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CONTROLLED THERMONUCLEAR f-ESEARCH 
SEMIANNUAL REPORT 

January through June 1962 

Lawrence Radiation Laboratory 
University of California 

Berkeley and Livermore; California 

July 20, 1962 

INTRODUCTION 

C. M. VanAtta 

The period January 1 to June 30, 1962, has been one in which the 
obvious construction efforts on the Alice, Astron, and the new 2X multiple
compressidn facility have tended to obscure the results obtained from the 
continuing research activities. A brief summary of the more significant 
developments of the past six months follows. 

Table Top The experimental investigation of the stable and unstable 
modes of plasma confinement in the Table Top magnetic-compression mirror 
machine has continued. Injection at the instant of much higher field (approx 
1000 gauss) during the field pulse (7. 5 msec to field maximum) results in a 
"hot ion" plasma in which the average energy of the ions exceeds that of the 
electrons. The unstable mode again exhibits a rotating flute as in the "hot 
electroh11 case, but with opposite direction of rotation and lower rotational 
frequency. 

Alice The co:nstruction. o£ the Alice eiK~l·__;etic :C1eut1·al-atom injec
tion mirror machine v;as corlJ.pleted, and initial operation was carried out 
successfully. "Total" p:ces sure in the trapping chamber was about 10 -B mm 
Hg, which is believed to be too high by a factor of about ten for exponential 
plasma buildup initiated by collisions with residual gas molecules. The density 
of energetic ions in the rlasma is estimated to have reached a value between 
2X 10 7 and 1 X 108 em -3. The ion density was observed to decay with a mean 
life of about 30 msec, consistent with the computed decay time due to charge 
exchange on the residual gas. In future operation the pressure is expected to 
be significantly lower as a result of installation of a water vapor curtain di
rected across the beam tube, which reduces substantially the gas flow into the 
plasma trapping region. A plasma gun is now installed for injecting a cold 
plasma along the axis of the field coils so that buildup initiated by charge
exchange processes in a cold plasma can also be investigated. 

In surface-bombardment studies of energetic neutral atoms and ions 
of hydrogen (7.5 to 16 keV) on a stainless steel target, a wide range of ratios 
of emitted to incident particles is observed, depending upon the state and 

>:c 
·Work done under the auspices of the U. S. Atomic Energy Commission. 
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previous history of the target. For a room-temperature, unbake.d target a 
ratio as high as ten is observed, whereas for a continuously heated (200°C) 
target the ratio may be less than unity, Present interpretation of the obser
vations is that the incident particle is retained in the target material and 
previously absorbed gas is de sorbed in the region of the thermal spike pro
duced by conversion of the kinetic energy of the incident particle, 

Toy Top The pulsed-field coil system of the Toy Top multiple
compression machine has been completely rebuilt, The new coil structure 
has a 9 -in, -bore tube instead of the 6 -in, -bore tube previously used, produces 
a smoother and more symmetrical field, and has a rise time of about 60 iJ..Sec 
instead of 270 iJ..Sec. The new arrangement is comparatively short and con
sists of only two stages, Full-scale operation of the modified system had just 
begun at the end of the report period, 

Design of the larger 2X multiple-compression machine has been com
pleted and some phases of construction work carried out, 

Astron A self-consistent solution for the distribution of electrons in 
an infinitely thin Astron E layer has been derived analytically, Th~s ~~,~el of 
the E layer does not exhibit the axial bunching instal;>ility or ~he B 11 ~ni:it?-b:ility 
during buildup, The ampere -turn distribution at the ends of the confinement 
region needed to produce the desired fields in the E layer region has also been 
deriyed from this modeL 

Pinch Instabilities pr,edicted by the finite -conductivity theory of 
plasma stability have been classified under three catagories: a long-wave 
"tearing" mode, a short-wave "rippling" mode, and a low-j3, pressure-driven 
interchange mode, The Livermore pinch program is increasingly oriented 
toward experiments in which these instability modes can be identified and stud
ied, A hard-core linear pinch with an outer cusp field, a cylindrical sheet or 
"triaxial" pinch, a large new linear hard-core pinch, and the Levitron (toroidal 
hard-cpre pinch) are the experimental devices in which the importance of the 
"rippling" and "tearing" modes can be evaluated, 

Bumpy Torus Considerations of plasma confinement in a bumpy 
torus type of field have included (a) a study of stabilization against interchange 
instability, (b) computation of the loss rate of ions back out through the horse
shoe shaped injection channel, and (c) analysis of the conservation rules appli
cable to particles during transition from oscillation between adjacent magnetic 
mirrors to complete rotational traversal of the torus. Iron pole pieces to be 
placed between the coils of the Bumpy Torus to introduce shear in the field and 
improve plasma stability are being designed, 

Homopolar V A new design of the rotating-plasma device, Homopolar 
V, has been in operation throughout the report period, The major im~rove
ments over the Homopolar IV consist of the better base pressure(< 10- mmHg), 
more symmetrical injection of the gas pulse to initiate the discharge, and a new 
coil assembly providing greater flexibility in field configuration and higher mag
netic field strength. Electrical measurement of angular momentum yields 
plasma peripheral velocities up to 6Xl0 7 em/sec, corresponding to an ion drift 
energy of about 4 keY, The conditions duringinitiationof the discharge are such 
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that the average Larmor ~nergy should equal the drift energy. Since the ion 
density is about 10 15 em- , neutrons should be produced, and they are ob
served. The neutron output is expected to increase as the magnetic and elec
tric fields applied to the device are increased. After the higher field condi
tions are realized an objective will be to determine the origin and time 
dependence of the neutron output. 

"' Hothouse II The turbulence previously reported in observations of 
Alfven waves in Hothouse II (ion cyclotron heating) has been greatly reduced 
by placing a conducting screen over the quartz window on the end of the ma
chine for the purpose of anchoring the magnetic field lines. Probe. measure
ments of the wave amplitude are much smoother as a result of decreased 
turbulence. These measurements indicate that about half the rf power output 
of the 8. 3 -Me oscillator used in exciting the wave appears in the plasma wave 
and that at least 90% of the wave energy is absorbed from the wave at the 
magnetic beach (region of ion cyclotron resonance). 

Positive Column Instabilities Investigation of the instability of the 
positive column discharge in a longitudinal magnetic field has been extended 
to the case of an alternating applied electric field. The onset of instability is 
observed to occur at higher magnetic field values as the frequency of the elec
trk field is increased in the range 0 to 70 kc. At high frequency ( > 30 kc) 
the forrri at the onset of instability appears to be more complex than in the de 
case, and more nearly resembles the complex states obtained in the de case 
with magnetic fields much greater than the critical value. The experimental 
results are in qualitative agreement with theoretical results obtained by ex
tending the theory of Kadomtsev and Nedospasov to higher modes (m > 1 ). 
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I. PYROTRON (MAGNETIC MIRROR) PROGRAM 

1. INTRODUCTION AND SUMMARY 

Richard F. Post 

First operation of the ALICE experiment, reconstruction of the coil 
system of the multistage experiment, and additional experimental investigation 
of the "rotating flute" instability in Table Top were the main activities of the 
mirror group during this report period. In addition, some significant me as
urements on the release of adsorbed gas from surfaces under ~nergetic par-:
ticle bombardment, and o:ri the electrical breakup of excited atoms, w.e;re made 
in connection with the ALICE experiment. First measurements at low tem,
peratures were also performed on the full-scale coil which has bee!l construc
ted to test the feasibility of cryogenic coils with ultrapure sodium. conductors. 

In addition to the above experimental activities, significant progress 
was made toward the design and construction of the new "2X" multistage 
mirror facility. 

A continuing effort has been made to reconcile both the observed sta
bility and the unstable plasma behavior observed in the Table. Top and in the 
multistage experiment with theory. Of considerable interest in this connection 
.is the fact that it has been confirmed that the same type of rotating fl~te seen 
with a "hot electron" plasma in Table Top has been seen with a "hot ion" , 
plasma, except that in the latter case the flute is observed to rotate in the op
posite direction, i.e. , in the sense expected if the plasma potential is positive. 
It also seems that the rotating instability observed is the onlyinstability that 
occurs in the Table Top plasmas; that is to say, when the rotating flute is not 
present, no other instability seems to be operative, either. A complete proof 
of this conjecture would, however, require accurate quantitative measurement 
of the collisional end losses, for comparison with diffusion theory. 

The Table Top and multistage experiments, taken together, at present 
seem to indicate the following about confinement in simple mirror machines: 

{a) Confinement that is stable against the flute instability is possible under the 
proper circumstances. 

(b) High-mode-number flutes are not observed; m = 1 (or nonlinear forms of it) 
are most prevalent (this from Table Top and early multistage evidence). 

(c) Nonlinear effects are important; growth rates of the instability, for example, 
do not seem to be as rapid as simple theory would indicate. Also, in Table Top, 
definite evidence is observed of instability "triggering thresholds," ot of shock
like phenomena which lead to sharpening of the shape of the rotating flute. 

(d) Diffusion of particles and electrical conduction (through particle flow) along 
the magnetic lines through the mirrors seem to play a significant, though not 
always under stood, role in the observed stabilizing effects. 
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,(e)· The-instability may be self-destroying; in many cases it has been observed 
thq.t instability, accompanied by rapid radial diffusion, may begin, only to dis
appear. before the pla-sma reaches the chamber wall (this· from Table Top). 

The above observation suggest that several different effects are op
erative in determining the boundaries between stable and unstable behavior. 
Among those which seem, plausible are: 

(a) The 11 finite orbit" stabilizing mechanisms calculated by Rosenbluth et al. 

(b) 1.~ Drift .smearing" effects arising from both magnetic a11-d electrostatic 
gradients in the plasma. 

(c) .. Slowing of instability growth rates by flow of charges out the mirrors; 
this- mc;ty possibly lead to overall stability when coupled with (a) and (b).· 

(d) 11 Line tying" ari~ing from the anchoring of magnetic lines in the conducting 
surfaces external to the plasma, owing to the presence of cold plasma outside 
the mirrors. 

We hope that, by understanding the above effects in detail, and by ex
ploitin-g the predictions of the theory of stabilization of hydromagnetic instabil
ities,, we w:ill.be able to expand the regime of stably confined plasmas into 
larg;er y-ol,4ffieS and higher temperatures, ones which more nearly approach 
the rtx;l()I1Uclea;r goals. 

2. I\.1:ULTISTAGE IDGH-COMPRESSION EXPERIMENTS 

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

,i .. 

Toy Top III S · 

· · On January 5, 1962 one of the pulsed magnets of the 6 -inch system 
failed owing to breakdown of insulation between windings. Consequently, no 
further data than reported previously (UCRL-9969) were obtained from the 
system. Rather than rebuild the 6-inch system, we constructed an improved 
9-inch system. For the past 5 months almost the entire group effort has been 
devoted to the design of symmetric magnets, their construction, and the pre
cis--e 'detailed magnetic measurements of the individual magnets as well as the 
assembled ·system. The new 9-inch system was designated as Toy Top III S 
and has become known as the III S system; i.e., the short, symmetric, stabi
lized system. It is short, as it consists of only two stages.· The ~ymmetry is 
such that the magnetic field contour lines at the 9-in. diameter are circular 
within ± · 1/8 in. Deviations from symmetry of the magnetic surface which 
should:bound the plasma are less. Improved hydromagnetic stability should 
result from the elimination of the sharp bends in the magnetic field lines such 
as were present in the 6 -inch system. Stabilizing windings similar to those 
used by Ioffe are located between the vacuum chamber and the pulsed-magnet 
system. 
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Operation of the completed Ill S system has just started and neutrons 
. have been observ.ed. · Currently, we are trying to increase the· reaction rate 
to the point where it can be followed as a function of time. Other- diagnostics 
are being installed. 

· As the compression time in the III S system is about one -quarter 
that of the 6 -inch system, comparison of the time dependence of the reaction 
rates in the two systems should enable one to determine whether or not the 
early decay of the reaction rates observed in the 6-inch system were due to 
cooperative effects (including instabilities) or due to atomic processes such 
as .charge exchange or excessive Coulomb scattering from the slower compo
nents of the injected plasma. 

·· The :increased size of the compression chamber should, also, slow 
down loss due·to the cascade ·process, suggested as a possible' explanation of 
the mode II decays discus sed in the preceding report. Initial wall bombard
.ment should be r-educed in the larger compression chamber.· 

Plasma Injections 

Th~ equivalent of at least 100 Toy Top injectors will be required for 
the ·zx experiment. • Consequently, considerable effort is being devoted to the 
sirnplifi::cation'·o.f injector construction, improvement of reliability, and in:.. 
crease of plasma output. The output from a larger model has been· found to 
increase approximately linearly with the diameter of the injector orifice. 
Provided the angular distribution of the ions is not changed radically a smaller 
number of larger injectors: may be used in the 2X experiments. 

A g~-~-fed. piasm.a-gunof the LASL type {Osher) is in operation and 
measurements of the ion energy distribution are in progress. Although the 
gun is now operated in zero field, its performance in the presence of a mag
netic field will also be investigated. Because of the reported high average ion 
energy and the large plasma output, we have considerable interest in this type 
of injecto;r. 'l;'herefore upon.completion o.£ the III S construction considerable 
effort has been trans.ferred to this work. · 

2X. Facility 

Most of th~. 2X design was completed by the end ~f January.. .Subse
quently the detaileq ele.ctr:ical, mechanical, and construction engineering. was 
initiated. and compieted. Much of the construction is now in progress and will 
be reported by the various. engineering groups. 

The development of the low-inductance magnets for the symmetric 
fields of III S can be regarded as development of the 2X pulsed magnets. Al
though the preliminary. pulsed magnet design has been complet;ed,._const.ruction 
of the 2X pulsed magnets will not be started until the performance of the III S 
system is eva,luated. 
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Magnetic Field Codes 
. . 

To analyze the results of high-compression exp·erirhents (in which 
considerable inductive coupling exists between the various pulsed· coils as 
well as between pulsed coils and de coil shielding) it might be necessary to 

... know the magmtude and direction of the magnetic field, as. a funCtion of time, 
at (lll points in the space occupied by a plasma. For any particular coil con
figuration and system geometry, actual measurements could be made for 

· gl.ven values of capacitor bank volfage, firing delays, etc.· On the other hand, 
considerable experimental time might be saved if reliable calc'tilations of the 
time -:varying fields, field gradients, lines of magnetic induction, forces on 
conductors, etc., were available. An IBM 7090 code is being developed for 
this purpose, irivolvihg the solution of k sets of coupled ordin:ary linear 
diffe'rential equations, where k is the total nurrber of energizing or crowbar 
s:witches that have been 'closed during the operational sequence;. There are 

. 2n equatiOIJ.S in each set,. where n is essentially the total number of loops,. 
·or' coil circuits (including the passive shielding loops) that have been dosed, 
up to and including the time at which the kth switch is closed. The input 
parameters involved are the mutual and self-inductances, resistance arid 
capacitance of each loop, and capacitor barik voltage •. The output is the loop 
current as a function of time. This output will in turn be used as 'a scale 

. .factor in the input for an IBM 7090 code which has been developed at Oak Ridge 
fo:t the calcula~ion of magnetic fields for cylindrically · symq1etric rectangular 
coils by the ·method of zonal harmonics. The solution for the loop currents 
wc':i.'s origi'nally obtained in terms of the natural modes of the system by the 
usual method of Laplace t:i-ansforms. Difficulties inherent :ln this method, due 
to the necessity of solution of the algebraic characteristic equation, essen
tially of degree 2n, 'will, we hope, be by-passed by a method of matrix iter
ation suggested by R. Von Holdt in which it is unnecessary-to determine the 
natural modes and which utilizes the capabilities of the computer to greater 
advantage. Parametric studies of the effects of mutual inductance on the 
magnetl.c field in complicated coil systems will be undertakEmwith relation to 
pos.sible effects on plasma confinement during the compression cycle. 

3. TABLE TOP III 

Continued Experimental Studies of an Instability 

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

In the preceding report we reported our discovery that the unstable 
plas.ma .was rotating ~r~und the chamber and that the mechanism for escape 
to the wall~ was the EXB drift caused by a flutelike form. 1 

An explanation for the rotation is as follows: when the plasma is 
injected into the initially low magnetic field (10 to 50 gauss), the high-energy 
ions from the source spiral into the walls while the electrons with smaller 

.j : .. 

\wa,lton A. P~rkins, Richard F. Post, and 'No.rris W. Carlson. in Controlled 
Thermonuc.lear Research Semiannual Report, UCRL-9969, Jan. 1962, p. I o: 
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gyroradii are trapped. The electrons are "hotter" than the ions before and 
after the compression, and a plasma with a negati.ye_.Potential is created. 
The radially inward E field causes an azimuthal EXB drift for both electrons 
and ions in the direction that electrons precess in the midplane of a mirror 
machine ... Vlhen the instability occurs, the unstable plasma mQves outward 
and continues to rotate to conserve angular momentum.· Of course, the ro
tating form loses momentum by collisions with probes,. chamberwalls, back
ground gas, .and other plasma. It is observed that the rotation velocity de
creases, but at a rate much slower than 1/B during compression, and it' con-
tinues tq de.crease while the magnetic field is decaying. · ··· . 

~ '•!• 

A good test of the explanation that the plasma-produc~d .E fielqs_. 
causes the rotation would be to create a positive potential plasrr1a.and ,see if 
the rotation occurs in the opposite direction. Table Top III y;a:s :de:sig.ne,d to 
trap and contain a "hot ion" plasma, and such a plasma shou~d.have a P<?.sitive 
potential. . The main. difference is that the initial fields are greater (500 to 
2000 gauss) and the hot-ion component (E:::: 1 keV) fron:1 the source is' trapped. 
Here scattering losses cause a depletion of electrons and thereby a positive 
potential plasr:pa is created. · · · 

.The instability was detected at relatively low injection densities .. 
Figure I-1 shows an accumulation of the main results. The top left trace is 
(ill electrostatic pr.obe signal indicating an instability from 1 x11sec; to5 msec 
(injection. time is 200 f.LSec). The top right traces are from two etectrostatic 
probes at opposite sides ofthe chamber, There are four main d~fferemces in 
the_electrostatic probe, signals in the hot ion case: 

. .. 

(a). By using a fixed and a movable probe we determined that the rotation is 
in the o:pposite direction. 

(b) Here the positive part passes by first and the ns,g~ive second~ .'The polar
ization.must be in this direction for the instability EXB drift to b~ outyvard.~ 

{c) The relative pulse heights of the positive and negative parts of the el'~ctro
static probe signals indicate that the negative region is closer to the probe-
i.e., 'farther from the axis- -than the positive region._. Also, the observed 
direction of rotation would require an outward radial E field. 

(d) The rotation: period in the hot ion case is typically 20 f.LSec, cor:riparedwith 
the typi:cal2i£secperiods in the hot eleCtron case, 

The middle left trace shows a fairly common occurrence in which 
the electrostatic probe signals change character (here at 5 msec) and the· 
signal changes from predominantly negative to positive. By using two elec
trostatic probes in the midplane a quarte:r:- of the circumference apart, it was 
determined that direction of the later rotation is opposite that of the hot ion 
plas~a (or the same a:s that for a negative potential plasma). , 

This is explained along the lines of the above exposition for the ro
tation. The plasma p<;>tential is positive when the hot ion plasma becomes 
unstable. The unsta~e4 rotating plasma form acquires an angular momentum 
for this direc'tion of EXB, which it conserves except for collisions. 
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As time goes on, free plasma (not contained in the unstable rotating plasma 
form) is compressed by the magnetic field (7.5 rnsec rise time) and hot ions 
are lost by the instability and charge exchange. Therefore, the potential of 
the plasma changes from positive to negative and the second unstable plasma 
form rotates in the opposite direction fr:orn the first. Note that the second 
rotation is much slower than in the usual hot electron case, indi_cating that a 
much weaker electric field is formed here. 

In the middle right trace the negative -potential rotating form starts 
before the positive -potential rotating form dies out, and we have plasma 
forms rotating in opposite directions at the same time. The question irnrne
diately arises: How can they collide with so little interaction? Here, the 
two rotating forms may be at different radii, as the electrostatic probes de
tect at a distance. In cases discus sed previously2 the two forms rotating at 
different velocities which were detected by a scintillation probe appeared to 
be atg:he ~arne plac~ at the ~a:ne time. · T~e plasma densities h~r.e are 10 7 

to I 0 '/ern and particle colhs10ns are not 1tnportant. If the_ rotating forms 
are of different sizes, it is possible to envision a collision iri<·which a small, 
dense plasma passes through a large lower-density plasma. Another ex
planation may be that they are different points in space. For example, if 
they are at two different radii, the inner form might push up plasma as it 
goes around, 

The two bottom traces are typical signals from a screen-covered 
Faraday collector cup that "protrudes" radially in the midplane. The line 
structure of the signals indicates the rotation. Time-correlation studies 
showed that the collection cup line signal occurred at the tirn'e-the,rotating 
form, detected by the electrostatic pro be, passed by. The polarity of collec
tor signals :was ·reversed by reversing the bias voltage betweeri the screen and 
cup. 

In hot electron experiments, the radial distribution of the escaping 
end flux was measured with a 0.25-in.-diarneter scintillator for the low-density 
unstable case and the high-density seemingly stable case. The results are 
shown in.Fig. I-2. The solid curve is a least-squares fit to the experimental 
points. In the high-density case it was necessary to use two Gaussians--one 
for the points near the axis and another with a slower drop-off for the rest of 
the points. The small end detector showed sharp readjustments in density. 
Instabilities occurred between 0.5 rnsec and 8.0 rnsec in the central region. 
Apparently the stabilizing mechanism was strong enough to stop the instability, 
because it was not detected by the radial scintillator at 10 ern from the axis. 
In taking our experimental points for the figure we used only those points in 
which no instability was detected before 7. 5 rnsec (peak magnetic field), or ex
trapolated the signals before an instability occurred to 7.5 tnsec. The voltage 
on the photomultiplier was 2500 V for the low-density case (2.0 kV on source) 
and 1500 V for the high-density case (6.5 kV on source). Actually, the peak 
end signals differ by a factor of 104 . A calibration of the scintillation detector 
indicated a peak density (6.5 kV on source) of about 10 11 jcrn3. 

Some evidence of the inner shape of the rotating plasma form was ob
tained with this 0. 25-in. -diameter end scintillator. End and radial scintillator 
probe traces are shown in Fig. I-3 for a triggered instability (triggered by 
pulsing a nearby axial rnagne.tic coil). The top traces show the end scintillator 

2
Ibid., see Fig. I-3, bottom trace. 
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Fig. I-2. End-escaping flux as a function of radius for the low-density 
unstable case (top) and the high-density stable case (bottom). The 
bottom curve should be multiplied by 280 to give comparison 
signal intensities. 
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Fig. I-3. End and radial scintillation probe signals for a triggered 
instability. The 0.25-in. -diameter end probe is set at various 
distances from the axis as noted on the figure. At the 10-cm 
position the electrostatic probe signal is shown just above the 
end-pro be signal. 
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signal for the first 10 msec, giving an overall picture., The middle set 
shows on a fast sweep of the interesting region, and the bottom set has the 
corresponding radial scintillator probe signals. Some interesting points: 

(a) There is a sharp momentary increase in end flux when the instability is 
triggered (earlier oscillation on radial probe trace is caused by triggerip.g 
mechanism.}. 

(b) The instability causes the plasma to leave the central region. Next the 
rotating instabi~lity is detected by the radial probe, and finally a line-struc
ture· signal is detected on the central end scintillator. 

(c) With the end probe detecting plasma at 2.50-cm radius and radial probe 
at 10-cm radius there is a 1:1 correspondence in the line structure for the 
first 40 fJ.Sec of the signal. At the 8. 88 em position there is also I: I corre
spondence between the end and electrostatic probe signals (same picture) . 

. ' 

(d) Since the rotation is detected at 2. 5 em and 10 em '3t the same time, we 
must rule out the model of a 11 rotating wave on a disk. 11 Since the unstable 
plasma moves off-axis, a ''spinning arm" seems unlikely. 

(e) These results are consistent with a 11 rotating column, 11 which would be an 
M = 1 mode flute instability. It should be ·noted that this evidence of the ro-

. tating forms shape was obtained only in triggered instabilities. 

Another detector that we have recently found useful is a light monitor, 
i.e., a photomultiplier monitoring the light from the background gas that is 
ionized by the plasma. Over short periods the gas density i's quite constant, 
so one has a measure of how the. density varies. Figure I-4 shows two cases 
of triggered instabilities. In Fig. 4a the triggering mechanism was the crow
barring of the pulsed mirror field, and in Fig. 4b pulsing an axial magnetic 
field nearby. Note in Fig. 4a that the light monitor signal shows a sharp drop 
along with end sCintillator signal when the instability occurs at 8 msec. 

3 . . 
Ibid., see Fig. I-4 • 
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Fig. I-4. Triggered instabilities. The triggering mechanism is in 
(a) crowbarring the pulsed mirror field, and (b) pulsing an axial 
magnetic field coil nearby to 2 kilogauss. 
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STUDY OF THE ROTATING-FLUTE INSTABILITY 
IN A RAPIDLY RISING MIRROR FIELD · 

Walton A. Perkins and Norris W. Carlson 

UCRL-10294 

A small magnetic mirror machine was assembled in the Table Top 
area. One of the main purposes of this machine was to study the flute-type 
instability (described in the Table Top Section) in a fast-compression: mirror 
machine~ ·The rise time of the Table Top mirror machine is 7. 5 msec, and 
we are interested ·iri shortening the rise time of the ·magnetic field toward 
that of the 8 pinch devices. So far we have studied this instability with coils 
of 60 IJ;Sec and 35 IJ;Sec rise time. In both cases the rotating instability was 
easily observed with scintillation detectors. Electrostatic probe signals also 
showed the rotation. Because of the fast pulsed magnetic fields, a glass 
vacuum chamber was used, whereas Table Top has a stainless steel chamber 
in the diagnostic section of the machine.· The. use of electrostatic probes is 
greatly hindered in the glass chamber because of its sensitivity to extraneous 
pickup. This is probably why electrostatic probes are not used more exten;.; 

· sively in plasma. physics. 

4. ALICE (ENERGETIC NEUTRAL ATOM INJECTION) 

Alice Trapp}ng Experiments 
'. 

Charles C. Damm, James H. Foo'te, Archer H. Futch, Frank J. Gordon, 
Angus L. Hunt, and James F. Steinhaus 

Assembly of the Alice mirror machine and beam tube has been com
pleted and initial trapping experiments have begun. 

As arranged for these experiments, the beam tube was 34 ft long 
from ion source to burial-chamber target. The ion source was 16ft from 
the axis of the mirror machine. The beam was collimated by a system of 
apertures to 0. 8X2. 5 in. The vertical half-angle at full width of the beam was 
8.6 milliradians, and the horizontal half-angle at full width was 30 mr. 
~eam-inten~ity profile n:-easurem~nts have not been ~ade under these condi0 hons. Dunng the trapp1ng expenments, the transm1tte

1
% beam of 20-keV H 

·atoms was 40 rnA (equivalent), or approximately I.8Xl0 atoms/cm2 sec. 

The interior of the mirror-machine chamber was coated with evap
orated molybdenum, so that a very large fraction of the surface area was 
covered .. For the lowest base pressures and maximum pumping speed, the 
walls in the trapping region were c'l<lfed to liquid nitrogen temperature. 
Base pressures were about 3.5Xl0- mm H~. With the beam traversing the 
chamber, the pressure increase was 4.8Xl0- mm Hg. This .number includes 
a gauge calibration for hydrogen gas, and a thermomolecular correction be
cause the gauge operated at room temperature. 
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The estimate of local gas density in the trapping region must include 
the molecular streaming from the beam-neutralizing gas cell. This was 
measured by means of the movable ionization gauge shown in Fig. I-5, when 
this gauge was located within the beam volume. With a typical operating pres
sure of 1 micron of water vapor in the gas cell <q-nd without the fast atom beam) 
the streaming density was equivalent to 2.3Xl0- mm Hg. Although the cal
ibration factor of this gauge for water is not known, work at this Laboratory 
on other gauges indicates a value of about unity. 1 In addition it is known that 
the charge-transfer cross section for protons in water vapor is about the same 
as in hydrogen, 2 so that the gauge reading can be used directly as an equiv,.... 
alent hydrogen pres sure. 

Unfortunately, two gasket leaks were encountered when the magnetic 
coils weq-e cooled to liquid nitrogen temperature, raising the base pressure to 
2. 7Xl0- mm Hg. During operation, !~erefore, the total equivalent pressure 
in the trapping region was about lXlO mm Hg, or six to ten times what is 
estimated as necessary for exponential growth of the plasma density. Because 
of this high pressure, we could expect to achieve a _plasma density corre
sponding to trapping on residual gas, or about 2Xl0 7 /cm3• This was confirmed 
by the signal on the fast atom detector (Fig. I-5) when the coils were energized. 
At a field of 20 kilogauss, the magnet was on for about 10 sec at a time, and 
the beam was gated on for controlled periods. The secondary electron current 
of the fast atom detector was lXl0- 8 A, and if the appropriate geometrical 
factors, secondary electron coefficient, and neutral gas density are used, the 
estimate of fast-ion density falls between 2Xl0 7 and 1Xl08 /cm3-. A more re
fined analysis of this signal is under way. When the atom beam was gated off, 
the characteristic decay time of the ion density was measured to be 29 msec. 
From the pressure estimate, the charge-exchange time is predicted to be 28 
msec; which is in reasonable agreement with the direct measurement. 

During the next few months we will attempt to achieve a higher plasma 
density, using a cold plasma as the ionizing medium. In addition, we will at
tempt to reduce the operating pressure so as to approach an exponentiating 
condition. Some progress in this endeavor has already been made (see section 
on Neutralization). 

It is interesting to note that no significant contribution to the trapped
ion density is evident as a result of Lorentz ionization of atoms in excited 
states" Some increase in ion densi~y was expected from this effect, especially 
in view of the results of Sweetman. One possible explanation (suggested by 
John Hiskes) of our negative result is a de-excitation of the atoms during the 
traversal of the fringe field of the mirror magnet, i.e.; a Stark shortening of 
the excited-state lifetimes. Analysis of this aspect of the trapping continues. 

1 
A. H. Futch, Rev. Sci. Instr. 3 2, 1263 (1961 ) .. 

2 
A. H. Futch and C. C. Damm, Charge- Transfer and Ionizing Collisions of 
Hydrogen Beams with Water Vapor, UCRL-6956-T Abstract, June 1962. 

3
D. R. Sweetman, Nucl. Fusion Suppl. Part I, 279 (1962). 
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Fig. I-5. Schematic of Alice trapping chamber. 
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Neutralization 

Charles C. Damm 

UCRL-10294 

The streaming of molecules from the neutralizer through the trap
ping chamber results in a local density on axis of the mirror machine which 
is itself too high to allow exponential plasma density growth. In an effort to 
reduce this streaming, a molecular beam of water vapor has been introduced, 
crossing the beam tube approximately 18 in, downstream from the neutralizer. 
This crossed beam is formed by a grid of tubes 0,025 in. diameter by 0.30 in. 
long, covering an area of about lX6 in. Preliminary measurements indicate 
a reduction in streaming, so that the reading on the 1!9ovable ionization gauge 
while_ fb is within the str.eam is reduced from 2. 3Xl 0 mm B g to less than 
SXlO mm Hg. It wilLnot be known whether this is a minimum until provi
sion is made for increasing the water vapor pressure behind the collimating 
grid. 

Ion .Source Development 

Frank J. Gordon 

The more restrictive baffling described in the section oh Alice Trap
ping Experiments, together with an increase in the lengtli of the ;beam tube, 
has resulted in a decrease in the total transmitted beam reported previously. 1 

Tfiese changes result in a beam of about 40 rriA (power equivalent) of 20-keV 
H atoms, and this was the beam intensity during the trapping exper.iments. 

A subsequent reduction in initial beam radius from ;3. ~ih. ~o about 
3. 35 in. together with a source rotation of about 1. 5 deg brought the atomic 
beam up to about 50 rnA (power equivalent). Deuterium was run.with no other 
changes in a sciurce'which produced 45 mA of atomic hydrogen. 'if produced 
36 rnA of atomic deuterium, which is slightly better thanwould be predicted. 

Changing the accelerating slit from carbon to water-cooled copper 
has recently produced 57 rnA of atomic hydrogen beam. This points toward 
future w.ork on dimensional stability of the source slit system. 

' 

l Charles C. Damm and Frank Gordon, in Controlled Thermonuclear Research 
Semiannual Report UCRL-9969, Jan. 1962, p. 21. 
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Trapping with Cold Plasma 

James F. Steinhaus 

UCRL-10294 

The preceding report covered pressure me~surements ass?ciated w.ith
1 the occluded gas, cold plasma source, and a parhal spectroscop1c analys1s. 

In the succeeding period we have completed the spectrographic work,. made 
calorimetric plasma profile and energy measurements, and studied the plasma 
electron densities with microwave techniques. 

The previous spectroscopic observations were made perpendicular to the 
directed plasma; in recent work observations were made longitudinally down the 
axi:s of the mirror magnetic field, looking directly at the source. · This provided 
us with not only species identification, but also Doppler -shift measurements of 
their velocities. Spectral lines from the plasma column were compared to those· 
born in the bore ofthe source. A summary of the spectroscopic work appears 
on page 27 of this report. 

The calorimetric measurements were made by using a small thermistor 
mounted behind a 0. 5-in. -long tubular grid containing 190 tubes, each 0. 025 in. 
in diameter .. An electromagnet was mounted perpendicularly across the axis 
of the grid, and its field could be raised to and beyond the point where ,all 
charged particles were cut off in the grid .. The entire grid-thermistor mech
anism could be moved on a radius around the source to permit profile meas
urement's of the particles emerging from the source. The total energy density 
coming from the source, operated :ln a 3-kG field at 10 keY and a 200-:J.!Sec 
pulse length, was found to be L8 joules. Total energy density was the same, 
within experimental error, with no magnetic field.· Energies measured with 

'this technique allow us to calculate average ion velocities p<I"esent in the plasma. 
These calculations appear to be in good agreement with the Doppler-shift meas;.. 
urements. Probe data from time~of-flight measurements will also be analyzed. 
Velocity data are still being compiled, and it is clear at this point that values 
will be considerably less. than those obtained with the ringing discharge type of 
operation used by Coensgen et al. 2 .. . 

Microwave data we:re taken by using 10-, 8-.· and 3-mm""wavelength equip
ment.· :Observed electron densities vari.ed ~ith the pu~s~..,li?"e charging voltage 
of t.he source, pulse length, and magnetlc fteld. · Dens1t1es m excess of 1Xl01 4 
eleC;trons/ em 3 were. observed with the magnetic field on, and curves showing 
the rate of buildup and. decay of plasma as a function of time were obtained for 
different conditions. These data also indicate the length of time that densities 
remain .above certain levels ... Densities in the midplane region were found to be 
relt;i.ted,. but not critically. to. the number of firings given. a titanium hydride 
washer, to ·the· pulse .;,line voltages,. and to pulse length, as well as to the on
axis positions of the source relative. to the mirror. 

· Usirig 8:..mm and 3-mtn microwave gear simultane;ously; and measuring 
their transmission and interferometer patterns, we derived an estimate of the 
plasma diameter and spatial distributions. 

Some smal_l holes were obser~edin: some ofthe plasma ~hots which have 
prompted us to consider making some fast framing and streak photographs of 
its behavior. Preparations for these measurements are under way. 

I James F. Steinhaus and Charles C. ,Darnm, in Controlled Thermonuclear 
Research Semiannual Report UC.RL-9969, Jan .. 1962, p. 25. 
2F. Coensgen, W. Cummins, and A. Sherman, Toy Top Plasma Injector, 
UCRL-5603-T, May 28, 1959. 



L4 -20- UCRL-10294 

The cold-plasma trapping scheme for the Alice machine has been 
as sembled in place, but not yet fired with Alice in operation. 

The following people have assisted in this experiment: Norman L. 
Oleson, overa-ll data analysis, William L. Barr, spectrographic measure
ments, and Ronald Hawke and Charles Wharton with the microwave measure
ments. 

Alice Diagnostics 

James H. Foote and Archer H. Futch 

Fast-Atom Detector Calibration 

Before our fast·-atom detector 1 was placed in the Alice trapping chamber, 
we checked its operation and performed an initial calibration. The ion source 
and west arm of the "Diagnostic Development and Testing" area equipment 
were used for this purpose. The calibration permits us to quote probably 
upper limits for the effective secondary-electron emission coefficient (o} for 
hydrogen and deuterium atoms incident upon the detector. We need to know 

, the effective o because we obtain the flux of fast atoms from Alice at the de
tector by observing the .current flow necessary to replace the emitted second
ary electrons. Measurements of o were made inthe energy range 10 _to 30 keV. 
At 20 keV, the energy presently being used in Alice, we found, for the given 
experimental setup, o :::: 4. 5 for HO and o :::: 3. 9 for nO. Because thepressure 
in Alice is lower than in the calibration setup, and the surfaces are cleaner, 
the coefficient o is expected to be lower under actual operating conditions .. 2 
The cleaner conditions of Alice may well reduce the values of o by a factor of 
two below those quoted here. However, we feel that knowledge of o to within 
this uncertainty is satisfactory at this time. If deemed desirable later, we can 
make further calibration measurements with a cleaner system. 

Low-Current Source 

The low-current source described in an earlier report 3 has been modi
fied. This current source consists of an evacuated glass tube with an electron 
gun sealed into one end and a metal collector plate sealed into the other. The 
electrons striking the plate are drained off to the external circuitry, thus pro
viding a current flow from an isolated target- -a situation similar to the fast~ 
atom detector. We have extended the usefulness of this current source by 
placing a band of conducting material inside the glass tube, near the collector 
plate. An electrical lead to the band allows one to bias it positive when de
sired, thus collecting secondary electrons when the plate is bombarded by 
the electron beam. By using a plate surface with a high secondary-electron 
emission coefficient, we can obtain a net flow of electrons to the plate along 
its electrical lead.· Removal of the positive bias from the band· reverses 
this electron flow. Thus we can now obtain both directions of current flow 
along the plate lead, making this low-current source more versatile than 1 

before. 

1
This detector was briefly discussed by J. H. Foote and C. C. Damm, in 

Controlled Thermonuclear Research Quarterly Report, UCRL-9598, March 
1961, p. 19. 
2

L. N. Large and W. S. Whitlock, Proc. Phys. Soc. (London} 79, 148 (1962}. 
3 

J. H. Foote and G. C.- Darrim, in Controlled Thermonuclear Research 
Quarterly Report, UCRL-9777, Aug. 1961, p. 20. 
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Fast-Atom Detector Electronics 

The low-current source JU:st discussed has been used to test elec
tronics associated with the fast-atom-detector. As mentioned in an earlier 
report, 3 a square-wave signal can be obtained from this current source by 
modulating the grid ·of the electron gun with a similar signal. With this 
square-wave output, we were able to examine, at low current levels, re"' 
.sponse times of several amplifiers. Other amplifier characteristics in-

. vestigated were noise and saturation levels. Also, we checked recovery 
times of certain amplifiers and oscilloscope preamplifiers after they had 
been saturated with excessively strong input signals, in preparation for pos
sible future electronic applications. The amplifier selected for initial use 
was a Keithley 414 Micro-Microarnrneter. Its characteristics appeared 
suitable for beginning Alice operation. 

Scintillation Counter for Low-Energy Particles 

Considerable improvement in the detection of low-energy particles 
with a Csi(Tl) scintillation counter has been made by the substitution of a 
low-noise EMI 6255S photomultiplier tube for the RCA-6810 tube used pre
viously~ Figure I-6 'Bh,ows the pulse-height distribution obtained with a 
counter consisting of a I. 5-in. -diameter Cal(Tl) crystal mounted directly 
on the face of a 6255S photomultiplier tube with Dow-Corning high-viscosity 
silicone oil. The pulse·-height distribution is for a 26-keY hydrogen atom 
beam. 

The temperature dependence of the counter was determined over the 
range frprn 19° C to -39°C. The counter noise was lower by approximately 
a factor of ten at the lowest temperature. A corresponding increase of about 
20% in the pulse height of the detected particle was also observed. 

Lorentz Ionization Experiment 

Archer H. Futch and Charles C. Darnrn 

With the completion of measurements of charge -exchange and ion
ization cross section of water vapor, work has been resumed on the Lorentz 
ionization of neutral hydrogen atoms produced by charge -exchange collisions 
with various gases. The Faraday cup detector has been replaced by a Csi(Tl} 
scintillation counter described und~r ':'Alice Diagnostics", A flag that may be 
rotated iri front of the neU:tral ato'rn beam allows measurement~ to be made of 
both the ionized component and the total neutral beam with the same scintil-

)ation counter. The recently installed von Ardenne source has been operating 
·at an energy as high as 44 keY for this experiment. 

Measurements have recently been made of the fraction of neutral 
atoms in the excited states that may be neutralized by electric fields from 0 
to 200 keY /ern.. Two gases have been used for neutralizing, water vapor and 
lithium. A typical curve for water vapor at 37 keY energy is shown in Fig. 
I-7. 
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Fig. I-6. Pulse-height spectrum of a 26-keV hydrogen beam from 
a Csl (Tl) scintillation counter. 



.., 
'O 

)( 

"0 
Cll 
N 

c: 
0 

c: 
0 -u 
0 .... 

IL. 

-23- UCRL-10294 

7 

6 

5 

00L---------~5L0---------1~0-0--------~1~50~-------2~00 
Electric Field (-kv/cm) 

MU-28160 

Fig. 1~7. Fraction of a 37-keV neutral beam ionized versus _electric 
field. 
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Vacuum and Surface Studies 

Angus L. Hunt and Charles C. Damm 

Sm:·face Bombardment Studies 

UCRL-10294 

An apparatus has been developed for bon<barding a target of 
representative wall material vvith beams of hydrogen or deuterium atoms 
and observing the gas evolved from the surface as a function of the target 
temperature, the energy and flux density of the bombarding particles, and 
the composition of the residual gases surrounding the target. 

The beam of hydrogen or deuterium atoms enters a target chamber 
of known volume through an orifice and strikes a target of known temperature. 
The target-chamber volume includes a mass spectrometer and two ionization 
gauges. During bombardment, the target chamber is evacuated at a known 
rate, so that the pres sure rise is a measure of the total gas evolved from 
the target surface, while the mass-spectrometer determinesthegas composi
tion. 

To differentiate the partial-pressure 1-ise due to the bombardingpar
ticles from that due to hydrogen contamination, it is convenien~ to use a deu
teron beam rather than a proton beam, The mass spectrometer then monitors 
the partial pres sure of the deuterium in the target chamber as .a function of 
time to distinguish the beam particles from the hydrogen evolved from the 
surface due to impingement of the beam, 

Apparatus 

The apparatus consist~ of a sm,all von Ardenne source followed by a 
30 deg bending magnet for mass separa:tion, and an electrostatic lens system. 
The beam then enters a water -vapor neutralizer. After leaving the neutralizer 
the beam passes through three stages of differential pumping with collimating 
orifices between each stage before entering the target chamber. A beam of 
charged particles can be used, if the water vapor is removed from the neutral
izer. The source and electrostatic lens systems are pumped by titanium evap
oration. The water vapor neutralizer is pumped by a liquid-nitrogen-trapped 
system, and the three stages of differential pumping are provided by water
cooled evaporated molybdenum films. The target is pumped by the third stage 
of differential pumping through the beam orifice. Ithas been found possible to 
obtain pressures in the target chamber as low as 10-9 mm Hg by baking only 
the target chamber~ · 

Results 

In the first experiments, prot2n beams of energies 7.5 to 16 keV and 
current densities of from 1 to 5 ~/em were directed normally on a 304 stain
less target or a silver target which had been previously baked under vacuum to 
400°C as in the usual bakeout procedure. The ratio of the number of desorbed 
particles to the number of incident particles was highly variable, and depended 
on the duration of the bombardment period, but it was not unusual to observe 
ratios of five. If only the target was heated to about 200° C the ratio could be 

.. 
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reduced to less than unity, but after this target had cooled the ratio of 
emitted particles to incident particles slowly increased with time. For an 
unbaked surface the ratio of emitted particles to incident particles exceeded 
10. It was evident from these preliminary results that the interaction of 
energetic particles with the vacuum chamber surface could be an important 
factor in maintaining plasma purity. 

Because of the implications of this result, additional experiments· 
were performed to as<.fertain the nature of the interaction' of the 304 stainless 
steel surface with a D beam. · The use of a charged beam <eliminated un
certainties in measuring the ·total beam current by calorimetry-or· the sec-
ondary-electron-emission method. · 

The data are consistent with the following ·qualitative model fdr 'pro-
·. tons or deuterons normally incident on a stainless steel ·surface. ·The inci
d~nt particle is not reflected from the surface but is buried within th.e ·sli·rface. 
The thermal spike associated with the loss of kinetic energy within a few · 
thousand angstroms of the surface 1 de sorbs loosely bound surfac·e contam
ination. Under continued bombardment, the increase in the. concentration of 
buried partiCles results in diffusion of the particles to the surface of the stain
less steel;. where they desorb as molecular hydrogen or deuteriuin. 

' . . 

The observations that support this interpretation are' as·. follows: 

. . .. Initia~ly, the. target retains ·a.l~ the in~ident D+ beam, with the nz in 
the gas phase 1ncreas1ng only slowly w1th conhnued bombardment. The' con
cen~rcitiori of DLin.the gas phase increases .with target temperature and wjth 
beam cwrent. -D2 lS des~rbed .from the sta1nless ste~l target lletw~en 65 C 
and 150 C, as the target 1s rap1dly heated after a penod of bom:bardment. 
The :pressure l.j}se that. o.c~urs in ~imes less than 1.0 sec. as ~eas~red from 
the hme the· D beam 1n1tlally stnkes the target, 1s due to desorbed contam-
ination and not due to n

2
. . ·'-" 

The D
2 

is accumulated in the bulk of the target, for the cold target 
.. surfac.~s were sat.urated with a ~igh residual partial pressure of H 2 which 
would 1nterfere W1th D adsorptl'on on the surface. · Further,· more than 
monolayer amounts of R 2 could be accu:Q:lulated on a roorri_;temperature target, 
if it is. assumed that 10 5 molecules/em t. constitutes a mtmolayer surface den
' sity. • Supporting ev'i~ence fen the accumulation of D or Dz i.n 'the bulk struc
ture and not on the surface was'obtained by measuring the secondary-electron-
emission coefficient as a function of the duration of bombardment •.. The sec
ondary-electron-emission coefficient was independent of the duration of bom
bardment but not independent of surface c'ontamination, as a higher coefficient 
was obtained for an aged, cold target. 

1 
J. R. ·Young, J .. Appl. Phys. 27, 1 (1956). 



1.5 -26- UCRL-10294 

5. P-4 (STEADY-STATE PLASMA) SYSTEM 

Electron Beam Interaction with the Plasma 

William L. * Barr, Andrew L. Gardner, and Norman L. Oleson 

One oJJthe aims of the present study is to determine the rate of loss 
of energy, - I dx [, of an energetic electron beam as it passes lengthwise 
through the plasma column. 

Asimple technique for evaluation of the rema1n1ng energy of elec
trons that have traversed some of the plasma consists of measuring the 
x rays produced when the electrons are allowed to impinge upon a target. 
Our attempts to employ this method have been only partially successful, how
ever, because the x-ray target (either a "rotating probe" wire or the cathode 
of the discharge chamber) has been in electrical contact with the plasma, and 
an accurate determination of the collected current ofthe electron beam has 
not been feasible in the presence of the plasma current fluctuations, 

The discharge chamber has now been modified to permit a portion 
of the electron beam to emerge through a small hole (1/ 16 -in. diam) in the 
cathode after traversing the entire length of the plasma. The pencil of plasma 
that also emerg~s (or is created by the "canal rays") is terminated at a biased 
iron disc located at a magnetic cusp. The energetic electron beam, however, 
passes through a small (1/4-in. -diam) hole in the disc into a low-pressure 

. region where it may be analyzed. Measurements are now getting ·underway 
with this arrangement. Initially the x-ray technique will again be used, al
though more conv~ntional methods may now be employed and may be needed 
to resolve questions of energy distribution. · 

An 8-mm waveguide has been installed at the back of the cathode 
plate of the discharge chamber to couple to the energetic electron beam as it 
emerges, but measurements of modulation on the beam have not yet been 
attempteci. 

Diff~culties have been experienced with the bombarder of the electron 
gun, which was designed for operation in a sealed-off klystron. Presumably 
some contamination on the filament shield causes thermionic emission from 
the shield itself, which results in further heating, and a runaway condition can 
develop. Modifications are being made in an attempt to relieve this situation. 

Plasma Compression 

Plans have been made to perform a modest compression on the 
helium plasma of P-4 (or a hydrogen plasma with some helium present) and 
to ~ptically follow the heating and plasma motion with the light emitted from 
He. 

* U. S. Naval Postgraduate School, Monterey, California. 
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A quartz tube approx 8.5 in. long and 2.5 in. i. d. will enclose the 
plasma in the compression region for the initial tests. The plasma charac
teristics before compression, particularly the magnetic -guide field and the 
neutral pressure, will depend somewhat upon prof~ity effects of the quartz 
wall; however, one may expect on the order of 10 ions/cc with approx 8 eV 
ion temperature in a Bz field of about I kG and with a background neutral 
pressure of I or 2XI0- 5 mm Hg. The ion-ion collisiontime for such a 
plasma is about 5 f.LSec, 

A small bank (approx 5 kJ) is available which will permit ris'e titnes 
. of a .few microseconds in a small coil with 3.5 in. between mirrors and a· 
maximum central field of 20 to 40 kG. 

Spectroscopy 

William L. Barr 
. •/ : . : . . ; . . ' ' ·'" ·' '.: 

A spectroscopic study was made of the plasma ejected fr<>m.a hy,dro
gen-loaded titanium washer source. This was done to help determine. the,. 
feasibility of using such a source to supply the cold plasma backgr()~ndi::£?..,the 
Alice e)(periment, The results can be sun1;marized as follows: .,,,; .· . . 

.(a) The spectra of H, Ti, Ti+, Ti++, Ti+++, 0+, o++, AI, Al+, AI++, and 
Ta were observed. 

·(b) From a consideration of the ionization and excitation energies involved 
. it is conclu~ed that the mean e~~~t.f-fn energy both inside the gu~ and out in 
the plasma 1s around 30 eV. T1 must also be abundant, but 1ts spectrum 
is not detecte<l because the maximum electron energy appears to be less 
than 70 eV. 

(c) Doppler s>hifts in the spectral lines indtcate axial veloc~ti.,rs that range 
from 5X:I0 · em/ sec for neutral H to 3XIO em/ sec for Ti . Small shifts 
in the lines of neutral Ti and neutral AI were detected. 

(d) From the time dependence of the intensities it is clear that the radiation 
is a result of excitation by electron collisions rather than recombination. 

Other spectroscopic work involved prepc;tration for the beam-plasma 
interaction and the compression experiments to be done on P-4. 
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II. ASTRON PROGRAM 

L INTRODUCTION 

Nicholas C. Christofilos 

UCRL-10294 

The main component of the Astron experimental fac:i)ity, the electron 
accelerator, is now approaching completion. It is expected that debugging of 
the electron gun will start in.August. The completion ~f the six accelerator 
units. will follow soon thereafter. The progress of the atcelerat<?r construe
tion is described in the Engineering and Technological Develo'prheht Se.ction. 

The E layer electrons are injected intermittently, forming rings of 
rotating electrons of intensity of several thousand amperes. The injection of 
each electron bunch or ring in the E layer tank may excite electromagnetic 
modes in it. The frequency of these modes depends on the geometry of the 
tank. In order to avoid the excitation of a mode of frequency equal to the 
Larrrior radius of the electrons it is contemplated to form a low -density plas
rn:a·colurim along the ax.is of the tank. For the purpose of studying. t-he .rf.pro-

·. ·pertles of the E layer tarik, a quarter-scale model is novv under constru.ction. 
This model is described in more detail in Section II-2. , , 

The behavior ofthe E layer is now being studied,by Warren Heckr.otte 
and Kelvin Neil. A simplified model of a thin E layer was as surri.ed. · .Time
dependent solutions of the buildup of the E layer were developed and the elec
tron momentum distribution was calculated. Preliminary· results of this 
study indicate that the E layer, up to a·Joading factor t, =:=· L 2 (i. ·e~ ; 20% of• 
field reversal), is not subjected to the so-called spontaneous azimuthal mag
netic field instabilities. Thus; •according to present theoretical wo:rk-on sim
plified E layer 'models, it appears that there is no apparent instability of the 
E layer within the limits of field reversal as presently contemplated, 

· 2. ASTRON TANK MODEL 

William A, Sherwood 
. . . ' 

Past experience with th~ 700-keV Astron machine showed that electro-
.· magnetic modes excited in the trapping. tank by injected electrons overwhelmed 
monitoring targets, pickup lpops, .etc~,' that :wer.e being used in the expe:riments. 
Suppres sian of these modes by introducing lossy element's allowed experiments 
to continue, 

It is possible that the same type of trouble will occur in the 5-MeV 
Astron machine, and it will provide a great saving if this trouble can be antic
ipated and the most predominant of these modes suppressed in the initial as
sembly. 

Analytic treatment of the entire Astron tank assembly is difficult. The 
cantilevered stubs are of unequal length and have two diameters. Tank ends-
formed by pumping stations- -are far from ideal shorts. The cantilever supports 
constitute unknown impedances, and resistor mounts provide many places for 
local reflections to be set up, In short, attempts at closed-form solutions of 
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. the field equations fail because of the discontinuous boundary conditions. Sec
tion- by-section analysis may yet prove fruitful, but can only be approximate. 
Hence, the Astron tank modes should be measured. 

For the purposes of ,determining (some of) the. natural resonant modes 
of electromagnetic energy propagation in the Astron tank, and fin9-ing means to 
suppress or change the more dominant of these modes, a 1/ 4-scale .model of 
this tank is being constructed. 

The cavity is approximately a co~bination of two dissimilar quarter
wave stubs with a section of cylindrical guide in between, The size and mechan
ical design of the model will allow frequent disassembly for experiment with 
internal structure and mode-suppressor design. 

3. PLASMA DIAGNOSTICS 

Daryl D. Reagan 

The radio -frequency skin-effect apparatus is now operating. To test 
this equipment, we have a hydrogen discharge in a 1 X 12-in, pyrex pipe, oper
ating at a pressure near 100 f.L, at energy of about 20 joules per pulse. At 150 
Me, for example, one observes conductivities ranging from about 1000 mho/ 
meter down to about 10 mho/meter during a period of about 100 tJ.Sec after the 
pulse, 

Another possibility for small sample plasma measurement is being 
explored, This technique would measure kinetic pressure, nkT, by compress
ing magnetic fields, which can be generated by a current of a few hundred am
peres ~n a small loop around the plasma to be measured. For n = 1013 ions/cm3, 
T = 10 °K, for example, one needs about 20 gauss. One requires, however, a 
very fast rise time, For a plasma l em in radius, with conductivity IOOmho/ 
meter, one needs a rise time better than 10-8 sec so that the field will not pen
etrate the plasma instead of compressing it. For a .first attempt, we have 
built a triggered air gap, discharging a 50-ohm cable, to produce the g>ulse. 
Previous experience has shown that pulse rise times approaching 10-. sec are 
possible with this kind of gear, 

We have ~urchased a fast image-converter camera, with exposure 
times down to 10- sec, which will be useful in observing the compression. 

An image splitter, using five photomultipliers, is being built, It will 
give us another tool for observing plasma motions. 

4. ACCELERATOR STATUS 

Ross E. Hester 

In the last six months most df the emphasis has been O:h the construe
tion of the Astron accelerator. 

Upon receipt of a vacuumtight metal and ceramic accelerating column, 
14 in. in diameter, the mechanical assembly of the 720-keV electron gun was 
completed. The unit has been installed in the pressurized freon tank and the 
internal electrical connections were individually checked with pulse equipment. 



II. 4 -30- UCRL-10294 

Five of the 48-core 575-keV accelerator uriits have been assembled, 
and the sixth unit is under construction. 

The Astron requires a very-high-quality high-current beam. At low 
energies the electrostatic defocusing forces are very large. To compensate 
for the large defocusing forces the initial beam diameter is 22 em, and the 
accelerating column is designed in such a manner that the space charge is 
compensated by the gradient of the accelerating field. l As the beam is accel
erated the defocusing force diminishes. The relevant equation of motion for 
the beam due to space charge forces is 

where E = electrostatic field due to beam charge, 

B
8 

= self-magnetic field of the beam, 

v = electron velocity 

m = relativistic electron mass. 

In terms of beam parameters this equation becotnes 

whe·re I = beam current, 

Ie 
27r rvE 

0 

ev, 

r = beam radius (mks units). 

This equation may now be written 

Ie 
2 ' 27rrVE '1 

0 

where 'I = (1 - vc22 ) - I/2 

and m = electron rest mass, 
0 

Therefore, as the beam is accelerated, the diminished space -charge forces 
allow the beam radius to be reduced by conventional electron optics without 
loss of beam quality. A system of periodic solenoidal lenses has been designed 
to accomplish this. Mechanical fabrication of this system is about 90% complete. 

1
N. Christofilos, High-Current\ Pulsed Electron Accelerator, UCRL- 59 51- T, 
June 1960. 
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5. ASTRON ACCELERATOR BEAM-MONITORING LOOPS 

Robert E. Wright 

A short section of air dielectric coaxial line was constructed to 
simulate the Astron beam traveling through a tube. A square pulse of cur
rent (200 A) was directed through the line and absorbed in a characteristic 
terminal resistance. The E and H fields in the air space between the center 
and outer conductors should approximate those in a tube through which a 200-A 
pulse of electrons travels. 

The behavior of several shapes and sizes of magnetic signal pickup 
loops was investigated when located in the dielectric region of the coaxial line. 
Two loops, located on opposite sides of the center conductor, but at the same 
radius with respect to the axis of the S?y~tem, yield a signal which is sensitive 
to a 7 to IOo/o displacement of the inner conductor from the center line when the 
loop signals are differentially coupled. 

An integrated signal from either loop shows the current passing the 
loop as a function of time. 

6. BEAM ANALYZER 

William A. Sherwood 

The Astron beam-analyzer magnet has been calibrated for median· 
plane trajectories of 350-, 400-, 500-, 600-, 700-, and 800-keV ·electrons. 
The floating-wire method of trajectory simulation was used (see UCID-4476). 
Six small Faraday cups have been made for measuring relative beam currents 
on these trajectories. To facilitate analyzer conversion for beam analysis at 
higher energies, these ·Cups will be positioned on a movable jig plate inside the 
analyzer target tank. · 

For maintaining constant performance of gaussmeters used on the 
beam analyzer and other Astron magnets, a Helmholtz coil set has beenbuilt. 
Relative field strengths on the coil-set axis are accurate to less than± 0.25% 
which is more than four times as. accurate as our best gaussmeter. 

A jig has been made which simultaneously locates a reference flip
coil probe, the analyzer turning and target tanks, and the magnet relative to 
the accelerator 'axis. 

Beam-analyzer magnet calibrations for higher-energy increments can 
now be. ~ompleted less than 20 man-days with trajectory accuracies less than 
± 1 em and estimated energy accuracies of better than 10%. 
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III. LIVERMORE PINCH PROGRAM 

Charles K; Birdsall, Dale H. Birdsall; Stirling A. Colgate, Harold P. Furth, 
. Charles W. Hartman, Charles E. Kuivinen, Ross L. Spoerleii·l, 

and Alvin VI. Trivelpiece 

l. SUMMARY 

A complete elementary theory of the finite-c:md\.'.Ctivity stability 
problem has now been formulated. 1 This theory predicts three .basic types 
of ''resistive" instabilities: a long-wave "tearingli mode, corresponding to 
break-Up Of a CUrrent layer along CUrrent-flOW lineS; a ShOrt-WaVe II rippling" 
mode, ·ciue to the flow of current across the resistivity gradients of the layer; 
cmd a Jow-f3, pressure-driven interchange mode, that grows in spite of finite 
magnetic shear. The time scale for these modes is set by the resistive -dif
fusion time T r and the hydromagnetic -transit time T h of the current layer. For 
large S = T rl Th' the growth of the "tearing'' and "rippling" modes is of order 

T r - 3/ 5 Th -2/5, and that of the pressure-driven mode is of order T r -1/3 Th -2/3. 

The predictions Qf the present theory appear to fit known experimen
tal results far better than do the predictions of the classical infinite-con,duc
tivity theory. Now that the basic finite-conductivity theory is known,. our ef
fqrts to establish close correspondence between experimental and theoretical 
stability results are being accelerated. Growth times, wall stabilization ef-. 
fects, magnetic -,curvature effects, etc., C(ln be predi~ted and are being checked 
e,x·perimentally. On· the other hand, the theory is still somewhat.idealized in 
its present form 9-nd .needs to be extended in order to achieve satisfactory reli-
ability. · 

The basic effects of viscosity, thermal conductivity, plasma com
pressibility, and Joule heating are understood, but the corresponding analysis 
has not bee11 carri~d out in full detail. Perhaps the most important inaccuracy 
of the present theory is in its use of the hydromagnetic approximation. In most 
of the experiments, the ion gyro-radii are not small compared with typical skin
depth dimensions dur.ing instablity growth times. The possible stabilizing ef-
fect that results has n:ot been evaluated. · 

The specific experiments that bear on the 11 resistive" instability qU:es
tion are: 

(a). A hard-core pinch experiment with an outer cusp field, to study the impor
tance of field curvature. 

(b) A "triax" or resistive-sheet-pinch experiment to study the "tearing" 
ins~ability. 

·(c) A large new hard-core pinch experiment (in construction), with special 
diagnostic equipment to study the "rippling" and "tearing" modes. 

·. 1 
H. P. Furth, J. Killeen, and M. N. Rosenbluth, Hydromagnetic Instabilities 

. of a Plane Resistive Current Layer, submitted to Phys. Fluids (July 1962). 

.r 
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(d) The levitron experiment itself, which is aimed primarily at the question 
of plasma-containment under such conditions that the infinite-conductivity 
stability theory is satisfied, and which therefore will provide decisive infor
mation on the importance of the "rippling'' mode and the pressure-driven 
"resistive" mode in causing plasma diffusion. 

2. CUSP- PINCH EXPERIMENT 

Initial experimen~s with a hard-core pinch and outer cusp field have 
been reported previously. The object is to study a current layer in a "mag-
netic trough, " where the absolute magnetic field strength is increasing in all 
directions away from the plasma. 

The initial experiments were dominated by gross current filaments 
emanating from port holes in the cathode. Current filaments appeared simul
taneously along the lengt~ of the pinch,with.nearly~eropitchandnoap.pa:r:entrota
tion in time. ·Azimuthal modulation of the total current as high as about 30o/o 
was observed. Only partial compensation "for cathode ports could be made by 
the omission of several units from the ring of cathode spark triggers. The 
particularly strong influence of the cathode on the. aRparent stability and syrnrne
try of this pinch led to exploration of several cathode types, with a final choice 
of a radial-fin stainless ste_el cathode. With the fin cathode, the turbulence 
could be reduced in amplitude by an order of magnitude, and more useful probe 
data could be obtained •. (The study of-cathode-initiated streamers, which in 
itself has some relevance to the "resistive" instability question, is being 
pursued further in other experiments. ) 

Inverse -pinch configurations (B at the rod, 5000 gauss) have been 
studied with no initial ~e· as well as wi~ initial forward. and reverse Beo 
(2500 gauss at the rod) 1n average cusp f1elds of 3 and 6 k1logauss, and · 
with 100 JJ. D or He. In regions between cusps, a degree of coupling to the 
axial field tEat is comparable to the usual coupling to a pure B field is ob
served for all initial Be's. In the cusp regions, with no initiaf'or with forward 
Beo• a current layer is formed near the outer wall, where presumably vis cos
ity and wall tnass emission impede the rotational motion. · A characteristic Be 
~i.striobution for Beo~ 0 is sh~wn in Fig. III-I, upper •. Typical rotattonal veloc-
1t1es 1n the cusp reg1ons, as 1nferred from Doppler sh1fts, are 2Xl0 ern/ sec. 
Contact of the current layer with the wall precludes a meaningful assessment 
of stability for these configurations. 

• • 

0 

Pinches formed with reve.rsed ionitial Be tend to exhibit high repro due-
1b1hty. The use of reversed • Be g1ves nse to current layers that are well 
separated from the insulating wall at low cusp fields (B :::: 3 kG). As the cusp 
field is increased, wall currents again form, and stabiflty disappears. No 
Doppler shift is observed for the stable dis6ributions, establishing an upper 
limit on rotational velocity of about 0. 5Xl 0 ern/ sec. 

0 

• The remarkable stability of the reverse-Be-plus-weak-cusp-field con-
flguratlons {see Fig. III-I, lower) contrasts with the familiar instability of all 

2c. K. Birdsall et al., in Controlled Thermonuclear Research Sernia:q.nual 
Report, UCRL-9969, December 1961. 
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initial Be• 100 fJ. D2, 3 JJ.Sec ri~e time. 
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the reverse-B -plus-B configurations. 3 In the present experiment the 
"cuspiness" o1 the initfa1 field can be varied continuously from pure B to a 
_perfect cusp field, and at the same time the reverse- Be discharge is o~served 
to go from substantial instability to apparent quiescence. This phenomenon, 
which was discovered experimentally, can be explained in terms of the finite
conductivity stability theory. The "rippling" and "tearing• modes,· which pre
sumably are responsible for instability in the pure-B . case, involve displace
ment of hot plasma outward from the zero-order posiflon. If there is a ~trong 
increase of absolute magnetic field strength away from the plasma, as well as 
a high f3, then such plasma displacements give rise to a restoring force which 
can overcome the driving forces of the rippling and tearing modes. A de
tailed analysis of this ·effect is given in Ref. L 

The cusp field, unlike the pure B field, presumably gives rise to 
some plasma rotation, and this could alsozbe argued to have an influence on the 
observed stabilization phenomenon. 

3. LINEAR HARD-CORE PINCH EXPERIMENTS 

A 12-inch hard-core pinch with multiple probe ports and light ports 
is under construction. The purpose is to get detailed measurements on 
••resistive•• _instabilities, particularly those of the rippling and tearing types. 
The study will be centered on the transition from initial quiescence to turbu
lence. 

A preliminary investigation of the initial growth of pinch instabilities 
has been made with a 4-inch linear inverse stabilized pinch (using the same 
facility as the cusp pinch experiment). Thus far, the influence of the electrodes 
on gross symmetry has been examined with Be magnetic loops external to the 
pinch. The anode is found ~o have negligible effect on symmetry, while the cath
ode exerts a dominant influence. · Current filaments having the same sense of 
pitch as the rlilagnetic field are observed to grow simultaneously along the length 
of the discharge. It is also observed that even during the reproducible initial 
phase of pinch formation that is indicated by magnetic probes within the plasma 
the probe signals from the outs:lde loops are already irreproducible. This 
result is indicative of finite -conductivity effects. Since the pinch is driven 
from the inside c•unpinch11 operation). the outer signals depend on resistive 
diffusion of field through the plasma. 

4. RESISTIVE SHEET PINCH EXPERIMENT 

Initial experiments have demonstrated the ••tearing•• instability of the 
current layer at D 2 densities above 100 j.L. The illustrative Kerr-cell pictures 
of Fig. III-2 were taken through the screen electrode of the pinch tube. For 
10 kV and 300 j.L D2, ·the current rises in 5 j.LSec to 200 kA and ·is then crowbarreq, 
with a 1/e time of-z.s IJ.Sec. The pictures of Fig. III-2 were takenat,.l and 10.5 
jJ.Sec after pinch initiation. Initially the discharge is seen to be quite uniform, 
while after about 10 IJ.Sec an asymmetric light distribution takes place. 

3 
S. A. Colgate and H. P. Furth, Phys. Fluids l• 982 ( 1960). 
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Fig. III-2. End views of tubular pinch, 300 f.!. D
2

, 10 kv, taken at 
1 f.!.Sec and 10.5 f.!.Sec after initiation. 

.· 
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Measurements with eight magnetic pickup loops placed around the periphery 
of the. tube confirm that the light asymmetry is correlated with current chan

. neling. 

At still higher densities, the current channeling becomes more 
sharply localized, while at densities below 100 !J.· the discharge remains essen
tially uniform throughout the pinch time. These results suggest that the ob~ 
served instability may depend on very-low-temperature effects, such as ion
ization and Joule heating. In order to demonstrate the type of tearing insta
bility that our theory envisages for a fully ionized plasma of fairly good con
ductivity, it is desirable to operate below 100 1-l· The observed nonoccurrence 

. of the instability in the range belov;.~ 100 fJ. may be due to wall stabilization. 
The discharge may be passing sufficiently close to the inner glass wall and 
return conductor (see Fig. III-2) so as to fall within the theoretically predicted 
stable zone. The apparatus has now been modified to center the discharge 
more accurately and to increase the separation between the return conductors. 
Further experiments will either permit documentation of the present theoret
icaLpredictions or else indicate new stabilizing effects that are not yet taken 
into account. A second avenue of study will be to extend the present theory to 
include low-temperature effects, and then to make detailed comparisons with 
the instability that is already being obse:rved in Fig. III- 2. 

5. LEVITRON PROGRESS 

The levitron has been assembled and preliminary vac'bum tests com
pleted .. In the initial pumpdown, the liner pressure was j-XlO- mm Hg after 
24 hours of pumping. The annular space reached 5Xl0- mm Hg in this same 
period. It is planned to conduct liner bakeout test.s and make additional vacuum 
checks. before installing the magnetic_;field-generating windings. 

Preliminary cryogenic pump tests for the levitron looked encouraging 
and a final design has been worked out. A liquid-helium-cooled finger trap is 
inserted into the discharge region for high-speed pumping and then removed 
transiently during a discharge. This will be assembled and tested in the Me
chanical Engineering Laboratory prior to installation on the levitron. 

The major delay in reas13embling the levitron has been the develop.
ment of an insulating coating for the main toroidal vacuum and flux-concentra
ting c;:opper shells. Since.this coating must be continuous from inside the annu
lar space (between shell and stainless steel liner) to the outside of the shell, 
hold 5 kV everywhere (inc;:luding the vacuum seals az the major and minor 
coating line), and in addition withstand 1/2 watt/em radiant heat load in vac
uum,, the solutio~ has tak.en.co11-siderable time. 

Phenolic proved to be unsatis~actory for a shell coating even though in all pre
liminary testing it lookedide.aL One shell was successfully coated but consid
erable trouble was experienced in coating the second half. It was found that 
the combination of high temp~ratures .and heat cycling caused hairline cracks 
to develop in the surface even though adhesion to the copper was relatively 
good. 
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Many combinations of coatings were tried, and in almost every case 
either adhesion was poor owing to oxidation of the copper or else the coating 
became brittle. The following combination proved satisfactory and was used 
in the present assembly of the levitron. The copper shell was first sand
blasted and then brlj.sh-plated with nickel to prevent oxidation. A phenolic 
primer was applied, and the remainder of the coating was a new material by 
DuPont called Pyre ML. This is a polyamide varnish which has superior high
temperature properties and a film strength approaching that of Mylar. The 
material was brush coated, since this appeared to giVe more satisfactory 
results than spraying. 

A hollow-cathode-discharge plasma source ~or the levitron has been 
constructed and is now under test. The source is to ope rate in a radial port, 
injecting plasma radially onto flux surfaces as they ai-e swept inward. A 
t~ermionic cathode is used. ~ulsed n2 . is injected into the hollow cathode re
g1on and a 50 to 100-ampere d1scharge 1s formed to a tubular anQde. The 
plasma is allowed to expand to a l-inch column in the present straight test 
section, Densities up to 1013 /cm3 and electron temP,eratures of roughly 10 
to 30 eV have been measured. 

6. COLLISIONLESS PLASMA SHOCK (EXPERIMENTAL) 

The importance of theoretically predicted plasma-constrastreaming 
instabilities depends critically on the temperature of the electron-neutralizing 
background. For the exper'imental conditions investigated (lo 15 to roi6 n+ /cm3, 
I keV kinetic energy), collisional heating of electrons by the ion streams may 
provide sufficiently high electron temperature for instabilities to appear, if 
impurity radiation is unimportant. Magnetic probes have indicated an increase 
in electron temperature from about 10 eV, for no contrastreaming, to 20 to 30 
eV during contrastreaming. Interpretation of magnetic pressure measurements 
is made difficult by changes in the shape of the moving plasma charge as well as 
by the excitation of large-amplitude radial magnetosonic modes. Spectroscopic 
stuaies of highly ionized states of C, 0, and N are being made, which should 
provide better temperature estimates. 

7. COLLISIONLESS PLASMA SHOCK (THEORETICAL) 

Instantaneous pictures of electron and ion phase space (each dot repre
sents a particle) and potential, taken after five ion plasma periods, for the 
sheet-code electrostatic-shock calculations are shown in Fig~· III- 3. The shock 
wave is propagating in the positive direction away from a stationary reflecting 
wall at x = 0. Shocked plasma is at rest, unshocked plasma is streaming with 
velocity v = - I in the negative direction, and the shock velocity is +I. The 
mass ratio

0 
is 10, distance is measured in units of v / w , and the ion energy 

at velocity v corresponds to a potential of 5 units, ~hER-~ potential troughs 
attract electr~ns. Figure III-3 is taken before thermalization of the contra
streaming shocked plasma has occurred, but illustrates the mechanism that 
persist at later times. 
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3c. Potential for mass ratio 10 shock calculation, t = 5 T .• p1 
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The potential wave for x > 120 fluctuates at about the ion plasma 
frequency and is produced by the excitation of electron plasma oscillations in 
the incom.ing plasma by energetic io'J.S of low density. The dorninant shock 
interaction occurs at the primary density gradient of the E:ront, A sheathlike 
l)Oten.tial well i,s form.ed at x = 107 by energetic electrons l.n the shocked 
regio1~. The incoming ion stream i~ dec~ler.ated to about l/.3 v 

0 
while elec-. 

trons are accelerated to nearly the 1on 1unetlc energy. Equ1valently, the ad~ 
iabatic compression which heats electrons increases the amplit·ude o.L L,e elec
tron plasma oscillations as well.. For x < 107 the potential distribution is 
established by large -arnplitude electron oscillations and ion plasn•a vvaves, 
which are maintained by contrastreaming behind the front. Eventual thermal
ization of the ion distribution occurs after 12 ion plasma wavelengths inter
penetration. 

Initial mass-ratio-100 calculations could not be carried to complete 
thermalization of the ion distribution because of limitations of running time 
and machine storage. Another calculation with l/3 the sheets per Debye 
length has been started, and appears not to differ-:.substantially from the initial 
results. 

8. INSTABILITY TEEOR Y 

The stability studies for collisionless anisotropic plasmas and sheet 
pinches that have been previously reported in this section have nqw been con
solidated into an over-all theory. 4 

An approximate analysis has been developed for sheet pinches in 
which l:;oth finite conductivity and fi11ite electron n>ass are important. (The 
lattel' lin>it corresponds to the collisionless sheet pinch tnodel). For this 
purpose the dj/ dt term in Ohm~ s law, as well as the 11j term.. is used in the 2 
analysis of Ref. l, and the results are modified by replacing Tj by lj + p/4rrnr a, 
where re = e 2/mc:'/:: Th:./~nite_Tass become~ important for instability gr.owfh 
rates above 2X 10 :.:> (nT) .:>/~sec , where T 1s the electron temperature 1n eV; 
and the growth rate of the tearing mode then scal~s like n -3; 2• 

4
H. P. Furth; A Prevalent Instability of Nonthermal Plasma (UCRL-6907, 
May 28, 1 962), submitted to Phys. Fluids. 
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IV. BERKELEY PLASMA RESEARCH 

I. ROTATING-PLASMA RESEARCH 

Klaus Halbach, Robert W. Layman; and G. Donald Paxson 

In January 1962 Homopolar V was operational for the first time. The 
electrode structure of this device, which is shown schematically in Fig. IV -1, 
is identical with the one used in Homopolar IV device. The improvements 
over Homopolar IV concern mainly the following points: 

(a) Through replacement of all rubber gaskets by specially treated Teflon 
gaskets and the use of two Vacion pumps, (instead of one) the base pressure 
could be reduced by a-factor of 10, to less than 10-7mm Hg. 

(h) The magnetic field coils are more flexible and, owingto stronger con
. struction, they will allow us to go to higher magnetic fields as soon·as the 
1-megajoule capacitor bank is operationaL 

{c) A newly designed fast-acting valve proved more reliable than the one used 
in Homopolar IV. 

·(d) The cavity that contains the deuterium now has a cylindrical shape and is 
located in the very center of the apparatus. This insures the azimuthal sym
metry of the gas release, which was very sensitive to machining tolerances 
in the annular cavity used in Homopolar IV. We believe that it is because of 
this change of the shape of the cavity that practically lOOo/o of the shots with 
Homopolar V show a backvoltage, whereas only 20 to 30o/o gave a backvoltage 
in Hornopolar IV. 

Figure IV -2 shows typical current. and voltage traces obtained with 
Homopolar V. From the thermonuclear point of view, the most important 
feature of the voltage trace is that owing to the low-impedance supply circuit; 
the voltage does not decrease appreciably during the main ionizing discharge. 
This means that the randomized Larmor energy1of the ions in the drift frame 
at the time the plasma is created must be nearly the same as the organized 
rotational energy of the ions at that time, provided that the measured voltage 
does not appear mainly across a thin plasma sheath. It seems, however, 
that this latter possibility can be ruled out, because. (a) both 11 crowbar" 
(shorting) experiments and experiments with an inductance in series with the 
driving capacitor show that the machine reacts like a well-behaved hydro
magnetic capacitor and that the angular momentum imparted to the plasma by 
the radial current can be recovered; (b) the charge going through the machine 
during the ionization and acceleration phase agrees with the charge calculated 
from the applied voltage and the equivalent capacity of the hydromagnetic sys
tern .if it is assumed that the whole plasma participates in the rotation. The 
highest drift velocity calculated. from experimental data on this basis has been 
6Xl0 7 em/sec, corresponding to 4 keY ion energy. 

The sudden drop of the voltage across the machine to less than 100 
volts after 19p.sec (Fig. IV -2) is most likely due to an internal short. We 

1
The Larmor energy is randomized in the sense that for every radius the Larmor 
velocity distribution of the nearly monoenergetic ions in a plane perpendicular 
to the axis of the system is isotropic, since the ions are formed in a time long 
compared with the Larmor period. 
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Fig. IV -1. Schematic diagram of Homopolar V device. 
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believe that, owing to the heating of the electrons by the ions and the ex
tremely fast thermalization among electrons, electrons escape through the 
mirrors and establish conductivity between the electrodes along magnetic 
field lines. The large current that accompanies this drop of the voltage is 
the discharge current of the external capacitor into this short circuit. The 
loss of rotation due to this crowbar does not, however, mean that we lose 
the plasma at this time. Microwave transmission experiments show that the 
ele,ctron density is higher than 10 13cm -3until the magnetic field drops to 2 to 
5 kG, which occurs (depending on the magnetic field configuration) 5 to 9 msec 
after the discharge took place. It should be noted that the randomized ion en
ergy in the drift frame. should not be alter.ed directly by this internal or an 
external crowbar. · 

Since the valve rel~ases typically 30 to 50 ~-tl D
2 

into the apparatus, 
the findings descri.bed <7boye indicate that w_e are dea4ing with ~ D plasfla of 
Ito 4 keV random1zed 1on energy at a dens1ty of 10 1 to 10 15 1ons/cm . We 
therefore investigated the neutron production of this plasma with Lii, Hornyak, 
and plastic scintillatbrs in conjunction with photomultipliers. The results of 
these experim.ents are the following: 

(aJ There is no detectable neutron production before the onset of the main dis
charge. 

(b)
5 

The total neutron production, which has a maximum value of the order of 
10 neutrons per shot, is not affected when the machine is crowbar red exter
nally after the main discharge current ceases to flow. 

(c) Prelirriinar'y time~resolved neutron studies show that neutrons are produced 
for at least 20 iJ.SeC after the main discharge current drops to low values, whether 
or not an external crowb?-r is applied after that time. 

In addition to these methods to detect the occurrence of D-D reactions, 
we tried to detect the protons that are produced in this reaction by placing a 
thin plastic scintillator in the vacuum system and observing the scintillations 
with a photomultiplier. Because of the x-ray andy background produced by the 
device, this has been unsuccessful so far, but we hope that we can improve this 
method enoughto obtain useful information. Furthermore, we intend to '\J.S'e a 
stilbene crystal in conjunction with a photomultiplier and a pulse -shape dis
criminator circuit, which'should allow us to differentiate clearly between scin
tillations produced by y' s and those by fast neutrons. As soon as the !-mega
joule capacitor bank is completed, we will be able to 'increase the electric and 
magnetic field, and if everything goes according to expectations, this will in
crease the neutron. output to the point where we can monitor the neutron pro
duction with an activation counter. 

To make a direct measurement of the ion velocities, we used two 
detectors that could detect the fast neutrals resulting from charge exchange be
tween slow neutrals and fast ions. They consisted of a secondary electron 
emitter and a properly biased electron collector. One was mounted close to 
the outer electrode, the other at a distance of 60 em with the connecting line 
intersecting t.he outer electrode at an angle' of 45 degrees. The detector close 
to the outer electrode yi:elded a pulse that started with the onset of the discharge 
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current and disappeared shortly after the current reached its maximum value. 
'T,he fact that no neutrals were detected after that time indicates that the plas
mais highly ionized as long as there are high-energy ions in the plasma. The 
second detector showed a signal that was spread in time somewhat and had a 
time-of-flight delay that indicated a maximum velocity that was in agreement 
with twice the drift velocity at the outer electrode as calculated from the elec
trical data. 

We are presently testing a neutral detector with a fast-acting valve 
mounted very close to the point where the neutral detector is attached to the 
outer electrode. By releasing gas at any desired time and observing the out
put of the neutral detector, we hope to find out how long the energetic ions 
are present after the ionization current ceases to flow. 

All the experiments mentioned above were performed with a negative 
center electrode. Preliminary experiments with the opposite polarity resulted 
in the production of a rotating plasma with the neutron yield reduced by a factor 
of 15. We intend to study the operation, of Homopolar V with this polarity in 
more detail. 

2. HYDROMAGNETIC WAVES AND CYCLOTRON HEATING 

Ion Cyclotron Resonance Experiment 

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

During the period covered by this report the ion cyclotron resonance 
apparatus has been operated in a form modified somewhat from that described 
previously. The evidence 1 for the control of turbulence by insertion of a. con
ducting screen perpendicular to the magnetic field at one end of cylindrical 
plasma devices-has prompted the introduction of such a screen into the ion cy
clotron resonance apparatus. To allow this modification the slow bank ion
izing voltage is applied to the same electrode that supplies the wave-inducing 
rf field. The opposite end of the tube is thus free to accept the conducting 
screen, as shown in Fig. IV -3. Some of the wave -field measurements de
scribed in earlier reports have been repeated with the screen in place. The 
radial and axial dependence of the azimuthal wave-field component be has 
been measured. The results and the corresponding wave energy are presented 
here. 

Introduction of t~e conducting screen substantially reduced the time 
dependence of the b wave-field amplitude. This reduction in "hashiness" 
suggests reduced tufhulence associated with the wave propagation, and has al
lowed measurement of wave amplitude over relatively sharply defined periods 
of the wave -propagation time. Thus the extensive time averaging used in ear
lier data reduction was eliminated. 

1 
John M. Wilcox, William S. CDo.pe:r III, Alan W. DeSilva, George R. Spillman, 
and Forrest I. Boley, Swirls Produced in a 11 Crowbar red" Rotating Pla·:sma, 
UCRL-10010, Jan. 12, 1962. 
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Fig. IV- 3. Modified- ion cyclotron resonance apparatus with 
conducting end screen in place. 
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Application of the 8. 3 -Me radial electric field to the coaxial elec
trodes produces a predominantly torsional hydromagnetic wave in which the 
azimuthal component be is approximately proportional to 1/r at the elec
trodes. As the wave propagates down the tube, the total wave energy per 
unit length and hence the wave amplitude is expected to rise owing to the spa
tially decreasing .magnetic mirror field and the consequent drop· in wave ve
locity. The energy per unit volume is only slightly reduced by the increasing 
cross section of the wave front. As the resonance region is approached; most 
of the energy of the wave is expected to be converted into thermal energy. 
Figure IV -4 shows b.A (r) at four axial positions 800 f.LSec after the wave -in
ducing field is applieO. The general behavior of be is as expected. 

Figure IV- 5 shows in a rrute: detailed manner than Fig. IV -4 the 
amplitude of b as a function of axial position. These measurements were 
made at a consPant radius midway between the electrodes. A sharp decrease 
in amplitude near resonance is apparent, as is the slow increase in amplitude 
with distance from the driving end immediately prior to resonance due to the 
decrease in wave velocity. 

Figure IV -6 gives the be phase shift with z at 800 f.LSec after 
application of the wave field. The wave velocity can be obtained from the slope 
of the data in Fig. IV -6, and this velocity is indicative of the plasma density. 
At the driving end the density so indicated at 800 f.LSec is 14% of the initial 
neutral atom density. This density has not been confirmed by other techniques. 

Calculated from the. wave -field data presented above, the theoretical 
ratio of b /b e• and the wave velocity determined from the phase-shift data, the 
total waverpower is 270 kW. The corresponding total input power from the os
cillator at 800 f.LSec is 550 kW. Thus the efficiency of power transfer from 
the oscillator into hydromagnetic wave motion is approximately 50%. 

It is concluded that a substantial portion of the power from the oscil
lator can be coupled into torsional hydromagnetic waves in a highly ionized 
plasma by direct application of an oscillatory radial electric field. These 
waves propagate in a relatively steep magnetic mirror field to an ion cyclo
tron resonance region at the mirror center, where at least 90% of the wave 
energy is lost from the wave. 

Spectroscopic measurements designed to measure ion and electron 
temperature are under way. These observations are to be made at both visible 
and ultraviolet wavelengths. · 
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Plasma Core Device 

George R. Spillman* and Forrest I. Boley 

The behavior of plaz;ma produced by ionizing fronts of the type dis
cussed by Kunkel and Gross has beeri described for cylindrical geometries 
in which conductive containing w:flls are in close contact with the plasma. 1 

A preionizer has been described in which the conducting walls were replaced 
by Pyrex ones. The related behavior has now been observed when the cylin
drical Pyrex confining walls are removed from the immediate vicinity of the 
plasma. To provide an appropriate geometry for the observations, the inside 
diameter of the Pyrex portion of the preionizer device was enlarged from 3.0 
to 6.0 in. The diameter of the front launching section was thus less than half 
that of the enlarged Pyrex section. 

In the absence of a conducting screen at the end of the Pyrex section 
the plasma spreads beyond the area of the launching section in a manner shown 
by the Kerr-cell photograph in Fig. IV -7. A grounded conducting screen 
placed in the end of the Pyrex tube opposite the driver section was observed 
to virtually stop the spreading motion and confine the plasma to the cross sec
tion of the launcher. 

Ion-density measurements were made by observing Stark-broadened 
H line profiles. These measurements were made with a viewing path at an 
a~gle to the tube axis so as to exClude light from the launching section. At 
40 J..LSec after initial breakdown and 16 jJ.Sec after the electrodes were short
circuited the ion density was observed to be 150o/o of the initial neutral atom 
density, thus implying a net influx of neutrals into the plasma region. 

Kerr -cell photographs were also taken viewing at an angle to the axis. 
Such photographs taken with uniform and nonuniform magnetic fields indicated 
that the plasma was formed within a boundary defined by a flux surface inter
cepting the outer wall of the launching section. 

Polychromator Modification and Data Reduction 

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

The polychromator previously described
4 

has been modified to pro
vide additional sensitivity and an increase from 9 to 18 channels. Both these 
modifications increase the utility of the device in examining spectral line pro
files. To help provide the increased sensitivity, a long-focal-length 

* 1st Lt. U.S. Air Force. The op1n1ons 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. 

2Wulf B. Kunkel and Robert A. Gross, Hydromagnetic Ionizing Fronts, UCRL-9971, 
Dec. 14, 1961. 

3In Controlled Thermonuclear Research Semiannual Report, UCRL-9969, Jan. 19, 
1962,p.57. 

4
George R. Spillman, William S. Cooper III, and John M. Wilcox, Nine -Channel 
Polychromator for Observation of Time-Dependent Spectral Line Profiles, UCRL-
9843 Rev. , Jan. 22, 1962. 
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. . 
cylindrical lens has been used to focus the light in the direction of the slit 
Length, thereby concentrating the light in the center of the light pipes, . By 

~. use of the focusing lens and·modified light pipes the sensitivity ofthe poly:
chromator has been: doubled,-

.. In o·rder to process efficiently the data from the 18-chaimel poly-
. chromator a compueter program has been written by Harold Hanerfeld and 

Edna Williams of the computing group. This program·fits the theoretical 
Stark-broadened line profiles to the experimental data, using the ion density 
as a fitting parameter. This program'lias been run successfully and has been 
joined to a program written for reduction of polychr'Omator data to line pro
'files by use of the· OSCAR (a scanning machine vvhich punches data into IBM 
cards). The program takes input data from the OSCAR and produces as out
put (a) the ion density as a function of tiine and (b) plots of the experimental 
line profiles together with their best-fit theoretical profiles, 

3. REMARKS ON MAGNETOACOUSTIC WAVES 

Wulf B. Kunkel 

In connection with the research on hydromagnetic waves of various 
types that is being carried out at Berkeley it became obvious that we did not 
have a clear picture of the physical difference b~tween the so -called fast and 
slow waves of compressible magnetohydrodynamics. 1 The following simple 
analysis was performed to shed light on the matter. 2 

Our starting point is the familiar set of linearized equations of mag
netohydrodynamics of a ·dissipationless fluid. With the he'lp of either Fourier 
ana1ysis 3 or the methodo£ characteristics, 1 and by usingthe continuity equa
tion to 'eliminate the density as a variable, these are readily transformed into 

(1) 

cb = n x (~x~)· (2) 

Here v and b signify the small disturbances of the fluid velocity and of the 
magnetic induction, respectively. The undisturbed medium is characterized 
by a density p and a speed of ordin,ary sound a, and is assumed to be per
meated by a magnetic field B/J.L. The signals are propagating at speed c in 
the direction of the wave normal n. 

1
K. (). Friedrichs and H. Kranzer,, :in Nonlinear Wave Motion, Notes on Magneto
hydrodynamic:s, VIII, U.S. Atomic Energy Commission, New York Op.erations 
Office Report NY0:-6486, July 1958 (unpublished). 

'2 . . ·. ' : 
W. B. Kunkel, Phys. Fluids 5 851 (1962). 

3 
L. D. Landau and E. M. Lifschitz, Electrodynamics of Continuous Medi.2. 
(Pergamon Press, New York, 1.960), p. 219. 
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For n·v -=f. 0, i.e., in cases of "magnetoacoustic" waves, the co
planarity of b,-V, n, and B can immediately be deduced from ( l) and (2 ). 
Inspection ofthese equations also reveals that the mutual orientation of the 
vectors in question must be of the type sketched in Fig. IV -8 for the domain 
n · B > 0 and · ;b.B > 0. It will be recognized as an interesting physical feature 
that in fast waves n•V and b· B have the sarne sign, but in slow waves they 
have opposite S•ignS,-

A convenient quantitative relation between the direction of v, defined 
by~·§ "" vB cos <j>, and the direction of propagation ~· defined by ~~ = B" 
cos e (see Fig. IV -8), is readily obtained if we use elementary vector algebra 
to eliminate c, b, and J vI from ( l) and (2). One can show, for instance, that 
(B·v)(B x v) = f.J.p-a2 (n·v)(n";~v). If we introduce the abbreviation r = fl.P a 2 /B2 , 
tl;;- c;n b~ written -;;--rysi-;,_ply as sin 2q, = r sin 2 (<]>- e). In terms of the dis
criminant oi magnetoacoustics, defined by q 2= r 2 -2r cos 2e + l, the relation 
between <1> and e takes the explicit form 

sin2q, = (r/q) sin2e. (3) 

Since the propagation speed in this notation is given by c
2= ( l+r+q)B

2 
/2fl.p, 

the positive root q > 0 obviously refers to the fast wave, while q < 0 belongs 
to the slow wave. At a given angle e, then, Eq. (3) yields two admissible basic 
solutions for <j> which differ by rr/2. Evidently these are the two orthogonal 
directions labeled v f and v s in Fig. IV -8. 

A plot of <j> vs e for various values of r is presented in Fig. IV -9. 
For r» l, the fast wave very clearly approaches pure compression (<j> = e), 
whereas for r << l, v { is transverse to the magnetic field at all values of e. 
It is remarkable that for values of r of only 4 and 1/4, respectively, the 
maximum deviations from these limiting directions amount to only about 7 
de g. 

The angle <j> for slow waves is indicated by broken lines in Fig. IV -9. 
At the point e = rr/2, the direction of v changes by rr. This occurrence is 
connected with the fact that both cs ands ~·~ go to zero at this point. l, 4 

The magnitudes of v and b are, of course, uniquely related to each 
other. After some algebraicman1pulation, this relation in terms of q and 
r is found to be 

2 2 
2b = fl.pV [l + (l - r)/q]. ( 4) 

The case r = l deserves special attention. Equation (4) states that 
as far as relative amplitudes are concerned, there is no distinction between 
fast and slow waves under this condition. And in Fig. IV -9 we see that in the 
directions e = 0 and e = rr the fast and slow waves are not only indistinguishable 
but also in a certain sense exchange roles. Th~s is also apparent when c(B), 
for the case of r = l, is shown in a polar plot. 

4
J. Bazer and 0. Fleischman, Phys. Fluids 2, 366 (1959). 



-55- UCRL-10294 

n 

B 

bt,s 

MU-26200 

Fig. IV -8. Orientations of the vectors in magnetoacoustic waves. 
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Fig. IV -9. The angle <j> as function of e for various values or r = f.LP };If. 
The solid curves refer to the fast wave, the broken curves to the 
slow wave. · 
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4. HYDROMAGNETIC IONIZING FRONTS 

Arthur R. Sherwood and Wulf B. Kunkel 

Construction of the major components of the apparatus for the ex-
1 

perimental investigation of hydromagnetic ionizing fronts has been completed. 
The device has been assembled and vacuum-tested. Dummy load tests of the 
driving current source have revealed unequal current distribution among the 
feed cables connecting the current source to the electrodes of the apparatus. 
As a result the current source has been rebuilt, and further dummy load tests 
now in progress indicate that the problem has been eliminated. 

A probe allowing axial positioning and angular orientation of a search 
coil has been constructed for investigation of the quasi-static vacuum magnetic 
field. ·The probe will be used for calibration of the magnitude of this field; to 
check that the axis of the field is parallel with the axis of the annular exper
imental region, and to check the uniformity of the field in the experimental 
region. 

1 Arthur R. Sherwood and Wulf B. Kunkel, in Controlled Thermonuclear 
Research Semiannual Report UCRL-9969, January 1962, p. 65. 

5. CROSSED:..F1ELD BREAKDOWN STUDIES 

Melvin J. Bernstein, Wulf B. Kunkel, and Gary A. Pearson 

Measurements of the formative time lag for crossed-field breakdown 
in H were reported previously. 1 We have since discovered that the gap · 
widt~s and voltages used were not sufficiently large to cause "single avalanche 
breakdown, i.e., the electron crossing times were smaller than the formative 
time lags. Thus, the attempts to compare with earlier experiments and with 
theory must include the effects of the electrodes; with this in mind~ further 
experiments should be done. 

There is still reason to expect the total current to increase exponen
tially during the formative time,. This ha_s be~y observe_d di~ectly by_ usi~g 
the electrode arrangement descnbedprevl'Ouslyand the cucmt shown1n F1g. 
IV -10. The cathode was illuminated with ultraviolet light. The procedure 
consisted of momentarily closing switch s

1 
to bias the gap and draw electrons 

from the cathode. Then the vacuum relay switch s
2 

was closed, which discon
nected the power supply from the 1.0-}LF capacitor and fired the delay chassis, 
The two outputs were timed in such a way that the pulse generator was fired 
about 2 IJ.Sec before the hydrogen thyratron. The length of the pulse closing 
the 2N316A transistor was adjusted to be just long enough to short out the cur
rent charging the gap so that the oscilloscope amplifier would not be over
loaded. The 1N355R Zener diode kept the voltage rating of the 2N316A triode 
from being exceeded. The voltage rise time was about 0. 5 IJ.Sec, 

1
Melvin J. Bernstein and W:ulf B. Kunkel, in Controlled Thermonuclear 
Research Semiannual Report UCRL-9969, Jan, 1962, p. 67. 
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At each setting of physical parameters, three or four shots were_
6 photographed at each of nine current sensitivities,which range from 5 X l 0 

to 5X I0- 3 Ajcm. The currents obtained from the photographs were plotted 
as in the example given in Fig" IV -11, using those photographs which corre
sponded most closely to the average formative time lag. The electrode gap 
was 0.8 em, and E, B, and p ranged respectively from 2.0 to 2.9 kV/cm, 
8 to 10 kG, and 0.027 to 0. ll mm Hg of H

2
. In all cases the current rose ex

ponentially at the smaller currents, but often the rate of current increase 
fell at anywhere from 20 to 5 rnA. 

Again, because the breakdown is not 11 single avalanche, 11 comparison 
of the measured rate of current increase with theory is difficult. However, 
by dividing the time for a tenfold increase of current into the formative time 
lags,· it was found that breakdwon corresponded to an increase of the current 
by a factor of 109 to 1012. We had speculated that this factor would be I08 to 
l 0 ll l 

6. NUMERICAL CALCULATION OF THE ELECTRON ENERGY DISTRIBUTION 
IN H

2 
AND D

2 
IN CROSSED FIELDS FOR LARGE wT 

Gary A. Pearson 

The numerical computations on the problem outlined previously
1 

have 
been completed on an IBM 7090 computer. The cross sections used, the detai1s 
of the analysis, and a complete compilation of the results is given elsewhere. 

This calculation was made primarily to find the rate oi ionization of 
the gas by electron impac~ This problem has recently been studied exper
imentally by Bernstein, 3, who measured the first Townsend coefficient a., 

. -the drift velocity vE (Bernstein' s-+ VT) of the electrons parallel to E, and Dll, 
the coefficient for diffusion along B. ·For large wT and low ~lec!£on density 
the electron energy distribution f

0
(E) depends only upon the Ex B drift speed 

v (Bernstein's v1 or E/B), and is independent of the gas density n and the 
efectron density. The number of electrons and the current thus imf"rease ex
ponentially in time as exp(l3t), where 13/n depends only on v d" From the 
definition of a., we see that a. = 13/vE; foF large wT, a/B depends only on v d' 
Figure IV -12 shows a comparison of the calculated result (Curve 1) with 
Bernstein's experimental result. The agreement is reasonably good, in view 
of the large uncertainty in the eros s section for electronic excitation, It was 
found that by increasing this cross section by a factor of 4. 7, good agreement 
is obtained, as shown by Curve 2 in Fig. IV -12. 

1 
Gary A. Pearson, 1n Controlled Thermonuclear Research Semiannual Report, 
UCRL-9969, Jan .. 1962, p. 76. 

2
Gary A. Pearson, Electron Energy Distributions and Ionization Rates in Hydro
gen with Crossed Electric and Strong Magnetic Fields, UCRL-10366 (in prep
aration}. 

3
Melvin J. Bernstein, Townsend Ionization Coefficient for Hydrogen in a Trans
verse Strong Magnetic Field (UCRL-10017, Jan. 1962), Phys.Rev. 127, 3.42(1962), 

4
Melvin J, Bernstein, Electron Drift and :Qiffusion Measurements in H

2 
and D

2 
with Crossed Electric and Strong Magnetic Fields (UCRL-100 16, Jan, 1962), 
Phys. Rev, 127, 335 (1962), 
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These results on the ionization rate provide the basis for qualitative 
predictions of the formative time lag in single -avalanche breakdown. They 
also provide part of the inform.ation necessary to discuss the pre breakdown 
current and formative time lags observed experimentally by Bernstein. 5 

Comparison of the calculated values of VE and DLI with Bernstein's 
experimental values are given in Fig. IV -13 and Fig. IV -14. :. On our model, 
Bv E/n ~nd nR'D I d~pen.~ m:ly on v d' . 0~ the basis of an anffysis that .assumed 
Maxwellhan eti'erg~ d1str1nut1ons, Bernste1n concluded that tnese expenrnental 
results are made consistent only by increasing the elastic scattering cross sec
tion by about 10' to ZOo/o for electrons with energies of 0.3 to 4 eV. Such an as
sun1ption would also be necessary to improve the agreeme'nt shown in Fig. IV -13 
and Fig. IV -14. From the sam.e analysis; Bernstein der~ved the mean energy 
of the assumed Maxwellian distributions. The cornparison of these with the 
mean energies obtained in the present analysis is shovvn in Fig. IV -15. 

The gross features of the calculated electron energy distributions are 
quite similar to those of a Maxwellian energy distribution, although the high 
energy "tails" are somewhat depleted; this tends to justify Bernstein's analysis. 
A typical example is shown in Fig, IV-16. 

The experimental re,sults for Dz in Figs. IV -13, IV -14, and IV -15 are 
considerably different from those for Hz. It was found that assuming the energy 
l?ss to vibrational excitation o~ Dz is a~out ~/4 of tha~ in. HZ could account for 
these results. The sro~ section for Vlbrahonal eXCltahon of Dz has not been 
investigated. For E x B drift velocities above about l 0 7crn/ sec, the results 
for DZ should be approximately the same as those for HZ .. 

5 --
Melvin J. Bernsteip, · this report, IV- 5. 

7. SHEET PINCH STUDIES 

Oscar A. Anderson 

6 X 10 Triax 

The results of the Triax pinch research will soon be written up for 
publication. Hence the work done during the past six months is only briefly 
summarized here. 

Flare effects in the Triax, as previously reported, are mostly caused 
by small particles that crumble from the insulating wall. This annoying phe
nomenon has been extensively studied in order to find ways to minimize it, 
Data have been taken' on the relative frequency of flares of various locations, 
both for deuterium and for helium as the working gas. It has been concluded 
that the insulator deteriorates less rapidly with helium but that the very small 
particles that cause most of the flares are still almost as numerous. 

Two changes were made on the condenser banks, with the object of in
creasing the peak current while reducing the insulator damage. The bank ca
pacity was increased from ZOO J..I.F to 340 J..I.F. Also, small se:des resistors 
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distribution of the bulk of the electrons, and Fig. IV -16 b is a 
logarithmic plot showing the details in the "tail" of the distri
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were installed having about 15% of the value required to critically damp the 
cir~uit. Because of the nonlinear nature of the switches and load, these 
resistors stop the ringing of the condensers much more quickly than would 
be expected. In spite of the changes in the bank, it was found unnecessary to 
make any major modifications to the switches, since added capacity and 
damping resistors have opposite effects on switch performance. 1 The oper
ation is now actually more reliable than before. 

High power operation of the Triax is now in progress. 
spectroscopic, and neutron-flux measurements are being made,. 
be discussed in the forthcoming paper. 

Ribbon Pinch 

Optical, 
which will 

An STL image-·converter camera has been used to study the d,ynamics 
of the ribbon pinch under fairly high-level conditions. This had beeri difficult 
with the Kerr cell because of its poor 'open-to-closed transmission ratio·; The 
STL camera has the additional advantage of providing three 'independently ad-
justable exposures per shot, which can be as short as 5X 10-9 sec. .· · 

. These: latter features were useful for studying the plasma behavior 
aroun~the time of most rapid motion, i.e., when the edge collision takes 
place. It was found that there is no bounce after this collision, unlike the 
case·of·compression intbe thin direction. Furthermore, the plasma. appeared 
to be confined in the central region for about l. 5 f.!Sec after the edges pinched 
together. This is' consistent with the surprisingly long duration of the neutron 
burst, previously reported. 2 · 

A rotating valve has been designed that will open a 1 ·-in.· hole iri cipprox
imately 25 f!Sec. With this acting as a gate between an aperture in the anode and 
a separate evacuated chamber, plasma can be axially ejected from the pinch for 

· diitgnostic purposes. Us2 of the ribbon pinch as a source of energetic plasma 
can· ~lso be· investigated. 

1 
Oscar A. Anderson, in Controlled Thermonuclear Research Quarterly 
Report, UCRL-9598, March 1961, p. 44. 

2
0scar A. Anderson, in Controlled Thermonuclear Research Semiannual 
Report, UCRL-9969, Jan. 1962, p. 81. 
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8, EXPERIMENTS ON LORENTZ DISSOCIATION 
AND PARTIALLY IONIZED PLASMA 

Klaus H. Berkner, Vincent J. Honey, Robert V. Pyle, Henry F. Rugge, and 
J. Warren Stearns have contributed in various way_s to the following exper
iments. In addition, Selig N. Kaplan and George A. Paulikas are associated 
with the detachment and dissociation experiments. 

Magnetic Field Detachment and Dissociation of D-, H
0

, and HZ+ 

_ The experiment lo observe the detachment of electrons from fast 
D ions -in a magnetic field has been completed and the data are partially 

- - 0 -reduced, For ZO-MeV D ions the process D-+ D + e commences at a mag-
netic field somewhat larger than 80 kG and is complet1, at about I 00 kG. The 
equivalent electric fields are 3.6XI06V/cm and 4.4XIO. V/cm, resrectively. 
These lim.its are in agreement with recent calculations by Hiskes; they will 
be known more precisely after the emulsion_ sca()lnin15 is complete. The per
centage detachment vs mBgnet~c fi~ld for D -+ D + e , and an estimate for · 
the subsequent process D -+ D + e , will be obtained from the data. 

0 -1- ~ preliminary experiment to measure the detachment probability, 
H -+ H' + e , has been carried out at the Hilac, using neutrals obtained by 
breaking up ZO-MeV H + ions in argon and helium. The detachment produced 
by the Lorentz force ot a magnetic field appears to be quite large- -1 to Z o/o 
for magnetic fields in .the range 6 to 18 kG-- but further measurements must 
be made to establish the reliability of the data. Results of this magnitude 
might be expected for recent estimates by Hiskes. Z This technique may he 
useful for producing neutral beams in the energy range 50 to 100 keV for in
jection experiments. 

Further data on the. Lorentz dissociation of HZ+ from the gas strip
ping o:£ H

3 
+ have befn obtained and are being reduced. Brief attempts to pro

duce beams of HeH ions were made by Basil F. Gavin and Kenneth W. Ehlers, 
using a high-voltage PIG source and a high-current arc source, respectively. 
No appreciable currents of this ion were observed in either case, although 
other workers have apparently obtained r_espectable amounts. We hope to dis
cover the secret and perform magnetic dissociation experiments. 

1
In Controlled Thermonuclear Research Semiannual Report, UCRL-9969, 
Jan. I96Z, p. 85. 

z 
John R, Hiskes (Lawrence Radiation Laboratory), private communication. 

\ 
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ac Positive Column 

The investigation of the macroscopic instability of the positive column 
of an ac discharge in a longitudinal magnetic field3 has been continued using 
sinusoidal and square-wave applied voltages; The growth time of the instabil
ity is typically about 100 J.LSec in the de case, and should decrease with in
creasing magnetic field. We have examined discharges in H 2 , D2 , He, Ne, 
and Ar at applied frequencies from 0 to 70 kc and found that the onset of in
stability is pushed to higher fields with increasing frequency. Although the 
(m = 1) theory of Kadomtsev and Nedospasov is not specifically applicable to 
time-dependent discharges, the experimental observation that the critical 
magnetic fields are closely the same in de and half-wave-rectified (L e. uni
directional) high-frequency discharges encourages a comparison between the 
ac experiments and the de theory. The effects of higher m-value modes have 
been calculated and results showing qualitative agreement with theory have 
been obtained. 

At low frequencies, e. g. 1 kc, streak-camera photographs show the 
development of the spiral instabilities previously observed in the de case. 
At very high frequencies, e.g, 30 kc or more, the nature of the instability is 
not easily discerned from the phot"6graphs, which resemble the complex states 
obtained in the de case with magnetic fields much greater than the critical 
field. 

Expressions for the radial energy transport in a de posi~ive column 
in a very large magnetic field have been developed by Kadomtsev and shown 
to be completely analogous to turbulent transport in an incompressible flui'd, 
We have examined energy losses and streak photographs of de discharges at 
magnetic fields several times greater than criticaL The photographs show 
complexpatterns, but in general seem to retain some spiral structure. These 
studies are only preliminary. 

An interesting instability has been observed in a low-pressure Ar de 
discharge in a magnetic field. At pressures of about 50 J.l, the electron mean 
free path is long enough that a constricted discharge runs the length of the 
2-meter tube. When the magnetic field is raised sufficiently the discharge 
blows up radially at a point near the anode, the blowup occurring in an axial 
distance of a few centimeters. As the magnetic field is increased the instabil-
ity point moves toward the cathode. The nature of this phenomenon has not 
yet been studied. 

3rn Controlled Thermonuclear Research Semiannual Report, UCRL-9969, 
Jan. 1962, p. 9 L 

4 . 
·B. B. Kadomtsev, Zh. Tekhn. Fiz. ~. 1273 (1961). 
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Hollow-Cathode Discharges 

The measurements of the absorption of resonance radiation by Sr + -~ 
ions from a hollow-cathode discharge}; were discontinued while better Fabry-
Perot coatings and spacers were being constructed. Good optical resolution 
is now being obtained and the sr+ density and temperature measurement': will 
be continued. 

A study of 2- to 50-kc oscillations occurring in the hollow-cathode 
discharges is in progress, The oscillation frequencies and amplitude show 
strong dependences on discharge parameters and involve rotation and (or) 
soine other phenomenon, originally thought to be standing ion sound waves be
cause their dependence on electrode spacing was in reasonable agreement 
with calculations of ion-sound velocities. Recent measurements with multiple 
probes show, however; that the phases of these oscillations vary in an un
expected way from point to point; they are not undei·stood at present. 

9. WAVE PROPAGATION IN HOTHOUSE II--THEORETICAL 

David L. Sachs 

A study of electromagnetic waves in nonuniform plasma is in progress, 
including a particular study of the plasma in the cylindrical geometry of Hot
house II. 1 In Hothouse II the axial magnetic field decreases with axial distance 
to a magnetic beach. Effects of Hall current, finite electron mass, and con
ductivity are retained in a two-fluid model at zero pressure. Retention of these 
effects in cylindrical geometry leads to a fourth-orde-.r differential equation 
for the wave fields. The behavior of the wave fields away from the beach and 
the energy transmission, reQ.ection, and absorption by the beach will be calcu
lated by asymptotic expansion of solutions of the fourth-order scalar differen
tial equation. Previous workers in this field have omitted various effects in 
order to reduce the wave field equation to two second-order differential equa
tions which are uncoupled or wea,klycoupled. 2 

1 
In Controlled Thermonuclear Research Semiannual Report, UCRL-9969, 
Jan. 1962, p. 57; and this report, IV. 2. 

2
T. H. Stix, Phys. Fluids 3, 19 (1960), 
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10. THE STEADY -STATE REFLECTION OF A STREAMING PLASMA 
BY A MAGNETIC FIELD 

Alan Macmahon 

Rosenbluth 1 and Beard
2 

have discussed the steady-state reflection 
of a streaming plasma by a magnetic field. Rosenbluth considers only the 
case in which the streaming plasma is incident normally on a plane boundary. 
Beard treats arbitrary angles of incidence. Both make the approximation 
of quasi charge neutrality and neglect the ion current. This calculation has 
been carried out in the quasi -neutral approximation for arbitrary directions 
of incidence with the ion current included. One interesting result, which is 
a consequence of the charge-neutrality approximation, is that the magnetic
field profile is independent of the component of plasma velodty parallel to 
the boundary. In general, there is an electric field outside the plasma and 
n?~~al t~ t~e plasma surface. This field ~ay cause long-wa':elen.gth ~nsta
blhhes s1m1lar to those found by Northrop 1n the MHD approx1mat10n, 

1
M. N. Rosenbluth, Infinite Conductivitity Theory of the Pinch, Los Alamos 
Scientific Laboratory Report LA-1850, Oct. 1954. 

2
.David 1,3. Beard, J. Geophys. Research 65, 3559 (1960). 
3. -. 
_ T •. G. Northrop, Phys. Rev. 103, 1150 (1956). 
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V. THEORETICAL AND BASIC EXPERIMENTAL PLASMA PHYSICS 

1. A SELF-CONSISTENT DISTRIBUTION OF ELECTRONS 
IN THE ASTRON E LAYER 

Warren Heckrotte and V. Kelvin Neil 

It has been possible, within certain rather good approximations, 
to calculate a steady-state, self-consistent distribution of electrons that 
possesses the properties desired in the Astron E layer. This work is re
ported in detail elsewhere. 1 The cylindrical layer is assumed to have zero 
radial extent and to be neutralized by stationary positive ions. · All electrons 
have the same canonical angular momentum and are sufficiently relativistic 
that the rest energy may be neglected in comparison with the kinetic energy. 
Boundary conditions on the magnetic self-field are such that the self-flux. of 
the layer is confined to the E layer region of the axis. The problem of pro
viding the external field necessary to insure the desired layer properties is 
defined but not solved. The model used is stable against the axial bunching 
instability. 

2 
It is also stable against Ba instabilit3 if the self-magnetic field 

is less than 1. 2 times the externally applied field. 

At the time UCRL-6942 was written it was thought that by varying 
the total number of electrons in the model one approximated the distribution 
of particles at different stages of the layer's formation. However, it is now 
apparent that increasing the number of particles in the model in fact in
creases the density of particles in axial phase space. Since this is impossible, 
we conclude that, although our model may be valid during some stage of the 
build-up process, the time -dependent problem is yet to be solved. 

1
Warren Heckrotte and V. Kelvin Neil, A Self Consistent Distribution of 
Electrons in the Astron E layer, UCRL-6942, June 8, 1962. 

2v. Kelvin Neil, Stability of Thin Electron Layers, Phys. Fluids 2_, 14 
(1962). 

3 
Harold P. Furth, A Prevalent Instability of Nonthermal Plasmas, UCRL-
6907, May 1962. 
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2. A COMPU:TA TION FOR STUDYING 
THE FORMATION OF THE ASTRON E LAYER 

John Killeen 

During the past six months su~stantial progress .has been .made 
1 with the Larc code called LAYER, wh1ch has been descnbed prev10usly. 

A first version was completed in the fall of 1961, hqt many changes have 
been made· since then to improve the accuracy of the computation. Electrons 
of 5 MeV energy from a 100-A source are injected at the end of the device. 
They are injected into a given mirror field. A property of the particular 
mirror field chosen is that there is a zero of the radial force on the elec
trons near the injection, i.e., a potential trough is formed about that radius. 
The electrons can move into 43,890 positions in phase space--21 in the z 
coordinate; I 0 in the radial coordinate, 19 in v , and II in v . This phase
space motion is governed by the numerical solut!on to the collilionless Boltz
man equation, including time dependence. At each time step an integration 
over velocity space is carried out to compute the current density, and the 
field due to this current is added to the vacuum field and the force terms in 
the Boltzman equation are appropriately modified. At the present stage the 
phase space fills up correctly~ and the current and field are computed pro
perly, but various difficulties have prevented us from carrying the calcula"
tion to a point where .the external field is appreciably modified by the layer. 

A separate write-up of this code is being prepared and will be issued 
as a UCID report. 

1 
John Killeen, in Controlled Thermonuclear Research Quarterly Report, 
UCRL-9598, March 1961, p.62. 

3. INSTABILITY OF A RESISTIVE SHEET PINCH 

Harold P. Furth and John Killeen 

The study of the effect of finite conductivity on the hydromagneliz 
stability of a plane current, layer which has been reported previously, ' 
has been continued. Considerable analytic work has been done in collab
oration with M. Rosenbluth with the model in the high-conductivity limit. 
A dispersion relation has been obtained which describes growing modes of 
the "tearing" and "rippling" types. ·An interchange instability due to grav
itational field has also been derived. The effects of plasma compressibility, 
viscosity, and thermal conductivity have been evaluated. These results are 
being submitted for publication in Physics of Fluids. 

1 
Harold P. Furth and John Killeen, in Controlled Thermonuclear Research 
Quarterly' Report, UCRL-9777, Aug. 1961, p. 91.. 

2 
Harold P. Furth and John Killeen, in Controlled Thermonuclear Research 
Quarterly Report, UCRL-9969, Jan. 1962, p. 135. 
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Further numerical work has been done with the time-dependent 
model, using the code RIPPLE. A range of conductivities has been studied 
for several perturbation wavelengths. 

4. PLASMA POTENTIAL AND ELECTRON ENERGY DISTRIBUTIONS 
IN THE ALICE EXPERIMENT 

Archer H. Futch, Jr. , and John Kille en 

The code for solving the Fokker-Planck equations which has been 
used for energy-transfer problems 1 has been modified to. include source and 
loss terms and the calculation of the plasma potential. The code solves for 
the electron velocity distribution as a function of time. There is a source 
of hot ions and cold electrons. The i6n~distri bution function is assumed .to 
remain constant in time. The ~on density as a function of time is assumed 
from the build-up calculations. The plasma potential is computed at each. 
time step of the calculation by requiring charge neutrality. A critical velocity 
v (t) is determined by the condition that electrons with v < v are ,not Jost and 

C · ·C ' · ' · 
tliose with v > v can be lost by scattering off other electrons or i,ons.. At each 
time step the el€ctron density from the code is compared with the. given ion 
density and the velocity v modified accordingly. An iterative proc·edure is 
employed at each time ste~. The plasma potential is obtained fro!n · 

2 
= 1/2 Mv . c 

This work will be presented in a separate report. 

'l 
J. Killeen, W. Heckrotte, and G. Boer, Energy Transfer from Hot Ions to 
Cold Electrons in a Plasma, UCRL-6383, June 1961. 

2 
A. H. Futch, W. Heckrotte, C. C. Damm, and L. Mish, Plasma Production 
by Neutral Atom Injection: Equations and Numerical Solutions, UCRL-6728, 
Jan. 1962. 

5. THEORY OF AN ELECTROSTATIC PROBE IN A PLASMA 

Laurence S. Hall and Donald P. Geesaman . 

The problem and the methods of solution are described in previous 
Controlled Thermonuclear Research Quarterly and Semiannual Reports. A 
working code is now available for the computation of potential distributions 
about spherical and cylindrical probes. Unfortunately the code is very time
consuming and, for this reason, :ls somewhat impractical for parametric 
studies. Work is presently directed towards speeding the computations, and 
several new codes, not yet completely operational, have been written in the 
hope of materially shortening the computation times. 
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6. A STATISTICAL THEORY OF TRANSPORT PHENOMENA 

Laurence S. Hall 

Preliminary work :was completed on a statistical theory of tr
1
ansport 

phenomena and a report has been issued~ covering all results to date. In 
this paper a systematic procedure for the derivation of transport equations 
from the Liouville equation through the use of the BBGKY hierarchy is put 
forward" The unique feature of the analysis is the use of statistical consid
erations to determine the method of truncating the hierarchy. A variational 
technique for the performance of Gi bb' s ensemble average, which amounts 
essentially to an a priori assumption of an H theorem, is used to determine 
the missing information when a lower member of the BBGKY hierarchy is sub
stituted for the Liouville equation. The procedure is illustrated for the case 
of truncation at the lowest 1ev:el in the hierarchy, ahd in a certain approx
imation the Fokker-Planck equation is recovered. However, in order to ef
fect a complete evaluation of the coefficients of the Fokker-Planck term at 
this level, it is found that a new physical principle, implicit in conventional 
derivations of the Fokker -Planck coefficients, must be postulated. A dis
cussion of this feature and a proposed experimental check on the analysis are 
given. 

I 
Laurence S" Hall, A Statistical Theory of Transport Phenomena, UCRL-6751~ 
Jan" 1962. 

7. ATOMIC SCATTERING 

Marvin H. Mittleman 

Numerical calculations of 2s excitation of atomic hydrogen have 
been extended to include excitation to higher states and subsequent decay to 
the metastable 2s state. 1 The calculation is shown to have direct applica
.bility to a proposed experiment. 

A long-overdue calculation of the scattering of light by atomic hydro
gen has been carried out numerically (with Fred A" Woli:;;). The results are 
shown to be unambiguous below threshold but to depend on the state of target 
gas above threshold. 2 

The contribution of 11 free m.olecular 11 

evaluated for a partially ionized hydrogen gas. 
icant in a restricted high density range. 3 

effects to opacity have been 
The contributions are signif-

1
Marvin H. Mittleman, 11 Excitation of Atomic Hydrogen by Fast Protons, 11 

UCRL-6808-T (Rev.) June 1962. 
2
Marvin H. Mittleman and Fred A. Wolfe, 11 Coherent Scattering of Protons 
by Atomic Hydrogen, 11 UCRL-6897 -T, April 1962. 

3 
UCR.L report in preparation" 
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A calculation of charge exchange of protons in heavy gases is under 

The general problem of rearrangement collisions is being investi
gated further {with James Quang), A simple physical problem in which re
arrangement is possible has been programmed for numerical solution, 
Transition probabilities for rearrangement are obtained numerically, This 
will be compared with the results of all the existing approximation schemes 
to ascertain the region of validity of each, 

8, FORMATION OF EXCITED HYDROGEN ATOMS IN THE COLLISIONAL 
DISSOCIATION OF H

2 
+IONS 

John R, Hiskes 

The formation of energetic exc1ted hydrogen atoms' and their sub
sequent Lorentz ionization inside a magnetic field is of interest as a means 
for injecting and trapping energetic ions inside fusion machines. The for
mation of excited pydrogen atoms utilizing th,e charge -exchange reaction has 
already been considered, l, 2 Pyle and co-workers have suggested that the 
collisional dissociation of H2 + ions, according to Hz.+_,.. H + H+, might also 
be a useful source of excitenatoms ;3 such a mechamsm would provide a 
source of excited hydrogen atoms of arbitrary energy, in contrast to the 
charge -exchange reaction, which is a useful source of excited hydrogen atoms 
in a relatively restricted energy range, This reaction is also under consid
eration by the Oak Ridge Thermonuclear Group. 4 

Sweetman has observed the formation of excited hydrogen atoms re
sulting from the dissociative collisions of 90-keV H'i. + ions pas sing through 
water vapor and hydrogen gas, This process is analogous in most respects 
to. the. H 2 + dis sociatio~, However, at these ~ower energies the ~pparent dis
tr1butlon over the exc1ted states of the resulting hydrogen atoms 1s not nec
essarily a reflection of the production of excited hydrogen atoms due to dis
sociative c?llisions of !he,rnolec:,t].lar i2ns,. At these ~nergies the dissociative 
eros s sectwns are typ1ca1ly l 0 l6cm /molecule, wh1le the charge -exchange 
cross section is approximately four times as large, Therefore, protons re
sulting from the primary molecular dissociative collision will have ample 
opportunity for charge exchange. and since the proton produetion in these 
collisions is comparable to the atom production, the final excited-state dis
tribution may be more representative of the charge-exchange process than of 
the dissociative processes, To remove the ambiguities due to charge-exchange 

1 
Donald R. Sweetman, Nucl. Fusion. Suppl. _!_, 279 (1962)u 

2
John R, Hiske's, Nucl. Fusion, 2, (1962). 

3
Robert V, Pyle (Lawrence Radiation Laboratory), private communication, 

4
Persa R. Bell, Jr., and Robert H. Mackin, (Oak Ridge National Laboratory), 
private communication. 



v. 8, 9 -77- UCRL-10294 

and to measure the population distribution of the excited atoms due_ primarily 
to the dissociative process and the secondary excitation reactions will nec
essitate an experiment with molecular ion energies greater than a few hundred 
keV. · 

In conjunction with the proposed experiments in Berkeley an estimate 
has been made, based on symmetry considerations and the sum rules, of the 
relative population distribution for excited hydrogen atoms produced in the col
l~si?n of H 2 + ions an~ electr~ns. In the hig~-energy Born..:.app~oximation . 
hm1t, the cross sect10n lead1ng to an atom 1n the nth level1s g1ven by the ~i
pole matrix elements coupling the 1 SCJ ground electronic state with the 2n 
excited electronic states; only a , a , g n: , n: , states need be considered; 
contributibns to the a , n: , stcftes ~ani~h ilientically, and significant con
tributions to higher a ggtat~s are eliminated by the ~-+ a . sum rule; primary 
contributions are dmf'to lsa -+ npn: transitions. Inthe ulhted-atom and sep
arated-atom limits the distr~ution lfs propbrtional to l/n3 . From the a -+ n:. 
sum rule 5 it follows that the distribution is· equal to 2,1jn3, which is tB be fl. 
compared with the charge-exchange distribution, 3.2/n . For intermediate 
internuclear separations the matrix elements change sign for those transitions 
le?-di~g to atoms in the n = 5, .6 and n = 10, 

3
11.' 1~ le~els, reducing the con

tnbutlons to these levels relatlve to the 1/n · d1stnbut1on. 

These considerations suggest that the population distribution of ex
cited atoms produced by the dissociative collisions will be comparable to the 
distribution due to charge exchange. · · 

5 
D. R. Bates, R. T. S. Darling, S. C. Hawe, and A. L. Stewart, Proc. Phys. Soc. 
(London) 67, 6-A (1954). 

9. MAGNETIC SHOCKS 

Stanley A. Zwick and Douglas E. Gonzales 

Calculations based on two different models for the zero-temperature 
magnetic pulse have been attempted, in an effort to extend the range of avail
able steady-state solutions. A summary of the latest results is presented 
below. The solutio'ns will be discussed in greater detail in a paper now being 
prepared for publication. 

' . / 

. The first type of calculation assumed that above the critical Alfven-
Mach number (Mach 2 for the solitary pulse) the positive ions follow looping 
trajectories, but the very light negative ions are constrained to move ad
iabatically with the magnetic flux. No such solutions could be found. On the 
basis of this result and certain qualitative arguments, we conclude that loop
ing trajectories of both kinds of ion must be involved. 

. The. second calculc~tion ass~ed loopin? tr?-jectories. It waf/2ased 
on an expans1on of the parhcle equatlons of motlon 1n powers of 13/ E , 

where 13 = V / c . is the ratio of pulse speed to the velocity of light, and 
E = m/M is the ratio of light to heavy ion rriasses. For a hydrogen plasma 
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the leading terms in the expansion suffice for f3<< 6. 02.3, which to\1-~,~s most 
cases of practical interest. · These terms de.scti be a plasma with. he_gligl.ble 
charge ~eparation ·or electrostatic' field, ·and lead to th~ steady-state pulse 
problem considered by other investigators. I, 2• 3 The problem differs from 
the equal-mass problem only in a change of scale, 

The-extension involved in our pre~ent calculation, in comparison with those 
performed previously, 4 was the ~xplicit treatment _of ~.:X:cess applied stress. 
Steady-state particle trajectori«;:!S in a plasma under pressur«;:! take on periodic 
properties, correspondip.g closely_ to a superposition of solitary puls.e solu
tions with regular spacing along the directio.n of propagation. One. may i:l,s
cribe the excess stress to a repulsion between the. elements oft:re periodic 
structure it produces. 

. Typical solutions are presented .below in graphical form, i~ ter~s of 
the equal-m9-S s d~s.placeJ;n~~t var_iabl~s X ~p.d y. .~oordin~!eS: x, yi, and y e 
for t}le heavy p~s1t1ve particles (l?;ns) ~nd l.1ght ne~atlve. partlc~es (electro.ns) 
are related to x, y, andthe mass .ratlo E( = mejmi) ~y ...... : ·.·.·· .. . 

1/2 . 1/2 . . '1/2 . 
E -. . · E . · . -

( 
2 

) (
. 2 

2 
) .. ( 2 ) 

x = -=r_+_E_ . x. Yi = I+~ _ y, Ye = l+E. Y· (l) 

• . '· ~ • -: ' i . ·, i . 

Characterist-ic parameters for· a given solution .. are the scale (skin-' depth, 
constant) R, Alfv~n-Mach number a, and stress constant U', defined by 

( 

2 ) l/2 
R = Me 

2 ' 2rrq N 
a = 

. l/2 

V (4rr(m + M)N ) , 
B 2, .. 

0 

' (2) 

B 2 

= 8~ + (m + M) NV
2 

( 1 + U'). · 

Here q is the ionic charge, N the number density ()f posittve· ions in 'the 
undisturbed plasma (U' = 0), and B the applied magnetic field.·· In the 
stress relation, the sum is taken ov~r all ion and electron st'reams present 
at a point where the individual streams have velocity component xk: alongthe 
direction of pulse propagation, The actual field B may not reach -fhe value 
B

0 
for. U' > ~·. a~d the· actual particle densities nk may similarly never take 

on the1r equ1hbnum value N~ · · · · · 

1 
J. H. Adlam and J. E. Allen, Phil. Mag. ~ .. 448 (1958). 

2
L. Davis, R. LUst, a~d A. Schluter, Z-. Naturforsch. Ua, 916 .. (1.958). 

3
A. Ban.Os,Jr., andR~ Vernon, Nuovo Cimento IS, 269 (1960)~. 

4 . . '·.' . .. . ·' . 
A. A. Zwick, in Controlled Thermonuclear Research Quarterly Reports, 
UCRL-9243, June 1960, p. 103, and UCRL-9777, August 1961, p. 108. 

' 
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Figure V -1 portrays a family of trajectories at Mach number a = 4 
and several values of cr, and Fig. V -2 an analogous family for a = 10. Re
duced magnetic and electrostatic. field curves for the periodic loop trajectory 
with cr = 0. 50 at a = 10 are given in Fig. V -3, in terms of the variables 

b = B/B , 
0 

(3) 

Note that in a frame moving with the pulse at velocity V there will also exist 
a uniform electric induction field of magnitude (V /c) B . This field causes 
the particle trajectories to approach parabolic segment'§ inside the loops at 
high Mach number and small cr, since the magnetic and electrostatic fields 
tend to be excludedfrom such loops. 

General characteristics of the solutions may be described as follows: 

a. For a> 2, and cr between zero (solitary pulse) and crc s = (a
2 

-4)/8, 
there exists a family of looping trajectories. Nonlooping trajecto¥1J>s occur for 
cr above cr , but below a value cr at which the amplitude of particle os
cillation in ct'hSJ> y direction ~educes tW~~ro (see Fig. V -1 ). For a> 3, crmax 
tends closely to cr 

cusp 

b. Between a = 2 and a - a (~ 9) the loop trajectories remain sep
arate for all per~issible cr. Fo_r a above a 1, the loop~ overlap for .some 
range of cr (note F1g. V -2). At h1gh Mach numbers, multlple overlapp1ng occurs, 
and the affected range of cr tends to fill the interval from cr = zero to cr = cr . 
Solutions with overlap will not be obtained in the present calculation series, 'b~~p 
can be generated by a simple extension of the equations. In a multiple -overlap 
solution with m- fold overlap, there are two regions of integration to consider, 
one containing 2m+ l independent streams and the other 2m+ 3. 

c, Empirically, the pulse spacing A{center-to-center) can be related 
to the extra stress by expressions of the forms 

(for nonlooping trajectories), 

A(a) -. -s-
A 

(for single -loop trajectories), 

.for A> L 5, where A(a) = 0, l for a = 4, and A = 3.2 for a = 10. 

d. The loop width, height, etc., are of the order of 

(l -
(j 

---) Ra = 2 (l- ---)X (Larmor radius). 
(j (j 
cusp cusp 

{5) 
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Fig. V -1. Family of particle trajectories at Mach 4 for u = 0, 
0.10, 0.50, 1.00, 1.50 (cusp trajectory), and 1.56 
(limiting case). 
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Fig. V-2. Mach 10 loop trajectories for u =·0, 0.10, 0.50, and 1.00. 



-82- UCRL-10294 

6 

4 

e 2 

0 

-2 

-4 

12 

10 

b 
8 

6 

4 

2 

0 

y 
R 

0 
-2 -I 

X/R 

MU-28045 

Fig. V -3. Particle trajectory with redtJced ma~netic and longitudinal 
electric fields b = B/B , e = (Elf 2 /f3) Ef(I - E) B , for u= 0.50, 

0 0 Mach 10. 
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e. Quite accurately for n < 4 or (]' near (]' , and to within a few 
percent for all singie -loop trajectories calculated &JJ> far, the sum of loop 
ordinates y 

1 
+ y 

2 
+ y

3 
is a constant through the loop region. 

10. BUMPY TOR US AND POSITRON EXPERIMENT 

Gordon Gibson, t Willard C. Jordan,+ and Eugene J. Lauer 

Positron Experiment 

The experiment on the containment of positrons in mirror and cusp 
geometries has been terminated and final reports written Particle Behavior 
in· Static, Axially Symmetric, Magnetic Mirror and Cusp Geometries, UCRL-
6771, Gordon Gibson, Willard C. Jordan, and E. J. Lauer, March 9, 1962. 
Particle Behavior in a Static Asymmetric Mirror Geometry, UCRL-6.856, 
Gordon Gibson, Willard C. Jordan, and Eugene J. Lauer, March 29, 1962. 

Bumpy·Torus 

Injection Section 

It is planned to set up the injection apparatus for the electron model
1 

before the rest of the torus is available. This will consist of the gun, iron 
pole tips, inje,Ction coils and two main torus coils, associated power supplies, 
and diagnostic probes. It is expected that testing of this apparatus will com
mence in August. The most important purpose of this test will be to confirm 
the predicted motion .of th~ electrons as they leave the gun, and the drift along 

. the edge of the iron pole tips and around the horseshoe-shaped path between 
the injection coils. Tests of this apparatus can continue while the rest of the 
torus is being assembled, and then the injection apparatus can be moved from 
its temporary location and incorporated into the torus. 

Stabilizing Field 

In the Bumpy Torus geometry the field lines are closed and, under 
equilibrium conditions, surfaces of constant pressure are surfaces of constant 
U = - ~ d£/B, according to magnetohydrodynamic theory. ··The interactions of 
these surfaces with a midplane are nearly circles (not concentric) with their 
centers shifted inside the ring axis. According to this idealized theory, the 
plasma should experience the interchange instability. 

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

+The Bendix Corporation, Research Laboratories Division, Southfield, Mich. 
1
G. Gibson, W. C. Jordan, and E. J. Lauer, in Controlled Thermonuclear 
Research Semiannual Report, UCRL-9969, January 19, 1962, p. 166. 
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The low-f3 interchange instability is predicted to be stabilized if 

(a) the magnetic field has shear (i, e. the flux lines spiral around a magnetic 
axis with the angle of rotation per trip around the torus being a function of 
distance from the axis), and 

(b) plasma of infinite conductivity2 exists everywhere along the flux lines. 

Iron pole arrays are being designed which can be installed in some of the 
median planes between Bumpy Torus coils, A calculation is being carried 
out that will yield estimates of the shear as a function of the orientation and 
strength of the poles, None of the iron pieces will be placed in the vicinity of 
the injection section, so the field will not be significantly perturbed in this 
:region. The effects of the shear on the single -particle motion has not yet 
been ascertained. In the initial experimentation with the .complete torus, no 
shear will be introduced, 

Loss -Rate Calculations 

The calculations of the rate at which energetic plasma particles are 
lost owing to becoming trapped in the loss side of the horeshoe-shaped injec
tion drift surfaces because of plasma scattering has been improved by)ncor
porating accurate machine calculations of the field shape in the injection 
region. Studies are also continuing of the particle drift loss out of the injec
tion section by using machine calculations of the particle trajectories .. 

Integration of Guiding-Center Equations 

An expression for the gradient of the magnetic field of a Bumpy Torus 
composed of single-turn loops has been obtained. C. H. Woods and N. Hether
ington have also derived this expression. The derivation is tedious and inde- 3 
pendent solutions seemed desirable to avoid errors. A code is in preparation 
which will make use of these expressions in order to follow the guiding center 
of a particle's motion in a static field by solving the equations of motion ob
tai::-1ed under the adiabatic assumptions. 

It is the purpose of the calculations to check the precessional sur
faces that a~e ob~ained by fssurning the inv~riaz:ce o~t:he ~ornentu!!l p, the 
n·ansverse 1nvanant 1-1. =(p1(B), and the long1tudmal mvanant J(= ~ p11pP). In 
particular, the range of validity of the assumption that J is an invc:U'iant will 
be investigated, since 1-1. and p are invariants for the equations that are to be 
solved. 

If a particle is confined between adjacent mirrors, or if the particle 
is traversing the torus, J is approximately invariant in the adiabatic limit. 
By varying the adiabatic parameter it may be determined under which condi
tions the approximation tends to break down. 

2T. he conductivity of a plasma consisting of 150 -ke V electrons and an equal 
density of. positive ions having a nuclear charge of Z =7 is a bout 0. 045 emu. 
Approximately l/4 second would be required for a suddenly applied magnetic 
field to penetrate l ern into such a conductor. 
3 

P:::·ogram.rner: Robert L. F<:errick 
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A specific case of interest is that of a particle which is trapped 
between adjacent mirrors but, after precessing across lines of force, com-

.. mences to traverse the torus, In a general Bumpy Torus geometry, at the 
time when the particle first passes through a mirror J changes in value, 
However, if for a given value of fJ. and of p the surfaces of constant J are 
found for particles that are (a) trapped between adjacent coils, and (b) tra...: 
versing the torus, two sets of surfaces are found that join in a unique way, 
even though the value of J may change as the particle makes the transition. 
In the particular case of the Bumpy Torus with coils whose centers are co
planar and equally spaced, J values across a transition may be easily corre
lated because of t_fe symmetry, (It was for this reason that a two-dimen
sional calculation was meaningful. ) 

, 

If at the time of transition the particle tends to "balance on a mirror• 
--i.e,, the period associated with the longitudinal motion becomes long enough 
that the particle drifts an appreciable distance across lines of force per os.;.. 
cillation- -the assumption of the invariance of J tends to break down even in 
the a-diabatic limit, For given positions, the regions in velocity space for 
which J is not an invariant will, be investigated. 

4· 
G. Gibson, W.C, Jordan, andE.J. Lauer, Phys, Rev, Letters_±, 217 (1960), 

IL ATOMIC SCATTERING AND CROSS-SECTION MEASUREMENTS 

Forrest S. Baker, Gilbert 0. Brink, Edmund S, Chambers, 
Robert H, McFarland,· and Edward A, Soltysik 

Crossed- Beam Experiments 

During the last six months several experiments have been begun on 
the crossed- beam machine and two have been completed, One of these has 
been described in a UCRL report and the other will be submitted for publication 
shortly, 

Proton Production from Hz 

During the last several fears a controversy has arisen concerning the 
relative production of H+ and Hz from H by electron bombardment, An 
experiment was performed that attempted ~o measure the ratio of the number 

f H+ · + 0 1ons produced to the number of H ions produced when a molecular beam 
of H 2 was bombarded with electrons, I 1Jnfortunately no protons at all were ob
served, and only an upper limit to the ra:tio,could be determined, 

The main difficulty in this measurement is that the protons are pro
duced with several electron volts of kinetic energy while the H + have thermal 
energies, It is difficult to design a detection system that will aetect both types 

I . . . 
G. 0. Brmk and-F. S, Baker, An Upper Limit to the Production of H+ fromH

2 by Electron. BQmbardment, June I, 1962. 
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of ions with equal efficiency. The protons produced also have a non-isotropic 
angular distribution with respect to the electron beam. This distribution is 
peaked along the direction of the electron beam and has a minimum at 90° to 
the electron beam where most experiments are done. 

Because of these considerations the Paul mass spectrometer was 
set up to look for ions coming directly along the electron beam. From the 
known solid angle it was possible to calculate the total number of protons 
pr?duced from. the. number that were obse.rved by the mass spectrometer:r. 
Smtable electnc f1elds could then be apphed to collect all of the slow Hz 1ons 
and the ratio determined. 

As was mentioned above no protons could be observed. This gives 
an upper limit to the ratio of H+ to H

2 
+ production of about 0.16. 

Proton Production from H
2 

0 

The relativ~ cross section for the production of protons from water 
by electron bombardment was measured by the crossed-beam method. The 
shape of the curve is as expected with the exception of a slight shoulder in the 
region of 60 electron volts. This shoulder may indicate the presence of inore 
than one mode of breakup of the H

2
0 molecule to form H+ ions. The threshold 

for proton production was measured as 19.4 eV. This result agrees with the 
values obtained by other workers. This work will be submitted for publication 
in the near future . 

• Hydrogen Ion Source and Cross -Section Measurements 

During this period the new mounting and vacuum system for the ion 
source :was completed. A secondary electron detector was constructed and 
put into operation. 

Preliminary measurements were carried out with this apparatus of . 
the following atotnic pa:r:ameters: 

1. 

2. 

3. 

+ + + Fast Neutral Production Cross Sections from H , H 2 , or H
3 

Ions in H 2 gas, 1,2 keV and 57.5 keV. 

Dissociation (Breakup) Cross Sections. of H
2 

+ or H
3 
+Ions on H 2 

Gas, 5 keV to 58 keV. 

Secondary-Electron Emission Ratio from H+, H
2 

+, or H
3

+ Im-· 
pinging on Copper-Beryllium, 1.2 keV to 57.5 keV. 

The large vacuum system previously used with the ion source is 
being modified for use as a crossed- beam apparatus for the investigation of 
ion-neutral reactions. · · 

Electron Production of Radiation 

Additional experiments dealing with the inelastic scattering of elec ~ 
trons with gases have been completed. Molecular hydrogen has been bom
barded with electrons ranging in energy from ·15 to 400 eV. · The molecular 

-·· 
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a:nd at)omic specgurn has been surveyed for polarization at 25 eV from 
3000 A to 7000 A. Although stronger Balmer lines were dearly resolved, 
there was no indication of polarization of the radiation . 

The results observed were not unexpected, although positive polar- 2 
ization of the Lyman alpha line excited in·atomic hydrogen has been reported, 
as also has a preferred direction of dissociation by electron impact of molec
ular hydrogen. 3 

Basic information concerning a lack of understanding of inelastic 
scattering .has been reported in UCRL reports numbered 6749, 6749 Rev., 
6929 and 6949. 

2w. L. FiteandR. T. Brackman, Phys. Rev. ill, 1157 (1958). 
3

Nobuji Saski and Tsuneyo Nakao, Proc. Imp.· Acad. Japan Q, 75 {1941). 



-88- UCRL-10294 

VI. ENGINEERING AND TECHNOLOGICAL DEVELOPMENT 

1. ULTRAHIGH-VACUUM DEVELOPMENT 

Norman Miller on and Leonard L. Levenson t 

Oil Cracking in Diffusion Pumps 

We tested oil cracking in two experimental oil diffusion pumps. 
Each pump had a ribbon heater and a jet stack made of 0~01-in. -thick 304 
stainless steel. Using Veeco ionization gauges of the Bayard"'-Alpert type, 
we ~ound the untrafped base pressure of each pump, at room temperature, 
to be about· 5Xl0- torr when using Convoil-20, OS-124 or the new Dow
Corning oil. We attribute these high base pressures to catalytic action on. 
metallic oxides, both on the ribbon heater and the jet stack surfaces. We 
are beginning tests with Teflon coatings on stainless steel as a possible 
solution to this cracking problem. Teflon coatings were subjected to im
pingement of hot oil vapor during four days of a preliminary test. No effect 
on the Teflon was seen. 

Conductance Measurements 

In addition to the rougher-than-rough surfaces reported last time 
we examined the conductance of some arrays in short tubes. One of these 
arrays was a set of spaced thin washers snugly housed in a tube. Let us 
discuss the scaling laws for the conductance of this washer array as a typical 
example. We compare the conductance of the array to the conductance of a 
plain rough-walled tube with the same i. d, as the washers and the same 
length as the housing tube. With two washers only, spaced far apart, at each 
end of the housing tube the array has a conductance greater than the equivalent 
plain tube. As the number of spaced washers is increased, with their i. d. and 
the length of the housing tube kept constant, the conductance of the array ap
proaches that of the equivalent plain tube, Further increase in the number of 
thin washers, spaced apart, yields a minimum conductance 25o/o less than the 
equivalent plain tube, Increasing the number of washers to the limit of zero 
spacing raises the array conductance back up to the plain tube conductance, 
Details of this work are given in two papers: "The Effect of Rougher- Than
Rougher Surfaces on Molecular Flow Through Short Ducts," and "Free Mol
ecular Gas Scattering from Arrays in Beam Tubes," These papers will be 
submitted for publication later this year. 

Large Bakable Valve Design 

Tests of a flat stainless steel-to-stainless steel valve closure em
ploying about 100 lb per linear inch closing force have been completed. These 
tests were part of our optimum system design program and are for use in the 
straight -through and elbow-blocking plate designs. The valves can be baked 

tPresent address: Centre d' Etudes Nucl~aires, Fontenay-aux-Roses {Seine), 
France. 
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in the closed position at 400°C against atmospheric pressure while the pump 
is running. By usi~~ differential pumping be~een "two flat ~eatswe ?btayned 
a leakage rate of 10 atm cc/sec on a 6-1/2-m. -diameter closure. J.t IS 
worth pointi~g out, ?erha:Ps• that a closed conductance of or:,I[ 8Xl0-:. at_m 
cc/sec permits a 7-In. -diameter system to operate at lXlO torr w1th at
mosp,heric pressure on one side of the valve. This type of valve probably 
can be made to close in less than 0.2 sec. 

2. MECHANICAL ENGINEERING DEVELOPMENT 

Thomas H. Batzer 

2 X Multistage Compression Facility 

John R. Benap£1, Edward G. Scarlett, James F. Ryan, and James N. Doggett 

Construction of the facilities for the 2 X machine is on schedule. 
The three-story capacitor bank structure, 20X100 ft, located on the north side 
of the main b(ly in Bldg. 180; is due to be completed on July 2, 1962. The ma
chine foundations and foot;ings are in. The 20Xl00-ft two-story capacitor bank 
is scheduled for completion on September 4, 1962. The control room, includ
ing electronic rack installation and 20-ton chiller system, is due for comple
tion on August 15. The data-processing room is scheduled to be completed on 
August 1, including rack installation and 20-ton air conditioner. 

·All major mechanical parts of the machine have been designed and 
are on order. They include six aluminum tanks 5 ft.in diameter by 5 ft long 
and a pumping manifold with adjustable structural support. Also inc.luded are 
25 de \::oils, 6 ft i. d. by 9 ft o. d. The facility is expected to be completed by 
November 1962. · -

( 

Low-Energy Neutral-Beam Experiment 

William. S. Nee£, Jr., Eugene T. Bradley, and James N. Doggett 

Operation of the "Alice" machine began in ApriL The liquid-nitrogen
cooled field coils performed well at central fields up to 30,000 gauss. No at
tempt has been made to reach higher fiel'ds, but all indications point to satis
factory coil performance~ 

At very low magnet temperatures, small vacuum leaks developed at 
the joints between the pump boxes and the reaction chamber. Disassembly 
revealed foreign material across the sealing surfaces of the west pump box, 
and a severe scratch on the seal edge of the ea"st pump box. 

Heating tapes were added to these flanges;to reduce differential ex
pansion, and the damaged gasket surface was repaired. The system has been 
reassembled and pumped down and is now performing very satisfactorily from 
the vacuum standpoint. 

Three new adjustable .c.ollimators were designed and are being con
structed. Another stage of beam tube pumping has been designed and is being 
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added to combat the streaming problem from the water neutralizer ... A 
solution to the streaming problem appears to be the "water vapor curtain, 11 

which was successfully tested recently. The collimated jet of water vapor 
directed across the beam tube collides with the water molecules streaming 
from the neutralizer. Both are then trapped on liquid-nitrogen-cooled sur
faces. 

The design of the axial limiter and radial profile detector was al
tered to use a large differentially pumped sliding vacuum seal to replace 
a long bellows and simplify the design. Fabrication :Will begin in July. 

An ion-gauge calibration system similar to one recently built for 
NASA by the National Research Corporation has been designed. The first 
components are fabricated and are ready to test for vacuum performance. 

A beam tube employing zeolite-filled cartridges cooled by liquid 
nitrogen has been designed and released for fabrication. Diffusion pumps 
with conventional cold traps are located at each end of the tube. A series 
of orifice plates separates the cartridges, which completely surround the 
beam passage with cold zeolite. Pumping tests using a simple hydrogen 
leak or an atomic beam (or both) will be conducted. 

-
Astron 

Charles A. Hurley and James F. Ryan 

The debugging of the first mechanical assembly of the 720-kV elec
tron gun is essentially complete. The modifications consisted of installing 
a new ceramic accelerating column, improved primary and ground connec
tions, more and better insulation, and additional filters in the freon circu
lation system. This assembly, with all its connections except monitoring 
connections, is enclosed within the gun tank. 

A decision to purchase a spare core stack presented an opportunity 
to improve the mechanical assembly considerably. The new design is com
plete and half the hardware is out for fabrication. 

Auxiliary Astron Equipment 

l. Installation jigs and handling gear for switch chassis and pulse 
shapers are complete. 

2. Cable support trays inside the shielding wall were completed. 

3. A large table -top device for making turning magnet field meas
urements has been designed and built. 

4. Design is in progress on an optical diagnostic instrument for 
the beam experiment. 

s. Vfork has begun on an ion source, which is to be tested in the 
100-kV ion injector developed for the MTA high-current accelerator. 
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Induction Accelerator 

·~ Four accelerator units have been assembled and parts are on hanci 
for the remaining four units. The blowers, air ducts, and plenum chambers 
for air -cooling the accelerator cores are on hand and are being installed. 
Three types of' beam-focusing coils have been designed and four coils are 
completed. ·The rest are being made in the Coil Shop. 

Beam Research. Facility 

The beam tube, 60ft long by 18 in. in diameter, forth~ ARPA beam 
stability experiments is on hand. The parts for the focusing section and the 
differential pumping section are l?eing procured; completion by Oct. 1 is .ex
pected. 

Astron 90-Foot Trapping Chamber 

The main Astron chamber is at high vacuum pumped by two, of the 
four 20-in. diffusion pumps. No work has been done on the assembly of the 
cantil~vers or any of the coils, as completion of the accelerator has first 
priority. The coaxial leads for the coils to be mounted on the ends of the 
ca~tilevers and the fine wire resistors for reducing the energy of the· electrons 
during the injection process are being procured by the Electronics Engineer
ing Department according to Mechanical Engineering design. 

Bumpy Torus 

J. Ralph Ullman, Eugene T. Bradley, and Manuel 0. Calderon 

All. parts for the "weld test" assembly are due in July. Typical 
torus coil spools will be assembled with the adjacent pie-shaped sections to 
work out welding and other fabrication procedures. 

The apparatus for the beam injection study has .been d.esigned and 
is on order. This assembly consists of 150-kV electron gun, flUx: leaders, 
split coils, beam probe, two torus main coils, vacuum vessel for the fore
going, and a vacuum pumping system. Apparatus to permit remote control 
of the electron gun bias voltage and filament current has been designed and 
detailed. Diagnostic probes to survey the trapping area are being designed. 

Cryogenic Project 

Clyde E. Taylor, Robert L. Nelson, and David C. Holten 

The 8-in. L d. X 16-in. o. d. X 12-in. -long sodium solenoid consisting 
of 78 turns of 5/8-in. square conductor has been cooled to 10° K by the 
pulsed refrigerator. The coil i-esistance is measured to be approximately 
3 !J.rl at this temperature, which indicates that the resistivity of the sodium· 
in the coil· is at least as low as that of the many small samples tested during 
the distillation process. 
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The lead-shot-filled refrigerator, an important component of the 
refrigeration system, has not been used because of seal failures 'in some 
ball valves. When current repairs on this refrigerator are completed, the 
coil can be energi.zed to full power. 

Component Development 

Th01;nas H. Batzer and James F. Ryan 

Further tests have been made on Monsanto OS-12.4 diffusion pump 
oil, with some modification to the original pumping system. The modifica
tions consisted of substituting mild steel jets for the aluminum jets in the 
PMC 720 diffusion pump and designing an oil-free backing system using . 
liquid-nitrogen~cooled zeolite and copper wool. The lowest pressurlf reached 
prior to the changes (with the same water-coole~ baffle) was 4X 10- torr. 
The base pressure after the changes was 4X 10- torr. 

Monsanto OS-138, a hexaphenyl ether, is currently being run in the 
same system. The results are not conclusive. 

Bakable ultrahigh-vacuum flanges using 0.0015-in; soft aluminum 
foil have been developed. The engineering details of these flanges are de
sc'ribed in Engineering Note 129. The flanges cah be baked for long periods 
to temperatures above 400°C, and also can operate fully submerged in liquid 
nitrogen, The flanges tested were made of 304 stainless steel, but tests are 
currently being made using 6061- T6 aluminum flang~s (54 56 is a superior 
alloy for temperatures to 300°C) with soft aluminum foil, and indications are 
that they too will be very reliable. An aluminum vessel of roughly 50 liters, 
built of 606l-T6 aluminum with all the flan~:res made up of aluminum foil, has 

J . •.:J ... 

undergone preliminary bakeout and outgassing tests. 

The second 10-in. bakable valve is fully assembled, and has been 
placed on a vacuum system for bakeout tests. 

A bakable, ultra-high-vacuum pumping system is being assembled 
to determine the ability o£ a mercury pumped system to recover from an up
to -air accident. 

3. ELECTRICAL E!\fGINEERING DEVELOPMENT 

Table Top III 

Vernon L. Smith 

J?yrotrQ.g_ 

David F.. Branum 

During the past six months the mac.mne has been operatE:d contin
uously. There were no major bank faults during this period. 

An automatic "scope" camera positioner synchronized to the machine 
camera shutter controls was designed and built. This unit is now in operation 
on the Table Top machine. 
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A Livermore -constructed LASL-type plasma gun was installed on 
the second floor north of Bldg. 157, . .and is now being operated, 

Various photomultiplier bases have been constructed for experiments 
on Table Top. 

A new time-delay chassis is under design. It will have an overall 
delay range from 1 fJ.Sec to l sec .. The jitter on the 1- fJ.Sec -to- 1-m.sec 
ranges is less than 0. 0·1 o/o •. The jitter on the 1-m.s ec -to- 1-sec ranges is 
1 e s s than 0. 9 5 o/o • 

A. specification. has been written for purchase of a programmable 
getter supply. 

Toy Top III S . 

In January of this year the pulsed field coils for the three-stage corn-
. pression 'facility were redesigned. The months January to May were spent in 
building and testing the new pulse coils. 'These coils, designed by the Physics 
Group, were tested for 40-kV pulse breakdown voltage. In April, additional 
crowbar. chains were added to banks 4AB and CD to improve the L/R fiel_d decay 
time and the bank crowbar efficiency. · · ·· -. 

There were a number of capacitor failures on Toy Top III's b~:mk No. 1 
earlier in the year. The capacitors failed in short and open condi~ions. Bank 
No. 1 was rebuilt, with new Cornell-Dubilier and Sangam.o capacitors, and now 

: wiU operate to the voltage limit ( 17 kV) of the WX4231 ignitrons. · Since thi~ con
version, the1•e have been_ no tr·oubles on bank No. L 

A special 5-inch ignitron is under design for use as a high-current 
crowbar switch, The first trial tubes were used on the Table Top III bank No. 
1 crowbar circuit. These becam.egassy after 1,000 pulses at 10,000 A peak 
current with a decay of 200 m.sec :to the 1/E value, The tubes were cut .oren 
and showed no evidence ~f w_all bombardment. Evidently the main. pro;blem. was 
with the anode seal and the anode ~to -cathode relative temperature differential. 
The anodes were cooler than the cathodes, thereby causing mercury to con
dense on the anode seal and short out the tube. This short caused the bank to 
discharge into the crowbar tubes at a current level limited only by the bank, 
line~ and tube inductances and resistances. Several of these faults would 
greatly overheat the seals and cause a leak. A new-S-inch tube has been de
signed and is now being built by Westinghouse. This tube will be known as a 
WX4473 and will have better cooling of the cathode and a better anode seal 
configuration. : · 

'·.·-· . -·· 

·-·2X'··· 
';__ ·_;'· 

This new multistage mirror machine is now under construction in 
Bldg. 180. Based on experience obtained from the Toy Top III machine and the 
capacitor samples- bought earlier in the fall of 1961, a new complete capacitor 
specification was written. ·Five hundred of the 14. SiJ.f 20 -kV capacitors and 
200 of the 7. 5-fJ.f 20...:kY capaCitors were purchased: from Westinghouse. All 
700 capacitors were delivered~in June of this year. 

The ignitron switches chosen for this new experiment were the WX4231 
size A and the new WX468l size D ignitrons. The 4231 is a long-potted small 
ignitron with a graphite anode that has proved reliable at 30,000 A and 14 kV. 
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After conditioning, it will run up to 20 kV wi. th only occasional prefire 
breakdown~. Three hundred and seventy of these small 4231 ignitrons were 
ordered and received from 'Nestinghouse. The majority of these tubes will 
de hipot in the 30-to 45-kV range. 

The Type D ignitron, 4681, was specified because tests indicate they 
will be better than the standard 5555 ignitron. on·e hundred and sixty of these 
ignitrons were ordered from Westinghouse. Thirty tubes are still to be· re-:
ceived, Those tubes that have been received have withstood a de hipot from 
30 kV to 50 kV. 

Approximately 80o/o of the units on order have been received. All the 
ignitron parts have been received. Still outstanding are the bank buswork 
fabrications, pulse chassis, voltage detectors, and transmission-line fabrica
tions. 

The contractor is now assembling the north bay bank ~structure. The 
control ,room and the diagnostic room are also under construction.- .. , 

The transmission-line runs from the 10 7 -joule bank in Bldg. )56. to 
the 2X experiment in Bldg. 180 are now under design. The Plant Engineering 
group is designing the support structure and building modifications for the six 
large transmission lines. 

The de -cable runs from the Perkin power supplies in Bldg. 156 are 
now under design. These cable runs will not be constructed until the machine 
structure has been completed. This de power supply system will be capable 
of a pulse peak de output of 9.6 MW. 

P-4 

The two Eimac electron guns that failed earlier in the year were 
taken to Eimac for inspection. It was decided that the purchase of new guns 
would be less expensive than repair of the old electron guns. 

Alice 

Pyrotron 

Hubert W. Van Ness 

During this period all the following electrical systems for the Alice 
machine were completed and operated satisfactorily as initially designed: 
vacuum system power and control, bakeout power and temperature monitoring, 
ion source, mirror-field coil power supply control and monitoring, and op
erating-sequence control system. 

The liquid-nitrogen-cooled mirror field-coil assembly is complete. 
During initial machine op~Eation the coils have been energized to 3, 000 A 
one -half the maximum design value of 6, 000 A. In addition to monit9ring the 
coil current and voltage, meters indicate the resistance of each modular 
section during the cool-down periods between operations. After the first two 

,. 
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weeks of operation, the operating-sequence control system was improVed- to· 
niake it more versatile and flexible. 

. Ion source oper'ation has continued. The source inagnet field was· 
found to have a O.So/o' 2.0-cps ripple, which is about five times as great as 
desirable. An ~C filter section is being added to the output of the motor 
generator set supplying this field power. · 

A 60-kV-100 rna O.lo/ovoltage-regulated de power supply has been 
ordered as per LRL Specification LES 11582. This power supply will replace 
the existing unregulated'supply providing the accelerator volt-age fo·r the duo
plasmq.tron ion source in the diagnostics development and test facility. The 
required modulation and detection equipment has been provided for the Lorentz
force reionization study in progress in this area. 

A versatile high-vacuum ion-gauge test chassis, LE 8~09-1, has been 
provided ~or the study of ion-gauge performance in the high-vacuum re$earch 
area. 

Cryogenics Coil Experiment 

_ , This facility-was completed q.nd initial operation started in Februq.ry. 
The system provides up. to 50,000 A into the cryogenically cool~d tes;t coil, from 
a bank of twelve submarine batteries. 

All power and control system are now in and operating. In no-load 
tests, the cryogenic coil has been tooled to liquid helium temperatures. Ex
cept for completion of the diagnostic system only minor engineering and in
stallation effort are required. 

Levitron Experiment 

Pinch Program 

Hubert W. Van Ness 

:. ; . 

. ·~ 

During this period, the Levitron has been r~built to ,remedy internal 
insulation and vacuum problems. While the repair work was in progress, the 
gamma capacitor bank was modified. The modification involved paralleling 
capacitors in groups .of five, .firing through a single ignit:ron, plus th~ addition 
of load resistors and additional ignitor resistors. These changes provide 
m~~e reli~ble bank. operation. at the slow .current rise times (approximately 
10 sec) 1nvolved 1n the Lev1tron operat1on. , -

The rebuiltLevitron, is now ready for initial vacuum bakeout. This 
will be accomplished with the 10-kc 30-kW motor generator induction heat_er 
coupled to temporary Z windings on the Levitron. 

A flash x-ray system with 0.1-f.lsec 100 -kV pulse output has been pur
,chased for use on t_h,e Levitron. This will be modified by the addition of a spe
cial tube to ·provide pulsed. electron output into the Levitron through one of the 
ports on the device. The special tube will be design~d a.nd constru,cte.d in our 
Tube Shop. 
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Energy Storage System Investigation 
' ' 

Sta~ting in February, a limited effort has been assigned to tests ,on 
a homopolar generator. Since then, initial calibration tests have been run 
up to 20,000 A output into the megampere switch and lo.C?-d .,circuit. All the 
equipment appears to be operating correctly at this leveL · 

Field pul~ing equipment has just been installed and initial tests of 
output with field pulsing are inder way, Tests will continue up to the 100,000-
A level to obtain all possible data on both load switching and field-forcingmodes 
of operation, Subsequently, tests will be run to determine the maximum capa-. 
bility of the equipment. It is hoped to obtain current pulse outputs approaching 
one million amperes from tr~e generator. . . · · . 

Beta Pinch Capacitor Bank 

The new capacitor bank for the Beta Pinch Experimental Area was de
cided upon in January. The bank will store 150 kilojoules at 20 kV; It will be 
divisible into four separate and independently controlled sectio'ns for've:tsatility. 
The bank will p~ovide a minim11m output rise time of 5 JJ.Sec and a repetition 
rate of two operations .. per minute. 

The bank construction is under way and -about lOo/o compi~t~-d~ . Ail capac
itors have been received from: the manufacturer and their assembly with ignitron 

·mounting hardware is just starting. ·· • 

Ignitron Development 

Switch Development 

David B. Cummings 

.i '_'I ,·), 

! r 

The WX4564, the stabilized, low-inductance ignitron, was tested on the 
Table Top bank, Two tubes were used in se'ries in the crowbar circuit for 1700 
pulses. At this point one tube was gassy and the ignitors were down to about 5 
ohms, The gassy tube was then cut open, There was no evidence of arc trans
fer to the wall. The pulses had a peak current of about 6,.000 amperes with a 
decay constant of 0.05 sec, This is much longer than the arc transfer time for 
any other ignitron in use. 

·The WX4973 is an improvement of the WX4564; designed to be· more 
easily produced with a glass seal instead of a ceramic one, These tubes should 
be delivered by October. 

The remaining ZG7207 size D ignitrons were delivered by General Elec
tric, Vacuum baking the graphite anodes to 2150°C was very hard on their ovens, 
and they will no longer accept orders to this specification, They have decided 
they don't feel it is necessary~-·,,, · 

An 9rder was placed with Westinghouse to make and test two types of 
molybdenum-anode ignitrons with special ignitors. These were the WX4838 and 
WX4839. The ignitors were designed to· have hidden leads and radial electric 
fields. The intent was to avoid short'-circulating the ignitor if the surface be-
came wetted with mercury.< .,, '.· .. 

... ~•.• 
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The WX4838 had a glass -coated tungsten rod dielectric starter, The 
WXk4839 had aboron carbide-boron nitride pellet sintered onto a tungsten rod' 
and mounted on a ceramic seal. The average life was less than 100 pulses . 
The reasons for failure are not understood. 

The WX423l, produced to our design, has been registered by Westing
house for commercial production as the WL8306. This tube has a rounded 
throat and graphite anode and has been used extensively here. 

Microwave Diagnostic Development 

Charles B. Wharton 

··Alice Beam-Trapping Experiment, P-3 

A cold plasma· source intended for the study of breakup of the ,Alice 
beam uses a titanium hydride washer. The source is fired from a pulse line 
having a variable pulse length, from 15 fJ.Sec to 200 JJ.Sec, at voltages up to 20 
kV. 

Microwave diagnostics have been applied to measuring the plasma den
sity, spatial extent, loss rate, and shot-to -shot fluctuations. The experiment 
is roughly as sketched in Fig. VI-1. Polarization diplexers allow two frequen
cies to be propagated over the same path simultaneously by orienting their po
larizations perpendicular to each other. Three frequencies in all can be trans
mitted simultaneously; 25 and 35 Gc in the square-throated horns fed by the di
plexers and 90 Gc between conventional horns. The antennas are small and 
spaced far enough apart that the far -field radiation theory applies, 

Because of the small horn size the side lobe radiation was at first 
bothersome. Stray paths due to wall reflections gave spurious responses. A 
stainless steel liner, painted with a nonreflecting coating (see preceding semi
annual report) reduced these spurious responses to a tolerable level. 

Insulating sections in the waveguide runs were found necessary to elim
inate pickup into the detectors from ground-current loops. Thin Mylar film be
tween flanges (clamped with nylon screws) was found adequate, and introduced 
only small losses and standing waves. 

The K-bank signal (25 Gc) gets cut off by plasma bursts at eren low 
pulse voltages. The corresponding cutoff density is nCO= lO 13 I em . Fig, 
VI-2 shows the 3-mm bank(£= 90 Gc, nCO= 10 41cm.3) and 8-mm band 
(f = 35 Gc, n 0 = 2Xl0 l3 I cm3 ) transmis s10n signals for pulse voltages of 5 kV 
and 10 kV. Xt 5 kV neither signal reaches cutoff; at 10 kV both of them do, but 
at different times. The recurrent pulses are amplitude markers to show when 
the signal strength drops to zero. The data analysis of several hundred shots 
has permitted reaching of some fa.irly reasonable conclusions regarding source 
performance in the magnetic field. 

The plasma column appears to be only a few centimeters in diameter 
and is suspected of being striated during the current pulse. The transmitted 
signal fluctuates considerably, as if the plasma were turbulent or unstable. 
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Fig. VI-2. Microwave transmission attenuation, due to the plasma 
injected from the washer source. The current pulse lasts 
200 IJ.Sec. Time scale is 100 IJ.Sec/ em for all traces. 
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These fluctuations smooth out during the afterglow, as one would expect. The 
plasma density seems to increase more or less Hnearly in time during the 
current pulse, clear out to zoo f.LSec. The consht\.ients of the plasma are un
known and it may be either hydrogen or the contaminants that account for this 
buildup. The density decay is approximately logarithmic with time after the 
current ceases. 

Collision rates seem fairly high, as· deduced from wave attenuation on 
the low-density side of cutoff. Three-millimeter interferometer measurements 
especially showed up this effect, the first few fringes from cutoff being greatly 
attenuated in amplitude. An alternative explanation of this attenuation is that 
ste.ep density gradients lead to severe scattering or tha,t the small column size 
gives a refractive defocussing of the microwave beam. In most plasma exper
iments the latter effects are small compared with real absorption. 

P-4 Instabilities Experiment 

Not much that is new has been tried on the instabilities experiment 

··" 

during this period, owing to lack of time. We did insert a curved boron nitride 
dielectric rod radiator, to look first upstream (toward the injected electron beam) 
and then downstream (toward the plasma source). The received radiation bursts 
were of about the same magnitude from either dir·ection when the tip of the rod 
was immersed in the plasma column. When the rod was a centimeter outside the 
plasma, the pulses were received only from the upstream direction. · · 

Toy Top 

Further bench work with microwave slot radiators is being done to be 
prepared for 70-Gc radiation and transmission measurements far up inside the 
machine. This method of wave launching permits access from the end of the 
machine, without side arms or coupling through glass walls. The AFC system, 
Clilrrently being developed for 3- and 4-mm systems, will be applied to the 70-
Gc systems. Without stabilization. the klystron frequency drifts enough to make 
it difficult to hold a good null on the interferometer over long periods of time. 

Astron System Engineering 

Clelland D. Nail 

The Electron Accelerator 

Construction and Testing 

Assembly of the Astron Electron Accelerator is progressing rapidly, 
with completion scheduled for the fall of this year. Much of the installation and 
practically all of the chassis construction is being done through outside con
tracts. Design decisions have been made on all system details. Some of these 
decisions are based on limited statistics and may require reconsideration after 
the accelerator enters the "de bugging" stage. 

Operational tests of parts of the system are continuing. A mock-up of 
eight cores and the associated equipment has been operating for severalhundred 
hours. As final production models of various chassis become available from 
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vendors, they are installed in this test facility to obtain data for determina
tion of the design adequacy. Results of these tests indicate a limited reliabil
ity when applied to the completed machine. 

Details of Construction 

In order to reduce the time required for construction, we have found 
it effective to purchase all electronic components, tubes, transistors, etc., 
while negotiating the assembly contracts. This shortens the time required by 
the vendor and assures that the Laboratory will receive hardware of the quality 
desired. 

Another technique that has been followed wherever possible is to build 
two exact prototypes. One of these is supplied to the vendor; the other is 
placed on test. Usually by the time the contract is placed most of the design 
changes have been established and lost time is avoided. The contractor is re
qui red to furnish a production model for approval prior to starting the produc ~ 
tion run. If the production model does not perform exactly like the prototype, 
corrections can be made immediately. 

A methodical technique for scheduling work, known as the CPM or 
Critical-Path Method, has been extensively applied to the accelerator construc
tion program. By means of an "arrow diagram" the logical progression of each 
step in the procurement, testing, and installation of the components is estab
lished. Estimates of time and manpower are made and updated at frequent, 
regular intervals. Updating is done by the staff members most responsible for 
each detailed "arrow." These data are programmed into a computer and the 
longest or critical path to completion of the job is determined. By simple 
computer manipulation, the jobs may be listed in order of urgency, according 
to earliest possible start date, by craft required, or by any other logical pro
gression, The result is a very complete analysis of work progression and 
shows areas where time and manpower economics may be effected, 

This technique has made it possible to coordinate construction of all 
components so as to bring the predicted completion of the accelerator within the 
scheduled time, ·•i 

The Astron Accelerator comprises, besides the cores, these major 
functional units: The pulse shaper, pulse -forming networks, switch chassis, 
core-reset pulser, trigger generator, system-timing generator, and charging 
power supplies (Fig. VI-3). Construction progress on each of these major units 
during this period has been as described below. 

Pulse Shaper 

The contract for assembly of the 500 pulse shapers illustrates the 
value of the paralleling technique for cutting production time.. Data obtained 
from the critical-path method indicated a long delivery time for the pulse
shaper chassis. This estimate indicated the chassis, under normal procure
ment procedure, would not be ready for use by the time the machine was com
pleted. 

To avoid the delay, all the parts were placed on order; a pexsonal 
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visit was made to the vendor·re.sponsible for inductors, a~d art-assembly ·con
tract was negotiated. · As the result of this paralleling of operations the pro
ductiop model has already be·en tested -and a production schedule of 100 chassis 
per·week is expected to start immediately.· 

The chassis will make use of the available ceramic capacitors even 
though these are known to be temperature-dependent. Samples of improved 
capacitors have been purchased, but no evaluation of these has yet been pos-
sible. ' 

Pulse- Forming Net'YV'ork 

The pulse -forming networks, consisting of RG-218/U c;Gaxi'al}:able, 
have been completed. The cables are coiled in 260-ft lengths on nearly 3, 000 

·reels located on two platforms extending over the rack area. A contract is 
.. about half·completed for connecting the cable ends to the connectors and,high

voltage distribution cubicles. 

Switch Chassis ,·: 

,The contractor has completed the required 500 thyratron switch chas
sis and a like number of input-output connector assemblies. Sp·ecially c;:ondi
tioned thyratrons,are being installed in the chassisand tests run on a repre
sentative sample, Chassis and rack hardware are being carefully jigged so 
that all the units are interchangeable. 

Core Reset Pulser 

A contract has been awarded to construct the reset pulsers, andthe 
production model has been approved, The circuit, designed by the Sherwood 
R~search Group,.· uses solid-state techniques. 

System-Timing Generat~r 

The line -synchronized repetition'-rate generator. is ,ready for te.st. 
This drives a group of Digital Delay Generators to obtain the various times 
needed, Universal counter-timers have been purchased to monitor the timing 
of the system. ' 

Output pulse amplifiers (or trigger generators, Fig.VI .3) are designed 
(but not constructed) to drive the reset pulsers, charging supplies, etc. on the 
output pulse amplifiers, the most difficult requirement is to drive the grids in 
the 500 thyratron switch chassis (50 ohms each at 2300 V). A magnetic mod
ulator for this purpose was designed and tested. This circuit was found to pos
sess many novel characteristicsof)nterest; however, it was discarded in order 
to complete the machine in the scheduled time. In its place, four regular thy
ratron switch chassis are being substituted. The output of these chassis is 
stepped down through special pulse• transformers from 12.5 to 2.3 kV . 

. The' contractor for these transformers has submitted two desigris for 
consideration. Neither has fully met the specifications but the· second is close 
and will probably be acceptable after minor corrections. 
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Charging Power Supplies and Associat~d Equipment 

All four of the charging power supplies which supply the 500 pulse
forming networks (Fig. Vl-"3) have now been delivered·. However, to data, 
none of the units has been accepted and considerable difficulty has been ex
perienced With tests. 

In addition to the technical difficulties, the supplies were delivered 
six to eight months· later than was specified in the contractual agreement. S;:>e
cial effort is being made to clear up these difficulties so that they will not 
delay scheduled completion of the accelerator. 

Voltage distribution cubicles have been extensively redesigned to give 
automatic circuit protection when excessive current is drawn. Special fast
closing vacuum relays have been ordered. Contracts have been placed concur
rently for the cubicle housings, the current-·sensing coils, the electronic con-
trol circuits, and the wiring harness. ' · 

Control 

The CPM analysis shows the completion of control chassis to be the 
most critical path, :These items, while very detailed and complex, are "state
of:..t}~e -art devices'/ and will not require any additional development once the 
equipment is installed. 

The Astron Facj.lity 

Mci.gnet Power Supplie!') 

Final specifications for the main field power supplies are being re
vised. The ripple and regulation response time requirements have been re
laxed and a higher noise level (70 db) has been permitted. 

Deceleration Re.sistors 

The specifications and drawings of the deceleration resistors are 
complete and are out for bid. 

Basic Experimental Physics 

Atomic and Molecular Physics 

David R, Branum 

The ion-detection system was designed to operate a 2 cycles per sec
ond. A mercury relay detector was used to indicate phase matching. Nonlin
earity in the output circuit was corrected with an impedance changer. The 
phas'e control was modified to use a square wave delay unit designed for min
imum jitter and te~perature characteristics. 

.. 
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The rf oscillator associated with the ion-detector mass spectrometer 
was designed to produce frequencies between 0. 5 and 3 Me. The oscillator 
includes link coupling to provide rack-mounted controls away from the main 
experiment. 

The glass vacuum system was altered to contain the ion source. A 
high-power rf oscillator (16 Me) and a 35-kV power supply were built and 
installed. 

An angular position indicator was installed to control the position of 
the rotating vacuum chamber. Panel controls and monitoring were provided. 

The work done with the radioactive potassium required a counting 
system. A system including a Hamner Model No. 276-N was installed and 
tested. Noise effects associated with the photomultiplier and the cathode fol
lower were studied and evaluated. 

A counting system was developed for the detection of ion signals. 
The system includes a summation Ctounter and an automatic printout unit. 
Stability tests are still in progress. 

The racks and associated control equipment to be used in the new 
facilities for the Cross-Section Group are on order. 

Bumpy Torus Experiment 

Hubert W. Van Ness 

Design of major electrical system components is now complete and 
fabrication and installation of these components is now under way. Design of 
the control system and control rack layout is not 30o/o complete. 

Megajoule Electrolytic Capacitor Bank 

Donald B. Hopkins 

The megajoule electrolytic capacitor bank
1 

in Berkeley is nearing 
completion. It is intended to supply power to generate pulsed magnetic fields 
for up to five different experiments on a sequenced time -sharing basis. It is 
basically 80,000 JJ.F of capacitance, rated at 5 kV, and capable of being dis
charged in a.minimum quarter -cycle time of 200 JJ.Sec. It consists of 80 mod
ular drawer$ of 144 capacitors, each rated at 1000 JJ.F, 450 V, in a 12-by-12 
series parallel array. Each module has its own set of output switching igni
trons and a reactance-limited charging supply, and it is essentially an in
dependent 12.5-kJ bank in itself, requiring only primary ac power and ignitron
firing pulse inputs. Figure VI-4 is a photograph of half the bank at an uncom
pleted stage of development, and Fig. VI- 5 is a photograph of a single modular 
drawer. 

Figure VI-6 is a photograph of the bank control console located at each 
of the five experimental stations. Each user has, in his turn, independent con
trol over bank capacity (in increments of one-quarter bank), bank voltage, and 

1 
Donald B. Hopkins and Pierre F. Pellissier, A High-Voltage Electrolytic 
Capacitor Bank, UCRL-9968, December 11, 1961. 
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ZN-2984 

Fig. VI-4. One half of megajoule bank. 
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Fig. VI-5. Megajoule bank modular d r awer. 
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ZN-2986 

Fig. VI-6. Megajoule bank control console. 
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firing time. Provisions are made for charging only the portion of the bank 
selected. An adjustable timer limits the operating cycle time allotted to any 
station to a maximum of 5 minutes. Charging time, depending on the desired 
bank voltage, ranges from 30 to 90 sec. 

Typical operating quarter -cycle times are from 5 to 20 msec. For 
consistent firing, it was necessary to install voltage equalization circuitry 
on some modules to maintain the voltage of all modules within about a 200- V 
tolerance range. It was also necessary to provide the module -firing ignitrons 
with a long ignitor pulse, approximately 1.2 msec, of 2 kV amplitude. Four 
pulse lin'es, one for each quarter-bank, each using three series strings of 
twelve of the same type of electrolytic capacitors used in the bank, generate 
these pulses. The capacitors in the bank apparently deform fairly rapidly. 
It is necessary to "form them in'' at full voltage for 15 min each morning 
to ensure reliable firing during the day. 

The bank has obvious advantages of size, cost, .and flexibility. Re
quire,d floor space, including access and service area, is less than 2SO £t2 . 
The total cost, including charging suppli.es, controls, and labor, is about 14 
cents per joule.· Including external voltage dividers and internal leakage cur
rent, about 24 w /kJ is: required to maintain the bank at full voltage. 

. ~ 
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