressure over the molybdenum dep051t

- The study was designed to determine if the hydrogen pumping speed or
the sticking probability for hydrogen on the cold molybdenum surface was
relatively less than, equal to, or greater than the pumping speed or sticking
probability at room temperature. No design effort was expended on main-
taining a cold molybdenum surface of known geometrical area or in elim-
inating the warm or room-temperature molybdenum surface at the ends of
the chamber. For this reason, no absolute values of the sticking probability

can be quoted, for the st1ck1ng probability is related to the area available to
: adsorptlon and the pump1ng speed by S/Ak = p, where A is the area, S is
‘the pumping speed, p is the sticking probability, and 'k is the maximum con-

ductance per umt area for the hydrogen

- The. 1nab111ty to determme absolute sticking probab111t1es in this geom-
etry does not interfere w1th ‘the determmatlons relat1ve pumplng speed

The schematic of the apparatus is shown in Fig. I-8. To make it
possible to evacuate the hydrogen introduction chamber, the chamber was
constructed with an orifice which could be retracted from the closed position
shown in Fig. I-8 with a bellows-protected screw mechanism. Under bake-

out, the same low pressutre could be obtained on each side of the orifice.
- Hydrogen was diffused into the introduction chamber through a palladium

thimble to assure the purity of the hydrogen.  The complete introduction
system, including the palladium diffusion thimble, was enclosed in the

- bakable region.  After the system was heated to 220°C for several days to

remove at least the water vapor from all portions of the system and allowed
to cool, the hydrogen-introduction system was baked with auxiliary heaters
to about 400°C to maintain the purity of the hydrogen Because the pressure
rise in the molybdenum gettered volume was small even at h1gh hydrogen
admission rates, the ion current from the ionization gauge in the large
chamber was read with an auxiliary high-gain dc amplifier which would
allow suppression of the background current and full-scale indication of only
the small pressure changes. By this technique ionization current changes

. corresponding to 107" mm Hg could be easily measured in.the presence of

a background current corresponding to 10-9 mm Hg. As hydrogen was

“diffused into the introduction chamber, the pressures on the high-pressure

side of the orifice (P;) and on.the low-pressure or molybdenum-gettered
side (P,) were recorded as functions of time. The pumping speeds were

then computed as a function of the amount of hydrogen adsorbed by the mo-

lybdenum deposit, which was accurately equal to the amount of hydrogen
introduced through the orifice. - Co -

Before any molybdenum fllms were depos1ted the pump1ng speed of the
ionic pump with the connecting tubulation was determined as 170 l1ter/sec
for hydrogen. Molybdenum was then evaporated to reduce the residual
pressure in the chamber. The subsequent procedure and the pumping speeds
obtained with the films at room temperature and at liquid nitrogen temperature
are summarized in Table I.
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Table 1.  Summary of pumping data

Experimental procedure Maximum pumping speed for I—I'Z'(liter's':/:s'e'c)'_

| Substrate at liquid
N, temperatures

'._Sub,strate at _
.. room temperature

]

Deposit aged 22 hr

4..

Initial Mo deposit - 3.5X10

After 8 Mo deposits 6.8x10%

After 16 Mo deposits: - - 3.5% 105

After 27 Mo deposits 1 x10° -

Deposit aged 18 hr - 1.6 10°

Deposit aged 43 hr 4.5%103 1.2x10%

Deposit wa.rr-ned‘a'nd ; '
recooled ' S 1.6X 1_04 T

Deposit aged 211 hr - 2.8x103 9.1x103

Five fresh Mo deposits 5. ><'105

5.3x103 8.3x10%
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. Figures I-9 and I-10 are illustrative of the variability in shape in the
curves of the pumping speed plottéd as a function 6f the amount of hydrogen
adsorbed. Figure I-9 shows two curves for the molybdenum film after it
had been aged 211 hours. The rodm-temperature measurement was made
first, and indicated that an old previously saturated molybdenum film still
had appreciable pumping speed at room temperature and that the pumping
speed had both a minimum and a maximum with amount of hydrogen ad-
sorbed. - Immediately after this measurement was made the molybdenum
deposit was cooled to liquid nitrogen temperatures and the upper curve .
obtained. - The aged but cold molybdenum film, even with all the hydrogen
previously adsorbed at room temperature, showed a large increase in '
sticking probability as well as a complete change in the shape of the.curve.
Figure I-10 shows the shape of the curve for a fresh molybdenum deposit
- as a function of the amount of hydrogen adsorbed at liquid nitrogen tem-
peratures.. The general shape of the curve, starting at a low pumping speed
and increasing to a maximum just before saturation, is very much like that
for the aged molybdenum film at liquid nitrogen temperatures shown in
Fig. I-9. It appears that the shape of the curve may be a function of the
temperature of the molybdenum film. D. Alpert and his students at the
University of Illinois, during experiments on nitrogen adsorption on mo-
lybdenum, previously have observed similar changes in the rates of ad-
sorption. with the degree of coverage. '

An argument can be advanced to show that the shape of the curves of:
pumping speed plotted against the quantity of hydrogen adsorbed cannot be
due to impurities in the gases, and that a gradually increasing pumping
speed or sticking probability attaining a maximum before saturation is a
real characteristic of the rate of adsorption of hydrogen on these molyb-
denum films. The changes in pumping-speed measurements due to im-
purities can range only over a factor of thirty even under the most adverse
composition changes. In terms of the probable contamination of a system
such as that used in these experiments the maximum range possible would
appear to be less than this. We observe, however, as illustrated in Fig.
I-10, that the pumping speed increases by a factor of about 75, which is
about twice that expected on the basis of possible impurity content in-
fluencing the pressure as obtained from the gauge readings.. We conclude
that some effect other than impurities is causing the observed increase in
pumping speed with the amount of hydrogen adsorbed. A possible mechanism
which could account for the result is nucleated growth of the adsorbed
hydrogen on the molybdenum surface. '

In summary, the results indicate that there is an‘increase in pumping
speed and sticking probability for hydrogen on molybdenum films as hy-
drogen is adsorbed and as the temperature of the molybdenum film is de-
creased to liquid nitrogen temperatures.
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Fig. I-9.- Pumping speed as-vé function .of the quantity of hydrogen

adsorbed for an aged Mo deposit.. The hydrogen pumping
speed was first measured at room temperature, then the
molybdenum deposit was cooled to liquid nitrogen tempera-
tures and the pumping speed measurement continued.
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Rates of Hydrogen Adsorption on Solidified-Gas Films

In an experimental study with Clyde E. Taylor and John E. Omohundro
on the rates of adsorption of hydrogen at about 11 °K on solidified-gas films
of A, N,, O,, H,O0, N,O, and CO,, .it has been found that the hydrogen
adsorption rates are comparable to those previously found for molybdenum
films. ! The fresh solidified gas surfaces were formed by admitting gas
into a high-vacuum system containing a copper substrate which had been
refrigerated. to about 11 °K. The vapor pressure of the solidified film was
not measurable, for at temperatures below 18 ©K the solid-vapor equilibrium
pressures for all gases except H,, Ne, and He are less than 10-13 mm Hg.
Although it is well known that the solid-vapor equilibrium pressure for
hydrogen near 119K is about 10 mm Hg, © it was found that when the amount
of hydrogen in the gas phase is limited and no bulk solid hydrogen is present,
surface adsorption reduces the partial pressure of hydrogen in the gas
phase to less than 10-8 mm Hg. "Adsorption proceeds at a very high rate
until quantities sufficient to form about a monolayer have been adsorbed on
‘the solidified gas.

As shown in Fig. I-11, sticking probabilities for hydrogen on
solidified carbon dioxide films ranged from 0.25 to 0.5 for the lowest
. measurable coverages, but remained alrmost constant until monolayer
coverage was approached.' The monolayer of hydrogen could be desorbed
after each measurement by increasing the temperature of the solidified-gas
substrate from 11°K to 15 to 20°K. After desorption of the hydrogen and
recooling of the substrate to 11 9K, the sticking probability would return to
approximately the original value. In some cases the sticking probabilities
on subsequent adsorption of hydrogen were higher than those obtained with
the fresh solidified-gas film. A sequence of adsorption-desorption meas-
urements on the same carbon dioxide film gave sticking-probability curves
within the two curves shown in Fig. I-11..- The rever51b111ty of the adsorption
and desorption with temperature changes of about 5°K was also found for
hydrogen on solidified nitrogen films, and. is thought to be characteristic of
all the solidified-gas films investigated. - With carbon dioxide the per-
turbation of the solidified- -gas surface due to the 9°K temperature increase.
was probably small, as the vapor pressure of carbon dioxide does not ex-
ceed 107" mm Hg at temperatures as hlgh as 59 °K.

The rate of hydrogen adsorption on a solidified film of nitrous oxide
was similar to that on carbon dioxide with a low-coverage sticking prob-
ability of 0.3, but the surface density of hydrogen requlred to saturate the
nitrous oxide film exceeded 1013 per cm

1 | _—
“A. L. Hunt, C. C. Damm, and E. C. Popp, J. Appl. Phys. 32, 1937

(1961)
2 . ‘ .
R. E. Honig and A. O. Hook, RCA Review 21, 360 (1960).
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- For a water substrate. at 119K, the hydrogen sticking probability

approached unity for low surface coverages, but decreased monotonlcally
‘to 3x10-2 as the substrate adsorbed 0.3 mm liter of hydrogen or sufficient
hydrogen to form a surface density of about 1012 molecules per cm?. In

our apparatus, in which the effective surface-area was only-3X 10”7 cm*®,
~ the initial hydrogen pumping speed on water at 11 °K was 1.2% 105 liters/sec.
- With this same water substrate a helium . pumping speed of 60 11ters/sec
was found, Wthh was the speed expected with only an aux111ary diffusion.

pump.

- Solidified-gas filrns of argon, oxygen, and nitrogen had hydrogen
st1ck1ng probab111t1es, for low coverages, of about 0.1. The sticking-..
probab111ty curves were very similar to the curves for argon and oxygen
shown in F1g I- 8.. The. vapor pressures of the monatomlc and diatomic
gases are relatlvely high compared with the triatomic gases such as. water,
carbon d1ox1de, and. nitrous oxide, so. the surface disorder m1ght be
respon51b1e for the similar and generally lower st1ck1ng probabilities on .

the monatomic and diatomic sol1d1f1ed gases. '

Although there apparently have been no comparable measurements on
.the k1net1cs of hydrogen adsorption at low temperatures, two recent ob-
servations lead one to expect adsorption of hydrogen with low vapor pressure
on solidified- -gas surfaces at temperatures below the normal hydrogen
boiling temperature.. The concurrent trapping of nitrogen in condensing
carbon dioxide and water vapor at liquid nitrogen temperatures has been
.observed at pressures in the micron range, 3 and the vapor pressure of
adsorbed helium over Pyrex (Corning 7740) in coverages of less than a
monolayer has been found to be less than 10‘9_ mm Hg at 4. ZOK

E. S. J. Wang, J. A. Collins, Jr., and J..D. Haygood, General
Cryopumpmg Study, presented.at the Cryogenic Eng1neer1ng Conference,
August 15-17, 1961, .Ann Arbor, Mlchlgan :

.4

J. P. Hobson, "Can;v :J. Phys. 3_7, 300 (1959).
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9. P-4 (STEADY-STATE PLASMA) SYSTEM

W1111am L. Barr, Andrew L. Gardner, and Norman L Oleson

' Electron Beam Inteéraction with the P.lasma.

Effort during this period has been devoted principally to a study of the
plasma and a pulsed beam of energetic electrons that is injected longitudinally
into the open end of the plasma system.

‘By redesigning coils and optimizing the magnetic focusing fields in the
vicinity of the electron gun, the injected current has been increased (more
than three fold) to 0.8 amp. - The focusing-field configuration is rather
critical; because the electrons must traverse the magnetic mirrors on their
way into the plasma column.  Modifications of the modulator have permitted
pulse lengths up-to 40 psec. Other modifications of the modulator are planned
in order to increase the accelerator voltage over its present maxunum of
17 kv--this will also provide a higher electron current.

A microwave horn (which looks radially at the plasma column in the

central portion of the system) and'a superheterodyne receiver have been
~used to detect radiation which is emitted near the plasma frequency (approx
35 kMc) when the electron beam is passing through the plasma. The presence
of the rotating probe has been found to enhance this radiation (presumably

by providing better: couphng to the horn) and this permits, to a degree, a
localization of the region from which the radiation emanates. This technique
has indicated that typical probes at the center of the P-4 plasma cause a ~
reduction in the density of about 10 to 20%, depending on probe size and
potential.

The detected radiation typically occurs in bursts 1 or 2 psec long at
random times during the current pulse and throughout a frequency band
1 or 2 kMc wide. At first it was thought that the short duration of the signal
might be resulting artificially because of the narrow band width of the re-
ceiver (2 to 5 Mc with.30 Mc i.f.). This would occur if a continuous radia-
tion were emitted at a frequency (or narrow frequency band) which fluctuated -
s0 as to cross a sideband of the receiver in times like 1 or 2 psec.. However,
this is not.the case. The broad-band character of the radiation has been
established by viewing the signal simultaneously on.two superheterodyne
receivers separated in frequency by as much as 600 Mc.

- The x rays that are emitted when the electron bea,m strikes the rotating
probe show large amplitude fluctuatlons, particularly at the higher electron
currents. The fluctuations are sometimes rather periodic, with a period
of about 10 psec, and they have no time correlation with the observed micro-
wave radiation.  This suggests that the electron beam may be wiggling about
~ in the plasma so that more or less of it hits the probe (or the probe stem
-insulator). Apparently there is tio markéd correlation between this x-ray -

“U. S. Naval Postgraduate School, Monterey, California.

1
A. L. Gardner, Paper H7 presented at the APS Division of Plasma Physics

Meeting, Colorado Springs, Colorado, November 1961 (UCRL-6620-T-Abstract).
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fluctuation and the voltage variations across the dlscharge chamber, which
have a 81m11ar perlod .— : : ; : '

_ In order to avo1d both the perturbat1on caused by the probe and 1ts
sens1t1v1ty to the. p051t10n of the electron beam, a small alum1nurn foil - i
covered sc1nt111ator, in a water-cooled. hou51ng, was recéntly installed in-
.side the: anode sectlon ‘but out51de the plasma near the output end of the dis-

charge chamber. - It was or1ented to detéct x rays emltted from the cathode f
and the anode when they are struck by the electron beam which then will
have traversed the entire P-4 system (about 5 meters).. The resulting x-ray
signals were found.to have no severe-fluctuations.  Furthermore, the first
measurements of the decrease in x-ray intensity when the plasma is present
. corresponds to an energy loss of less than 20% (less than 7 ev/cm average
energy loss).

Beam Interaction with a Self-Created Plasma

Brief observations were made of.the type of strong interaction studied
at MIT and reported by Smullin. 2 In the P-4 system this was seen when the
electron beam was injected with the discharge off but with gas being intro-
duced and with the magnetic field present. In a few microseconds the beam
~ built up its own plasma in the discharge chamber and for a short time the

beam current to the end electrode (cathode) was severely curtailed while it
appeared, .instead, at.the cylindrical anode section. After.the electron beam
terminated, .the net negative charge subsequently collected by the end elec-
trode was of the same order of magmtude as the entire charge of the electron
- beam pulse.

- Spectroscopy

When P-4 was operated on hydrogen gas it was observed that the first
three Balmer lines were all broadened by about 0.45 A. - This is in contrast
to experience with He, in which the neutral lines are sharp.- Zeeman effect
should be negligible. = The nearly constant width, independent of wave length,
appears to rule out the Dopgler effect as the main broadening mechanism.
Present theory (Kolb et al and Baranger ) is not applicable for the low
density ({approx .10 13 ¢ 3) and high electron and ion.temperatures (approx
20 and 10 ev, respectlvely) of P-4.  To get some measure of the relative
abundance of molecular and atomic hydrogen in the background gas, a
- spectrum analysis was performed.  During June and July, Lt. Fred Kinley
and Lt. Robert O' Malia of the U. S. Naval Postgraduate School, Monterey,
California, obtained spectrograms under nearly identical conditions at ports

- , .
-~ W. D. Getty and L. D. Smullin, Paper L5 presented at the APS Division
of Plasma Physics Meeting, Colorado Springs, Colorado, November 1961.

3 . -
H. R. Griem, A. C. Kolb, and K. Y. Shen, Phys. Rev. 116, 4 (1959).

4
M. Baranger, Phys. Rev. 111, 494 (1958).
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6, 5, 4, 2, and 1 and at the d‘iécha‘.’rg‘e chamber. At port 1, where the back-
ground pressure is 2%10"% mm Hg, more than 1300 lines of H, were identi-
fied in the spectral range 2800 to 5450 A.- Six members of the Balmer series
were definitely observed, as well as the same impurities (C, N, O) as are
present in He operation. Compar1son of the spectrograms taken at the
various ports shows that the nurnber of H, lines decreases rapidly with de-
crease of background pressure At port | % where. the pressure is 2.><10'5 mm
Hg, no I—IZ lines could be. detected in.a S1m11ar exposure.
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II. ASTRON PROGRAM -

" 1.. INTRODUCTION
N. Chr1stof1los

Durlng the 1ast six months the ma_]or effort of the Astron group was
the construction of the electron accelerator. The development and detail
design of all the components has been completed, and orders have been
placed for the hydrogen thyratron switch chassis and associated electronic
gear. ' Installation of the pulse-forming networks is proceeding. The
assembly of the electron gun is almost completed.- Dehvery of all the com- -
ponents is expected to-be completed by Spring 1962. - Since it is expected.
that after the completion of the accelerator some time will be required for:
‘debuggmg and achievement of reliable operation, the emphasis during the’ '
last six months was toward expediting the construction of the accelerator.

" Most of the activities in the theoretical field have been reported in.

- the Salzburg meeting,  thus there is no need of detailed discussion in this
_report. ‘Some additional work was recently done by Kelvin Neil on the
stability of the E layer; seé Séction V-1 6f this report.. The engmeermg :
and construction activities are discussed in more detail in Sectlons VI-
and VI 2, respectlvely

2. ASTRON PLASMA CONDUCTIVITY MEASUREMENT
Thomas M. Comella, Joseph E. Katz, Daryl D. Reagan,
s and. Charles B.: Wharton

An attempt is being made to reconc11e opt1ca1 and microwave meas -
urements with the results of the "pulsed loop'" skin-effect conductivity
measurements. L 0 appears that after a few microseconds the outer layers
of plasma become cooler than the interior, so that a simple comparison is
not possible. The microwave noise measurements and optical measure-
ments show electron temperatures decreasing from about 10 ev just after’
the discharge pulse to 4 or 5 ev a hundred microseconds later. - The skin-
effect measurements, made 10 psec after the discharge pulse, indicate
about 2 ev temperature, assuming uniform electron temperature throughout
the vessel, These results would be cons1stent if the hot plasma were about
1/3 the diameter of the vessel. :

/

1
D. D. Reagan, Astron Gas Target Electric Conduct1v1ty Measurement,

Lawrence Radiation Laboratory (Informal) Rept. CVL-60-28, Oct. 1960.
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3. TESTING OF A1,0, FOILS

Ross E. Hester and William A. Sherwood

During this period construction and testing of beam windows required
in the Astron beam research program have continued.. For some of the
anticipated experiments it will be required that the foils transmit a 200-amp
4-Mev beam while withstanding a pressure differential of several mm Hg.
Consequently the foils have been tested in a similar environment.

The fo11s chosen for the final tests were l -in. -dlameter 1600-A- tthk
Al207 foils on which 400 A of carbon had been evaporated.: It was found that
initially these foils would burst with a static pressure greater than 1.5 mm
Hg, therefore testing began with a 1.0-mm Hg pressure differential and a
l-amp 10-kev electron beam with a 0.3-psec pulse width at 300 pps. As the
- test continued it was possible to increase the pressure differential to a range
of 8 to 10 mm Hg.. Some foils were bombarded under these conditions for
as long as 19 hr with no apparent deterioration.. The apparent increased
strength of the foils which have been tested can be explained as a gradual
stretching of the foil allowing it to assume a. partially spherical shape. - The
foils once “cured' can be sub_]ected to. hlgh pressures immediately in further
tests. e S : .

.The Bethe formula for energy loss by electrons in matter is expected
to be good at 4 Mev, but there is a question of its validity at low energies.
Therefore an experiment was performed to measure the energy loss of a
l-amp 10-kev electron beam incident on the foils.. The transmitted beam
was collected in a Faraday cup which could be biased from 0 to 10 kev.  In
this way the energy spectrum of the transmitted beam was measured and
the energy loss in the foil determined.. The energy.loss appeared to be -
about -5 times that predicted by the Bethe formula. Therefore the tests
are considered adequate. . : S : :
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III. LIVERMORE PINCH PROGRAM

C. K. Birdsall, Dale H. Birdsall, Stirling A. Colgate, Harold P. Furth,
Fred O. Halliday, Charles W. Hartman, Charles E. Kuivinen,
Ross L. Spoerlein, and Alvin W. Trivelpiece

1.. SUMMARY

The main aim of the pinch research effort continues to.-be towards the
understanding and elimination of the small-scale instabilities.  During the
past half year much progress has been made along these lines. Evidence
is accumulating that the .small-scale instabilities are not of the velocity-
space type, but are hydromagnetic modes, due to finite conductivity. A
recent theoretical development provides a general description of the finite- -
conductivity modes in a current layer. Current-driven flute instabilities
are being studied in.particular, since experiment suggests that these may
be of greatest importance. The linear-pinch experimental setups for study-
ing finite-conductivity modes include diagnostics. by multiple probes, by
electron beams, and by Kerr-cell photography through screen electrodes or
walls. On completion of its present upgrading process, the levitron will
permit: extension. of these. studies to better conductivity conditions, under
which the achievement of effective stability appears theoretically plausible.

Theoretical and experimental .studies on the interaction of inter-
penetrating plasma streams are being continued. A new velocity-space in-.
stability of relativistic sheet pinches is being studied. A high-powered
laser setup for plasma diagnostics is being developed.

x .2. ELECTRON-BEAM EXPERIMENT

Experiments with a pulsed beam of approx 0.1 psec duration have
previously shown that magnetic turbulence in the pinch will lead to erratic
electron-beam traces covering large total distances.~ Various indirect
arguments led to the conclusion that the beam traces were not due to beam
motion in time, but instead were:instantaneous mappings of an extremely
distorted and widely spreading flux bundle emanating from the point of
introduction of the beam into theé tube.

A recent modification of the beam ihjection permits the pulse to be
left on for a few tenths of a psec or to be cut off after a few hundredths of
a nsec. - Exposures made with a '"'stabilized pinch'" under these two conditions
yield the typical traces shown in Fig. III-1, which demonstrate directly that
‘the beam spreading is indeed an instantaneous phenomenon. For these ex-
posures the beam was injected at a radius of about 3 cm, and the photographic
aperture was adjusted to give comparable intensities in the two cases.

1 .
D. H. Birdsall et al., in Controlled Thermonuclear Research Quarterly

Report, UCRL-9777, June 1961.
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Fig. III-1. Electron beam traces with 0.28-psec and 0.03-psec
pulse lengths.
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A comprehensive report on electron-beam experiments has recently
been issued. 2

3. CUSP-PINCH EXPERIMENT

In pinch devices there is a natural tendency for pressure-driven flute
instabilities’ to_o_ccur; ‘because the absolute field strength decréases at =
. larger radii.- When the plasma has finite conductivity, these flutes are 'only'
imperfectly inhibited by shear (see Section.8). In order to test the-impor-
~tance. of this. phenornenon, a 4-inch hard-core pinch was built which has a
series of cusps on the outside in place of the usual B_ field. The absolute
- strength of the cusp field increases by a factor of two from the axis to the
tube wall.. Experiments have been conducted at about 5- kilogauss field in
100 vy gases

If no initial B, is used, the plasma expands dynamically towards the =’
‘outer wall during ""unpinching.! There is essentially no difference.in this
behavior.whether the cusp field is on or off _ Both photographic and probe .
measurements have been made. )

- If an initial By of either sign is used, there is appreciable coupling to
the cusp field, which is swept out of the small-radius region and kept out
during passage of the unpinching current (approx 10 psec). . The plasma now
cannot flow directly to the wall, but only by following the sp1ra1 field lines
due to.the superposition of the Bg field and the B component of the cusp
field.

In spite of the theoret1ca1 improvement of the rigidity of the magnetlc ‘
field structure relative to the ordinary hard-core’ pinches, very pronounced
hydromagnetic disturbances are still detected by magnetic probes. The
measurements are suggestive of small-scale finite conductive modes, which
depend only on properties of the current layer and are unaffected by the
absolute magnetic field gradient. . Further studies are needed to determine
the extent of plasma contact with the wall, and the effect of rotary motions
set up by the unpinch current and the rad1al component of the cusp field.

4, RESISTIVE SHEET PINCH EXPERIMENT

Extensive theoretlcal work has been done1 on the tearlng instability
of the ordinary sheet pinch. This phenomenon is believed to occur in
reverse-field theta pinches, "but can be studied under more controlled con-
ditions in the tubular dynamic pinch geometry.” O.. Anderson has kindly
lent to us a 12-inch:tubular pinch device with screen sides and electrodes:
- specifically suited for photography. In thistube slow, low-temperature dis-
charges will be stud1ed and the gmwih rates of tearlng modes compared with
theory - . ; :

2S A, Colgate et al ’ Part1c1e Motlon on Magnet1c Flux Surfaces in- "Stab111ze i
and Hard-Core Pinches, IAEA Conference on Plasma Physics and Controlled
Nuclear Fusion Research, Salzburg, Austria, September 1961, UCRIL.-6385.
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5. LEVITRON PROGRESS

The levitron experimental program had progressed to the point at
which an improvement in the base pressure of the machine became of prime
importance. A 10-kc rf generator was used to inductively heat the liner to
a bakeout temperature of 450°C

Although the liner-heating method proved quite satisfactory, serious
trouble developed in the high-temperature-epoxy insulation which ‘had been
applied to the inside of the ‘stabilizing shell. This coating was, of necess1ty,
quite thick in some areas. Heat transfer to the water - cooled shell was in-
adequate at the thick sections and the epoxy failed. ©One case in point was
the shell minor parting line which was 1nsulated and sealed with epoxy. "An
irreparable leak occurred along this l1ne ’

The base pressure of the machine was too high to permit further ex-
periments, so dismantling began on August 23. Inspection revealed that not
only had the epoxy failed but also the Inconel-x liner had developed a number
of hairline cracks which accounted for a high'communication rate between
the annular space ‘and the liner. These cracks were not detectable during
as sembly but were apparently initiated by heliarcing the flanges between
liner sections. Extensive tests indicated that the metallurgy of Inconel-x is
such that _repairs were impossible.

A new liner of 321 stainless steel was ordered This material has
about 50% the resistivity of Inconel-x, but is con81derably more workable
and is considered a satisfactory comprom1se The liner sectlons have been
received and are being assembled. - -

A number of seals had been made in the levitron with RTV 731 silicone
rubber. This mater1a1 proved most sat1sfactory and remained essent1ally
unchanged even in areas Where it was ad_]acent to charred €poxy.

- Several major changes have been made in the levitron which should
result in a major improvement, part1cularly w1th regard to the vacuum
system. These are summanzed below '

1. A phenol1c coating is being used on 'the inside of the copper shell.
This material appears to be a superior high-temperature coating, although
some trouble is being experienced in its application. Test samples and one
half of the shell have been sat1sfactor11y coated to date

2. Alumina 1nsu1ators are being fabr1cated to provide feed-throughs
for the ports. This was a troublesome area for high-temperature epoxy.

3.. All joints in both the ring and the liner are to be heliarced or made
with B-T solder.. This change will eliniinate high-vapor- pressure metals,
which were used in the previous assembly. This requirement is 1mposed
by the de s1rab111ty of initiating the. p1nch with the liner hot.

4. A retractable cryogenlc pump has been fabrlcated and is being
tested. Should it prove satisfactory a substantial improvement will be made
in the pumping speed from the liner. ‘
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5. Silicone rubber will be used to replace epoxy for the minor parting-
- line seal. In the final assembly no epoxy will be exposed to.the hot liner.

6.- COLLISIONLESS PLASMA SHOCK (EXPERIMENTAL)

In the preceding report it was conjectured that the observed absence’
of growing transverse magnetic fields in interpenetrating plasma streams
was due to small-angle Coulomb collisions.- A more likely effect leading
to suppression of the magnetic two-stream instability appears to be due to
the highly mobile electron background. Coupling of the electrons to the ion
motion through induction electric fields can lead to complete stabilization at
zero electron.temperature without collisions {see Section 9). Although
transverse wave growth persists at finite electron temperature, or when
collisions are included, growth rates are considerably reduced, In addition,
the presence of a weak axial magnetlc field which makes the electron Larmor
radii less than the shortest growing wave length can. lead to stabilization.
Most of the experiments reported earlier were conducted with axial fields.

Initial investigation of the firehose instability has begun in the more
generalized configuration. of contrastreaming plasmas carrying a net current.
This is accomplished by passing the moving plasma through a stabilized
pinch.- Use of the stabilized pinch permits an arbitrary reduction of stability
to hydrodynamic.disturbances to be attained as conditions are approached
which lead to the familiar pinch turbulence effects. - In addition turbulence
may be used to provide strong initial excitation of hydrodynamic modes which
are predicted to grow during subsequent contrastreaming.

Strong coupling between pinch and moving plasma is observed, as
illustrated by .the magnetic probe traces shown in Fig. III-2.- The traces
for BG (2 kgauss/cm) were taken 10 cm from the plasma gun Peak pinch
current is 40 kiloamperes, axial magnetlc field is 3 kgauss, pinch and
moving plasma dens1ty are both 5%X10 15p /cm3, and the mean kinetic
energy of the moving plasma is about 300 ev. In the absence of moving
plasma, the typical characteristics shown are observed. When plasma is
injected during the initial quiescent phase, turbulence is progressively ex-
cited and driven by the pinch current in the wake of the moving plasma. The
moving plasma undergoes a decrease.in kinetic energy corresponding to
friction observed with neutral gas. As ionization becomes complete, fric-
tion approaches the low value corresponding to motion through plasma.

If the plasma is injected after the onset of pinch turbulence, an inter-
action occurs consisting primarily of a gross deflection corresponding to
the distorted flux tubes. - Little radial dispersion is observed and dynamic
friction is again small.

- Stimulation of turbulence may have two possible causes. Passage of
the plasma through the pinch in effect represents a pulse of ion and electron
current of about 10 amp/cmz so far as electron collision and ionization
processes are concerned.  This may rapidly bring the pinch to.the turbulence
onset conditions which would have been reached later by the pinch current
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- o ZN43,006

" Fig. III-2. Pinch with plasma injected at 3.6 psec.
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. alone. Alternatively, if turbulence arises from strong nonlinear. coupling, .
the large disturbances produced may be suff1c1ent to pass rapidly through
~ the initial small-amplitude growth phase. :

7. OPTICAL PUMPING OF A RUBY LASER BY A DYNAMIC PINCH "

The optical pumping of a laser by a dynamic pinch was attempted in
~order to achieve sufficient laser light output so that plasma diagnostics
could be. performed " Initial operation was hampered by the breakage of the
central quartz tube at pinch voltages considerably below optimum for maxi-
mum pump power. However, it was found that this breakage occurred only
for argon gas, presurnably because of the dynamic force in a: strong shock
wave. Other gases left the quartz minor tube .intact but no laser operation
was_‘o_‘beerved We have since found that the crystal used was faulty, and
therefore a commerical laser unit, built by Raytheon Company, has been
purchased to facilitate investigations of various materials and to allow study
of the optical properties of various rubies, reflecting coating, etc. We
have modified this unit slightly, and we have observed the so-called hair-
trigger mode of operation in which the ruby is "primed" by pumping to a
level just below threshold, and-then triggered from a separate energy source
wh1ch supphes the necessary add1t1ona1 light.

The Raytheon unit is undergo1ng further mod1f1cat10n to allow 11: to -
operate with the addition of a small dynamic pinch trigger light source built
into the optlcal reflectlng hous1ng

By the-vplnch technlque the instantaneous output power of the laser may
be raised by a factor of 103, which will facilitate. its use for plasma diag-
nostics.

8. COLLISIONLESS PLASMA SHOCK (THEORETICAL)

Several features of electrostatlc shock formation with mass ratio 10
have become apparent following more detailed analysis after interpenetration
of 10 ion periods (total length of shocked plasma = 10 ion plasma wave lengths).
At the shock-front a potential wave that is nearly static (in.the shock frame)
is generated with wave length about

N N ., whe're:()\'. L=V /f "
pe pi pe, 1 0/ "pe, i

and \}0 = streaming velocity in the shocked fluid frame,

and amplitude comparable to the incoming electron kinetic energy observed
in the shock frame. The potential wave remains nearly static for several
wave lengths into the shocked region, giving way to oscillating modes which
develop larger potentials comparable to the ion streaming energy. When
fluctuating fields begin to dominate, the electron velocity distribution is -
nearly thermalized. The ion velocity distribution, which is double peaked
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near the shock front, relaxes to a thermal distribution 10 X\ i within the
shocked plasma,; -with roughly one- th1rd of the ‘initial kinetic: energy glven
to the electron background. :

In the shocked plasma, potentials fluctuate at nearly the electron
plasma frequency. The modes spectrum appears to be thermalized, with
the largest potential developed by the longest possible wave length.mode
(A =40 Ap ;)» which oscillates at Wpe with a peak amplitude of several times

the ion strearrung energy.

Similar shock characteristics are observed with mass ratios of 1 and
100. For mass ratio 1 similar osc111at1ng potentials are observed with '
‘thermalization of the part1c1e and mode distributions about 5 plasma wave
lengths from the front.  The mass-ratio-100 shock has not been carried to
ion thermalization, although saturation of the mode potentlals appears to
have been approached. - Based on this tentative conclusion, the ratio of ,
maximum field potential to ion kinetic energy decreases as the square root
of the mass ratio.

9. INSTABILITY THEORY ' |

Previous work on a magnetic 1nstab111ty of thermally anistropi¢ plasmas
in null'magnetic field! has:been generalized to allow for the presénce of both
ions and.electrons. For an anisotropic particle distribution :

22 :
o 1 [ Vx TV, 2\ |
fy = - exp| - + v (D)

0" on )3/2 22 Tz ! .2 Ty

with isotropic neut.ralizing’particles, one obtains the dispersion relation

4o n, r

0 Tc . 1 B . m _ v
2 a n
where l :
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I'C— . .2." 3
mec
A —AZ-
A2 | 1 |
rayat (Wroz [ e any). o
0

'v—w/'\/—kva,,u

and where m and A = w/\/—k v refer to the neutrahzlng populat1on
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For v_ > 0 the marginal stability condition is the same as when the neu-"" '
tralizing particles are neglected (i. e., when m/m_ -~ ‘).~ If the néutral-
izing particles are the electrons, the growth rate o?the\instabil.i‘ty is, how-
ever, held down to 2 mean thermal transit time of the electrons over a
distance of the order of one instability wave length.  If, on the other hand,
we have Vo T 0, then’ :

becomes sufficient for stability.-
- In tﬁe-presen-ce _.of”a;ur.lif‘o'rm.magnretic' field B_ in the direction. of
maximum thermal velocity, the instability tends to Ye inhibited, Equation (4)

is not always sufficient for stability. - The marginal stability condition is

l4‘nn r ' -€
0"c¢c- 1 £ ) m n ) -
l -e IO (e) -1- E— € | Io(en) < 1, (5)

k2 :aL2 v v n
where € = (k r )2, r_ = mavc/e B_, and Ig is the zero-order imaginary
Bessel functiofi. - If fhe neutralizng population is assumed.to be relatively
massive, then one can write Eq. (5) in terms of

2.2 -
81r.n0v a - _ Lo B :
s ————— =8rn 1 T - (6)
2 . 0°c'g .
B .
y
as _
B (1 . - o RN
51— -1 () <1, v - (7)
a .
where L | ’ ' '
1 ) e Io(e) . R : _
Gley= &1 2| L | (8
Ce J.oo..o 1l -a" | n :

For a high degree of anisotropy (az << 1), we have G(¢)<1, and the minimum
B at which the instability can occur equals 2 a®.  This is exactly the same
stability condition as for the conventional fire-hose mode.  Equations (6)
through (8) serve to correct a numerical error in the definition of § in an
earlier report. '

. . The instability of the E -1éyer against spontaneous generation of B
field® has been shown to become somewhat greater at finite wave length
along the axis of Astron.  The marginal stability criterion is found to be

Ve > VZ []- + -2—‘ ( n 3)J ’ o (9)

where a beam of mean vélocity éérhpdneﬁtusﬁ v,, v_ and beam spread v is
injected. The analysis was carried out in the plane approximation, for




II1. 9 E -52- _ UCRL-9969

k /h << 1, where Z/h is the E-layer thickness. . An estimate has been
made for the stab11121ng effects of cyhndmcal geometry - These are found
1nsuff1c1ent to permit.the cond1t10n '

V. >; . -
. to be met (as required to achieve field reversal in Astron under the pfééent
plan) without running into the By-generation phenomenon. What effect the
By generation will have on the realization of the E layer remains uncertain.

- The familiar plasma-pressure-driven flute instability has been studied
in a sheared magnetic field with finite plasma conductivity. > Using the
" methods of the infinite-conductivity analys1s by Rosenbluth and Longm1re, .
one f1nds the d1spers1on relat1on ST : .

2 U | | (11)

where T, is the growth time in a shear-free field B of radius of curvature

R: ) . R B : v ' i B
Coafme
[ N S o |

Vi being the ion thermal velocity, and where

- ne 2 . ‘ 13
o= 15 (k)7 (13)
™
¢ = fmaMc® o - (14)
- |

M being the ion mass and 7 the resistivity, which for simplicity is assumed’
isotropic.  The quantity [ is the distance along magnetic field over which
the shear in the field does not significantly distort the interchange motion.
Using as the basic time unit the resistive plasma:diffusion time over a wave
length,

T —S—— - ‘ I (15)
r -an CZB- L e : _

2 v
g;; £'j“‘2“;f} fi:‘] ﬁfuff::i:Lelf'f' ) e -_(16)

3H P. Furth, Finite- Conduct1v1ty Flute Instab111t1es, UCID 4374, Oct.

- 1961, o
4M. N. Rosenbluth and C. L. L(.)ngrnire9 Ann.- Phys. _l_, 120 (1957).
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we obtain inithe limit of interest. (‘T <<L.T ) the 1nstab111ty growth time;"

o kec r SR
which shows that the- plasma dlﬁhsmn rate across magnetlc f1e1d is. enhanced
by the geometrlcal factor k £ /R - -

The res1st1ve pressure dr1ven ﬂute may be the mechamsm whereby
~the plasma 'in Zeta moves out. through the vacuum. field near the tube wall,

- where there is little current to drive it via the other resistive. flute that has
been d1scussed in.this sect1on - - E

: In a p1nch of hlgher tempe.rature,_ one will expect the pressure-driven
flute to become weak, since the ion gyroradius limits k, while the ion drifts
combined with a slow growth rate at improved.conductivity will tend to wash
out the fluting motion.

An investigation has been made of a class of resistive instabilities
which may appear in weakly ionized plasmas with anisotropic velocity dis-
- tributions. An example is the interaction of an electron stream with plasma
generated by the beam from a high-pressure background gas. This insta-
bility was investigated and verified earlier in resistive wall traveling-wave
amplification.

- Initially, the stability of contrastreaming electrons in a resistive back-
ground has been. investigated. By use of simple collision-frequency approxi-
mations for the background, it is found that as v exceeds w_ (W = stream
" electron plasma frequency), the usual electrostatic two- strea%'l mechan1sm
gives way to a slightly lower-growth-rate resistive instability, which ex-

tends over a much broader wave-length spectrum. Dissipative effects in
the background therefore do not suppress collective interaction as might be
expected, but instead give rise to new modes. Collisions of streaming
electrons, however, would introduce damping.

10.. THE DYNAMICS OF A SUPERNOVA EXPLOSION
Stirling A. Colgate, William H. Grasberger, and Richard H. White

- Previously we have calculated the dynamical implosion of a supernova
-star 10 solar masses using an equation of state that includes the thermal
decomposition of iron to helium and of helium to neutrons and protons.
Starting from an initial equilibrium star of polytropic index 3, a mock
quasistatic evolution evolves the star by 2.5 % total change in energy until
a dynamical collapse takes place.- The validity of the calculation is limited
to p<g 3X10 11 g/cc, corresponding to a compression of the central zones
of 10%, at which point the transformation to a neutron star by inverse beta
decay occurs within the dynamic t1me of the 1mp1051on '
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We have programmed.the solid neutron star equation of state of
- Salpeter! into the same Lagrangian hydrodynamic code used previously, and
.included an inverse f-decay neutrino energy sink.  The 1nverse B .decay
. proceeds rapidly, both because the density is so h1%h--10 10 ¢ 1011 g/cc——
- and also because the electron Fermi level at 50 mc“ gives a considerably
larger cross.section. - The calculations have proceeded through the conver-.
- sion to the solid neutron star phase (the inverse p decay occurred predictably
cat 3X 1010 g/cc density) and have demonstrated.a 'bounce' at the predicted
2% 1015 g/cc density.. Fortunately, the. gravitational potentialis less than
-1/3 mc*?, so that general relativity need not be included.  The reflected
shock wave appears strong enough to eject a major fraction of the star, but -
. 'the calculations are not yet complete.  If this. ejected fraction proves.to have
traversed the solid neutron phase, it gives credence to the hypothes1s that
Cf254 is produced in ma_]or abundance : ‘

Cw

1g. E. Salpeter, Ann. Pnj}s;"'l_l, 393 (1960).
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IV. BERKELEY PLASMA RESEARCH

1. HOMOPOLAR PROGRAM
Klaus Halbach, G: Donald,Paxsori, and Didier Veroﬂ"’<

- We continued the spectroscop1c analysis of the light that is emitted
along a line that intersects the outer electrode of Homopolar IV under 459,
So far we have failed to find a spectral line that showed mirror symmetry
of the two line shapes for the two polarities of the magnetic field. - In the
preceding report (UCRL-~9777) we expressed the opinion that the failure of
our line shapes to show the proper symmetry upon magnetic field reversal
was caused by the fact that we are always looking at line shapes resulting -

- from a superposition of at least. two spectral lines. A detailed. analysis of
two line shapes [around 4267 A (C ) and. 4070 A (ct )] showed that this was
. indeed true. in both cases. :

Some experiments were performed to obtain information about the
back-voltage- produc1ng breakdown of the machine. - Homopolar IV is
equipped Withitwo pairs of mirrors; one is in a fixed position at the end of
_ the machine’ (not disconnectable from the main co11), the other two coils

can be moved into any position along the ‘axis and can be disconnected.
Experiments showed that energizing only one coil of the movable pair still
gave a back-voltage- produc1ng breakdown, whereas disconnecting both
movable coils caused a very late breakdown that did not show a back voltage.
These facts, together with the delay time between. the gas release and the
breakdown, show that the gas must have reached the mirrors by the time

the breakdown occurs and imply that the sloping of the magnetic-field lines
in the mirror region is important for the breakdown.: Under these circum-
stances, some gas will always spill over the mirror peaks and, after ioniza-
“tion, will be driven into the insulator region. ' In.order to obtain some con-
trol over the time of the breakdown and therefore the spreading of the gas,
we studied the effects of an improvised PIG discharge (Fig. IV-1), used.as

a firing mechanism in Homopolar IV.. Experiments showed that the PIG
discharge indeed reduced the delay between the gas release and the break-
down, particularly when the delay time without PIG was large. - To quote
some typical numbers: For a total gas release of 15 pliters and a machine
voltage of 20 kv, ‘the delay time was without PIG 1.8 msec, with PIG 0.6 msec.
* On October 25 we abandoned Homopolar 1V, and we hope that the changeover’
to Homopolar V will be completed early in January 1962.

Visitor from Centre d'Etudes Nucléaires de Fontenay-aux-Roses, France.
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2.. HYDROMAGNETIC WAVES AND CYCLOTRON HEATING

A Preionizer

e

George R. Spillman, * Forrest I. Boley, and William S.. Cooper III

The ionizing technique. used. in Hothouse 1! has been adapted to a geom-
etry similar to that employed in Scylla compression experiments. The
adapted device is shown in Fig. IV-2. An initial discharge occurs within the
coaxial electrode structure located at one end and an ionizing front propagates
at 2 to 3 cmm/psec down the tube through the glass portionto:the opposite end.

- When the front reaches the Pyrex end plate the electrodes are short-circuited
(crowbarred), thus stopping the plasma rotation.  Kerr-cell photographs were
" made which show the progress of the front down the tube.  These photographs
show the front to be rather nonuniform with occasional luminous regions ex-
tending well beyond the front. :

. Time-degenden’c ion-density measurements were made by using the
polychromator? to observe the Stark-broadened Hg and H,, line profiles. Al-
though a variety of experimental conditions was investigated, only that using
a 6-kgauss magnetic field and 8600-amp discharge current, and producing
ion densities approximating the initial neutral hydrogen atom density of
7%1015 ¢cm-3 is discussed in detail here. At 4 kgauss magnetic field and a
discharge current of 4300 amp a maximum ion density of 3 X 1015 ions/cm3
was observed.  Doubling the current increases the ion density less than 15%.
The original neutral atom density in this case was 7X 10154per cm3. A qual-
itative explanation of this effect has been given by Kunkel. *- o

Density measurements were made both parallel and perpendicular to
the tube axis at three viewing positions in each direction. - Figure IV-3 shows
the time-dependent density measurements made parallel to the axis together
with the corresponding viewing areas. Times are measured after initial '
breakdown. All three viewing positions yield ion densities of the order of
7x1015 per cm3 shortly after crowbar, which occurs at 23 psec.

Special care must be taken in evaluating the data from the darker cen-
tral "core''region. = A similar core was observed in framing-camera photo-
graphs of Hothouse I.  Light intensity as observed by the polychromator is
low, about 1/6 peak intensity, at about 60 usec and then rises slowlyto peak
intensity at about 135 psec. A small "'precursor'’ appears at the center of
the spectral line, reaching its maximum intensity shortly before crowbar .

- Early in time the data fit theoretical line profiles poorly, but seem to indicate

“1st Lt. U.S. Air Force. The opiniems: expressed by the Air Force author are
his own and do not necessarily reflect those of the United States Air Force
or of the Department of Defense.

lJ. M. Wilcox, A. W. DeSilva, W. S. Cooper, P. Pellisier, and W. R.
- Baker, A Device for Generating a Highly Ionized Hydrogen Plasma, UCRL-
9528, Jan. 1961. '

“E. M. Little, W. E. Quinn, and F. L. Ribe, Phys. Fluids 4, 711 (1961).

3 .
G. R. Spillman; W. S. Cooper, and J. M. Wilcox, Nine-Channel Polychromator

for Observation of Time-Dependent Spectral Line Profiles, UCRL-9843, Sept. 1%l.

W. B. Kunkel and R. A. Gross, Hydromagnetic Ionizing Waves, UCRL-9612,
May 1961.
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. the light is coming from a region of high ionization.- Density measurement
at 135 usec corresponds to the density measurement elsewhere in the plasma
at that time. It is believed that these measurements should be interpreted
as follows:

(a) Except for the “"precursor' in the center of the line the light observed
early in time. is due to reflections into.the core reglon '

{b) The "precursor' may be due to ionization in the core region by fast
electrons and photons.

(c) The peak at 135 pusec-is due to diffusion of matter into the core region
in a manner similar to that shown in the Hothouse I framing-camera pic-
tures.

Figure IV-4 shows density measurements made perpendicular to the
axis along a.tube diameter at three longitudinal positions. From these data
one notes that the maximum ion densities do exceed.the initial neutral gas
density. - For the magnetic field used the density falls after passage of the
front and is not, in general, uniform along the tube.- Thus measurements
made parallel to the tube axis represent .an intensity-weighted composite of
the longitudinally variable density. At crowbar time (23 psec).the .ion density
at the passive end. is still rising while at the other positions.it.is falling
slowly. However, the ion density at this time is nearly equal to.the initial
neutral density: throughout the entire tube, with the possible exception of the
center electrode region.

Carbon and oxygen impu _%tles were determined by intensity comparison
of the 4649-A OT and 4267-A C¥ lines from the plasma with those obtained
by introducing known.amounts of CO, gas into the system before . ionization.
The impurity levels of carbon and oxygen observed in this manner are approx-
imately 0.04% and 0.7%, respectively.- The ion density and impurity levels
indicate that a device of the type discussed has possible application as a pre-.
ionizer in compression devices, :

- Recently the diameter of the Pyrex pip‘e.has been increased from 3 in.
to 6 in. so that the effects of launching the ionizing front into a region rel-
atively free of wall influence can be studied.

- Ion Cyclotron Resonance Experiment

Peter R, Forman, Gordon W. Hamilton, Alan W. DeSilva,
and Forrest I. Boley

Considerable evidence was cited in the preceding quarterly report for
the existence of an.ion cyclotron resonance condition for high-intensity
torsional Alfvén waves. in a magnetic mirror geometry. The wave magnetic-
field amplitude and relative phase measurements reported at that time de-
pended for their interpretation upon shot-to-shot reproducibility, and wave
amplitudes were determined by averaging over a substantial portion of the
3-msec radio-frequency wave driving pulse. - To allow simultaneous. ob-
servation of the wave fields at several positions, a seven-coil magnetic

5In Controlled Thefmonuclear Research Quarterly Report, UCRL-9777,

August 1961, p. 68.
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probe has been constructed. By use of this probe the averaged wave-
amplitude results reported earlier have been confirmed and the over-all
evidence of ion cyclotron resonance substantiated. In addition, the seven-

- coil probe should allow more detailed measurements of the by wave field
phases and amplitudes as functions of time and longitudinal position .z than
has heretofore been possible. Measurements of the detailed behavior of b@
amplitude as a function of radius, axial position, and time are not yet eom-
plete, but have already yielded some interesting results. It has been found
that the wave field has large azimuthal asymmetries, which, however, are
fairly reproducible in their general appearance from shot to shot.. The wave
field shows large variations with z position, including some striking and
quite reproducible minima which suggest the presence of standing waves.
These minima appear about 100 psec after the rf is switched on, and persist
for at least the next 100 psec.- The by amplitude in the earlier part of the
rf pulse is very different from shot to shot. - The rf oscillators which supply
the plasma heating energy were tested under resistive dummy:loads applied.
at the sarme pcint as the plasma load. By comparing the oscillator input
power with plasma loads to the input power with dummy loads, it was es-
timated that the plasma impedance is initially equal to about 0.8 ohm, and
that the plasma impedance increases.to about 1.5 ohm during a pulse of
1 msec.  This change in plasma impedance is another indication of the "pump-
out" process. '

Alfvén Wave Reionizer

George R. Spi.llman*and Forrest 1. Boley

For some time it has been thought desirable to have a means of meas-
uring the density of neutral hydrogen atoms in the Hothouse I plasma to study
the effect of the neutrals on Alfvén-wave propagation. One method of making
this density measurement is being studied; it involves reionization of the
decaying plasma and measurement of the resulting ion density by means of
- the polychromator. 3,5 The method is to propagate a large-amplitude Alfvén
wave in the plasma at the time a neutral-density measurement is desired.
The experiment is to be repeated using progressively higher amplitudes
until a plateau in the resulting ion density is observed. - Of course, if there
has been no pumping action on the neutrals this measured ion density should
be that measured immediately after crowbar.

Some preliminary experiments were carried out to aid in the choice
of parameters in the system. Between 90 and 100% reionization was achieved
-in a plasma which had decayed from approx 3.3X 101° ions/cm3 to 2.3X 1015
ions})cm?’ (initia.l'H2 pressure of 50 gHg),’- In a plasma which had decayed
from 6.6 xX1015 ions/cm3 to 4.7 X 10! ions/cm>, reionization resulted in
more than 5.5%x1015 ions/cm?.  An estimated 110 joules was delivered to
the plasma in reionization.  In each case the wave frequency was about
125 kc. ' ’ ' '

O

"lst Lt. U. S. Air Force. The opinions expressed by the Air Force author
are his own and do not necessarily reflect those of the United States Air
Force or of the Department of Defense.
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‘Temperature Measurements in Hothouse I

William S. Cooper III and Forrest 1. Boley

Since the preceding quarterly report, considerable effort has been
devoted to developing spectroscopic methods of measuring the time de-
pendence of the.electron temperature in the decaying hydrogen plasma pro-.
duced in the Hothouse I experiment. - The first method investigated depended
on the fact that the frequency dependence of the Balmer recombination con-
tinuum (due to the capture of free electrons by hydrogen ions to form ex-
cited neutyals with principal quantum number 2) is proportional to
N;Ng e‘hvf T, where T is the electron temperature, N. is the ion density,
and N is the electron density. If only relative intensily measurements
are made, the electron temperature at a given time may be determined from
a plot of the continuum intensity as a function of v, without knowledge of N.
or N,. :This e -hv/kT dependence of the continuum intensity is the result of
as surnlng a Maxwellian velocity distribution for the electrons, probably a
‘very good assumption for the Hothouse I plasma; if the electrons have a
non-Maxwellian velocity distribution, the distribution could presumably be
measured by this method.

" The, measurements were made with a single Jarrell-Ash Model 82-000
monochromator looking end wise into the Hothouse I tube midway between the
center electrode and the tube wall. - The average time dependence of the
.light intensity, averaged. over nire shots, was measured at five wave lengths
~in the region between 3500 and 2500 A, using a bandpass of 1.5 A. Cross-
plots then gave the relative continuum intensity versus frequency for dif-
ferent times. The use of a carbon arc as a radiation standard allowed the
combined transmission of the optics and response of the 1P28 photomultiplier
used as a detector to be determined at these wave lengths. Figure IV-5
shows a typical plot of continuum intensity per unit frequency interval vs
frequency, at 100 psec after breakdown, or 87 psec after the plasma was
crowbarred and began to decay."

- The expected e-hv/ T dependence is observed; the slope indicates an
electron temperature at.this time of about 24,000 £ 7000°K. One point is
about .10% high; another is about 10% low. These discrepancies are probably
due to the presence of faint spectral lines in the band of continuum observed
from the plasma and from the arc respectively, although considerable pains
were taken to discover these faint lines and avoid them. Similar observations
at different times indicated an electron temperature of more than 50,000°K
shortly after crowbar, which then dropped rapidly to about 25,000°K at about
50 psec, and remained roughly constant to as late as 180 psec, at which time
the light intensity from the plasma had dropped to a level too low to permit
measurements. - These measurements are not in good agreement with tem-
perature measurements previously made by observing damping of Alfvén
waves induced in the plasma and also by direct measurements of the elec-
trical conductivity of the plasma; the earlier measurements had indicated
electron temperatures lower than spectroscopmally determined values by
a factor of about 3. B '

This method of measuring electron temperatures suffers a serious
d1sadvantage in measuring electron temperatures above about 20,000°K.
The reason is a practical one: at high temperatures, the continuum in the
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region of the spectrum between 3500 and 2500 A becomes more and more
nearly flat, and measurements of the slope become more difficult. Extending
the range of observation either way is impractical; the Balmer series limit
is at 3646 A, and the carbon arc, although probably the most suitable radi-
ation standard for this region, does not emit enough light to be of use in -
calibration below 2500 A.

In view of these limitations, a second method of measuring electron
temperatures spectroscopically is being investigated. - The ratio of the in-
tensity of a hydrogen emission line (Hy, for instance) to that of an adjacent -
band of the continuum is a sensitive: function of the temperature in the range
104 to 10° K, and is also practically independent of the ion and:.electron
.densi;ies This method is expected to yield electron:temperatures accurate
to 10%. v ‘ .

3. HYDROMAGNETIC IONIZING FRONTS
Arthur R. Sherwood and Wulf B. Kunkel

- During the time covered by this report, construction has begun on an
apparatus intended to be used for the experimental investigation of some of
the properties of hydromagnetic ionizing fronts. The device will initially
be used to produce and study "switch-on'' waves, particularly in conjunction
with the previously reported theoretical work on ionizing fronts.

The geometry of the apparatus, Fig IV-6, is similar in general to
that used by Patrick. 2 The annular region between two concentric cylinders
will be used for the experimental region as an approximation to the one-
dimensional plane geometry of the theoretical work. 1 The outer cylinder .is
approximately 6 in. in diameter and consists of a 1/16-in. -thick welded
stainless steel tube.: The inner cylinder consists of a Pyrex tube of approxi-
mately 4 in. o.d. At the driving end there is an annular ceramic insulator,
and at the receiving end there is an annular pyrex window. The total axial
length of the experimental region is about 4 ft.  These dimensions have, to
a great extent, been dictated by the axial magnetic.field c011s, which have
been. 1nher1ted from the Homopolar IV experiment. ‘

The device.is to be mounted vertically, i.e., the axis of the cylinders
will be vertical. The driving end will be at the top and the receiving end at
-the bottom. - The axial magnetic field coils will be pulsed by the new elec-
trolytic bank, described elsewhere in this report.

The fabrication of the major components is nearly complete, with the
exception of the annular ceramic insulator. The initial assembly awaits this
last part. The driving-current source, a pulse line, has been constructed
but dummyload tests have yet to be conducted. /

Wulf B. Kunkel, in Controlled Thermonuclear Research Quarterly Report
UCRL-9777, June 1961, p. 75. '

-2

~RJ M. Patrick, Phys. Fluids _2_, 589 (1959).
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4.. CROSSED-FIELD BREAKDOWN STUDIES
Melvin- J. Berstein and Wulf B. Kunkel
The experiments pre11m1nary to a study of breakdown in a transverse
magnetic field have been concluded. A detailed description of the apparatus

and results for the ionization coefficient, drift velocity, and diffusion ex-
periments are given elsewhere.

A. Diffusion of Electrons in Hydrogen in a Transverse Magnetic Field

This exgenment measured the diffusion of a small number of e ectrons
(about ‘104/c'rn ) colliding only with neutral molecules (about 10! /cm - The
apparatus used the coaxial cylindrical geometry previously described in
general for the 1on1zat10n and drift-velocity measurements.

The anode consisted of five rings stacked vertically (magnetic field is
vertical) with dimensions shown.in Fig.. IV-7. The electrode gap (1 cm) was
small compared with the anode radius (8.25 cm). Electron emission from
the cathode of about 1011 amp was provided by a hot tungsten filament be-

“hind a slit perpendicular to the magnetic field. The experiment measured

the ratio of the current collected by the middle ring to the sum of currents
collected by the two adjacent rings as shown in Fig. IV-7.. By use of the
drift-velocity results (shown in Fig. IV-8) obtained in the previously described
drift-velocity experiment, the parallel diffusion coefficients were computed.
According to theory a plot of the pressure times the diffusion coefficient as
a function of E/B should give smooth curves for the different gases; results
for hydrogen and deuterium gave good agreement, with a scatter of less than
10%. The range of parameters was: E from 6 to 270 v/cm, p from 1.7 to 4.0
mm Hg; B from 0.8 to 7 kgauss.- The ratio of electron-c¢yclotron to elastic-
collision frequencies w}, 7 ranged from about 3 to 8. Good results could not
be obtained for helium because apparently the tank of helium was quite con-
taminated, and copious numbers of negative ions were formed which swamped
the electron current at strong magnetic fields.- For hydrogen and deuterium
an analysis of the drift-velocity and diffusion results, using an IBM 709
computer and assuming a Maxwellian distribution, yielded the elastic-collision
cross section as a function of electron velocity and the average energy of the
-electrons as a function of E/B (Figs. IV-9 and IV-10).. The cross section
around 2 to 4 ev is a little high because transverse diffusion caused the
measured ratio of perpendicular to transverse drift to be smaller than it

- really is. The error is not enough to explain the discrepancy with other

~authors. In the strong-magnetic-field limit, deviations from the assumed
Maxwellian distribution produce only small deviations in.the cross section

.and average energy. '

P | |

Melvin J. Bernstein, Electron Drift, Diffusion, and Ionization -Measure-
ments in Hydrogen with Crossed Electric and Crossed Magnet1c Flelds
(Thesis), UCRL-9865, Sept. 1961.

2

Melvin J. Bernstein and Wulf B. Kunkel, in Controlled Thermonuclear
Research Quarterly Report, UCRL-9243, June 1960, p. 26; in Controlled
Thermonuclear Research Quarterly Report, UCRL-9393, Sept. 1960, p. 56.
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Fig. IV-7. Exper1menta1 details for measur1ng the parallel
‘diffusion coefficient. -
(2a) Electrode detail. The cathode was an alummum cylinder '
and the anode a stack of copper rings. - The filament was _

' ‘parallel to the slit in the cathode (normal to the view shown

and perpendicular to B). S -
(b) Electrical schematic for measuring ratio of currents to
the middle rings. At a given pressure and electric field,
the magnet1c field was ad_]usted until a predetermined ratio
of currents (1b/10 =0.70) was obta1ned
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« The transverse drift velocity is given in cm/sec by
v =104 Bl(p/B)(E/B)‘;for the units of p in mm Hg, E in
‘v/cm; and B in kgauss. - Do , ' o
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B. Breakdown Threshold in Crossed Fields

Measurements have been made of Paschen curves (minimum break-

- down voltage vs pd) for different magnetic fields in the crossed-field geom-
etry.  The experimental setup was exactly as used for the a/p measure-
ments shown in ‘Fig. IV-11. An electrode gap of 0.5 cm was used with hydro-
gen as the gas. The cathode voltage was slowly raised until the anode current
indicated breakdown was almost reachéd. Results (see Fig.. IV-12) show that
a moderate magnetic field greatly decreased the breakdown threshold (with
Al cathode) from about 230 volts for zero magnetic field to as low as 185
volts at about 400 gauss. This is caused by the magnetic field trapping the
electrons.  Much higher fields raised the breakdown voltages to well over
300 volts minimum at 2000 gauss. - The range of pressures was 0.3 to 3.0 mm
Hg. If the pd corresponding to minimum threshold at a given field is denoted
by pd(B)ins then pd(B) . attained a minimum itself at about 400 gauss and

~increased at higher magnetic fields. ’

C. Formative Timelag

An experiment has been set up to measure the formative time lag for
. breakdown across a strong magnetic field. The electrode structure is ex-
actly the same as that described for the breakdown threshold measurements.
A fast-rising pulse (rise time of about 0.2 usec) is provided with a 1-pf
capacitor and a hydrogen thyratron. Measurements in hydrogen with Al
cathodes show formative time lags of 1 to 100 psec for pressures of 0.05 to
1.0 mm Hg, electrode gaps of 0.3 to 1.0 cm, electrode potentials of 0.8 to

3 kv, and magnetic fields of 4 to 10 kgauss.- The range of w7 was 20 to
400. A theory on the rate of ionization in hydrogen can be used to compute

a forma‘ci\(_e3 time lag when the breakdown is initiated by essentially a single
avalanche. The theory predicts that the product of the gas density n_ and
the formative time lag Tpgis a function only of E/B, the ratio of electtic to
magnetic fields. To convert the theoretical ionization rate to a formative
time lag, we have assumed that the electron number increases by a factor of
108 to 101! during the time lag. The results, Fig. IV-13, are shown as a
range of the measured values because of the large number of parameters
used; the theoretical values are shown by vertical bars.- The measured
values were reproducible to within less than 15%. It was observed that at

a given E/B the product n_T decreased as either the magnetic field or the
pressure was increased. gA ?ower'.limit to the values seemed to be reached
-at high pressures, as indicated by lower edge of shaded area. Longer time
lags are the result of multiple avalanche crossings in which.secondary e-
mission needs to be taken into account.- It was found that any component of
electric field parallel to.the magnetic field, such as found at the edge of the
cathode, enhanced ionization rate. This problem was solved by enclosing
both ends of the electrode gap with insulators.

»3Gary A. Pearson, this report, Section IV. 5.



73— UCRL-9969

- 1000
-lll—- , Volts

: ' ' Replaceable cathodes
Give gap spacings (d)
of 2,3,4,5,6,8,I0 mm

6004 . i io

% Anode radius

r— g.25cm  —3| l

(o0
<
m‘m_\L L.
T

SIS
=

N\E\\ NIWNEZZZZ 22 AN T

MU=-21885
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Fig. IV-12. Breakdown threshold as a function of pd (product of
pressure and gap) in hydrogen with an Al cathode. Note
that the curve for B = 200 gauss lies above the curve for
B = 400 gauss. :



-75-  UCRL-9969

o
o

T T PR

[N

1 IIIYIII

|
1

L AW

Gas density ﬁmes time Ia.g', Ng Tsw(lo'ﬁﬂsec/cm.s) )
o

% 20 40 60 80 100 20

E/B (10 cm/sec)

MU.25388

'Fig. IV-13. Product of gas densities and formative-time lags in '

o hydrogen as a function of the perpendicular drift velocity E/B.
Measured values are shown by the shaded area. Broad range
of values arises as the pressure and magnetic field are varied.
Theoretical values are shown by vertical bars.



- IV.5 -76- ‘ - UCRL-9969

5.. NUMERICAL CALCULATION OF THE ELECTRON ENERGY
DISTRIBUTION IN H, AND D, IN CROSSED FIELDS FOR LARGE wT

Gary A. Pearson

An equation analogous to the Boltzmann equation has been derived to
give the time development of the energy distribution of nonrelativistic elec-
trons in a cold gas and under the influence of uniform and mutually perpen-
dicular electric and magnetic fields. The electron cyclotron frequency w
is assumed to be large compared with the electron collision frequency /7,
- and the degree of ionization is assumed to be small enough that the electron
energy distribution is affected only by collisions with slow molecules. Al-
though this energy distribution applies whenever both it and the electron
density are spatially uniform, it may also be interpreted as the spatial
integral over any volume that has no electrons passing through its surface.
The analysis includes elastic collisions, which cause the electrons to drift
in the direction of the electric field and gain kinetic energy; ionization, which
increases the number of electrons; and other inelastic collision, which re-
move kinetic energy from the electrons.

This equation is being solved numerically for solutions of the form
fe, 1) = PP 1 (e),

where € is the electron energy as observed from the EXB drift reference
frame, f3(¢) is a normalized energy distribution, and B is a positive quan-
tity which accounts for the buildup from ionization. At present EXB drift
 velocities from 3X10° cm/sec to 6 X 107 cm/sec in H, and D, are being
considered. Under these conditions rotational excitation of the molecules
may be neglected, but vibrational excitation, electronic excitation, disso-
ciation, and ionization are irnportant. Several of these cross sections are
not yet well established.  In particular, the cross section for electronic
excitation can only be inferred from swarm data, and the vibrational ex-
citation energy loss in D, has not been investigated; thus a variable param-
eter has been introduced into each of these two.cross sections.

Knowledge of f(¢) allows one to compute most things of interest. Some
of the parameters that can be compared with experiment are the mean elec-
tron energy, the drift velocity in the direction of the electric field, the first
Townsend coefficient a, and the mean energy loss per collision n.- One can

.also predict the formative time lag in experiments in which single avalanche
breakdown occurs. Preliminary comparison with the experimental results
of Bernsteinl’ 2 shows excellent agreement. '

lMelvin J. Bernstein, Electron Drift, Diffusion, and Ionization Measure-
ments in Hydrogen with Crossed Electric and Strong Magnetic Fields
(Thesis), UCRL-9865, Oct. 1961.

ZMelvin J. Bernstein and Wulf B. Kunkel, this report, Section IV-4.
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6. SHEET PINCH STUDIES

Oscar A. Anderson

6><10 Triax

The flare effect in the Triax dlscharge, descrlbed in.a prev1ous re-
port, l has been observed steroscopically. Almost all flares were found to
be located near the lower electrode or the insulating walls.: There is little:’
doubt now that flares develop from particles that crumble off the ceramic-
wall, as con_]ectured earher

“Stereoscopic streak photography has also'been used to study the sheet
‘pinch itself. It was found that after the first plasma-compression period,
" most of the visible light comes from the ends of the plasma sheet (near the
electrodes), \as would be expected if the central reg1on were almost com-
pletely 1on1zed : - -

At pressures above 0.5-mm Hg, impurity lines studied with the mono -
chromator tend to appear gradually rather than as flares. It remains to be" .
determined whether or not ‘this gradual contamination is- un1forrn throughout
- the plasma. ' Color films exposed in the streak camera show the plasma- '
. changing from pinkish to blue-white after about 2 psec, confirming the
monochromator observations. These films were made before the stereo-
scopic system was ready. - Combining the.two techniques should locate the:
contaminants.  If it turns out that they are confined to the region of the elec-
trodes, then the gradual type of contamination is less ser1ous than pre- '

v1ously assumed < : .

"In any case, the flare effect itself must be detr1menta1 to pinch con- .
finement. - The rate at which flares are observed through the 1/16-inch
streak slit implies that over the whole tube, hundreds of flares occur on
each shot.  Those near the bottom electrode are observed to badly perturb
that region of the plasma, although it is hard to tell how far the dlsturbance
'propagates Flares near the wall are probably even more ser1ous

It is true that the flare rate is reduced after the tube is disassembled’
and cleaned, but this is time- consum1ng and. only a temporary cure, since
the wall soon starts to decompose again. Wulf B. Kunkel has suggested that
this might be avoided if helium rather than’ deuterium were used for most
‘of the d1agnost1c work, for deuterium is suspected of chemically attacking
the ceramic wall. Experlments are under way to deterrnlne whether the use
of hehum is advantageous :

Oscar A. Anderson, in Controlled Thermonuclear ‘Research Quarterly
v Report UCRL-9598, March 1961, p. 42.

Oscar A. Anderson,  in Controlled Thermonuclear Research Quarterly ’
Report UCRL 9777, Aug 1961 p- 63 :
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Flat Sheet Pinch:

The tubular pinch (Triax) exhibits long conflnement times when the high
density is considered. A time of 5 psec at 10 18 density corresponds to
'5 msec at 1015, according to Lawson' s criterion. ° However, it is tech-
nically difficult to reach very high temperatures because the Triax shape and
.size make large condenser banks necessary. Furthermore, the effect on
stability of the (slight) plasma curvature has been questloned Thus there
was interest in an experiment that would utilize the sheet stability'ina
- different configuration.

A sheet pinch tube was designed which was similar to the Triax in

-almost every respect except that the sheet was to be flat instead of cylin-
drical. The electrodes and insulating walls were made of the same materials,
and the spacing between electrodes and between the main walls was the same.
The difference was that the walls were flat and were Jomed at the ends to
form a rectangular ceramic box. The tube is shown in Fig. IV-14.- It will

be noted that the inner perimeter is about 40 cm, compared with 120 cm (total)
for the Triax. A given current in the early stages of compression will then
produce a field three times as strong, -exerting nine times the force of the
Triax pinch. At later times the edges of the sheet will be forced toward the
center, giving a further increase in the field-to-current ratio.  Of course,

as the edges come together, the central region can no longer be considered

as an isolated flat sheet. (Th1s will be d1scus sed further on.)

The des1gn of this f1rst tube emphasized ease of assembly and versa-
tility rather than freedom from sources of organic contaminants. The top
electrode was removable and could be qulckly interchanged with a fine-
meshed screen for purposes of observation.  Initially the tube was connected
to a small 33-pf condenser bank to check the low-energy behavior.+ Strong
impurity lines, especially carbon, were detected with a monochromator, as
expected. Kerr-cell photographs taken through the screen electrode showed
the usual sheet pinch behavior in the shorter dimension. (See Fig. IV-15)

- There were several bounces, with strong light emission starting at the first
bounce.  Meanwhile the. edges contracted somewhat but did not interfere with
the other behavior. In general, at a condenser voltage of 10.to 15 kv the
reproducibility was reminiscent of the low-energy mode of the 4-inch Triax
previously reported. %..

When the bank voltage was raised to 22 kv the fine screen could not
withstand the plasma bombardment, and the solid electrode had to be installed.
A plastic scintillator, which had been de51gned and calibrated by Robert V.

- Pyle, was placed near the tube. Neutrons were found to appear 1.5 psec
after the start of the discharge and to disappear at around 2 psec.  The
number produced was about 10%, varying less than +*25% from shot to shot,
compared with variations over several powers of ten in the ordinary un-
stabilized- pinch. 5 The large voltage spikes characteristic of p1nch 1nstab1—

-lity were also absent. '

J.- D. Lawson, Proc. Phys. Soc. (London). B70, 6 (1957).

4
Wulf B. Kunkel, in Controlled Thermonuclear Research Quarterly Report

UCRL-8682, March 1959, p. 39.

- 5Conference on Controlled Thermonuclear Reactions; held at Princeton
- University, Oct. 17-20, 1955, TID-7503, Feb. 1956, pp. 211-212.
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Since the period of plasma confinement seemed to be limited by the
discharge time of the condenser bank, the tube was moved to a larger bank
of 100 pf capacity. To reduce electrode and insulator damage, a damping-
type crowbar was built which diverted part of the bank energy after the cur-
rent peak.: This made the screen electrode usable at higher plasma.tem-
peratures than before, but not at neutron-producing levels. Because it was
considered important to observe the pinch at these high powers, other view-
ing methods were tried.

The simplest method, suggested by William R. Baker, was merely
to omit the screen--the cover glass then became the central part of the
anode. A good view was obtained at early times but slight irregularities
were induced in the plasma shape. As the current rose there was the fur-
- ther difficulty that sparking occurred between the edge of the glass and its
metal boundary, obscuring the view. When the pyrex window was replaced
by quartz the sparking started at lower currents,presumably because of the
higher resistivity under the operating conditions. With some design changes
“and experimentation these problems could probably be solved. The idea of
a transparent anode would then. appear to be useful in other applications as
well.

A second method of v1ew1ng was through a pair of crossed slits in the .
anode. - Of course, less information was obtained and,. furthermore, sparking
occurred across the slits at high power levels. - This may have been caused
by slight asymmetries in the current distribution.  (In the Triax, the current
never becomes so concentrated, and no sparking has been observed in the
streak slit used there.)

- The best compromlse proved to be a 1/32-in. -thick copper electrode
in which 0.025-in. holes were drilled, forming a grid with 2.5-mm spacing.
There was no sparking problem, and a reasonably good measure of the plas-
ma dynamics was obtained at neutron-producing levels.

_ It was determined that neutrons first appear when the edges of the
plasma sheet collide.. Meanwhile there have been several bounces in the thin
direction, and the plasma has been preheated to perhaps 50 ev.  (The central
region is comparatively dark; only the edges appear in the photographs. )

The relative velocity of the edges was 2X 10’ cm/sec for a bank voltage of .
15 kv and initial pressure of 0.2 mm Hg.  Their relative energy is 400 ev,
which suggests the possibility that the neutrons may be thermonuclear in
origin. :

) ,The neutron burst, as expected, was indeed 1onger'in duration than
‘with the small bank. - Reéactions started 1.5 psec after the beginning of the
discharge and the rate remained roughly constant until around the 3.0-psec
point.- The fall-off was not caused by the current passing its peak, and
might occur later in a tube of cleaner design. Still, the conf1nement time
seems promising for a deuteron density in the range 1017 to 10° 18 per cm3.
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Discussion

*Originally, ‘the ribbon pinch tube was’ intended to provide a means for
studying a completely flat’ sheet plasma. - This would allow comparison with
some gf the theoretical work that has been done for the one-dimensional
case, The time available for measurements would depend on the
motion of the edges and‘would be roughly proportmnal to the width of the

.tube. Although it was not poss1b1e to obtain a ceramic box as wide as would
have been liked, at least the size obtalned (1.5X7.5 in, ) made high magnetlc
fields easy to prodice.

- Early in the course of the experlments, interest turned from the cen-
tral region to the edges of the sheet. Part of this new interest arose from
the discovery by Harold P. Furth of what he called the rip instability. ?
Since the edges of the sheet pinch resemble a fully developed rip, .the study
of their behavior is useful when con51der1ng any applications of such r1ps,
for exampleg Furth" s proposed method of plasma acceleratmn o

As indicated by the Kerr-cell photographs and the neutron studies, the
ribbon pinch with colliding edges is also of intrinsic interest. ' Its advantage
over an ordinary unstabilized pinch is that high velocities and compression
ratios are easily obtained on the-first edge-compression cycle before any
instabilities have developed. The flat shape apparently stabilizes not only-
the central region, but also the edges because the magnet1c lines have to go
around the long way. Yet the magnetic field at the edges is much. hlgher than
the average, and this accounts for the high velocities observed.

Because of its reasonably reproducible behavior and the ease of at-
taining hlgh temperature, the ribbon pinch ought to be useful as a plasma—
generating device. = For example, if a suitable opening were prov1ded in the
top electrode, hot plasma would be ejected. This might be captured in an-
other system, or sent through a MHD power generator or allowed.to produce
thrust.- The time of good behavior indicated by the length of the neutron burst
is long enough to allow a good fraction of the plasma to be- expelled.  This
would be facilitated if the edge walls were suitably tilted.  The parallel main
walls would stabilize the plasma while the fllted edge walls induced axial
motion in the manner 'of the conical pinch. It seems reasonable, at least,
that the advantages of the ribbon- p1nch r1nc1p1e Would carry over into this
type of operatlon : :

O. Buneman, in Proceedings of the Symposium on Electrodynamics and
F1u1d Mechanics of Gaseous Plasma (Polytechnlc Press, New York, 1961).

Nlcholas N. Krall and M. N. Rosenbluth Stablhty of a Slightly Inhomogeneous
Plasmag GA-1417, July 1960.- S

H Grad, The Boundary Layer between a Plasma and a Magnet1c F1e1d
NYO-9491, December 1960 '

9Harold P. Furth and John Kllleen, in Controlled Thermonuclear Research
Quarterly Report, UCRL-9777, August 1961, p. 91.

lOH. P. Furth, An Instability-Type Plasma Accelerator, UCRL-6118-T,
August 1960,

llStirling A. Colgate, in Controlled Thermonuclear Research Quarterly
Report, UCRL-9002, December 1959, p. 64.
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7. DISSOCIATION BY MAGNETIC FIELDS

Selig N. Kaplan, George A. Paulikas, Robert V. Pyle,
Henry F. Rugge, and J. Warren Stearns

)

Dissociation of H2

Work has continued on.the dissociation of HZ+ ions in a magnetic field.
. The percentage dissociation depends on the populations of the various vi-
brational states, thé strength of the magnetic field, and.the time that the

ion spends in the magnetic field. The populations of the vibrational levels
vary with the manner of production, e. g., the Hp ions that emerge from the
Hilac high-voltage PIG ion source are not appreciably dissociated.in our
experiments at equivalent electric fields up to about 10° v/cm. The develop-
ment of a possible injection technique for thermonuclear diffusion devices
will therefore require considerable experimentation with kinds of sources
and source parameters. We have been interested in investigating the dis-
sociation of a reproducible population distribution by very high equivalent
electric fields, and work with a H * beam obtained by passing a H;" beam
through a Hg vapor stripper in the Berkeley heavy-ion linear accelerator.
The resulting H2+ current is about 1/10 as lar_%e as _{‘Ehe }}_1%2+ beam obtained
directly from the ion source. - The reaction H2 o~ H + H" is- measured. -

Some results obtained with constant magnetic fields up to about 18

kilogauss have been reported previouslyl (at the maximum Hilac energy of
10 Mev/nucleon, a magnetic field of 10 kgauss is equivalent to an electric
field of 4.4%X 10> v/cm). Higher magnetic fields were obtained with a pulsed
magnet” powered by an electrolytic condenser bank capable of giving a max-
~imum field of 100 kgauss.  The coil was potted in epoxy resin and mounted
in a vacuum chamber. The magnetic field was crowbarred at its maximum
value (quarter-cycle time = 500 psec) and the beam was introduced in a
50-psec-wide pulse. -

. Data were recorded with nuclear emulsions and are still being reduced;
at 75 kgauss the percentage dissociation is 2.0+ 0.2%. The dissociation
mechanism is a barrier-penetration problem, the threshold field changing
by a factor of less than 2 for a 106'change in decay time. 3 In Fig. IvV-16
~are shown the data that have been reduced to date and the threshold fields
" obtained from Ref. 3. The thresholds shown are for J = 0; different ro-
tational states have different thresholds. As the unreduced data are filled
in it should be possible to examine the populations of the various vibrational
and rotational levels. . Further measurements with the magnet in its present
modified form should allow us to reach the v = 14 (B = 150 kgauss), J =0
state.

S. N. Kaplan, G. A. Paulikas, and R. V. Pyle, Phys. Rev. Letters 7,

511 (1961). :
-2
We are grateful to Harold P. Furth for lending us the basic coil assembly.

3John R. Hiskes, Electric and Magnetic Dissociation of Molecular Ions
and Neutral Atoms, UCRL-6372, June 1961.
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. Dissociation of D™

" Because so many possible excited states can be involved in the dis-
sociation of D2+,' we are investigating the magnetic dissociation 0f D™ 'as a
check on both the experimental technique and the threshold calculations.

The negative hydrogen ion has a single fairly sharply defined threshold that .
should allow an unambiguous measurement. This problem has been of.
interest to accelerator designers concerned with the acceleration and trans-
fer of bgams to storage rings, and the threshold for'tllle reaction H = H™ + e~
due to ev X B forces was estimated by Khuri in 1956. First estimates of
the equivalent electric field necessary to produce ionization in our experi-
mental time of about 10-9 sec were extrapolated from Khuri and gave about
7% 10° v/cm. We.therefore looked for.this.process with the steady-state
magnetic field apparatus described in Ref. 1, and 20 Mev D~ from the Hilac.
. No dissociation was observed and the experiment was repeated with the
pulsed magnet at fields up to 75 kg. (Emax = 3.3 X 100 v/cm). Again no
dissociation was observed. o '

. Recently, Hiskes has recalculated the threshold for our particular
case, using somewhat different approximations, and is in the process of -
making an exact calculation. 5 Present theoretical estimates are that the
thréshold is somewhat greater than 3 X 106 v/.cm. ~“We have partially analyzed

~emulsion data up to equivalent fields of 4.5X 10 v/cm and will repeat the
experiment at higher magnetic fields if necessary.

8. ION-DENSITY MEASUREMENTS
IN A HOLLOW-CATHODE DISCHARGE

Robert V. Pyle, Henry F. Rugge, and J. Warren Stearns

As was mentioned. in the preceding report (U_CRL—97‘7A7), we are .at-
tempting to obtain measurements of the ion-density distribution .in a highly
ionized gas by the attenuation of visible, nearly resonant radiation. This
work is done in cooperation with members of the UC Physics Department
- Optical Pumping Group. ' We have been able to obtain absorption curves
with good signal-to-noise ratio (including complete absorption) and are
attempting to unfold the ion-temperature distribution. - Satisfactory ion
temperature measurements have not yet been made, but density and elec- .
tron temperature measurements made with Langmuir probes are rather
interesting in themselves. S

N. N. Khuri, Dissociation of H™ ions by the evXDB Force, Palmer
Physical Laboratory Report KNK-1, June 1956.

John R. Hiskes {Lawrence Radiation Laboratory), private communication.
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The apparatus is shown schematically in Fig. IV-17. Strontium is
used to make the highly ionized plasma, chiefly for reasons concerned with
the optical absorption measurements, but it also has the advantage of bemg
rapidly pumped at the walls. The strontium oven is shown in Fig. IV-18.
To establish the strontium plasma a longitudinal field of a kilogauss or so
is established and argon is introduced through the oven. -:An arc of.about
20 amp is struck through'the hollow cathode, raising the snout to about
2100 °C. The oven is then heated to about 800 °C by electron bombardment
to provide a suitable strontium vapor pressure; followmg this, the argon
flow can be turned off if des1red :

- To prov1de.'a-known _geometry for density-distribution measurements,
the central arc passes through l-cm-radius holes in aluminum baffles 30 cm
apart, the baffles being intimately connected to the 20-cm-diam aluminum -
vacuum chamber, except for pumping apertures near the wall.. The plasma
column usually runs within a volt or so of anode potential, consequently
when the anode and the vacuum tank are tied together the diffusion region is -
approximately free of externally generated electric fields. The central core
of fast electrons (about 40 ev) is 3 mm in diameter. A cylindrical, quartz—
shielded Langmu1r probe is 1ntroduced radically at the midplane. z

Typicdl electron temperature measurements are shown in Fig. IV- 19
for argon gas at 2 p pressure.  The apparent temperature drops rapidly
outside the core and rises near the wall, sometimes more dramatically and
at a smaller radius than is shown in Fig. IV-19. Ecker has obtained quali-
tatively similar results for the case of diffusion of a fully ionized, infinitely
long column, with plasma production along the axis. 1 1t'is not obvious
whether a similar phenomenon could occur in these moderately ionized cases..
The probe curves are clean, but some 2 to 100 kc small amplitude ripple
can be detected on the probes

- Densities obtalned from saturated ion currents are given in Fig. IV-20.
The theoretical curves are for "Simon diffusion, "“ and are normalized.to
the experimental curves.at a radius of 2.8 crm. The slopes of the curves at
intermediate radii agree with 1/B“ classical diffusion. - :

When Sr is introduced at a rate that is sufficient to give optical ab-
sorption and a reduction in the discharge voltage; curves very similar to
those shown in Figs. IV-19 and IV-20'are obtained.  If the argon is turned -
off, the voltage rises by a factor of 3 or 4 and very-large-amplitude rf is
often generated.  This is true even when the flow of strontium.through the
hollow cathode is large, suggesting that some production of plasma along the
discharge axis {i. e., external to the hollow cathode) is necessary for quiet
operation. The same effect is observed for pure argon at 1o_w pressures. '

- Density and temperature measurements for pure Sr are not complete.
With B =.3200 gauss and a neutral density of 5X 10! /cc, the radial density
distribution is similar to that shown in Fig. IV-20, i.e., .falls off with radius
much more rapidly than would be true for a long, fully ionized column. Fur-
ther measurements, including axial distributions, are in progress.

1 Gunter Ecker, Theory of a Fully Ionized Column with External Particle
Production, UCRL-9988 (in preparation).

2A. Simon, An Introduction to Thermonuclear Research (Pergamon Press,
New York, 1959), Chapt IX.
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9. INSTABILITY OF AN ALTERNATING-CURRENT POSITIVE COLUMN
-IN A MAGNETIC FIELD

Robert V. Pyle, Henry F. Rugge, and J.- Warren Stearns

We previously have argued in a qualitative way that the macroscopic
instability of a positive-column discharge in a longitudinal magnetic field
(e-folding times of the order of 10-4 sec) should be reduced or suppressed
if the discharge current alternates at a sufficiently high frequency. The
experimental technique for demonstrating this is the same as in the original
positive-column measurements: The rms current through a long discharge
tube is held constant as the axial magnetic field is varied.- The axial elec-
-tric field (measured with probes near the wall) is.then a measure of the wall
losses and should decrease with increasing magnetlc field unt11 an instability
occurs, at which point the losses to the wall increase.

The apparatus is shown.in Fig. IV-21.  Hot filaments at each end of
the 5.5-cm-diam discharge tube serve alternately as cathodes and anodes.
- (If one electrode is cold, the instability occurs in much the same way as in
-the dc case.) Alternating currents up to 500 ma peak and up to 55 kc are
- supplied from a large audio oscillator. The variation of axial electric field
with axial magnetic field is obtained with an x-y Arecorder.

- Experimental Ez Jvs - Bz curves for dlscharges in He at frequenc1es of
0, 12, and 50 kc are given in Figs. IV-22 and IV-23. The pressure in Fig.
- IV-22, 0.12 mm Hg, is below the Simon limit for ambipolar diffusion for
magnetic fields less than approx 1000 gauss.

According to the Simon criterion, the diffusion.at a pressure of 0.50 mm
Hg (Fig. IV-23) should be ambipolar for magnetic fields less.than about 4000
gauss. Both figures demonstrate that the growth of instabilities is indeed
. reduced by raising the frequency of the discharge current.- In Fig. IV-24 we
show the dependence of B_, the critical magnetic field at whlch losses in-
crease, on the pressure ig r three discharge frequencies.

Further measurements, including streak-camera photographs and
noise spectra, are being made; the theoretical aspects of the problem are
being investigated by Gunter Ecker.
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10.  THEORY OF THE FULLY IONIZED PLASMA QOLUMN
WITH EXTERNAL PARTICLE PRODUCTION, I
Gunter Ecker
The mechanism of the self-sustained positive column™’ =~ with internal
particle production in the plasma volume inherently requires high electron
temperatures and with them an external electric field. . The difficulties in-
troduced by such an external field have been discussed elsewhere.

In the recent past, therefore, experiments have been proposed and
carried out which produce the charge carriers outside the actual plasma
column. - This can be dgne, e.g., by contact ionization of atoms. at a metal
surface (Cs at W), 22 7 or by ionization in a hollow cathode. 8,9 The
carriers are introduced axially into the center of a column which lies in a
longitudinal magnetic field. Here they form an electron ion ensemble of
given temperature and density, and diffuse across the magnetic field towards
the wall, where they recombine. :

. To describe this process we consider theoretically the following model.

. The plasma volume .is limited by two infinite coaxial cylinders of
radius r and R respectively, lying in a longitudinal magnetic field, B.
- Within the smaller cylinder of radius r, we have an electron ion ensemblé
of temperature TO This is the externol particle source. It provides a
radial electron ion current of density.  The electrons and ions entering
from the core move across the magnetic field under the influence of mutual
collisions and the radial electric field. As we neglect volume recombination
all particles recombine at the insulated.wall, R. We assume that the
effective mean free path of the electrons and ions is much smaller than the
extension of the discharge vessel, Z.R, and that the concept of quasi-neutrality
is applicable.

- In the second part (II) the calculations will be extended to include end
effects and volume recombination. "

—

W. Schottky, Physik. Z. 25, 342, 625 (1924).
E. Spenke, Z. Physik. 127, 221 (1950). .

B. B. Kadomtsev and A. :V. Nedospasov, J. Nuclear Energy, Part C,
» 230 (1961).

“F. C. Hoh and B. Lehnert, Phys. Rev. Letters Z, 3 (1961).

R. C. Knechtli and J. Y. Wada, in Proceedings Fifth International
onference on Ionization Phenomena in Gases, Munich, 1961.

N. Ryn and N. D'Angelo, Rev. Sci. Instr. 31, 1326 (1960).

R. B. Hall and G. Bekefi, Research Laboratory of Electronies, M.I.T.,
uarterly Progress Report 55, 16 (1959); 56, 20 (1960).

C. Michelson and D. J. Rose, Bull. Am. Phys. Soc. II, 6, 385 (1961).

’S. D. Rothleder and D, J. Rose, 14th Annual Gaseous Electronics
Conference, Oct. 1961, E-5.
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The Basic Equations.

It was first attempted to solve this problem by calculating from the
Boltzmann fundamental equation.the. complete distribution function in phase
space. The attempt used an expansion in special Laguerre polynomials.

One arrives at an infinite set of linear equations for the expans1on coefficients.
An approximate solution of these equations gives the coefficients in the form
of determinants which include heavy integral expressions. This general
solution therefore has the disadvantage of being practically unintelligible.
Consequently we found the magnetohydrodynamic approach more appropriate.

These transport equations for the mass, momentum, and enérgy read

an

+ — - N : .
Bt t v (vd:t ng)=a., (1)
- 2n,-e- Vv
v <nv v2>l ¥ * ds X =
+ m,
_ Z.ni Vs 2 5 : Zen:’:v:!:XV1x
Yy — 2 myfmy- Y . 3)
- m, tm : i1 + + . m
i - 1 + : 1, +

where we have used the following notatlons -

X = electric field, n = particle density, "= partlcle current density, vy ©
drift velocity, u = mobility due to neutral part1c1e collisions, P =

pressure tensor, v = velocity, B = magnetic field, e = elementary charge,
m = particle mass, a = net particle production per second and unit volume,
n = electron-ion interaction parameter. The hexagonal brackets indicate
averages over the velocity space... The indexes +, - refer to ions and elec-
trons respectlvely o ‘ ' :

Equatlons (1) - (3) are: 31mphf1ed cons1derab1y by: the 1ack of a neutral
gas component and the concept of quasi=neutrality, which means

T . | (4
But even with Eqs. (4) and (5) the general problem is &till:complex,
mainly owing to.the radial temperature variation. Under the assumption
that the energy loss due to ion exc¢itation and ionization is small, only the

sum of the electron and ion temperature across the discharge is constant
(T_+ T, = ZTO). - This follows readily from Eqs. (1) - (3).
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From Eqs. (1) - (3) we dérive the following two
ential equations: '

d ‘ZZ:__.C\ {1 - y/z) % -
, 1l x. B

A

-‘ 1 dz dy dz.
CU-v= 7 3 { & * Zg(Y)” z &}

where we have used the abbreviations

H

z n/n(O), oy = T'_f_/TO, x =+ /R,

: _ oo y3/2
X - ke (To) - l_;'/(é_;?L) |
) B TR

and where the constants C; and C, ‘are defined by

3/2 2 . 5
e’ TgrgB _ 6 e? B RY

C,= - N
»kTo(m_*_ +m )

k,TO My Bg —

UCRL-9969 .

simultaneous differ-
(6) -

o

(8)

(9)

B (10)

In addition to these differential equations the boundary- conditionslo

X =X

y=1 - 2= g 3kT0y L

must be satisfied.

- Similarity Law:

(11)

Obviously the coefficients of the d1fferent1a1 equatlons (6), (7) and the
'boundary conditions (11) inc¢lude. the experlmental parameters of our problem

only in.the combinations

r.r 2 2 n

co . B | R 0 R
T05;2 Ty my T02 '\/'r_n__i_

10

:(12)

G. Ecker, Proc. Phys. Soc. (London) B 67, 485 (1954).
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Similar discharges are defined to have identical relative parameter
values--density, temperature, etc. --at homolog points. - This is true if
~ the quantities (12) have the same values. It follows that we have similar
‘discharges for
R « «/\_m+ ; Iy« 1/1;0. _ \ - (13)
If discharges are to be similar then the variation of one of the experimental

. parameters prescribes the varlatlons of all the other parameters, as shown
in.the following scheme. :

| _To B R/Nmy Corg
' - L=3/2 0 w2 5/2
B - oc: B'.2/3' ‘._cx:.B E R B-4/3 C o B-S/3

R - = @AY« @A) Y« ®Am) = @AY

oc(]_"

L -4/5
¥/ - = Foro) /® To%o

.]j. r - < (I',T 2/5_

070 o~o)., 0)

" Results

Equations (6) and (7) do niot allow an.analytic solution. - Machine solu-.
tions are complicated by the fact that we are dealing with a boundary value
problem. However, this difficulty can be evaded by transforming the prob-
lem into an initial-value problem, making use of the var1ab111ty of the exper-
mental parameters. ’

- The solutions use the parameters

‘ - oo o _ (BR)Z (14)
Pr ‘T—sfz d P2= T, :

Figures IV-25 and IV-26 show some typical results obta1ned for the
~distributions of rad1a1 density z and temperature y

- Discussion

The features shown in Fig. IV-25 may be quahtatlvely understood
simply from the mass-conservation law, which.requires that the radial
particle current should be constant across the plasma volume, and from the
fact that the effective diffusion coefficient varies in proportion to the particle
density in this situation.
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For a constant diffusion coefficient we would expect a decrease of
|dz/dx| towards.the wall proportional to 1/r. However, owing to the decrease.
in the particle density near the wall, an increase in |dz/dx|.is to be ex-
pected.

The temperature variation shown in Fig. IV=-26 can be qualitatively
understood by remembering that two processes govern the change in tem-
perature. There is the collective interaction of the particles of the fully
ionized column via.the space and wall charge (ambipolar field).  This inter-
~action takes energy from the.ions and gives it to the electrons.  The other
process--the energy exchange due to individual particle interactions--tends
to decrease the temperature difference between'ions and electrons.

- At the edge of the core where the two temperatures are identical only
the ambipolar field is in action, which causes a'decrease in the ion tem-
perature. This.increase in the temperature difference brings the individual
energy exchange of the unlike particles into play. It causes an increase in
dy/dx. Remembering that this individual exchange varies in proportion to
the particle density, we expect dy/dx to decrease again inthe regions of
low particle density close to.the wall. :

Figures IV-25 and IV-26 are to be considered only as-an example.’
They do not demonstrate the influence of the magnetic field. Information
about this can be taken from calculations for different parameter values Py-
The solution of Egs. (6) and (7) further provides the density value T
ng(R, B, ry, I'g, T() at the edge of the core as the eigenvalue of the problem.

This eigenvalue n,  and .the»d'ependence of the density and temperature
distributions on the parameter p, will be communicated in the final report.
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11. ION MAGNETRON
Robert W. Layman

Although this report .is primarily concerned with an experiment de-
signed to test the practicability of cutting off neutral flux entering the cir-
culating-ion region from the outside, a preliminary discussion of anode
alignment and porous anodes is necessary. - Any system that reduces or cuts
off the inward neutral flux requires a method of neutral injection inside the
sheath. 1 In'the experlment described herein, neutral particles are injected
through a porous anode. - Further, because of inherent problems with porous
anodes, anode alignment becomes increasingly important. Therefore this
report consists of three parts: anode alignment, porous anodes, and finally
- the neutral-cutoff experiment.

Anode Alignment

Absolute anode allgnment-=that is, coincidence of the anode axis and
the magnetic field axis--is not possible with the present apparatus becadse
of the ratio of its length to diameter combined with the fact that it is hori-
‘zontal. Since the sheath lies in the center 30% of the machine length, and it
. is in the sheath region where alignment is important, reasonably good align-
ment can be obtained by bending the anode up in the center to counteract the
sag due to gravity and then adjusting the vertical position of the anode axis
to the proper height. Aside from the physical problem of anode alighment
there is a second problem, that of determining the degree of alignment.
This is solved through visual observations of the discharge under different
conditions of magnetic field and anode voltage. Methods of alignment and
of determining alignment have been continually improved, and it is believed
the best possible alignment for a horizontal machine of the present dimensions
has been obtained.

- The final alignment brought about an unexpected change in the neutron-
producing characteristics of the machine. All previous experience had shown
neutron output to increase monotonically with high voltage, with neutrons
first appearing in easily countable quantities at around 10 kv.  Figure IV-27,
a comparison of neutron output with the new optimum alignment and with
alignment that was previously considered the best possible, demonstrates
this change. With better alignment neutrons appear in larger quantities at -
lower voltages, increasing with voltage up to 10 or 11 kv, where there i§

a sudden drop in counting rate. After the drop, the counting rate again in-
creases with increasing high voltage, only now the increase in counting rate
with voltage is not as fast as below 10 kv.

As unexpected as the effects described above are, an equally surpris-
ing effect (considering past experience) of increased magnetic-mirror ratio
on neutron production was found. Maximum counting rates versus magnetic-
mirror ratio have always been found at a ratio of 1.02; however, with im-.
proved alignment the counting rate 1ncreases with 1ncreased mirror ratio as
shown on Flg IV-28.

J'.- D. Gow, L. Smith, and J. M. Wilcox, The Ion Magnetron, UCRL-8579,
Feb. 1959,
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A mode shift was observed in the current trace and visually in the dis-
charge. This mode shift, which appeared in.the current trace as a step, is
coherent with the change in counting rate.  Figure IV-29 shows how the mode
shift appeared on the current trace and the effect of the mode change on the
counting rate. The upper curves are the machine current and the 200-msec
square wave .is the scaler on gate. Referring to the counting rates, the
modes are called fast and slow. Pictures 1, 2, and 3 in Fig. IV-29 show
how the shift from slow to fast mode varies in.time from the initial on pulse
as a function of high voltage. This variation in time delay in. mode shift
with high voltage explains the drop in neutron output with increasing voltage.
(Fig. IV-27) As the high voltage is increased the time delay of the mode
shift progresses through the counting gate.- The time delay of the mode shift
is also sensitive to starting gas pressure, .increasing with increasing pres-
sure.

The magnetic field influenced the mode shift in two ways. First, the
time delay of the shift is decreased with increased magnetic field; secondly;
the height of.the current step is usually reduced by .increased magnetic field.
It can be reduced to the point that, on the current trace, the mode shift is
recognizable only by the slight increase in the slope of the tail of the current
trace. In these cases the perturbation in current is so slight that it would
not normally be noticed, yet there still exists a mode sh1ft that sharply in-
fluences the counting rate.

The magnetic-mirror ratio appeared.to affect the mode shift only be-
cause of the change in field strength associated with a change in mirror ratio.
Increasing the mirror ratio by, 1ncreasmg mirror peaks reduces the time
delay of the mode shift; increasing the mirror ratio by decreasing the center .
field increases the time delay of the shift. If the gas pressure and high
voltage are set so the mode shift occurs early in the pulse, a slight increase
in pressure or reduction in high voltage can.cause the discharge to oscillate
between the fast and slow mode. The frequency of oscillation can vary from
a single flip to 50 kc. Although not explaining the reason this explains the
source of the low-frequency hash frequently seen in the discharge.

The mode shift is visually discernible in the discharge provided the
on time is about 600 msec and the mode shift is delayed 200.to 300 msec.
- In the slow mode there appears to be a faint longitudinal discharge running
outside and extending into the circulating-ion'region.  When the mode shifts
. from slow to fast the faint discharge goes out.. The circulating-ion region
becomes brighter and better defined on the outer edge.  If the shift is seen
the appearance of each mode is quite distinct from the other; however, in
the absence of a shift one cannot be sure of the mode of operation.

- In summary it can be said there are at least two distinct running modes.
Counting rates are sensitive to mode, being higher by an order of magnitude
in the fast mode. The discharge either starts in the slow mode or shifts
into it within microseconds of the high-voltage on pulse. A shift to the fast
mode, .if it occurs, is usually delayed for several milliseconds after there
has been a considerable pressure drop.:- The mode of operation, after the
-initial pulse, is determined by a combination of anode voltage, starting
pressure, magnetic field strength, and anode alignment.  The slow mode is
favored by higher voltage, higher pressure, lower magnetic field, and poor
anode alignment. 4
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Conclusion

Previous experiments have shown that the anode sheath is.the principal
source of ionization in the ion magnetron; 2 however, considering the geom-
etry of the machine, another though secondary source of ionization can be
reasonably expected, namely a hollow:cylindrical Penning discharge sur-
rounding and extending into the circulating-ion region. The existence of this
discharge depends on the energy of the secondaries and photoelectrons from
the regions of the cathode threaded by the magnetic field. - It is postulated
that the so-called slow mode is due to competition between the anode sheath
and a cathode sheath resulting from a Penning or PIG discharge running
between opposite ends of the machine.

. To visualize how the PIG discharge might start and affect the operation
of the machine, consider the machine running in the fast mode, e.g., the
PIG is not running. - The thickness of anode sheath is determined by the in-
cident neutral-particle flux, the outer surface of the sheath being the surface
at which the negative space charge is neutralized by a radially increasing
positive space charge due to the low-energy ions produced in the outer regions
of the sheath. - If the neutral fluxto sheath is now increased, sheath ionization
.increases. The sheath electron density is determined by the ionization rate
and cross-field mobility of the sheath electrons. The cross-field mobility is
given by?’ o ’ : '

i mC3E
T enB>

where \ is the mean free path for electrons and E is the average sheath
gradient. - Therefore sheath electron density does not increase in proportion
. to the increased ionization rate, whereas the positive space charge due to

~ the low-energy ions in the outer radii of the sheath does. Consequently the
plasma moves in on the sheath, reducing the sheath thickness. This effect
has been observed. ‘

‘Decreased sheath dimensions without a proportionate increase in
. gradient reduce the sheath voltage with a consequent increase in voltage drop
between the plasma region and the cathode.  The energy and number of sec-
ondaries from the cathode are increased. If the increase in energy and
number of secondaries is sufficient the PIG can be initiated.

The above hypothesis is well supported by experimental observation:

- Initially the pressure is relatively high; as the discharge continues the pres-
sure drops.  If a PIG were to start while the pressure was still high it would
be cut off if the pressure drop was sufficiently large, the time of cutoff being
a function of starting pressure. This is in agreement with observation--
increased initial pressure increases the time delay of the mode shift or PIG

ZJ.» Donald Gow and Robert W. Layman, in Controlled Thermonuclear Re-
search Quarterly Report, UCRL-8775, June 1959, p. 55.
A. Simon, Thermonuclear Research (Pergamon Press, New York, 1959).

4 :
James Donald Gow, John -M. Wilcox, and Robert W. Layman (Lawrence
Radiation Laboratory), unpublished work with Plus-Four Machine.
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cutoff. The required pressure for a PIG discharge is a function of voltage.
I-Iigher voltages permit operation at lower pressures. Higher voltage would
increase the time delay for PIG cutoff, which is consistent with experiment.
An increase in magnet1c field would be expected to reduce the time delay
for mode shift.. This is found to be the case.

Finally, the effect of anode alignment must be considered, since the
observation of the mode shift was a result of improved alignment. - With
better anode alignment the sheath electron density will be higher owing to
closer proximity of the sheath to the anode. The critical pressure for the
PIG shutoff will therefore be higher, brlnglng the mode shift within the
normal pulse length.

Porous Anode

The porous anode is constructed with the center 25 inches made of
porous stainless steel tube with an outer diameter of 1.5.in.  The rest of
- the anode is made of water-cooled aluminum. - Lack of water cooling in 'the
porous section required good alignment of the anode to prevent excessive
heating anywhere on the porous tube

- The circulating-ion current »gain possible with a porous anode is a
function of pumping speed and sheath efficiency and can be calculated.  With
a measured pumping speed of 500 liters per sec for D, and 20% sheath effi-
ciency, the circulating-current gain would be 4% higher than with a solid
anode. The neutron output should be increased by a factor of 1.1. Counting
rates were essentially the same for anode and liner neutral injection. Al-

-though there was no observed.increase in neutron output with this anode, it
proved to provide a pract1ca1 system for neutral injection.through the. anode
sheath.

- Neutral Cutoff Experiment

Figure IV-30 is a cross-section drawing of the filament assembly in-
stalled in the magnetron liner. The filament, filament holder, and reflector
are insulated from one another and from the liner for better than 2 kv. The
accelerator and reflector shields are at liner potential. The gap in the
accelerator and the accelerator-to-filament spacing are large to allow for
changes in mirror ratio and filament warpage due to motor forces on the
filament.  The filament is a 0.040-in.-diameter tungsten wire.- The accel-
erating electrode and reflector shield are made of tantalum. The reflector
and filament holder are of water-cooled copper. :

With this assembly, a hollow cylindrical hot cathode PIG is produced
running outside the circulating ion region cutting off neutral flux entering
‘the discharge from the walls. - The total surface area of the PIG (inside and
out) is 1.1X 104 cm?2. A normal running pressure in the region of the PIG is
5%10-5 mm, meaning the total neutral flux entering the PIG discharge
1.1x1020 neutrals/sec.. For total ionization the current would be 18 amp.
- The required electron current for 1-kv electrons would be 0.6 amp, assuming
30 ionizations per electron. The filament bias supply (1 kv, 24 kw) is able
to provide sufficient power, but the electron emission is limited by the large
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electrode spacing, so that the total running current at allowable operating
pressures is a few amperes.  This should provide a reduction of 10 to 20%
- in the neutral flux from the liner walls.

That the assembly is in proper alignment with the magnetic field is
shown in Fig. IV-31. The reflector is.tied to liner potential, indicating the
emission current is primarily to the reflector.

Figure IV-32 shows reflector and total bias current with reflector tied
to the negative side of the filament.  The assembly is clearly operating in
the proper manner. The effect of 1 kv filament bias on the pressure with no
anode voltage is shown on Fig. IV-33." The pressure reacts to filament bias
in the same manner as. it does to high voltage on the anode, indicating pumping
by the assembly.  Under the conditions shown on Fig. IV-33, after 1 second
the pressure will rise very rapidly if the filament assembly.is left on. Pulsing
the bias voltage with high voltage on the anode produces no effect on the pres-
sure as seen by the ion gauges, the running current is reduced, however, as
is shown on Fig. IV-34, pictures 1B, 2B, and 3B. (Figure IV-34 will be
referred to again.) There is good evidence that the assembly is cutting off
neutrals from the main discharge. The neutral reduction is of the order of
10 to 20%, which should increase the counting rate measurably (by a factor
of 1.5.to 2). ' :

The effect of the filament assembly on neutron production was first
tested by running the assembly continuously and pulsing the anode high voltage.
A run consisted of starting with the filament and bias voltage off and meas-
uring initial (i. e., peak) and minimum (i.e., valley) currents and taking a
count; this was repeated with the filament on, and then several more times
with increasing bias voltage. After one of the early runs the bias and fila-
ment were turned off to repeat the séquence; the step appeared in the current
trace as shown in Fig. IV-35, picture 1. Turning the filament on moved the
step out in time, as shown in picture 2. Picture 2 also shows evidence of
gas cutoff to the sheath by the filament alone. This is inferred from the
larger initial current drop in picture 2. Therefore in spite of some screen-
ing by the filament the fast mode is not favored. The effect of the filament
with 100 volts bias is seen in picture 3. - The discharge is now oscillating
between modes. '

Analysis of the effect of the filament assembly was complicated by
influence on the mode by the assembly. It was attempted to keep the dis-
charge in one or the other of the two modes during a complete run. This
was possible for the slow mode but not the fast. With a pumping speed
greater by a factor of 2 or 3 there would not have been this complication.

Figure IV-36 shows counting rate as a function of bias voltage with the
filament and bias on continuously while the high voltage is pulsed.  There
are at least ten high-voltage pulses at each point. The bias voltage was
limited to 300 volts when run continuously because of runaway current.

Before any comment on the increased neutron output, reference must
be made to Figs. IV-37 and IV-38. Figure IV-37 shows initial and valley
~current and pressure (gauge) as a function of bias voltage. Of interest here
is the increase in running current with bias voltage. The filament assembly

K
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Fig. IV- 32: Total bias current and reflector current as a function
of bias ‘voltage with reflector %t fllament potentlal . Filament
22.5v, 50 amp. P % 3.7x107% mm up to discharge, ~ 2.5X10-0
after d;sg'ha;r'gjcé_ (Data. p:. 19,4 12/16 60 1og )
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< : " ~ ,,"P'=."'O'.O3"/.L/div (gauge)

- — s o]

| | 1='0.5 amp/ div
200 msec /div

MU-25818

Fig. IV-33. Comparative pressure drop due to pumping of
filament assembly and main dlscharge
0 1 p; starting current 0 amp.

--- Pressure drop due to 1 kv fllament bias, no anode voltage.

—— Pressure drop due to anode voltage (f11a.ment and filament bias
on or off).

~Starting pre ssﬁre
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, C 15 kv;
Al +++ Fil, 56 amp;
no bias.

N 9] 15kv;
Bl _ Fil, 56 amp;

: bias, | kv;
86 counts /sec.

YERER | 15 kv;
At = ‘ Fil, 56 amp;
no bias;
-131 counts/sec.

CTID I15kv;
B ) ; Fil, 56 amp;

- bias, | kv;
.58, counts/sec.

] 1 | ot 15 kV',
A _ Fil, 56 amp ;

- | no -bias;
167 counts /sec.

a S Kl 15 kv; .
B —T [[{Fil, 56 amp;

a - bias, I kv H

88 counts /sec.

| MU.25817

Flg IV-34. Machine current trace with and without filament bias.
. Vertical .scale = O.Z.arn_p/div; horizontal scale = 50 msec/div.

-



-116- . - UCRL-9969

et

2 I

3 -

o N “Filament off
O

Y

> .

© 2

€ Filament on,
o 56 amp

o

«

%\ : | , 3
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E v"‘ﬂ\_nf MAAM AN NAMAAARAY S6 amp;

- oY YW 100 v bias

MU-25819

Fig. IV-35.  Effect of filament and bias voltage on current step.
Horizontal scale = 10. msec/div. '
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. Fig. IV-36. Counting rate vs filamirzﬂb(?ias with bias on
' continuously; hv = 12 kv, H = 690"
®=counts/sec, A=counts/amp sec.
-~ Counter calibration 2.3Xx10~.
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Fig. IV-37.. Peak and valley currents vs filament bias; hv = 12 kv,
= i—%%g - @ =valley current; A = peak current; O = ion gauge. -
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Fig. IV-38. Filament bias current vs bias voltage with anode
~ high voltage on and off; hv = 12 kv, H =1200/1090.
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. appears to be operating as a gas valve triggered by the main discharge.

- Figure IV-38 shows a reduction in bias current with anode voltage. It should
.be. pointed out that normal pressure drop of 60 to 70% is reduced to 45 to
50% with the continuously running filament assembly. :

. It is reasonable to conclude the increased counting rate shown in Fig.

- 1V-36 is the result of additional gas being fed to the sheath. The source of
this gas can be explained, The pressure reduction due to the high-voltage
pulse reduces the ionizadtion rate in the cylindrical discharge, consequently
increasing the space-charge limiting of the electron emission from the fila-
ment and reflector.. The pumping by the filament assembly is thus reduced,
increasing the gas flow to the main discharge.. To test this, with the filament
. and bias off, the gas flow was increased to bring the valley current to the
same points as it was with various values of bias voltages.  The counting
rates were the same at the same running current. A similar result could
be obtained by shutting off the bias Voltage concurrently with the high voltage
on pulse.

A logical experiment to test for any fast ion buildup due to neutral cut- .
off would be to pulse the bias voltage after the anode voltage. The bias
.voltage was pulsed for 300 msec, starting 50 msec after the high-voltage
pulse and 50 msec before the scaler-on gate. The results are shown on
. Fig. IV-34. It is clearly indicated bythe drop in current that neutrals are
being cut off from the main discharge. It is .also clear that the counting rate .
is reduced. If the sheath were really 20% efficient.it should then be possible
to.increase the ratio of fast ions to neutral background for a given. running
current by increasing the gas flow so the current with the bias on is the same
as a previous value with the bias off.. The increased ratio should be re-
flected in increased counting rates. Comparison of Fig. IV-34 picture 2A
with 2B and 3A with IB, shows that rather than an increase in counting rate
there is a decrease.: This was found to always be the case.

- This performance can be explamed, as follows. '  If at some running
current I the filament bias is turned on, I will drop owing to the reduced
neutral flux from .the outside. - If the flow rate is now increased to bring I
back up to its original value, the required increase will be about 12%. This,
assuming a 20% sheath efficiency, would give an increase of 2.4% in the
ionization of neutrals entering the sheath directly from the anode. The con-
sequent increase. in counting rate should be between 10 and 20%. The fila-
ment assembly, however, cuts off neutrals that are mostly entering the dis-
charge radially; therefore, when the flow rate is increased to bring the
current up the neutral flux from the ends of the machine is increased.- Since
the mean free path for collisions between neutrals is around 100 cm, the
neutral flux parallel to the anode is increased.- The natural result is of
course a reduction of fast-ion density.

Although the reduction of charge-exchange losses in these experiments
did not increase the fast-ion density, it is reasonably certain that such an
increase would have resulted if the sheath efficiency had been higher and if
. the pressure had been lower. At lower pressures the cutoff efficiency of the
filament assembly could be increased by running at higher voltages. At 10~
mm an emission current of a few milliamperes would be sufficient to get com-
plete cutoff.. There is some evidence that sheath efficiency is influenced by
_ pressure, efficiency dropping with pressure.- If this were true it could also
be a contributing factor in the above behavior.
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. 12.- THE EFFECT OF RADIATION REACTION ON
SR - GUIDING-CENTER MOTION * ' ’

David Sachs

An expansion similar.to that of‘Kruskall. was obtained for the non-
relativistic motion of a charged particle in slowly varying electric and mag-
netic fields with the classical radiation reaction force on the particle in-
cluded. The smallness parameter of the expansionis rO/L',~ where r
the Larmor radius of the particle and ‘L is a characteristic 1ength.‘o? the
fields, e.g., |B/VB| i, - ’

- It was shown that the force of radiation reaction leads to a modification
of the usual drift expression. The modification of the drift velocity is, how-.
ever, smaller than the rate of decay of the Larmor orbit due to the particle's

- radiation. - Therefore radiation reaction is unimportant in the guiding-center
approximation of the particle' s motion.

A quantity was _obtained which is an adiabatic 1nvar1ant in the special
case in which E and B- (Vv XB) are small (that is, proportlonal to rg/L, the
smallness parameter). This adiabatic 1nvar1ant is glven, in the limit of
- small radiation. effects, by

R L [ I L S AT AR N
M=yp [1+ —— exp |—— B RO.(t") L dt!
where u is the magnetic moment of the partlcle, a, = ei/mcz = the classi-

- cal radius of the. particle (not.the Larmor radius), and B (Ro(t)) is the mag-
netic field. at the position R of the guiding center at time t.

- The radiation effects go to zero with a, and the expressmn goes to
the magnetlc moment of the particle, Wh1ch is the adiabatic 1nvar1ant when
radiative. effects are neglected

1Ma.rt1n Krushkal, The Gyration of a Charged Partlcle, PM = S - 33
(NYO - 7903), March 1958.

13.. STABILITY OF STEADY HYDROMAGNETIC FLOWS
‘ ' Alan B Macmahon

R W Buslsard ‘has recently chscussed the stab111ty of steady hydro-
magnetic flows. © His double variational principle ap,inimax > 0 for stability
(< 0 for instability), has been found to fail for the hydrodynamic Helmholtz
instability of two compressible fluids. of equal dens1ty A brief outline of
Bussard' s derivation of the variational pr1nc1p1e is glven here to clarify the

R W. Bussard, An Energy Pr1nc1p1e for the Stability of Hydromagnetlc
: Plasmas in Equ1l1br1um Motlon, LAMS 2.534 May 23, 1961,
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reason for.its failure .in: th1s case, and the relation of the. condition 5
am1n1anax > 0.to the sufficient condltxons of. Fr1eman and Rotenberg® is dis-
cussed.

- The hydromagnet1c equatlons, when 11near1zed about a condltlon of
. .steady flow, may be wr1tten in the for’m2 ‘ S ' :

ERESS

L= et e im0
Here £(~ 1<'Jt) is the displacement of a fluid element from its equilibrium
position with the equilibrium position.taken as independent variable.
- Equation: (1) is- supplemented by boundary conditions of the usual form. - The
differential operator F(£)is self-adjoint, and ipv.V is Hermitian because
of the equ111br1um cond1t1ons of steady flow and the boundary conditions.

To o ta1n the double variational pr1nc1ple observe that for real o the
operator (E,) 1s Herm1t1an and hence the solutlons of the equat1on

f(g)—paé B

form a complete orthogonal set &, W1th real eigenvalues a.. (w) Both .the

€ and a, (w) depend on the real parameter w. If & belongs %o an N-dimen-
sional funct1on space there will be N elgenvalues a_{w). These have the
' l1m1t1ng behavior a,(w) > -w as @ = *w. The character o the a, as a function
of w is indicated in Fig. IV-39. It is assumed that there is no degeneracy
so that the curves do not cross.

- Every 1ntersect1on of an- o.n(u)) curve with the @ axis g1ves a stable
solution to Eq. (1), and there are exactly 2N values of w that satisfy Eq. (1).
It follows that (1) has no unstable solutions if and only if the set of a, (w)
curves makes 2N intersections with the w'axis.  This is the case if the lowest
curve becomes positive-at’ any point.  Similar arguments can be applied if
N is countably infinite. D S e

The lowest. a,(w) curve:-has a single max1mum ‘This value, O ninimax’
can be found by m1n1m1z1ng the functional o

a6, &) = (%, L&) )/ ", et)

with respect.to all § that satisfy the ,boundary conditions and then max1m1z1ng
with respect to the real parameter ‘. - Thus Gminimax > 0'is a sufficient
condition for stability. The argument: does not prove necessity, however,
since higher a(w) curves may cross the « axis more than twice, and even
the. lowest elgenvalue may:be degenerate for some values of W

Bussard suggests that the cond1t1on amlnlmax 0 may be strlctly
necessary for stability and, :in any event, that changes in sign of ayinimax
as system parameters are varied.should correspond.to.transitions between
stability and 1nstab111ty '

Cons1der the hydrodynamlc Helmholtz 1nstab1l1ty of ‘two un1form :
compressible fluids of equal density p, flowing with equal and opposite
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Aminimax

MU-25816

. IV-39. Illustrating the general nature of the eigenvalues a
as a function of w.’ SN D
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velocities v, and separated by a plane interface. The normal mode analysis
. for this case is simple and yields the well-known result that the flow is
_stable for v& > 2a2, where a is the sound speed. (Only perturbations
uniform in the direction perpendicular to the flow velocity and parallel to
the interface are considered.) '

. Minimizing the functional a for thie configuratien.with respect to £
yields ' L

a (o] + kv)? <0 for all w, v,

ming =

where k is the wave number of the perturbation in the direction of flow.

- The variational principle thus incorrectly indicates instability for all flow
velocities. '

- In this case Eq. (2) can be solved directly. The eigenvalues are found
to be : 5 ' ' -
(_‘_‘) + kv)™

W2+ K2 [az AN I

These curves are sketched in Fig. IV-40 for vZ >_2a2.- For vz < Za.2 the
central minimum of the highest curve is positive and for ve < 1/2 a% it
disappears.- Counting the axis crossings thus gives the correct stability
condition although a > 0 does not. '

afw) =

minimax

. The variational principle fails to predict the transition to stability
because the transition is associated with the upper afw) curve.- Furthermore,
the assumption of no degeneracy is seen not to be followed. Although not
. the cause of the trouble in the problem considered here, the existence of
degeneracies in the lowest eigenvalue a(w) allows stability for negative
Aminimax €Ven if each a(w) curve has only a _single maximum.- Considerable
caution should therefore be exercised in interpreting a_ . . >0as a

ol s , o1 minimax
necessary condition for stability. -
) The condition a,,inimax > 0 is closely related to the more general of
‘the two sufficient conditions of Frieman -and Rotenberg. “ .This condition is

(%, ipv-vE) - (%, p8) (£, F(&)) >0 (3

for all admissible £€. The maximum value of the functional a for fixed § is
given by Bussard as

X
w

g5 e8P e = (8, vy £)% - (5 pt) 6% FO) ).

2E‘, Frieman and Manuel Rotenberg, Revs. Modern Phys. 3_2, 898 (1960).
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MU-25820

Fig. IV2-40. éI‘he eigénvalues a(w) for the Helmholtz problem with
veé > 2a“. :
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Therefore a inimax > 0-implies that condition (3) is satisfied, since
" @max, 2 %yinir ax'for all £, - Conversely, assuming no degeneracy of the
‘lowest eigenvalue a, condition (3) implies amaxw > 0 for all &, and in

‘particular aminimax > 0-
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V. THEORETICAL AND BASIC EXPERIMENTAL PLASMA PHYSICS

l.. RADIAL MOTION OF ELECTRONS IN THE ASTRON DEVICE -
V. Kelvin Neil

In a previous report1 and in a separate paper, 2 excitation of electro-
magnetic modes of the Astron vacuum tank was shown to give rise to a serious
-instability. However, the radial motion of the electrons was not considered
properly' in that calculation. The radial oscillations provide an additional
. spread in pa.rtlcle gyrofrequency-that has a stabilizing influente on the per- .
- turbation. = By utilizing-the .theory of betatron oscillations in part1c1e accel-
erators, the radidl motion may be linearized. If this motion is assumed.to

be independent of the azimuthal motion, the effect on stablllty against-azi-
muthal bunching may be calculated. For particke accelerators the assumptmn
is rather good, and the radial motion may have a significant stabilizing in-
fluence. If the same assumption is made regarding an electron.layer that
-is infinite in the axial direction, the additional frequency spread may be
sufficient to stabilize the layer against the negative mass instability.. How-
ever, it is not sufficient to stabilize the layer against electromagnetlc in-
- stabilities. These conclusions are tentative, since it is probably not a good
approxunatmn to neglect the coupling between radial and azimuthal motion
-in this device.

- For a very'thin layer it-is a good approximation to linearize the radial
motion. - Within this approximation a self-consistent equilibrium configuration,
infinite in the axial direction, is easily obtained. - This solution agrees quite
- well with the solution given by Tonks in the limit of high electron density.

- It is hoped that this approximately self-consistent solution will yield some
insight into the problern of formation of the electron layer as Well as of its
stab111ty under, various perturbations.

© 2.- THEORY: OF AN ELECTROSTATIC PROBE IN A PLASMA

Laurence S. Hall and Donald P. Geesaman
Work is continuing on the numeérical solution,of Poisson' s equation in
- an attempt.to find self-consistent potential distributions about cylindrical
and spherical probes. It has been necessary to devote a great deal of time
to increasing the precision, not only in the numerical integrations, but also
- in the approximations to the differential equation itself and the algebraic
approximations to various transcendental functions appearing therein.

'r——' B
. "V. Kelvin Neil, in Controlled Thermonuclear Research Quarterly Report,
UCRL 9777, Aug. 1961, p. 101. ' : .

V Kelvin Neil, Electromagnetic: Couplmg Instab111t1es in Astron,
UCID- 4288 June 1961,

3 : o :
Lewi Tonks, The Self-Consistent Field of Single-Type Electrons.in a
Uniform Magnetic Field, UCRL-5335, Sept. 1958.
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- A particular difficulty has appeared in that the conventional use for
computer applications of Hasting's approximations to the error function
is unsuitable for our present calculations.. Specifically, an expression for
the related function o

2 : L2
T x) = —1-/2 exp (x -'t7) dt (1
.Tr— . - .

xl/Z

was n ed in a form suitable fci computer use. A few tables exist (usually
“with = 'Y‘(x)/Z tabulated vs x / ), but none were found of sufficient
_accuracy or of such completeness as to satisfy our requirements, and it was
 consequently necessary to prepare our own. A computer program has been
written for the computation of T(x) using the newly available double-precision
. arithmetic of the IBM 7090. A plot of M(x) vs x is shown in Fig. V-1. A
short study of the function and a set of tables are currently being prepared
for publication as a UCRL report.

1C. Hastings, Jr., Approximations for Digital Computers (Princeton
University Press, Princeton, N. J., 1955), p 167-169, 185-187.

3. FORMATION OF EXCITED HYDROGEN ATOMS
BY CHARGE EXCHANGE IN VARIOUS GASES

John R. Hiskes and Marvin H. Mittleman
b Hydrogen atoms excited with principal quantum number of six or more
are relatively easy to ionize by Lorentz forces. The production of energetic
excited-atom beams by charge exchange and their subsequent Lorentz ioni-
zation inside a magnetic field region is of interest as an injection mechanism
- for fusion machines. *? The possibility of enhancing the populations of.the
- excited states of neutral hydrogen atoms by varying the kind of neutralizing
gas has been considered. We report here some calculations, based on a
first Born approximation, 3 which. give the charge-exchange capture dis-
tribution in the range of principal quantum numbers from n = 1.to n.= 10.
- These calculations have been done for s-state transitions in the energy ra.nge
.from 6 to 100 kev, and for a varlety of neutralizing gases.

We have considered first an idealized neutralizer consisting either of
a gas of H(2s) atoms or H(bs) atoms, since for these systems exact wave
functions are available. The calculations have also been done for Li and
- Cs vapor neutralizers, with approximate wave functions used to descrlbe the
outer electron. :

lJohn. R. Hiskes, Electric and Magnetic Dissociation of Molecular Ions and
-Neutral Atoms, UCRL-6372, June 1961,

2 . .
D. R. Sweetman, in Proceedings of the Salzburg Conference on Controlled

Nuclear Fusion Research, September 1961, Paper CN-10/74.
3Marvin H. Mittleman, Phys. Rev. 122, 499 (1961).
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Fig. V-1. The function ¥ (x) for 0.01 < x < 100.
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The ratios of the charge-exchange capture cross section.for the nth
level to that of the ground state for protons moving through a H(6s) neu-
tralizer are plotted in Fig. V-2;. the curves labeled V = 1, 2, and 4 are the
~distributions for different relative velocities, and correspond.to laboratory-
system proton energies of 6.25, 25, and 100 kev, respectively. - In the limit
of large velocities it can be shown that these ratios tend to a l/n3 distribution
for any neutralizer.. The crosses at n. = 2, 6, and 10 indicate the ratios for
a H (ls) neutralizer and the V = 1 case.  We believe that for any energy
above 6 kev the ratios of the capture cross sectlons for a H(ls) neutralizer
lie in.the region between the crosses and the l/n distribution. From the
. figure we see that at the lower velocities the distribution in the range from
n = 6ton = 10.is enhanced and is greater by approximately an order of mag-
nitude for a H(6s) neutralizer than for a H(ls) neutralizer. The results for
a H(2s) neutralizer (not shown) exhibit a similar trend in the sense that
capture. ratios of the excited states tend to increase at the lower energies.

- In Figs:. V-3 and V-4 are shown the distribution for lithium and cesium
vapor neutralizers. These distributions have been calculated by using hy-
drogen-like wave functions. and choosing an effective Z taken from published
_variational calculations. These distributions show. the same general trends
as do those of the H(Zs) and H(6s) neutralizers.

- The distributions show a pronounced dev1at10n from a l/n dependence
- as the incident proton energy is decreased. The Born approximation, how-
ever, becomes suspect at very low energies, and these data must be taken
with caution for energies below 25 kev. The calculations are being extended
.to include other than s-state captures. :

- 4.- ELECTRIC DISSOCIATION
OF THE HELIUM HYDRIDE MOLECULAR IONS

F. E. Harris, John R. Hiskes, and George A. Paulikas

Calculations to determine the electric dissociation thresholds for the
successive vibrational levels of the different isotropic mixtures of the
helium hydride molecular ions are continuing. The ground-electronic-state
potential function has been calculated over the entire range of internuclear
separations by use of a single electronic configuration.  With this potential
the vibrational-level spectrum has been calculated numerically for the Hedpt
isotopic mixture. On the basis of this preliminary spectrum, it is evident
that the electric dissociation threshold for the uppermost vibrational level
is of the order of 10° volts/cm or less.

The variational calculation for the potential is being extended to in-
clude higher électronic configurations. This more accurate potential and
vibrational-level spectrum should permit us to specify the thresholds below
10 v/cm.
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- H(6s)Neutralizer

MU.25814

- Fig. V-2. .Capture distribution for protons in H(6s) neutralizer.
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Li(2s)Neutralizer

“Fig. V-3. Capture distribution for pfotoﬁs in Li(2s) neutralizer.



.133- R ~ UCRL-9969

-Cs’(’6$.)NeU'1rolizér>
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Fig. V-4. Captt;.ré distribution for protons in Cs(6s) neutralizer.
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5. .INSTABILITY OF A RESISTIVE SHEET PINCH
Harold P. Furth and John Killeen
*The effect of finite conduetivity on the hydromagnetic_stability of a
sheet pinch has been investigated and reported previously. L, 2 A description

of the mathematical model of the problem is given in the preceding progress
report. 1 Sorne changes in the model have been made and are reported here

- In the older version of the problem the resistivity is a given function
.of y, and is constant in time. We now let n = n (x, y,t), satisfying the
equation : S -

dn _ 9n

M-8 Fvp=o | (1)

We assume that n is of the form

n = mng(l) + my (&t) cos kx, ‘ (2')

where ¢ = y/a. If the expression (2') is used in Eq: (1) of the‘previous
r‘epor’t:l along with Eq. (2) and only zero- and first-order terms are retained,
the equation for (¢, t) becomes

M g o) | 52,
n®; _ dg n@M agz

2% - pFRLw -of

where n_ is a.constant, and T = %— t. The equation for w remains the
a i

same and the bouridary conditions for both equations are still the same.

The functions F({) and no(é) are spec1f1ed for a particular problem.
We are now using

F({) = tanh ¢,
12
ng(¢) =n, cosh™ ¢
to represent the un__perturbed configuration.

The function nl(g,t) is obtained by substituting Eq. (2') into Eq. (1').
- Keeping only zero- and first-order terms, we have :

6n1 dno
57 - "B @r W ' (3")
We specify n;(¢, 0) and use (3') to solve for nl( t, 7).
Harold P. Furth and John Kllleen, in Controlled Thermonuclear Research
Quart'erly'Report, UCRL-9777, Aug. 1961, p. 91.

John Killeen and Harold P. Furth, Bull. Am. Phys. Soc. Ser. II 6, 309
(1961).
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The RIPPLE code has been modified for these changes and new results
have been obtained which will be presented-in a forthcoming report.

A more general theory has been developed for studying current-driven
hydromagnetic instabilities due to finite conductivity in a plane current layer.
For a current. layer spec1f1ed by :

B ,(y)% +B o(Y) 5 N O
andaperturbatlon S I )

| By’ = B WL t) 'ex’p[i(k x + k ﬂz‘)]"
one obtams exactly the same equatlons as before, w1th the functlon F now
to be interpreted as

F= (B_XO kx + BYZO kz)(BOk) ? (5 )

k=(k'x7‘+k21/2,

The time dependence can be elimin‘a’ced, .as béfqre, by Substitutiﬁg
W(Lit) = $(L) exp[p(t/7,)]-

From this formulation one can derive the tearing instability, as was
done earlier. ! In addition there are short-wave.flute-like instability modes
.in the vicinity of F = 0. These flutes occur near the point F = 0, where they
match the pitch of the field, but they are slightly shifted to one side.- Modes
of this type are probably responsible for the small-scale. flute-like insta-
bilities which drive the plasma from the current.layer in experimental
pinches. The "magic number" phenomenon in: Zeta can also be explained in
these terms: the pitch of the current-driven flute must differ slightly from
that of the- central magnetic field in Zeta if the instability is to grow. There-
fore when the central field lines just match up around the torus the flute just
fails to match up, ‘and is therefore inhibited. If this interpretation is correct,
.the points of worst 1nstab111ty in Zeta should occur at currents Just below the
"maglc -number" Values , :

- The computational code developed to handle the tearing instability is
.readily adaptable to the general type of resistive instability in the current
layer, so that a.technique now exists for as sesmng stab111ty aga1nst all modes
and of study1ng the modes that are unstable
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o 6. SPATIAL DISTRIBUTION : -
OF ELECTRONS TRAPPED BY THE GEOMAGNETIC FIELD

John K1lle en

The spatlal distribution of electrons injected into the: geomagnet1c T
field from the beta decay of cosmic-ray- produced neutrons leaking out of
the atmosphere has been calculated. There is available an IBM 709 code
called APPLE! which has been used to calculate the densities of particles
trapped by the geomagnetic field for both natural and artificial sources.
Two loss processes are considered. Particles can be lost by multiple
. small-angle Coulomb scattering changing the pitch angle so that particles
eventually hit the atmosphere.  The other:loss mechanism is the slowing
down of electrons by near collisions with thermal electrons in the exosphere.
For particles with mirror points at high altitudes this is the dominant’ loss.
The results are compared with.some observed spatial dlstrlbutlons of elec-
trons and are presented in two papers published recently

1.]' Killeen and G. Boer, Bull. Am. Phys. Soc. IL 5, 312 (1960)

W N. Hess, J. Killeen, C. Y. Fan, P. Meyer, and J. A. S1mpson, J.
Geophys. Research 66, 2313 (1961). :

3W N. Hess andJ Kllleen, J. Geophys Research%_,'3671—3680..(1961).

L. MAGNETIC SHOCKS -
Stanley A Zw1ck and D. E. Gonzales .

Results obtalned for the zero temperature magnetlc pulse problem for
positive ?ng negative particles of equal mass have been described in prev1ous
reports. .On the basis.of these, one may expect that the counterpart :
,problem--lnvolv1ng the ‘'motion of particles of W1de1y differing mass--may
lead to similar loop trajectories for the heavy ions. In particular, we may
note. that in the plasma rest frame, loops correspond simply to the motion-
of particles at longitudinal speeds in excess of the pulse velocity. .Since
well-behaved solutions can be obtained for pulse strengths up to an including
the critical case, there should be no reason why an increase of the overall
stress (electromagnetic plus material) will not cause the ions to travel some-
What faster, at the center of the pulse, than the pulse 1tse1:E :

To S1mpl1fy the problem for numer1cal work we are con51der1ng the
motion of the light particles to be purely adiabatic, so that in effect these
particles have vanishing mass. They are then constrained to move lon-
gitudinally with the magnetic flux lines, and hence cannot display looping

1 . . '
Stanley A. Zwick, in Controlled Thermonuclear Research Quarterly Report,
UCRL-9243, p. 103.

2 . . : :
Stanley A. Zwick, in Controlled Thermonuclear Research Quarterly Report,
UCRL-9777, Aug. 1961, p. 108.
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behavior. The equations of motion for the heavy particles (ions) are in-.-
tegrable in closed parametric form in regions where no looping:occurs, and
the solutions show--as for the equal-rnass problem-=-that the critical pulse -
speed is Mach 2.~ Unlike the equal-mass case, a strong longitudinal electric
component is present because of the s‘eparation. of charge.. This tends to -
dominate the interactions outside the loop region, but.inside the region it is
expected that magnet1c effects will become 1mportant

: A computer code (IBM 650) for 1ntegrat10n through the loop reglon is
. now in. preparatmn, and should shortly be put into operatlon

8. ATOMIC SCATTERI.NG
- Marvin H. Mlttleman ‘

- The numerical calculations of the elast1c and inelastic. scattering of
protons by atomic hydrogen mentioned in.the preceding report1 ‘have been
completed - The results are now be1ng comp11ed %

: The general theory of rearrangement collisions has been developed
further? to. include the effects of excited states and the Pauli principle. The
-latter effect is probably an important one. - The formalism is being apphed
-to the problern of- charge exchange of an-ion in a heavy gas. .

1Marv1n H. Mittleman, in Controlled Thermonuclear Research Quarterly
- Report, UCRL-9777, Aug 1961, p. 103

M H. Mittleman, Formal Theory of Rearrangement Coll1s1ons, UCRL-‘
6674-T, Oct. 1961, :

- 9. THE EFFECT OF CHARGE SEPARATION ON NONLINEAR WAVES
' IN A COLLISION- FREE PLASMA

v FredA Wolf

. - The problem of a stationary nonlinear wave in a dilute {collisionless)
-s1ng1y ionized plasma immobilized by an applied magnetic field has been.
-investigated by several authors. 1-7. 'I‘he purpose of these 1n_vest1_gat1ons has

—
J. H. Adlam andJ ‘E:; Allen, Ph11 Mag 3 448 (1958)

2L Dav1s,,R List, and A. Schluter, .Z.: Naturforsch l3a, 916 . (1958)
3A Banos, Jr. » and R. Vernon, Nuovo mmento 15 269 (1960)

4
Russell Vernon, Large-Amplitude. Waves. in a Collls1on Free Plasma
(Ph. D. Dissertation), UCLA, .1960." :

5
M. H. Mittleman (Lawrence Radlatlon Laboratory), private commun1cat1on

6R. Z. Sagdeev, Plasma Physics and. the Problem of Controlled er
Reactions, IV (Pergamon Press, Ltd., New York, 1960) p. 454-460. .

TH. W. Wyld, Jr., Space Technology Laboratory Report GM-TR- 0165 00486
(1958).
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been. to examine the possibility of the existence of a shock wave in the ab-
sence of particle collisions, by studying the structure of nonlinear waves
which exist on a characteristic 'scale that is smaller than the mean free path
- by several orders of magnitude. The solutions presented in these earlier:
papers consisted of periodic waves and solitary symmetric pulses: propagat=
ing perpendlcular to the apphed field: of magnet1c 1nduct10n : :

- Several as sumptlons or restr1ct1ons were utlhzed by these a.uthors to
obtain solutions. In the first papers:to appear in the literature (Adlam and
Allen; ! Davis, Liust, and Schliter?) two. assumptions were employed. The
first was that the thermal or random energies of the particles were neg-
ligible in comparison with the magnetic field energy and inertial energy
(i.e., B = 0). The second.assumption was that the numerical difference
between the charge densities of ions.and electrons was negligibly small in

_comparison with either the ion or electron charge density, but that the lon-
gitudinal electric field produced by thls charge separation was not. - This is
called qua.s1 charge neutrahty

When these assumgtlons were employed the solutions obtained con-
sisted of periodic waves~ and nonlinea.r‘pulsesl‘2 only so long’as the phase
velocity did not exceed a certain critical velocity. In terms of the Alfvén

-Mach number the cr1t1ca1 velocity corresponds to Mach 2.

In the next papers to appear (Banos and Vernon, 3 Vernon4) the plasrna
had finite isotropic pressure perpendicular to the magnetic field but still '
was assumed quasi-charge-neutral. The characteristic behavior of the solu-
tion for this case was essentially the same as in.the previous solutions for
the cold plasma. 1-2¢° However, the charge- separatlon electric field was
discontinuous when the pulse was propagating at the upper limit of Alfvén
Mach number, indicating the presence of a positive charge -layer at the pulse
center. The discontinuity disappeared as the plasma pressure approached
zero. :

- Employing the assumption of adiabatic electrons (guiding-center elec-
tron fluid) and.cold ions, the next group of authors®-7 obtained solutions
which appeared discontinuous only for Alfvén Mach numbers in excess of 2,
but otherwise quite similar to the prev1ously obtained solutions. 1-% Quasi
charge neutrality was not assumed in these solutions.

To investigate the physical significance of the appearance of an-upper
bound or critical Mach number and the obvious violation of charge neutrality
which occurs at the upper bound when the plasma is '*thot,' we have con-
sidered two plasma models.- In the first model we considered a one-dimen-
sional plasma free from magnetic interaction. Here, of course, in the
absence of collisions the only forces felt by the particles were the collective
charge-separation forces.. The solutions found consisted of solitary pulses
- and periodic waves which are connected to the pulses if dissipation is intro-
duced, in which case a stationary shock is obtained. The upper limit of
Mach number in these solutions arises at the onset of "trapped" or restricted
ion trajectories.  Only so long as the minimum ion energy is greater than
the maximum electrostatic potential energy do stationary solutions exist.
The upper bound for the Mach number then marks the boundary where these
energies are equal (i. e., where the least energetic ions just come to rest
. at the top of the potentlal h111 at the pulse center).
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In.the second plasma model we re-examined the: solutions;obtained
prevlouslyl for a plasma in a magnetic field, only we did not neglect.the
plasma pressure or the charge. separatmn _We found that the solutions with
charge separation and plasma pressure differed insignificantly from those
previously obtained. The outstanding exception was. the behavior of the
long1tud1na1 electric field; which we found was well-behaved and contlnuous
for waves propaga’ung at: the upper 11m1t of Alfvén Ma.ch number '

"' The appearance of a d1scont1nu1ty for solutions at critical Mach num-.
ber3 and above®=7 was attributed to the fact that stationary solutions are
possible only if the ions in the wave are energetically capable of climbing
‘the charge- separat1on -produced electrostatic’ potent1al Maintaining that the
solutions are stationary, and allowing ions with energies less.than the maxi-
mum électrostatic potent1a1 energy, produces. the d1scont1nu1ty in.the elec-
“tric field because.the ions cannot chmb the potentlal hill and are not allowed
to reflect from it.’ Consequently, they are carr1ed along by the wave. at the
peak potent1al as a- snowplow carries snow '

: Further deta1ls are to be found in.a forthcorn1ng UCRL report. 8

10.. THE MAGNETIC COMPRESSION OF A FULLY IONIZED GAS
John Fletcher and. John Killeen

- A new code called PLASMA 1II has been written for the IBM 7090 which
solves the magnetohydrodynamic equations of a fully ionized gas .in an axially
symmetric magnetlc field. : ‘The model is'a two-fluid. model,in_the sense that
- the electrons and.ions can have different temperatures. - Ohmic heating is
 confined to the electrons; the resistivity is anisotropic and a function of the
electron temperature. Shock heating applies to the ions and an artificial
 viscosity is used. Thermal conductivity is included in both the ion and elec-
~tron energy equations. - Two components of the magnetic field are included,

B, and By. The problem is one-dimensional, i.e., all the dependent vari-
ables are functions of r and t only.  The differential equations are in
Lagrangian form. The solution of the differential equations is accomplished
by the solution of a system of implicit difference equations. The code per-
mits. a wide range of boundary conditions.. We can allow plasma to be
~emitted from the outer boundary. We can consider either a hollow cylinder
or hard-core geometry. A coupling between the plasma equations and.the
external circuit equations .is included.- The program is written in Fortran
~language and is therefore suitable for use on any computer that interprets
Fortran and has sufficient storage.

-

Fred A. Wolf, The Effect of Charge Separation on Nonlinear Waves in'a
Collision—Free\ Plasma, (The.—sis),_::UQRL-6.7.0,0 (in.preparation).
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11.- ENERGY TRANSFER BETWEEN ELECTRONS: AND IONS
' IN A PLASMA ;

John Killeen '

The ‘study of energy transfer by means of the numerlcal solution of
the Fokker-Planck equation has continued. In the earlier work reported
the ions were hot, as in a high-energy injection scheme, and the energy
transfer to cold electrons was calculated by the numerical solution of the
F-P equation for the electron distribution function.  In the work reported . .
now we start out with the ions and electrons at the same energy--about 1 kev.
At this temperature the electrons are heated up by 3.6-Mev a particles from :
fusion events. We wish to find the energy transfer from the electrons to
the ions. We as sume that the electrons remam Maxwellian and that the1r
temperature is a given function of time.. If the ions are assumed to be: )
-Maxwellian. then the expression on page 80 of Sp1tzer3 is a flrst order d1f—‘.b
ferential equation for the ion temperature T; (t), where T.(t) is given. An )
IBM 650 code called GAIN has been written and used for obta1n1ng T. (t) for
various functions _’I‘e(t) It is of interest, however,. to solve for the energy
transfer in the case in which the ion distribution function is not necessarlly
Maxwellian. In fact it is important to know the ion distribution function. The
equation for the ion distribution function. is

' = [A(f+: X t) + k-A(f_: Xrt)] .

ot aXZ

where. . .

J. Killeen, W. Heckrotte, and G. Boer, Energy Transfer from Hot Ions to

Cold Electrons.in a Plasma, I. A. E. A. Conference on Plasma Physics and
Controlled Nuclear Fusion Research, Salzburg, 1961, Paper 151 (UCRL-
6383)

R E. Kidder, Range and Energy Loss of 3.6-Mev a particles in a Plasma,
Lawrence Radiation-Laboratory Memorandum, Nov. 2, 1961.

3
L. Spitzer, Physics of Fully Ionized Gases (Intersc1ence Publisheérs, Inc.,
New York, 1956).
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and x.= v/v,, and k is a constant determined from the initial conditions
and depends on-the’ dens1ty If we keep.the electrons Maxwellian with. tem- .
perature T (t), a given function of time, then we have '

1 (x,t) - a(t) e -Blt)x®

where: a.(t), [3(1:) are: glven vIn._th1s -c‘ase

A(f x,t) —_  a(t) 1. e;pfxi;l' _e'f’Yz ’
. , - ,
- Z[ﬁ(t)] L e
| B(f x t) 11O e ", (L. L LBy
| B Zﬁx‘ » - ) . e
ﬁ(t)x | : , Zﬁix 1 ,

- The Fokker-Planck-equation code »DIONl_ can be used to solve for _,f+ (x,t).
- We then obtain the energy gain of the ions and the distribution function. '
- Results of these calculations are to be presented.in a separate report.
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~12.. THE BUMPY TORUS IN THREE DIMENSIONS
- Norris W. Hether1ngton and C. H Woods

Investigation of single- partlcle and plasma behav1or in the Bumpy
‘Torus divides quite naturally between.two configurations.
(a) If the injection problem is ignored, the first configuration.is the
N coil torus comprising N equally spaced.coils of radius 2, with centers

lying on a circle of radius R.

(b) Introduc1ng the injection problem, we have the spht -coil torus formed
by removing one of the N coils and substituting in its place two somewhat
. closely spaced coils having spec1a11y chosen current, size, location, and
orientation.

».- Eight separate cOmputing programs have been used to study these
~ configurations. ! For either arrangement the information available is as
follows: : S e : e

1. Particle trajectories are computed from the equations of motion
by a program which gives also the guiding-center trajectory, the transvegrse
Ainvariant Py /B, and the (more nearly constant) transver invariant Py /B
- where the subscript ¢ refers to quantities evaluated at the guiding center

All particle trajectories have been computed with parameters S0
chosen that the nominal value of gyro radius is 10% of the coil radius a. For
a particle traversing the N-coil torus, or‘oscillating with large amplitude
between two coils, P} /B may vary as much as 10% while the particle
traverses ten coils or experlences ten reflections.

. Particles 1n_]ected at the appropnate location in the split-coil torus
behave. quahtat1ve1y as originally predicted for this method of injection. Al-
“though the parameters originally chosen for the split-coil section turned out
not.to be optimum, other parameters involving a slightly larger pair of coils
are consuiered to be close to optlmum

- 2:  The vector magnetlc potent1a1 has: been made avallable for future
study of dr1ft veloc1ty and drlft surface d1ffus1on : : o

3. The stab111ty 1ntegra1 f i has the same general properties for
the Bumpy Torus as for the axially symmetr.ic two-coil mirror configuration.

4. The longitudinal invariant [ py df behaves differently from that of
the mirror machine. - Whereas surfaces of constant fpl d{ for the latter
intersect the plane of symmetry along circles, the correspondlng inter-
sections in the case of the N-coil torus are approx1mate1y circular only for
certain values of the transverse invariant. For other values of this invariant
the intersections are horseshoe-shaped. 3 '

IBM 7090 computer program by Elizabeth DeGraw.

Ernest P. Gray and Irvin M. Miller, Numerical Trajectory Analysis of
Charged Particle Confinement in a Cusped Geometry, Report CPR-010,
Applied Physics Laboratory, The Johns Hopkins University, Dec. 7, 1961.

3
A. I. Morozov and L. S. Solov'ev, Zhur. Tekh. Fiz. 30, 261 (1960).
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. For.the N-coil torus there are N midplanes each containing the axis
of symmetry of the torus and lying midway between adjacent coils. For the
particular values N = 64 and R/a = 21.76 the curves of Figs. V-5.through
V-8 represent intersections of various surfaces of constant J with any midplane.

- Here

ap

is the dimensionless longltudlnal 1nvar1ant, r and z are cirhn ical co-
ordinates (z. coincides with the axis of the torus), W= BOP_L /Bp* is the
dimensionless transverse invariant, B, is the. néminal magnetic field defined
as the field at the ring axis of a smooth torus carrying the same total cur-
rent as.the N-coil torus, p is the momentum of the particle, and the element
of length df is taken along a line of force.  The particular values chosen: for
. N and R/a yield relative positions of adJacent coils which are similar to the
coil positions used in certain of the tilted-coil B-ray experiments.- For these
same parameters the values of J were already known in the plane of sym-
metry (S plane), and for z/a = 0.the values given in Figs. V-5-8 correspond
-to the values previously reported

In the adiabatic theory, pomts where the 1ntegrand N1 -uB/B, van-
ishes are said to be.turning points. for the partlcle In calculatlng J, the
- integral is performed over only one-quarter cycle--that is, from a mid-
plane to the first turning po1nt, or, if the Jntegra.nd does not vanish, to. the
plane of the next coil, . :

. Those curves and portions of curves which cross flux lines that in-

- volve turning points have been drawn dashed.  Thus, the dashed curves in-
dicate oscillation within one section, and the solid curves indicate traversal
.of the entire torus;  Since both p and J are supposed to be constants for

- sufficiently small orbits, thel guiding center of a particle can penetrate a
midplane only at a point that lies on a J = constant curve. - It should be ob-
served that a particle which'is initially traversing the torus may not continue
to do so even though the guiding center follows the proper curve. - For ex-

- ample, for p = 0.6 and J = 0.67, the particle may initially be tra.versmg the
‘torus near the ring axis, and after drifting some distance along.the solid
portion of the curve it can reach a dashed port1on and become trapped be-
~tween two coils.  Later it may once again start to traverse the torus in either
direction.- ThlS sort of behavior has been found in the computed.trajectories.

Although for the orbit sizes involved. in the computed trajectories the
value of y does not remain constant long enough for the particle to drift com-
pletely around one of the 'J = constant curves, the direction of guiding-center
drift has been determined. for a number of points. The directions observed,
and other deductions involving the magnetic field gradlent, are consistent with
‘the followmg hypothesis: For coil currents flowing in the +z direction inside
-the ring axis, the general direction of guiding- -center drlft is in the counter-
clockwise direction. -An exception to this rule occurs on the short closed
‘curves in the neighborhood of p.= 0.7, J = 0.6, where the direction of drift
is clockwise.

1 3 ° '
G. Gibson, W. C. Jordan, and E. J. Lauer, Lawrence Radiation Laboratory
Rept. UCID-4241, Feb. 1961 (unpublished).
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For p larger than 1.2 there exists a forbidden zone in the figures,
and a corresponding forbidden flux tube, in which the value of p-is incom-
patible with the magnetic. field and cannot correspond.to real values of J.

13.. CONTAINMENT OF POSITRONS IN AN
ASYMMETRIC MIRROR GEOMETRY

Gordon Gibson, © Willard C. Jordan, | and Eugene J. Lauer

I.  Introduction

In a static axially symmetric mirror geometry the guiding center of
a charged particle drifts in the azimuthal direction about the axis as it
moves along a line of force. ‘The extension of the guiding center's preces-
- sional surface along the line of force may be determined under the adiabatic
assumptions from the invariance of Py /B, where p, is.the component of
- momentum transverse.to the magnetic induction, B.” The motion and con-
~tainment time of energetic positrons from a radioactive gaseous source
Y(Nelg) in a. symmetric geometry have been extensively studied. ™’
When an asymmetry is introduced, the longitudinal invariant, 345
J = py; 44 (where p; is the component of momenturn parallel to the field,
df i5 an element of path length parallel to the field, and the integral is
. carried out over a longitudinal period of the motion), is also useful in lo-
cating the precessional surface of the guiding center.  The magnetic-field
geometry that results from rotating.the two mirror coils through equal
- angles but in opposite directions from their symmetry locations has been
- studied theoretically and experimentally similarly to the symmetric geom-
etry. The rotations are about parallel axes each of which lies in the plane
-of a coil and passes.through the center of the coil. This corresponds to one
section of a Bumpy Torus. . There are two symmetry planes, the S plane,
containing the axes of the coils, and the I plane, midway between the coils.
Figure V-9 illustrates the geometry for a tilt angle ¢ of 2n/64 (or 5.6°)
between the coils. The ring axis is defined as the circle drawn in.the S
plane through the centers of the coils and centered at.the line of intersection

?Westinghouse Electric Corporation, Atomic Power Dept., Pittsburgh, Pa.

TThe Bendix Corporation, Research Labs. Div., Southfield, Mich.

-1 .
G. Gibson, W. C. Jordan, and E. J. Lauer, Phys. Rev. Letters 5, 141

(1960).

2 .

G. Gibson, W. C. Jordan, and E. J. Lauer, The Behavior of Positrons in
Static Axially Symmetric Magnetic Mirror and Cusp Geometries, UCRL-
6771 (in preparation).

3
M. N. Rosenbluth and C. L. Longmire, Ann. Phys. 1, 120 (1957).

4

B. B. Kadomtsev, in Plasma Physics and the Problem of Controlled
Thermonuclear Reactions (Pergamon Press, Ltd., New York, 1959) Vol.
- III, page 340. '

5
T. G. Northrop and E. Teller, Phys. Rev. 117, 215 (1960).
6G. Gibson, W. C. Jordan, and E. J. Lauer, Phys. Rev. Letters é,?.l? (1960).
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of the planes of the coils, i.e., at the major axis. The flux lines in the S
plane are shown for the idealized case in which the coils are replaced by
circular current loops having radii equal to the mean radius of the coils.

- The intersections of the precessional surfaces (surfaces of constant J and
p_tz/B) with the line formed by the intersection of the orthogonal planes S
and I may be obtained from Fig. V-10, which gives the calculated values?

of J along this line. Experimental studies of:the motion of charged particles
. in.an asymmetric geometry test the validity of the longitudinal invariant.

An interesting prediction may be made from the calculations of the
precessional surfaces, viz. drift-surface diffusion results in a motion of
particles across lines of force that does not occur in the degenerate sym-
metric geometry (see Refs. 6 and 7)... This drift-surface diffusion has been
observed experimentally’ by studying the effects of stationary probes on the
current of particles escaping through a mirror.

- In.this paper are presented results of further experiments carried out
in the asymmetric geometry.. The effects of fast-moving probes on the trapped
particles that remain after.the source has been removed are observed. In
'this manner the instantaneous radial distribution of particles may be deter-
mined. Furthermore, the transient effects of inserting and withdrawing
probes have been observed on the current of escaping particles. As a result,
a rather comprehensive picture of the behavior of particles in this particular
asymmetric geometry has been obtained.

A model which is consistent with the numerical calculations and the
experimental observations (for a tilted coil mirror geometry consisting of
- one cell of a Bumpy Torus, with approx 0.5-Mev positrons having a mean
.containment time of a few seconds as limited by gas scattering, and B = 1300
gauss on the ring axis in the I plane) is the following:

1. The particles behave adiabatically (i.e., p 2/B and 9(p d{ are
. . 1 1]
conserved) between collisions. ,

. 2. Drift surfaces with turning points near the mirrors (type E) are
-displaced inwards toward.the major axis; the others having turning points
nearer the midplane (type M) are nearly centered just inside of the ring
_axis (approx 0.1 mean coil radius inside for ¢ = 2w/64).

3. Small-angle scattering steps dominate over large steps.

. 4.. The mean containment time of particles as limited by scattering on
E-type drift surfaces is much shorter than for those on M-type surfaces besz . -
cause fewer steps are required for loss starting from the E type than when
-starting from the M type.

7G.,- Gibson, W. C.. Jordan, and E. J. Lauer, Containment of Positrons in
an Asymmetric Mirror Geometry, UCRL-6380, May 1961, and G. Gibson,

~ W. C. Jordan, and E. J. Lauer, in Proceedings of IAEA Conference on

Plasma Physics and Controlled Nuclear Fusion Research, Salzburg, Austria,

September 1961, paper CN-10/175.
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5. It follows that if a particle' s guiding center.is on an M-type surface
it remains on M-type surfaces for nearly all of its containment time. - It
diffuses very little while on the M-type surfaces. However, when the par-
ticle' s pitch angle changes sufficiently because of scattering so that the
particle makes excursions near the mirrors (E-type surfaces) a rapid drift-
surface diffusion across field lines occurs and the particle soon penetrates
a mirror and escapes.

6. For the isotropic, uniform volume source used.in this experiment
. the steady-state number of particles on the E-type surfaces is much smaller
‘than.on the M-type (this is expected because of 4). - Therefore the flow of
particles inwards towards the major axis is greater than outwards. (It is

- worth pointing out that in.a Bumpy Torus the number of particles on the dif-
ferent types of drift surfaces would be expected to be more nearly equal,
since there is no end loss).

- II. Apparatus

- The apparatus used for these experiments has been described in de-
-tail previously. ; Figure V-9 shows the apparatus schernat1ca11y For
the data presented a tilt angle of 5.6° was used and the field in.the I plane on

the ring axis was about 1300 gauss unless otherwise specified. The mean
.radius of the coils (MCR) was 38 cm. Some general features are repeated
here for clarity:

a. A current of Nel? ([3 X 2.2 Mev) may be fed. 1nto the containment

region to provide a source of charged ‘particles.

b. A liquid-nitrogen- cooled surface on which Ti is deposited maintains

a pressure of < 1Xx10-7 mm Hg in the closed vacuum chamber without
pumping on the chemlcally inert Ne.

c. A fast-opening valve (gate moves 50 cm in O. 04 sec), when closed,

- isolates the vacuum chamber from an 80-cm oil diffusion pump; if suddenly
opened the source gas is removed with-an e-fold pumpout time of 0.5 sec.

- Stable Ne, which serves as a known background gas, may be introduced
at any desired partial pressure in such a manner that the pressure is very
nearly independent of the position.of the fast-moving valve.

e. A thin (0.076 mm) elongated aluminum foil window (30 c¢m long meas-
-ured in the S plane, and 5 ¢m wide perpendicular to the S plane) is in the end
of the vacuum chamber; energetic positrons may pass through this foil and
strike a plastic scintillator; a 120-cm lucite light pipe provides an optical
connection between.the scintillator and a 14-stage photomultiplier tube;

- electronic circuitry yields the time analysis of the detected positrons, whose
.energy lies in some selected energy interval.. For the data presented positrons
. at 0.50+0.15 Mev (window width plus counter resolution) were detected if

not otherwise specified.

f.. Two fast-moving probes (move 45 cm in.approx 0.1 sec) may be inserted
along the line of intersection of the S and 1 planes; the "inner! probe lies
within. and the "outer" probes lies outside the ring axis; the instantaneous
position of a probe is determined by means of a slide-wire arrangement; the
electronic circuitry can provide for the counting rate to be taken as a function
of a given probe's position.. Two other stationary probes may be inserted in
the I plane at right angles to the fast-moving probes.
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Partmular features of the apparatus which are uhique to each expemment
- are given along with the description of the exper1ment '

L IIL. - Experimental Results

A. Steady-State Measurement; Statiohary Probes, Point Detecto’rA

Let us first review the results obtained earlier. v It can be predicted
that as a trapped positron's velocity vector is altered owing to multiple
: scatter1ng the part1c1e tends to move in a net inward direction before es-
caping. through a mirror. Thim is due to the asymmetry of the precessmnal
surfaces. Experiments were carned out under steady-state conditions, i.e.,
Ne'”7 was allowed to flow into the vacuum chamber (fast valve was kept
closed) until a steady-state condition was reached, at which.time just as
many positrons were being trapped as were escaping.  Essentially a point
. counter (the sensitive area of the scintillator was 3.8 cm in diameter) was
used.to detect the escaping current of positrons. - Thé procedure was as '
follows: a valve in the source line was closed after a steady-state condition
- had been reached; the number of positrons striking the scintillator during a
10-sec.time.interval was recorded; to normalize the data the field was turned
off, and at a fixed.time after the initial measurement had been made the’
number of p031trons striking the smntﬂlator during 27 sec was recorded.
- This count.is proportional to the Ne 19 density.  For various counter positions
. the counting rate was obtained in.this manner as a function of the position of
- each probe. For large distances from the ring axis a probe had no effect on
.the counting rate. ‘As the probe approached the ring axis some of the trapped
particles were removed and the counting rate was reduced.  Once the trapped
fraction that the counter normally detected was removed, moving the probe
to a position nearer the ring axis had no further effect on the counting rate.

The foltowing summarizes the observations and interpretations.

a.- The current of escaping particles (all probes out) is greatest inside
the ring axis. - It approaches zero just outside the ring axis.- . (The detected
~particles escaped because of multiple scattering on the background gas.) At
the time when the particles escape they are on the shifted Ewtype precessional

surfaces.

b.. The fraction of the current representing: trapped posn;rons is inter-
-cepted by a probe. at a considerable distance from the ring axis (RA). This
- distance is nearly independent of the counter' s position (for counter positions
in the range from the ring axis to about 0.4 MCR inside the RA). This is
. observed for tilt angles as small as 1°. . This means that during’ its contain-
‘ment time a particle' s guiding center explores all flux lines (owing to drift-

surface dlffuswn) within a well-defined volume. - The cross section of this
volume in the I plane is approxx.mately a circle. The diameter is approx

1 MCR for ¢ = 2rr/64. These results are independent of scattering gas pres-
- sure (over the range 107° to 10-4 mm Hg of Ne).

c.- The inner probe removes the trapped fraction at a larger distance from
the ring axis than the outer probes and this inward Shlft increases with the
tilt angle.
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B.  Fast-Empty Experiment

The remaining data presented were obtained from the fast-empty ex-

periment. The procedure for, this experiment is as follows.
 a.  With the fast valve closed and ‘the field on, Nel? flows. into the contain-
ment region until the steady-state condition is reached. :

b. A valve in the source line is closed, and the fast valve is opened

c. Opening the fast valve triggers an analyzer which records.the number
. of positrons within'a selected energy ‘interval that strike the scintillator as
a function of the time. :

d.  To normalize the data. the number of positrons str1k1ng the sc1nt111ator
is recorded during a fixed.time interval (10 sec) which occurs between the
. time the flow of Nel? into the system is stopped and the fast valve is opened. ’

. The counting rate drOps suddenly upon the openi_ng of the fast valve

. because of removal of the source gas.. There follows a slower decrease due
to the escape of the trapped component.  Within the experimental uncertainty,
this slower decay of the counting rate as a function of time may be fitted with
‘a straight line on.a semilog plot.  The intercept of this straight line at zero
‘time (time of opening the fast valve) is a measure of the trapped fraction..

'Mean containment times (taken from the slope of the straight line) of the.

. order of seconds are observed when about 1077 mm Hg of Neon-is present as

a scattemng gas. :

1. Stationary probe's', point ‘detector A

Data were obtained prev1ously from the fast- -empty. exper1ment also.
Dur1ng a "run" each probe was held at a fixed position, and the effect on the
escap1ng current of p051trons as detected by the po1nt counter was noted

The slope (measure of containment time) was not appreciably affected
by the probes, but the intercepts (measure of the remaining trapped fraction)
" did decrease as a probe's position penetrated the well-defined "conta.lnment“
volume found from the steady-state exper1ment

2. Fast-moving probes, point detector i

This experiment was similar to 1 above, except that a prob_e was not

. left at a given position throughout the run; rather, the inner or outer probe

- was plunged in to a prescribed distance from the ring axis at some time
during the run and then withdrawn at a later.time. - It should be pointed out

. that the time for a particle to precess once around a drift surface is short

- (order of magnitude of 107° sec) compared to the time (approx 0.1 sec) for
probe motion. Flgure V-11 gives.the results for the case in which the inner
probe plunges to various distances.from the ring axis 4. 5 sec after the fast
valve has opened, and is withdrawn 7.5 sec later. - The counter is located
-0.27 MCR inside the ring axis. At least five runs were added for each curve.
- The 0.58-MCR data were plotted as recoérded. The other curves were nor-
malized to match the 0.58-MCR curve at zero time. - The remaining data
have not been normalized, but the rate of producing Ne during the time while
a- set of data was taken was held quite constant. - .The counting rate decreases
suddenly as .the probe is inserted and remains low during the time the probe
- remains in.- When the probe is withdrawn the counting rate instantaneously
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Fig. V-11l. Effect of the inner probe on the escaping current of
positrons detected with the scintillator located at 0.27 MCR

. inside the ring axis; 4. 5 sec after the fast valve is opened

B (zero tlme) the probe moves in to various distances- (0.70,
0.58, 0.43, and.0.37 MCR) from the ring axis, and is with-
drawn 7.5 sec later. 4 \ :
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(within the experimental resolution) increases, then decreases with the usual
e-fold decay time characterizing the mean containment time as set by scat-
tering. As the probe plunges closer to the ring axis the initial decrease in
counting rate is greater;.also, the remaining trapped.fraction after the probe
is removed is smaller. Figure V-12 shows the effect of varying the time
interval during which the probe remains inserted.

Flgure V- 13 is a plot of the data obtained with the counter at 0.40 MCR
inside the r1ng axis and the inner probe plunging.to 0.37 MCR and 0.29 MCR
from the r1ng axis. When the probe is inserted the counting rate increases
and remains high.- With the probe inserted the countlng rate remains high
because the probe is "in front of'' the detector.. That is, some positrons
may scatter through a large angle in the probe and follow field lines that pass
through the scintillator.. When the probe is withdrawn the counting rate for
the 0.37-MCR case decreases instantly and the remaining trapped positrons
escape with the characteristic scattering-out time.

The data for the case .in which the probe plunges to 0.29 MCR from the
ring axis is especially interesting. In.this case the tip of the probe is inter-
cepting field lines closer to the ring axis than those passing through the scin-
tillator. While the probe is in, the current of escaping positrons is primarily
due to scattering from the probe tip.  (Note that the counting rate is reduced
relative to the 0.37 MCR case, as would be expected ) The important charac-
teristic of this case, which should be emphasized, is the behavior just after
the probe is retracted. The counting rate drops momentarily to a value near
zero, then builds up over a detectable time interval (approx 1.5 sec) before
decaying away in.the usual manner. This particular behavior is observed

. with the inner probe and only when the probe is inserted to field lines closer
to the ring axis than the counter. The buildup in counting rate is interpreted

. as a diffusion across field lines. This is probably drift-surface diffusion, but
ord1nary diffusion can not be ruled out.- In principle this could be decided by
measuring the dependence upon orbit diameter of the time to diffuse a fixed

distance--the time for ordinary diffusion is proportmnal to 1/(orbit diameter)®,

whereas the time for drift-surface diffusion is less sensitive to orbit diameter.
Summarizing: ' '

a. When the inside probe tip is plunged to positions that are farther from
the ring axis than the flux lines intercepted by the detector, the probe acts
like a prompt shutter on part of the current of'escaping particles--switching
it promptly off when the probe goes in and promptly on when the probe is
retracted. The particles that were intercepted by the probe would normally
have hit the detector in less than 0.5 sec (analyzer width). These correspond
to particles on E-type surfaces.

b.- When the inside probe tip is plunged to a position that is closer to the
. ring axis than the flux lines intercepted by the detector a resolvable diffusion
.time is observed upon retracting it.

© Figures V-14 to V-17 show the effect of inserting and withdrawing the
outer probe.  When the probe is plunged to 0.15 MCR from the ring axis
most of the trapped fraction is removed.and the counting rate drops instantly
~ to a low value. For a given counter position, .as the probe plunges to greater
distances from the ring axis the decrease in counting rate is less. In fact
(see Fig. V-17), the probe has little effect on the counting rate When it plunges
to 0.58 MCR from the ring axis when the counter is on the ring axis or
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V-12. Inner probe’ pluggj.ngiql_O_‘.?_Qﬁl\A_QB from the ring axis

4.5 sec after opening the fast valve and withdrawn At sec

later.

The .scintillator is located at 0.27 MCR inside of

the ring axis. ] At = 3.5 sec; O:At =15 sec. .
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Fig. V-13. Effect'of the inner probe on the escaping current of
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inside the ring axis; 4.5 sec after the fast valve is opened
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0.20 MCR inside the ring axis.- Removing the probe has no significant effect
on the. counting rate for any of. these curves. The bumps that occur on some
of the curves when the probe moves in or out are due to a small burst of gas
entering the vacuum chamber.. This problem was more troublesome for the
.outer probe than the inner. :

3.. Fast-empty experiment with moving probes and

an elongated counter

In order to study the "instantaneous" radial distribution of particles,
the point counter was replaced by a long scintillator (approx 50 cm long in
_the S plane, approx 4 cm wide normal to the S plane) located just outside the
plane of one of the coils. - This scintillator was optically coupled to the same
photomultiplier tube by means of a wedge -shaped lucite light guide. The
fast-moving probes were used.to scatter the trapped particles into the detec-
tor in a time short compared with the gas scattering time. The pulses due
to particles with energy greater than about 0.5 Mev were used to gate a vari-
able pulse generator whose output voltage was proportional to the voltage
from a slide-wire potentiometer connected to one of the probes.. A pulse-
height analysis of the output of the pulse generator therefore gives the num-
ber of particles scattered into the scintillator per unit of travel of the probe.
This procedure can be used to locate the boundaries of the radial distribution.

The procedure used in collecting the data was the following.: With a
_probe tip set at various radial positions as indicated on the curves, fast-
. empty runs were started in the usual way with no added scattering gas.  (When
a probe is used in this manner it is referred to as a "scraper.") About 3.5
sec after the fast valve opened the scraper was retracted; after a wait of
~another 3.5 sec the probe was inserted to its full "in" position. (When used
in this manner it is referred to as a "plunger.'") The pulse- he1ght analyzer
was turned on just before the plunger was inserted.

- On Fig. V-18 the scraper and plunger are the same probe. Figure

- V-18.is a composite of data from both the inside and outside probes. The
data have not been normalized; however, the rate of producing Ne was held
quite constant for the series of runs. -  Several things should be noted.. The
boundary of the positron distribution does not shift significantly during the

- time the probe is retracted. The center of the distribution'lies approx

0.10 MCR inside the ring axis; all the trapped particles have been intercepted
by the plunger during the time it takes to reach this point.

The data presented.in Fig. V-19 were recorded with both probes on
each run, i.e., oneas a scraper, the other as a plunger. . Some of the runs
(open marks) were done similarly to those of Fig. V-18 except that when the
scraper was retracted it remained out and the opposite probe was inserted.

- Also.the time delay between retracting the scraper and inserting the plunger
was about 9.6 sec instead of 3.5.. The curves are labeled according to the
initial position of the scraper. The solid points correspond to runs in which
.the scraper was not retracted, the open points to cases in which the scraper
was retracted.
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- Note that the results of F.ig. V-19 have a symmetry about a point lo-
cated about 0.1 MCR inside the ring axis. That is, for each combination. of
scraper and opp051te plunger, the initial d1sta.nce of the scraper on one side
of this point is approximately equal to the distance at which the edge of the
distribution is subsequently found on the opposite side of this point. Also
the distributions are independent of whether the scraper was retracted or
- left fixed through a run. Thus only a small fraction of the trapped particles
. remaining.in the geometry at any-instant have diffused a significant distance

across field lines. :

The type of experiment described in this section allows one to study
-the distribution.of particles on the M-type drift surfaces, whereas in the
_other experiments described (gas-scattering dominates), when the particles
escape and are detected they are on E-type drift surfaces. In particular it
should be noted that the outside plunger scatters just as many particles that
are subsequently detected outside the ring axis as the inner plunger does in-
-side the ring axis. . When gas scattering dominates, most of the escaping
current of positrons is inside the ring axis.

‘The results of this section lead to the conclusion.that at any instant
most of the particles are on M-type precessional surfaces, and just a few
are "in transit" on E-type surfaces (where drift-surface diffusion is s1g-
mfmant) as they tend to escape through a mirror.

'14. BUMPY TORUS o
Gordon Gibson, © Willard C. Jordan, | and Eugene J. Lauer

(The following is based primarily on the abstract and first two sections
of an internal report1 wh1ch proposed a method of 1n_]ect10n into a Bumpy
Torus. )

Abstract

A method of injecting and trapping all the charged particles of a beam
in a magnetic field geometry (the Bumpy Torus) under steady-state conditions
_is described. A relatively inexpensive experimental test that makes use of
an electron beam (1 ma, ~ 150 kev) is analyzed since a lower field, hence
lower power, is required than for an ion beam, (e.g. a D' beam of energy
greater than 10 kev.) However if 1t is successful, the method is applicable.to
- the injection of an ion beam. A hlgh energy electron plasma is, of course,
of interest in 1tse1f If scattering is the dominant loss mechanism, densities
approaching. 101 1/crn3 and B ~ 1 are expected. At this density, the Debye
shielding distance is-. about 1.cm which is small compared to the plasma

U_——

Westinghouse Electric Corporation, Atomic Power Dept. . Pittsburgh, Pa.
TThe Bendix Corporation, Research Labs. Div., Southfield, Mich.

lG., Gibson, W. C. Jordan, and E. J. Lauer, Steady Injection of a Beam of
- Energetic Charged Particles into the Bumpy Torus - Design of an Electron
Experiment, UCID-4241, September 25, 1961. (This report is currently
being expanded .to include the results of more recent analysis. )
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diameter of about 15 cm. - Interactions of the charged particles, i.e.,
. scattering and cooperatwe effects could be studied under steady, controlled
conditions. ‘ : (

. I. Introduction

The Bumpy Torus has been shown,theoreticallyz" 3:to be an absolute
‘trap for particles behaving adiabatically, i.e., regions of space can be de-
fined for which there are no loss regions in velocity space.  To find the
precessional surfaces (in the adiabatic approximation) of the charged-particle
guiding centers in the Bumpy Torus, it is assumed that the:transverse in-
‘varient p = pLZ/ZmOB the action integral J = § p, df, and the total magni--
- tude of momentum p are invariant. There are two special cases, however,
for which there is no longitudinal motion, i.e., the velocity vector remains
normal to the field direction, and hence.the motion can be predicted without
recourse to the longitudinal invariant (a) for a particle in.the midplane
between.two coils, and (b) for a particle in the plane of a ¢oil. - For case (a)
the trajectory of the guiding center obtained from p .= Py /ZmOB P /ZmOB =
constant--or B = constant-—agrees (as it must) with the precessmnal surface
obtained. from the invariance of p, J, and p inthe limit as p; - p. - For case
(b) they do not agree; but this is not unexpected, for in this case th‘e lon-
gitudinal period becomes infinite and the invariance of Jis not applicable.
- It should be emphasized that this is a very special case.  The method of
trapping described here is to inject a beam of particles in the plane of a coil
so that the guiding center follows B = constant in the plane of the coil for a
certaln distance; the particles then move out of. this plane and their guiding
centers remain on a u, J, p surface which does not intersect the point of
 injection. - The calculations presented in the rest of the text are concerned
-with the de talls of achieving this type of 1n_]ect10n.

_ . The field maximum where the beam is 1nJected must be modified slightly
. in order to have a part1c1e initially balance on a '"mountain top, " but once

a particle falls off, the probability that it would once-again balance on.this

. particular mountain top should be small. To calculate this probability is
extremely difficult, since even the phase of the velocity vector is important.

- In the absence of scattering, the containment time is limited under optimum
conditions by Liouville's theorem. It is estimated that the containment time
set by.this limit is longer than the mean containment time set by scattering.

.~ Modifying one of the field maxima to 'accomplish the injection com-
promises the containment; the loss of particles due to scatterlng into the
- loss region which is 1ntroduced is calculated

In the Bumpy Torus or a tilted-coil mirror machine a type of pre-
cessional-surface diffusion across field lines occurs which does not exist
in_ the cylindrically symmetric systems. This has been described in Ref. 2.

G Glbson, w. C. Jordan, andE J. Lauer, Phys Rev. Letters 4, 217
, (1960) . . -

A I. Morozov and L. S Solovev, Soviet Physms Techmcal Phys1cs 5,
241 (1960).
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Evidence for the ex1stence of this diffusion has been obtalned in the positron
experiment, and the boundaries of the region in which it is important have
been determined. 4 The electron injection experiment is designed so that
these boundaries are several orbit diameters from the vacuum walls of the
torus. Thus no rapid loss of particles should result from this diffusion.

The status of stability theory is such that absolute statements cannot
be made regarding the stability of the Bumpy Torus. Some numerical calcu-
lations pertinent to existing stability criteria have been done for the low -
interchange instabilities. ‘An important observation which will be made under
controlled conditions during this experiment will be the degree of stab111ty
and the effect of the various parametérs on stability.

II. Method of Injection

The basic method of injection has already been presented. This section
describes one design for accomphsh1ng it. The field of the Bumpy Torus as
modified to permit injection is almost 1dent1ca1 to that of the ideal Bumpy
Torus except in the region of the injection ‘section. The beam is directed
perpendicular to the field in the’ mldplane of the injection coil, which is spht
into halves. The particles make a rapid transition from field-free’ space in-
to a field of a few kllogauss between iron pole pieces. The 1n_}ect10n is done
near a corner of the pole p1eces, ‘as shown in F1g V 20 ' .

A model of the 'corner of the iron pole pleces has been set up and the
induction B measured at points near the median plane, - From the measure-
ments a plot of linés of constant B was made and trajectories were followed
by use of the Livermore differential analyzer (operated by Norris Hetherlngton)
Figure V-21 shows examples of trajectories that appear satisfactory for our
purpose. This plot models pole pieces with a narrow gap. of 0.64 cm and a
wide gap of 1.27 cm. The orbit has a radius of 0.64 c¢cm in the’ field magnitude
labeled 50 on the figure. Two trajectories starting parallel and about 0. 32 cm
apart are shown. The two gu1d1ng centers drift along nearly the same B
magnitude liné in each case. 'Variations of the initial direction by 10™“ radian
and of the momentum by 2% were found to have negligible effects. This
demonstrates the fea51b111ty of thlS step of the 1n_]ectlon over a pract1ca1 range
of beam parameters.

Because of the gradient of the field, the guiding center moves across
flux lines follow1ng a path’ along whicHh the field magnitude is approx1mate1y
constant. This motion carries the particle along the edge of the step in the

4Controlled Thermonuclear Research Quarterly Report, September, October,
November 1960 ~UCRL-9500.

G. Gibson, W. C. Jordan and E. J. Lauer, Containment of Positrons in an
Asymmetric Mirror Geometry, UCRL-6380, May 1961.

G. Gibson, W. C. Jordan and E. J.. Lauer, CN-10/175 in Proceedings of
IAEA Conference on Plasma Physics and Controlled Nuclear Fusion Research,
Salzburg, Austria, September 1961.
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Fig. V-20. Qualitative plot of lines of constant field magnitude
" in the split injection coil midplane (I Plane). Dashed lines
‘indicate that the z component of motion is stable (i.e.,
the field increases with motion out of the I plane); solid
lines unstable.
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iron gap, across a transition region,. and into.the field resultlng from the
split injection coil and the other coils of the Bumpy Torus. . The. separatmn
of the halves of the 1nJect10n coil is somewhat less than one c011 radius so
‘that a shallow minimum™ (with. respect to. dlsplacement rf parallel to. the
ring axis) occurs in the field magmtude at points in the "I" plane that are
- suff1c1ent1y far from the ring axis of the Bumpy Torus. (The field near the
ring axis still has a maximum with respect to d1sp1acement in the 6 direction. )
This slight mirror effect keeps the particles near the injection plane as they
precess along the curved. path' (B = constant) shown in Fig. V-20. In other
words, the O motion is stabilized. The separation of the halves of the in-
- jection 0011 is greater on the inside of the torus than on the outside. This
results in.the "horseshoe' pattern for the lines of constant B shown.in Fig.
- V-20. - The tips of the horseshoes correspond to points near which the
mirror effect dlsappears and the 6 motion becomes. unstable. Particles that
enter the unstable region.commence moving in the 6 direction; hence they
- move away from the.injection. plane and into the other sections of the Bumpy
‘Torus. The motion of their guiding center is now determined from the
constarcy of u, J, p. The constant p, J, p surfaces are nearly the same in
the Bumpy Torus with the spht injection coil as in the ideal Bumpy Torus
with all coils identical.

‘ - It is planned to set up.the electron experiment in.the building 157 North:
Pit,. ,whlch will afford x-ray protection. The electron gun has been designed
-and ordered from an outside machine shop. - The design of the injection
section which contains the iron pole tips and a.current-measuring probe is
nearly finished. The design of the main part of the torus is partly finished,
and one of the 63 main coils has been fabricated and tested.

15. ATOMIC SCATTERING AND CROSS SECTION MEASUREMENTS
. Forrest S. Baker, Gilbert O. Brink, Edmund S. Chambers,
Robert H. McFa_rland, and Edward A. Soltysik

: Con51derab1e progress has been made durlng the last six months in the
study of atomic scattering phenomena. Both the crossed-beam and gas-
~scattering programs have begun to turn out data (which are dlscus sed below).

- The 'Crossed—'Beam Program

Introduction

The crossed-beam machine has been running consistently during this
period.and several measurements have been made. The machine has been

If the ratio of VG to the .total speed v is’ (ve/v) = q) << 1 at a point where the
field magmtudez is B, then the ratio of turning-point field, BT’ to B is
(BT/B) 1+ ¢“. . For particles in the beam, ¢ < 0.01. o
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described in detail in a separate report. 1 'The dr1fts that were: ‘described in
. the preced1ng quarterly report have been eliminated and the machine now’ L
appears to be very stable. - The’ drifts appear to have been due to charge -
.formatlon on the electron gun structure - : ' o

The I'o'nlzat‘lon of Argon and Hellum

The total cross séctions for- 1on1zat10n 6f argon’and helium by electron

~impact have been measured . Since these measurements have been discussed
more fully elsewhere, 2 only a summary is given here. - The exper1menta1
system is shown in Fig. V-22. The ions formed in the intéraction region ‘-
~are collected by a metal plate and the resu1t1ng current is measured. by an
electrometer.  Since the atomic beam is chopped at 2 cps, this current
. consists of two components: a dc’ component due to the background gas, ‘and
an ac component due to the modulated beam. These components are separated
by the electrometer and the ac component is fed to a phasef—sensiti*_\re detector
- which gets its reference signal from the choppmg wheel. - The dc output of
this phasé detector, after suitable filtering, is measured by a.100-mv pen
_recorder. The dc output voltage is directly proportlonal to the number of
ions formed from the atomic beam.

The results of the measurement of the ionization ¢ross section of argon
. ‘are shown'in Flg V-=23. . These results have been normalized to Smith's

measurements, > some of which are-also shown in the figure, at 400 ev."
The agreement seems to be quite good except that our results lie below those
of Smith in the energy range from 100 to 400 ev. :

The ionization cross section for helium is shown in Fig.. V-24. It has -
also been normalized to Smith' s data at 400 ev. - The agreement here is
somewhat better than for argon, although our data lie sllghtly below Smith' s
in the vicinity of the maximum. : : :

The Ionization of Potassium -

The partial cross sections for ionization of potassium by electron
impact have been measured over the energy range from threshold to 500 ev.
The experiment was ‘quite similar to that with argon and helium' Just descr1bed

- except that a Paul mass spectrometerl: 4 was used to separate the ions’
formed in the interaction region. These ions were detected by an electron
multiplier and the signal treated in the same manner as that from the argon

. and helium experiment. '

The results of this measurement are shown in Fig.- V-25.. Since the
absolute intensity of the atomic beam is not known, the results are only

1G.; O. Brink, A Crossed-Beam Machine for Measuring Atomic Collision
_rCross Sections, UCRL-6669, Dec. 1961, - : R

G O." Brink, The Ion1zat1on of Argon and Hehum by Electron Impact, .
UCRL-6702, Dec. 1961 '

-3

P. T. Smith, Phys.- Rev. 36, 1293 (1930).

4W., Paul and M. Raether, Z. Physik 140, 262 (1955).
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Fig. V-23. Total ionization cross section of argon.
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IONIZATION CROSS SECTION, ARBITRARY UNITS
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Fig. V-25. Relative ionization cross sections of potassium.
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relative.. The curve for K+ shows some structure, while that for K++, has
the usual shape characteristic of a simple ionization. - Results similar to
these, obtained by Tate and Smith, 5 lend support to the above data.

- It is interesting to speculate on the origin of the structure shown by
the K" curve.  This same structure was observed by Tate and Smith. - It is
_probable that the two peaks shown are due to two independent modes of forma-
tion of the KT - 1f this were true it should be possible to construct two
curves whose. sum would be the experimental curve and whose shapes would
be characteristic of simple ionization processes. The thresholds of the two
processes should be related to the atomic energy-level scheme for potassium.

An attempt to do this is shown in Fig.- V-26. The sum of the lower
solid curve and the dashed curve is the experimental curve.  The threshold
of the lowest-energy process. is 4.3 ev, corresponding to.the first ionization
potential of potassiurn. . The threshold for the higher-energy process is
about 18 to 19 ev. . This threshold will be compared with the known energy

-levels of the potass1um atom, some of which are shovgn in Fig. V-27. - These
levels have been calculated from spectroscoplc data.

The ground state of pota531um has an electronic configuration 3p64S
- The ground state of the K .ion, 3p6, lies 4.34 ev bove the éround state of
the neutral atom. - The first excited state of the K ion, 3p~4S,. lies about
. 24.7 ev above the ground state of the ion. Above this is shown the ground
state of the K ion, 3p , which lies 36. 15 ev above the ground state of the

neutral atom. If the second peak in the ionization curve were due to the
..formation,of the K" ion.in an excited state it should exhibit a threshold of

- about 25 ev.- This threshold seems to be too high to allow the construction
of two curves whose sum is the given experimental curve.

. There is‘'an excited state of the neutral atom, however, which lies
above the first ionization potential.  This is shown as 3p 4S% in the figure
and it .lies 18.8 ev above the ground state. If the atom is excited ipto this
state it will become ionized by a process known as autoionization. ' This
~ will result in a K ion in its ground state and an electron which will carry
off the necessary kinetic energy The threshold for this process agrees very
well with the constructed curve threshold to 18 to 19 ev. The ion-detection
system would not be able to distinguish between the ions formed by the two
different modes. Unfortunately no experiments have been dev1sed up to this
_ time that will allow the further checking of this hypothesis.

Absolute Measurement of the Total Cross Sectlon for
Ionization of Potassium by Electrons

All necessary equipment for this experiment is installed. . Since July,
several runs have been made preliminary to a cross-section measurement
. attempt. - The equipment performs satisfactorily.

J. T. Tate and P. T. Smith, ‘Phys. Rev. 46, 773 (1934).
- 6C. E. Moore, Atomic Energy Levels, NBS S Circular No. 467, vol 1,
June 15, 1949.

“H. E. White, Introduction to Atomlc Spectra. (McGraw-Hill Book Co.,
New York 1934) p. 394.
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As described in a previous report, 8 the cross-section measurement
depends.in part on the detection of extremely weak ion currents. This is to
be accomplished by adsorption of the potassium ions, including those of the
K42 radioisotope, on a collecting surface. The detection will then be done
in a conventional scintillation counter.

To achieve the highest possible accuracy in this stage of the meas-
urement it has been necessary to investigate the adsorption efficiencies of
various surfaces.  This aspect of the experiment assumed particular im-
portance for several reasons.

First, there exists firm evidence that the sticking efficiencies of
different surfaces for the same beam material vary widely, ? and for many
surfaces reproducibility is low. 10 Secondly, the coefficients for adsorption

.of potassium have been measured on only two materials, quartzll and -
potassium. 12 Preliminary work.indicated that the efficiency of quartz is
appreciably less than unity under our experimental conditions.  The potassium
surface has the disadvantage of requiring its use immediately following its
deposition under vacuum.  This could not easily be accomplished in the cur-
rent work. Of the twenty surfaces investigated (shown in Fig. V-28), 0.5-
mil gold plate best satisfies the requirements of our system and the experi-
mental procedures.

- It should be emphasized here that no attempt was made to duplicate
the adsorption coefficient for quartz as determined by Wegener. Present
interest extends only to the limit of determination of the coefficient and. 1ts
reproducibility under usual beam operating condltlons

The samples consisted of approximately 1 g of metallic potassium.
The metal was vacuum-distilled into a quartz capsule.  The capsules were
fused off the distillation manifold and bombarded in the Livermore reactor.
Activity after 4 hr bombardment was usually 4 to 5 roentgens.

The quartz capsule was placed intact into the oven and then broken by
insertion of the oven plug. Oven temperatures ran conS1stent1y within 214
to 217°C at the coolest part. Background pressures, except in a single run,
were about 2x10-6 mm Hg. The beam was collimated by an orifice 0.08 in.

- in diameter before str1k1ng the surface. ' '

Five separate runs were conducted. In each run six surfaces of six to
nine different materials were exposed, depending on how successfully the
run progressed. Gold plate surfaces were exposed during all the runs.

8Forrest S. Baker, Gilbert O. Brink, and Edmund S. Chambers, in Con-
~trolled Thermonuclear Research Quarterly Report, UCRL-9393, Sept. 1960,
. p. 84.

9S Wexler, Revs. Modern Phys. 30, 402 (1958).

lOJ- C. Hubbs et al., Phys. Rev. 104, 101 (1956).

llH Wegener, Z. Physik 140, 465 (1955).

F Hock and K. Neumann, Z. Physik Chem. 2, 241 (1954).
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Tungsten was exposed.to three runs and was selected as.the final '"standard"
for normalization, since it possesses the highest efficiency and is also
highly reproducible. :

A few explanatory comments should be made concerning some of the
. surfaces:

1. . The cleaning procedure for all the metals except cadmium, tin,
and silver consisted of dipping .into 6 N HNO, followed by three water rinses
and then acetone. This was done about eight hours before use. - Immediately
prior.to exposure (2'to 3 min) they were again.cleaned by dipping into

"IN HNO,, three water rinses, and acetone. :

2.. The sulfur surfaces were prepared very similarly to those used
by Hubbs et al. IQ Although the coefficient is not unity its reproducibility is
"consistent within a few percent.

3. The resin surfaces were prepared by allowing a thin film of a
soya-o0il alkyd resin:to dry for about 24 hours before exposure.

4. The reproducibility of the quartz and silver coefficients was
consistently poor.

- No.attempt is made here to relate the relative coefficients to an ab-
solute value. Experimental attempts to accomplish this are now in progress.
- A detailed comprehen31ve report coverlng this total effort is planned for the
~near future. : .

- Hydrogen Ion Seurce for Crossed-Beam Experiments

For:the experiments planned, the source should give a monoenergetic
beam of about 1 pa.. The energy should be variable from a few kev to 60 kev.
The beam should be steady, low in ripple, and well focused several feet from
the analyzing magnet. These requirements are fairly well satisfied at the
present state of development :

At 1 kev-about 0.07 pa H* and 0. 7 Ha H2 has been obtained 1 foot from
the ana1y21ng magnetiafter pass1ng through a two-plate collimator with 1/8-in.
slits. - These currents gradually increase to 1.3 pa HY and 11 pa H2+ at 15 -
kev. Somewhat higher currents are obtained up to.the maximum energy of
60 kev.

A plot of ion current vs analyzer magnetic field shows peaks that are
1.4 kev wide at the base. The actual energy dispersion may be considerably
- smaller than this, since the above width assumes a point source and ideal
focus.  This source utilizes what Peterson, Cook, and I—,Ieinzl describe as
aperture extraction. . Their results show an energy dispersion of only about
50 ev for a beam energy of 2.75 kev.

J R. Peterson, C. F. Cook, and O. Heinz, Beam Extractmn from an
rf Ion Source;, Stanford Research Institute Technical Report 720-1, July 15,
1960.
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. Figure V-29 shows an approximately full-scale drawing of the plasma
 spurce, extraction gap, and first einzel lens.. Source tube 1 has a top sec-
-tion of Pyrex glass that is attached through a graded seal to a Kovar support
~tube. An rf oscillator supplies roughly 80 watts of power to the source tube.
. Voltage is applied between the high-voltage base. plate 3 and a disc electrode
placed on top of the Pyrex tube. Hydrogen is metered through a palladium
leak to the source tube. A pressure of 20 p of Hg is read on an NRC .thermo-
- couple gauge. Magnet 2 produces a field of 240 gauss (at 4 amp).  The radius
of curvature of the path of a 50-ev electron would be 1 mm. A l-ev H' .ion
path would have a radius of 6 mm. Not shown are glass shields fitted into
‘the. source tube to minimize contact of dissociated hydrogen with metal.

_ Orifice 4, 0.1 in. diameter, allows the plasma.to flow into the ex-
_traction region.  The gap to the extractor 7 is 0.190.in.. Teflon insulator 5
_allows a few kv bias to be put on einzel electrode 8 through support 6. Ex-
tractor 7 and ground. electrode 9 are connected to ground base plate 11. The

moulded epoxy resin glass wool .insulator 10 supports the full 60 kv. - If 7 in.
. in diameter it is just borderline for holding 60 kv. A 9-in. -diam insulator
has given no trouble. '

. Sylplion 12 allows the beam direction to be adjusted. A set of vertical
plates just under .it also provides adjustment and can be used as a beam
switch. :

. Separation of the several ions produced.is accomplished by turning the
beam through 90°, using a magnet with a 6-in. pole diameter. The beam is
 then collimated through two 1/8-in. slits and measured in a Faraday cup.

. Secondary electrons are trapped by using a small permanent magnet.- Re-
cently a second einzel lens has been used between the magnet and the colli-
-mator to improve the focus. '

- If the H+_ ion current is measured as a function of the source magnet
_current, a complex curve such as Fig. V-30is obtained. A possible ex-
planation is that multipacting14...is occurring. If an electron strikes a sur-
face and produces several secondaries at the time when the rf field is chang-
ing sign, and then the same thing happens at the far end of its travel, the
electron concentration can rapidly increase.  The source magnet may in-
fluence the path length of the electrons and hence the transit time.

. The electric field geometry at the extraction gap deflects the ions from
the plasma in such a way that they appear to be coming from a virtual "point"
source. The position and character of this source were investigated by
placing a copper screen just below.the extractor electrode and them. forming
~an image in the plane just below the einzel electrode. MoO, was used as
_the sensitive "film." The image was sharply defined, indicating a small
- point source. The position, obtained by measuring the magnification, varied
from 1.5 in. .to 0.23 in. above the lower surface of the orifice, depending on
orifice geometry. Attempts. to improve einzel lens focus by restricting the
_angular aperture of the incoming beam were unsuccessful, however,  In both
“the above cases the angular aperture was the same.

T4~

~“W. D. Kilpatrick, private communication.
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Molybdenum trioxide has proved to be a valuable detector of both H+
and H,T ions. If a.thin layer is placed on.a sheet of metal and exposed to
the source of ions, a detailed image of the spatial distribution of t}ge,ions is
obtained. The image appears grey, and for 15 kev and 7.5 key H," ions the
optical density measured from the reflectance is 0.41 for 10~ 3 coulombs/cmz.

The H+ ions under similar conditions of energy and number density

_ gave an optical density of 0.48. - There is a linear region on the opt1ca1 curve
of density vs number density; however, it does not go through the or1g1n

- With proper calibration the method should give moderate accuracy in meas-
-uring a certain range of ion current densities. :

- Cross Sectionand Polarization Measurements in Helium

When electrons of sufficient energy excite a neutral atom, the atom
may de-excite through the emission of electromagnetic radiation. This
radiation is characterized by a definite discrete. frequency and in. general a
degree of polarization.  Despite the important information concerning the
impact of electrons and atoms, which can be obtained from a measurement
of the polarization of the radiation, very little work has been done in th6<;
area. The experimental work by Sk1nner15 and Skinner and Appleyard
mercury, as well as the later work by Lamb and Maiman'’ 6n one tran51t10n
in helium (\ = 3889), is not in agreement with the theory of Oppenheimer
and Penny. 19

Percival and Seaton?? have recently reviewed the theory on'the polar-
ization of light resulting from electron .impact on atoms and have suggested
that experiments be done using modern techniques.to see if the discrepancy
between theory and experiment could not in fact be resolved. - It was to this
end that this work was undertaken.

According to the theory on the polarization of light the polarization is
- related to.the electronic cross section of the various magnetic quantum-
number substates of the atom. For instance, the polarization of radiation
resulting from a P "> S-transition can be shown to be of the form
0On-0
1 .
P=gG 0 ’

h00'0+h10'1

15H.1 W. B. Skinner, Proc. Roy. Soc. (London) A 112, 642 (1926).

' 16H.~ W. B. Skinner and E. T. S. Appleyard, Proc. Roy. Soc. (London) A
117, 224 (1927). -

17
- 18

W. E. Lamb and T. H. Maiman, Phys. Rev. 105, 573 (1957).

J. R. Oppenheimer, Z. Physik 43, 27 (1927), Proc. Natl. Acad. Sci.
U. S. 13, 800 (1927).

lgW. G. Penny, Proc. Natl. Acad. Sci. U. S. 18, 231 (1932).

ZOI C. Percival and M. J. Seaton, Phil. Trans. Roy. Soc. 251, 113
(1958).



V.15 o o-187- ~ UCRL-9969

-where 0 is the cross section for electronic excitation to the m, = 0 state,
and 0] .is the ""electronic cross. section' to the m, = 1 state.. Thus it is
obvious that, if the theory is correct, measurements of the polarization of
‘the emitted radiation give direct information on the cross sections for ex-
citation by electrons on atoms. : Further, these measurements provide a
.direct test of approximations used to calculate inelastic cross sections for
excitation by electrons on atoms. .

. Because. it was difficult to see how the theory could be.in error, it was
decided to perform experiments with great care on the monatomic gas helium.
The details of the experimental arrangement and.the experimental results
are presented elsewhere. 21 Also, this work was described. at the A. P. S.

- meeting in Chicago in November 1961, as well as at a symposium held at
- Indiana University. - '

- The ‘polari.zation.of the following lines in helium has been observed as
a function of the bombarding electron energy and helium gas pressure:

y=4713A (335 > 2°P) = 5876A (3°D » 2°P)
\ = 4922A (4¢!D - 21P) \ = 31884 (43P - 23s)
A =4388A (51D - 2lP)  \=50164 (3P —2ls)
\ = 4471A (43D - 23P) \ = 3889A (33P - 235).

At the threshold energy for exciting a particular level of an atom a simple
_argument based upon the conservation of energy and. angular momentum allows
one to predict from the theory a value for the polarization independent of the
cross section. Except for A = 4713A and \ =3889, the experimental values

for the polarization obtained near threshold are all zero, which does not

- agree with the predicted values. For the X\ = 4713 A line, zero polarization.
was observed at all electron energies in agreernent with theory. For the

A = 3889 A line, thére is some indication that the predicted threshold value

is experimentally obtained, but there are two anomalous extremum points

~for which there is no explanation.

Additional theoretical and experimental work is planned using the
electron-helium system as well as the electron-neon system, since the
resolution of the observed discrepancy between theory and experiment
promises new. insight into particle-interaction.theory. '

ZI_E. A. Soltysik and R. H. McFarland, On the Polarization of Light
Resulting from Excitation of Helium by Electrons, to be submitted to Phys.

- Rev. v
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VI.. ENGINEERING AND TECHNOLOGICAL DEVELOPMENT

1. ULTRAHIGH-VACUUM DEVELOPMENT

Norman Milleron and»'Leonard L. Levenson

Introduction

Pursu1ng our goal of opt1m1zmg d1ffu51on pump systems, we worked
(a) perfect1ng a new heater for 011
(b) ‘top-jet design for a diffusion pump,
(c} a contamination analyzer,
{(d) conductance measurements,
(e} design of a large bakable valve, and
(f) properties of trap matemals

A New Heater for 011

No changes in the bas1c constructlon detalls of our heater have been
made. - Several heater fallures have been traced to lack of care in the con-
- struction of the heater. ‘ :

: Tests are being undertaken to determine the amount of catalytlc crackmg
 of d1ffus1on pump 01ls, partlcularly the Monsanto OS 124 fluld

T‘op-Jet Design' for a Diffusion Pump

Measurements were made on the probab111ty of entrainment of llght
gases .in a diffusion pump jet. Helium gas was, pumped by a single very
dense oil jet. The oil jet was dense enough to hold off a fore-line pressure
- of helium of about 0.5 torr. The annular space between the jet and the wall
was approx 0.16 in.  Helium diffusion into the jet on the molecular-flow side
was entrained by the jet with a probability greater than 0.89. - Within our .
measurement, the process of entrainment of the 11ght gas in the heavy oil
jet seemed to follow the exponential d,esc_r1_pt1on given by Dushman.

- In order to pump light gases at maximum possible speeds, therefore,
very dense jets are shown necessary. For example, if a Clausing factor of
0.75 were to be achieved, the mass.transfer through the top jet of a pump
must be greatly increased. Increasing the mass transfer through the top jet
of course also increases the backscattering of oil from the jet. Two remedies
for this condition are suggested: first, the top jet of the diffusion pump should
take the shortest possible path'to the next jet of the pump, and second, that
a '"skimming'" or oil pumping jet be placed above this top jet of the pump.

ILS.,- Dushman, Scientific Foundations of Vacuum Technique (John Wiley and
" Sons, Inc., New York, 1949) Chapter 4. '
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The purpose of the skimming jet would be to pump oil molecules only. - The -
density of this skimming- jet would be too small to pump light gases. . The .
cross-sectional area of oil molecules is approximately 100 times the area
of helium atoms. This large difference in cross section may make it possible .
‘to skim off the backstream1ng oil from a massive-flow jet.designed.to pump
light gases. By rearranging the relationship between. the jets of a pump, -
two advantages might be gained; first, the change in flow den51ty in the top -
jet radially outward would be minimized, and second, the overall height of
. the diffusion pump could be reduced substantially. :

: Contamination 'Analyzer

Air leaks and other troubles have been encountered in setting up the -
contamination analyzer reported last time. '

Conductanc e Measurements?

Previous conductance measurements indicated that surface roughness

- might possibly decrease molecular flow rates through cylinders. 2 Now the
.effect of surface roughness is being experimentally and theoretically studied.
- Two kinds of surface roughness are being examined: periodic roughness and
random roughness. - Examples of periodic roughness being.tried are internal
corrugations consisting of rings and also threads of various cross sections
~and depths. Both experimental and theoretical studies show that corrugations
-having a groove depth between 1 and 15% of the smallest inside tube radius
yield conductances about 20% lower than the conductances of 51m11ar Lambert's
Law plain-walled tubes. Conductance is not only insensitive to'the depth of
the periodic grooves but also to their cross-sectional angles of inclination
between 30 and 60°. The Monte Carlo calculations made by Dr. Donald H.

- Davis of the theoretical group have a standard deviation of about 1%, and
agree with. the expemmental results within about 2%.- Detailed results will

be given in a report in preparation. -

- Large Bakable Valve Design

No work was done on the large bakable Valve program dunng this
 period.

- Properties of Trap Materials .

Details of prehmlnary results. w1th a room- temperature adsorptlon -
vtrap have been reported R '

A CVC mass spectrometer us1ng a dzatron 20 has been added to the
adsorption.trap system Results show that hydrogen is. the major gas
2L L. Levenson, N Mllleron, andD H Da.v1s, Molecular Flow Conduct-
-ance, UCRL-6253, August 15, 1961.

.3 . . . :
L. L. Levenson and N. Milleron, Adsorption Capacities of Some Room-
Temperature Trap Materials, UCRL-6396, August 3, 1961. - _



VI. 1 2 -190- ~ UCRL-9969

constituent, contributing approximately 60% of the .préssure‘ at 3x1077 torr.
Other gases are water and CO in about equal quantities.. The partial-pressure
sensitivity of the diatron 20 .is about 1X1077 torr. " o

- This large hydrogen partial pressure is dependent on pump boiler
power.  Currently a CVC PMC diffusion pump with Convoil 20 is in use.
The rated power of this pump is 1800 watts. . However, a base pressure of
2 or 3x10-7 torr can be achieved only if the boiler power is reduced to
1000 watts. If the power to the boiler is raised, the hydrogen partial pres-.
sure increases.  For example, at 1800 watts the total pressure read by the
ion gauge is 8X 10-9 torr. . Of course as the power is lowered in the pump
- the forepressure tolerance for hydrogen is also lowered. At 1000 watts
the forepressure tolerance for hydrogen is less than 10-3 torr.

To show that the hydrogen is originating in the boiler of the pump,

. another diffusion pump was placed. in series with.the foreline of the PMC
1440.. By 'this means, it was shown that the hydrogen originated in the boiler
- of the PMC 1440 and was not due to the lowered forepressure tolerance of
the pump : . .

In the future other diffusion pump oils will be tried in this system.
Also other gases presently undetected will be looked for by an accumulatlon
and desorptlon method reported prev1ously :

- 52. MECPIANICAL ENGINEERING DEVELOPME_NT
Thomas H. Batzer

_ | Toy Top _
John R Benapﬂ Edward G. Scarlett, and James F. Ryan

Plans for movmg,the Toy Top_exper:.me}nt are now firm. - The Source
Test Machine will be moved into Bldg. 180, reassembled, and operated in
its present form. - The Toy Top Machine w111 be. redesigned and assembled
in its new location in Bldg. 180.

An internal heater probe designed.to degas the final stage of the Toy
"Top vacuum system has been fabricated, and delivery is expected by
December 31, 1961. A section of 6-inch fused quartz will be inserted in the
final stage of the vacuum system. The probe is designed to be insertéd re-
motely and to radiantly heat the interior walls of this quartz section between
shots to reduce the amount of gas being driven from the walls by the plasma.

Low-Energy Neutral- Beam Experiment

William S. Neef, Jr., Eugene T. Bradley, and William T. Crothers

Alice Machine Layout and Assembly .

Redesign of some beam tube components was completed and all parts
were fabricated and are in operation. The redesign involved addition of a



VI 2 _ ' -19¢- A UCRL-9969

third stage of evaporator pumping on the inlet beam tube and redesign of the
collimators to prevent fringe beam from striking the hard-soldered joints.

It was also decided to put.two ''flag'" targets in the beam inlet tube on remote
control and. insulate them so beam current measurements could be made at

: these p01nts :

Figure VI-1 indicates the stage of construction during November 1961.
- Some beam testing and. 1mprovements as outlined above have since been o
. accomplished. : : :

: Assembly of the.two major components that form the reaction chamber
is nearlng completion.  The west half of the mirror with all auxiliary sys-
-tems .is complete.  The east half is 90% complete and should be ready for
use by December 31 1961 " See Fig. VI-2.

: The 11ghtwe1ght calor1meter beam target is complete and ready for
~installation in. the burial chamber when it'is needed.

- Several diagnostic instruments are being de31gned and constructed for
use in.the reaction chamber. ' The fast atom detector is complete and ready
to.install in the chamber port.  The radial limiter and movable ion gauge
are in the final stages of fabrication and should be ready by December 31,
1961. The axial limiter which takes measurements in the mirror loss cone
- 1is still in design, but should be released for fabrication.in January.

All components for the second 10-inch- bakable valve have been received
and assembly has started. : ’

Alice Magnet Coil

All sections for the mirror magnets are completed and tested. Each of
eleven coil sections, eight of which constitute the full mirror, were pulsed
about twelve times to 3,500 amperes and several dozen times at lower cur-
rents.. Rated current is 3000 amperes. All tests were conducted at -320°F.
- The two halves of the mirror have been assembled and mounted on the coil
. carts ready to attach to.the bus bars and liquid nitrogen supply line.

Pulsed. Plasma Priming Experiment

This experiment utilized a portion of the Alice pumping. system To
permit Alice work.to proceed ‘the experiment had to be temporarily:in-
terrupted and a new site prepared for continuation with a new pumping system.
The new pumping system and cold trap are not completely bakable, as this
. was not essential for this portion of the experiment. All d1agnost1c equip-
‘ment has been built and assembled, and the entire experiment .is back in
operatlon and producing useful data.

- The necessary parts were constructed for Alice to adapt an occluded-
-plasma source to the west end of the mirror chamber. The east end of the
. chamber has been equipped with a trap, diffusion pump, and cone-shaped
"~ receiver with a 1.5-in. aperture, all directly in line with the source. The
burst of plasma from the occludéd source .is thus caught and prevented from
being added to the background gas in the chamber.
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ZN-3009

Fig. VI-1l. Partial assembly of low-energy neutral beam
experiment, November 1961.
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ZN-3008

Fig. VI-2. Reaction chamber and mirror magnetic components,
low-energy neutral beam experiment.
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Surface Bombardment Experiment

Design, fabrication, and construction of the entire machine was ac-
complished during the past six months. Some minor assembly work re-
mains, but the experiment should be producing data in January 1962. The
machine uses a small Von Ardenne type of source followed by a water-
-vapor neutralizer to generate an atomic beam at about 10 kev.. Targets of -
various materials will be bombarded and secondary emission analyzed. - It
consists of a source, neutralizer, several pump tanks for molybdenum or
- titanium or both, and means of interrupting the beam. The entire system
is bakable, using cupro-nickel pinch gaskets throughout.

Astron

Charles A. Hu.rley, James F. Ryan, and James E. Blades

. Except for minor alterations all the structural steel work and con-
crete shielding necessary for the 1nsta11at10n of the Astron machine in Bldg.
157 has been completed.

720-kv Electron Gun

All the necessary hardware for the assembly of the core stack has
been fabricated and delivered.  The assembly of the gun is complete, ex-
cept for connections through the walls.  The accelerating column used in
this assembly was a reworked reject, used in the interest of saving time.
The column was tested under operating conditions of pressure and tem-
perature and found to be quite satisfactory. - On.this basis it was observed
that the column could have been assembled with O rings rather than hard
soldering. Two acceptable accelerating columns have been received from
Coors Porcelain Co.  These are being made ready for assembly the first
. time the core stack is disassembled.

Roughly 800 man-hours were required to assemble the core stack,
because of the great amount of custom fitting. This was due to cutting and
dorming insulation and the fact.that each core was checked electrically
during assembly.

The bushings for making electrical connections through the tank wall
are approximately 90% fabricated. These then must be made into assemblies
using 8 ohm oil-filled coaxial cable. The prototype bushings were tested in
a pressurized Freon 12 atmosphere. One assembly was tested 475 hours
without failure. - The next assembly failed and revealed a very dangerous
- situation.  With any amount of oxygen present during an electrical break-
~down, it is possible to chemically form toxic gases, such as phosgene,
chlorine, carbon monoxide, and--because of the telfon present--fluorine.

A method for controlling this danger was worked out with Hazards Control.
The method consists of a detection device and a sampling program. Also,
whenever the system is opened the gas is.to be dumped safely to.the atmos-
phere.. Another precaution is to install desiccant filters in the system to
remove moisture and acids.
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_Pulse Formlng Network Switch Installatwn

E1ghteen sw1tch chass1s were delivered, aligned and. J1gged as spec-
ified, .and assembled in the jig-aligned racks. It seems reasonable to say
that, with minor adjustments, 100% interchangeability is poss1b1e

. Inductlon Accele rator

A second revised eight-core assembly was built and tested. The pre-

- vious problems of voltage holding and corona have been overcome, and orders
have been placed for the mechanical parts, including insulation required for
the total of eight 48-core accelerator units. Parts for two such units are to
be dehvered by January 30, 1962 and the balance by March 30, 1962.

The ceramic column modules required for six accelerator units are
onvhand - The.ten modules needed for the remaining two units are on order
and delivery is expected by March 30, 1962. The blowers and air ducts for
cooling the accelerator units are being designed, and should be delivered by
‘the end of February 1962.

Beam-Tube Transition- Section

Tests on a stralght and curved four- stage differentially pumped pres-
sure-transition section have been completed. - ENA-125, Nov. 8, 1961, has
been issued covering these tests. Enough data have been obtained to let us
predict the performance of Various sizes and types of orifice with confidence.

Two mechanical booster (Roots Blower) pumps have been received and
_installed as part of a six-stage. transition section. A preliminary test on
this section showed 220 p final pressure with 250 mm inlet pressure, and
700 p final pressure for 750 mm inlet with 0.75X 1.5-cm oblong orifices.

- Since aluminum oxide foils are now being made that hold several millimeters
of mercury pressure, the.transition required for the beam research facility
can be obtained with the existing equipment. Design of the Beam Research
Facility (Beam Tube) is to be completed by the middle of January, and the
facility be assembled by the middle of April 1962.

Bumpy Torus
J. Ralph Ullman and Eugene T. Bradley

‘General design for the multimirror torus geometry has been completed
and specific design work is in progress on the various components. The
Electron Gun assembly (UCRL- Dwg. No. L15C5735) was released for
fabrication on.October 12, 1961 and is due to be delivered the week of
December 22, 1961.. The design is complete for the injector section of the
torus and. should be released for fabrication early in January 1962.

The North P1t of Bldg 157-has been allocated to this experiment. - The
generation of 150-kv x rays necessitates the .installation of a shielding wall
to protect operating personnel, and lead shielding on the roof of the area to
protect the rest of the building. These and other alterations necessary have
been requested of the Plant Engineering Department with a completion date
of February 15, 1962 for the major altérations.
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Present planning is that the segments of the Torus will be fabricated
.outside and the coils wound by the Sherwood Coil Shop. After preliminary
leak checking the segments will be welded together in the final assembly by
LRL personnel. A welding fixture is being designed to facilitate.this final
assembly. It is expected that this method of assembly will reduce the a--
mount of rework usually encountered when vacuum testing is not done as the
assembly progresses. ; ;

Component Development

Thomas H. Batzer, Jarnes F. Ryan,,, and Arthur R. Harvey

The first of a new set of _pul-se coils for the Table Top expemment has
been fabricated and tested.- The specifications for this coil are 10-kv, 9 in.
- i.d., 20-in. o.d., and 6 in. long. It is to be operated at liquid nitrogen
temperature. - The coil has successfully undergone 50 pulses at 10 kv while
- being water-cooled.and 5 pulses at 10 kv while cooled with liquid nitrogen.

- On the basis of these tests, the other five coils will be fabricated.

- Because of size and other considerations it may be necessary to devel-
op other nonconducting or nonmetallic materials for vacuum vessels to sub-
- stitute for glass.. Two approaches are currently undergoing evaluation.- The
.first was to evaluate the vacuum characteristics of large porcelain stone-
- ware cylinders. - Two cylinders were ordered, one 3 .ft in diameter and 3 ft
- long, and.one 4 ft in diameter and 4 ft long. The 3-ft crock was installed on
a vacuum pumping system having a valved-off base pressure of 1X 107 mm
Hg and a speed of 70 liters per second. The base pressure on the crock
after 3.or 4 days of pumping was 1.2%x10-% torr. Bagging separate 6-in. -
- square areas on the outside. surface of the crock indicated relatively uniform
permeability to helium. . Calibration of this leak rate indicated a flow of
~helium through the walls at the rate of 1x 10~ -8 torr- liters/sec- cm?. . From
these tests it was concluded that the porcelain crocks were not suitable for:
vacuum vessels. : : ~ :

. The next vessel to be evaluated on th1s same pumpmg system was a
fiber- glass reinforced epoxy cylinder 30 in. long and 24 in. i.d. Previous
experience with hand-layup cyl1nders of this type shows that they are also
permeable to helium. Assuming that the leakage was along the unwetted
fibers of glass, a scheme to cast a very thin epoxy liner on the inside of this
cylinder was devised. . The cyhnder was placed in lathe end plates and a
measured amount of epoxy, to give a 1/16 -in. -thick liner, was poured in;
the cylinder was spun and semicured in place, giving a very smooth glassy
~internal surface . This was then finally cured in the furnace

- The vacuum closure was made by us1ng two l -in. alum1num plates w1th
- Viton A O-ring seals. A .vacuum outlet on the bottom plate which bolted onto
the 4-in.. gate valve,. Wthh was in turn bolted to the 70-liter/sec vacuum
pumping system.  The top aluminum plate contained hardware to evaporate
-a molybdenum filament inside.the glass vessel.
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The following table gives-the restilts of the tests made on this epoxy
cylinder. e

o . Pressure® : Outgassing rateb Ly
Condi’cion (Torr) ‘ (mm- hters/sec:1 cm®)
2 Before bak1ng v. o 5 X 1‘0:.6,.4_ _ L9 X 10
After baking at 185°C 3.5%10°7. - 51x10°10:
After evaporating == .. 99X 1_07-9 < o o 3.5 X 10-12 N

“molybdenum -

(a) 'I"he.base? preésui‘e ofathe:"is.olated' diffusion pump and baffle was
2%X10™°,

(b) From rate of pressure rise, isolation valve closed.

(c) Ma1nta1ned 1. OxlO 8 pressure for 3 hr w1thout further evaporatlon
of molybdenum.

The final test in the evaluation of the Monsanto Fluid OS-124 in the
CVC 720 diffusion pump indicated massive cracking of the pump fluid. There
is reason to believe that the aluminum oxide present on the aluminum Jets
may be responsible for catalytic cracking. A new jet assembly has been
machined from mild steel and further tests w111 be made on the polyphenol
ethers. : o .

3. ELECTRICAL ENGINEERING DEVELOPMENT

LI

' Critical-Path Method
Vernon L. Smith

The design-and construction’of the Astron accelerator have been care-
fully reviewed from a scheduling viewpoint. . The relatively new techniques
- of project’ planning termed Cr1f1ca1 Path Method have been applied. An
arrow diagram has been. eévolved which represents the 1nterre1at10n of all
the .jobs requ1red to- complete the accelerator. ' : :

. The adva‘ntage of this diagram is in showing project members how their
‘work relates to others' and to point' out areas where rescheduhng w111 S1g-
n1f1cant1y advance the cornpletmn date

: Computer programs have been evolved to analyze the diagram and
present data on the longest path (critical path) through the "'maze" and
develop time relations of all other jobs with respect to the critical path.

. The data from our first computer run will be a‘vailab“le early in
January 1962. -
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Astron--Systerns Engineering
~Clelland D: Nail

Electron Accelerator

- Construction Phase

During the past 6 months the Astron _Accelerat.d’r has definitely e'nfered
.the construction phase. - Major components are arriving and most of the -
design philosopy has been established.

This does not mean.that design and engineering research is complete,
for many details of construction are still uncertain.- It should be obvious °
. that construction on such a basis may require considerable revision. Calcu-
lated risks are necessary, however, .in order to-approach the completlon
schedule that has been established. :

System Design Decisions

A few of the various major dec1s1ons that have shaped the de31gn of the
system are summarized below.

Design Parameters

The accelerator is des1gned for a 4-Mev output at 200 amp This
will requ1re constructlon of the gun and six accelerator sect1ons

“The 45 cores in the gun will each requ1re three core-exciting -
pulsers. - The 288 cores (total) of the six accelerating sections will each
require one pulser for excitation.

The core-exciting pulsers will be of the line-modulator type using
the 5949A hydrogen thyratron as the switch. The switch chassis will be
modular, with plug-in features and interchangeability. :

The pulse-forming '"'lines' will consist of seven parallel lengths
of RG- 218/U coaxial cable cut for a nominal pulse length of 0.4 usec.- These
pulse-forming lines (PFN' s) will be charged to a nominal 32 kv at the com-
-mand of a signal occurring about 3 msec before beam time.  Pulse-repetition
rate will be Vadjustable between 0 and 60 pulses per second. ;

The output of each pulser will be. shaped or compensated by a net-
- work. mounted in the same rack with the switch chassis. The compensated
pulse outputs will be connected by.six paraliel RG- 213/U coaxial lines to
the cores.

The magnetlc cores w111 be reset to negatlve saturatlon after each
beam pulse by a 50-amp pulsed reset current.. This will be applied to the
regular exciting winding after the beam pulse, but before recharging the
pulse-forming cables (Sequential Reset).
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: Present Status of the Above Des1gn _

Sw1tch Chas s1s

Frankhn Eng1neer1ng Company of Palo Alto, Cal1forn1a has begun
construction of 518 switch chassis for the accelerator. Eighteen have been
.delivered and are being evaluated.  Minor changes will be incorporated in.the
rest. Completlon of this contract is expected by the end of March 1962.

: The PFN Cables and Structure

, Steel work for supporting reels contammg the PFN cables is
complete This consists of two elevated decks over the area containing the
. racks for the pulser switch chassis and compensators.

: The first 40% of the PFN cables is in place in the structure, with
the cable. descending through openings in the decks to the rear of the racks
below. Most of the cable reels are completed Approximately 1700 reels
are on hand; about 175 are held up waiting delivery of additional cable.

- Racks and Hardware

‘All the racks for switch chassis and pulse shapers are .in place
and sliders are being installed and. jigs adjuSted .These racks must be very
_ carefully al1gned and braced so that the chassis w1ll be interchangeable.

< Charglng Power Supplles and Assoc1ated Equ1pment

. Carad Corporatlon (Palo Alto) has completed the f1rst of four
125-kva charglng power supplies for the machine. Final checkout at the
vendor' s plant is in progress, pr1or to delivery. :

‘Space in Building 156 has been cleared for the power supplies.
. Overhead. conduit for the high- voltage lines and. control cables is about 90%
complete.

: Voltage d1str1but1on and sw1tch1ng cubicles are designed and. a
prototype is being constructed.  One such unit will be associated with each
8-core pulser.  Contracts for _construct;on of these 53 units will be let after
evaluation of the prototype. . -

. Pulse Shaper“

The pulse-shaping network (frequently referred to as the compen-
sator) has been redesigned.. Commercial variable inductors and fixed capaci-

- - tors have been assembled w1thout .use of oil or dibutyl sebacate

The resulting chassis is much lighter and has nothing to spill or
“burn. - It is similar in size to the switch chassis (8 3/4-in. panel) and will be
mounted on slide hardware below each switch unit. A special tee connects
‘the cables from the- switch chassis to the compensator and to the load.
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Presently available pulse capac1tors for these networks. have a
large temperature coefficient. Heating in the capacitors from losses will
_vary with pulse repetition rate.. This, with marked temperature. ‘dependence,.
. will make readjustment of the pulse shaper necessary after each s1gn1f1cant

change in repet1t1on rate - ,

Inqu1r1es have been c1rcu1ated in.an attempt ‘to obtain capamtors

. of reduced temperature dependence.- Numerous- responses have been received
and samples have been ordered for evaluation.  None is in full accord with
both mechanical and electrical requirements. - . o -

Components, ‘including-the.ternperature-de_pendent capacitors, are
ordered. Lo . N , | :

, The delivery schedule for inductors is long; and it is doubtful that
pulse-shaper chassis can be made available until after the gun is ready for
test. - Fortunately much of the initial'debugging in the gun.can be done with-
out compensation. The earhest dehvery est1mates for better capac1tors is
. April or May 1962." ‘ - ;

- Core Reset Pulser

' The research group has completed the preliminary design of a
solid-state reset pulser that delivers 50 amp to each of eight cores. - The
pulse duration has been set at about 100 psec. This is short enough to mini-
" mize heating in the isolation choke. The first of these pulsers is being life-
tested before final construction is ordered. The system will require 42
chassis of this type (plus spares) A productlon prototype should be ready
by February ! and a fabrication contract awarded by about March 1, 1962.

System-Timing Generator |

Digital time-delay generators have been ordered (Hewlett Packard
~Model 218A) for timing the various parts of the accelerator. :

The Research Group is designing input and output equipment to be
used with the delays.  The beam-initiating pulse must be line-synchronized
_to minirnize magnetic fields at the cathode due to heater current. Gating
and scaling circuitsiwill be used to secure line synchronization-at repetition
rates below 60 pps. Output equipment is required, since.the digital delays
are not capable of . triggering large numbers of cha551s (for example, ‘the
42-core reset pulsers).

. . Construction of the 1nput ‘and- output equipment will probably be
done in‘local-fabrication shops, since no large quantities are required. - De-
livery promises on delays-and other items indicate the timing system can be
completed by about March 1, 1962.

Centrols, and Interlocks: -

‘ : Necessary but less intriguing bits of the system include controls
_and safety interlocks. The thyratron switch chassis are the most numerous
items requiring control. A double rack containing eight switch chassis will
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. be turned.on by a group control panel located in each rack. ‘Detailed draw-
ings are be1ng prepared. for prototype construction. After test, a contract’
~ for 50 to 60 such panels can be placed, probably about March 15 19_62.

- Several groups will be controlled by a division control located
‘at the rémote-control console.- The details of these controls and tentative
layouts. have been worked out.  Construction will proceed from prototype to
contract as with other parts of the systemm. Completion is estimated for
. some time in late March or April.- The prototype division control will be .
-used earlier for the gun section.. C

_Other controls for the remote operation of charging supplies, re-
“set pulsers, timing generator, cathode heater, vacuum pumps; and cooling

blowers will be constructed by local shops as required.

Areas of Contiuuing Research

As mentloned at the beginnirig, there are unsolved problems remaining.
- Certainly systern re11ab111ty must be included in this catagory : Large num -
bers of identical circuits- operatlng simultaneously require very long in-
dividual life expectancies. This has been impossible to measure accurately
on a few samples, although a. great deal of the engineering effort has been

- used for this purpose :

- Based on these very: 11m1ted statistics, it is probable that the overall
operation of the accelerator will be moderately successful at low repetition
. rates. . However, better components may be necessary to attain reliable
operation at high repetition rates. :

A method for monitoring the output of each of the pulsers is necessary.

: .Equlpment of this sort has been worked on by the computer group in Bldg.

170 and a small model has been built. - It will detect pulsers producing low:

or poorly timed pulses and indicate thls on a central light panel so that the
operator may shut down or. adjust faulty equipment. . Without such information
it will be very difficult to determine which of nearly 500 circuits have de-
preclated or are 1noperat1ve ‘

The monltorlng system is partlally de51gned and w111 be added after
: the accelerator is constructed

- The Astron Facility.

Progress has been made on the design and construction of. the Astron
-facility. This:includes the equipment, apart from the accelerator, for
trapping the E layer: and conta1n1ng the plasma.

. Main Field Power Supplies

Specificatidons_ have been prepared and bids will be secured in January
for approximately 100 dc power supplies. - They are needed for the magnetic
.. field structure of the main reaction tank..
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These power supplles will be located on the deck over the north pit in
Building 157 to minimize lead length (and line drop) at currents ranging up

to 1100 amp. A. total power demand for the group of power supphes will be
about 1.6 megawatts

_ Plant Facilities is preparlng the necessary structure to support the ‘
power supplies on the decked area and to provide the utility power.

- Magnet Leads -

Coaxial magnet leads with water cooling are to be used for the inner
coils. - Samples of spirally supported coaxial transmission line have been
purchased. Flow measurements are being made to test the effectiveness of
cooling before. the final design is contracted.. '

- Deceleration Resistors

Special resistive elements for decreasing. the axial motion of the
trapped electrons have been designed by Mechanical Eng1neer1ng Six have
been ordered for evaluation, and quotatlons for the entire quantity (825)
have been requested :

Resea.rch‘i and Development Engineering :
K. Aaland

.Astroh

Magnetic Modulators to Power Astron Cores

_ A magnet1c modulator w1th a nonhnear 1urnped constant PFN with
.compensat1ng propert1es was.designed.to power a 50% Ni-Fe 1/2-in. core,
8 in. i.d. X 24'in.. 0.d. Pulse properties were essent1a11y the same as
. those obtained. with. the thyratron line modulator using a compensator.. The
effects of temperature rise at 60 -pps. repet1t10n rates were not studied.

- Magnetic Modulators for Triggering 500 Thyratrons Simultaneously

Two small-scale (2%) units were constructed for demonstration pur-
poses. One was designed to have. a 10% ramp ahead of the main pulse. - This
was to determine the effects, if any, on the thyratrons. Suppression by
- means of thyrite was demonstrated. The other unit had a rectangular output
. with about 0. 03 psec rise and a 0. 5 Husec width.

' A 1500-v01t O,l—ohm ‘model was made. This was successfully expanded
to two stages and driven from a single ignitron.  No. jitter in-the nsec range
-was detectable between channels.

Another unit, rated 10 kv into 1.4 ohm, is under test and development.
A peak power output of 100 Mw has been obtained.. Temperature stabilization
of the switching core has been given special attention. A regulated charging
voltage is required. This power supply is finished and working and deserves
a special description.
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. 24-kv 5-kw Charging Supply

This new design of a resonant charging supply does not require a
‘trigger, but can be gated, yet always delivers a.regulated voltage, single
. pulse’to 400 pps. - The series tube, or hold-off diode, also works as a
de-Q-er. The shunt coupling tube also acts as a shunt regulator - These
are the onlytwo tubes, and the balance of the circuitry is solid state
(trans1stors) : v

D1g1ta1 T1m1ng System

Work proceeded on the hardware only. - New plug in chassis hardware
-was. designed.that utilizes printed circuit cards, connectors, front panel and
- shielding. - For technical discussion of the timing system, see. the quarter-
year report for Apr11 - June, 1961. -

B eam Flipper

This flipping can best be done by a magnetic deflection scheme, since .
~only a few hundred.gauss is required.. An ON-OFF system is suggested.'

: All bending’ magnets are identical and will be machined out of high-
frequency ferrite. The requirements can be satisfied by the Astron core
pulsers w1th the type 5949A thyratron

: Beam Gater

"+ The approach is not yet settled on the 100-kv, 2 - 3,000 amp beam
gater. The new Litton switch tube appears best. - An evaluation program is

needed.

Core Reset Pulser, Astron Accelerator

A hard-tube 1-Mw block1ng oscillator was originally developed for this
. purpose; however, it underwent voltage breakdown several times in. the out-
put transformer. A solid-state type was developed with silicon-controlled
rectifiers (SCR). - One 7-inch chassis has nine 50-amp outputs and is com-
pletely self-contained. No failures have occurred in more than one month of
operations. A prototype for outside fabrication is being made.

Switch Development

‘David B: Cummings

. Mechanical Switching

The fast mechanical crowbar relief switch has been modified to im-
prove alignment. - ‘The .testing and timing are finished. - There has been no
further activity on this project because of postponement of the requirement.
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Ignitron Development

Tube Tests .

The WX 4564 is. a radical short low-inductance stackable tube designed
for arc.stabilization. Seven have been ordered and received, of which one.
had a molybdenum anode. .One had. a slow leak.and.is being replaced.- With

-a low-inductance capacitor discharge circuit, this tube showed slower (0.5
to 1.5 psec at 20°C) but reliable ignition with.a 3-kv ignitor pulse. It also
showed an inductance of 30X10~? henrys as against 39X 1077 for the WX 4681
(below) in the same circuit. - The remaining tests will be to look for arc

- stabilization on a major capacitor bank. . '

- The Westinghouse WX 4681.and the General Electric GZ 7207 are i- °
dentical 5-inch switching ignitrons built to' LRL Specification L-1500. - They
have the standard 5555 outline and fittings, three rectifier ignitors, and no
internal baffles. Both manufacturers failed to meet the 2200°C<temperature
specified for vacuum-baking the graphite anode prior to assembly. - Westing-

~house reached a conservative 2130°C and General Electric took their tubes
back.to improve the 2050°C maximum that they reached.. Both tubes high-
pot 5 to 10 kv better than the 5555. The WX 4681 has also held 20 kv con-
sistently on a mild test performed by David R. Branum.

Two 2-inch ignitrons have been ordered for fabrication and testing by
. Westinghouse. These will be molybdenum-anode tubes with experimental
-ignitors designed to function when wetted. The WX 4838 will have a glass-
tungsten dielectric ignitor. The WX 4839 will have a silicon carbide ignitor
with the contact up into the center. These are the outgrowth of earlier work
done here on.nonwetting ignitors. :

- New Commercial Products

Westinghouse has recently registered three switching ignitron.types
~.which are essentially the most successful designs built for us by Westinghouse
in the ignitron development program.. Most of the innovations they embody
were conceived here and incorporated into experimental designs .in technical
conferences with Westinghouse engineers. )

The WL 7171 is an unpotted WX 3977, which was our first attempt at
2300°C anode vacuum baking. General Electric had already registered their
GL 7171, which was an unpotted Z 5296 developed by them for LRL.

The WL 7740 is a WX 4233 whic]r’l-.mh-ad a .1/4-in., radius in the throat and
a vacuum-melted molybdenum anode.

The WL 7703 is a simplified version of the GL 7703 developed by
- General Electric under a development contract from LASIL. The simplified

glass seal was first built in the WX 4388.

’ In ‘addition to these types ,they'aré registering the WX 4231, which has
a 1/4-in. radius in the throat and has been used.extensively here.
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Technical Conferences

A meeting was held with -General Electric tube engineers on the prob-
lem of improving their ovens to meet LRL Spec1f1cat1on 1.-1500 for the
Gz 7207

a Pinch-and-C‘ollapse, Program :
HughVW-. Van Ness

; Garnma Bank Area

Successful operation of most of the electronics equipment involved in
_“the Levitron experiment has been. obtained. However, internal insulation
damage in the: exper1menta1 device has necessitated shutdown for repairs.

- During ‘this shutdown, tests are being run on the capacitor bank in order to
- détérmine the source of numerous small problems and to upgrade the bank
in general '

‘The or1g1na1 450-kc rf 1nduct10n heating equipment was modified to
operate at 10-kc.  Successful liner-heating to 500°C was obtained with the
modified equipment.- In addition, a 30-kw 10-kc motor generator system
has been'purchased and installed for future induction heating requirements.

The 1.5-farad electrolytic bank has been repaired. A great number. of

. capacitors were found to have excessive leakage current which did not im-~
prove with charging. These have been replaced and a maintenance schedule
‘has been instituted of weekly charging the bank to full voltage for approxi-

Amately 15 min. - This treatment helps to maintain the capacitors in good
cond1t1on, evén though their pulse service is infrequent.

- Energy Storage System Investigation'

The repaired-unipolar g'enerator was tested running as a motor and
found to be in excellent condition. Machine balance at all speeds up to
. 10,000 rpm was very good and required no rebalancing.  The starting torque
required to overcome bearing friction has been reduced from its original
“valué because of better centering of the rotor.

- The load and megampere switch were assembled tested, and installed |

v1n the plt W1th the mach1ne
 Because of other program commitments, no further effort has been

expended in.testing of this system since the end of September.- When the
manpower situation eases sufficiently, this program will be reactivated.

Pjrrotro,n Program

cf"yogenié’s' Coil Experiment

‘ All bus installation has been completed The battery supply and cur-
_ rent meterlng have been operated successfully into a dummy load. About
one-half the control valve cabling remains to be completed. The diagnostic
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system design is complete, with equipment being fabr1cated - Installation
of the diagnostic system will complete the 5ystem ' - :

- Ahce

Load testing of the Alice modular coil sections has been completed.
Out of ten modular sections charged to 3,000 amp or more, only one failed
by shorting.  This section was subsequently repaired and successfully tested.
These coil sections have now been assembled to form the Alice Mirror field
coil pair, mounted on their support cradle trucks, and are now awaiting in-
stallation with the confinement chamber vacuum system.

These preliminary coil tests have shown that the rise in coil temper-
ature rise and, hence, rise in coil re51stance durlng the long current charg-
ing t1me is greater than was anticipated... .The.results of a dummy load test
run on one of the ex1st1ng 300-kw selenium- rect1f1er Perkins power supplies
showed that the present dc. supply system would not be capable .of supplying.
6,000 amp at the required voltage of 750 volts. A load test was run on a
300-kw Perkins supply in Berkeley which had been converted to silicon diode
rectifiers. ,The results of this test showed that this type of supply could fur-
nish the requlred output in the Ahce dc. supply system.. In addltlon, the kva
demand would be less for the converted- supphes at. all load condltlons - Sil-
icon diode conversmn k1ts have been. ordered for the five Alice. Perklns
supplies. -

Alice Ion Source Development'“ '7

Operat1on of the ion source is cont1nu1ng to maximize the beam current.
A neutral ion. beam current of 40 to 60 ma has been produced down the full
length of the Alice beam tube to the extreme end of the: beam burial chamber.

The ion-source high-voltage equ1pment cage installation has been re-
-worked to minimize the electrical noise produced when.the source arcs down.
This is still a problem and Afurther modifications.are. 1n progress,

A 30- kv 1- amp regulated accelerator supply has been successfully
used with the 1on Source, : although 1t is vulnerable to arc-down transients.
The solrce can now be conveniently switched to run with the above-mentioned
supply or with a 40-kv 2-amp Kenotron type supply unregulated or through
the hard-tube series regulator., : : h

Owing to faulty components and electrical noise problems, considerable
difficulty has been experienced in gett1ng the J. C. Carter Rotating-Coil
_Fluxmeter to perform properly in the ion- source ‘magnetic-field regulator
system. Work on. this is .continuing, >

- Alice P-3 Ion Source (Occluded-Gas- Ion Source Development)

Initial experiments on this equipment were concluded in August. - The
experiment was originally built in the Alice machine area, using part of the
Alice machine vacuum and electrical systems.  This experiment has now
been relocated and rebuilt in an area where operations can continue independent
of the Alice machine proper. Three 200-kw Bart-Messing dc supplies have
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- been installed in the East extension of Bldg. 156 .to supply the power for the
field coils .on this setup. A new efficient hv supply has been built:to charge
‘the PFN used with this ion source. A 1200-volt 60-amp pulser has been .
. built and successfully used with diagnostic equipment in this experiment.

- Alice DDT (D1agnost1cs Development and Test)

The initial constructlon of thlS exper1menta1 complex is es sentlally

- complete.  The Duo-Plasmatron ion source purchased from High Voltage

- Engineering has been operating. satlsfactonly The need for well-regulated .
high-voltage accelerator and lens supplies. is evident. Borrowed unregulated
supphes are presently bemg used.

: H1gh Vacuum Research

Development work._was. very ably done during the summer by Mr. -

- Kenneth Hatch (summer graduate engineer employee) on ion gauge emission
. regulator circuits.: The transistorized, dc filament power, emission reg-
ulator for the Westinghouse Schultz high-pressure ion-gauge tube was im-
proved (LE 5110-1C). The above circuit was also adapted to the Veeco
RG-75 ionization gauge tube. (LE 8310-1). A versatile Veeco ion gauge
chassis was also designed (LE 8309- 1) : A

Pyrotron

_.David R.. Branum
Table Top

Durlng the past six. months, the exper1ment has been operated for a -
total of 13,792 pulses - The average. level for bank No. 1 has been £ 10 kv. -

July and August were spent in getting the bank to f1re and crowbar
reliably into a high-inductance load coil. Several of the pulse load coils
failed during this test period. ‘The main bank, bank No. 1, was made more
reliable by removing all but two of the series "firing" ignitrons.

From September on, the bank has been operating satisfactorily.

The:capacitors for the added energy to the gate bank, bank No. .2, and
bank No.. 3 have been received. and are stored awaltlng the dec1s1on to bu11d
the two new bank sect1ons :

: Varlous small capac1tor banks were constructed for the side experi-
ments in this area.

The old Geneva exh1b1t bank is being installed in the Table Top area.
The output pulser was modified for.the new improved type - A ignitrons,
Type 4231.:.The old exhibit bank was discharged by conventional type A
5550, 1gn1trons that were not reliable above .10 kv.

~An old'dual Lee-type 60-volt 200-amp dc supply has been installed for
one getter system, and-a higher-output model is under design for another
getter system on.the main experiment.
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Various types of photomultiplier .bases have been.designed and built
for the experiment. Some are fast bases and some are bases ‘that w111 ac--
cept fast s1gnals that last 100 msec or longer e

Toy Top III

The experiment has been pulsed for 16, 314 pulses at the run levels of -
the f1ve energy storage banks S

There have ,be'en a few. capacitor explosions.in bank No. 3; this bank
uses the old 7.5-uf General Electric capacitors.

There have been several machine modifications that required new.
potted-type transmission.lines from the bank main transmission line termi-
nals to the coil load. For this use we now have gone to 1/4X4-in. solid
copper potted bus transmlssmn l1nes Ce

The source. bank contlnued to destroy the General Electric 7. 5 pf
20-kv capacitors.. - Two new types.of 7.5-puf 20-kv capacitors were ordered
and installed in the source bank for an operating test. Now installed are
units from Cornell-Dubilier.and Sangamé. These units have been operating
satisfactorily for more than 2 months. S a : :

Six Cornell-Dubilier 7.5-pf units were installed on bank No. 1. A new.
mounting arrangement .is under design to try to increase the operating level
of bank No. 1l from %14 kv to 17 kv, and later on, when the moly-anode
. type A ignitrons are received, to a maximum run level of £20 kv.

Two new delay generator types were designed and constructed for use
on the experiment. The first.type uses. commercial lumped-constant push-
button delays with input and output drivers installed. Ten channels are now
in use on the experiment. This delay is a dual-channel 0- to 50-usec delay
generator and has proven.very reliable. The:second type'is a 3-usec to
l-msec phanastron dual-delay generator Three models now in use on the
. experiment have proven reliable and accurate delay generators

A third type of delay generator w1th a range from 3 Hsec. to 1 second is
now under design.- : . T : :

. The energy storage banks and associated control systems for the 2X
Toy Top experiment in Bldg..180 are now u éier engineering design.- These:
.designs include a new control room, 1.5X 10" joules of new %20 kv capac1tor
banks, and 100,000 joules of new fast banks. - The control Wogk design in-
cludes controls for the.above banks plus controls for 1.3x10° joules of
capacitor bank now in use in Bldg. 157 and 5X10° joules of capacitor bank
‘now partially installed in Bldg 156 (the old Squash Court bank).

-Two add1t10nal Kenotron type 25- kv 4- amp ke charging suppl1es will be
installed in Bldg. 156 to charge the added .energy storage banks to be used in
. 2X Toy Top. T T S -

= . -A special capacitor charging:- supply was designed.and built that will
: charge fifty 7.5-pf capacitors to 10 kv in 10 seconds every 15 seconds This
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power .suppiy will be used in the source bank of 2X Toy Top. A second
- supply is now-under construction for the source trigger bank of 2X Toy Top.
Both these supplies are small portable units. :

P-4

The small amount of electronics engineering support needed for this
experiment has been for a few diagnostic-type circuits. - The main electrical
. electronic complex has been functioning normally.

High-Vacuum Lab

There has been a moderate amount of engineering effort expended in
this area. - The main portion of the work has been the development of an ion
~gauge power supply for the special nude gauge in use in this area.. The model
. from the University of Illinois was found unsatisfactory and could not be
modified to fit the gauge used. A new model is now under design.

- Atomic and Molecular Physics

The electronics engineering effort for the past 6 months has been
applied to design and construction of diagnostic tools for the experimental
physicists. These design circuits included such units as six-channel dc
~amplifiers, pulse adders for ion detector, and reference signal gate delays.

Diagnostic. Development
Charles B. Wharton, Joseph Katz, and Ronald Hawke

Astron Electron Beam Experiment

General

The vacuum system of the small discharge experiment has been im-
proved, so that consistent, reproducible pressures of air, hydrogen, and
helium can be maintained. A sketch of the vessel is shown in Fig. VI-3.

- The reflectionless compound indicated was concocted from Sauereisen
.ceramic. cement, powdered iron, Aquadag, and carborundum powder. The
- reflections .from a 0.5- to 1.0-mm-thick coating, on either glass or metal,
of 70--and. 90-G¢s waves are less than 10% (compared with bare aluminum)
at any angle.  The vapor pressure is low, and after an overnight 100°C
bakeout its presence in a 107°-mm vacuum chamber is not noticeable. - The
surface.is refractory and hard, and does not deteriorate under plasma bom-
bardment. Only one very faint spectral line of iron (5014 A) and one of
carbon (4267 A) were identifiable when hydrogen was used as. a filling gas.
Aside from lines associated with the filling gas the spectrum was relatively
clean.  The nonreflective (microwave) coating was felt to be necessary after
plots of the microwave fields inside the chamber showed some evidence of
diffraction effects. These plots were made with a small probe carried by an-
x-y motion table. . The presence of the coating and a careful alignment of the
rad1at1ng horns eliminated v1rtua11y all stray interferences due to scattering
of the microwaves.
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Optical Spectroscopy

Spectroscopic observations have been made with a Bausch and Lomb -
monochrometer-and-multiplier phototube. To date only relative intensities,
as a function of time, of the various ion and excitation lines have been made.
No absolute intensity calibration was done; the value of making absolute in-
ten51ty measurements in this experiment is dubious, since the plasma prob-
ably is not in thermal equilibrium.

With air we observed a hopeless-multitude of lines. Some ionized
‘states of oxygen were present early in time, indicating qualitatively that the
electron temperature is at least a few ev.

- - With hydrogen as a filling gas we observed strong Balmer lines out
to Hg (4102 A), and faint molecular lines, such as 5812 A, 4634 A, and
4461 A. The molecular lines had disappeared within 20 pusec, but the ion
lines (Balmer) persisted 70 or 80 psec, indicating that the H, was rapidly
dissociated (requiring at least 10 ev electrons) and that the electron tem-
perature remained high long enough that the ion recombination was not ex-
cessively fast, as shown in Fig. VI-4A. The ionization had a tendency to
- be delayed in nearly all cases, but after 5 psec built up at a fast rate; to a
‘peak at 10 psec. . The impressed voltage and the plasma current are falling
‘during that time and are very low by.10 usec. Apparently the current early
in time is being carried by relatively few high-veloc1tly carr1ers (25 ka could
be carried by a density of 2-kev electrons of about 10 /cm s correspondlng
‘to about 0.01% ionization) flowing through a weak, charge-neutralizing back-
ground, much like runaways. As the voltage across the tube and the cur-
rent fall, the electrons begin coupling to the plasma, and rapid.ionization
occurs. The microwave observations, discussed below, bear out this con-
jecture.

With helium as a filling gas the delay of the He II lines was even more
pronounced, the intensities actually falling and then rising again as shown in
Fig. VI-4B. This behavior is probably due to the population of metastable
states (during the fall) which later become ionized (giving the second in-
crease). - The electron temperatures deduced from the intensity ratios out
to 10 psec or so are thus suspect, since the metastable transitions cannot
be accounted for in relating populations to intensities.- The He II populations
are probably underestimated by the 4686-A line intensity and the electron
temperatures indicated in Fig. VI-5 are too low. It may bé possible to
quench the metastables by adding a small impurity of argon, Wthh leads to
a reactlon

He™® 4 A > He+ AT + &7
having a very large probability. - We plan to try this.

- Microwave Diagnostics

Extensive microwave transmission observations were made, under a
wide variety of conditions, until we felt that we understood how the plasma
density, spatial distribution, decay rates, collision rates, etc. scale with
bank voltage and filling-gas pressure. Measurements were made at 35, 70,
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F1g IV-4, Spectnoscopm dlagnostlcs of the transmnt dlscharge
' _(1eft) Hydrogen spectral line intensities.
Top traces: 4634- A HZ (short duratlon),
. 4861-A Hj .(long durat1on) '

' (4861 1ntens1ty is attenuated 5.times). g
Bottom trace: d1scharge current, 15 ka/cm '

‘Time: 10 psec/cm. Pressure: 150 [T '
(right) Helium spectral line 1ntens1t1es

Top picture: 4686-A He II. s

Bottom: 5015-A He I. =

Multiple exposures at different bank voltages;

top to bottom. 4.5 kv, 5 kv, 6 kv, 7 kv, 9 kv.
Current trace at bottom of each p1cture 15,000 amp/cm.
Time: 10 psec/cm. ;
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.and. 90 Gces, allowing central densities between 101.1 and 1014_/crr_13 to be
inferred as a function of time. At low bank voltages (4 to 6 kv) the profile
seemed roughly a cosine or J, Bessel shape. At higher bank voltages (8 to
10 kv) it seemed more peaked, .like a cosine-squared or Gaussian distribution.
The current densities are hardly sufficient.-to cause self-pinching

, (<.103-amp/cm2); the change in shape must have more to do with plasma

- temperature (for example, radial variations in me tastable densities) or the

formation of cathode spots (although none were visible to the eye).  Typical

microwave interferometer fringes are shown in Fig. VI-6. The plasma
density is very high after a microsecond or so, cutting off the transmission
of both signals.  (For'these simultaneous measurements a microwave horn
was installed in place of the optical window.) The 91-Gcs signal returns.

(in Fig. VI-6A) at about 50 psec, corresponding to a central density of

approx 10! /cm?; the 70-Ges signal returns a little later, corresponding

to 6 X 1013/cm .- By counting fringes (one fringe denotes a phase change of
27) and measuring the envolope amplitude one obtains the complex trans-

mission coefficient as a function of time, which is related to the central

density and the profile by well-known methods.. By extending the curves of
density in the top frame of Fig. VI-5 to_early times, one might guess that

the maximum density reaches 1015/cm .- Original plans were to install

equipment operating at 120 Ges (cutoff density of 2X 1014/cm-3), and some:

of the components have been developed or acquired, but the technical difficul-

ties seem to outweighithe gain in information at the moment.

- Early attempts to measure the electron temperature by microwave
radiometry were disappointing.  No obviously "thermal' radiation could be
seen at the time the plasma was '"black' (i.e., just coming out of cutoff),
and annoying spikes of high-intensity radiation were observed just at the end
-of the current pulse. After the 70-Gcs receiver had been improved some-
what and the attenuation in the waveguide had been decreased, the thermal
- signal showed up occasionally (see Fig. VI-6B) and, by estimating and meas-
uring several quantities, we arrived at a calibration relating amplitude to
electron temperature. The early signal is still somewhat puzzling, since
at times its amplitude is so large as.to correspond to 15 kev "noise tem-
perature.' From this one concludes.that it is nonthermal radiation and
probably is associated with an instability. A good guess might be a two-
stream type, which excites plasma oscillations. - The oscillating frequency
would be at the plasma frequency, but the waves are .longitudinal and thus
nonradiating. - If steep density gradients were present, however, some mode
conversion to radiative electromagnetic waves could occur and a small
radiation field might escape the plasma. - (See the section on P-4 Instability
Experiment below.) At the plasma frequency the microwave transmission
-changes from propagating to cutoff. - Careful scrutiny of the transmission
data (see Fig. VI-6B) shows that an "opening up'" of the plasma occurs at the
time of each radiation burst. Also the path is not completely opaque until
several microseconds after the current begins; in fact it first becomes
opaque at the same time the intense radiation burst begins, suggesting that
the critical density has been reached at that time. Radiation burst at 35 Gcs
were also seen, but earlier in time, a fact also in agreement with the low
initial density conjecture. - Comparison of the temporal behavior of ionization
light (such as the Balmer lines for hydrogen or the He II lines) and the
‘radiation pulses shows that in nearly all cases the onset and ending of the
radiation pulses (typically 3 and 9 psec, respectively) and the rise times of
the ion line intensities correspond exactly. : ’
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Fig. VI-5. Comp031te data analys1s for hydrogen filling gas.
- Peak electron dens1ty in a cosine spat1a1 distribution, ‘as
determined by microwave 1nterferometry Pressure 150 HZ
- Bank: Voltage 9 kv (G1ves approx 25 ka)

b. (left) Electron temperature, as estimated from. rate of populatlon
of ionized states and, rate of d1ssoc1at10n of Hz, ~determined by
.opt1ca1 line 1ntens1t1es S

(r1ght) Electron temperature, as est1mated from the 1ntens1ty
o of microwave radiation; the reflect1v1ty, and the absorpt1v1ty of
m1crowaves at’ 70 Ges. '

. C.- M1crowave rad1at1on 1nten51ty at 70. Gcs, 9 kv, 150 p.
I = N P, where P is the noise power equlvalent in ev; P kT A f
(I = 40 corresponds to.1600 ev;. : Lo
I 3 corresponds to - 9 ev)

Sd) Microwave transimission through the plasr_na at 70 G_c:s'.
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. Fig. VI-6. Microwave diagnostics of the trans1ent discharge.
(left) Microwave interferometer responses.
Top trace, 70 Gc; bottom, 91 Ge.
Time, 20 psec/cm‘ _
(right) Microwave radiation-transmission.
Top trace," 70-Gc radiation; bottom, 70-Gc transmission.
Time, 20 psec/cm



VL 3 . ‘ -217- | UCRL-9969

A possible conclusion then.is that (a) the early current, up to about

. 3 psec, is carried by "'runaway' electrons in a weakly ionized background;
(b) as the voltage and current fall off an instability is excited, which couples
- the high-velocity electrons strongly.to the plasma electrons, (c) the ioni-

- zation increases .rapidly from some 0.01% to about 10% and the electrons
become thermalized at a. few ev;. depending upon the initial voltage and cur-
rent density.

Further measurements with probes, rotating-mirror cameras, and a
90-Gcs radiometer may shed more light on the question.

Pyrotron
Toy Top.III o

No plasma microwave. measurements ‘have been ma.de by us .in this
period. A considerable amount of development of components and techniques
has been accomplished with the hope that we could get some machine time
in order .to continue the radiation measurements begun at.the ,beglnnlng of
the year.

- Electroformed thin-wall horns were made and tested in pulsed mag-
netic fields. Low-conductivity nickel gives the horns mechanical strength
and damps induced eddy currents. A thin film of copper gives them good
microwave properties. ' : S ' '

. Resonant slot radiators have been made at 8-mm (35-Gc) and 4-mm

- (70-Gc) wavelengths and .installed on a teflon ring to be slipped inside the
-machine for electron density and profile measurements (see Fig. VI-7).

- The slots have radiation patterns very much like small horns, and allow in-
accessible regions to be reached.

. Low-loss waveguides in the TE;; © mode were developed for 35, 70,
and 90 Gecs. Ten-foot sections and 900 elbows were -fabricated from hard-
~drawn copper tubing. Special choke-joint flanges and mode transitions were
- electroformed. Typical performance at 70 Gecs was: VSWR, < 1.05; loss,
-2 db for a 10-foot run plus two transitions. This compares with 18 db for

. an equivalent run of RG- 98/U coin silver Wavegulde

- Vacuum waveguide windows for 70 and 90 Gc were made by splitting
mica down to approx 1 mil thickness and fastening it with low-vapor-pressure
epoxy.in a 6-mil-deep spot on the waveguide flange. VSWR is < 1.4, and
losses as.low as 1 db are typical; 35-Gc windows have better performance.

Voltage isolation sect.ionei'n the 35-, 70-, and 90-Gc waveguides, to
break up ground loops and permit floating horns, have been made to hold off
. 10 kv and introduce only 1 db of loss.

The radiometers made up for Toy Top were used in the experiment
discussed above but are available for Toy Top's use at any time.
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Table Top

A microwave interferometer s{ystem has been installed.to measure the
electron density as a function of time.  The expected density and spatial dis-
-trxbut1on are in an awkward range for microwaves, in that the density is only
about 1011 and the diameter only a few centimeters. Ideally oné should use
resonant-cavity techniques at S band (3 Gc), but it is hard to see how to put
a cavity inside a plasma-compression experiment.. A cornprornlse was made,
viz., 7.9 Gc (3.8 cm{ wh1ch has a .cutoff density of 7><10 /cm In a
. 5-cm path of n = 101 /cm plasma, an interferometer will see a. change in
_phase of only 0.16 fringe (60°) if the density is uniform and only half that if
n has a cosine distribution. To be able to measure such small changes in
phase one must stabilize the klystron frequency. A very simple frequency-
stabilization system (AFC) has been built. . The stabilizer is a tunable res-
onant cavity, whose frequency is swept back and forth at a 500-kc rate by
modulating the capacity of a varactor diode mounted in one end wall.  The
reflected signal from the cavity is detected by a crystal diode.- When the
transmitter klystron is tuned slightly to one side of the cavity's response
frequency the detector has a 500-kc output, which is amplified by a tuned
~amplifier and fed to a phase bridge. The dc output of the bridge is connected
to the klystron repeller in the proper sense to pull the frequency toward the
center of the cavity response frequency.- To get greater stability, the gain
characteristic of the 500-kc amplifier is nonlinear, i.e., it has greater gain
at small signals (near the null). The overall stability is being checked a-
gainst a Stalo system. So far it looks quite good.

- The microwave interferometer is quite standard, except that the video
amplifiers are direct-coupled differential amplifiers. Here dc amplifiers
are needed because of the very slow time scale of the Table Top experiment.

- The differential amplifier rejects the common mode (dc level) resulting from
biasing the crystal detectors up into their linear range with a large reference
path signal (milliwatt level). Small changes in phase then give a linear out-
put voltage response instead of square-law.. : :

Some very preliminary measurements have yielded puzzling data. A
maximum deflection corresponding to about 0.25 fringe (90°) is seen, de-
‘noting an n maximum of approx 2x 101 /cm3, but the time dependence is
wild.  There may be internal reflections or resonances from the vacuum
chamber or other effects. - We are now attempting to single out the real
from the spurious effects, by trying reflectlonless coatings and different

radiators.

- P-4 Instabilities Experiment

Our equipment for measuring the bursts of microwave radiation,
presumably due to instabilities, has been in use by Andrew L. Gardner,
who is presenting his observations elsewhere in this report (Section I. 9).
We have assembled. additional 8 -mm radiometers and plan to look at several
locations along the column, both upstream.and down, to see how the radiation
varies with position. - We also will do some experiments directed at under-
standing how the instability waves (which are nonradiative) can couple to
external radiation fields.
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