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Introduction

A. H. Snell

In the activities centered -around DCX-1, the
past six months have been unusually revealing,
and have given us an opportunity for further
development of our knowledge of the basic proc-
esses that cause the spreading of the plasma —
knowledge that is required if we are to develop
means to prevent it. The subject has now become
refined and detailed, and one can attempt only a
rather shallow excerpt of Sect. 1 of this report as
an indication of what has been found.

Firstly, trapping by Lorentz dissociation of
H2+ has been made to work successfully, and it
turns out to be a rather beautiful technique, yield-
ing much more trapping for an input beam of a
few tenths of a milliampere than has been obtained
with gas dissociation at 10 ma. In contrast
with injection of neutral atoms, the small, con-
trolled beam presents no disposal problem.

Secondly, the increased number of trapped parti-
cles has brought us to the unpleasant realization
that already at a density of 10® fast protons
trapped per cubic centimeter, we are up against a
limitation caused by the plasma spreading. When
you trap more particles, they simply occupy more
volume; the density does not increase. We have
reached 102 particles/cm? many times in the past
using gas dissociation; it has been the Lorentz
dissociation, enabling us to attempt to go beyond
this, that has shown that plasma spread is stopping
us much sooner than we had hoped. Furthermore,
the spreading that was observed a long time ago at
densities of 10° in DCX-1 when the carbon arc
was used appears now to be not necessarily
attributable to the arc, except insofar as the arc
accelerated the trapping rate.

Thirdly, we can now see that at containment
times longer than about 10 sec, there is appreci-
able particle loss by some mechanism other than
charge-exchange.
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Fourthly, suspicion is centering around the ion
clusters as causative agents of the spread, the
unclustered protons perhaps scattering in the
charge fields of the clusters. The electron action
(spitting out along lines of force) may be secondary,
as is suggested by one experiment in which elec-
tron cyclotron heating suppressed the longitudinal
electron action without eliminating the proton
clusters.

Fifthly, the clustering is found where the orbits
of the trapped protons are most ordered, suggesting
again that more mixing would be beneficial.

Sixthly, electron cyclotron heating at about 25
w is found to have some beneficial effects; for
example, it decreases the plasma potential mark-
edly, but so far it has had only a mild effect on
the spreading.

Seventhly, a low-frequency signal (3 to 12 kc)
has been observed for the first time, possibly
connected with a slow rotation; it has not yet
been studied thoroughly.

Eighthly, the clustering usually disappears
promptly when the H2+ beam is turned off; only
occasionally are isolated bursts of rf activity
seen during the course of the plasma decay. It
would be an exaggeration to say that we have a
coherent picture that explains these observations
en masse, but experimental leads are apparent
that may contribute to understanding after further
investigation.

The application of improved diagnostic methods
to DCX-2 has shown that our earlier appraisal
of its performance was much too pessimistic.
Moveable, energy-sensitive detectors (Sect. 2.2)
have yielded a map of the confined plasma (Fig.
2.8) that shows the zones occupied by the trapped
proton population as the energy spreads up and
down from the injected 300 kev. The bursts of
escaping ions that had been seen on the gridded



probes, and which were partly the cause of our
eatlier evaluation, are presumably still there, but
as a loss mechanism they are now known to
be minor in comparison with charge-exchange. A
reconciliation has still to be made with the shape
of the decay curve (Sect. 2.3), but the picture
given by the energy-sensitive detectors is so
complete and coherent that it is hard to see how
the peak particle density of 2 x 10!? fast protons
per cm?® can be wrong—this with an input ,H2+ beam
of about 38 ma that is about 30% dissociated on a
lithium arc.

There is some interest in comparing the peak
density of 2 x 101% in DCX-2 with old results in
DCX-1. In the past, when the carbon arc was used
in DCX-1, mean densities in the range 10° to 101°
cm~ 3 were repeatedly reported, ! with H 2+ injection
currents of about 5 ma and containment times of a
few milliseconds. Thus, the DCX-2 densities
with the lithium arc are somewhat higher, although
per milliampere of injected beam they are no greater
than DCX-1 with the carbon arc.. This probably
means only that DCX-2 has not yet reached its
full potentialities.

In the electron cyclotron heating studies, a
major advance has been a tenfold scale-up in both
volume and power (Sect. 3.1). This was accom-
plished for economy’s sake in an existing vacuum-
magnetic apparatus called EPA. The main answers
sought by the experiment have already been ob-
tained; they are: (1) for the same microwave
power input per unit volume one obtains the same
energy density as was obtained in the smaller
PTF apparatus, (2) the larger plasma is more
stable than the smaller one, in the sense that the
proper combination of operating parameters is far
less tricky to attain. Refined bremsstrahlung
measurements give a hot-electron density of
about 5 x 10!! e/cm?® in EPA, and an electron
temperature of 120 kev; combined, these yield a
steady-state beta of 0.4. This is approximately
corroborated by the flux change upon turnoff
registered in a coil that encircles the plasma,
which indicates a beta of 0.3. Plasma decay
times are consistent with these density and
temperature figures on the basis of electron-

Igee, for example, ORNL-2693, p. 8, Jan. 1959; ORNL-
2926, p. 22, Jan. 1960; Proc. Fourth Intern. Conf.
Ionization Phenomena in Gases, Uppsala, 1959, p.
997 (North-Holland, Amsterdam, 1960); Nucl. Fusion
1, 266 (1961). )
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electron collisions. The energy stored in the
plasma is some hundreds of joules.

An odd observation on EPA concerns the x-ray
bursts that occur when the gas feed is reduced
below the rate required for stability. The bursts
are rather uniform in size, small bursts not being
seen. In this mode of operation, the x-ray emission
from EPA can be quite dangerous despite the
lead shield.

Meanwhile, a few experiments have been con-
tinued on the smaller hot-electron plasma in PTF.
As noted earlier, measurements of density by
means of microwave interferometry have disagreed
with everything else; it is now found that this is
true for 8 mm microwaves as well as 4 mm micro-
waves, the interferometer yielding density values
3 to 10 times lower than the other measurements
(Sect. 3.2). Another experiment involved the
dropping of a ball through the plasma while simul-
taneously observing x rays axially and in the
midplane, and d¢/dt in a surrounding coil. The
result confirmed that high-energy electrons occupy
space around the plasma, but showed that these
electrons do not hold the main energy content of
the plasma (Sect. 3.2.4).

One of the important events of the last six
months was the emergence of the ‘‘magnetic
dimples’’ as a promising confinement concept;
the public awakening occurred at the Fontenay-
aux-Roses Study Group on Magnetic Mirror Con-
finement in July, but, taking a cue from Russian
work, we had already started some small experi-
ments to test the confinement capabilities of such
arrangements in comparison, for example, with
conventional mirrors. The results of some of this
work are presented in Sect. 4.1. The indications
are that the multipole fields can reduce noise and
improve confinement, that hot electrons also help,
and that the quadrupole configuration of our
““Elmo,’’ variously called a ‘‘folded’’ or ‘‘split
cusp’’ (or in the hinterland a ‘“‘caulked picket
fence’’), looked as good if not better in these
rather limited tests. We had also been considering .
the application of Ioffe bars to DCX-2 before its
real performance was realized; examples of equal-
| B| surfaces and orbits for quadrupole Ioffe bars
on DCX-2 are given in Sects. 8.9 and 9.1.1. The
equal-| B| surfaces for two other magnetic dimple
configurations were also worked out using existing
codes; the results are given in Sects. 9.1.2 and
9.1.3.



Developments in plasma physics include a
reconciliation of plasma sweeper and resonant
cavity measurements of plasma density (Sect.
4.2), the discovery of moving striations in the
positive column of rare-gas discharges and their
tentative identification with ionic sound (Sect.
4.4), and the measurement of ion sound wave
velocities by time of flight (Sect. 4.3). A note-
worthy development was the recognition and
characterization of flutes on the deuterium arc
(Sect. 5.1); these flutes apparently solve a long-
standing mystery as to the mechanism of the
escape of deuterium from the arc, but more impor-
tantly, their presence in such a convenient
apparatus as the Gas Arc Facility gives us a
means of study that may be most instructive
inasmuch as there is a good body of theory avail-
able for comparison and guidance. If the flutes
can be controlled, hope might revive in the
deuterium arc as a rather ideal dissociator or
ionizer for use in high-energy injection.

Among the activities of the theoretical group,
there have been calculations of general interest,
such as those that deal with growth rates of
instabilities (Sect. 8.3), diffusion across magnetic
fields (Sects. 8.4 and 8.7), and energy loss by
radiation from plasma impurities (Sect. 8.5).
Subjects more particularly directed with local
experimentation include a continuing examination
of the DCX instabilities (Sects. 8.1, 8.2) and the
stabilizing effects of electron streams and arcs
(Sect. 8.6).

The new Magnet Laboratory has been placed in
service with two dc solenoids that yield 60 and 90
kilogauss respectively in volumes 6 in. in diam-
eter (Sect. 9.2). Some of the first experiments
consisted of magnetization measurements on
superconducting cylinders in longitudinal magnetic
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fields. With a soft superconductor, a rectangular
loop approaching the ideal (Fig. 9.8) was obtained
when end effects were properly cared for. With a
hard superconductor, satisfactory loops were ob-
tained up to 60 kilogauss (Fig. 9.11), and values
of two parameters of the theory were obtained from
them. Since the experiment used 25 strands of
NbZr wire in parallel, it was less sensitive to
wire imperfections than would be an experiment
that uses a single strand.

Such is a summary of an active half-year. Some
aspects of the immediate future course are clear;
DCX-2, for example, requires time for further
experience. The hot-electron plasmas should be
probed with energetic beams of neutral atoms,
Elmo should be reactivated both with electron
cyclotron heating and with neutral atom injection,
the electron cyclotron heating should be forced
toward higher magnetic fields, magnetic dimples
should continue to be scrutinized in various ways,
and the increasing interplay between DCX-1 and
DCX-2 should be encouraged — all of this with a
continuance of the basic physics in theory, plasma
physics, superconductivity, and cross section
measurements. In DCX-1, immediate requirements
call for an identification of the new particle-loss
mechanism that is seen when containment times
are long, and the role of the clusters needs to be
more quantitatively understood. In any high-
energy injection scheme with organized orbits,
growth of clusters would seem to be inevitable
once dissociation of H 2+ upon trapped H* starts,
because any small lump will feed itself preferen-
tially from the molecular ion beam. Accordingly,
one would either have to avoid the lumps by using
mixed-up orbits, or impose a confinement strong
enough to hold even a lumpy plasma. It may be
that long-range thinking will suggest a rather
drastic modification of DCX-1.






Abstracting Summary

1. DCX-1 PLASMA EXPERIMENTS

The mechanical configuration of the DCX-1
facility was changed in only minor respects during
this report period. As a function of operating
pressure, three characteristic rf modes are defined:
(1) the high-pressure mode; (2) the intermediate or
flare mode; and (3) the low-pressure or burst mode.
In mode (1), median-plane magnetic probes show
only B signals that are appropriate for the motion
of proton clusters. In modes (2) and (3), B sig-
nals are also observed, and these are found to be
correlated with the pulse-like ejections of elec-
trons out of the mirrors and with sudden increases
in the plasma potential. The first observed low-
frequency rotational phenomenon is reported. This
is an intermittent modulation of the electron cur-
rent out of the mirrors at frequencies of about 3
ke, 10 kc, or mixtures of the two. The initiating
disturbance appears to be rotating in the direction
of ion rotation at about 3 kc. There is also evi-
dence for a modulation of plasma potential at
these same frequencies.

The effects of adding electron-cyclotron heating
at microwave power levels up to 20 w are de-
sctibed, Heating in a resonant zone that includes
the proton stable orbit results in a partial sup-
pression of low-pressure rf B, signals and of the
associated electron ejections, and in a significant
reduction in plasma potential. The z scattering
of the protons is decreased only slightly; the effect
is to increase the central proton density by ébout
10%. Experiments with Lorentz-force trapping
were extended to higher injection currents and
longer containment times. They indicate a limit-
ing central proton density of about 10 cm~™3, and
suggest that the collective interactions limit the
total number of stored protons as well. It is be-
lieved that the scattering of the plasma under
some conditions in these experiments was enough
to .cause significant loss due to collisions against
the radial walls.
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2. DCX-2

Improvements in diagnostic procedures have
shown that the trapped plasma in DCX-2 is more
dense than had previously been thought, and that
there is little loss other than by charge exchange.
Typical figures, using a lithium arc as dissociator,
are: 2 x 105 particles trapped, peak density of
fast particles 2 x 10'® cm™3; input beam 30 ma,
which is 30% dissociated in the arc; base pressure
10~7 torr, seriously modified by arc and plasma
pumping. The decay times are about 14 ms - a
provisional figure because the shape of the decay
curve is not yet understood. There is no slow
rotation. Details are given of diagnostic proce-
dures, analysis, plasma pumping, and radio-fre-
quency signals observed under various operating
conditions. A hydrogen arc has also been used as
dissociator.

3. ELECTRON-CYCLOTRON HEATING

The scale-up of the electron-cyclotron plasma
has been completed and operated in the EPA
facility. The plasma is created in a 3: 1 magnetic
mirror field by a 10.6-Gc microwave power source
capable of delivering 50 kw CW. Preliminary re-
sults show that the plasma volume is ~40 liters
and contains several hundred joules of stored
energy with 25 kw CW microwave power. Other
interesting properties of the plasma relevant to
the scale-up are described.

An experiment involving the measurement of the
radial energy density distribution of the ECP has
been performed in the Physics Test Facility. Also,
further microwave interferometry measurements
have been performed, and some interesting meas-
urements on the plasma instabilities have been
petformed with small coils.



4. PLASMA PHYSICS

Several combinations of magnetic cusps and
mirrors were evaluated for their ability to contain
cold plasma. Plasma noise and density were
measured. The plasma was considered stable if
its loss rate was not greater than that permitted
by ion-ion multiple scattering. Cusps were found
to be stable and their loss rates could be reduced
by bending the cusp annulus with added axially
parallel uniform field. A plasma containing elec-
trons at 25 to 100 kev temperature was found to be
stable in a simple magnetic mirror configuration.

The discrepancy previously observed in measure-
ments of plasma density using a resonant cavity
as compared with measurements using a ‘‘plasma
sweeper’’ is now apparently understood.

Further experiments concerning the time-of-flight
technique of measuring ionic-sound-wave velocity
support our earlier work as well as reveal inter-
esting new phenomena, such as reflections.

Extensive use has been made of a modified
Snooperscope (a fast stroboscopic, image-converting
device) to study moving striations of light in the
inert gases in cylindrical discharge tubes, Present
evidence suggests that the striations are produced
by ion waves propagating down the tube.

A simple addition has been made to the original
converter circuit which allows correction to be
made for the collection of positive ions (automatic
converter circuit).

5. VACUUM ARC RESEARCH

The magnetically constrained, high-density
deuterium - arc plasma has been shown previously
to be highly ionized and relatively quiescent.
It appeared to be a good plasma for the study of
plasma diffusion across a magnetic field in the
regime where only charged-particle collisions were
important. However, Langmuir probe measurements
of the region outside the main arc plasma indicate
that the particle transport across the magnetic
field is dominated by flutes generated by the main
arc plasma. The flutes, with a cross-sectional
area of about 0.2 cm?, apparently extend the full
length of the arc through a 2:1 magnetic mirror.
The flutes have both radial and azimuthal veloci-
ties of 1 to 5 x 10° cm/sec across the magnetic
field which are dependent on the magnetic field
strength, the arc cumrent, and the radius at which
the measurement is made.
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The heating and energy mixing of ionic species
of energetic carbon arcs are discussed qualitatively
in terms of ion-ion charge-exchange reactions and
other contributing mechanisms. :

Improvements in the electrode configurations of
the lithium arc are described.

6. CROSS-SECTION MEASUREMENTS
Improvements in apparatus and the revision of the

‘¢ CTR” compilation have occupied this report
period.

7. PRODUCTION, ACCELERATION, AND
INJECTION OF IONIC AND ATOMIC BEAMS

The 600-kv high-intensity beam test stand has

‘delivered up to 95 ma of H2+ ion current through a

4-cm aperture located 350 cm from the ion source.
The previously observed current limitation of 60
ma proved to be a decreased relative production
of H2+ ions in the duoplasmatron ion source. ‘This
limitation was improved by small changes in the
geometry of the source. The DCX-2 injector sys-
tem, which has several operating requirements not
included in the 600-kv test stand, may be limited
to an injected H2+ current of only 40 ma. Since
the calorimetric beam accountability is only 80%
of the drain on the supply, it is not certain that
the injected current is really this low. Modifica-
tions in the epoxy *‘skirts’” have continued to
improve the voltage holding capacity of the 600-kv
accelerating column on the atmospheric side.

A hollow-cathode arc ion source has been satis-
factorily operated at 30 kv in an assembly which
will permit comparison of neutral beam production
from either a gas cell or another hollow-cathode
discharge. ~ A total hydrogen ion beam of 35 ma
has been attained with a divergence angle of 10°.

8. PLASMA THEORY AND COMPUTATION

The correspondence between hot-electron and
hot-ion plasmas generated in our experiments and
the predictions of stability theory is summarized.
Stability of hot-electron plasmas generated by
cyclotron heating is attributed to conductivity to
end walls by cold plasma, and possibly to other
stabilizing effects of the low-energy component
of the plasma continually replenished by ionization
of the large neutral gas background found to be
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necessary for stable operation. In the DCX ex-
periments, enhanced energy and spatial diffusion
(in DCX-1) are attributed to charge-bunching, for
example, by ion-electron microinstabilities as
suggested by Harris. The development of Harris’s
theory is reviewed. It is argued that flutes and
other macroinstabilities are ruled out by finite
orbit effects. :

In another section, the values of density and
magnetic field such that a two-temperature ion
distribution is stable against the Harris instability
are mapped for various ratios of temperature par-
allel and perpendicular to the magnetic field.

A previously developed technique for obtaining
exact upper bounds on growth rates of instabilities
has been applied to configurations confined in
mirror machines. The fastest growth is that of
Harris’s electrostatic streaming instabilities.

The same technique is used in obtaining bounds
on growth rates which are then employed in setting
a lower bound on the diffusion time across a mag-
netic field. It is found that, for practical purposes,
confinement of quite dense plasmas, if they are
several (e.g., 10) ion gyro-radii across, is not
limited by cross-field diffusion, even if microin-
stabilities are present. The implication is that
closed containers designed for macrostability,
such as the toroidal multipole, should be stable
in practice.

Effects on hot-electron plasmas of energy loss
by radiation following collisional excitation of
impurities have been calculated.  Qualitative
agreement is obtained with experiments in which
xenon was introduced into the PTF hot-electron
plasma.

A new approach to stabilization of bounded
plasmas by electron streams has been undertaken.
Shortcomings of an infinite plasma theory applied
to this problem necessitated the new approach —
that of considering the system as a finite, bounded
plasma. Results for various boundary conditions
are being investigated.

In electron-electron and electron-ion collisions,
the presence of a strong magnetic field theoreti-
cally is shown to impede the transfer of energy
from the direction parallel to the field to the per-
pendicular directions.

Preliminary phenomenological fits to data for
energy diffusion in DCX-2 by microinstabilities
give diffusion times a factor 107 to 10% shorter
than Coulomb diffusion, but ~10% longer than
the microinstability growth time.

A study of H2+ and H* orbits in a four-pole,
infinite Ioffe bar field added to the standard DCX-2
field has begun. . Particles initially near a bar
are found to be lost in a few microseconds.

9. MAGNETICS AND SUPERCONDUCTIVITY

Theoretical and experimental work seems to
demonstrate the merits of so-called ‘‘absolute B
minimum field configurations’’ for plasma contain-
ment.  Various analytical solutions have been
presented recently; however, very few numerical
data of the field quantities concerned have been
published to date. We studied, in detail, the fol-
lowing special cases: The magnetic field result-
ing from the superposition of a quadrupole field
(““Ioffe bars’’) and the regular magnetic field of
DCX-2; three cases of field configurations pro-
duced by an axisymmetric coil arrangement sug-
gested by J. Andreoletti; and finally, we made a
numerical analysis of a field configuration due to
two infinitely long current loops as described by
D. A. Baker. Only the Ioffe bar arrangement pro-
duces a relatively large increase of the magnitude
of B around the field axis in the zone of interest.

During several years, an appreciable number of
magnet coils have been built in this division for
ptoducing a great variety of magnetic field shapes.
The standard design of such magnet coils consists
of “‘pancakes’ of hollow, water-cooled copper
conductors. Since the rated currents of the avail-
able dc generators are large (5000 to 8600 amp),
the cross sections of the copper conductors must
also be large, and therefore the surface of coils
made up of such pancakes consists of cylindrical
parts with radii and axial lengths varying in re-
latively large steps. For special purposes, much
smoother surfaces are very desirable, A new
method is described which permits the building of
magnet coils with considerably improved surfaces
without disadvantages with respect to simplicity
and reliability of the design.

During the last report period the new magnet
laboratory went into full operation. This laboratory
serves for developmental work on conventional
and superconducting magnet coils and consists
ptesently of one magnet coil for 60 and another
for 90 kilogauss (3 and 6 Mw dc, respectively),
both with a working diameter of 61/2 in. Further-
more, a 50-kilogauss superconducting magnet coil
is available. Necessary regulated current sources



and ample instrumentation for experiments with
high-field and soft superconducting materials are
provided. This magnet laboratory, which is one
of the largest of its kind, could be built with rel-
atively low costs, since the large dc power sup-
plies of the Thermonuclear Division were avail-
able.

An extensive systematic study was made on
models of high-field superconductors proposed by
H. London, by C. P. Bean, and by Y. B. Kim et al.
Sets of equations for tube magnetization and mag-
netic moment curves have been derived which are
more comprehensive than those previously pub-
lished. Furthermore, a measurement method for
simultaneous investigations on tube magnetization
and magnetic moment of high-field superconductors
is described. Finally, magnetic moment measure-

ments of bundles of NbZr wires are reported which

xXiv

gave well-reproducible results for complete mag-
netization cycles. These results are compared
with calculated curves based on the model of
Kim et al., and the connection with the flux-creep
theory applied to a comparable case is discussed.

10. VACUUM SYSTEMS, TECHNIQUES, AND
MATERIALS

Results from a study of ionization gage sen-
sitivity as a function of emission current has led
to a method of determining the presence of gage
contributions of gas or of pumping., Low-energy
(30 v) electron ionization of organic compounds
has been found to simplify significantly the mass
spectra of hydrocarbon components of a vacuum
system.



1. DCX-1 Plasma Experiments
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L. H. Reber

1.1 INTRODUCTION

The mechanical configuration of the DCX-1
facility was changed in only two minor respects
during this report period. A new high-vacuum liner
with a circular cross section (radius = 11 in.) was
installed. With the usual assortment of probes and
titanium evaporators in position, this change has
increased the allowable radial extent of the plasma
in the median plane from 7 to 9 in. In addition,
the injection system was slightly altered, and this
change is described in Sect. 1.5.

Recent experiments have defined three charac-~
teristic modes of tf activity and have yielded more
information about the correlations between several
plasma parameters and this activity. The investi-
gations of the effects of adding electron cyclotron
heating were resumed. Studies of the properties of
plasmas established by Lorentz-force dissociation
of H2+ were continued and extended to larger
injection rates and longer containment times than
those previously reported for such plasmas, The
details of these experiments and summarizing
interpretations in terms of the collective behavior
are given in the following sections.

1.2 RADIO-FREQUENCY MEASUREMENTS

For several years these reports have described
the continuing development of probes and tech-
niques for separating plasma rf signals into the

1Consultant from Ohio State University.

2Presently on leave at FOM Institute voor Plasma
Fysica, Rijnhuizen, Jutphaas, Netherlands. , :

various electric- and magnetic-field components.
In this section we describe the equipment with
which our more recent data have been obtained
and illustrate the characteristic rf modes that
have been found,

Figure 1,1 shows the ‘‘crown’’ probe employed.
The two loops ate at right angles and the grounded
conductor goes to the center of the loops. At the
proton cyclotron frequency (14 Mc) the impedance
to ground through this conductor is several ohms
inductive; this reactance is small enough to reduce
the electric pickup to a level comparable with the
magnetic, The probe is usually mounted so that
the plane of one loop (the ¢‘0° loop’?) is parallel
to the median plane. This loop is then sensitive
to changes in B, and the other (the ‘“90° loop’’)
is sensitive to changes in BG‘ Both loops respond
to changes in all electric fields, but most strongly
to changes in E .

The separation of electric and magnetic re-
sponses and the required amplification are pro-
vided by the equipment shown in Fig. 1.2. In the
plus mode, in-phase signals at the two ends of a
probe loop are added while out-of-phase signals
are subtracted, so that in this mode the system
responds to electric field. In the minus mode,
out-of-phase signals are added and in-phase ones
subtracted, so the system then responds to mag-
netic field.® The degree to which the system
separates electric and magnetic signals is fre-
quency dependent. At 14 Mc the ratio of the
desired signal component to the undesired is

3We are grateful to R. A. Dandl and H. O. Eason for
pointing out to us the phase-inverting characteristics
of the 460 B amplifier.
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enhanced by a factor of about 50; at 28 Mc the
factor is from 5 to 10. Oscilloscopes with ade~
quate response up to 80 Mc have occasionally been
used to examine the output wave form and have
shown relatively little activity above 28 Mc. The
data presented here were obtained with oscillo-
scopes whose responses fall off rapidly above
30 Mc. '

Our most thorough studies of the rf mode changes
have ‘been made by varying the background pres-
sure when operating with gas dissociation of
modest Hz* beam currents. There are substan-
tially less complete observations of the effects of
changing the injected current, of shifting the H 2+
beam away from the usual median plane trajectory,
of applying large dc bias potentials to end walls,
etc., but these effects are not considered here,

There are three if modes which we classify as
(1) the high-pressure mode, (2) the transition or
flare mode, and (3) the lowspressure or burst mode.
As a function of pressure, at least, the transitions
between modes are gradual.

The high-pressure mode, which is illustrated in
Fig. 1.3, has been described in detail in a previous

report.* In this mode both electric and magnetic
probes indicate azimuthal clustering of circulating
protons. During the initial portion of the rf build-
up which follows injection of the H2+ beam, the

*Thermonuclear Div. Semiann. Progr. Rept. Oct. 31,
1962, ORNL-3392, p. 9.
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wave form is appropriate for the rotation of a
single charge clump. The time scale for this rf
buildup is such that the buildup cannot be re-
garded as an instability growth that could be
calculated in a linear theory. At about the peak of
the rf buildup, additional harmonic content appears
as additional clusters are formed. In the steady
state, beat frequencies in the order of 100 kc
arise due to the presence of clusters with slightly
different rotational frequencies. No magnetic
signals are received by 90° loops in. the median
plane; when displaced, the 90° loops respond to
changes in the BO component of the proton clus-
ters. An example of the beating patterns is given
in Fig. 1.6.

Figure 1.4 shows examples of the flare mode,
which is restricted to a narrow pressure region.
We believe that the 0° loop patterns are still those
for simple proton clumping as in the high-pressure

mode, but this belief has not been adequately con- ‘

firmed. The frequency composition of the sﬂ)ikes
in the 90° loop signal was determined several
times in one run. They were about 25 Mc — not
commensurate with the proton cyclotron frequency.

Low operating pressures yield the burst mode
illustrated in Fig. 1.5. Fast sweeps of the 0° loop
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signals show them to be the proton cyclotron fre-
quency, but the frequency of the 90° loop signals
has not been measured. Figure 1.5 indicates a
time correlation between the general levels of the
signals from the two loops, and this correlation
has been a consistent feature of data obtained
during the present report period. However, some
earlier measurements® have yielded 0° and 90°
signals similar to these but uncorrelated in time,
Radio-frequency observations have been made
at low pressures.. while' operating with Lorentz-
force trapping. While these investigations have
not been as thorough as those employing gas
dissociation described above, the data now avail-
able indicate that the basic features of the tf
mode are independent of the trapping mechanism.

1.3 SLOW PLASMA, LITHIUM BEAM, AND
RF CORRELATIONS

An earlier report® described a number of experi-
ments which at low operating pressures showed
time correlations between rf signals, fluctuations
in the slow plasma currents out of the mirrors,
and fluctuations in the plasma potential. It ap-
peared that the unstable activity that produced the
tf signals increased the electron heating rate, and
that this resulted in the ejection of electrons from
the plasma, thereby causing a momentary increase
in the plasma potential.

In later investigations of these same phenomena,
we have used the tf probe techniques that allow a
more complete separation of polarizations, and
have used cathode follower couplings that permit a
faster time resolution of the fluctuating slow
plasma and lithium-ion-beam?’ currents. The slow
plasma was collected by a 12-in.-diam plate which
was divided into 60° sectors that could be individ-
ually biased. This collector was centered at one
mirror with the plane of the collector parallel to
the median plane. The other end wall was at
ground potential.  The lithium beam trajectory

5Thetmonuclear Dijv. Semiann. Progr. Rept. Oct. 31,
1962, ORNL-3392, p. 9, Fig. 1.12.

8 Thermonuclear Div. Semiann. Progr. Rept. Oct. 31,
1962, ORNL-3392, p. 3.

7The use of a lithium-ion beam for plasma potential
measurements  was  first discussed in Thermonuclear
Div. Progr. Rept. Oct. 31, 1961, ORNL-3239, p. 6.

‘passed through the median plane at the stable

orbit radius and terminated at one of the collecting
sectors,

In the high-pressure tf mode an integrating slow
plasma detector shows end-plate potential varia-
tions that are correlated with beat frequency pat-
tems in the 0° loop signal (Fig. 1.6). At the
sweep rates required to display this correlation,
the present equipment does not permit distinction
between charge collection and capacitive coupling
to a fluctuating plasma field. Fast time sweeps
of the potential trace show that the line breadth
(particularly evident in the lower oscillogram of
Fig. 1.6) is due to 14 Mc modulation, :

At lower pressures rapid ejections of electrons
were again observed. Simultaneous displays of
slow plasma currents and signals from a median-
plane magnetic .probe show these electron pulses
to be most closely associated with the signal from
the 90° loop. Figure 1.7 illustrates this associa-
tion for flare mode activity and Fig. 1.8 for burst
mode activity. On faster sweeps, the most rapid
increases in electron current can be observed to
occur with a time constant of a few microseconds.
Comparisons of current traces to sectors operated
at different bias (Figs. 1.9 and 1.10) indicate that
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the electron current ejected in short pulses is
relatively sensitive to a range of variation of a
few volts about zero bias. From these observa-
tions it appears that these electron pulses consist
almost entirely of electrons arriving at the collec-
tor with less than 27 ev energy. Nevertheless,
at least under some conditions of operation, the
average slow plasma current to a 27 v negatively
biased plate also is correlated with the occurrence
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Median-Plane Magnetic Probe Signals and

of the 90° loop signals (Fig. 1.11). (Note that
Fig. 1.11 compares two events; simultaneous ob-
servations of the same event yield similar results.)
The current polarities are such that a decrease in
slow ion current may be involved in these observa-
tions.
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grams were not recorded simultaneously.

Comparisons of the slow plasma current traces
to different collector sectors operated at the same
bias (Fig. 1.12) show the expected gross correla-
tions but also differences in detail that indicate
a lack of complete azimuthal symmetry in the
mechanism producing the current fluctuations.

The faster time resolution available in these
recent experiments has permitted the observation
of two phenomena not noted in our work of a year
ago. The first is a low-frequency (kilocycles)
modulation of the electron component of slow
plasma which becomes noticeable a millisecond
ot so after the cessation of a series of electron
pulses and which persists for a millisecond or so
thereafter. The increase of oscillation amplitude
with positive bias that denotes the oscillation as
one in electron current is shown in Fig, 1.9, The
oscillation frequency can be 2 to 4 ke (Fig. 1.9),
8 to 12 kc (lower oscillogram of Fig. 1,13), pre~
dominantly the lower frequency modulated by the
higher (Fig. 1.14), or predominantly the higher
frequency modulated by the lower (upper oscillo-
gram of Fig, 1.13).

Radio-frequency traces that are associated with
this oscillation are illustrated in Figs. 1.9, 1.14,

SLOW PLASMA

and 1.15. Modulation patterns at 10 kc are present
on the median-plane 0° loop and more clearly on
the 90° loop where there is often a 3-kc modulation
of the 10-kc patterns, The median-plane electric
probe signal does not appear to have either fre-
quency component, but this may be only the con-
sequence of the frequency dependence of the probe
response.

Measurements of the phase differences of the
oscillating currents to different sectors‘(upper
oscillogram, Fig, 1.13) show that the initiating
disturbance is rotating at 3 kc in the direction of
the proton cyclotron rotation.

The second new phenomenon was observed in
studies of the fluctuations in the transmitted
lithium-ion cutrent, Figure 1.16 illustrates a

typical response with burst mode rf signals. As
usual, the rapid ejection of electrons that accom-
panies the tf activity increases the plasma poten-
tial and the transmitted beam current falls quickly
to zero. The behavior of the current as the plasma
however,

potential recovers was, unexpected.
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the while modulated at a rate in the order of 10 kc.
One identifies this modulation as a potential
modulation associated with the 10-kc oscillations
of the slow plasma current, but one must inquire
why the potential fluctuations did not provide
100% modulation of the ion beam. (The current
detectors used had a response time of a few m1cro—
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result in the observed lithium -beam trace. The H2+, 7% 10~ torr.
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teristics of the dual-gun oscilloscope employed.

observed 10-kc beam oscillation would be asso-
ciated with the oscillation of electron current out
of the plasma in the vicinity of the ion beam, and
the lithium beam should lag the slow plasma cur-
rent by 90° Figure 1.17 shows that the phase
difference between the beam current and the slow
plasma collected at the same azimuth is more
nearly 180° The difference in beam and electron
velocities may introduce the additional 90° lag in
the lithium beam trace.

Additional experiments are planned to determine
the origin of the low-frequency oscillations and to
evaluate the extent to which they influence the
gross characteristics of the plasma.

1.4 ELECTRON-CYCLOTRON HEATING

Microwave power tubes have recently been used
to irradiate the plasma contained in DCX-1, These
tubes give a maximum power of about 25 w and are
of the proper frequency to be used in conjunction
with injection of 600-kev H 2+ These tubes are
thus of higher power and higher frequency than the
tube used prev1ously, which required operation
with 400-kev H,

The two tubes which were used had center
frequencies of 26,6 kMc and 35 kMc. These fre-
quencies correspond to the electron cyclotron
frequency for magnetic field values of 9.6 kilo-
gauss and 12.5 kilogauss, respectively. The
regions for which the magnetic field has these
values are shown in Fig. 1.18. Region 1 is the
resonant zone for 26.6 kMc and includes the
stable orbit for 300-kev protons. "If heated in
region 2, the resonant zone for 35 kMc, the elec-
trons must travel along field lines if they are to
reach the main plasma volume located near the
midplane.

Several plasma parameters are altered when the
microwave power is applied. The changes pro-
duced are much more evident, however, when
using the lower frequency, which results in elec-
tron heating in the center zone. The following
comments concern center zone heating.

One of the more marked changes produced is a
reduction in the plasma potential, which was
measured in the usual way, using the transmission

8 Thermonuclear Div. Semiann. Progr. Rept. Oct, 31,
1962, ORNL-3392, p. 8, sect. 1.5.
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of a beam of lithium ions. Figure 1.19 illustrates
the results of these potential measurements.
Without microwave heating the plasma potential
fluctuates between 100 and 500 v with an average
value of about 250 v. When microwave heating is
added, the range of fluctuation is 10 to 70 v and
the average is about 40 v.

As indicated in Sect. 1.2, magnetic signals
from a 90° loop are found to be correlated with
pulse-like ejection of electrons from the plasma.
The application of microwave power partially
suppresses these signals and reduces the amount
of charge involved in the electron pulses. At the
same time, the character of the azimuthal tf sig-
nals is altered in form though these signals are
not suppressed. Figure 1.20 shows a particularly
striking example of these changes in the rf sig-
nals; here the 90° loop signals are reduced to the
noise level. (Unfortunately the lithium beam was
not available during this run, and when it was
available the suppression of the 90° loop signals
was not as complete.)

In view of the reduction in plasma potential
coincident with the suppression of the collective
behaviot responsible for the rf signals and elec-
tron pulses, we conclude that this collective
behavior is also responsible for the anomalous
electron heating which results in a large plasma
potential in the absence of microwave heating.
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The plasma potential @ is comparable to the
electron temperature T, which is in turn a product
of heating rate and lifetime. The lifetime, the
ionization time, is essentially unchanged by
applying microwaves; so a drop in @, and hence
T, when this particular collective behavior is
suppressed, implies a corresponding reduction in
electron heating,

Changes in the volume of the plasma were also
noted. Figure 1.21, which is derived from many
measurements of the changes in the Z distribution
of the charge-exchange flux, shows the effect of
the microwaves on the density distribution. This
figure differs from the usual distribution in having
two side peaks rather than one central peak, a
feature which is thought to be due to the fact that
the beam did not enter on the midplane but, rather,
to one side. The particles are initially formed at
the position of one of the peaks and are then
reflected back and forth between the two by mirror
action. The additional width of the distribution is
due to the usual plasma spread. The density in
regions of maximum density is increased by about
10% when using the microwaves.

The results presented thus far were obtained
with center zone heating. With end zone heating,
no changes in plasma potential or in rf signals
were observed, and there appeared to be a very
slight increase in Z scattering of the trapped pro-
tons,

The region of highest plasma density is near the
median plane, and it is there that the plasma is
most unstable, The contrast between the effects
observed using the two heating zones suggests
that the heating is more effective in the region of
the instability.
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A connection between these experiments and
recent theoretical work of E. G. Harris is pointed
out in a later section.?

1.5 PROTON TRAPPING BY LORENTZ
DISSOCIATION OF H,*

The injector system shown in the previous
report'® was altered by switching the relative
positions of the uppermost analyzing magnetic
field and the water vapor cell. This change pro-
vided a significant reduction in the accelerator
tube pressure and reduced the x-ray emission from
the tube to an entirely acceptable level. Electrons
from the gas cell were, however, then free to flow
back to the source region where they constituted
a bothersome additional load on the einzel lens
supply. A small magnetic field is being added
between the lens and the water cell to remedy this
situation.

A number of runs have been made in which the
responses of the charge-exchange signals to the
neutial-particle detectors were measured as the
H2+ current (the H2+ current generated from H3+
in the water vapor cell) and the background pres-
sure of the plasma region were varied. Our pre-
vious work!! had shown that Lorentz-force trap-
ping begins to dominate at containment times of
about 0.1 sec, As a consequence, the emphasis
in these experiments was on the acquisition of
data for containment times longer than 0.1 sec.

The neutral-particle detector consists of a longi-
tudinal array of 12 foil-covered Faraday cups
spaced at 1-in. intervals, 6 on each side of the
median plane. The steady-state levels of the
charge-exchange signals to these individual de-
tectors yield a Z profile for charge-exchange loss,
and Z and 0 integrals of a profile yield the total
charge-exchange loss current. Figure 1.22 is a
plot of the ratio of this integrated charge-exchange
loss current to the injected H2+* current as a
function of the center detector decay time. To
the extent that our measurements of the charge-
exchange loss current represent the total loss
current, the figure is a plot of the Lorentz-force

This report, sect. 8.1.2 under the heading *‘Ion
Cyclotron Resonance Instability.”?

10Thermonuclear Div. Semiann. Progr. Rept. Apr. 30,
1963, ORNL-3472, p. 7, Fig. 1.3.

Y1pid., p. 8, Fig. 1.4.
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trapping fraction as a function of decreasing
pressure. For containment times much longer
than 0.1 sec, this trapping fraction should be
constant as a function of % The dependence
shown in this figure is disturbing because it
indicates either that our measurements of the
charge exchange are inadequate or that there is an
additional loss process at the lower pressures,
one which becomes more important the higher the
proton injection rate,

Figure 1.23 shows the central proton density as
a function of decreasing pressure. This density
also was calculated from neutral-particle detector
data. There is evidence of a density limit in the
order of 10% cm™3.

In Fig. 1.24 the summation quantity is the total
number of fast protons stored in steady state as
calculated again from the charge-exchange data.
There is evidence of a limiting value of about
4% 1011,

The Z profiles for the steady-state charge-
exchange loss rate can be converted to density
profiles by considering the difference in the con-
tainment times indicated by the individual detec-
tors. The full width at half maximum of these
density profiles is given in Fig. 1.25 as a function
of the total number of stored protons. There is
an expansion of the profile which becomes very
pronounced at the apparently limiting value of
4 x 10*!! particles.

The data of Figs. 1.22 through 1.25 make con-
siderable use of the charge-exchange loss meas-
urements, and in one respect these measure-
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ments are known to be inadequate. At the low-

est pressures the Z profiles had expanded beyond
the Z limits of the detector array, so at these
pressures the experimentally derived total num-
ber of stored protons is certainly less than
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the actual number. The trapping rates are then
more nearly constant than shown in Fig. 1.22; the
limiting number of stored protons is somewhat
more than indicated in Fig. 1.24, and the profile
expansion is not as rapid as shown in Fig. 1.25.
We have estimated the magnitude of this error and
find that it does not affect the conclusion that at
the lower pressures and higher injection rates
there may be significant proton loss by a mech-
anism other than charge exchange. Another pos-
sible source of experimental etror is recognized:
severe energy degradation could result in attenua-
tion of the current signals from the neutral-particle
detectors. Experiments are in progress to deter-
mine the extent to which degradation affects the
measured trapping rates.

In Figs. 1.22, 1.23, and 1.24, the data points
which depart significantly from the expected be-
havior are those for which scattering of the plasma
is most marked (Fig. 1.25). For these experiments
the end walls of the plasma chamber were at the
mirrors, approximately 15 in. from the median
plane, and proton loss due to scattering to these
walls was probably insignificant. However, in
the median plane the plasma automatically ex-
tends out to the nearest radial obstruction ( R =
7 in. for these experiments), and we feel at this
time that any additional proton loss is the result
of radial scattering of the plasma until wall col-
lisions become important.

Other plasma parameters — rf signals, energy
distribution, potential, and slow plasma fluctua-
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tions — have been measured when using Lorentz-
force trapping, but these observations were con-
fined to injection currents and containment times
that did not produce the most marked scattering.
The results were very similar to those previously
described for gas dissociation, with differences
in detail that are thought to reflect the somewhat
different initial proton distributions and the in-
creased trapping rates obtained with Lorentz-force
dissociation. These same measurements need to
be performed under conditions which do produce
the marked scattering,

1.6 INTERPRETATIONS IN TERMS
OF INSTABILITIES

Our recent data have supported the earlier con-
clusion that ion clustering dominates the unstable
behavior of the plasma, and these data have made
more clear the relationships between a number of
plasma properties and the instability.

As indicated in Sect. 1.3, the general explana-
tion for the time correlations between rf signals,
the electron pulses out of the mirrors, and fluctua-
tions in plasma potential remains the same. The
rapid acquisition of electron energy can be ac-
counted for by resonant heating of electrons in the
potential wells associated with the rotating pro-
ton clusters. For the operating conditions investi-
gated, the new low-frequency (kilocycles) phenom-
ena are not now regarded as being of much conse-
quence in determining the gross characteristics of
the plasma.

The reduction of the plasma potential upon the
application of microwave power (Sect. 1.4) is
consistent with the correlations between rf signals
and electron ejection displayed in Sect. 1.3. The
microwaves suppress the longitudinal tf activity
and the electron pulses, and these two have been
shown to be closely correlated, This suppression
of longitudinal rf was also observed in experi-
ments!? in which a stream of electrons was trans-
mitted through the plasma region. Lithium beam
studies were not made during the electron beam
work, but there is no reason to doubt that tf sup-
pression by this technique was also accompanied

12Thermcmuclear Div., Semiann. Progr. Rept, Oct. 31,
1962, ORNL-3392, pp. 9—10, sect. 1.6.



by a reduction in potential. The two sets of ex-
periments do have one other feature in common:
although in each there was evidence of a signifi-
cant reduction in unstable coupling to electron
motion, the azimuthal tf activity was not sup-
pressed and the decrease in plasma volume was
disappointingly small. :

These last observations suggest that the volume
is more closely related to the azimuthal proton
clustering, and this suggestion is supported by
calculations which show that the observed proton
scattering can be accounted for by random inter-
actions of unclustered protons with the cluster
fields. There is then the implication that protons
rather than electrons dominate in determining
those aspects of the instability responsible for
the plasma spread. We intend to explore this
implication during the next report period by con-
tinuing work with the microwaves, and by utiliz-
ing some other possibly stabilizing techniques
that may couple more directly to the protons
themselves.

1.7 APPENDIX: A DENSITY LIMIT FOR FAST
IONS IN MIRROR FIELDS

C. E. Nielsen'?

Neutral-particle studies of the fast-ion dis-
tribution in DCX-1 have shown that the fast jons
tend to spread in the axial direction when injected
beam current is increased, so that ion density
does not increase in proportion to injected current.
There appears to be a close correlation between
the occurrence of axial spreading and the presence
of rf fields produced by ion clusters.

Axial spreading by clusters may constitute a
fundamental limit to the density obtainable.

Theoretically it is to be anticipated that the
stability against growth of ion clusters will de-
pend upon the energy spread — that is, upon the
disorder in the assembly of fast ions. For the
azimuthal clustering from the ‘‘negative mass”’
instability,1* the stability criterion is that ion

13consultant from Ohio State University.

14C. E. Nielsen, A. M. Sessler, K. R. Symon, Proc.
Intern. Conf. High-Energy Accelerators, p. 239, CERN,
1959.
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density n must be related to energy spread AE¢
by a relation of the form

n< a(AE¢)2

in which a depends upon magnetic field gradient,
shape of the charge distribution, and charge and
mass of the ions. Other electrostatic instabilities
will have an instability threshold of the same
type; and we may assume, in general, the neces-
sity of a spread in momentum or energy for sta-
bility.

In order to estimate the significance of collec-
tive behavior for attainable density, assume that
whenever n exceeds the stability threshold
collective fields develop and rapidly spread the
energy distribution that amount required for sta-
bilization.  Collective behavior is thus self-
limiting. Assume further that axial energy spread
in DCX-1 is of the same order as the spread
necessary for stabilization, and that AE_ and
AE é have comparable influence on stability. On
these assumptions we should expect the density
in DCX-1 to vary as the square of the axial energy.
Any attempt to increase the density by increasing
trapping rate or decreasing loss rate will simply
increase energy spread and axial spreading.
Eventually axial or radial spread in energy and
momentum will become great enough so that
escape from mitrors or to side walls will replace
charge exchange as the primary loss process.

Calculations of axial oscillation energy of
centered orbits show that an oscillation amplitude
of approximately 3 in. corresponds to AE_/E~0.1,
while escape from mirrors occurs with AE_ just
5 times greater. Then the density limit is esti-
mated as of the order of 25 times greater than
density when axial oscillation has approximately
3-in. amplitude.

It must be noted that the assumption of axial
energy equal to stabilization energy is crude, and
the preceding estimate could easily change by a

factor of 10. There will, however, be some
density limit for stability against collective
behavior merely by virtue of the anisotropy

produced by escape from mirrors, and it will be
possible to make a better estimate by including
the effects of AE , AE b and radial distribution
of orbits.
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2.1 INTRODUCTION

The major results in DCX-2 during this reporting
period have been obtained with axial lithium and
hydrogen arcs.? These arcs are run along flux
lines passing through the central volume 1 in.
south of the machine axis (Fig. 2.1). The in-
jected molecular ions, therefore, pass through the
arc in each revolution as they spiral down the
machine. The arc electrodes are located at the
ends of the machine beyond the mirrors and the
intermediate differential pumping region (Fig. 2.2).

With gas breakup, the pressure in the plasma
region is typically about p, = 1 x 107° mm Hg
with beam injected, but it has been as low as
p, = 4 x 107, With a hydrogen arc running, the
pressure has been p P 4 x 107° or greater.
Increased pumping is required in the cathode
region and is being added. A lithium arc reduces
the pressure not only when the arc is running
by direct plasma pumping, but also when the arc
is off after extensive running. The base pressure
with the lithium arc running and the beam present
is 1.5 x 1077 mm Hg.

Improved measurements of the injected beam
have been carried out in an attempt to establish a
complete account of the total accelerator current.
It appears that a maximum current of only ~40 ma
of H2+ injected current is reached even when the
accelerator current is increased to more than
100 ma, for reasons that still are not clearly

lSumrner employee, University of California, Berkeley.

2p, R. Bell and J. E. Francis, this report, sect. 5.2.
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understood.®  Minor difficulties associated with
intermittent turn-to-turn shorts or grounds in the
coil system continue to plague operations., How-
ever, improved monitoring of critical coil param-
eters has permitted relatively rapid diagnosis and

3R. C. Davis et al., this report, sect. 7.1,
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repair of these difficulties. Significant improve-
ment of the drift in the field has also been accom-
plished by reducing the regulator amplifier drifts.

Diagnostic improvements have also been con-
tinued.  Most importantly, the energy analyzer
used to study the fasteneutral flux was made
pivotable at a point near the detector so that
scans over either radial or axial directions could
be carried out. As a result, as will be described
below, detailed energy and positional information
of the trapped particles is now available and en-
ables us to establish the plasma density profile
with some degree of certainty.

No rotational instabilities such as are seen in
other machines have yet occurred in DCX-2 —
even at the highest density obtained (~10t°
hot ions per cm®). As a consequence of this
absence of any source of plasma loss except
charge exchange we have no present intention of
adding Ioffe bars or other minimum B arrangement
to DCX-2. Some engineering studies are, however,
being carried out to permit such additions with
reasonable speed should higher ion density produce
some form of instability that minimum B could be
expected to cure. Principal efforts are now
directed toward lowering the pressure of residual
gas in the liner and improving the operating con-
dition with both the hydrogen and the lithium arc.

2,2 DENSITY AND ENERGY OF CONFINED
PLASMA

The density of trapped plasma in DCX-2 has
been calculated by a consideration of particle
balance in equilibrium:

n,=17/V,

where I is a particle current through the volume
V, and T is the mean lifetime of the particles in
this volume. The meaning of the equation depends
on which current and lifetime are considered. If,
for example, T = Ty (the mean lifetime for charge
exchange), and the current is IX (the output of
particles removed by charge exchange), then
n,V is the number of particles in the machine
destined to be lost by charge exchange. If I is
the total trapping rate, 7 must include an averaging
over all forms of loss and in this case n,V is
the total number of trapped particles. The ave
eraging done in DCX-2, however, is only for
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charge-exchange loss since other loss mechanisms
apparently are unimportant.

A comparison of the foil neutral-particle dee
tector currents (corrected for solid angle) with
the trapping rate of particles shows that in DCX-2
the trapped plasma indeed is lost by charge ex-
change. These measurements of particle account-
ability in the case of arc dissociation are
discussed elsewhere in this report. With gas
dissociation, the flux of neutrals leaving the
plasma in steady state is the sum of those directly
produced by dissociation of the molecular ion
beam and those resulting from charge exchange in
the trapped plasma. Immediately after beam
turnoff, the charge-exchange component remains,
but within 10 to 20 psec the molecular ions are
gone and the dissociation-produced current falls
For the DCX-2 geometry, assuming no
losses except charge exchange,

to zero.

I ~0.641  (nitrogen background gas)

~—1

17 1w (hydrogen background gas) ,

where I is the total wall current in steady state
and I_ is the charge-exchange component.**5 The
difference in the factor for hydrogen and nitrogen
is due to a difference in the ratio of proton proe
duction cross section to dissociation cross
section for the two gases. It was reported pre-
viously that the value of I determined by the fall .
of neutral current at beam tumoff was much less
than 9/17 I, implying other losses, but the actual
situation was obscured by the use of very slow
current amplifiers (rise time ~200 psec). When
faster amplifiers were used, it was found that the
ratios were within about a factor of 2 of the values
predicted. Since the efficiency, averaged over
the energy spectrum, of a foil detector typically
is about 0.5 (see below), the behavior is con-
sistent with the absence of large additional
losses., With arc breakup, the foil neutral de-
tector signals show no sudden drop if the detector
is positioned where it does not intercept the dis-
sociation neutrals from the arc, since the gas
dissociation is relatively very small.

4p. R. Bell et al., Thermonuclear Div. Semiann.
Progr. Rept. Oct, 31, 1962, ORNL-3392, p. 13,

SP. R. Bell et al., Thermonuclear Div. Semiann.
Progr. Rept. Apr. 30, 1963, ORNL-3472, p. 9.



A solid-state particle detector is used in DCX-2
along with a multichannel pulse-amplitude analyzer
to obtain both the energy distribution of the fast
neutral particles leaving the plasma and the
radial distribution of these particles. The an-
gular resolution of the detector permits a de-
termination of the spatial distribution of the
trapped plasma, but it also is a necessary con-
sequence of the fact that the particle flux must
be reduced by a factor of more than 10® to permit
counting without a serious distortion due to pulse
summing. The arrangement used is shown in
Figs. 2.1 and 2.3. The acceptance solid angle
is a fan 40° wide by about 0.2° high. The slit
may be oriented either horizontally or vertically
and scanned in the plane perpendicular to it
through an angle of about *34° At any given
orientation the detector views a region of the
plasma defined by its acceptance fan. Particles
in this fan strike the detector only, of course, if
they are directed at the sensitive area visible
through the apertures. It is possible in spite of
this selectivity to get a reasonably unbiased
average spectrum measurement by sweeping up
and down at a constant rate while counting with
the slit horizontal. The angles tangent to the
molecular-ion orbits must be excluded to exclude
dissociation neutrals. By measuring the spectrum
at fixed angles, the neutral flux may be determined
as a function of ‘‘impact parameter’’ and energy,
where the term ‘‘impact parameter’’ means the
distance of closest approach to the machine center
of a line through the trajectory of a particle (Fig.
2.4).

At any energy

1

" W)
0 x

~ where n is the neutral density, o, is the charge-
-exchange cross section, and v is the particle
velocity. If the energy distribution of charge-
exchange current, 1, is a true average over the
plasma, then the energy distribution of protons in
the plasma must be

ki (B)T(B) ki,

]7+(E) = %

2
n,o vV
where ¥, is the proton density per unit energy
interval at energy E averaged over the volume V,

and k is the ratio of total current to the measured
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current over a given energy interval dE. The
value of k depends on the configuration of the
system but is difficult to evaluate directly. It
may be found by equating the solid state detector
current to the neutral-particle current as measured
by the foil neutral detectors properly corrected for
energy cutoff and area. If k”is the area correction
factor for a foil detector and g(E) is its efficiency
at a given energy, then

’ ’, m .
I’ -k J; i (E) 4(E) dE
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Fig. 2.4. Neutral Spectrometer Counting Geometry.

The angles are exaggerated for the purpose of illustras
(See text.)
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tion. The *‘impact parameter’’ is the dis-
pact p



where iW is the current at energy E per unit energy
interval incident on the foil detector and I is the

measured foil detector current. Since
. k .
i (E)= k,lx(E) ,

1,-k [ i(B) &E) dE
0

and
I/
k= w .
[7i® ar e
0
Then
[o0] . E
[,
: B 17 Y 1,9(E) W(E)
7= | TE) dE = — ,

i (E) &) dE

where n, is the density of trapped protons averaged
over V. Since only particles with energy greater
than a certain value can be measured, it is nec-
essary to extrapolate to zero energy or to leave
out the contribution of lower~-energy particles to
the density. In the measurements for DCX-2 a
low-energy cutoff of about 50 kev is used. It is
necessary, in fact, to know the energy spectrum at
least down to the cutoff energy of the foil de-
tectors. Those used in DCX-2 are 10-pin. nickel
having a cutoff at about 50 kev and an efficiency

which rises nearly linearly from this energy to
100% at 150 kev.®

If the equation above (with lower iﬁtegration
limits changed to E_; ) is multiplied and divided
by

J; 1 (E) dE ,

min
it may be seen that it is equivalent to

— IW_
n+=77_x,

5R. J. Kerr, R. A. Dandl, and C. F. Barnett, Thermo-
nuclear Project Semiann. Progr. Rept. Jan. 31, 1959,
ORNL-2693, p. 4.
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where
o _
[ imaeE |
E I
I =I min =X
w w © g_
L i (E) 4(E) dE

min

is the chargeeexchange current corrected for foil
detector efficiency and

o
[7 r®i ®dE
E .
? = min .
X

fm i (E)dE

E_ .
min

With a lithium arc in DCX-2, one particular spec-
trometer scan gave a value of 7 = 14 msec as-
suming nitrogen background gas. At this time
I' =12 ma was determined from the current of a
single detector multiplied by the ratio of its area
to the area of a cylinder surrounding the plasma at
the radius of the detector. Measurements in other
ports indicate that this value may be too high,
but not by more than a factor of 2. Correction for
detector efficiency gave I = 23 ma. Thenm V =
0.014 x 0.023 x 6 x 1018 = 1.9 x 105 particles
with energy greater than 50 kev.

The spatial distribution of plasma can be de-
termined from the value of i as a function of
impact parameter if axial symmetry may be as-
sumed. First, the density of guiding centers is
found in the following way. By reference to Fig.
2.4 it may be seen that

’,

. 5
i (p,E) 7(E) = j; SaL

r,E) dl,
2nL Vg( )

where 6 is the width of the sensitive region of the
detector, and &° is the height of the sensitive
region, both averaged over the acceptance fan;
a is the angular thickness of the fan; L is the
distance from the point of emission to the de-
tector; r is the radial distance to the guiding
centers of the emitting particles; v_ is the density
of guiding centers per unit energy interval; and
p is the impact parameter. The integration is
over a line through the plasma parallel to the ray
through the detector but displaced by a distance
a (the Larmor radius) as shown in Fig. 2.4. This
equation may be solved stepwise. The ‘plasma
region is divided into m circular zones having equal



radial increments Ar, concentric with the plasma

center (Fig. 2.5). The density of guiding centers

is assumed to be constant in each zone. If there
are no guiding centers beyond the mth zone,

Ixm7:¥ = B'ng Im,m ’

i

1

m,m

- T
xm X

’

ngm =

where 1 .is the length of the chord in the mth
zone made by a line passing the origin at a dis-
tance mAr — Ar/2, B = 60’a/2w is a geometry
factor, and the subscripts on v  and i mean the
values at mAr — Ar/2 and mAr — Ar/2 + a re-
spectively. Then

),

Ix,m—l Tx = ﬁ(ng Im—l,m + 1/g,m-—l Im——l,m—l
and

1 7.
x,m—1 'X

BVg m—1_ — Bng lm_l'm .

m—1,m—1

The general term is
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The actual particle distribution is found from
the distribution of guiding centers. Consider a
small region about the point at which the density
is to be determined (coordinates r,d). Particles
passing through this region have guiding centers
in a ring about the point at a distance a. If ® is
the angle around this ring from some reference
direction, then

ad®
v g(t, 0,0,a) P = dv (1,2)
at r,6 produced_ by the segment d®. Then
(ha) = — § v dd
v (r,a) =— ,
* 2n Ve

where the integration is over a circle of radius a

about r,f6. With concentric rings of uniform n &

1
v (D =Ezvg,iA(I)i ,

where the sum is over all zones passed through -
by a circle of radius a at r and AQ®, is the angular
extent of the ith zone.

i - - 1 —_— e :
1x,m—17;< ng,mlm—1,m ng,m—l m—1,m—1 ng,m—,vﬂ m—1,m—j+1

ng: m~—j =

Since [fv, dE dV = fng dV = n_V, the value of 3
may be determined directly:

Jpn, av
A

3
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Fig. 2.5, Hlustration Showing Quantities Used in De.

termining Guiding Center Distribution from Partial Flux.
(See text.)
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Figure 2.6 shows the counting rate as a function
of impact parameter for several energies with a
hydrogen arc. Figure 2.7 is the corresponding
distribution of guiding centers, and Fig. 2.8 is the
proton distribution calculated from this guiding-
center distribution. As can be seen from Fig.
2.8, the peak density of ions is about 5 x 108
cem~3. If we assume that the radial distribution
of ions is the same for the lithium arc as for the
hydrogen arc, the peak density in the lithium case
would be about 2 x 10*® cm™3.

Figures 2.9(a) and (b) are vertical scans through
the plasma region with a hydrogen arc and a
lithium arc respectively. The ordinate is the
counting rate of pulses from the neutral spec-
trometer above a 50-kev threshold. The spike at
26° is the response to the neutral flux from dis-
sociation of the molecular ions. The spike is
much smaller with the lithium arc because the
lower background pressure made the gas dis-
sociation contribution relatively much less. The
peak near zero angle (the direction of the machine
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Fig. 2.6. Energy-Sensitive Detector Response to

Neutral Flux, with Hydrogen Arc as a Function of the
Perpendicular Distance from the Particle Flight Path to

the Machine Axis (Impact Parameter).

axis) with the lithium arc is due to charge ex-
change in the arc.

Figure 2.10 is a horizontal scan with the hy-
drogen arc (detector slit vertical). Because the
fan cuts off at £20° the dissociation neutrals are
excluded. The charge-exchange neutrals are seen
to have only a small spread in angle about the
pitch angles of the initial and reflected molecular-
ion helix. They have experienced very little ¢‘Z”’
scattering in spite of the fact that their total
energy is spread greatly.

When the beam is turned off, the molecular ions
leave the plasma volume within 10 to 20 psec.

20

The proton density begins to decrease at the rate

dn+>
dt) ey

where I is the steady-state charge-exchange cur~
rent. If there were no energy mixing after beam
turnoff, the time dependence of the neutral flux
could be predicted from a knowledge of the equi-
librium energy spectrum and the neutral pressure
and composition. The energy spectrum can be
broken up into a convenient number of equal in-
tervals, with the essentially exponential decay of
charge-exchange current for each added to give
the total current '

I
.
V’

~[a 0 (E)v(E )]

i) =FiyEpe O 8
where io(E .) is the initial current contributed by
the energy interval AE]..
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Fig. 2.10. Horizontal Angular Distribution of Chargee
Exchange Neutrals in DCX-2 with Hydrogen Arc.

Because the low-energy protons decay most
rapidly, the spectrum should harden in time and
the relative rate of decrease of current should
become lower. Energy mixing will modify this
shape, but it can do so only in a way which leaves
the time integral of the current constant, since
this integral, properly - normalized, is the total
number of trapped protons. Figure 2.11 is a com-
parison of the actual shape of a charge-exchange
current decay with the predicted shape, assuming
no energy mixing. Some mixing is expected be-
cause of the continuance of rf after beam turnoff.
The actual shape is not understood, since the cur-
rent falls more steeply than expected. A feeding
of the low-energy end of the distribution by mixing
would raise the rate of loss of plasma and, hence,
the current. The energy spectrum of particles
emitted at times greater than 10 msec and less
than 50 msec after beam turnoff was measured by
gating the analyzer on at the proper time and
accumulating counts during many off intervals.
The trapped-proton distribution is compared with
the equilibrium distribution in Fig. 2.12. If there
were no energy mixing and all the trapped particles
charge-exchanged during the observation period,
the two curves should be identical. Since the
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Fig. 2,11, Comparison of Actual Foil Neutral Detec-

tor Signal After Beam Turnoff with That Predicted Assum-
ing No Energy Mixing. The amplitude of the predicted
curve was adjusted to equal the actual current at ¢t =0,
The assumed pressure was that which makes the initial

slopes equal. [t is about 5X the gage reading.

measurement interval was delayed and was not
sufficiently long, some differences are expected.
However, the existence of the considerable number
of low-energy particles indicates considerable
energy mixing.

2.3 TRAPPING OF MOLECULAR BEAM

One of the more critical parameters necessary
for assessing how close we are to attaining burn-
out in DCX-2 is the ““mean path length,”” {, which
the beam traverses in the plasma region before
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returning to the injector duct.” In the elementary
theory, it may be remembered, with no arcs present,
the shape of the so-called ‘‘S-curves’’ is relatively
independent of {, but the magnitude of the density
which one obtains for a given beam current is
strongly dependent on {.

Two procedures may be used to determine C.
The first is the most ditect. The energy analyzer
is used with the slit aligned vertically and pivoted
to scan horizontally. The detector subtends an
angle which prevents any of the direct dissociation
neutrals from entering; so we are able to see
only the neutrals from charge exchange of the
trapped protons. The angle they make with respect
to the axis, however, is observed to be quite
small (Fig. 2.10). The average pitch angle of the
beam may be deduced from the angles at which
the neutrals are emitted. The pitch angle observed
under certain field conditions is ~2.8%° which is
close to the value expected from the injection
pitch angle and the depth of the dip. By using
this figure, the total path length in the flat field
tegion is 52 m. One may take into account the

7P. R. Bell et al., Thermonuclear Project Semiann.
Progr. Rept. July 31, 1960, ORNL-3011, p. 17.



path length in the dips at each end as well, and
assuming that three-eighths of the orbit' passes
through the plasma, then { = 24 m. An even more
direct measurement, not yet carried out, would be
the use of a single-channel analyzer to select
300-kev particles with the detector positioned
so as to view the dissociation neutrals from the
beam directly.

The second procedure is connected with the
cross section for dissociation, 0. The fraction of
the beam which is dissociated is given by n o, £,
where [’ is the total path length of the molecular-
ion beam. The values for dissociation and proton
production at 600 kev were taken from results
accumulated by Barnett,® and are given in Table
2.1. Several difficulties may be commented on.
Neither n, nor the gas composition is known well.
The amount of the beam which is dissociated is
determined by integrating the neutral currents from

23

dissociation observed on the foil detectors over

the proper surface area of the machine. Assuming
that the gas composition has the dissociation
properties of molecular nitrogen, and taking the
measured path length obtained in the first proce-
dure, then apparently in this condition only about
one-third of the molecular-ion beam left the dip.
Under other conditions evidence indicates that most
of the beam left the dip. It is apparent that a tar-
get downstream is probably an essential tool when
the dips are adjusted to optimize the proton produc-
tion rate.

Perhaps an even more important aspect of a
measurement of the dissociated fraction of the
beam relates to a comparison of the current input
to the plasma and the charge-exchange current
emitted. It would be significant if all the protons
injected into the plasma could be accounted for
in chargesexchange cutrent. This would give
further assurance that macroscopic instabilities
do not produce significant particle loss in the
DCX-2 plasma. Further, if the loss rate by charge
exchange were no faster than that calculated if
all the particles remained at 300 kev, then our
confidence in being able to attain burnout, or at
least exponentiation to a high density, would
remain unaltered. Here, again, experimental dif-
ficulties limit our confidence to factors of 2 or

8¢c. F. Barnett, W. B. Gauster, and J. A. Ray, Atomic
and Molecular Collision Cross Sections of Interest in
Controlled Thermonuclear Research, ORNL-3113, p. 9
(May 10, 1961).

Table 2.1. Dissociation and Proton Production Cross
Sections of H2+ and H3+ in Nitrogen and Hydrogen

for 600-kev Injection Energies

o

© (Proton Production)®

d
2
(cm® /gas molecule) (cmz/gas molecule)

‘ x 10718 x 10716
+ .

H, inH, 0.73 1.1
+

H, inN, 4.0 6.6

H + in H2 2.6

3

40 (proton production) for nitrogen assumed 1 X O’(H+ +
+ +.
H)+2xo@® +H)

3. In one case, with the lithium arc used as the
dissociating medium, the power returning to
the injector could be compared to the value with
the arc off. The average of two measurements
yielded 8.8 ma dissociated out of the ~24.6-ma
H2Jr beam injected (32.6% dissociation). This
was compared to a charge-exchange current in
the middle of the machine of 2 x 10~7 amp/cm?
striking the walls or a total charge-exchange
current of 26 ma, including a correction of a factor
of 2 for the aforementioned foil detector efficiency.
Taking 8.8 ma of H2+ dissociated, one expects
13.2 ma of protons injected into the plasma if
the ratio of dissociation modes in the arc is the
same as in H,.

2.4 ARC AND PLASMA PUMPING

The large pressure reduction produced by the
lithium-arc operation provides an excellent method
for determining a number of factors affecting the
vacuum conditions in DCX-2. The foil neutral
detector signal seen while the beam is on but the
arc off is partly dissociation neutrals and partly
charge-exchange neutrals, both components being
proportional to neutral gas density, assuming that
the gas composition is constant. Thus the ampli-
tude of this signal can be used as a .measure of
neutralegas pressure over a short time interval.
Figure 2.13 shows the response of the foil de«
tector signal following a sudden (within several
hundred microseconds) shutoff of the lithium arc.
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Fig. 2.13. Foil Detector Signals Showing a Shutoff of
the Lithium Arc. The upper curve at low sensitivity
(0.2><10m<S amp/cm) shows the charge.exchange current
with the arc on. The lower set of traces at a sensitive
ity of 1078 amp/cm shows the current pulse on successive
]/50 sec intervals while the pressure is rising toward an
equilibrium value after the arc has been turned off. The
curve sweeping down at lower right is an arceon signal

at the higher gain.

The upper trace at low oscilloscope gain shows
the large plasma signal obtained when the arc is
on. This part of the signal is far off-scale on
the lower (high-gain) trace. When the ion beam
is turned on 1/5 sec later, the smallest current is
produced on the lower trace. Successive 1/so-sec
intervals produce progressively larger signals as
the pressure rises, and the signals slowly con-
verge (downward in the figure) to the larger equi-
librium signal. The pressure in the DCX-2 liner
is read from an ordinary ion-gage tube after equi-
librium has been reached, giving a calibration for
the foil detector signal. A constant rate of gas
input from the beam is assured since all the con-
stant injected current of molecular ions becomes
gas inside the liner volume whether it is dis-
sociated and then charge-exchanged, or whether
it strikes the snout beam catcher. The portion of
the input coming from outgassing may be variable,
but we will, for the present, assume it to be con-
stant. The rate of change of neutral-gas molecule
density is given by

(9)
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where [ is the rate of influx of particles from all
soutrces, V is the volume of the system, S is the
pumping speed of any pumping processes, and
n, is the neutral-gas density. The density at any

time is
1
<“1 - __> e—(s/ Mt
S

where n_ is the initial low pressure after arc
shutoff. If the equilibrium pressure after a long
time is called n, then

I
no =—S‘+

)

n,=ng — (g —n,) e—(s/Vit

0

3)

Since the foil neutral detector current is propor-

“tional to ng, these currents were determined from

Fig. 2.13, and the equilibrium current minus the
current at each pulse was graphed (Fig. 2.14). The
rise-time constant obtained is 0.24 sec. The
nearly exponential nature of the plot gives some
justification for assuming that I was constant.

UNCLASSIFIED
ORNL—DWG 64-265

10
8 N
AN
N
Ny
6 \.\
3 3
% ~,
3 ¢
| \
l_
a4 N
5 \
'®,
\'
A5, 10/31/63 ‘ \.
= 0.24 sec
8.4 x 103 liters/sec
2
0 40 80 120 160 200 240 280
At {msec)
Fig. 2,14. Plot Showing the Difference Between the

Saturation or Equilibrium Signal and Individual Beam-
On Signals as a Function of Time After Turning Off the
Lithium Arc. The curve yields the rate of pressure rise
after the lithium arc is turned off and hence leads to an
estimate of the plasma pumping speed with beam on and
arc off (see text),



The constants of the system and the operating
conditions at this time were:

Iy + peam = 32 ma, 50% duty cycle,
Vv =2 x 10°% cm?, .

pgarcoff=9x10_7mmHg=pgw,

liner

Pumping speed of venturis for nitrogen = 1.7 x
103 liters/sec (calculated),

Equilibrium foil neutral detector current, arc and
beam on = 0.4 x 10~° amp,

Equilibrium foil neutral detector current, arc off
and beam on = 0.2 x 10~7 amp.

Thus V/S = 0.24 sec, and S = (2 x 109)/0.24 =
8.3 x 10° liters/sec total pumping speed. Since
this is much larger than the normal venturi pumping
speed, the excess must be attributed to the plasma
pumping with gas breakup. From Eq. (2), n, = 1/8,
and I = 8.3 x 10%(10°)9.0 x 1077(3.2 x 10'%) =
2.4 x 10'7 molecules/sec. This current (I) is
considerably larger than the beam input, which is
1.0 x 107 molecules/sec. The fact that the beam
input is smaller than I justifies the use of p  as
a measure of n, without the correction that would
have to be applied if the gas had been mostly
hydrogen. ~ The excess of I over I is, of
course, the gas evolved from the beam bombardment
at the injector snout and from the walls due to
bombardment by the charge-exchange and dis-
sociation neutrals.

With the arc in operation the liner pressure falls
to n (v1.7 x 1077 mm Hg). If we assume that
I remains constant, then the pumping speed with
the arc (SI) is

. -7
s, =s2e_g3x100 22

n, 1.7 x 10~7

=44 % 103 liters/sec .

It is more likely, however, that I actually increases
with arc dissociation, since 20 to 100 times
greater current of high-energy neutrals falls on
the liner wall and less current falls on the much-
bombarded snout beam catcher. The liner wall,
which has had little bombardment, probably pro-
duces much more outgassing.

It is perhaps constructive to compare this as-
sumed input current of gas with the plasma pumping
speed expected from the higher density trapped
plasma. From the foil neutral detector current
and the foil geometry factor, the total charge-
exchange current to the wall is 12.8 ma. Using

25

a T of 20 msec calculated from a neutral particle
spectrum, we find

f,V=iT=1.6x10"" ijons .

The rate of ionization of gas (assumed to be
nitrogen) by protons at the base pressure with
arc on (1.7 x 10~7 mm Hg) is

I

ions

=7,V n,0,v=1.6x10'%6 x 10°)1.7
x 10715(7.8 x 10%)

=1.26 x 10'® molecules/sec .

If we assume the electrons in the plasma to be
~100-200 ev, and our plasma potential with arc
off would correspond to such a range, then elec-
trons would ionize a similar amount:

I

total = 2+5 X 10'® molecules/sec .

This expected plasma pumping rate is 10 times
the rate, I, we have assumed, possibly because I
is greater owing to more outgassing of walls with
the denser plasma or because n, V is smaller than
we have assumed owing to a reduced mean ion
lifetime.

2.5 RADIO-FREQUENCY EMISSIONS

As reported in previous semiannuals, the DCX-2
plasma emits almost exclusively the ion cyclotron
fundamentals and harmonics of both H2+ and H™.
The intensity is rapidly fluctuating with statis-
tically well correlated simultaneous increases on
probes at different positions along the length and
around the circumference of the long plasma
cylinder. There is, however, only a very poor
detailed correlation of intensity peaks.’  The
radio frequency does not cease after beam shutoff
in a time short compared to an ion mean lifetime,
as is usually seen in DCX-1. The time behavior
of this tf can be seen from Figs. 2.15(a), (b), (c),
and (d). The beam was keyed on and off at 50 cps
for (a) and (b) and at 20 cps for (c) and (d), and
the traces began when the beam ceased. Note that
the rf lasts for ~2 msec when the arc is off, the
plasma density low (~107 ions/cm®), and the
pressure relatively high (2 x 107% mm Hg). When
the arc is on, the pressure is low (~1.5 x 107
mm Hg), the plasma density is high (~10° to

9 Thermonuclear Div. Semiann. Progr. Rept. Apr. 30,
1963, ORNL-3472, p. 19.
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Electrostatic Probe Signals With and Without the Lithium Arc.
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(c)

(d)

Sensitivity 0.1 v/cm and sweep speed

2 msec/cm. Traces (a) and (b) were taken with repetition rate 50 cps and (c) and (d) with 20 cps.

1019), and the tf lasts to 10 to 20 msec. The
intensity of the rf with the beam on, after an
initial burst, is considerably less with the arc on
than with the arc off despite the higher plasma
density.

The spectrum of radiations emitted while the
ion beam is on is altered by the operation with
the arc. Figures 2.16(a) and (b) show the effects.
The fundamental and second harmonic of the
proton cyclotron frequency and the fundamental
and odd harmonics of the molecular ions are some-
what reduced when the arc is turned on, while the
third harmonic of the proton cyclotron frequency is

greatly increased so that it becomes ‘the dominant
component of the radio frequency. It was noted
also that the rather weak white noise background
was also somewhat decreased. The spectrum
emitted by the plasma after the ion beam is shut
off is not only weaker and decaying, but consists
almost entirely of the proton ion cyclotron funda-
mental when gas breakup is used (low plasma
density). The higher-density plasma produced by
arc breakup shows, after beam turnoff, only the
second harmonic of the proton frequency, the fun-
damental being undetectable. Whether this is an
effect due to higher density or to the presence of
the arc is not yet known.



Fig. 2.16. Radiofrequency Spectrum Emitted by DCX-
2 Plasma With (a) and Without (b) a Lithium Arc of
about 40 Amp Intensity.
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3.1 ELECTRON-CYCLOTRON HEATING
EXPERIMENTS IN THE EPA FACILITY

W. B. Ard H. C. Hoy

M. C. Becker! R. L. Knight
R. A. Dandl! N. H. Lazar
H. O. Eason R. L. Livesey
A. C. England O. D. Matlock

M. W. McGuffin

3.1.1 Introduction

The scale-up of the electron-cyclotron plasma
(ECP) has been completed and operated in the
EPA facility. The plasma is created in a 3:1
magnetic mirror by a 10.6-Gc (gigacycle) micro-
wave power source capable of delivering 50 kw
CW (continuous wave). Preliminary results show
that at 25 kw CW the plasma has a volume of
~40 liters, a total stored energy of several
hundred joules, and a 3= 0.3.

The plasma is more controllable than in the
PTF in the sense that the range of operating
parameters which give a stable plasma is much
broader than in the PTF. Other interesting plasma
properties peculiar to the scale-up will also be
described.

3.1.2 EPA Experimental Facility

The scaled-up electron cyclotron resonance
heating experiments are being conducted in the
EPA facility. The EPA vacuum tank, originally
constructed for the 1958 Geneva exhibit, was
modified by addition of several large radial ports
for improved diagnostic access. The experimental
arrangement is shown in schematic form in Fig.
3.1. Except for size and certain details relating
to the microwave power feed, the experimental

Instrumentation and Controls Division.
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- ness.

Electron-Cyclotron Heating

arrangement is identical to that of the PTF
facility. 2-3

Magnetic field is supplied by DCX-1 type mirror
coils located for a 3:1 mirror ratio. Continuous-
wave microwave power at 10.6 Gce is fed into a cy-
lindrical water-cooled copper liner or cavity of per-
forated copper construction. The central section of
the cavity between the mitror coils is 36 in. in
diameter and 21 in. long. Additional sections (16
in. in diameter and 91/2 in. long) extend into the
mirror throats and are terminated by clusters of
plasma-pumping tubes. The cavity axis and the
magnetic axis coincide. Tight metallic joints
are used throughout to minimize microwave leak-
age. Diagnostic access for probes is gained
through coaxial filters. The vacuum system is
divided into three regions connected only by the
plasma-pumping tubes. Vacuum pumping is
afforded by two 20-in. diffusion pumps in the
central region of the tank and a single 20-in.
pump on either end. Water-cooled surfaces are
provided for collection of the plasma which
streams out into the ends of the tank.

Deuterium gas is fed into the central region of
the cavity at rates of ~1 atmospheric cm® per
sec. Operation is simplified through use of a
servo-controlled gas feed arrangement, which
maintains constant pressure in the central region
and thus compensates to a first order for the
varying gas feed demands as microwave input
power is varied.

The entire EPA tank is surrounded by a lead
x-ray shield, 12 ft high and of 2 in. nominal thick-
The shield weighs ~42 tons. The wall
thickness is 3 in. adjacent to the operating area
to provide additional protection for personnel

2Thermonuclear Div. Semiann. Progr. Rept. Oct. 31,
1962, ORNL-3392, sect. 3.1.

3Thezfmomml‘_ear Div. Semiann. Progr. Rept. Apr. 30,
1963, ORNL-3472, sect. 3.1.
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Fig. 3.1. Schematic Diagram of EPA-Microwave-Heating Experiment.

involved in experiments. The shield can be seen
in Fig. 3.2, which is a photograph of the facility.
The opetating and diagnostic area is visible along
the right side, and the microwave power source
is shown outside the shield to the left.

Continuous-wave microwave power at levels
up to 50 kw is supplied by three SAX-418 four-
cavity klystron amplifiers operating at 10.6 Gc.
These tubes are water-cooled, electromagnetically
focused types having a saturated gain of ~50 db
when tuned for high efficiency. Each tube requires
a 20-kv, 3-amp dc beam supply which is remotely
located.

The three klystrons are driven by a common
oscillator located in the operating area. Output
power is controlled by adjusting the drive level.
An extensive sysfem of interlocks protects| the
klystrons against damage due to waveguide ércs,
cooling-system failure, magnet failure, waveguide
pressurization failure, internal arcs, and improper
operating procedure. The design is such that any
tube or combination of tubes may be operated
individually if desired without alterations to the
system. Provisions are included for installation
of a fourth tube if required at a later date.

The output waveguide circuitry for a single tube
is shown in schematic form in Fig. 3.3. Identical
circuitry is used for each of the three tubes.
Waveguide arc protection. is accomplished by a
combination of photoelectric and reflected-power
sensors which act through auxiliary circuitry to
actuate a crystal switch for removal of drive
power from the tube within a few microseconds
after an arc is detected. Directional couplers
are provided for monitoring output power and
reflected power. All waveguides and components
in the klystron output circuits are water-cooled
and operate either at high vacuum or at 10-psig

" dry-nitrogen pressure to discourage breakdown.

All mating flange sutfaces are lapped, and all
internal waveguide surfaces and mating flange
sutfaces are carefully cleaned before assembly
as a further precaution against breakdown. A
four-port ferrite circulator connected as an iso-
lator protects each klystron from effects of load
mismatch by diverting reflected power into the
water load.  Since half-wavelength waveguide
windows of the type employed here are quite
susceptible to failure from thermal stresses
when operated under high VSWR (Voltage Standing
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Fig. 3.2, Photograph of the Layout of the Apparatus.

Wave Ratio) conditions, the circulators are placed
inside the vacuum chamber in order that all wave-
guide windows may be located in bilaterally
matched waveguide sections. The circulators are
rated to provide complete protection for the
klystron amplifiers at the 20-kw CW level with a
matched load at the cavity, or at the 10-kw CW
level under short-circuit conditions at the cavity.

Each klystron feeds an array of two diametrically
opposite pairs of waveguide ports in the cavity
wall. These pairs of ports are spaced at 60°
intervals to provide uniform illumination of the
plasma. Each pair is symmetrically spaced in the
Z direction with respect to the midplane. The
total feed array is thus composed of 12 waveguide
ports having both § and Z symmetry. The only
interconnection between klystron outputs is

mutual coupling through the cavity. This effect
is quite small since the plasma is a very lossy
medium  at electron cyclotron resonance. The
arrangement of waveguide feed ports is clearly
visible in Fig. 3.4, which is a photograph of the
center section of the cavity mounted in an assem-
bly jig prior to installation in the vacuum chamber.
The magnetically shielded circulator enclosures
are visible on the right side of the photograph.

Due to the relatively high cost of microwave
power on a per-watt basis, impedance matching,
that is, containing the microwave power in the
cavity, is quite important from an economic view-
point even though the klystrons and waveguide
components are capable of operating with severe
output mismatch. Power division and matching
for the output of each klystron are accomplished
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Fig. 3.3. Output Waveguide Circuitry for a Single Tube.

by three sidewall-hybrid junctions of the quadra-
ture type.* These hybrids are well adapted to
high-power application due to the absence of
strong internal electric field gradients. They
are four-port broad-band devices which have the
important characteristic that when power is fed
into one of the terminals, it divides equally be-
tween the opposite pair of terminals such that the
outgoing voltages at equidistant points are 90°
out of phase. Thus if the two outputs are ter-
minated at equidistant terminals in equal imped-
ances Z1 =2,=2, then destructive interference
for reflected power will occur in the primary input
arm and the reflections will reinforce in the fourth
~arm so that all the reflected power exits via the
fourth terminal. The input to the hybrid is thus
matched for any value of output impedance Z so
long as the balance and symmetry remains undis-
turbed. This important property has long been
used in balanced duplexers, phase shifters,
broad-band switches, etc., and is used to advan-
tage here in matching the plasma to the waveguide
system.

4H. J. Riblet, Proc. Inst. Radio Engrs. 40, 180-84
(1952).

In this application, each pair of the aforemen-
tioned waveguide ports in the cavity wall is fed
by a single short-slot hybrid junction having
equal-length output arms. In addition, the indivi-
dual ports of each pair are located symmetrically
with respect to internal cavity surfaces and to the
plasma itself. The equivalent impedances ter-
minating the output arms of individual hybrids
are thus made to be approximately equal for both
static and dynamic (plasma-related) conditions.
The fourth arm of each hybrid is terminated in a
low-loss short circuit which re-reflects most of
the primary reflected power back into the plasma
chamber. The equivalent mismatch at the input
of the hybrid (expressed in decibels as return
loss) is thus improved by a factor of 2 over that
existing at a given waveguide port at the cavity
wall.

This method of matching the waveguide system
to the plasma chamber has proved to be quite
effective in practice. Total power absorbed in
the water load of Fig. 3.3 due to mismatch and
mutual coupling from other klystrons is typically
about 100 w when operating at full output under
stable plasma conditions.
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Fig. 3.4, Center Section of the Microwave Cavity Showing the Waveguide Connections and Circulator Housings.

A number of continuous monitors are provided
at the operating console in addition to the neces-
sary controls and monitors for microwave power,
magnetic mirror field, and gas feed rate. Micro-
wave noise radiated by the plasma into a 1.25-cm
waveguide provides a continuous indication of
electron noise ‘‘temperature,’”” and Hall-probe
measurements of diamagnetic B, in the midplane
provide continuous indication of stotred-energy—
density product. These two plasma parameters
serve as a very important yardstick for gaging
performance and ‘stability of operation. In addi-
tion, ionization gages provide continuous indica-
tion of pressure conditions in the three regions
of the vacuum system, and ion-chamber—electrom-
eter combinations provide indication of x-ray
radiation levels at strategic locations around
the facility.

Typical operating procedure for the performance
of plasma experiments in this facility is as
follows: With no microwave power applied, the
current in the magnetic mirror coils is adjusted
to the proper value for electron cyclotron reso-
nance at 10.6 Gc along the desired constant-B
contours within the cavity, as indicated by a
magnetic field vs current plot for the mirror region.
Best operation is normally attained with field
current adjusted to place the resonance zones
near the entry to the mirror-coil throats. Deuterium
gas is then fed into the central region of the
cavity at a rate sufficient to raise the gage pres-
sure in this region to =2 x 1075 torr (base pres-
sure of vacuum system =10~7 torr). This gas
feed rate generally results in a stable ‘‘overfed’”
plasma condition as indicated by measurements
of plasma parameters. Microwave power is then



applied, increasing vety slowly from zero to the
desired input level. The plasma is initially
formed when the deuterium gas ionizes at a very
low input power level. When this occurs, the
pressure in the ends of the vacuum chamber
promptly rises due to ‘‘plasma-pumping’’ through
the mirrors. A corresponding increase in the gas
feed rate maintains the center pressure constant
after the plasma fomms.

Plasma electron noise ‘‘temperature’’ and stored
energy are monitored continuously for stable
operation as microwave power is increased, and
if necessary the gas feed rate is adjusted slightly
for stability. Stable operation is indicated by
smooth variation and absence of violent fluctua-
tions in the observed parameters. When the de-
sired microwave input power level is reached, the
gas feed rate is reduced gradually to maximize the

indicated plasma parameters under stable condi-.

tions. Both parameters usually peak at the same
gas feed rate corresponding to a central gage
pressure reading of ~ 1 x 1075 torr. Plasma decay
measurements as a function of time are made by
simply switching off the drive power to the klystron
amplifiers. Once the proper gas feed rate has
been determined for optimum stable operation with
a given combination of mirror field and microwave
power, the feed rate can be left fixed for a series
of decay measurements by control of microwave
power alone.

Extreme care must be exercised in gas feed
control to prevent reducing the pressure too much.
There exists at very low pressures (<5 x 107°
torr) a region of highly unstable operation accom-
panied by extremely high levels of x-ray radiation
and extreme mismatch at the waveguide feeds.
Once this region is entered, no amount of gas
feed variation will stabilize the operation. The
only solution then is to reduce the microwave
power input to zero, increase the gas feed, and
then readjust the microwave power to the desired
level. An interesting characteristic of the in-

- stabilities generated in this region is discussed

in Sect. 3.1.8. :

Operation of this facility has proven to be quite
straightforward and noncritical as compared to
some of the earlier systems, since stable plasma
conditions occur for a wide range of operating
parameters. This has pemmitted the successful
performance of a wide variety of plasma experi-
ments in the facility within a very short period
after its completion.
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3.1.3 Bremsstrahlung Measurement

The energy radiated per centimeter of path by an
electron of kinetic energy E is given in the non-
relativistic limit by?>

dE 16 _, rg ) y o
——=—2Z%_, — mc®ergs/cm,
dx 3 * g
where n, is the density of nuclei. The energy

radiated per unit path length is independent of the
electron energy. The energy radiated per second
is Eq. (1) multiplied by the electron velocity:

dE 16 r2 PE
- —= —Zzn 0 mc2 _—0 2
dt 3 *137 m @

= 1.19%x107'°Z% E}/? ergs/sec .

To a good approximation, this energy is radiated
more or less uniformly over the whole range of
photon energies up to the electron energy E,.
Thus the spectral intensity of radiation of pho-
tons at an energy E due to an electron with energy
EO is, for E < Eo’

IE)

1.19 x 10~1°Z%n E1/?

EO

_3.0x10-'52%, E}/

EO

sec™!(E  in ergs) (3)

sec” 1(E, in kev) .

Given a distribution of electrons such that the
number of electrons per cubic centimeter with
energy between € and € + d€ is f(€) de, then the
total spectral intensity of radiation at the energy
E is given by

00 3.0 x 1071%Z%n  f(€) de
61/2

sec” lcem~3¥(e, E in kev) .

4

This integral can be evaluated if f(€) is known; or
if the energy spectrum is obtained experimentally,
the distribution function f(€) can be determined.

Sw. Heitler, The Quantum Theory of Radiation, 3d
ed., p. 252, The Clarendon Press, Ozxford, England,
1960.



For a Maxwellian distribution,

2fl 61/2 .
=  a—€/T
() T p1/273/2 ’ )
and Eq. (4) becomes
00 6.0 x 107'5Z%n n c
— o= €/T
I(E)zf 71/273/2 € de Q)

E

3.38x 1071%Z2n n_
- T1/2

e~ E/T gec™'cm—3.

The number of photons per kev per sec per cm?

at energy E (kev) is given by

5.42x 10724Z°n, n_

n= e~ E/T .
T1/?Ex 1.6 x 10~°

Q)

The total number of photons per sec per cm?3 above
the energy E | is given by

3.38x 1075 Z%n n_ .o e—E/T

dE .
T1/2 E

. ®)
1

For E,|
0.2194,

In several previous semiannual reports, plasma-
bremsstrahlung measurements have been reported.
An improved collimator was built during the period
of this report, and extra care was taken to elimi-
nate scattering from the collimator walls and x-ray
transmission through the sides of the collimator.
In addition, high-intensity gamma-ray sources were
placed in the EPA facility to locate the volume
scanned by the collimator.

The bremsstrahlung was observed by a 3 x 3
in. Nal(Tl) crystal which was mounted 23 ft away
from the axis of the machine and viewed ~40
cm?® of plasma through thin aluminum windows.
The fractional solid angle subtended by the
crystal through the collimator was ~6.5 x 10~7.
Figure 3.5 shows a l-min count of the plasma
bremsstrahlung at 25 kw with D, gas feed at a
magnetic field of 2000 amp. Also shown is a
spectrum taken after turnoff.- The sum of counts
made after ten turnoffs between 1 msec and 1
sec after turnoff is also shown. The two spectra
have the same shape.

To achieve this, it was necessary for the
analyzer to look into a ‘‘black’ hole on the
opposite side of the cavity. This hole con-
sisted of an 0.010-in. aluminum window at the

= T, the integral in Eq. (8) has the value
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end of a tube which in turn was surrounded by
lead to shield the surface seen by the collimator
from the intense soft x rays produced at the
mirrors. It was previously noticed that the
spectra before turnoff were distorted in the vicin-
ity of ~100 kev due to the scattering of the soft
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Fig. 3.5. The Spectra of X Rays Produced by the
ECP in the EPA Facility as Analyzed by a 512 Channel
Analyzer, There is a logarithmic ordinate and a linear
abscissa, The upper spectrum is a l-min count with
the machine on while the lower is a composite spectrum
of the counts taken after 10 turnoffs between 1 msec

and 1 sec after the turnoff.



x rays by the back wall. After turnoff, this in-
tense x-ray source disappeared within a few
milliseconds and this effect was not observed
in the spectrum. The above mentioned ‘‘black’’
hole largely eliminated this effect. Comparison
of this spectrum with Eq. (7) indicates a tempera-
ture of ~120 kev. The density as determined from
the solid angle, the counting rate above 120 kev,
and the total plasma volume viewed by the colli-
mator is 4-7 x 101! electrons/cm?3.

Defining 8 = 87TnE/Bg, where B  is the un-
disturbed (vacuum) magnetic field on the axis at
the midplane, and nE is the energy density of the
plasma, then 8 = 0.4 for this plasma.

One difficulty with the measurement is brems-
strahlung production from plasma ions with Z > 1,
in particular, copper which is sputtered off the
walls. Although no Cu II light is seen from the
cavity, this cannot be ruled out as a source of
error. In addition, scattering in the collimator
itself is known to be present and probably in-
fluences the spectrum shape.

3.1.4 Flux Measurements of the Total Energy

For the purpose of measuring the total energy
stored in the plasma, a 50-turn 36-in.-diam coil
was wrapped around the cavity ~10 in. from the
midplane. The voltage induced in this coil by
the decaying plasma was monitored for the turmn-
offs. The total area under the voltage vs time
curve is proportional to the total flux change
through the coil in this system. Assuming that
the plasma volume consisted of a cylinder whose
cross-sectional area was small compared to the
flux coil (as estimated from radial Hall-probe
scans and x-ray pinhole photographs), then a
good estimate of the net number of flux lines
passing through the flux coil could be made, that
is, the number through the plasma minus the
number returning around the plasma inside the
flux coils.

If the plasma is assumed to be- a cylinder of
length 2I, with total magnetic moment M and a
radius which is not large compared with the
radius of the coils, the emf induced in the coil
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by a change in M is given by Eq. (9):

.ndqs nm Z+ 1
T 108 dt 1081 |\/RZ+(Z + D)2
zZ-1 _ |au .
_\/R2+(Z—I)2J a’

where n = 50 turns, Z = 10 in., R= 18 in., and [ is
the length of the plasma.

A calculation shows that the voltage induced in
this coil is given by E(v) = 4.65 x 10~8 dM/dt,
approximately independent of the length of the
plasma. This calculation only assumes that the
plasma area is small compared to the coil area.
For this plasma at 25 kw, we have EA¢ £ 3.2 x
10~ ? v-sec so that the change in magnetic moment
is ~7 x 1‘05 gauss-cm3. Using a plasma cross-
sectional area of 1250 cm?, this gives an average
field reduction inside of 250 gauss or an average
B Z 0.3 provided by a plasma energy density of
~7.5x 101¢ ev/cm3.

The value of the plasma cross-sectional area
when used here is calculated assuming a plasma
of ~8 in. radius. This radius has been estimated
from radial Hall-probe scans and from the pinhole
x-ray photographs.  These measurements are
discussed in Sect. 3.1.6 and 3.1.7 respectively.
The value of § is in fair agreement with the value
determined by the bremsstrahlung measurement.

3.1.5 Decay Times After Power Turnoff

The containment time of the plasma in EPA has
shown an increase over that obtained at a few
kilowatts in the PTF. Figure 3.6 shows a loga-
rithmic plot of a number of parameters after
power turnoff. The decay time of both the Hall-
probe signal and the voltage induced in an ex-
ternal coil (labeled d¢/df) are ~0.4 sec as opposed
to decay times of ~0.1 to 0.2 sec for the same
parameters in the PTF. In addition the light, de-
tected by a multiplier phototube, shows a long
decay component, not observed at all in the PTF.
As in the PTF, there is a burst of neutrons after
turnoff, about an order of magnitude increase over
the neutron rate observed with the power on.
These neutrons are largely due to Coulomb dis-
sociation of deuterium. The decay time of the
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surface,

energy density is appropriate to the self-collision
time® for a hot-electron plasma of a density of
~1012 and a temperature of ~100 kev.

3.1.6 Radial and Axial Hall-Probe Scans

Scans of the radial and axial variation of the Z
component of the plasma magnetic field were
petformed as mentioned in Sect. 3.1.1. These
were done in a similar manner and with similar
apparatus to those performed on the PTF and

6. Spitzer, Jr., Physics of Fully Ionized Gases,
2d ed., chap. 5, p. 133, Interscience, New York, 1962.

described in a previous semiannual report.’
Figure 3.7 shows axial scans at several values of
external magnetic field coil current. This varia-
tion in coil current changes the resonant-heating-
zone position quite drastically; for example, at
2000 amp the resonant-heating zone crosses the '
axis at ~9 in. from the midplane, while at 3200
amp the zone crosses the axis at ~3 in. It is
seen that the general shape of the curves does
not depend strongly on the heating-zone posi-
tion. The plasma would appear then to have
approximately the same effective axial length
regardless of the heating-zone position. However,
the influence of the inserted axial probe wall on
these curves may be considerable.

Figure 3.8 shows a plot of the variation of the
external Z component of the plasma magnetic field
as a function of radius at the midplane. This was
measured by a Hall probe in a water-cooled well.
The probe well remained fixed at a point far out-
side the plasma while the Hall probe was moved
inside of it to make the measurement. While the
magnitude changes, the functional dependence on

- radius is not significantly affected by the varia-

tion in external magnetic field coil current. This
implies that the plasma radius is not a strong
function of the position of the cyclotron resonant
magnetic heating surface.

" Thermonuclear Div. Semiann.
30, 1962, ORNL-3315, sect. 3.1.

Progr. Rept. Apr.
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well. Both are kept far outside the plasma,

Another scan was made, not shown here, which
consisted of inserting both the well and probe
deeper into the cavity. The same type of be-
havior was observed with the exception that when
the radius of the end of the well was less than 8
in., a sharp drop in the energy density occurred.
This is taken as further evidence of the plasma
radius being ~8 in.

3.1.7 Pinhole-Camera X-Ray Photographs

Figure 3.9 shows a pinhole photograph of the
x rays from the plasma. The camera consisted of
a lead box mounted in a well in the vacuum system
on the midplane. The camera looked through a
0.010-in.” aluminum window into the cavity. The
camera had a 1/“-in.-diam pinhole in a 1/2-ir1.-thin:k
gold collimator which fitted into an aperture in a
1-in.-thick lead box. The film used was a Polaroid
4 x 5 film packet with a speed rating of 3200 ASA.
The bright semicircles seen at the sides are
produced by x rays from electrons striking the
mirror throats as they escape out the mirror loss
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cone. The plasma is the fuzzy region near the
center. From the known size reduction in the
photograph and densitometer scans of the film,
the plasma radius appears to be ~8 in. and the
length appears to be approximately 10 to 15 in.

The film is most sensitive to low-energy x rays
(the Ka absorption edges of iodine and silver) so
that there is discrimination against higher energies.
For this reason, the scattered radiation from the
back wall of the cavity, which distorts the brems-
strahlung spectrum near ~100 kev, should not be
a serious source of error.

3.1.8 ‘““Quantized’’ Instabilities

A peculiar type of instability can be generated
in this plasma. This type of instability was seen
in the PTF, but not previously reported. An in-
stability can be produced which dumps a large
and relatively repetitive amount of energy on the
walls of the cavity. As a consequence, certain
detectors will see large, separated bursts of x
rays. Under a given set of operating conditions
(fixed microwave power and location of constant-B
surface) the x-ray bursts have a remarkably uni-
form distribution in size, although their rate of
emission may vary greatly with pressure.

Figure 3.10 shows the pulse-height spectrum
from an ionization chamber mounted close to the
plasma and encased in ’“1/2 in. of lead. Note the
scarcity of small burst pulses. Based on a
calibration from other known energy sources, the
peak of the burst spectrum appears to be ~300
Mev; that each plasma instability dumps
enough energy on the cavity walls to produce a
burst of ionization in the chamber equivalent to
a single particle of ~300 Mev depositing all of
its energy by ionization in the chamber.

The full width at half maximum of the spectrum
is ~200 Mev. The breadth of the spectrum is
partly due to the resolution of the chamber and
partly due to the fact that the instability does not
dump a truly constant amount of energy out of the
plasma.

From these data alone, it is almost impossible
to determine the total amount of energy dumped
from the plasma in one burst. However, from a
measurement of the voltage induced in the coil
wrapped around the cavity, it is estimated that
between 1 and 10 j is dumped during an instability.

is,
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Fig. 3.9. Pinhole Photograph of X Rays from the ECP in the EPA Facility.



Fig. 3.10.
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Pulse-Height Spectrum of the Output Pulses from an lonization Chamber in the EPA Facility. The

ordinate is a logarithmic display of the counts per channel while the abscissa is the linear pulse height display.

The peak of the spectrum corresponds to a pulse given by depositing ™~ 300 Mev in the chamber.

3.2 EXPERIMENTS ON THE ELECTRON-
CYCLOTRON PLASMA IN THE PHYSICS
TEST FACILITY (PTF)

W. B. Ard A. C. England
M. C. Becker® G. M. Haas

R. A. Dandl® R. L. Livesey
H. O. Eason M. W. McGuffin

Introduction

3.2.1

During the period of this report, further experi-
mentation involving microwave interferometry and
instability measurements has been performed on
the ECP. Another experiment involving the de-
““termination of radial energy-density distribution
has been completed and is reported separately in
Sect. 3.3.

3.2.2 Plasma Density Measurement by Micro-
wave Interferometry at 8 mm

An 8-mm microwave interferometer with cast
metallic gold lenses was installed in the PTF.
This interferometer was similar in all respects
other than wavelength to the 4-mm interferometer
described in the last semiannual report.® The
results obtained with the new interferometer are
not significantly different from those obtained at
4 mm. The measured plasma density is 3 to 10
times lower than that measured by the neutral-

8Instrumen’cation and Controls Division.

9 Thermonuclear Div. Semiann. Progr. Rept. Apr. 30,
1963, ORNL-3472, sect. 3.1.



beam technique,!® and the density decays in
~100 usec after turmnoff, in disagreement with the
decay times of all other parameters. Specifically,
the decay times of microwave noise, Hall-probe
signals, and voltages from coils wrapped around
the cavity all are on the order of ~100 msec or
longer. The visible light decays in ~3 msec,
about 30 times more slowly than the interferometer
decay.

3.2.3 Instability Measurements with Small Coils

Small-diameter, low-inductance flux coils were
used to study instabilities in the ECP. By the
proper choice of parameters, these instabilities
could be .completely eliminated or made to occur
with almost any desired frequency. The flux
coils were mounted in water-cooled, thin-walled
stainless steel tubing and inserted axially into
the microwave cavity. These coils could detect in-
stabilities removing as little as 3% of the stored
energy of the plasma per millisecond. The stain-
less steel cans used were thin enough so that
the coils could detect flux changes with a rise
time of 1 pusec or longer without appreciable
distortion.

When the plasma was made unstable, the amount
of energy dumped could be made as much as 10%
of the total energy stored in the plasma. The
instabilities lasted up to 10 ysec. As the param-
eters were adjusted so as to decrease the time
between instabilities, the amount of energy dumped
decreased from this limit while the frequency of
the instabilities increased until the instabilities
could no longer be resolved. If the instabilities
were made to occur frequently, the interval be-
tween them was approximately constant. As the
instabilities were made to occur less frequently,
the time between them became random.

Production of x rays during the instability indi-
cated that, initially, electrons are lost radially
from the plasma. A short x-ray burst at the start
of the instability was clearly observed. Later in
the instability, a longer x-ray burst appeared at
the mirror throat.

Rough absorber measurements on the axial x-ray
detector showed that the more energetic x rays
occur later in time than the soft x rays. Absorber
measurements on the center detector show pre-

10g, J. Kerr, Nuclear Fusion (in press).
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dominantly soft x rays.  This implies that the
more energetic x rays are emitted later in the
instability and are emitted predominantly through
the mirror coils. ,

Two identical flux-coil probes inserted equal
distances axially into both ends of the cavity
monitored - simultaneous flux changes. These
signals indicated that the plasma instabilities
were symmetric with respect to the midplane,
that is, that there was no net axial displacement
of the stored energy.

Observations of the flux-coil signals were also
made after power turnoff. Although the probes
were too insensitive to see the total slow plasma
decay, small rapid fluctuations within a few
milliseconds after turnoff could be observed.
Both axial probes produced identical signals
indicating no net axial plasma displacement
after turnoff.

3.3 DETERMINATION OF SPATIAL DISTRI-
BUTION OF ENERGY DENSITY OF THE
ECP IN THE PTF!!

W. B. Ard
R. A. Dandl!2

A. C. England
R. J. Kerr!3

A method of determining the spatial distribution
of energy and density in a hot-electron plasma has
been used, which consists of dropping through
the plasma a probe. which collects essentially
all the electrons. The probe is a small metallic
sphere which is allowed to fall through the plasma.
The particle current to the sphere is monitored
indirectly by observing the x rays emitted from
the sphere and at the same time measuring the
rate at which energy is lost by the plasma.

In the experiment, 1/8—ir1.-diam stainless steel
spheres are dropped from a distance of 2 ft above
the center of the plasma. A well-collimated x-ray
counter aimed along the axis of the magnetic field
records a burst of x rays when the sphere crosses
the axis of the field. This x-ray burst serves as a
timing marker. The change in energy in the plasma
is determined by measuring the emf induced in a

HThis section of this report was given as a contri-
buted paper by W. B. Ard at the Sixth International
Conference on Ionization Phenomena in Gases (Paris,
1963) and will be published in the Proceedings of that
conference.

121nstrumentation and Controls Division.

13peceased.



coil surrounding the plasma. The total =x-ray
production is measured by a scintillation counter
located near the plasma. The outputs from these
detectors are displayed simultaneously on a fast
multichannel recorder.

The rate at which the electrons strike the sphere
depends on the rate at which the sphere sweeps
out plasma rather than on the velocities of the
particles. This is due to the fact that the orbits
of the energetic electrons precess in the magnetic
field gradient in a time which is several orders of
magnitude smaller than the time required for the
sphere to fall a distance equal to its diameter.
The precessional velocity of the electron is given
to first order by

pc 0B,

"~ eB or '

1)

where 4 is the magnetic moment due to the elec-
tron orbit and is equal to E,/B. Equation (1)
then becomes:

_cEJ_ 0B,

=——-= =, la
e B? or (1a)
The time required for an electron whose orbit is
at a distance r from the axis of the field to precess

around the axis once is given by

2mr 27rreB?

i )

v cE, (9B,/dr)

For a simple magnetic mirror field, a good
approximation for the field at the midplane is
B, = B, ~ ar? and 9B,/dr = —2ar. These
approximations are good as long as r is smaller

than the confining field coil radius. Equation
(2) therefore becomes
meB?  meB}
= = ’ ©)
cEa cEa

if r is small.

Equation (3) shows that the precessional period
T is, to first order, independent of the distance of
the electron from the axis of the field.

In this experiment Bo is 3000 gauss and a is
3.67 gauss/cm? The metal spheres fall at the
rate of one sphere diameter in 10~3 sec. From
Eq. (3), the energy required to give an electron a
precessional period this small is 1.7 x 10710
ergs or about 100 ev. It therefore appears that
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all the electrons with energy above 100 ev will
be swept out by the metal sphere as it falls
through the plasma, since the transit time for the
electrons between the magnetic mirrors is several
orders of magnitude smaller than 1073 sec.
Therefore, most of the plasma will have been
swept out by the time the sphere reaches the
axis of the field.

The change in magnetic field that results from
the loss of energy by the plasma is measured by
a 50-turn coil with a 12-cm radius located 12 cm
from the midplane of the magnetic mirror field. If
the plasma is assumed to be a cylinder of length
21, with total magnetic moment M and a radius
which is small compared with the radius of the
coils, the emf induced in the coil by a change in
M is given by Eq. (4):

ndp om [ 12+ 1
©10%dt 10%1\\/288 + 241 + 12

12 -1

/288 — 241 + 12>I @

1.57 x 10—°

12+1
I V288 + 241 + 12

12 -1

V288 — 241 + 12>

in the limit of small I, Eq. (4) becomes

dm

dt’

dM
€=9.25%10"% —. (5)
dt
If I is 12 cm, such that the plasma extends to the

plane of the coil, Eq. (4) becomes

dau
821'17“0—7?‘ 6)

Equations (5) and (6) show that the emf induced in
the coil is approximately independent of the extent
of the plasma in the direction of the magnetic field.

If we assume again that the plasma is a cylinder
of length 21, then the radial dependence of energy
density in the plasma can be determined. As the
sphere falls through the plasma, it sweeps out
cylindrical shells of plasma. The volume of
plasma swept out as the sphere falls a distance
dr is given by Eq. (7):

dv = (2D Q2rr dr) . )



The time rate of change of total magnetic moment
is then given by

< ==Yt = (8)

where E_is the energy density at the radius r and
dr/dt is the velocity of the sphere.

3.3.1 Results

Figure 3.11 is a schematic diagram of the cross
section of the apparatus showing the relative
location of the various detectors, etc. The plasma
is produced in the magnetic mirror by a few kilo-
watts of microwave power at the electron cyclotron
frequency. !4 Stainless steel spheres are dropped
one at a time from the hopper above the plasma
and are collected through the funnel at the bottom.

Figure 3.12 is a multichannel-recorder trace of
the outputs of the various detectors during the
time it takes a sphere to fall through the plasma.
The response of the side x-ray detector looking
at the whole midplane of the plasma shows that
the peak x-ray production from the sphere occurs
earlier than when the peak emf is induced in the
coil. This indicates that there is a group of very
energetic electrons whose orbits extend outside
the main plasma. The low emf produced at the
time of maximum x-ray production indicates that
these very energetic electrons account for only

Y4 Thermonuclear Div. Semiann. Progr. Rept. Apr. 30,
1962, ORNL-3315, sect. 3.1.
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a small part of the total energy stored in the
plasma. The presence of these fast electrons is
also evident from the production of neutrons by
electron dissociation of the deuterium nuclei.

Figure 3.13a is a plot of the emf induced in the
coils as a function of time. The minimum in the
curve occurs at the time that the sphere crosses
the axis of the field (viz., 60 ms). This can be
seen in Fig. 3.12 from the output of the collimated
x-ray detector which looks down the axis of the
field. The emf produced after the sphere has
crossed the axis is either due to plasma that the
sphere has missed in falling to the axis or to the
fact that the microwave power continues to produce
plasma while the sphere is falling through the
plasma. At any rate, the area under the second
part of the curve is only 10 to 15% of that under
the first part. The area under the first part of the
curve is 1.05 x 10~2 v-sec. Using Eq. (5), this
corresponds to a decrease in the total magnetic
moment of the plasma of 1.1 x 10* gauss-cm?3.
This gives a total energy change of about 4 j.

Shown in Fig. 3.13b is a plot of the emf divided
by the distance of the sphere from the axis.

15w. B. Ard et al., Phys. Rev. Letters 10, 87 (1963).



According to Eq. (7) the height of this curve at a
given distance from the axis is proportional to
the energy density at that distance. This gives
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an effective radius for the plasma of about 10 cm.
The apparent rise in energy density as r approaches
0 is probably due to losses in plasma from proc-
esses other than the collision of electrons with
the surface of the sphere. Possible processes
that would produce nonlocal losses of plasma are
losses due to gas being boiled off the surface of
the sphere or changes in space charge in the
plasma. Even small nonlocal losses produce a
large error in Eq. (7) at small radii.

3.3.2 Conclusions

It appears that this method of determining various
properties of hot-electron plasmas can be used
along with other methods to give information about
the spatial structure of the plasma. It should

‘be possible to extend these measurements to give

both temperature and number density. This could
be done by measuring the x-ray energies as a
function of the position of the sphere. Since the
x-ray production from the sphere in this plasma
is very large, the x-ray energies would have to be
measured by placing various absorbers in front
of the detector. Since the results obtained are
extremely reproducible from drop to drop, the
absorber measurements should prove adequate.

One discrepancy in these results should be
pointed out. The change in total magnetic moment
produced by turning off the microwave heating
power is ~2.5 times larger than that produced by
the spheres falling through. Part of this discrep-
ancy is due to the fact that the rate at which
energy is stored in the plasma by the microwave
power is not small compared with the rate at which
the sphere sweeps out energy, and the emf is a
measure of the net rate of energy loss rather than
the rate at which energy is lost on the sphere.



4. Plasma Physics

4.1 STABILIZED PLASMAS

Igor Alexeff R. V. Neidigh

4.1.1 Introduction

The experiments described in this section were
attempts to evaluate several combinations of
magnetic-mirror and cusp field configurations for
their ability to contain plasma. In some thermo-
nuclear experiments,!~3 plasma between two sim-
ple magnetic mirrors has been found to be unstable,
escaping from between the mirrors by moving across
the magnetic field. Since it is thought to escape
more easily across a magnetic field of decreasing
strength in the escape direction than across one
of increasing strength in the escape direction, the
mirror machine in laboratories elsewhere has been
modified by adding cusp-shaped fields.*'>

In our evaluation, as described in the following
paragraphs, we measured the noise, density, and
loss rate of a cold plasma contained in some
combinations of cusps and mirrors. We found that
the basic two-mirror device, with cusps formed by
adding axially parallel but oppositely directed
uniform field, had better containment character-
istics than with axially perpendicular cusps added
after the manner of Ioffe.* We also found that the

! Thermonuclear Div. Semiann. Progr. Rept. Oct. 31,
1962, ORNL.-3392, sect. 1.4, p. 7.

2w. A. Perkins, R. F. Post, and N. W. Carlson, Con-
trolled Thermonuclear Research Semiann. Rept., UCRL-
9969, p. 10 (January 1962).

3M. S. Ioffe, R. 1. Sobolev, et al., Zh. Eksperim. i
Teor. Fiz. 39, 1602 (1960); 40, 40 (1961).

4y, B. Gott, M. S. Ioffe, et al., **Some New Results
on the Confinement of Magnetic Traps,’”’ Paper CN-
10/262, Conference on Controlled Nuclear Fusion,
Fontenay-aux-Roses, July 1963.

5E. M. Little and W. E. Quinn, Phys. Fluids 6, 875
(1963).

44

simple two-mirror device without added cusps is a
good container if the plasma electrons are hot.
Our criterion for stability is a plasma loss rate
from the device which for the cold plasma is not
greater than that permitted by ion-ion multiple
scattering and which for the hot-electron plasma is
not greater than that permitted by multiple scatter-
ing of the electrons in collision with atomic nuclei.
In the two-mirror device with hot electrons, this
criterion was met — even though multiple scatter-
ing of hot electrons with atomic nuclei requires
the very long decay time of about 0.1 sec.

It should be emphasized that ours is a small-
scale experiment with a plasma of cold ions. The
usefulness of the apparatus is its flexibility. We
suspect that magnetic-field configurations which
contain cold plasma poorly will also contain hot
plasma poorly, and therefore these results are
pertinent where larger machines are contemplated.

This paper presents our criterion for stability
first, and then describes three groups of experi-
ments. The first experiments were the measure-
ments of noise, density, and decay time with four-
and six-pole axially perpendicular cusps and
mirrors — the Joffe field. The next experiments
were measurements of the same parameters with
the axially parallel cusps. The last experiments
studied hot electrons as a stabilizing feature in
the simple two-mitror system. 4

4.1.2 Stability Criterion

A basic problem in the study of plasma contained
between magnetic mirrors is whether or not the
plasma is stable. By stable, we mean that the
plasma shows no rapid particle losses due to co-
operative effects such as turbulence, flutes, etc.
For a quantitative, objective criterion of stability,
the above definition can be recast in the following



form: A plasma is considered stable if the ex-
perimentally measured rate of plasma loss is equal
to the theoretically computed rate of plasma loss
under the assumption of single-particle, nonco-
operative, loss mechanisms.

The manner in which the above stability criterion
— plasma is lost primarily through single-particle
loss mechanisms — is applied to an experimental
case is as follows:

First, the various single-particle loss processes
“for the two components of the plasma, the electrons
and the ions, are separately considered. For the
electrons, these processes include electron-
electron scattering, resulting in the velocity vec-
tors of the electrons rotating into the escape cones
of the mirrors; electron-ion scattering; and electron—
gas-atom scattering. For the ions, these proc-
esses include ion-electron scattering; ion-ion
scattering; and ion—gas-atom scattering. For each
process a decay constant 7(sec) is defined. This
number would correspond to the time required for
the plasma density to drop from its initial value to
1/e of this value if the loss process being con-
sidered were the only loss process present. Notice
that this definition does not require that the den-
sity decay follow an exponential law.

The second step is applying the stability cri-
terion is to consider separately for ions and elec-
trons the various values of 7— the decay time con-
stants for different loss processes. Obviously,
the shortest time constant for a given component
dominates the particle loss rate. In the case of our
hot-electron plasmas, for example, the electron—
gas-atom scattering time constant is shorter than
the electron-ion and electron-electron time con-
stants, and dominates the electron loss process.

The third step in applying the stability criterion
is to compare the shortest time constant, 7, for
the electrons with the shortest time constant. for
the ions, and select the longer of the two as the
theoretical time constant of the plasma as a whole.
The reason for this third step is that, in general,
the more slowly escaping component of the plasma
— the electrons or the ions — electrostatically
confines the more rapidly escaping component
and thereby determines the rate of plasma decay.
Thus, in our hot-electron plasmas, the electrons
escape mote slowly, and determine the plasma
decay constant. Conversely, in our plasmas having
both ions and electrons cold, the ions determine
the decay constant.
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If the above stability criterion is applied to the
hot-electron plasmas, one finds that the electrons
are dominating the plasma decay, and that the
primary electron loss process is due to scattering
with the atoms of the gas. The experimental decay
constant 7 agrees quite well with the theoretical
decay constant,

02E2

T= ’
2mve* log _(a oE/e?)

where E is the electron temperature in ergs, 0 is
the scattering angle in radians (0.91 was used
for a 2.5 mirror ratio), n is the neutral-gas density,
v is the electron velocity, e is the electronic
charge, and a is the atomic radius. This equation
is easily derived from the discussion of the mul-
tiple scattering of charged particles given by
Fermi.® Note that the theoretical 7 depends in-
versely on gas density. The experimental 7 also
shows an excellent inverse dependence on gas
density, confirming the basic loss assumption of
electron scattering with gas atoms.

In the case of plasma having both ions and
electrons cold — a few ev in temperature — the
stability criterion shows that the ions determine
the plasma decay and that ion-ion scattering is
the dominant ion loss process. The above scatter-
ing equation can be modified to correspond approxi-
mately to the ion-ion scattering process. The
right-hand side is multiplied by 2\/2 to compensate
for the collision of identical particles, n is rede-
fined as the ion density, v is the ion velocity,
and a_ is the nearest-neighbor distance. The
calculated 7 from this modified formula is in fair
agreement with the longest experimental values
of 7, as will be discussed. The equation of
Spitzet” for ion-ion scattering also. gives 7 values
in agreement with the longer experimental values.
Note that in the theoretical formula for 7, the
background gas density does not appear. The ex-
perimental values for 7 are found to be approxi-
mately independent of gas density, supporting the
model of plasma loss due to ion-ion scattering.

6“Ferm;'l’s Nuclear Physics Notes,”” p. 37 in Nuclear
Physics, ed. by Orear, University of Chicago Press,
Chicago, 1950.

7Lyman Spitzer, Jr., Physics of Fully Ionized Gases,
p. 78, Interscience, New York, 1956.



4.1.3 Cold Plasma with loffe Fields

The experimental technique for measurement of
noise, density, and decay time of a cold plasma
has been described and tested extensively.® Its
application to this experiment is shown schemati-
cally in the inset to Fig. 4.1. Coils which form
the magnetic mirrors are indicated. The Ioffe
field is produced by the four or six bars which
thread the coils. Plasma is generated between the
mirrors by the electron beam from a heated, nega-
tively biased cathode. Gas fed into the collimat-
ing hole in the anode generates a noisy, unstable
plasma. The noise is observed as a fluctuating
potential across the small resistance connecting
the negatively biased electrodes to ground. The
plasma density and decay time can be obtained by
time-analyzing this potential after the beam turn-
off. S observes the plasma near the axis; S
observes the plasma boundary; and S 3 catches the
plasma which drifts out radially between the Joffe
bars.

BIgor Alexeff, R. V. Neidigh, and. E. D. Shipley,
J. Nucl. Energy: Pt C 4, 263—66 (1962).
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The graph of Fig. 4.1 is a plot of the strength
of the Ioffe field vs the distance from the axis at
the midplane for four- and six-pole systems. Note
that for a given current in the Joffe bars the mag-
netic field penetrates further into the plasma region
with the four-pole system, but the six-pole system
has a greater field strength between the bars. In
this experiment the current in the Joffe bars was
increased until the steepest radial field gradient
was neutralized as shown in Fig. 4.2, These are
calculated field strengths at the midplane; practi-
cally, the Ioffe bars were not positioned so that the
field could be known to this accuracy. We can
only say that at the location of greatest radial
falloff in field (between the bars in the midplane),
the gradient was essentially zero. Elsewhere, the
gradient was reversed. The radial mitror ratio or
alpha of Ioffe* was essentially unity for the maxi-
mum current in the bars. However, the optimum
noise reduction, density increase, and longer de-
cay time occurred with much less than the maxi-
mum current, as will be shown.

On applying the Ioffe fields to the plasma, the
noise reduction, density increase, and longer de-
cay time are impressive. Some typical results are
shown in Fig. 4.3, this being a four-pole Ioffe
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system. The signal to the axial and boundary
collectors is compared with the signal to the radial
collector. Notice the noise reduction in both the

axial and radial collectors (right-hand column).

The decaying signal after turnoff is in the left-
hand column. Three signals are superimposed to
show the nonreproducibility due to plasma noise.
The area under the curves, proportional to the
plasma density, is seen to increase as the [offe
field strength is increased. The lower trace is
the signal to the radial collector. The plasma
lost radially appears to be less and leaks out at a
lower rate when the optimum Joffe field is applied.

The axial and boundary collector signals are
observed separately in Fig. 4.4. The application
of the optimum Ioffe field reduced the plasma
noise on the boundary and significantly increased
the plasma density near the axis as well. The
optimum effect appears to be at a Ioffe field strength

equal to about 15% of the midplane field, or a bar
curtent of about 200 amp. i

From this type of data, density and decay time
may be graphed against the Ioffe field strength as
in Fig. 4.5. This is a six-pole system, but is
typical of the fout-pole system as well. The den-
sity is seen to maximize at 10 to 15% with an in-
crease of almost a factor of 3. The decay time 7
maximized at about the same place and has a value
of 35 ysec. The radial loss has decreased con-
tinuously with increasing loffe field, The effect
of Ioffe fields on the density of a plasma in a
uniform field is shown here for comparison. The
mirrors have increased the plasma density, and
the Ioffe fields have given further increase to the
density and decay time. However, the calculated
plasma decay time, for multiple-scattering losses
only, is of the order of several hundred micro-
seconds. The implication is that the dissipative
mechanism has been only partially removed by the
addition of the weak Ioffe fields, but stronger
fields appear to be even less effective within the
range tested.

4.1.4 Cold Plasma in Cusp Fields

Cusps may be formed by a uniform field added
parallel to the axis of a two-mirror system but
with opposite direction (Fig. 4.6b).° The point of
zero field strength will be on the axis at the mid-
plane if the uniform field is equal and opposite at
this point. A ring of zero field in the midplane
will occur if the uniform field is weaker; if it is
stronger there will be two points of zero field on
the axis between the midplane and the coil throats.

The cusp field of Fig. 4.6b with two zero points
on the axis has been evaluated, and its ability to
contain the cold plasma is compared with that of
uniform and two-mirror configurations.® Some of
the data are shown in Fig. 4.7. The plasma den-
sity in the cusp is not accurately known because
the volume changes, but it is thought to be greater
than between mirrors. The decay time can be
found accurately from the data, and is 100 psec.
Note the exact retrace of the five shots in Fig. 4.7,
right column, indicating minimal plasma noise.

The cusp field of Fig. 4.6d was formed by adding
uniform field to the simple cusp of Fig. 4.6c. Its

9 Thermonuclear Div. Progr. Rept. Oct. 31, 1961,
ORNL-3239, sect. 3.1.2, pp. 20—-22.



48

UNCLASSIFIED
ORNL-DWG 63-3793A

g x 10" 1+2
1 volt/cm
ions /cm3 0 amp
0.5 volt/cm
12 x 10" 3
8.8 x 10! 1+2
i volt /cm
ions / cm3 100 amp
0.5 volt/cm
7 x 100 3
14 x 1012 1+2
) 3 1 volt/cm
ions /cm 200 amp
0.5 volt/cm
3,9 x 1010 3
20 psec/cm 20 psec/cm
PLASMA SWEEPER MULTIPLE TRACE
FOUR POLE IOFFE FIELD
Fig. 4.3.

Noise and Density of Plasma Between Magnetic Mirrors with loffe Fields Added. Upper traces on
each photo are from electrodes S, plus Sy Lower traces on each photo are from electrode S.,, A loffe current of

200 amp is a loffe field strength, measured between the bars, equal to 15% of the main field, measured on the axis
at the midplane.



UNCLASSIFIED
ORNL-DWG 64-46€6

IOFFE_FIELD
STRENGTH
(% OF
7.4 % 10" M|DPLANE)
ions /cm3 0
1.4 x 10"
1.9 x 1012
ions /cm3 8
1.7 x 10M
3.0 x 10%2
ions /cm3 16
1.7 x 10"
1.0 x 1012
jons /cm3 24
1.4 x 101
2.8 x 1010
ions /cm3 32
4.6 x 10'0

FOUR POLE IOFFE FIELD

Fig. 4.4. lon Current to Collectors S.Ii (Upper Traces)
and 52 (Lower Traces) After Beam Turnoff. Note that
the density (area under the curves) on the axis (upper
traces) increased by a factor of about 4 as the loffe
current was increased from zero (lower traces). At the
plasma boundary (lower traces) the density hardly
changed, but the addition of the loffe field produced
less noise (curves retrace). The optimum loffe field

strength was about 16% of midplane field strength.

49

UNCLASSIFIED
ORNL-DWG 63-6043A

12, T
(x107) | NEUTRAL DENSITY =
a 2.5 x10'%/em®
£ 3 'PLASMA VOLUME : 30
[&] \A
o ~2cmd ~~
= DECAY (e-FOLDING TIME)__,
5 (2.5 MIRROR RATIO)—~
(2]
E Y — | 20 g
n AXIAL LOSS (2.5 ES
5 MIRROR RATIO) -
@
g |
S ! [T -UNIFORM FIELD (2400 gauss) AXIAL LOSS — 1 10
2 M-—A-L\__l ‘ ‘

~RADIAL LOSS (2.5 MIRROR RATIO)
. )
0 1 ? 0
0 5 10 15 20 25

SiX POLE IOFFE FIELD (% OF MIDPLANE FIELD 2400 gauss)

Fig. 4.5. Six Pole loffe Field. Note the maximum
decay time is 35 usec. The density of the plasma be-
tween mirrors was greater than in a uniform field and
the added loffe field gave an additional increase in

density.

UNCLASSIFIED
. ORNL-DWG 63-6671A

AXI1S

e

&
X
<

3

MIDPLANE —
S
MIDPLANE —-—0—— -

-Q*+— 00— 0 —— AXIS

5@ @@

(a)

S

MIRROR CUSP

Fig. 4.6. Mirror and Axially Parallel Cusp Magnetic
Fields. (a) Mirrors only; (b) mirrors with uniform field
added in opposite direction; (c) cusp only; (d) cusp
with added uniform field.



50

UNCLASSIFIED
ORNL-LR-DWG 64468A

SWEEP =20 psec/cm SWEEP =20 usec/cm SWEEP =20 psec /cm
UNIFORM MAGNETIC FIELD MAGNETIC MIRROR GEOMETRY FIELD CUSP GEOMETRY
— — —— e — ——— — g
1400 4300 1400 4300 5000 50 5000

Fig. 4.7. Comparison of Uniform, Mirror, and Cusp Magnetic Fields for Their Ability to Contain Plasma. In the
uniform and mirror fields the plasma is noisy (curves do not refrace). In the cusp the curves retrace and the decay

time is 100 usec. The plasma density is also increased in the cusp though this increase is not apparent due to a

vertical scale change.



plasma-containment characteristics are graphed
in Fig. 4.8. Here the density and decay time are
graphed as a function of the added uniform field.
They maximize at a uniform field strength equal
to the maximum field strength in the cusp. The
subsequent decrease is probably caused by the
increasing uniform field which opens one mirror.
The plasma noise was minimal and its density
was comparable to that achieved with mirrors and
Ioffe bars, but the decay time is several times
longer and is about equal to the calculated decay
time, which considers multiple scattering only.

4.1.5 Hot-Electron Plasma

Apparatus for testing the stabilizing effect of
hot electrons in the plasma was essentially the
same as for the cold plasma. The loffe bars were
adjusted to enclose a larger volume, and insulation
of the filament was improved to accommodate a
5-kv bias instead of the 100-v bias. Now the
plasma is appatently 100% ionized in the defining
hole, and beam-plasma interaction heats the plasma
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electrons between the mirrors to kilovolt temper-
atures. '°

The cusp of Fig. 4.6b with a ring of zero field
in the midplane was tested. The visible light
appeared as in Fig. 4.9. An image by bremsstrah-
lung radiation on x-ray film using a pinhole camera
of lead is shown in Fig. 4.10. The x-ray image of
the visible plasma is barely seen on the film — it
is in the center, on the axis. The large ellipses
mark the intersection of the cusps with the vacuum
chamber walls. An electron temperature of 25 kev
and a decay time of 6 msec were determined from a
logarithmic display of the output of an x-ray-
excited sodium iodide crystal on a multichannel
analyzer. The multiple-scattering equation is
approximately satisfied by these values indicating
minimal losses by cooperative phenomena. The

- plasma decay was observed with the multichannel

analyzer in a scaling mode. A readout illustrating
the method is shown in Fig. 4.11. Essentially it
counts x-ray flux every 2 msec after turnoff.

In the simple mirror geometry the beam-plasma
heating mechanism!® is very effective, and the
plasma makes an x-ray image similar to the'visible
image.!! Here the electron temperature was 130
kev, and the decay time was 70 msec. A hot-
electron density of about 10'!/cm® was measured
by a neutral-beam technique, the x-ray -flux inten-
sity, and a diamagnetic probe.!!

The effect on the decay constant and the electron
temperature by the addition of Ioffe fields to this
kind of plasma is shown in Fig. 4.12. The solid
line is the multiple-scattering formula with decay
time plotted against temperature. All the data
points except the maximum and minimum ones were
obtained with Ioffe bars in place but with different
Ioffe field strengths. We think the scatter in the
points above and below the line is primarily due
to our present inability to measure the decay time
accurately — an error which we believe we can
reduce. The distribution along the line is just a
measure of the effectiveness of the electron heat-
ing mechanism, which is disturbed by the presence
of the Ioffe bars. Maximum temperature and decay
time were obtained with mirror containment only.
The stability of the hot-electron plasma appears

10Igor Alexeff and R. V. Neidigh, Phys. Rev. Letters
10, 273 (1963).

uThermonucIear Div. Semiann. Progr. Rept. Apr. 30,
1963, ORNL=-3472, sect. 3.2, pp. 31-=37.
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Fig. 4.9. Hot<Electron Plasma in the Cusp Magnetic Field of Fig. 4.6b. A ring of zero field lies in the midplane.
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Fig. 4.10. X-Ray Image of the Plasma of Fig. 4.9. The visible plasma is barely seen in the x-ray image in the

center on the axis. The large ellipses locate the cusp intersection with the vacuum chamber wall.
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to be independent of added cusps, either the ax-
ially parallel or Ioffe type.

There is additional evidence that this plasma
with kilovolt electrons is stable. The decay time
has been measured as a function of the neutral
pressure. An extrapolation to zero pressure gives
an infinite decay time (1/7= 0). To magnetic and
electrostatic probes, the plasma appears noisy in
the steady state. This may be due to the high
beta. As the plasma decays, the noise abates
without any change in the decay time. We feel
that the stabilizing effect of hot electrons should
not be overlooked in the future planning of thermo-
nuclear experiments.

4.2 MEASUREMENT OF PLASMA DECAY TIME
AND DENSITY WITH A CAVITY RESONATOR

Igor Alexeff

In previous studies of the plasma-containment
time and the plasma density in a magnetic-mirror
apparatus, some inconsistencies were obtained. 2
These inconsistencies are now apparently under-
stood. In this work, plasma density was measured
in two ways: first, by measuring the frequency
shift of a cavity resonator surrounding the plasma
volume; and second, by collecting and measuring
the ion current escaping through the magnetic
mirrors. The discrepancy observed was that the
plasma density as measured by the cavity resonator
was always lower by a factor of between 30 and
400 than that as measured by the charge collection
technique. However, the decay time constants
measured by the two methods were identical.

The explanation of the discrepancy is quite sim-
ple — the plasma in the apparatus is now con-
sidered to be a hot-electron rather than a cold-ion
plasma. Such hot-electron plasmas having electron
temperatures of many electron kilovolts were in-
deed later observed in the same apparatus. This
hot-electron plasma gives a decay time constant
of the correct order of magnitude. In addition,
each hot electron produces many secondary ions
and electrons by ionizing the background gas in
the apparatus. These secondary ions and electrons
are scattered very rapidly out of the magnetic
mirrors.

Thermonucleat Div., Semiann. Progr. Rept. Oct. 31,
1962, ORNL~3392, sect. 3.5, p. 38.



Thus the cavity resonator apparently measured
the actual density of plasma contained in the
apparatus, while the ion-current collection tech-
nique apparently measured the current of secondary
ions produced. The theoretical studies show that,
as was observed, the secondary ions should be
about 100 times as abundant as the primary elec-
trons, and that the decay time constants for the
two measuring processes should be identical. Be-
cause of this ionization-chamber effect, the plasma
sweeper will not give a reliable measurement of
plasma density when hot electrons are present, and
its use under such conditions has been avoided.

,

4.3 FURTHER MEASUREMENT OF IONIC-SOUND-
WAVE VELOCITY IN PLASMA BY A TIME-OF-
FLIGHT TECHNIQUE
Igor Alexeff W. D. Jones

Further experiments concerning the time-of-
flight technique of measuring ionic-sound-wave
velocity'® support the conclusions of our previous
report.’* In this previous work, the ion waves
were transmitted through a discharge tube run in
an ordinary glow mode (see Fig. 4.13). Ion waves
are generated in the tube by a pulser, which in-
creases the anode-cathode potential for a period
of a few microseconds. Presumably, ionic sound
waves are thereby produced by sheath interactions
at the anode and cathode. Now, if the cathode is
operated in a space-charge-limited regime, the
floating potential of the plasma is observed to go
suddenly negative after an appropriate delay, as
shown in Fig. 4.14. Presumably, an ion wave from
the anode arriving at the cathode neutralizes the
cathode space-charge sheath and causes a drastic
increase in cathode emission. This negative pulse
is very strong and is easily observed above the
background noise level of the discharge. The time
delay between the initial and the response pulse
is proportional to the distance between the anode
and the cathode, as would be expected if a wave
of constant velocity were propagating between
them. The experimental wave velocity (cm/sec)
is computed by dividing the distance (cm) between

18] Tonks and 1. Langmuir, Phys. Rev. 33, 195
(1929).

14Them‘:ozfxucleat Div, Semiann. Progr. Rept. Apr. 30,
1963, ORNL-3472, sect. 3.5, p. 45.
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Fig. 4.14. Typical Response Pulse. Neon gas, pres-

sure ‘‘high,”” 5 pusec/large division, 5 em gap, T, =

2.1 ev.

the anode and cathode by the time delay (sec)
between the start of the initial pulse and the
start of the response pulse.

Further work has been done which clearly sup-
ports the above model of ionic sound waves cross-
ing the discharge tube. The new observations are
listed below. Later, a separate paragraph is de-
voted to each observation. '

1. That the experimental value for the ion wave
velocity is independent of anode-cathode spacing
was verified for many more observations.

2. That the experimental value for the velocity
depends on mi—l/z, where m, is the mass of an
ion in the plasma, was verified for many more
observations and under better-controlled conditions.



3. At the intermediate gas pressures used, a
value for the adiabatic compression coefficient
for the electron gas was experimentally found to
be 5/3, in agreement with theory.

4.- Jon wave pulses were produced simultaneously
at two anodes, separated by different distances
from the cathode. As expected, two ion wave
pulses apparently arrived at the cathode at two
different times, giving rise to two response pulses.

5. Multiple reflections of the ion wave pulses
from the glass walls of the discharge tube were
observed.

6. At high gas pressures the response pulse
occurred much later in time, corresponding to a
wave propagating with ordinary sound velocity
in the background gas; apparently, at high pres-
sures, the plasma is carried along with 'the back-
ground gas. At intermediate pressures, both the
ionic-sound-wave pulse and the ordinary sound
wave pulse were observed.

7. The direction of propagation of the wave front
between the cathode and the anode was investi-
gated with a specially designed probe. Prelimi-
nary investigations support the hypothesis that
the wave front moves from anode to cathode.

These further measurements of the experimental
ion wave velocity were made in the same apparatus
as used previously (Fig. 4.12). For these measure-
ments, the gas pressure was kept higher than in
the earlier work!4 to reduce ion drift velocities
by means of ion—gas-atom collisions. To ensure
that the ion drift velocity was low, the electric
field inducing the drift was experimentally meas-
ured by using both cold and hot Langmuir probes.
Under the conditions of electric field and of gas
pressure present in the discharge tube, the ion
drift velocity should have been quite low compared
with the ionic-sound-wave velocity.

A second consequence of the higher gas pres-
sures used in the later work ~ 10 y and higher —
is that the mean collision frequency of an electron
with background gas atoms is higher than the ion
plasma frequency. As a consequence, the adia-
biatic compression coefficient of the electron gas,
y, should be 5/3 or 1 in the Tonks-Langmuir velocity
equation, v = (y,kT_)'/? m,~'/%. Here, v is the
wave velocity (cm/sec), y is the adiabatic com-
pression coefficient of the electron gas (1, 5/3, or
3), k is Boltzmann’s constant (ergs per electron
volt), T_ is the electron temperature (electron
volts), and m, is the ion mass (grams).
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The following paragraphs discuss in somewhat
greater detail the above-listed observations.

1. Experimental results which indicate that the
experimental values of the ionic-sound-wave veloc-
ity are independent of electrode spacing are shown
in Fig. 4.15. For these measurements a discharge
tube 20 cm in diameter was used. However, the
anode-cathode spacing was varied from 1 cm to
20 cm. Each experimental velocity is normalized
to an electron temperature of 1 ev and an ion mass
of 1 amu, by multiplying the experimental velocity
by Te“l/2 mil/z. Here, T is the electron temp-
erature, as obtained by a Langmuir probe measure-
ment, and m; is the ion mass used. Since the ion
wave velocity is independent of electrode spacing,
the time interval between the driving and the re-
sponse pulse is proportional to the distance be-
tween the anode and the cathode. Thus the re-
sponse pulse is not due to a relaxation of the
plasma in the whole tube, but involves the anode-
cathode gap.

2. Experimental results which indicate that the
ionic-sound-wave velocity is proportional to m,~* /2
are shown in Fig. 4.16. These measurements
were made for a variety of anode-cathode spacings
ranging from 1 cm to 20 cm. Each experimental
velocity was normalized to an electron temperature
of 1 ev by multiplying the experimental value by
Te—l/Z. Here, T_ is the electron temperature in
electron volts, as measured during that run by a
Langmuir probe. The experimental results do in-
deed show that the velocity is proportional to
mi—1/2.

3. An experimental value for y, the adiabatic
compression coefficient of the electron gas, can
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be obtained by a statistical treatment of the data
shown in Fig. 4.15. The value obtained from such
a treatment is y/y = 1.40 * 0.38, giving an rms
scatter of 27%. The permitted values are /3 =
1.732, \/5/3 = 1.29, and /1 = 1.00. The permitted
value /3 is improbable at the rather high pressure
used, since the electron—gas-atom collision rate
is higher than the ion plasma frequency. The ex-
perimental value agrees best with 1/5/3, suggest-
ing that the plasma electrons are being compressed
adiabatically and are being heated in all three
degrees of freedom.

4. Jon-wave pulses produced by using two
anodes having spacings with respect to the cathode
in the approximate ratio 2:1 are shown in Fig.
4.17. The initial driving pulse is at the left edge
of the figure. The second and third pulses are
the two response pulses. As expected, they are
spaced in time by an approximate ratio of 2:1,
corresponding to a velocity of ionic sound waves
independent of electrode spacing.. Multiple re-
sponse pulses, as shown here, are generally dif-
ficult to obtain; the production of the first re-
sponse pulse appears to ‘‘drain away’’ temporarily
the driving mechanism of the response pulses.
The second and subsequent response pulses are
generally weak or absent. |

5. In Fig. 4.17, a second pair — and traces'of a
third pair — of response pulses can be seen. A
geometrical analysis of the discharge tube indi-
cates that the second pair corresponds to ion wave
fronts reflected once from the walls of the dis-
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charge tube, and the third pair corresponds to two
reflections. In fact, the narrow first pulse of the
first pair corresponds to the narrow second pulse
of the second pair, and conversely, as would be
expected on the basis of the preceding interpreta-
tion. These multiple reflections are not frequently
observed, since, as noted above, the first response
pulse generally drains away temporarily the driv-
ing mechanism of the subsequent response pulses.

6. As the gas pressure in the discharge tube
is increased, a second, later response pulse ap-
pears, corresponding to ordinary sound waves in
the background gas. This second pulse is shown
in Fig. 4.18. At very high pressures, the ionic-
sound-wave pulse disappears, and only the slow,
ordinary sound-wave pulse remains. This effect
is shown in Fig. 4.19.

7. The direction of propagation of the ionic-
sound-wave front was investigated with a special
probe, a ‘‘discharge probe.”” No ordinary Langmuir
probe seemed to be satisfactory, as the noise
level present on ordinary probes obscured the
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arrival of the ion waves. Also, an ordinary Lang-
muir probe, being coupled to ground, could gen-
erate ion waves during the electrical disturbance
caused by the driving pulse.

To detect the arrival of an ion wave at a given
point in the discharge tube, the apparatus shown
in Fig. 4.20 was used. The detector used was an
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auxiliary discharge, marked discharge probe.
This probe consists of a hot filament surrounded
by a perforated anode. Presumably, an ion wave
penetrating the perforated anode would reach the
cathode and cause a momentary increase in emis-
sion; this increase of emission would be observed
as a response pulse in the battery-operated oscil-
loscope.

Note that the entire discharge-probe circuitry
was battery operated and could rise to any po-
tential toward which the probe tended to move.
Thus, when the driving pulse was applied to the
discharge tube, we hoped that the probe would
remain close to the plasma potential and not gen-
erate additional, confusing ion waves. The elec-
trical isolation between the probe circuit and the
discharge- tube circuit was quite good. In fact,
a small wire had to be attached to the oscilloscope
trigger input to provide a trigger signal, by capa-
city coupling, from the driving pulse.

The results of the experiment were sufficiently
good that the ion wave arrival at the discharge
probe could generally be detected. By moving
the probe via a rotating joint, the wave could be
followed across the tube. The wave definitely
was moving from anode to cathode, as had been
postulated previously. That the results of the
experiment are not extremely clear-cut is due to
the problems involved in operating two discharges
The two dis-
charges interfere with each other, although the
interference can be minimized by reducing the
size and number of holes in the perforated anode.

simultaneously in the same plasma.

In conclusion, it is now clear that ionic-sound--
wave velocities can be measured in simple dis-
charge tubes by a time-of-flight technique. These
waves can be detected traveling from anode to
cathode in the discharge tubes. The wave veloc-
ity follows the predicted dependence on ion mass
and is independent of electrode spacing. Several
wave fronts can be generated simultaneously at
different points in the discharge tube. The waves
are reflected from the tube walls and can be damped
by high gas ptessuteé, At high gas pressures,
ordinary sound waves are observed traversing the
tube.
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4.4 OBSERVATIONS OF DISCHARGE TUBE

STRIATIONS USING AN IMAGE CONVERTER
Igor Alexeff W. D. Jones R.V. Neidigh

Extensive use has been made of a modified
Snooperscope'® to study moving striations of light
in the inert gases in cylindrical discharge tubes.
These moving striations are observed to occur
when the plasma is undergoing self-excited oscil-
latory motion. As the pressure is increased, they
begin to appear at about 10 p and move down the
tube with velocities in the neighborhood of 10°
cm/sec. The Snooperscope shows that a well-
defined pulse of light is produced at the anode
and is gradually dispersed as it moves down the
tube. Present evidence suggests that the stri-
ations are produced by ion waves propagating
down the tube. ’

Most of the work was done in a Pyrex glass tube
about 4 cm in diameter and 60 cm in length. The
interelectrode spacing varied from about 10 to 40
cm. ~ A rather limited amount of work done in a
tube 1 cm in diameter seemed to indicate that the
results were unaffected by the size of the diameter
of the tube. The tubes were nommally operated
in the space-charge-limited regime, in the ordi-
nary glow mode, with interelectrode potentials in
the range of from 50 to 350 v. Electron tempera-
ture measurements were made by use of an ordi-
nary Langmuir probe swept with a 60-cycle col-
lecting voltage.®

A block diagram of a typical setup is shown in
Fig. 4.21. A reference signal — which may be
electrical, such as would be obtained from a float-
ing probe (as shown); or optical, such as would
be obtained from a photomultiplier tube — is ob-
tained from the oscillating plasma in the cylindri-
cal tube. This reference signal is displayed on an
oscilloscope which is either internally triggered
or externally locked to the signal. The oscillo-
scope supplies a positive gate pulse which is

15The modified Snooperscope is an imageeconverting
device which can be used to stroboscopically *‘stop®
and study periodic fluctuations in the light output of a

plasma in the 103——106 cps range. See Igor Alexeff
and R. V. Neidigh, Thermonuclear Div, Semiann. Progr.
Rept. Oct. 31, 1962, ORNL-3392, p. 41; also discussed
in Paper L8, presented at the Plasma Physics Section,
Meeting of the American Physical Society, San Diego,
Calif., Nov. 6—9, 1963 (abstract to be published in the
Bulletin of the American Physical Society).

16Igor Alexeff and W. D. Jones, Thermonuclear Div.
Semiann. Progr. Rept. Apr. 30, 1963, ORNL-3472, p. 47.

used to actuate the rest of the electronics. The
gate pulse is attenuated to about a volt and then
phase-inverted by a simple, commercially avail-
able amplifier.'” Next, the pulse is used to trig-
ger a General Radio unit pulser,'® which serves
to provide a delayed pulse by means of its ‘‘de-
layed pulse’’ output. The purpose of this pulser
is to provide a variable time delay between the
triggering of the oscilloscope and the gating on of
the modified Snooperscope. From the first unit
pulser, the delayed pulse goes to a second Gen-
eral Radio unit pulser. This second pulser then
provides the actual gate pulse, variable in length,
which activates the image converter for an adjust-
able period of time. The second pulser does not
provide enough voltage to activate the image con-
verter directly; so the pulse is first amplified by
a General Radio unit-pulse amplifier.!® The out-
put of this amplifier now provides a negative pulse
of 250 v, adjustable in duration and delay, for
the control of the image-converter tube.

A reference signal is also taken from the second
unit pulser and displayed on the trigger oscillo-
scope. This reference pulse indicates the period
in which the Snooperscope is gated on relative to
the reference signal obtained from the oscillating
plasma. '

Figure 4.22 shows the results of a series of
snapshots taken of what the Snooperscope sees
when it is gated on at different times. In this
figure, time increases from top to bottom. Also,
the anode was located on the right and the cathode
on the left. Note the formation of the ‘‘glob’’ of
light at the anode and the progression of this glob
down the tube as the Snooperscope was gated on
at longer and longer times. The figure shows that
additional globs of light are formed at the anode
before the first glob has traveled the length of the
tube. The bottom picture in the figure shows what
the Snooperscope sees when randomly gated. This
agrees, as might be expected, with what was ob-
served with the naked eye.

17The amplifier is obtained from Kane Engineering
Laboratories, 845 Commercial St., Palo Alto, Calif.,
catalog number C-5A.

18’I"he General Radio unit pulser is obtained from
General Radio Co., West Concord, Mass., catalog num-
ber 1217-B. This device requires an additional General
Radio power supply, number 1201-B.

19The General Radio unit pulse amplifier is obtained
from General Radio Co., West Concord, Mass., catalog
number 1219-A, The power supply is self-contained.
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Figure 4.23 shows the manner in which the
Snooperscope is used to obtain the velocity. of the
moving light striations. The upper trace shows
the reference signal from the plasma used to trig-
ger the oscilloscope, while the lower trace shows
the Snooperscope gating pulse. The reference
signal in this case was the signal from a floating
probe. The series of unit pulsers (see Fig. 4.21)
allows the Snooperscope to be gated on at any
arbitrary time, relative to the reference signal,
for an arbitrary length of time. By taking a series
of simultaneous time and striation-position meas-
urements, a graph such as the one shown in Fig,

4.24 for krypton can be constructed. The slope of
the curve gives the velocity of the moving stri-
ations. Note that the striations seem to slow down
as they proceed down the tube. The initial veloc-
ity is found to correspond quite closely to the
theoretical signal velocity which would be ex-
pected for ion waves moving down the tube, whereas
the average velocity is only about one-half the
ion-wave signal velocity, corresponding, perhaps,
to the ion-wave group velocity.

Moving striations were observed in all the inert
gases. Figure 4,25 shows a plot of the average ve-
locity of the striations as a function of the atomic
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Fig. 4.22.

scope gated on at different times.

(Top) Series of snapshots for the Snooper-
Time increases from
The striations move from the anode on
the right to the cathode on the left. (Bottom) Snapshot

for the Snooperscope gated on randomly.

top. to bottom.

UNCL ASSIFIED
PHOTO 64088

NEON AT

25 uHg
SWEEP =10 psec/cm
VERTICAL SCALE FOR TOP TRACE =5 v/cm

Fig. 4.23. (Top) Plasma reference signal from a

floating probe. (Bottom) Snooperscope gating pulse.

mass number of the gases. Here the experimental
velocities have been normalized to an electron tem-
perature of 1 ev, the normalization being made, how-
ever, in accordance with the theoretical formula of
Tonks and Langmuir?® (see Fig. 4.25) for ionic-
sound-wave velocities. In the formula, y is the ad-
iabatic compression coefficient of the electron gas,
K is Boltzmann’s constant-(etgs per electron volt),
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Te is the electron temperature (electron volts),
and m, is the ionic mass (grams). The straight
lines give the theoretical dependence of ionic-
sound-wave signal velocity on atomic mass for
the three possible values of y, again in accordance
with the Tonks-Langmuir formula. The agreement
of the experimental points with the theoretical
lines shows that the striation velocities exhibit

201,. Tonks and I Langmuir, Phys. Rev. 33, 195
(1929).



the same general dependence on atomic mass as
do the ionic sound waves. Also, calculations
show that the electron-temperature normalization
causes the rms scatter of the experimental points
to decrease by more than a factor of 2, thus imply-
ing that the striation velocities also have the
same electron-temperature dependence as ion
waves.

The preceding mass and electron-temperature
dependence exhibited by these preliminary striation-
velocity data would suggest that the striations
are triggered by ionic sound waves propagating
down the tube with group velocity. The dispersion
effects which have been noted would seem to add
strength to this suggestion.

4.5 POSITIVE-ION CURRENT COMPENSATION
FOR THE AUTOMATIC CONVERTER CIRCUIT
FOR A LANGMUIR PROBE

Igor Alexeff W. D. Jones

In a previous report,?! we discussed an auto-
matic converter for a Langmuir probe which allows
the characteristic of a Langmuir probe to be con-
tinuously displayed on an oscilloscope.’ Although
being very useful in its original form, the con-
verter circuit was incomplete in that no compen-
sation was made for the collection of positive ions
by the probe. As the probe is made more and more
negative, the number of electrons capable of reach-
ing the probe decreases, whereas the number of
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positive ions collected is constant. For large,
negative voltages, therefore, a significant portion
of the probe current is contributed by the collect-
ion of the positive ions. This produces the charac-
teristic departure from linearity at large negative
potentials usually observed for Langmuir probe
characteristics for which no positive-ion correction
has been made.

A simple addition has now been made to the
original converter circuit which allows correction
to be made for the collection of positive ions.
This addition, shown in the modified circuit in
Fig. 4.26, consists of coupling a variable-voltage
power supply through a large resistor (large rela-
tive to the variable resistor) to the original cir-
cuit between the transformer and the variable
resistor, as shown. By simply varying the power-
supply voltage, an electron current equal to the
current to the probe produced by the positive-ion
collection can be made to flow through the variable
resistor, thus canceling the voltage which would
normally be seen by the log converter due to the
positive-ion current flow. Thus the power-supply
voltage can be adjusted so that the Langmuir
probe characteristic, observed visually on the
oscilloscope screen, returns to its expected linear
shape.  The amount of positive-ion correction
necessary can be read directly from a current meter
in series with the power supply.

211gor Alexeff and W. D. Jones, Thermonuclear Div.
Semiann. Progr. Rept. Apr. 30, 1963, ORNL-3472, p. 47.
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5. Vacuum Arc Research

5.1 DEUTERIUM-ARC STUDIES

R. A. Gibbons N. H. Lazar
T. F. Rayburn
5.1.1 Introduction
The magnetically constrained high-density

deuterium-arc plasma has been shown previously
to be highly ionized and relatively quiescent, It
appeared to be a good plasma for the study of
plasma diffusion across a magnetic field in the
regime where only charged-particle collisions
were important. However, Langmuir-probe meas-
urements of the region outside the main arc plasma
indicate that the particle transport across the
magnetic field is dominated by flutes generated by
the main arc plasma. The flutes, with a cross-
sectional area of about 0.2 cm?, apparently extend
the full length of the arc through a 2:1 magnetic
mitror. They have both radial and azimuthal ve-
locities of (1 to 5) x 10° cm/sec across the
magnetic field that are dependent on the magnetic
field strength, the arc current, and the radius at
which the measurement is made.

5.1.2 Direct-Current Probe Measuremenfs‘

The main deuterium-arc plasma column haé an
ion density of ~10'% cm™? in the center region
of the Gas Arc Facility (GAF), where the neutral
gas density is ~10'2 cm™3, The electron and ion
temperatures for this arc approximately follow; the
relations T, (ev) = 0.1451___ (amp) and T, (ev) =
T_ ~ 6. Earlier experiments indicated that the
plasma was relatively quiescent with ~1% current
modulation, negligible radiated power, and an
azimuthal drift velocity of 1.5 x 105 (~3% of the
ion thermal velocity).! Since the plasma seemed
suitable for cross-field diffusion studies, a
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Langmuir probe (0.010 in. in diam by 0.125 in.
long) was used for dc measurements of the ion
density as a function of radius in the center region
of the GAF.

The ion densities were found to be exponentially
decreasing functions of radius, with an e-folding
length of ~1.0 + 0.1 cm, when plotted in an equiv-
lent one-dimensional form (rl/ 2 correction for
cylindrical spreading.? The very weak dependence
of e-folding length on magnetic field strength is
shown in Fig. 5.1. The e-folding length was simi-
larly insensitive to changes in arc current and
center-region pressure. Since the plasma particle
temperatures are essentially independent of the
magnetic field (within a factor of 2), the results
shown in Fig. 5.1 do not seem to be explainable on
the basis of either collisional or Bohm (anomalous)
diffusion.

5.1.3 Time-Resolved Probe Measurements

Time-resolved measurements of the ion and
electron currents to the probe indicated that the
plasma density outside the main arc fluctuates by
several orders of magnitude, up to about the main
arc plasma density. The current (either ion or
electron) to similar probes placed along the same
magnetic field line were almost exactly correlated
in time and magnitude. This correlation persisted,
even when one of the probes was moved through
one of the mirrors until it almost touched the face
of the anode, so long as the two probes remained
on the same field line, The quality of the correla-
tion in ion curtents is shown in Fig., 5.2 for a
probe separation of 30 cm.

1C. L. Cocke et al., Thermonuclear Div. Progr. Rept.
Oct. 31, 1961, ORNL-3239, pp. 58—61.

2A. Simon, Proc. U.N.-Intern. Conf. Peaceful Uses
At. Energy, 2nd, Geneva, 1958, 32, 343 (1959).
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Insulated end plates were inserted in the central
region of the GAF close to the mirror coils and
surrounding the differential pumping baffles.
Simultaneous observation of the ion currents to a
probe and to the end plate provides evidence for a

flute which is relatively long-lived, decaying
exponentially to the end wall with a lifetime of
~20 psec, as shown in the upper trace of Fig. 5.3,
The current to the probe persists for only 5 usec
(lower trace of Fig. 5.3), indicating that the flute
passes by the probe. The decay rate of ions to the
end plate is quantitatively consistent with the
expected thermal drift (v/4) of the ions in the
flute along field lines as the flute moves across
field lines.

Correlation of currents to two probes near the
midplane of the facility was also examined. The
nearly exact correlation found between probes on
the same magnetic field line was never seen when
the probes were separated either radially or
azimuthally. However, a real correlation exists in
almost every case, in the sense that almost every
large pulse on one probe is correlated with the
appearance of some signal to the second. When a
time-averaged photograph of many traces is ex-
amined (Fig. 5.4, taken with two probes spaced
0.26 cm), an average delay is apparent between
the two signals. From a comparison of the magni-
tude of the delay for similar radial and azimuthal
separations of the two probes, it appears that the
flute is spiraling across field lines in a direction
that makes an angle of 40° to a radius.

The radial and azimuthal velocities deduced from
data of the type shown in Fig. 5.4 are given in
Fig., 5.5 as a function of the arc current at a radius
of ~2 cm. The magnetic field on axis in the mid-
plane is 7 kilogauss. The lines shown are visually
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fitted to the experimental points. The sense of the
azimuthal velocity is appropriate for E x B ;‘irift,
with E directed positively outward. Previous arc
studies have demonstrated that variation of the
arc current affects primarily the electron anq ion
temperatures. Thus, from Fig. 5.5, the flute ve-
locity across the magnetic field may be said,
generally, to increase with increasing electron

temperature,
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The azimuthal flute velocity as a function of
radius is shown in Fig. 5.6 for a 150-amp arc in a
midplane magnetic field of 7 kilogauss. By equat-
ing the electron and ion currents flowing out the
ends along a field line, both the space potential
and electron temperature variations vs time may be
demonstrated. One may also include the additional
cooling of the electrons through ionization of the
background gas. The calculated electron tempera-
ture decreases roughly exponentially with an
e-folding time of ~10 usec. If the radial velocity
is assumed to be equal to the azimuthal velocity
over the range shown in Fig, 5.5, then the radial
decrease in velocity would be consistent with the
decrease in electron temperature. On the other
hand, the ion temperature is expected to decrease
with time less rapidly than the electron tempera-
ture (~30% in 10 psec).

The results above 'suggest that the plasma motion
across the magnetic field might be due to E x B
drift for an E field roughly proportional to the
electron temperature. However, the radial velocity
as a function of magnetic field strength (Fig. 5.7)
does not indicate that the velocity is proportional
to 1/B except possibly above 7 kilogauss. For
these measurements the probe position was fixed
at ~2,5 cm and the arc power was constant; this
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should give a roughly constant electron tempera-
ture in the arc core. The effect of more rapid
electron cooling by the higher pressure around the
arc at lower magnetic fields has not been evalua-
ted.

The width of the plasma flutes may be estimated
from the probe-current pulse width, the flute
velocity, and the probe length. For the data of
Fig. 5.4 the average flute width was 0.40 cm, and
the multiple exposures show that the fluctuations
in width are relatively small. The area of the
flutes may be estimated from the probe area and
the ratio of ion currents to the end plate and to
the probe at the peak of the pulse. This method
gives a cross-sectional area for the flute of ~0.20
cm?, which is in good agreement with the flute
width above. It should be noted that the Larmor
diameter of a 16-ev D1+ ion (roughly the average
temperature) is 0.24 cm in the normal 7-kilogauss
field; therefore the flute is only about two Larmor
diameters wide. -

5.1.4 Discussion

Several features of these flutes must be pointed
out in any attempt to understand their generation
by the main arc plasma. There appears to be no
axial variation of the cutrent intensity to probes
along the same field line; so helical-type insta-
bilities described by Hoh and Lehnert® seem to be

3F. C. Hoh and B. Lehnert, Proc. Intern. Conf.
Ionization Phenomena Gases, 4th Uppsala, vol. II,
- p. 604 (1960).

66

ruled out. The more likely explanation seems
to be in the class of hydromagnetic flutes, de-
scribed originally by Rosenbluth and Longmire.

In applying their theory, the effect of the finite
Larmor radius of the ions must be included. Rosen-
bluth, Krall, and Rostoker® give the criterion for
stability at low S as

<r_L>2 § v (V;/l‘p) a/x) ’

A

@
L

where
r, and r, = Larmor and plasma radii,
Vj/ r,= centrifugal acceleration of the
plasma at the surface due to an
azimuthal drift, Vi

@

L= v/rL = ion Larmor frequency,

A = wavelength of the perturbation.

This may be rewritten as

r v
L D

A
A r

v

The drift velocity due to the gradient of the
magnetic field in the GAF has been calculated and
is not large enough to cause instability for the
measured ion energies. A rotation of the main arc
plasma was observed spectroscopically, however,
and the value v_ =~ 1.5 x 10% cm/sec was deduced.
Taking r,= 1 cm, r,o= 0.1 cm, and A ~1.0 cm,

\% A
rL/)\ =0.1; L \/: ~0,05 ,
v r,

With this drift velocity the arc would be marginally
stable. It is impossible to state categorically
whether this, then, is or is not the source of the
instability.

4M. N. Rosenbluth and C. L. Longmire, Ann. Phys.

(N.Y.) 1, 120 (1957).

M. N. Rosenbluth, N. A. Krall, and N. Rostoker,
Nucl. Fusion, 1962 Supplement, part 1, p. 143,



5.2 LITHIUM ARC

J. E. Francis P. R. Bell

New electrodes have been developed so that a
lithium arc can be operated under pulsed condi-
tions.

The cathode assembly is shown in Fig. 5.8,
The cathode consists of a 0.170-in. tantalum rod
that has been machined down to 0.040 in. over the
area to be covered by the arc. The operating
temperature of the cathode is obtained by means of
an external welding machine that supplies 300 amp
in addition to the power supplied by the arc.

The anode is also heated externally to maintain
sufficient lithium vapor for the arc. A cross
section of the anode is shown in Fig. 5.9. The
lithium is heated by a heater that supplies 700 w
in the heater tube A. Lithium is vaporized in the
boiler B, and vapor flows through a short tube to
the arc chamber C, where it is ionized by the
electrons from the cathode. A unique feature of
this anode is that the heater leads do not have to
pass through a vacuum seal. Also, the lithium
vapor can nowhere contact the heater elements and
corrode the heater, _

The use of these electrodes makes it possible
to control the arc operating conditions. By chang-
ing the power input to the boiler, the lithium pres-
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Fig. 5.9. Heated Lithium Anode.
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sure is varied so that the voltage required to
maintain a 40-amp arc in a uniform magnetic field
can be varied from 100 v to 250 v. If the arc is
operated with a high lithium pressure (low voltage),
the ion species is all Li *. When the lithium pres-
sure is reduced (high voltage), the arc contains
both Li* and Li2*. By use of a 10-sec-on 10-sec-
off duty cycle, the arc current has been varied over
a range of 10 to 100 amp.

Investigation of the operating characteristics of
these electrodes is being continued in an effort
to obtain better control over the ion species in
the arc and to obtain long electrode life.

5.3 CHARGE-EXCHANGE AND ENERGY-
TRANSFER MECHANISM FOR IONS IN THE
ENERGETIC CARBON ARCS - ATOMIC Q VALUES

J. R. McNally, Jr. M. R. Skidmore

5.3.1 Introduction

The steady-state, high-current, magnetically
confined, low-pressure, carbon and gas-fed carbon
arcs exhibit relatively high mean ion energies (up
to 220 ev in 8-ft-long arcs and up to 430 ev in a
16-ft-long arc)® but relatively low electron excita-
tion temperatures (3 ev from C2* and 7 ev from
Cc** in a 5.5-ft-long arc).” The singly ionized
species also reveal, at least in long arcs, spectral
line profiles with significantly lower temperatures,
The line profiles obtained for observations trans-
verse to the magnetic field are all closely Gauss-
jan, indicating equipartition of energies ‘in this
plane among doubly and trebly ionized species at
a temperature higher than the equilibrium for singly
ionized particles. This section discusses mecha-
nisms for heating and equilibration in the energetic
carbon arcs, with particular emphasis on the pos-
sible role of charge-exchange phenomena.

The ionic species observed spectrographically
in the carbon arc include C+, CZ+, and C3+, with
c* generally weakest; the predominant species
detected by Neidigh with a mass spectrometer®

6_]’. R. McNally,
Optics 2, 699 (1963).

7J. R. McNally, Jr., in Proceedings of Symposium on
Optical Spectrometric Measurements of High Tempera-
tures, p.70, University of Chicago Press, Chicago,
1960.

8R. V. Neidigh, Thermonuclear Proj. Semiann. Progr.
Rept. July 31, 1959, ORNL-2802, pp. 31-36.

Jr., and M. R. Skidmore, Appl.



were C3% and C** (presumably only ground-state
Cc** jons are present since electrons having 299 ev
or more energy are required to populate the first
excited state of C**). The presence of numerous
ionic charge states suggests the possibility of
charge-exchange reactions which may ‘‘mix’’ the
energy distributions of the trapped ions, and,
further, in the case of non-resonance, exothermic
charge-exchange reactions will lead to actual
heating of ions in the arc. If, in addition, cyclic
processes involving inelastic collisions with
electrons (ionizations and recombinations) together
with exothermic charge-exchange collisions are
indicated, then electron kinetic energy may be
‘‘pumped’’ into the ions.

The high energies and energy distributions
observed for the ions may therefore result from
“several combined mechanisms:®'7'? (1) the slant
line or “‘tornado’ effect, which depends on the
E x H product; (2) resonance radio-frequency
heating and, especially, mixing of the individual
ion energy distributions at the ion gyrofrequency
and its harmonics in the magnetic field; (3) irre-
versible heating by ion-ion collisions in the ac-
celerating electric fields of the arc; and (4) the
charge-exchange heating and mixing to be dis-
cussed in Sect. 5.3.2.

5.3.2 Charge-Exchange Reactions

Charge-exchange reactions analogous to those of
interest in the carbon arc do exhibit cross sections
that are quite large. Figures 5.10 and 5.11, taken
from an ORNL compilation of cross-section data,'°
illustrate the energy dependence of several re-
actions studied by Hasted et al.'!-'? The ground-
state reactions can be expressed as

C2t L Arf—> cty ATy 86 ev

C2*y Ne®—> C 4+ Net+ 2.8¢ev

9]. R. McNally, Jr., and M. R. Skidmore, Thermonu-
clear Div. Semiann. Progr. Rept. Apr. 30, 1963, ORNL-
3472, pp. 52-55.

10C. F. Barnett, W. B. Gauster, and J. A. Ray, Atomic
and Molecular Collision Cross Sections of Interest in
Controlled  Thermonuclear Research, ORNL-3113,
pp. 50, 52 (1961).

Hy B Hasted and R. A. Smith, Proc. Roy. Soc.
(London) A235, 354 (1956). )

12]. B. Hasted, J. T. Scott, and A. Y. J. Chong,
Proc. Intern. Conf. Jonization Phenomena Gases, 4th,
Uppsala, vol. 1, p. 34 (1960).
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C?ty He®—= C*+ He* + -0.2 ev

2+

Kr2t 4+ Ne® —> Kr*+ Ne®+ 3.0 ev

K3t 4+ Ne®—> Kr2¥ 4+ Ne+ 153 ev

4+

Kr*t + Ne® —> Kr2t 4 Ne?t 1 (26.8 ev)

The excess energy is the net difference!?:1* in
the ionization potentials (I.P.) and, in analogy
with nuclear reaction Q values, will appear as an
increase in kinetic energy of the reaction products
whenever Q is positive. Datz!® has also found
evidence for a quite large charge-exchange cross
section in the bombardment of Ar® with energetic
Ar** ions. Other charge-transfer reactions involv-
ing both positive, zero (symmetrical type re-
actions), and negative Q values have been studied
by Hasted.!® The symmetrical reactions have
very large cross sections, especially at energies
below about 1000 ev.

Ground-state, non-resonance, charge-exchange
reactions to be expected among carbon ions and
neutrals (C° from incandescent carbon particles)
in the energetic carbon arc are

C* 1 CO — 202% 4 76.7 ev o)
CH i C® —scitycty 532ev ()
c**rct— c¥tr i 21ev )
c* 4+ c?t—5 2¢%* 4 16.6 ev @
c3*4 c® — c?*i cty 36.6ev )
c3ti ct—s 202 235 ev 6)
C2*4+Cc®— 2C*+ 131 ev %)

All these processes are exothermic and can
lead to significant heating of the product ions.
Symmetrical charge-exchange reactions, for which
Q is zero, can contribute to a mixing of energies

3¢ E. Moore, Atomic Energy Levels, NBS-467,
June 1949,

14’l‘he ionization potential for Kr IV is estimated at
52.5 ev by W. Finkelnburg and W. Humbach, Natur-
wissenschaften 42(2), 35 (1955).

155, . Datz, oral discussions, October 1963.

16]. B. Hasted, Proc. Phys. Soc. (London) A205, 28

(1950).
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of the ions of different charge states. In the
exothermic reactions [(1) to (7)] we note that,
effects, the Coulomb
2 increases markedly,

neglecting polarization
repulsion force Z Z,e?/r
thus requiring that a significant fraction of Q
must appear as an increase in kinetic energy of the
reaction products. Excitation and ionization ef-
fects may also occur, although only reactions
1), (@), and (5) have sufficiently large Q to
“‘shake off’”’ one or more electrons. From the
study of B-decay effects causing the nuclear
charge of an atom to change by unity, followed by

‘‘shaking’’ of the bound electrons, Carlson'” has
concluded that about 70% of the beta decays end
in the ground state, about 10% result in excited
states, and about 20% end in the ionization of one
or more electrons. Thus, if the analogy to beta
decay is valid, most of the exothermic charge-
exchange reactions will be ground-state reactions.

5.3.3 Discussion

The competition between electron collisional
ionization (T, ~ 5 ev) vs charge-exchange re-
actions (we assume o, ¥ 107'° cm?) in the
promotion of C° to C* is estimated as being about
equal except near the electrodes, where ioniza-
tion by electrons probably dominates. The charge-
exchange processes probably become increasingly
important in promoting c*to C2* (I.P. = 24.38 ev)
and C2* to C®F (I.P. = 47.86 ev) provided, of
course, higher stages of ionization are already
present in the arc. The Cc** ion can only be pro-
duced by ionization processes or by zero- or
negative-Q charge-exchange reactions since cs*t
has not been detected in the carbon arcs (the L.P.
of C** is 392 ev). Probe measurements suggest a
somewhat higher electron temperature than do the
spectroscopic excitation temperatures; thus, no
firm interpretation of the actual competition rates
can be made at present.

The spectral line profiles for each charge
species are quite Gaussian,® indicating a rapid
energy-mixing mechanism.'® Charge-transfer col-

17T. A. Carlson, oral discussions, October 1963.
See also T. A. Carlson, Phys. Rev. 131, 676 (1963).

18Such mixing effects have been observed in the
DCX-1 and DCX-2 proton energy distributions and
apparently for electrons in beam-plasma experiments
and electron cyclotron heated plasmas, although the
Debye distances are much greater in the DCX cases.
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lisions as well as elastic collisions tend to

make the individual ion energy distributions
coincide. This is true in the cases of doubly
and trebly ionized species studied to date,

but the singly ionized species are always signifi-
cantly cooler. Ion temperatures reported® for gas-
fed carbon arcs are N = 1.5 x 106 °K; Ar* = 1.4
108 °K; C* = 2.0 x 10° °K; N2* = N3 = c2¥ -
2.5 x 10° °K; and Ar?" = 2.6 x 10° °K. The closer
match of the two carbon ion temperatures may be
due to resonance charge-transfer processes which
cause these ions to lose their specific charge
identity more rapidly. The lag in ion temperature
of the singly charged ions is probably due to their
prior history as cold neutrals and to the fact that
they had insufficient residence time to thermalize
with the higher charge states before being promoted
to higher charge states themselves.

It would be of considerably interest if an energy
transfer cycle could be visualized which permitted
pumping electron kinetic energy into the ions via
recombination, ionization, and charge-exchange
processes. In the case of the carbon arc we re-
quired Teyele < T.es Where 7 is the average
residence time of ions in the arc (estimated to be
of order 300 cm/vdrift ~ 0.3 msec). This would
require a smallest cross section for any step in the
cycle (ionization, recombination, and exothermic
charge exchange) to be of order

N
B x10~Ya.v.
11

1

~ ~1x10717 cm?
G x 10-9@3 x 1013107y =~ cm

for ion-ion reactions or about 2 x 10~'° cm? for
ion-electron reactions. Since ion-electron-electron
(three-body) recombinations have cross sections
generally much less than 1072° cm? at T_ = 4 ev,
it would be necessary to invoke specialized ion-
ion-electron three-body recombinations, possibly
of the type

c?tyc3ty e — cty 3t
ot

203 e—> C2ty ctty e,

although such collisions probably result in a gross
decrease of the Coulomb potential energy and
hence could lead to significant ion cooling. The
longer collision time and large effective radius of
the heavy ions in such collisions suggest that the
electron may have a greater probability of inducing
such reactions compared to ion-electron-electron
three-body reactions, but it is difficult to envisage
sufficiently large cross sections. Unfortunately,
one is therefore led to conclude on the basis of
fragmentary data that cyclic processes of a purely
atomic nature may not be important as a mechanism
for rapid pumping of electron energy into kinetic
energy of the ions in the carbon arc. It may be
possible, of course, that portions of the arc (pe-
ripheral and interfilamentary regions) are suffi-
ciently cool to permit rapid recombination proc-
esses to take place.!® In any case, one may
readily visualize particles picking up about 50 ev
of kinetic energy as C° proceeds stepwise by
charge-exchange processes alone to c3®, (Charge
exchange or de-excitation collisions between two
metastable C2* jons give a Q of 13.0 ev per
event.) In long-lived systems, such as possibly
the solar corona, where the ions appear to be
hotter than the electrons?® and high degrees of
ionization are found, such cyclic processes may
contribute to the high ion temperatutes.

At present it seems that the tornado effect
contributes about 30 ev to the ion kinetic energy,
charge-exchange effects may contribute up to
about 50 ev (or more) energy and also contribute
strongly to the mixing of the ion energy distribu-
tions, and some radio-frequency heating and mix-
ing may occur; but the predominant mode of heat-
ing apparently comes from accelerations of multiply
charged ions in the axial electric field and the
strong radial electric field of the arc. Mixing of
the energy distributions then occurs by charge-
exchange processes (resonance, exothermic, and
endothermic), elastic collisions, and some reso-

18, Hinnov and J. G. Hirschberg [Phys. Rev. 125,
795 (1962)] give a =45 dependence for the three-

body recombination coefficient.

2OSee, for example, discussion by D. E. Billings,
Temperature — Its Measurement and Control in Science
and Industry, vol. 3, Part 1, pp. 713—-22, Reinhold,
New York, 1962.



nance mixing of the individual ion energy distri-
butions at the ion cyclotron frequencies and har-
monics thereof. This model will be tested further
by spectral studies of a greater variety of ions in
the energetic carbon and gas-fed carbon arcs. It
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may be that a major contributing factor in producing
the strong radial electric field is the existence of
energetic ions — in other words, the electric
fields may result from the large ion energies,
rather than being their cause.



6. Cross Section Measurements

C. F. Barnett
J. C. Thompson ’

During the present period, major emphasis has
been placed on modifications of existing appara-
tus to facilitate measurements of atomic collision
cross sections. The successful operation of the
600-kev accelerator has been plagued for the past
four years with two problems: breakdown of the
auxiliaty power insulating transformer stack, and
voltage regulation. The first problem has been
solved by replacing the transformer with a gener-
ator driven with a Fiberglas rod. A fast voltage
regulator utilizing a derivative amplifier and
filter circuit has been fabricated and installed.
For output voltages of 300 kev the short-time
variation in voltage is now less than 500 v, and
the voltage drift is within this value for periods
of several hours.

The fabrication and initial vacuum tests of the
cross-beam apparatus have been completed. After
bakeout at 120°C, the pressure was 108 torr
without titanium pumping. The addition of titanium
pumping on liquid-nitrogen-cooled surfaces lowered
the pressure to 7 x 10710 torr. Minor design
changes are now being made to improve the effi-
ciency of the titanium pumping.
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J. A. Ray

Throughout the history of atomic collision cross-
section measurements, a need has existed for a
low-current detector and enetgy analyzer of neutral
particles in the kev range. Common scintillators
and solid-state detectors provide a suitable de-
tector for protons or neutral hydrogen atoms above
20 kev. A proportional counter has been designed
and fabricated to provide for detection of hydrogen
particles down to 2 kev. The entrance of the
counter consists of a 0.001 x 1.5 in. slit covered
with a thin film of Formvar. The slit is scanned
laterally over the spatial extent of the beam. The
counter is filled with approximately 1 torr of
methane. Preliminary results with high-energy
alpha particles indicate good energy resolution,
and tests are proceeding in determining the
energy resolution and minimum energy for protons.

A complete revision has been made of ORNL-
3113, Atomic and Molecular Collision Cross
Sections of Interest in Controlled Thermonuclear
Research. The collection now includes 135
graphs of evaluated data, along with a bibliog-
raphy of 1800 references. These references have
been collected and filed for further evaluation.



7. Production, Acceleration, and Injection of
lonic and Atomic Beams

7.1 HIGH-CURRENT ION-BEAM PRODUCTION
AND INJECTION

R. C. Davis O. B. Morgan
R. R. Hall R. F. Stratton
G. G. Kelley D. C. Weaver!

This group continues to divide its efforts be-
tween operating, evaluating, and improving the
DCX-2 ion-beam injector system and doing basic
studies on producing and handling high-current
beams.

The H 2+ cutrent limitation at approximately 60
ma (ref. 2) has been studied with the 600-kv
High-Intensity-Beam Facility. The problem proved
to be a decreased relative production of H 2+ ions
from the duoplasmatron ion source as the total
extracted current was increased above 100 ma.
Various modifications of the ion source were
evaluated to try to improve this limitation. From
these studies it was found that the H2+ current
could be increased up to approximately 100 ma by
increasing the size of the aperture in the source
anode. This aperture (4 in Fig. 7.1) was in-
creased from 0.052 in. in steps to 0.080 in. The
maximum H2+ current was obtained from a 0.070-
in. aperture with the other source geometry as
shown in Fig. 7.1, and the source operating with
the minimum hydrogen gas flow needed to obtain
the total output current. After a 95-ma H 2+ ion
beam (Fig. 7.2) had been passed through a 4-cm
aperture located 350 cm from the source and 250
cm from the magnetic solenoid lens, work was
suspended in favor of other problems. |

10n loan from the Y-12 Plant.

R. C. Davis et al., Thermonuclear Div. Semiann.
Progr. Rept. Apr. 30, 1963, ORNL-3472, p.70.
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After obtaining 95 ma of H," ions on the test
stand, an attempt was made to achieve similar
results with the DCX-2 injector system. Here the
beam requirements are more stringent in that it
must pass through a 4-cm-diam tube 70 cm long
located approximately 250 cm from the magnetic
lens. Possibly a more serious difference in the
two systems is that the DCX-2 injector system is
immersed in the stray magnetic field of the machine.
After considerable shielding, the component of
this field transverse to the path of the injected
beam? is still great enough to require the addition
of small magnetic guiding coils to pass the beam
through the restricting duct. There is also a
magnetic-field component along the axis of the
beam varying in intensity from a few hundred
gauss up to 1 kilogauss through most of the
region below the magnetic lens. All beam account-
ability studies on both systems are done with
calorimeters. On the test stand,? where one is
working with a simple conical copper duct and one
target, the beam accountability has been from 90
to 100% of the drain on the 600-kv power supply
in the current range of 0 to 250 ma. However, on
the DCX-2 system the diagnostics must be per-
formed on a system including the magnetic shield-
ing duct, which involves a large quantity of
magnetic shielding material, a coil system dissi-
pating approximately 200 kw of power, and a more
complex water system. The calorimetric beam
accountability on this system is only 80% of the
drain on the power supply. Until this accounta-
bility is improved, one cannot be absolutely cer-
tain of any of the beam diagnostics that have

3R. C. Davis et al., Thermonuclear Div. Semiann.
Progr. Rept. Apr. 30, 1962, ORNL-3315, p. 17.

4R. C. Davis et al., Thermonuclear Div. Semiann.
Progr. Rept. Oct. 31, 1962, ORNL-3392, p. 53.
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available for the incorporation of various improve-
ments and modifications so as not to drastically
interrupt the overall machine program.

Minor modifications have continued to improve
the voltage-holding capacity of the accelerating
column on the atmospheric side. The most recent
version of the arrangement of the epoxy ‘‘skirts,”’
Fig. 7.3, provides a system operating in a non-
controlled atmosphere that operates for many
hours continually without breakdown with no beam
or with small beams. With beams of 50 to 250 ma
operating with a 50% or greater duty cycle, the
tube is continuing to improve but is limited at
present to periods of 10 min to 1 hr between
voltage breakdowns. Even when these breakdowns
occur across the epoxy, there is no damage, and
with some of the sections in intermittent service
for 11/2 yr there has not been a fault through the
epoxy.
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_exception of the magnetic lens.

Considerable effort was devoted on the 600-kv
test stand in an attempt to reproduce the anoma-
lous spreading of a beam beyond a crossover
reported earlier.® These efforts included a step-
by-step return to the components and conditions
utilized at the time of the observation with the
The lens used at
the time has been damaged and could not be used.
Other than the different lens there is also a
possibility of a more obscure change or variation
having been made in the system that has not
been reproduced. Despite the rather intense
effort, this beam behavior, which would be very
interesting to study, has not been reproduced.

Two new projects have been started on the 100-
kv ion-source test facility. The first includes an

R. Bell et al., Thermonuclear Div. Semiann.
_Ptogt. Rept. Jan. 31, 1961, ORNL-3104, p. 19.
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Fig. 7.3. 600-kv High Intensity Beam Facility with Epoxy **Skirts™ on the Accelerating Column.



accelerator column with an accel-decel electrode
arrangement. This facility will be used to try
to produce a small, well-collimated, neutralized,
50- to 100-kv beam from a duoplasmatron ion
source. This facility is now ready for testing. A
second project that has been planned is a multi-
aperture duoplasmatron ion source that will be
used in an attempt to extract currents in excess of

the 350 ma obtained from a single aperture. The
components of this source are being built.
7.2 ION-SOURCE DEVELOPMENT
C. W. Blue N. H. Lazar
0. D. Matlock
The ion-source development work reported

previously® has been continued. The principal
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changes made in the experimental unit, and shown
in Fig. 7.4, are:

1. A water-cooled copper anode has replaced the
catbon anode. The tungsten insert in the face
of the anode prevents erosion of the copper by
back-streaming electrons.

2. The target has been relocated at a distance
L = 18 in. from the source and a small target
added as shown. A 1-in. hole in the larger target,
axially aligned with the source, allows the ion
beams to focus on the small target according to
the following equation:

(),
B

\ g

ey,

5Thermonuclear Div. Semiann. Progr. Rept. Apr. 30,
1963, ORNL-3472, p. 71.
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where m/q is the mass-to-charge ratio of the
accelerated ions. ,

By varying the magnetic field and the accele-
rating potential, either the H . *or H2+ beams may
focused on the small target. Figure 7.4 illustrates
the typical beam trajectories of the H1+ and H3+
components when the H 2+ beam is focused on the
small target. Limitations of the magnetic field
prevent focusing of the H3+ ions onto the small
target, and since the ratio of the H 1+ and H 2+ are
expected to vary with magnetic field, deductions
of the H3+ beam cannot be made from the present
data. However, 75% of a total output of 175 ma
has been shown to be H2+, with gas efficiency of
51.3%. All power measurements were made
calorimetrically.

Figure 7.5 shows voltage-current characteristics
of the arc for three different feed rates of hydro-
gen. With further increase of the feed rate, the
characteristics became negative. Thoriated
tungsten cathodes were tried, with the hope that
lower arc currents and, possibly, plasma density
could be sustained with the present voltages;
but after the initial bakeout the arc operated with
the same voltage-current characteristics of those
of pure tungsten.

Up to the limits imposed by space-charge re-
quirements in the accelerating-gap electric field,
the total ion output of the source increases with
increased gas-feed rate. Figure 7.6 shows the
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total ion current vs arc current for three different
gas feed rates. The decrease of ion current with
increase of arc current must be related to a
decrease of plasma density due to increased
temperatures of ions and electrons in the arc as
a function of increasing arc current. The gas
efficiencies, beginning with the smallest feed
rate, are 35.8, 41.2, and 44.0%, assuming ion
beams composed of 40% H1+ and 60% H 2+. The
magnetic field and accelerating potential were
held constant.

Figure 7.7 shows the total ion current vs
accelerating potential with all other parameters
held constant. In this case, the gas-feed rate
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was 4.57 x 10~2 mm-liter/sec, and the gas effi-
ciency was 38.2%. From the data in Figs. 7.6
and 7.7, it may be inferred that the ion output of
the source is primarily a function of plasma den-
sity, which seems to be determined by the gas
feed rate. However, a limit to the output is im-
posed by ions striking the accelerating electrode,
which inevitably results in voltage breakdown
across the accelerating gap. Thus the gas feed
rate must be limited so that the ion output does
not exceed the space-charge-limited ion. current
for a parallel beam in the accelerating gap, given
by’

. 1.71x 10-7 v3/2

(Z/l'o)2A1/2 ’ @)

where
V = accelerating potential in volts,

Z = beam accelerator spacing given by mechani-

cal spacing plus r,

r,= initial beam radius,

A = mass number of extracted ions,

I = ion current in amperes.

A plot of total ion current vs V3/2 is shown in
Fig. 7.8. The gas feed rate was varied from
5.06 x 10—2 mm-liter/sec to 7.52 x 102 mm-
liter/sec, which resulted in the efficiency in-
creasing from 37.7% to 47%. - In making the adjust-
ments, it was difficult to determine just when the
ions began to strike the accelerating electrode.
The H1+-to—H2+ ratio was also changing as the
gas-feed rate was changed, thus introducing un-
certainties in the exact application of Eq. (2).
Therefore the points are somewhat dispersed.

All the above data were taken on an experi-
mental unit having the following parameters: The
cathode was of tungsten, 2% in. long, 0.150-in.
OD, and 0.030-in. wall thickness. The hole in
the copper anode had a minimum radius (ro) of
3/32 in.; the length of the anode was 35/8 in.; the
accelerating gap was 0.100 in.; and the inside
diameter of the accelerating electrode was 1/4 in.
The unit was operated in the 32-in. magnetic gap
of tank D with a maximum field of 4500 gauss.
The base pressure of the vacuum system was

7Thermonucleat Project Semiann. Progr. Rept. Jan.
31, 1960, ORNL-2926, p. 62.
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6 x 107 mm, and the operating pressure was 4 to
8 x 1075 mm.

A new ion source, designed with integral
magnetic coils, has been built and is ready for
testing.

7.3 NEUTRAL SOURCE DEVELOPMENT

V. J. Meece W. L. Stirling

Reliable operation of the ion-source® hollow-

cathode arc has been achieved with acceleration
voltages in the 30-kv range. The source runs
stably at hydrogen gas feeds from 0.1 to 0.04
cc/sec. Typical operation is with 30 to 35 ma of
total current on target, measured calorimetrically,
at 30 kv for 1 cc in 15 sec.

Three parameters have been observed to have a
strong effect on the beam output: gas feed rate,
arc current, and magnetic-field strength.

In the gas feed range given above, the lower the
gas feed, the higher the ion output. However, the
beam spread increases with increasing output. The
30- to 35-ma beam has a half-angle divergence of
10° At feed rates below about 0.04 cc/sec, the

8e. L. Earley et al., Thermonuclear Div. Semiann.
Progr. Rept. Apr. 30, 1963, ORNL-3472, p. 73.
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arc becomes unsteady; at feed rates above 0.1
cc/sec, it is hard to hold the accelerating voltage.

The arc electrodes have been designed so that
electrons back-streaming through the anode from
the accelerating gap cannot hit the emitting sur-
face of the ion-source tungsten cathode. It has
been found that these electrons can maintain
emission of the cathode without aid of an arc
power supply once the source has started operating.
However, momentary high-voltage sparks to' ground
usually extinguish the arc. For this reason, an
arc supply is being used, at least for the present.
For stable operation, the optimum arc current
depends strongly on gas feed rate for a cathode of
given size. The tungsten cathode used here has a
0.200-in. OD and a 0.140-in. ID and runs smoothly
for current variations between 7 and 20 amp for
the feed rates given above. The arc voltage is
about 150 v for the 30- to 35-ma beam, and the
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arc current is about 15 amp. Beam output is
directly proportional to arc current.

Total ion current output varies markedly with
magnetic-field strength. For the 30- to 35-ma
beam, the field is about 1300 gauss, At 1500
gauss, with all other parameters held constant,
the current increases by 15%, but the beam diver-
gence increases above the 10° limit. At 900
gauss, the current is down 20 to 40%. Both the
gas feed and magnetic-field effects on current
output are being further investigated.

The dissociating or -converter arc, through
which the ion beam passes in order to produce the
final beam of neutrals, has been run several
times, but the operation is not reliable enough
to yield reproducible results. Voltage insulation
difficulties still exist across the cooling-water
lines. Preliminary tests with a new arrangement
for supporting the arc electrodes look promising.
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8.1 STABILITY OF ORNL PLASMAS
T. K. Fowler

This section summarizes what is known about
stability of the hot-electron and hot-ion plasmas
created in ORNL thermonuclear experiments.

8.1.1 Stable Hot-Electron Plasmas

Cyclotron Heating, — It has been speculated that
stable hot-electron plasmas created by magnetic
compression owe their stability against flutes to
conduction to end walls.! In the hot-electron
plasmas generated by electron-cyclotron heating
at ORNL, this speculation may be confirmed
inasmuch as a prominent characteristic of these
experiments is a critical gas pressure above which
complete ionization takes place and a stable
high-density plasma is confined.? Actually, the
reason for stability may be more complicated than
the simple idea of conduction implies. For ex-
ample, the stable mode is also characterized by a
positive space potential, whereby a large, low-
energy electron component (<1 kev) becomes
electrostatically confined. According to thermo-
dynamic energy principles, a distribution which is
a monotonically decreasing function of particle
energy is completely stable.® It may be that
filling out the low-energy spectrum by electro-
static trapping approximates this ideal. Theoretical
progress along these lines awaits a better under-
standing of the steady state. Aside from a crude

IR, F. Post et al., Phys. Rev. Letters 4, 166 (1960).

2Thexmonucleat Div. Semiann. Progr. Rept. Jan. 31,
1961, ORNL-3104, sect. 3.1; Thermmonuclear Div. Progr.
Rept. Oct. 31, 1961, ORNL-3239, sect. 3.1,

3w, A. Newcomb, in Appendix of I, B. Bernstein,
Phys. Rev. 109, 10 (1958); T. K. Fowler, J. Math.
Phys. 4, 559 (1963).
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and Computation

prediction of the critical pressure and positive
potential,* little has been accomplished calcu-
lationally in this direction, despite effort. Note
that, while the existing theory® is not strictly
applicable to our high-3 plasmas, finite orbit
effects do not appear to be sufficient to stabilize
flutes in this case,

In addition to the clearly important role of
background gas, another characteristic of our hote
electron plasmas, in comparison with the com~
pression experiments, is a somewhat higher S,
perhaps 0.25, It is interesting that this is of the
order of magnitude of the critical B for the mirror
instability and other magnetic pinching instabili-
ties catalogued by Furth,®

As for other instabilities, in light of evidence
now available the electrostatic microinstabilities
discussed by Harris” would be expected to be
eliminated or weakened by the large thermal
spread. Universal modes occurring at the surface
are probably suppressed by the short length,
which invokes strong Landau damping. However,
since this is not effective if T >> T,, one must
again call upon the surrounding cold plasma to
dilute the electron temperature at the surface.®

Beam Plasmas. The hot-electron plasmas
created by beam-plasma interaction also occur in a
large neutral-gas background.’®  An additional

*Thermonuclear Div. Semiann. Progr. Rept. Apr. 30,
1962, ORNL-3315, sect. 6.2,

Sr. F. Post, Bull. Am. Phys. Soc., 8, 166 (1963).
Post’s theory is an elaboration of that of M. N.
Rosenbluth, N. A, Krall, and N, Rostoker, Nuclear
Fusion, 1962 Supplement, Pt, 1, p. 143,

SH. Furth, Phys. Fluids 6, 48 (1963).
’E. G. Harris, J. Nucl. Energy: Pt. C 2, 138 (1961).

M. N. Rosenbluth, Fontenay Study Group on Mirror
Machine Configurations, Fontenay-aux-Roses, France,
1963.

?Thermonuclear Div. Semiann., Piogr. Rept. Apr. 30,
1963, ORNL-3472, p. 31,



stabilizing feature may be the small plasma radius,
only of the order of the Debye length,

8.1:2 Review of DCX Instabilities

The DCX-1 and DCX-2 experiments differ from
most other thermonuclear devices in two important
respects: the ion orbits are large, and the plasma
is accumulated slowly. The very large orbits
appear to restrict collective phenomena to the
microinstability regime (frequency © > w_;, the
ion cyclotron frequency). On the other hand, the
associated large diamagnetic current is a classic
source of microinstabilities. And, because of the
slowness of plasma accumulation characteristic
of injection machines in general, even weak in-
stabilities are potentially dangerous. For ex-
ample, DCX-1 is presently limited in density by a
microinstability whose macroscopic consequences
(diffusion) occur on a slow time scale measured in
seconds,

The absence of the superdangerous macro-
instabilities — that is, low-frequency (0 << ®;)
oscillations — in DCX-1 and DCX-2 is well es-
tablished.!® Since this is true even at the lowest
pressures achieved in DCX-1l, end conduction is
probably not the explanation in this case. Rather,
this is probably an extreme ‘‘finite-orbit effect.’’
Indeed, Post’s finite-orbit theory,’ though perhaps
not well tailored to DCX geometry, does suggest
stability against flutes in DCX-1 and even more
strongly in DCX-2. One may also give a qualita-
tive argument against macroinstabilities in general
in DCX devices. To conserve momentum in ion-
electron interactions, a charge perturbation to
which the ions and electrons contribute tries to
follow the center of mass of the heavier particles,
the moving ions. Exactly what the charge wave
speed is depends, for example, on the relative
contribution of ions to the wave. But to the extent
that ions participate strongly (E not parallel to B),
the wave speed is almost but not quite the ion
speed. Then electrons (and ions) stream relative
to the wave frame, and hence they respond
oppositely (number-density perturbations ou§t of
phase, charge in phase) as in the two-stjream

10an exception, a weak 10skc oscillation in DCX-1,
probably involves only electrons and is thereby exempt
from our reasoning here. But the energy drive for this
mode must be indirect and weak.
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instability.!! The macroinstabilities, such as the

flute mode, in which electron and ion number
densities are perturbed together (number densities
in phase, charges almost out of phase) simply
cannot occur, Rather, the wave, tugged along by
the streaming ions, would generally move faster
than the electron thermal speed, and the response
is the two-stream type above.

Thus we shall limit further discussion to microe-
instabilities. In particular, we shall discuss just
the electrostatic, charge bunching, type,
magnetic pinching instabilities being negligible
at present current levels.® Charge bunching can
account at least qualitatively for the observed
collective effects in DCX-1 and DCX-2, namely,
space and energy diffusion. It is observed that
the instabilities are self-limiting, as quasi-linear
theory predicts for bunching in streams.? The
further consequences of the instabilities in
diffusing particles in energy and space take place
at rates many orders of magnitude slower than the
initial (linear theory) growth rate of the micro-
instability itself, but also many orders of magnitude
faster than diffusion by two-body collisions. The
qualitative picture is this: Charge bunches rapidly
build to some fixed level and either remain intact
for long times (e.g., when there is only one bunch
in DCX-1) or destroy each other by what we may
call higher-order nonlinear effects (wave-wave
interaction). Most individual particles, moving
with no particular phase relative to the bunches,
scatter at random from them. How the enhanced
scattering scales with density has yet to be
determined.

Charge Bunching. — The most striking feature of
collective oscillations (instabilities) in DCX
experiments is the discrete frequency spectrum
around harmonics of the ion cyclotron frequency,
which suggests a resonance. That this is to be
expected for any charge-bunching instability is an
immediate consequence of our qualitative argument
against macroinstabilities above. Merely because
the ions gyrate, charge waves following the ions
close on themselves. Thus, only waves returning
on themselves in phase fail to be weakened by

or

- U3, p. Jackson, J. Nucl. Energy: Pt. C 1,171
(1961); for further discussion see Thermonuclear Div.
Semiann., Progr. Rept. Apr. 30, 1963, ORNL=3472, p. 75.

12W. Drummond and D. Pines, Proceedings of the
Salzburg Conference on Nuclear Fusion, Paper CN=
10/134, Salzburg, 1961,



self-cancellation after many transits around the
plasma. These surviving periodic waves, con-
sisting of a circular array of alternately positive=-
and negative-charge ‘‘bunches,’’ rotate almost as
fast as the ions, as noted above. Hence, they are
observed in the laboratory frame as oscillations at
frequencies around Il ;, I being the number of
positive bunches,

The important point is that, if periodicity is
required for continued growth of the wave to a
observable limit, then field
inhomogeneity, which destroys periodicity, limits
the instability. An important exception in our
axially symmetric systems with large orbits is that
class of particles whose orbits are concentric to
the axis and therefore move in a constant field,
At least two pieces of experimental evidence
indicate that only such ions participate in DCX
instabilities;

1. In DCX-1, probes eliminating the large
population of protons not nearly concentric to the
axis have little effect on the oscillation amplitude
and character,

2. In DCX-2, protons which, via the instability,
gain large amounts of energy (>300 kev), have
orbits concentric to the axis.

The resonance nature of the instability has
created considerable interest in the ion cyclotron
resonance instability discovered by Harris.” We
review the development of the understanding of
this mechanism in Sect. 8.2. However, we first
must point out a puzzle. Harris’s mechanism
calls for ion-electron interaction, Because the
electrons do not move across the field, this
requires that some component of the electric field
be parallel to the magnetic field. But in DCX-2,
and in certain circumstances in DCX-1, it appears
that E might be perpendicular to B, In DCX-2,
protons, though scattered violently perpendicular
to B, are not scattered parallel to B. In DCX-1,
as interpreted, evidence of an electric field
perpendicular to B remains when activity along B
is suppressed by electron-cyclotron heating or
electron-beam stabilization, Now, there are other
mechanisms, depending on density and magnetic-
field gradients, which involve essentially the ions
alone and E | B. For example, a radially de-
creasing magnetic field is expected to bunch ions
(‘“‘negative mass’’ instability),’3 but the field in
DCX-2 is uniform. Also, a density gradient brings
about bunching which is a high-frequency counter-
part to the universal modes in which only a little

macroscopically
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electric field along B is required.!* But there
remains the question how the expected ion-electron
instability could fail to dominate. As we shall
see, greater thermal spread should be required to
cure Harris’s instability in a long machine like
DCX-2. In the case of DCX-2, the answer may lie
in conduction to the ends via the sizable ioni-
zation current. But the question remains open.
It is certainly an important question, since the
experimental implication is that microinstabilities
do not enhance end losses, the more vulnerable
loss route.

lon Cyclotron Resonance Instability. — Over the
last five years, Harris has investigated the un-
stable interaction of electrons with ions streaming
across a magnetic field in a series of idealized
model calculations. The conclusion is that the
instability is basically the two-stream type
occurring in infinite plasmas, and should occur in
DCX experiments essentially unchanged in such
characteristics as thresholds, growth rate, and so
forth, Correspondingly, a sufficient temperature
spread in ions and electrons should limit the ine
stability. However, it appears that only a tempera-
ture spread along B is useful, a consequence of
restrictions on motion perpendicular to B,

The models calculated may be distinguished by
the ion velocity distribution, f’;), employed. In a
cylindrical coordinate system, with B || Z, azimuth
Ozabouzt §, tzhey are (a)ci = ion cyclotron frequency,
vi=v:— Vo)

. A
s fo = 8(v,) (V| - Oro_;) ,

describing concentric orbits, no thermal spread, a

net ion ‘‘diamagnetic’’ current density j, =
enro_;
2 2
6 fi Vz V1
& o " EXP\T 7 Tz )
z L

13¢, E. Nielsen, A. M. Sessler, and K. R. Symon,
Intern. Conf, on High-Energy Accelerators and Instrue
mentation, CERN, 1959, Geneva, European Organization
for Nuclear Research, 1959, p. 239,

144, B. Mikhailovskii and A. V. Timofeev, Soviet
Physics JETP 17, 626 (1963). This problem is also
being treated by Y’akov Shima in our group.

15p, B. Burt and E. G. Harris, Phys. Fluids 4, 1412
(1961).



describing overlapping orbits, thermal spread, no
net current;
O fiwexp(-v2/a2)d(?) —Bro,,),

like (A) but with thermal spread along B ;

Pl
> 2 2
o —(Vl—ﬁrwci) —-v,
(D) fo < exp 2 exp|——|,

L a,
like (C) but with a thermal spread perpendicular to

N
B. For electrons, we have in mind a distribution
e 2
f; = exp(—m_v /2T ).

In all these cases, the plasma is uniform and the

extent along E is infinite. For cases (4) and (C),
it is possible to solve the stability problem with
finite radial extent — that is, for a long plasma
cylinder,

The conclusion from these studies is that the
important physics is embodied
simplified dispersion relation

m fitw)
0
m;efdvz ——me z

i (—-k,v, —Imm.)2

in the much-

£5(v,)

—= =1, (D

(0 — &, VZ)2

where © pe 1S the electron-plasma frequency. The

integer [ designates the azimuthal harmonic,
exp (i16).

The point to note is that Eq. (1) has the form of

the infinite plasma two-stream dispersion relation

with I? ;—> k,v, + lo_; for ions where k;v, > lo_;
expresses periodicity imposed by the magnetic
field. ‘
Equation (1) is correct for cases (4) and (C) if
k, >> k;. Also, it is exact for the more elaborate
distribution (D) if a; =0 and T, = 0, and it is
quite accurate in any case if k, >> k,, the most
unstable limit for small T_. For cases (B) and

log, G. Harris, Culham Laberatory Report (in press).

17y, Shima, Bull. Am. Phys. Soc. 8, 175 (1963);
Thermonuclear Div. Semiann. Progr. Rept. Oct. 31,
1962, ORNL-3392, sect, 6.4.

(D) with a, # 0 and T_ 3 0, the overlapping of ion
orbits and electron orbits mixes harmonics so that
a sum over | occurs. However, generally the
electron term with I = 0 dominates and only one
ion term (such that k,a,/lo_; ~ 1) need be con-
sidered at a time,; again essentially Eq. (1).
Finally, as to consequences of spatial confine-
ment, from models (4) and (C) it has been found
that, while allowed perpendicular wave numbers
are limited by boundary conditions appropriate to a
finite radial extent of the plasma, the infinite
medium dispersion relation is otherwise not
altered, In fact, for the important case k; << k,
[Eq. (1)1, it is just the same.

The content of Eq. (1) has been conveniently
displayed by Harris as a plot of stable and un-
stable regions -in parameters ©pe and lo_; for

v

various values of T /T; (T; = % m;0}), as in
Fig. 8.1. [That is, Fig. 8.1 plots the locus of
real o roots of Eq. (1), which divides the stable
and unstable regions.] In Fig. 8.1, frequencies are
scaled in units of k, a_, whence the origin
corresponds to large k. The regions of instability
for DCX-1 and DCX-2 parameters are indicated.
Note that for DCX-1 the region of instability is
quite small and is limited to small wavelengths
near the origin. Thus a small electron temperature
should stabilize the system insofar as Harris’s
mechanism is concemed, This may account for
the experimental observation that a very modest
amount of electron-cyclotron heating stabilizes
electron activity in DCX-1, A stability map similar
to Harris’s, but for the exact dispersion relation
for model (B), is given by Soper (Sect. 8.2).

Finally, it is interesting to note that Harris’s
oscillation tends to be dominantly an electron
charge wave. That is, while ions contribute to
the charge wave, and the wave cannot exist with-
out the ions, the perturbation in electron density
(hence charge) is considerably greater than the
ion perturbation. For large k_, at the threshold
for growth the ratio is easily computed as the
ratio of terms in Eq. (1). Consider model A with
T, = 0. The frequency at threshold (that density
such thaf a slight increase in density brings about
instability) is obtained by equating to zero the
derivative with respect to @ of the left side of (1)
and solving for w. Introducing this frequency into
(1) and taking the ratio of the ion density pertur-
bation (proportional to the f(‘; term) to the electron

-
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Fig. 8.1. For Model (C) in Text, Regions of Stability Against lon Cyclotron Resonance Instability for Different
Ratios of Electron Temperature, Te, and lon Temperature, T, Along the Magnetic Field. Here I is the harmonic
number, o, the ion cyclotron frequency, w__ the electron plasma frequency, k, the wave number along the magnetic
field, and a, the ion thermal speed along the field. The zones occupied by DCX-1 and DCX-2, for different har--
monics I, are indicated. At present for DCX.1, u < 1/5 and u, < 1/25; for DCX-2, u, < 20 and u, <2/51. This
figure is taken from a Culham Laboratory Report by E. G. Harris, in publication.

perturbation (the other term), we obtain as the [see Eq. (1), Sect. 8.1]. He shows in a. very

ratio of ions to electrons in a bunch, simple manner that regions of stability and in-
stability can be determined by calculating the

An, m, 173 curves along which the imaginary part of the

A"e = m—1> ° @ frequency is zero in the u_, u, plane (see Fig, 8.1,

Sect. 8.1). The dimensionless quantities u_ and
u,_ essentially are a measure of the ion-cyclotron
and the electron frequencies. Harris calculated
different curves for various values of the ratio of
the electron to ion temperature parallel to the
magnetic field.,

Note that for small k,, which is the regime in
which a negative mass effect would dominate,
An, >> An_. Then the wave is an ion wave,

8.2 THE EFFECT OF FINITE ION AND
ELECTRON TEMPERATURES ON THE ION
CYCLOTRON RESONANCE INSTABILITY 180ak Ridge Graduate Fellow.

19¢onsultant from the University of Tennessee,

G. K. Soper!'® E. G. Harris!? 20
E. G. Harris, Culham Laboratory Report, publication

in progress,

2lp. Burt and E. G. Harris, Phys. Fluids 4, 1412
(1961),

In a recent note Harris?® has investigated the
temperature effects in the Burt-Harris model?!
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Using the dispersion relation due to Harris,??

w,, Of

n]rz,(kJ_VJ_/w,']') .

v, 8V_L

w?, o0 °° ; ,
1=y(w)=2n£.ﬂ£f def vy dv | 2L Y
i k?* nvY_o 0

where j represents the different species of the
plasma, that is, the electrons and ions, and the L
and z symbols represent’ quantities measured
perpendicular and parallel to the magnetic field,
one can petform the same type of analysis as

above with the two-~temperature distribution
function:
f 1 27,2 2 /.2
0j = exp(—-vl/aJJ.—vz/aZj) , @
‘ 73/202 o2,
E 1j zj

where the parameters a,. and a,; represent the
thermal spread of each species inthe perpendicular
and parallel direction. Substituting Eq. (2) into

(1) and integrating gives
1 - e—lz'(31/29—1/2%)
5k, /1)

00 —A,
+ Z e 11‘"‘ M) 209 TZ(3 + ny,)
n= —oo

+Z(3+n3)1, 3)

where

Z(x) = the plasma dispersion function as defined
by Fried and Conte,?3

= , w is the frequency of any dis-
kzazi
turbance,
@
Fp = —=
P ko,
z zZ1

22g, G. Harris, J. Nucl. Energy, Pt. C 2, 138 (1961).

23, D. Fried and S. D. Conte, The Plasma Dis-
persion Function, Academic Press, New York, 1961.

(w+k,v, + nwi].)

ik aio]' Jfl(k_LV,L/wij)

Zov, (w+k, v, + nmi].)

» (D

o _;
%c= i )

k a_.

z zi
0=m/m;,
0:Tze/Tzz !

where, of course, the e and i labels represent
electron and ion quantities.

The real and imaginary parts of Eq. (3) were
solved following the prescription of Harris, Be-
cause of the complicated nature of the calcu-
lations, the results were obtained with the aid of
the CDC 1604-A computer, Figure 8.2 shows the
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regions of stability and instability for the pa-
rameters:

6 =0 (curves for other values of 6 from ¥ to

100
100 are in progress),

A;=3.0 (varying this parameter over a range
from 1 to 20 did not appreciably alter the
results),

T =0 (it has been noted?* that for values of
T 2 0.5 no instability can occur; curves for
values of T of 0.1, 0.2, and 0.4 are being
prepared).

8.3 GROWTH RATES OF ELECTROSTATIC
INSTABILITIES IN MIRROR CONFIGURATIONS

T. K. Fowler

A new method for obtaining exact upper bounds
on instability growth rates predicted by the
linearized Vlasov equation?® has been applied to
distributions resembling plasmas confined in
mirror machines, Features examined include:
(1) cross-field streaming of ions through electrons,
in response to magnetic confinement radially;
(2) ion velocity anisotropy, resulting from end
confinement; (3) magnetic-field curvature, as in a
mirror; and (4) density gradient. As might be ex-
pected, electrostatic instabilities arising from
the first two effects appear to grow fastest. While
both charge and current perturbations are examined,
our bounds correspond to growth rates of electro-
static streaming and anisotropy instabilities in
infinite plasmas in a uniform magnetic field,
studied by Harris,?6

Determining exact equilibria which include all
the desired features has proved to be the principal
limitation on the technique. We assume the
electrons, confined electrostatically, and any
cold plasma, to be isotropic (Maxwellian). For the
hot ions, we take a distribution

fiwexp (TP (YMvE + apy) — TR YMv2],

24y, N. Dnestrovsky, D. P. Kostomarov, and V. I
Pistunovich, Nucl. Fusion 3, 30 (1963).

25Thermorzucleat Div. Semiann. Progr. Rept. Apr. 30,
1963, ORNL-3472, p. 76.

2SR, G. Harris, J. Nucl. Energy: Pt. C 2, 138 (1961);
P. B. Burt and E. G. Harris, Phys. Fluids 4, 1412
(1961). ,
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where M is the ion mass and pg is the canonical
angular momentum corresponding to an azimuthally
symmetric mirror field. This distribution rotates
with frequency a, so that ions stream azimuthally
with speed ra. The density falls off approximately

like exp(—r?/R?), where R = (Q_/a)'/*F, and

{_ and r, are the ion Larmor frequency and radius
at z averaged over r within the plasma. Defining
o, = (4ane*/M)'/?, the maximum growth rate is

bounded by

2,2 2 11/2
MR?c? (T, -T,) .
ymax wpi T T T ° ( )
1 1-n

This result comes from the electric interaction..
We have omitted a similar magnetic term, smaller
by a factor 2v/c with ¥ = (R?a® + 3T,/M)*/2
Note that growth vanishes as a>0and T, > T,.

Result (1) does not include effects (2) and (3)
simultaneously. If T, # T, fio is valid only over
a region in which the magnetic field is approxi=
mately uniform. On the other hand, if we sacrifice
anisotropy, f(’; is valid with any degree of field
curvature, and Eq. (1) is the bound with T, =T
and taking for R its maximum value within the
plasma.

The method for obtaining bounds is an appli-
cation of Lyapunov theory.?” We seek an integral,
H, which is quadratic in the distribution pertur-

bation f and field perturbations E and l_?), such that
H > @m~! [dz (E? + B? and H~1(dH/dt) <2

for all allowed perturbations, Then E and B grow
no faster than exp put; hence

< Max

(all £, E, B)

Y H=(dH/d) .

ymax

In our examples,

H=Y Y [d3 dv £AT, /t])
j
+(8m~! [dZ (E*+ BY),
where the sum runs over ions and electrons., For
ions, T, =T, etc, '

27T, K. Fowler, J. Math. Phys. 4, 559 (1963), see
Theorem 4.



8.4 PLASMA DIFFUSION BY
MICROINSTABILITIES

T. K. Fowler

We shall give a lower bound on the time, 7,
for plasma diffusion across a magnetic field as a
consequence of microinstabilities., The question
is of special interest for closed confinement
configurations, such as the toroidal multipole,?®
designed to be stable against magnetohydrodynamic
(macroscopic) modes. Despite deliberate pessimism
in bounding T,» We obtain, for the multipole in
particular, optimistic results and conclude that
microinstabilities, even if present, will not
seriously limit confinement. For stellarators with
ohmic heating, our bound is somewhat more
pessimistic and is not more than an order of
magnitude shorter than observed pumpout times.

We examine just electron diffusion. Since
ambipolar effects limit the diffusion rate to that
of the slower charge component, this certainly
provides a lower bound on T, Furthermore, as
might be expected, we find ion diffusion (omitting
ambipolar electric fields) to be faster, so that
electron diffusion controls and provides the better
estimate. We shall, however, take ions into
account inditectly through any enhancement of
electron diffusion due to drift in the ambipolar
field.

The time required to diffuse a distance r (plasma
radius) at a rate D is

T

_2p—1
D~—rDt .

€5)

The coefficient of diffusion of electron guiding

R
centers, D, across the magnetic field B is defined

by
BV o g @)
fo B e L
teE.Ldt' 2 1
Vf=<<fo';r ) > |

where E; is the component of electric field

D t=

r

€)

>
perpendicular to B, and {_ is the electron cyclotron
frequency. To obtain a rigorous upper bound on
D,, in (2) we take the largest ¥} (whatever t is)

281, Ohkawa and D. W. Kerst, Phys. Rev. Letters 7,
41 (1961).
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and the smallest t consistent with conservation
laws. The resulting bound should apply both to
the turbulent diffusion emphasized by Spitzer??
and to the particleswave resonance mechanism
proposed by Drummond and Rosenbluth,3°

We specialize to Maxwellian ion (i) and electron
(e) velocity distributions with relative drift 7D,

o= M expl-(F-7,)°/v2, @
£ = ;W= exp(=v2/v]) (5)

written in the ion drift frame, Our corresponding

bounds are
Vf < V; , 6)
t—1< (VD/Ve)“’pe , )

where ®pe 5 x 10*y/n(cm®) is the electron-
plasma frequency.

Following - Gardner,! Eq. (6) is obtained by
rearranging particles in phase space to obtain the
state of lowest kinetic energy consistent with
Liouville’s theorem (the nonlinear Vlasov equation
is a Liouville equation). Since we are not in-
terested in what develops after the plasma has
leaked away, we subdivide the plasma into layers
and perform this rearrangement for each layer
separately. Then the lowest energy state is the
stable state obtained by decelerating the electrons
to eliminate the drift, This yields (4), the change
in v? being:

o

2,.2
—VD) /Ve

—V2/VZ
- e

>
. —(v
3 2 -3
fdv vi(v, /7 [e
_ 2
=v,. (8)
To obtain (7), we assume that, because of sub-
sequent thermalization, kinetic energy is cone
verted to field energy (and, in turn, to Vf) most
rapidly during the initial phase of the instability
development, whence t~! < y, the maximum growth
rate in the linearized theory. Then we employ a
previously developed exact upper bound on y,32

291,. Spitzer, Jr., Phys. Fluids 3, 659 (1960).

30w, E. Drummond and M. N. Rosenbluth, Phys.
Fluids 5, 1507 (1962).

31c, s, Gardner, Phys. Fluids 6, 839 (1963).
321, K, Fowler, Phys. Fluids (in press).
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For this case, y < 1/2(d/dt) In H for any pertur- 8.5 IMPURITY RADIATION IN HOT-ELECTRON
bation, with PLASMAS

1 -T, -T S. Cuperman Mozelle Rankin
=—fd§d?z’[fi2< 1.’>+ fi( eeﬂ P
2 fo fo

The coupled steady-state problem of impurity

+ (8m)~! fd§ (Ei + Ef) , (9) de-e%c'itation rad.iati.on (.which.may depend on t};i
specific energy distribution of the free electrons)

and the solution of the Fokker-Planck equation for

N S the free electrons (which may depend on the in

E, and B, are field perturbations, T; = 1/2m1. V,?’ elastic collisions between the free electrons and

and T_ = Ym_v2. The resulting bound is the right  the partially ionized impurity atoms or the neutral

side of (6), valid for any kind of mode, electro-  particles contained in the plasma) have been

where f, and f_ are distribution perturbations,

static or magnetic. studied.  Specifically, situations approximating

Combining Egs. (1), (2), (6), and (7) yields hot-electron plasmas generated by cyclotron
heating have been studied.

T, > (t/po)> (V,B/VD)S'(U;Q1 ) (10) The steady-state Fokker-Planck code®® for free

electrons (ions omitted) has been amended to

where p_ = VeQ;e_l is the electron gyroradius. For include, besides mirror loss and injection of

the toroidal multipole, there is no acceleration energetic electrons simulating cyclotron heating,
also the effect of inelastic collisions leading to

excitation and de-excitation and thus to a new
source of energy losses from the plasma. We
assume that the neutral or not-completely-ionized
particle — here called impurity — may be charac-
terized by just two bound (quantum) levels. Then,
the term in the Fokker-Planck equation describing
the change in the distribution function of the free
electrons f(E) because of inelastic collisions

along 5 and the diamagnetic drift is << v,. An
ambipolar electric field would increase the drift,
but since ions as well as electrons would be
accelerated, certainly v, < v; by energy con-
servation (T, not > T,). Then, anticipating
T, ~ T, Ve/VD >v,/v; = (mi/me)l/z., The radius
is r = 10p;, whence (for protons) r = 400p,. Finally,
Eq. (10) yields 7, > (10°/+/n) sec with n incm ™3,
for example, 7, > 10 msec if n < 10'* ecm™%. For with the impurity atoms is given by
the stellarator, with ohmic heating v, ~ 4v; and
T, ~ T, Again taking r = 400p_ and the observed
density n ~ 10’3 cm~?, Eq. (10) yields 7 > 500 {af (E)}
psec, The present pumpout time is <5 msec,®? a ..,

Formula (10) may be compared with that of
Drummond "and Rosenbluth,3° who took for y the . 1 E
growth rate of an ion-electron streaming instability =2me™f ,a f {(E) dE E m G (E), (1)
(infinite streams) and for V_LZ the results of quasi-
linear theory for that problem. Using their result  with the dimensionless quantity G defined by

/ ~3/2
¢ i<E+_ElZ) Z<1 +—> In[1.251 + 2)]1 = (Z - 1) In (1.252)
n, 1(E) Sz
n, | HE-E ) 1/2 1 1\!
—— P A _ 1 /2 X _ - .
+ . ) Z/'N(Z-1"*1In(1.252) - Z {1+ Z) In [1.25(1 + 2)]{ (2)

. 3
for D, 7, is longer by a factor (Ve/VD) (a)pe/Qe),
much longer than the stellarator pumpout time.
Of course, though less specialized, our estimate is 54
only a bound which may not be achieved, Perhaps S. Cuperman, ‘‘Impurity Radiation from Non-Max-
. R wellian Spherical Plasmas,’” to be published in Physics
no mechanism gives a growth rate as fast as (7), of Fluids.
and the proper conclusion for the stellarator is 357, K. Fowler and Mozelle Rankin, J. Nucl. Energy:

that pumpout is not a microinstability. Pt. C 4, 311 (1962),

33W. L. Harries, private communication,
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In the above expressions E, f(E), and [ f(E) dE
are the energy, energy distribution function, and
the density of the free electrons; m and e are the
electron mass and charge; f12 is the absorption
oscillator strength; a is the ratio of the impurity
density (no) to the free-electron density; n, and n,
are the densities of impurity atoms in lower (1)
and upper (2) states (n, + n, = ny); E , is the
transition energy between the levels (1) — (2). If
more than two levels are necessary to describe
the impurity under discussion, or if more than one
impurity species is contained in the plasma,
expression (1) has to be replaced by a sum of
corresponding contributions.

While explicit expressions for the impurity
densities n, and n, as a function of the distri-
bution function f(E) (the solution of the Fokker-
Planck equation) can be written down by using the
results of ref. 34, because of the complexity in-
volved in the computations, another method has
been used.

First, an arbitrary value (3 for the ratio of
excited to ground state atomic populations of the
_impurity atoms, B, is introduced in Eq. (2).
Then the Fokker-Planck equation with G(B)) is
solved as in ref. 35, and a solution fﬁ (E) is ob-

tained. Finally, using the results obtallined else-
where34 for the de-excitation problem, the elec-
tronic plasma density (and thus the absolute
values of n, and n,) which corresponds to the
numbers o, and B, initially chosen is found.
When a sufficient number of cases (i.e., values of
a, B) have been run, a direct correspondence be-
tween the electronic plasma density, impurity
percentage, the injection energy, and the shape of
the free-electron distribution is established.

Preliminary results refer to the critical | con-
ditions (percentage of impurity a_, electronic
density n__, transition energy E{, — for a given
injection energy E) when inelastic collisions
begin to affect the distribution function of the
free electrons. The effect depends essentlally on
a and on the ratio E12/E (ref. 36) (or E, ,/E)
rather than on E , or E (E,). It is stronger for
values ¢, = (3/2) (E,,/E) << 1 and decreases as
'3 |, increases.

On the other hand, concerning the energy loss
from the plasma through the de-excitation radiation,
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already the use of a distribution function obtained
as a solution of the Fokker-Planck equation in
which inelastic collisions were neglected (a = 0)
gives results which are different from those
corresponding to a Maxwellian distribution. The
effect, generally a decrease of the total energy
loss N, is stronger for large values of '512 and
vanishes when << 1,

When inelastic collisions are introduced in the
Fokker-Planck equation [through Eq. (1)] and the
solution so obtained is used to calculate the de-
excitation energy loss, it is found again that the
larger changes correspond to values fl , > L

If both £, << 1 and &/, > 1 transitions are
present at the same time in the plasma and the
corresponding densities of impurities n, and n(;
are gradually increased, then the energy losses
N and N’ must increase. This will lead to a de-
crease of the plasma energy (and to a change in
electron distribution), coming essentially from
& 12 transition, which will increase even more the
energy loss N through the line &, (W ~ E~'/?)
and decrease the energy loss through {"12, be-
cause of the depletion of the distribution function
of electrons with energy able to excite the E 1’ 9
line. If nj = ng, for instance when studying an
optical transition ¢ , << 1 and an x-ray line of the
same species (fl'z > 1), the effect is easier to
interpret. This is just the situation in the PTF
experiment3’ into which xenon was introduced.
The dependence of the Xe II optical line A =
4844 A, and the Xe Ka x-ray A = 30 kev as a
function of Xe partial pressure exhibits the above
feature, Further calculations are in progress,

8.6 STABILIZATION OF BOUNDED PLASMAS
BY ELECTRON STREAMS AND ARCS

C. O, Beasley

A previous investigation®® of a proposed
stabilizing mechanism for ion cyclotron oscil-
lations in DCX-13? used the concept of the

transport of energy fluctuations along an electron

36—
E is the average free-electron energy.

37W. B. Ard et al., Thermonuclear Div. Semiann.
Progr. Rept, Apr. 30, 1963, ORNL=3472, p. 27.

3%¢, 0. Beasley and E. G. Harris, Thermonuclear Div,
Semiann. Progr. Rept. Apr. 30, 1963, ORNL=-3472, p. 79.

39_]'. L. Dunlap et al., Themonuclear Div. Semiann.
Progr. Rept. Apr. 30, 1963, ORNL=3472, p. 3.



stream to the absorbing walls of the machine
containing the plasma. If the rate of energy
transfer were sufficiently rapid, the fluctuations
would not have time to grow. In other words, the
condition

v
£ > Imlw
T m(w)

would guarantee stability, where v, is the group
velocity of the excited mode, L the size of the
container, and Im(w) the growth rate of the excited
mode. A detailed examination of the roots of the
dispersion relation, D(w,k) = 0, where k is the
wave vector of the electron stream, predicted
insufficient damping via this mechanism; for ion
cyclotron resonance modes there was very little
dependence of the roots w on k for a given mode,
hence

dRe(w) 0
-—

Ve

(Each mode had to damp its own growth because
of the noncoupling of modes in a linear theory.)

However, the infinite-plasma theoty applied
here is now thought to be inappropriate to describe
the existing situation. One shortcoming is un-
certainty in the proper definition of the velocity
of transport of the energy fluctuations. For ex-
ample, the group velocity, used previously, is
not proper since it is not uniquely defined for
growing waves, but rather exhibits explicit time
dependence. Also, even assuming that one could
correctly find the velocity of energy transport,
there is still the problem of describing physically
the absorption of such fluctuations at the walls
by the application of appropriate boundary con-
ditions.  Our previous assumption of total ab-
sorption of energy is quite possibly incorrect,

On the other hand, if one uses a model which is
finite in one dimension, and if proper boundary
conditions are applied, any existing energy
transport as well as absorption at the boundaries
is automatically taken into account. In such a
system the plasma is looked upon as part of a
circuit. Such effects as ‘‘feedback’” of oscil-
lations, or absorption of them (resulting in con-
vective rather than absolute instabilities), can
be described by applying appropriate boundary
conditions,
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The particular model used to describe DCX is

N
shown in Fig, 8.3, The fast ions (¥, V,) present
in the central region are represented by a beam
streaming in the x direction. Cold electrons

5 :
N, V), streaming in the z direction, are neu-
tralized outside the ion beam by cold ions

v, I-;‘. = 0). Nonstreaming cold electrons can
also be added. Since all particles are assumed to
be cold, moment equations suffice. The equations
are Fourier analyzed in x and y, and Laplace
transformed in time; the general solution of the
resulting differential equation in z has been
found. Various boundary conditions relating to
several different physical situations are currently
being investigated.
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Fig. 8.3. DCX Model.

8.7 SOME EFFECTS OF A MAGNETIC FIELD
ON COUL.OMB SCATTERING

David Montgomery *°
R. V. Neidigh

Igor Alexeff

Calculations of transport and relaxation phe-
nomena in plasmas usually involve, directly or
indirectly, the use of the Rutherford scattering
cross section in the Boltzmann or Fokker~Planck
collision integrals, In fact, the Rutherford
scattering formula is drastically modified by the
presence of a strong magnetic field, as can be
verified by a perturbation calculation of the

4%¢consultant from the University of Maryland.



scattering in powers of 1/B, the reciprocal of the
magnetic-field strength. The leading term in the
ratio of the perpendicular energy transfer, relative
to that transferred in the absence of a magnetic
field, can be calculated for a two-body collision,
and is equal to (rL/2b)2, where r, is the Larmor
radius of the reduced-mass ‘‘particle,”’ and b is
the impact parameter, When this ratio becomes
appreciably less than unity for a “‘typical’’ impact
parameter, an asymmetry is introduced between the
two directions perpendicular to the magnetic field
and the parallel direction. This is offered as an
explanation of the paradoxical result y=C /C =3
(instead of /) recently observed in Coll1s1on~
dominated ionic sound waves.*!

There are possibilities that the theory can be
applied to the recent experiments concerning
diffusion of plasma across a magnetic field, where
diffusion is normal up to a critical field and
anomalous above this value,*?

8.8 STUDIES OF ENERGY ENHANCEMENT
IN DCX-2

T. K. Fowler Mozelle Rankin

We have begun an attempt to determine phe-
nomenologically the degree of enhancement of
energy diffusion in DCX-2. Though unnecessarily
elaborate for the purpose, the already existing
Fokker-Planck code is employed. It is simply
amended by multiplying the two-body Coulomb
collision terms for ion-ion energy transfer and ion
loss by arbitrary numbers P and Q.

Typically we fit DCX-2 data at low densities
(n < 10% cm™3) with P ~ 107 to 108 and Q = 1.
Though the value of P is very large, one should
note that even so it represents energy diffusion
on a time scale several orders of magnitude slower
than that for the microstabilities presumably
responsible for the enhanced diffusion. Their
growth time is ~10~7 sec, The corresponding
transfer rate can be as much as 10° kev/sec,
which is about 1012 times the appropriate Coulomb
collision energy transfer rate.

4l1oor Alexeff and R. V. Neidigh, Phys. Rev. 129,
516 (1963).

42As an example, see R. Geller, Phys. Rev. Letters
9, 248 (1962),
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8.9 ORBIT STUDIES IN A IOFFE MAGNETIC
FIELD

Mozelle Rankin D. A, Griffin

The MADCAP IV code for studying particle
orbits in DCX-2 has been modified to include the
contribution of a four-pole Ioffe bar field to the
standard DCX-2 magnetic field. Calculations for
the Ioffe field were made concurrently with the
orbit calculations, and the Ioffe field was added
to the standard stored field values to obtain the
new magnetic field, Initially in the orbit code
four infinitely long filaments were used to approxi-
mate the Ioffe field. Formulas for the field
produced by this configuration are given in Sect.
(2) of DCX-2 Technical Memorandum No. 106 by
C. E. Parker and W. F. Gauster, The more compli-
cated expressions for this field considering end
connections between the bars (given on pages 2-5
of the above memorandum) are now a part of
MADCAP 1V, but no orbit results using these
expressions are yet available,

In the orbit studies loffe bars were located at a
radius of 13.7 in., and the current per bar was
580,000 amp. This is the current necessary to
give a Ioffe field of 6000 gauss at a radius of 6 in.
All particles were started at 8 = 0° in a clockwise
direction and were followed for 10 pusec unless
they escaped earlier. Escape is here defined as
having a radial value greater than 16.5 in. or an
axial value greater than 58 in. To study the
effects of relative position of the bars and starting
point of the particle, the bars were rotated. The
phrase ‘‘bars at ¢ ” means the bars with current
out of the plane of the paper are at 6 and 6, +
180° and the bars with current into the plane of
the paper are at 6, + 90°and 6, + 2705

Three sets of orbits were run: (1) 600-kev H 2*

otbits with r; = 9 in., 6, =0, Z = 42 in,, f, = 0
0, = —0.2985 in./nsec z, 0 (2) 300-kev H*
orbits with rj = 6 in., 00 = 0 Z,=42in., r = 0
t9 = —~0.2985 in./nsec, Z_=0; and 3 300-kev ut
orblts with r = 4 in., 0 = 0 Z,=42in, r =0,

r@ = —0.2985 in./nsec, =0.

For the molecular orb1ts Table 8.1 summarizes
various cases of bar position and containment
time.

Figures 8.4 and 8.5 are the cases of bars at

45° and at 671/2O respectively. In general it seems
that particles initially near a bar are lost rapidly,
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whereas particles remote from the bar are con- Table 8.1, H2+wiih rg =9 in.
tained for at least 10 pusec. Small variation of the
bar position resulted in noticeable orbit changes. Bar Position Time Contained ({sec)
As a check on the reliability of the code, the
velocity components of the escaping particle of Q° 0.62
Fig. 8.5 and the magnetic.field direction were 45° 10.0
reversed. The orbit properly retraced to the 1o
original starting point. Continuation of the same 674 0.46
trajectory (now leaving the initial point in opposite 90° 0.17
direction to the original run) gave Fig. 8.6, Total 135° 10.0
containment time here is 4.4 psec, Lo
Table 8.2 and 8.3 summarize cases of atomic 154% 10.0
orbits. Figures 8,7 and 8.8 are H' orbits with an 1571/20 10.0
initial radius of 6 in. Figures 8.9, 8.10, and 8.11 160° 0.8

are H' orbits with an initial radius of 4 in.
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Fig. 8.4. (a) X-Y Plot of H2+ Orbit with rg = 9 in., z = 42.0 in., Bars at 45° 10 psec; (b) R-Z Plot of H2+ Orbit
with rg= 9 in., z = 42.0 in., Bars at 45° 10 [Lsec.



93

UNCLASSIFIED
ORNL - DWG 64- 481

iii i !i El’ii

r(in.)

-20 -10 o] 10 20 30 40 50
z (in.)

Fig. 8.5. (a) X-Y Plot of H2 Orbit wnh o =9 in., z = 42.0 in.

, Bars at 671/20, 0.46 usec; (b) R-Z Plot of H2+
Orbit with rg= 9 in., z = 42,0 in., Bars at 67/2 , 0 46 psec.
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Fig. 8.6. (a) X-Y Plot of H2+ Orbit with rg = 9 in., z = 2.31 in., Bars at 67]/20, 4.4 psec; (b) R-Z Plot of H2+
Orbit with rg= 9 in., z = 2.31 in., Bars at 671/20, 4.4 psec.
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Table 8.2, H™ with ry = 6 in. Table 8.3, H' with ry = 4 in.
Bar Position Time Contained (Usec) Bar Position Time Contained (Usec)
45° 10 45° 10
671/20 3.29 671/20 10
90° 0.24 , 90° 5
135° 10 ‘ 135° 10
1571/2o 10 1571‘/2O 10
180° 10 180° 10
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Fig. 8.7. (a) X-Y Plot of H+ Orbit with rg = 6 in., z = 42,0 in., Bars at 45% 10 psec; (b) R-Z Plot of H+ Orbit
with o= 6 in., z = 42.0 in., Bars at 45° 10 isec.
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Fig. 8.8. (a) X-Y Plot of H+ Orbit with rg= 6 in., z=42.0 in., Bars at 671/20, 3.29 psec; (b) R-Z Plot of H+ Orbit
with ry = 6 in., z = 42.0 in., Bars at 67]/20, 3.29 psec.
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Fig. 8.9. (a) X-¥ Plot of H' Orbit with rg = 4 in., 2 = 42.0 in., Bars ot 6715° 10 pisec; (8) R-Z Plot of H' Orbit
with 7y = 4 in., z = 42.0 in., Bars at 67160, 10 psec.



98

UNCLASSIFIED
ORNL-DWG 64-486

S

i
i

(a): i | e e **“

::ﬁi% i
E’T ua.
e

e

10 = : =

i
—be
Tt
i
BiE

r (in.)
)

5
i
o

6 [

4 i L

2 : E; % -
(b) i BiEE | e e

0 : :

-60 -50 -40 =30 -20 =10 o 10 20
Z (in.)

30 40 50 60
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with rg= 4in., z = 42.0 in., Bars at 90°, 5 psec.
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Fig. 8.11. (a) X-Y Plot of H' Orbit with ry = 4 in., z = 42.0 in., Bars at 180° 10 ysec; (b) R-Z Plot of HY Orbit
with o= 4 in., z = 42.0 in., Bars at 180° 10 pysec. |



9. Magnetics and Superconductivity

9.1 A STUDY ON MINIMUM B CONFINEMENT

FIELDS
W. F. Gauster C. E. Parker
D. A. Griffin Mozelle Rankin
J. N. Luton P. A. Thompson

Recently much interest has been devoted to the
minimum B confinement field configurations. This
study deals with three special cases: a hypotheti-
cal application of Ioffe bars to DCX-2, a special
form of J. Andreoletti’s axisymmetric field designs,
and a coil arrangement suggested by D. A. Baker,
LASL.

9.1.1 Application of loffe Bars to DCX-2

A preliminary investigation was made on how
the concepts of Ioffe et al.! of superimposing a
multipole cusp field on an axisymmetric mirror
field could be applied to DCX-2. The principal
arrangement and the main dimensions are shown
in Fig. 9.1. In this connection it should be re-
membered that the injection duct of DCX-2 (ref. 2)
is so arranged that the molecular-ion beam enters
the main field at a distance of 42 in. from the
midplane of the machine. The distance from the
injection point to the midplane of the mirror coils
is 39 in. Therefore, the end connections of the
Ioffe bars are well inside the mirror coils. In
order to minimize the field deformations due to the
end connections, the winding arrangement shown

ly. B. Gott, M. S. Ioffe, and V. G. Telkovsky, ¢‘Pro-
ceedings of the Conference on Plasma Physics and
Controlled Nuclear Fusion Research, 4—9 September
1961, Salzburg, Austria,’ Nucl. Fusion, 1962 Supple-
ment, Part 3, p. 1045-1047. See also: H. P. Furth,
UgCRL-6933 (Oct. 2, 1963) and UCRL-7452 (July 30,
1963).

2Thermonuclear Div. Semiann. Progr. Rept. Jan. 31,
1961, ORNL-3104, p. 21.
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in Fig. 9.1 was considered. It corresponds to a
set of two cusp coil pairs which are perpendicular
to the x and y axis, respectively. Here the field
deformation produced by the end connections is
relatively small. Ioffe et al. use, for a six-bar
system, another winding scheme. This arrange-
ment, applied to a four-bar system, is shown in
Fig. 9.2, but since the field deformations become
larger it will not be applied here.

The field at the center of DCX-2 is 12 kilogauss
and decreases near the injection duct to approxi-
mately 11.9 kilogauss. The superimposed quad-
rupole field required in the machine midplane at
6 in. from the center was assumed to be about 6
kilogauss. The space available in DCX-2 would
be sufficient for a four-bar system — each bar
occupying up to 30° in azimuth, and a radial depth
determined by inner and outer radii of 11 and 17
in., respectively. In order to produce the desired
field, about 5.8 x 105 ampere-turns for each bar
would be necessary. This corresponds to a power
of approximately 6 Mw.
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Fig. 9.1. Quadrupole Conductor Arrangement with
Eight End Connections.
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Fig. 9.2.

Four End Connections.

Quadrupole Conductor Arrangement with

Assuming the same cross section for each bar,
a hexapole instead of a quadrupole system would
need a power of about 21 Mw for producing again 6
kilogauss at 6 in. from the center. Furthermore, in
DCX-2 it would be more difficult to accommodate
six instead of four bars. Because of the necessary
accessibility, it would not be possible to use for
each bar the azimuthal angle of 30° previously
mentioned for the quadrupole system; that is, the
bar cross section would have to be drastically
reduced. This means, of course, a very substan-
tial increase of the necessary power beyond the
mentioned value of 21 Mw. As a consequence of
this power consideration, detailed field calcula-
tions were made for a quadrupole system only.

Figure 9.3 shows the lines of constant-magni-
tude B at the midplane of DCX-2 if four Ioffe bars
are provided. The field increases monotonically
from 12 kilogauss at the center to 14.2 kilogauss.
The B 14.2 kilogauss line consists of two
branches, each enclosing two Ioffe bars. These
B-constant line branches intersect in four singular
points, S, to S,. The B-line segments joining the
singular points surround the center in almost
square shape. Passing from the center O radially
through one of these singular points, the field
reaches a maximum of 14.2 kilogauss and de-
creases with increasing radius. For any other
azimuthal angle the 14.2 kilogauss line does not
represent a maximum. The points S to S, are
saddle points of the ‘‘magnitude B surface.’’

Finally, Fig. 9.4 shows the constant B lines in
a plane perpendicular to the z axis in a distance
of 40 in. from the midplane. The B distribution
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Fig. 9.3. DCX-2 Field with Superimposed Quadrupole
Field. Bar current, 5.8 X 10% amp; constant B lines at

midplane.
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Fig. 9.4. DCX-2 Field with Superimposed Quadrupole
Field. Bar current, 5.8 X ]05 amp; constant B lines at

plane z = 40 in.
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is quite similar to that in the midplane; the criti-,

cal field strength is 14.57 instead of 14.2 kilo-
gauss. ‘

The described brief investigation demonstrates
a possible field modification of DCX-2 using a
quadrupole Ioffe bar system. More detailed calcu-
lations could be done if the results of the DCX-2
experiments indicate that such a modification of
the presently employed field configuration appears
to be necessary.

9.1.2 J. Andreoletti’s Field Configurations

J. Andreoletti® investigated confinement and
stability properties of ‘‘magnetic wells’’ — mag-
netic fields having a finite volume inside which
the energy density BZ/Z;LO has a nonzero minimum.
He devised methods for a systematic search for
these fields and presented several different types
of solutions. Three of them are axisymmetric; one
consists of pairs of especially shaped cusp coils,
symmetrically arranged to a plane perpendicular
to the z axis. Andreoletti made magnetic field
measurements employing a model shown in Fig.
9.5. A set of five pairs of cusp coils was used,
and by changing the coil currents, different field
configurations were achieved.

Andreoletti describes three special cases with
different ampere-tum numbers for each individual
cusp coil pair (Table 9.1). In cases a and b he
found, when measuring the flux density B in the
midplane, two equal maximum values B max and, in
between, one minimum value B_; . These values
and the mirror ratios in the r direction, K,
Bma;{/Bmin’ are listed in Table 9.1. In case c,
his measurements yielded one approximately
constant value of 10.8 in the range 5.5 = r £ 16.5.

Since we were interested in the accuracy of
Andreoletti’s model measurements, we calculated?
for cases a, b, and c the quantities Br, B,, and B
in a toroidal volume determined by 8 Sr = 12and
0 £z = 1.7 in steps of 0.1. The value 1.7 repre-
sents the axial distance of the nearest surface of
coil III from the midplane z = 0 (Fig. 9.5). The
shape of the magnitude B surface is so complicated

3]. Andreoletti, Compt. Rend. Acad. Sci. Paris 257,
1235—-37 (1963).

4M. W. Garrett, Calculations of Fields, Forces, and
Mutual Inductances of Current Systems by Elliptical
Integrals (forthcoming ORNL~3575A); J. Appl. Phys.
34(9), 2567 (1963).

that we built, for case a, a model of this surface
consisting of ten vertically arranged pieces of
cardboard (Fig. 9.6). The upper rim of each piece
is cut corresponding to magnitude B lines for z =
0, 0.2, 0.4 ... 1.6, and 1.7. This model shows
that in case a the magnitude of B around B, is
almost independent of z, which indicates poor
containment in the z direction. As expected, case
¢ yields no sufficient containment in the r direc-
tion. For case b the calculation yielded the
following results: B assumes a very flat minimum
of 7.3000 at r = 10.27; for r = 10.20, a minimum
of 7.2994 occurs at z = 0.5; for r = 10.4 and z=
1.20, the minimum value is 7.2827. Unfortunately
in case b, therefore, similar to case a, there is no
monotonic increase of B around a B point in
all directions.

min
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In conclusion it can be said that Andreoletti’s
coil arrangement as described previously does not
produce absolute B-minimum surfaces in any
of his cases a, b, and c. Our calculations, how-
ever, do not consider the relaxed stability criterion
[ dB/B for these three cases. It might be possible
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that Andreoletti’s magnetic fields satisfy this
condition. Finally, we assume that with an
appropriate change of the coil arrangement and
in the numbers of ampere-turns for each cusp coil
pair, an absolute B-minimum surface can be
achieved. Such an investigation is under way.

Table 9.1. J. Andreocletti’s Coil Arrangement for Minimum B Fields

Ampere-Turns of Coils

Case Bm Bm. K
1 I biif v v ax n r
a 150 16.5 18.7 20 45 8.4 6.85 1.23
b 108 27.5 16.5 26 30 7.8 7.2 1.085
c 185 40,0 49.0 40 57 10.8 10.8 1.00

UNCLASSIFIED
PHOTO 70665

Fig. 9.6. Photo of Model Showing Field Configuration of J. Andrecletti’s Coil Arrangement (Case a).



9.1.3 D. A. Baker's Coil Arrangement

Recently D. A. Baker made a study of the mag-
netic field produced by a pair of rectangular mirror
coils, energized by currents in the same direction
(magnetically aiding), and separated the proper
distance with their planes parallel and their major
axes at right angles. (This is a special case of
the class of noncircular mirror coils of elongated
shape, which would include oval, elliptical,
rectangular, etc.) His analytical investigations
indicate that this arrangement can achieve a
minimum B confinement field — this result was
also obtained by Andreoletti, Brachet, and Berlin-
got.  Further, his study indicates that for the
limiting case of two pairs of infinitely long anti-
parallel wires (distance W between the wires of
each pair and distance S between the planes
determined by each pair) there is still the desired
confinement configuration, if the following condi-
tion is satisfied:

L s L :
NN ey

We were interested in the details of the field
produced by infinitely long filaments with the
special data: W = 20 cm, S = 13 cm, and [ =
1000 amp, which yields a field in the center of
B, = 56.24 gauss. [The S/W ratio is approxi-
mately in the middle of the limits indicated by
Eq. (1).] Cartesian coordinates for this case are
shown in Fig. 9.7; the results of our computer
calculations are given in Figs. 9.8, 9.9, and 9.10.
All data are for the magnitude of B normalized by
dividing by B,. It should be noted that the
symmetry of this general class of mirror coils is
such that all data are included in one octant of
space; for simplicity the first octant is considered
using Miller indices to describe the direction of
the different radial lines.

Figure 9.8 shows B vs radius in the [001] direc-
tion (i.e., along the z axis). For the case of
main interest (S = 13 cm), a maximum of 1.0083
occurs at z = 3.6 cm. The dashed curves indicate
how a change in the parameter S (separation of
““coils’’) affects the magnitude of the field along
this direction: For S = 14 cm, which is very

5D. A. Baker, “*A Study of the Magnetic Field Pro-
duced by a Pair of Rectangular Mirror Coils,”’ LASL
Meeting, September 12—13, 1963.
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nearly to the upper limit given in Eq. (1), the
maximum does enlarge and move farther out; how-
ever, field increases in the other directions are
adversely affected.
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D. A. Baker's Arrangement. IBI vs r for

For the rest of our calculations only the case
S = 13 cm was considered. In Fig. 9.9 the field
as a function of radii in either the [100] or [010]
directions (x or y axes) shows a maximum of
only 1.002 at about 3.5 cm. For the face diagonal
[110], the maximum is bigger (1.004) and at the
somewhat larger radius of 4.8 cm. Also in Fig,
9.9 we see that the cube diagonal [111] represents
a radius of strong increase, reaching 2% at 4.3 cm.

The directions of maximum and minimum% in-
crease are given in Fig. 9.10. The point of 2%
increase comes at just beyond 3 cm for the [101]
radius (and has grown to 20% by about 7 cm),
however, in the [011] the extremely weak max1mum
of 1.0012 is found only 2.2 cm from the center of
the system. :

These numerical results are similar to those
given by D. A. Baker for finite loops with a
length-to-width ratio of 5. As he mentions, the
poor mirror ratios could be very much improved by
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the addition of appropriate homogeneous bucking
fields. This means, however, a very great in-
crease of the loss power, if conventional coils
were used.

9.2 THE NEW MAGNET LABORATORY

W. F. Gauster D. L. Coffey

The new magnet laboratory is an experimental
facility for developing and testing conventional
magnet coil designs and for performing experi-
ments with the goal of developing superconducting
magnets for thermonuclear research. The costs of
building the laboratory were relatively small
because the most expensive parts of such a
facility — the dc power supply and the water
cooling system — were available here for plasma
physics experiments.



At this time one magnet coil (designated B )
and a set of two axially arranged identical coils
of the same type (B, and B,) are installed. The
first one produces 60 kilogauss when energized
with one of the 3-Mw generators (8600 amp, 350
v). The second, operated with two of these
generators in series, produces 80 kilogauss.®
The coils have an inside working diameter of
6.5 in. and generate magnetic fields of very good
homogeneity. The field stability with currents of
1000 amp and higher is excellent (£0.05%); for
lower currents the regulation needs improvement.

The cooling water is taken from the general
closed cooling-water system of the Thermonuclear
Division building. It contains 50,000 gal of
filtered, demineralized, and deoxidized water,
with a circulation rate of 5000 to 12,000 gpm,
sufficient for a heat dissipation of 50 Mw.

Figure 9.11 shows a photograph and Fig. 9.12
the floor plan of the magnet laboratory. The
coils are marked with B and B2 + B3, respec-
tively. More space is provided for two additional

6TI'LermonucIear Div. Semiann. Progr. Rept. Apr. 30,
1962, ORNL-3315, p. 74; Thermonuclear Div. Semiann.
Progr. Rept. Oct. 31, 1962, ORNL-3392, p. 67.
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magnet coils (S, and S,).  Generator panel G,
serves for the operation of one generator and
panel G , for controlling two additional generators
simultaneously. The instrument console C con-
tains monitoring instruments for magnet cutrents
and temperatures. A Dballistic galvanometer
BG is mainly used for magnetic moment measure-
ments. The two instrument panels E1 and E,
house experimental electronic equipment such as
microvoltmeters, dc nanovolt amplifiers, x-y
recorders, and the control equipment for transis-
torized current sources, which can be programmed.
M1 and ¥, indicate low-field magnets (up to 1.0
and 10.0 kilogauss, respectively) for experiments
with ideal superconductors of first and second
kind. A superconducting coil (M 3) with a working
diameter of 1 in. allows production of fields up to
50 kilogauss. This coil can be operated with
persistent currents for perfect field stability.

It is intended to keep in the magnet laboratory,
which is air conditioned, the rather large collec-
tion of magnetic measurement instruments which
are being used to make field measurements for the
various plasma physics experiments — except such
instruments as are permanently located at the
respective experimental facilities. Rawson

. UNCLASSIFIED
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Fig. 9.11. Magnet Laboratory.
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Fig. 9.12. Magnet Laboratory (Floor Plan),

magnetometers (with rotating coils), Hall probe
instruments, a ballistic magnetometer, and nuclear
magnetic resonance instruments are available. A
magnetic coil arrangement with high field homo-

" geneity will be provided for precise calibration of
these measurement instruments.

Previous careful tests with the mentioned coils,
Bl, B,, and B,, gave useful information about
mechanical forces, deformation, and stress on the
electrical insulation of conventional high-power
magnet coils. The axial arrangement of the B,
and B, coils operated with full current produces
mechanical forces of approximately 250 tons
between the components,®'? and the future per-
formance of the coil set should yield valuable
experience conceming critical details such as
conductor crossover. Careful observations of
water temperatures® along the water path in the
hollow conductors, and tests conceming erosion
phenomena in hollow copper conductors? are also
of great practical importance.

? Thermonuclear Div. Semiann. Progr. Rept. Apr. 30,
1962, ORNL-3315, p. 75; Thermonuclear Div. Semiann.
Progr. Rept. Jan. 31, 1961, ORNL-3104, p. 113. )

8 Thermonuclear Div. Semiann. Progr. Rept. Apr. 30,
1963, ORNL-3472, p. 103.

% Thermonuclear Div. Semiann. Progr. Rept. Apr. 30,
1962, ORNL-3315, p. 85; Thermonuclear Div. Semiann.
Progr. Rept. Apr. 30, 1963, ORNL-3472, p. 121.

To achieve the goal of developing supercon-
ducting magnets with dimensions of interest for
thermonuclear research calls for more basic in-
vestigations. on high-field superconductors. Ex-
periments with larger superconducting coils are
very expensive and time consuming, and a more
scientific and systematic approach will save
effort and money in the long run.

Through the engineering efforts of R. L. Brown,
W. L. Wright, R. E. Hill, E. A. Crow, and others,
solutions have been found to the many mechanical,
electrical, and hydraulic problems which must be
solved for successful operation of the laboratory.
It is now in full operation.

9.3 ASTUDY ON MODELS OF HIGH-FIELD
SUPERCONDUCTORS

W. F. Gauster

9.3.1 Introduction

Simple models of high-field superconductors
have been proposed by Heinz London,° C. P.

1OI—Ieinz London, private communication; see R. A.
Kamper, Phys. Letters 2(6), 290 (1962) and C. P. Bean
and R. W. Schmitt, Science 140(3562), 26 (1963).



Bean,!'! and Y. B. Kim et al.12:13 They assume
that high-field superconductors can carry a critical
current density J_ which is either approximately
field-independent (London and Bean) or is a
function of the local field B (Kim et al.). Bean
considers also shielding to a field H_ due to soft
superconducting material in the interstices of the
mesh. Kim et al. discuss flux trapping (‘‘tube
magnetization’’) and magnetic moment measure-
ments, consider the general properties which
follow from their model when any form of the
dependence J (B) is assumed, and derive from
experiments an empirical relation

a

=B Bl,
lJl 0+‘ I

6V

which is the starting point of P. W. Anderson’s
theory of the ‘‘flux creep’” in hard supercon-
ductors. 14 This theory has been further developed
and extended to resistive states of hard super-
conductors by Kim et al. in two additional recent
publications. 13.16

The purmpose of this study is to give a short,
systematic presentation of the flux trapping and
magnetic moment performance of hollow (and solid)
cylinders of hard superconductors in longitudinal
fields which are to be expected when the mentioned
three different models are used. The forms derived
here are partly more comprehensive than those
published by other authors to date. Furthermore,
this report deals with measurement methods which
can be applied for correlating flix trapping and
magnetic moment measurements. Experimental
results obtained with bundles of copper-plated
Nb-Zr wires and a discussion of the applicability
of the model of Kim et al. to this special case are
presented in the following paper.

¢, p. Bean, Phys. Rev. Letters 8(6), 250 (1962).

12y, B. Kim, C. F. Hempstead, and A. R. Stmad,
Phys. Rev. Letters 9(7), 306 (1962).

1?’Y. B. Kim, C. F. Hempstead, and A. R. Strnad,
Phys. Rev. 129(2), 528 (1963).

14p. W. Anderson, Phys. Rev. Letters 9(7), 309 (1962).

15y, B. Kim, C. F. Hempstead, and A. R. Strnad,
‘Resistive States of Hard Superconductors,’ to be
published in the Physical Review .

16y B, Kim, C. F. Hempstead, and A. R. Strnad,
Phys. Rev. 131(6), 2486 (1963).
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9.3.2 Heinz London’s model of High-Field

Superconductors

It is supposed that the critical current density
J. is approximately constant in the entire range
of field strength 0 < H £ H,. No soft perfect flux
exclusion at low fields is assumed. The simplest
case of a hollow or solid cylinder cooled in zero
field is considered here.

Figure 9.13 shows the current distribution inside
the tube wall for six phases of a magnetization
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cycle if a homogeneous external field H parallel
to the cylinder axis is applied. The corresponding
internal field distribution is represented by Fig.
9.14. When H is raised to a moderate value H,
the field B inside the tube wall decreases linearly
(curve I), becomes zero at a distance R, from the
outside surface of the tube, and for RI SRS wthe
field B = 0 (curve 1I"). For H = H , the field
penetrates over the entire wall thickness w. If
the external field is raised to a maximum H, and
then lowered to Hm, currents in the opposite
direction are supposed to propagate inward from
the outer surface to a distance R, ;. The
currents for R > R, remain unchanged and
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the field distribution HI-II1" (Fig. 9.14) results.
When H is lowered to HIV, the whole tube wall
carries currents in the opposite direction. For
H = H, the external field becomes negative; the
field H, inside the tube is still positive. For a
still lower value H = H the state represented
by curve II is inverted.

The flux trapping or tube magnetization curve!
(i.e., the H — H’ diagram) is shown in Fig. 9.15.
It must be emphasized, however, that it is very
difficult to achieve complete magnetization cycle
measurements with high-field superconducting
cylinders or tubes, since ‘“‘flux jumps’’ might
occur. 13

The field distribution inside the tube for the
cases I to VI can be easily calculated. We first
consider case II (Figs. 9.13 and 9.14):

vr

2

477

=R 2

B=H - —
1

The distance R is measured from the outside
surface of the hollow cylinder. Introducing the

designations
! k, k H* h 5 b R 3

—_— W= —_— _— —_—=T

10 ’ ]C ’ * ’ * ? w ’ ( )
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Fig. 9.15. Tube Magnetization Curve for H. London’s
Model.



we obtain
b=h-r, @
and

Br=0)=h br=1)=h=h—-1. (5

The corresponding equations for cases I to VI are
listed in Table 9.2. Obviously the normalization
of the quantities used simplifies the notation very
much.

The current and field distribution inside the
tube wall is independent of the magnitude of the
inside radius a — w of the hollow cylinder. This
does not hold, however, for the average magnetic
moment per unit volume M of the superconducting
tube:

—-47TM

1

:77[32—(6 -

7 420 27(a — RY(H-B) dR . (6)

In normalized form (with a = Kw)

—ATiT = AT — = ———

=), E-0@-bd. )

For a thin-walled tube K - «; for a solid cylinder
K = 1. Another convenient form of Eq. (7) is
—477; = h —- E,

2 1 (72)

b= K — )b dr .
xid &7

Normalized magnetic moment values, based on
Heinz London’s model, are listed in Table 9.3;
moment curves are shown in Fig. 9.16. Here hM
is assumed to be equal to 4.0. The maximum
normalized magnetic moment magnitude is 1/2 for
a thin-walled tube (or a slab of hard superconduct-
ing material), and 1/3 for a solid cylinder. Even
for very small values of the external field H, the
magnetic moment is not reversible. For large
external field values the magnetic moment does
not decrease.

9.3.3 C. P. Bean's Model 7

Normalized values are again used [Eq. (3)]. The
normalized critical field strength in the interstices

17¢, P. Bean, Phys. Rev. Letters 8(6), 250 (1962).

Table 9.2. Heinz London's Model: Field Distributions

1 h increasing
0 Y r s L
L g r é 1
I h increasing
II1 h decreasing
05y <=’m
m S5
v h decreasing
v h decreasing
VI h decreasing

0ShrSh;h =Lr=h a'=0
s s I
b=h=-r
b=0
hs§h§hM;h’=h~1; h1;1=hM—-1;b=h-—r
h ShShy;h =h ~2 h'=h

~ ! — h): =1
= (hM h); byr= "% (hM+h)

b=h+r

h'=h+1; b=h+r




Table 9.3.

Heinz London’s Model:

Values for —4mm

Case Hollow Cylinder Thin-Wall Tube ‘Solid Cylinder
2 3
K 1 h A
I h— n? 4 n® A-— h—h2+—
2K~ 1 6K —3 2 3
3K -2 1 1
I _ _
6K—3 2 3
3K—2 1 [3K 1 —~h) 1 -n? (b, ~h
2 3 M M M
I —(h, ~h) + [_(h —-h)?~—_(n —-h)] ——=(h, —-h)+ ——(h,, ~h)+ -
6K—3 M 6Kk—-3L2 M 4 M M M 12
v
3K -2 1 1
V — —— ——
6K — 3 2 3

Vi
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of the filaments is

H
h, =—2 ®

T

Field distributions for four characteristic cases
are listed in Table 9.4. Cases (c), (d), and (e)
are identical with cases II, III, and IV, respec-
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tively, of London’s model. No values are shown
for h decreasing and h < h_ since in this case an
interpretation of Bean’s model is not obvious. In
Fig. 9.17 magnetic moment curves of solid cy!-
inders and thin-walled tubes are compared for H*
equal to Hc, 3H_, and 10H, respectively. The
curves for solid cylinders are identical with those
shown in Bean’s paper!? (solid lines). The curves
for the thin-walled tubes represent cases (a), (b),
and (c) for K » = of Table 9.5 (dashed lines).

9.3.4 Model of Y. B. Kim et dl.

If the model of Kim et al.'8'19 is used, Eq. (1),
combined with

dB = kJ dR ®

determines the critical current and field distribu-
tions in high-field superconductor tubes which
are exposed to homogeneous longitudinal external
fields. We use normalized designations similar’
to Eq. (3); however, field values are now divided
by

H,  ~\20kw (10)

18y, B, Kim, C. F. Hempstead, and A. R. Strnad,
Phys. Rev. Letters 9(7), 306 (1962).

19y, B. Kim, C. F. Hemstead, and A. R. Strnad, Phys.
Rev. 129(2), 528 (1963).

Table 9.4, C. P. Bean’s Model: Field Distribution

Case (a) h increasing
Case (b) h increasing
0<r< r,
r, <r<1
Case (c) h increasing
Case (d) h decreasing
0 s r s r,
r, s r s 1
Case (e) h decreasing

0

’

h<hc;b=h=0

h <h<h +1;r,=h—h

c c b c
b=h~r

b=0

h +1<hSh ;h_ >h +2

c M M c
b=h—-r;h'=h-—1;h1:q=hM-1

S S . _ . [
h =h=h :h =h, ~2 h'=h"

_1 PR
ry= Yy (= B); by= Y, (B + B)
b=h+r
b=hM-—t
h ShSh ;b=h+rh'=h+1




Table 9.5. C. P. Bean’s Model: Values for —4mm

Case Hollow Cylinder Thin«Wall Tube ' Solid Cylinder
(@ R h h
(t-n)* (n—n)° n?-n? 2 )
(b) h— Kh(h—hc)—(K+h) + h——— h—(t—-h) |h +h—hth—h)+—-(h—h)
2K—1 v 2 3 2 c c c 3 c
(c) Table 9.3, Case II
(d) Table 9.3, Case III

(e) Table 9.3, Case IV

€11
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rather than by H*. Corresponding to the cases I to
IV, shown for London’s model in Figs. 9.13 and
9.14, field distributions for the model of Kim
et al. can be easily calculated. They are listed
in Table 9.6. The resulting tube magnetization
curves for a complete magnetization cycle (no
flux jumps considered!) are shown in Fig. 9.18
(compare ref. 18).

Using Egs. (7) or (7a), the magnetic moment
values for cases I to VI can be easily computed.
A straightforward integration of Eq. (7a) with
respect to b, using the r(b) values (easily calcu-
lated from Table 9.6), yields the b values listed
in Table 9.7. The equation for case I is very
simple, since the higher limit of the integration
is A = 0. For the other cases, the forms listed
in Table 9.7 can be simplified if, instead of b,
the variable

u=h-»> (11)

is introduced — which becomes equal to zero at the

lower limit of integration. For instance, in case
I, r can be written in the form
r=(b. +hr=(b_ +b?=uyv-u,
0 ) 0 (12)

v=2b, +h).
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These values introduced in Eq. (7) yield

—47m =

] Kv —-—-(2K+V )

3v
+?U?

__u3
5 1

(13)

u =u(b=h")=h~h".

Equations in normalized form are convenient if
the quantities B o and a have been determined by
tube magnetization measurements and magnetic
moment curves are to be calculated. For the
direct evaluations of magnetic moment measure-
ments nonnormalized equations are preferable. It
is easy to rewrite Eq. (13), for instance, in a non-
normalized form. Introducing

U =H u =H-RB,
1 w1 (14)

V=H_v=2B, +H),

we obtain from Eq. (13)

—47r =— | KVH,
(2K - I)HW
2 2 . 4 3
——-(2KH +V )U +—= VU ——U (15)
2 5
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Table 9.6. Model of Y. B. Kim et af.: Field Distribution

; ine: 0SASH .5 =+/B2 .= 2, po_
I h increasing: O—h—-hs,hs—— b0+1—-b0,z-]:—2b0 h+h"; h =0

05 ¢S b=\/(by + W2 — r — by r=(by + W) — (b, + b)*

IA
HA

]

rIrlbO

. . <, < / /
II  hincreasing: hs=h=hM;h'= (b0+h)2—-1—b0;h1; = (bo+hM)2—1—bo
2 2
b=\(bg+ 0 — r = by; r= (b, + B)
I hdecreasing: h SASh ;h =\b,+h )2 —2—b;h'=h’
g m M’ "m 1] M 0’ M
_1 2 2]. . 2 2
ng= 4% Wy + B % = (b + W7 bm_\//2 v, + B,)* F (B, + B) 1 b,
< < 2 2
0=r=r1ub=\/(bo+h) +1—by; £=(by + b) —~(b0+h)2
<., =/ 2 o 2 2
tnI—t—lb-— (bo+hM) —-r-—-bo, r—(bo+hM) —(b0+b)
IV hdecreasing: 0ShSh ; h'=\(by+ B +1— by
b=v/(b, + B)2+r—b; r=(b, +b)% — (b, + h)>
0 o’ 0 1]

V  hdecreasing: — h_ Saso; A'=v/1+2 b2 — (b, =B ~ b,

ry=(by —m? = bl b, =0

0 r§rvb=bo—-\/(bo—h)z—_r;r=(bo—h)2—(bo—b)2

rg SeS1b=\by+ 892+ 1= 1= byr— (b + )% = (By — W =2 b
VI h decteasing: h S—h;n'=by by - =1

b=by —\(by — W -1

17N

Equation (12) can be written as we obtain
H?=U -U), 16 — 2 H-H 3
w= UV =T WO 2 2 Z(K _—>V2
3QK-1D2+v) ,

and therefore

1 ) | 9
T K_—\v2? ‘ + <7K —-—)V + 2(3K - 2)} , (19)
= Hv -vy K 3> | ?

- ZK__E UvV+ iK _‘1 U2 '5(17) and an expressionb for the magnetic moment in
3 2/ ! 3 5/ ' case II for arbitrary values of K. For K = 1,

Eq. (14) of the paper of Kim et al.!? follows:
Using the abbreviation

. _ H-H
. H -H (18) —4M = ———; 8v2+ 250+ 20). (20)
B +H’ 15(2 + v)

0



Table 9.7. Model of Y. B. Kim et al.: Values of (2K — )b

(—4Tm = h — b)

5

4
1 afob K+~ &~ b)%h~—byh’
3 3

4 4
n (26, — 2658 — 1Hb? +— (K + 262 — 25 h — h*)b% + 35 b* + = b°]
3

8

- —nf

15
h

5 b=n"

4 4 _»
mr [26,(K + 260+ rHp+ = (K — 267 + 2b,h + BHB® = 3pb* —~p°] ™ 4+
3

4 4
2 2 2 2 3 4
l2b,(x - 2byh, — h2)b +;(K+ 2b2 — 25k, — hi)b® + 3byb* + S b
2y, 2 4 2 2., 3
1w l2p &+ 2b b+ h*)b? + = (K — 2b] + 2byh + h")b” — 3b
3

4 4
v [26y(& + 260 — 8D — — (K + 267 + 26,8 — BB + 35 b* ——b°]  +
3 5

0 5 b=h

S]bm
) b=h
4 h
b* — = %]
5 b=h
0

[1]

b=h

4
(26 (K + 2byh "+ h"? — 1b? + = (K — 2b5 + 25 8"+ b2 — 1)b° —
3

”

4 _n
3b,6* — = b°]
5 b=0

4 4
vi (26K + 26 h — n*)b% — — (K + 257 + 2b 8 — BP)B® + 3byb* — — %]
3 5

»

h

b=h

For a thin-walled tube (or a slab of high-field
superconducting material), K » =, and Eq. (19)
becomes

,

—— (W +Tv+6).
32 T

—47M = (21)

Magnetic moment curves for a complete magnetiza-
tion cycle (cases I to VI), calculated for b, =
0.7 and K = o, 2, and 1, respectively, are shown
in Fig. 9.19. Nonnormalized forms for M, for
cases I to V, valid for any ratios of outside to
inside tube radii are listed in Table 9.8 of the
following paper, which reports on magnetic
moment measurements of bundles of copper-
plated Nb-Zr wires and discusses the applica-
tion of the model of Kim et al. to the results.

9.3.5 Measurement Methods

Tube magnetization measurements'® can be
made by measuring simultaneously the fields
H and H’ outside and inside, respectively, of a
tube. It must, however, be considered that end

effects can influence considerably the measure-
ments. Figure 9.20 shows flux trapping measure-
ments on soft superconducting cylinders, ?°
Infinite length of the tube was simulated by means
of niobium guard rings, and a tube magnetization
curve OAB of almost rectangular shape was ob-
tained. The two other curves, OA'B” and OA"'B”,
represent measurements without guard rings for
tube lengths of 5 in. and 1.67 in., respectively.
The inside tube diameter was 0.665 in. and the
outside diameter 0.750 in. The tube magnetiza-
tion curves without guard rings are appreciably
distorted. The end effects of hard superconducting
tubes might be smaller. It is, however, important
to consider carefully the possible influence of
finite tube lengths, even in this case. !?

Ballistic magnetic moment measurements in
longitudinal fields can be made . in different
ways. 2! A sample of appropriate shape (demag-
netization factor sufficiently small) surrounded

20p, 1. Coffey, W. F. Gauster, and H. E. Rorschach,
Jr., Appl. Phys. Letters 3(5), 75 (1963).

2ip, Shoenberg, Superconductivity, p. 53, Cambridge
University Press, 1960.
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by a stationary pickup coil is pulled into another
coil which is wound in opposite sense. Both
coils must be located in the homogeneous zone of
the external longitudinal field, and the distance
between the coils must be so large that the sample
in the initial position does not distort the field in

the second coil. Between measurements with
different external fields, sufficient time must be
allowed so that the sample can reach stationary
states. Another method is to keep the sample
fixed and to move a pair of symmetrically arranged
coils into a field zone where the distortion by the
sample can be neglected. This field zone does
not have to be homogeneous; only equal fluxes
must link both coils in the end positions.

In order to coordinate tube magnetization and
magnetic moment measurements with hard super-
conductor samples, it is very desirable to use
the same specimen for both experiments. We
suggest the following procedure (Fig. 9.21):
Inside a large solenoid which produces the ex-
ternal field, two counterbalanced pickup coils,
C, and C,, are arranged in a homogeneous field
zone. The superconducting specimen in the form
of a tube, with a large ratio of length to diameter,
is inside coil C . The field is raised to a value
H and sufficient time allows the sample to reach
equilibrium. _ The average magnetic moment per
unit volume M is determined by Eq. (6).

The flux through coil C1 is

b, = be +f:=o 2m(a — R)B dR + mb*H", (22)
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where ¢_ stands for the flux linked by the coil
outside the tube. The flux through coil C, is

b, =+ ma’H .
Therefore,

2

¢2_¢1

—47M = -
7T(a2 _ b2) a2 — p?

(H—H’). (23)

If the coils, C1 and C2, are moved simultaneously
from the position shown to a field region which is
sufficiently distant so that the sample does not
influence the field (but not necessarily the same
homogeneous zone with field strength H) then the
deflection of the ballistic galvanometer is propor-
tional to the term

¢2—¢1

(a2 - b3

As mentioned previously, it must be only supposed
that C, and C, have been moved into symmetrical
field positions — not necessarily a homogeneous
field zone. Since H and H’ are measured (by con-
ventional probes, for instance, magnetoresistance
probes) for finding the tube magnetization curve,
the measurements can be used to determine the
second term in Eq. (23). In this way a coordina-
tion of tube magnetization and magnetic moment
measurements can be achieved.
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9.4 MAGNETIC MOMENT MEASUREMENTS ON
NbZr WIRES

D. C. Hopkins %2 W. F. Gauster

9.4.1 Introduction

Several authors published the results of mag-
netic moment measurements performed with cy-
lindrical samples of high-field superconductors
exposed to longitudinal fields. For instance,
R. M. Bozorth et al. 2% used an Nb,Sn sample ex-
posed to a longitudinal field raised to a maximum
of 85 kilogauss. No field penetration occurred at
fields up to 4 to 5 kilogauss. At intermediate
fields (5 to 20 kilogauss), irregularities were
observed which were considered to be due to
changes in domain structure in the mixed state.
With decreasing field, flux was frozen in; irregu-
larities were again observed.

F. J. Morin et al.?* published a magnetic mo-
ment curve, obtained with a V ,Ga sample in fields
up to 87 kilogauss.
occurred at low fields; irregularities were ob-
served at increasing fields of around 20 kilogauss;
the magnetic moment values for decreasing fields,
however, were quite regular. Y. B. Kim et al.?®
showed that the experimental data of the latter
branch of that magnetic moment curve are in good
agreement with numerical calculations based on
their model. C. P. Bean?® published magnetic

Again perfect flux exclusion

22Summer employee, University of Illinois.

R, M Bozorth, A. J. Williams, and D. D. Davis,
Phys. Rev. Letters 5(4), 148 (1960).

24p, J. Morin et al., Phys. Rev. Letters 8(7), 275
(1962).

25y, B. Kim, C. F. Hempstead, and A. R. Strnad,
Phys. Rev. 129(2), 528 (1963).

28¢. P. Bean, Phys. Rev. Letters 8(6), 250 (1962).



moment measurements in the range of 0 to 7 kilo-
gauss with two Nb Sn samples of different size,
which agree well with the calculated data if his
model is employed. Finally, a comparison of mag-
netic moment curves obtained with a V Ga sam-
ple?” with numerical values calculated after
Heinz London’s mode! should be mentioned as
another example of ballistic magnetic moment
measurements of high-field superconductors.
‘Recently Kim et al.?® made voltage drop meas-
urements across a current-carrying Nb—25% Zr
wire in a perpendicular field. Applying the theory
of flux creep this kind of experiment allows one,
in a quite different way, to determine the param-
eter B. A value for a_ can be estimated from
their Fig, 8 by letting V approach zero, as it
would for the critical state. These values will
be compared with our results. Furthermore, we
will check the adequacy of their equations for
the critical state for describing the shape of our
magnetization curves.

9.4.2 Experimental

Experiments described here yielded well-repro-
ducible magnetic moment curves with high-field
superconductors when raising the extemal field
from zero to various different maximum values and
then lowering the field to zero. It was possible
to avoid flux jumps which are the reason for er-
ratic measurement values. The measurement re-
sults were compared with calculated values based
on the model of Kim et al. The experimental
arrangement was as follows.

A cross section of the experimental chamber is
shown in Fig. 9.22. The chamber was placed in
liquid helium at 4.2°K in a vertical magnetic
field which at times was raised as high as 60
kilogauss. The pickup coils were connected in
series opposition across a ballistic galvanometer
(Leeds and Northrup model 2285-D), which was
especially rewound for this experiment.

The sample S in this experiment consisted of
25 strands of 10-mil copper-clad Nb—25% Zr wire
15/8 in. long. They could be conveniently packed
into one of the two 1/8-in. thin-walled stainless

27C, p. Bean and R. W. Schmidt, Science 140, 26
(1963).

28y B. Kim, C. F. Hempstead, and A. R. Strnad,
Phys. Rev. 131, 2486 (1963).

119

steel tubes ST, and ST, which acted also as
guides for the sensing coils C , and C,.

Measurements were made by jerking the coils
upward by a fixed distance (approximately 3 in.) at
a reproducible rate by means of a compressed gas
cylinder while the sample in its stainless steel
tube remained stationary. The resulting deflection
— corrected by the small deflection at the same
field with the sample in the normal state — is
proportional to the average magnetization of the
sample.

The corrected deflections were multiplied by a
constant factor to reduce the data to absolute
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magnetization units (kilogauss). This factor was
determined by assuming a perfect flux exclusion
in the sample up to around 1 kilogauss.

The final results are plotted in Fig. 9.23. The
open circles represent a cycle from zero applied
field and nearly zero magnetization up to 58 kilo-
gauss and then back to zero field again. The
open triangles indicate the last half of a similar
cycle which goes up to a maximum field of only
10.16 kilogauss. - The solid triangles represent
the results of increasing the field from the pre-
vious end state. The dotted circles show the last
half of a cycle starting at zero field but going up
only to 20.32 kilogauss.

9.4,3 Results

The measured values represented by the points
@ and b in Fig. 9.23 were used to determine the
the parameter B and a _ of the model of Kim et al.
For this purpose a previously calculated set of
forms was employed (Table 9.8) which expresses
—47M in the cases I to V as functions of H (the
definition of the cases I to V is given in the pre-
ceding paper). In Table 9.8, a and b are the outer
and inner radii, respectively, of a high-field super-
conductor tube. In the case of a solid cylinder,
as considered here, b = 0, which simplifies some-
what the general forms. B is defined by

8

B1 =——oq0a
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and H  stands for the maximum field value of the
magnetization cycle. Points a and b belong to the
region designated by case II.

After finding B, and a_, H values were cal-
culated for the three magnetization cycles de-
scribed in Sect. 9.4.2. In Fig. 9.23 they are rep-
resented by solid lines.

9.4.4 Discussion

As expected, the fit is not very good at high
fields. The behavior upon decreasing the field
from either point a or c, however, is particularly
well predicted. The fact that the open circles or
circles with dots do not follow the theoretical
curve for low applied fields may be due to a
greater tendency for the material to go through
reversible magnetization states at low fields than
at high fields. However, this does not explain
the excellent fit of the open triangles even to zero
field. This is an experimentally significant ef-
fect because the end points of this section of the
data (a and d) could be reproduced with no dif-
ficulty. However, when cycling to higher fields
it was impossible to reach point d no matter how
slowly the field was decreased. An explanation
for this anomalous behavior has not yet been
found.

It is of interest to compare our values of B and
a . with those of Kim, Hempstead, and Stmad:

Hopkins
and Kim et al.
Gauster
BO' kilogauss 22.8 0.5
a., kilogauss-amp/cm2 12.4 x 10° 14 x 10*

For both parameters our values are roughly two
orders of magnitude higher than those of Kim et al.

P. W. Anderson?® explains the meaning of the
constant B by the fact that even when the field
is near zero, J will have a critical value. The
dimensions of one bundle will be determined by
the distance, d, between flux pinning sites. If

Yp, w. Anderson, Phys. Rev. Letters 9, 309 (1962).
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Table 9.8. —47M Values Based on the Model of Kim et al.

a? 4 5 8
2y2 2
1. @O {230331 +§(BI—B§)H3—§BOH“——
1
2
. H+B,) - —————r
( o (a® - b?)B}
8 ) b\ ,|??
+ — | (B, + -{1-—JB
15 (0 ) a 1

aZ

M H-—5——\—
(a® - bHB?

4 2 3 8 5
_EBI(BO-FH) —E(Bo-f-H) L

8 b\]*/2
5 [(B°+Hu)2—8f <1_:>} }

4 8 4 (b
{;B?(Bo+H)3—E(BD+H)5-—533<2>{(BO+H)2— <1—

4
{3 [2B} — (B, + H)? + (B, + H)?] [

1-—
a2

HS
15

2

(B, +H)?+ (B, +H)?

3/2
—
4(b b\ |32
@Bf [‘Bo " - By ( - *ﬂ

2

b
4
>B0Bl -

3

a? 4 s 8 s 4 /b ) AN
IV. (H+Bo)—m—: —?BI(BO+H) —E(BD+H) +—3—Bl : (B0+H) + 1—; Bl
8 b 572
2 2
+ 'rl {(Bo +H)*+ <1 —;)Bl} }
a? < b*\ 4B3B? 8 2 8
V..H- — _ 4-B B*{1-— |- —2 1 _ __ B5_4B?(B?*+ _B2|H ~—B3H?
(82-—1)2)3: { 071 aZ 3 15 V] 0 Bl+3 [1] 380
4 2 8 4 b b 3/2
2 2 3 4 5 2 2 2 2
+—3—(Bl+2B°)H +?BOH +T5—H +?Bl<;> [BO+ZBOH—H +<1—:>BI:‘
8 b 5/2
+ = [B§+2B H-H>+ < ——>B”} }
15 0 a 1

we consider that a flux bundle must not contain
less than one flux quantum, B is predicted to be:

h

C

B = .
0 2 ed?

In this interpretation, B depends sensitively on
d. Our difference from the results of Kim et al.
could be explained as a difference in d by alfac-
tor of about 7.
The difference in a _ could indicate that m our
case the free energy barrier resisted more effec-
tively the motion of flux bundles. This is, flow-
ever, not very possible, since we were supposedly
using the same type of material as Kim et al.
These discrepancies can probably be better ex-
plained by the differences in the measuring t;ech-
niques. Our data are taken with 25 samples and
represent an average value over 1 cm length of
each sample, whereas the results of Kim et al.

may be due to the behavior of a ‘‘weakest spot”’
in their long (250 cm) sample. They estimate that
this weak spot may be as short as 10”2 cm. Thus,
it is reasonable that the local values of B and
a , may be appreciably smaller than the average.
This explanation would show the great practical
importance of producing homogeneous high-field
superconductor wires.

The performance of these experiments was ef-
fectively supported by R. L. Brown, D. L. Coffey,
D. O. Patterson, 3® and W. H. Wagner.

9.5 SCHEMES FOR WINDING COILS FROM
TUBULAR CONDUCTORS

J. N. Luton, ]Jr.

Most of the water-cooled magnet coils of the
Thermonuclear Division have been wound of hol-

3OSummer employee, University of Tennessee.



low tubular conductors.®! The coolant tempera-

ture rise of such a coil is approximately propor-
tional to l:v/z, where I is the length of an
individual water path; thus, if a coil consumes
power in the megawatt range and has a conductor
hundreds of feet long, then it must have many
parallel water paths.

One scheme for increasing the number of water
paths is the parallel-wound, double-layer ‘‘pan-
cake’’ previously described.3? Several such
disks are stacked together to form a rectangular
coil. The end connections of all water paths are
at the outer cylindrical surface of the coil, leaving
the bore and both ends unobstructed. The inner
radius of each pancake may be varied at will;
thus coils with winding cross sections such as
shown in Fig. 9.24 may be built up. In such an
arrangement the winding depth for pancakes with
an integral number of turns may be varied in steps
of H/2, where H is the height of an insulated
conductor. However, the axial length of each
coil section must be an integral multiple of 2W,
where W is the width of the conductor. The
schemes described below make it possible to re-
lax these restrictions on coil shape and, for a
given conductor, to reduce the size of the minimum
increments by which the coil dimensions may be
changed.

Figure 9.25, at first glance, looks like the cus-
tomary two-layer spiral pancake, but it actually
contains three layers. Current enters at point 1,
spirals down to C , where it crosses over to the
middle layer, and then spirals out to 1% The
water exits at 17, but 1’ is electrically connected
to 2, and the current sequentially continues through
all six water paths, finally emerging at 6%, which
could either be connected to the next pancake or
serve as a coil terminal. Crossovers C,, C,, and
C, join the middle and bottom layers and are
visible from the other side of the model. The
crossovers, as well as the conductor ends, are
symmetrically spaced. The use of both two- and
three-layer pancakes makes it possible to change
the coil length, or dimension L of Fig. 9.24, in
steps of W instead of 2W.

31 . iy s .
One advantage of this type of coil is that it has
no regions where the conductor, insulator, and coolant
are in mutual contact.

32Thermonuolear Project Semiann. Progr. Rept. July
31, 1960, ORNL~3011, pp. 22-—-23.
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Figure 9.26 is the helical pancake, or shell,
corresponding to the spiral pancake of Fig. 9.25.
Current flows in at 1, down the outer layer to
crossover C , back the middle layer to 1°, down
the inner layer from 2 to C,, back the middle layer
to 2% up to 3, etc. It may, of course, also be
wound as a two-layer shell. In addition, shells
of various lengths may be nested to form coils
with cross sections as in Fig. 9.27. Coils com-
posed of shells have all electrical and hydraulic
terminals at one end, leaving unobstructed sur-
faces at both the ID and OD of the coil, and there-
fore complement the spiral-pancake coils.

So far, although dimensions L and D of Figs.
9.24 and 9.27 may be varied in steps of W and H,
respectively, they must be at least as large as
2W and 2H, since a single-layer pancake can have
no provision for returning the exit end of the tube
to the surface containing the entrance ends. In
some cases (e.g., in shaping a coil to fit a flux
line), it is desirable to make the steps as small as
possible. This can be done if it is realized that
in a shell or a pancake of three layers, the two
classes of crossovers can be independently lo-
cated. For example, in Fig. 9.26 the inner and
middle layers could be extended to the left, moving
crossovers C,, C,, and C, axially an arbitrary
amount. Water paths 1, 3, and 5 would be un-
changed; 2, 4, and 6 would be lengthened and
have a helix which abruptly halved its pitch at
the location of the step. The flow paths are shown
schematically in Fig. 9.28.
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If several adjacent one-conductor steps are de-
sired, the shell may be extended to any number
of layers, as illustrated in Fig. 9.29. The major
restriction is that the section which extends the
farthest must be at least two conductors deep.
The scheme can equally well be applied to the
spiral pancake case, giving axial steps of W in
the coil outline.

S

.
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It thus appears that a coil, with or without steps,
may be designed so that its dimensions are all
within + W/2 or H/2 of the ideal values, without
reducing the reliability and cooling capacity of
the coil, and without having conductor ends on
more than one coil surface.

UNCLASSIFIED
PHOTO 70547

9.25. Model of a Three-Layer “*Pancake.’*
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UNCLASSIFIED
PHOTO 70548

Fig. 9.26. Model of a Three-Layer **Shell.*’
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10. Vacuum Systems, Techniques,
and Material Studies

J. D. Redman?

10.1 IONIZATION-GAGE CHARACTERISTICS AT
VACUUM-SYSTEM BASE PRESSURES

The usual form of the Bayard-Alpert ionization
gage has a gage constant (ion current, amperes
per emission current, amperes per torr) which is
reasonably constant over a wide range of emission
currents. Anomalies in gage performance in using
vacuum systems have been observed when the
gage is being used to monitor base or lowest
pressures in a given system, particularly when
comparisons with a nude gage in an oil-pumped
system are available. A study of gage constant vs
emission has been conducted with a modified
Veeco RG31A control, or a General Electric
22GC100.

One example of the type of variation in apparent
gage constant is shown in Table 10.1. An RG75K
tube on an unbaffled oil-pumped system had gage
constants which varied as shown in column 2.
Adding liquid N, to a bottle-type trap gave the
results in column 3. The same control circuit
(GE) and the same tube were used. As the nitrogen
level decreased, the values of K at high emissions
decreased toward those of column 2, the untrapped
case. Of course, in the trapped case the gage
‘““‘gassiness’ would have been greatly decreased
by thorough baking.

It seems that electronic pumping occurs in both
cases. The magnitude of this has been found to
be 3.5 times the collected ion current at 10 and
at 1 ma in a modified B-A gage using a screen in-
stead of a glass envelope. If one makes the
assumption that molecules of water when ionized

!Reactor Chemistry Division.
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D. M. Richardson'®

R. A. Strehlow!

and driven to the wall are neutralized and re-
emitted rapidly and that oil molecules are de-
posited without a large probability of being rapidly
neutralized and reemitted, the data of Table 10.1
become quite comprehensible. The lack of con-
stancy of the gage constant (sometimes called
gage sensitivity) with changes in emission at the
base pressure is a measure of gage pumping or
gage outgassing. A precise determination of ion
collector current as a function of emission will
aid in specifying which is the case. Based on
this work in which the diffusion pump oil was
dioctyl phthalate, an emission current not higher
than 0.10 ma is recommended for maximum ac-
curacy at the base pressure unless a determination

Table 10.1. Gage Sensitivity at Various Emission

Currents

—1.a
Log Emission Current Gage Factor K (torr °)

(amp) Untrapped Trapped
-7 10 10
—6 10.0 10.0
-5 10.0 10.0
—4 10.0 10.0
—-3.7 10.0 10.0
~3.3 9.6

-3.18 14.5
-3 8.0 15.7
—2.4 7.0 26.0
—2 5.5 46.0

a . . . .
Pressure normalized to low emissions in both cases
where I « 1.
e c
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of K vs I_ indicates a satisfactory system and
gage cleanliness. Linearity of K with I_ is a
sufficient criterion for accuracy only in the gage
ionizing region.

These data are consistent with observations by
Redhead? and Ackley et al.® on the so-called
anomalous residual currents after exposure of a
gage to higher pressures of oxygen, etc. Generally
this type of study is done on nude-gage geometries
in which the pumping-gage constant usually be=
haves as in Table 10.1, column 2. Higher pres-
sure readings with the nude gage after an exposure
to 02, N,, etc., represent a higher local pressure

2p. A. Redhead, Vacuum 12, 267 (1962).

3. W. Ackley, C. F. Lothrop, and W. R. Wheeler,
Vacuum Symposium Transactions, ed. by G. H. Ban-
croft, Macmillan, New York, 1962,

in the gage. It has been observed in earlier
studies on nude gages in this laboratory that the
pressure decay (grid outgassing) can be acceler-
ated by the usual degassing techniques or by
running the gage at high emissions (10-20 ma)
for 5 min or more.

10.2 MASS SPECTROMETRIC STUDIES

A study has been started of fragmentation of
organic hydrocarbons which has as its goal the
determination of optimum electron energies for
characterizing these species in an ultrahigh-
vacuum system. Table 10.2 lists the peaks
ascribable to the hydrocarbon heptane (C7H . 4)
at two electron energies as set by the potential
of the gating electrode in the source of the Bendix
time-of-flight spectrometer.

Table 10.2. Heptane Mass Spectrum

Approximate Peak Heights Relative to Mass 100

Formula Mass Electron Energy (v)a
' API Standard Table
30 70

cu,” 14 0 1.30

C2H2+ 26 0 0.04

cH,’ 27 0 0.77

C2H4+, N2+, CO+ 28 See text

cH” : 29 0.34 0.89

c,H 30 0.07 0.02

CH, 39 0.46 0.5

cu’ 41 0.66 1.61 2.5

cu* 42 0.72 0.77 1.4

c,H,’ 43 3.07 3.07 5.0

cu,’ 55 0.17 0.42 0.75

cH,* 56 1.45 1.23 0.85

cH,” 57 1.93 1.81 2.8

cH, " 70 1.07 0.92 1.0
cH 7 71 2.14 1.81 2.5

CH,, " 85 0.03 0.04

cH,” 100 1.00 1.00 1.0

2Source pressure, <1 X 10'—5 torr.

bProbably impurity.



Of the listed primary fragments of heptane
(masses 85, 71, 57, 43, 29), only mass 29 de-
creased relative to the parent mass 100 upon re-
duction of the electron energy. It should be
noted that for mass 28, corresponding to C2H4+,
N2+, and COY, a large peak was present (even
after adjusting the peak height due to nitrogen
by using the mass 32 peak) which decreased
markedly upon reduction of the voltage. Ethylene
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and CO as impurities in the sample may therefore
be ruled out. The peak height at 70 v was perhaps
5 to 10 relative to mass 100, and at 30 v was
perhaps 0.2.

The most dramatic changes in the listed fragment
patterns are masses 39, 41, 55, and the small
fragments other than 29. The effective removal
of several of the secondary fragments (such as
28, 14, 26, 27, and 39) may be followed by a

UNCLASSIFIED
PHOTO 70183

Fig. 10.1. Ultrahigh Vacuum Test Facility Shroud.



further reduction of 41 and 55 at energies nearer
the ionizing potential. However, the 1- to 2-v
bond strength for organic compounds indicates
that little expectation should exist for developing
a parent-only source. Decane behaves similarly,
as also does dodecane, of course, with larger
amounts of masses near those one-half the parent.
Toluene, ethyl benzene, and m-xylene have also
been studied as a consequence of their frequent
appearance in mechanical pump oils and forelines
of the usual vacuum systems.

10.3 PHYSICAL ADSORPTION AT LIQUID-
NITROGEN TEMPERATURES

The 300-liter shrouded ultrahigh-vacuum test
facility has been modified to include a pumping
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speed controllable from <5 to 100 liters/sec. The
shroud now has a cooled surface of which 98%
is copper (the balance being principally stainless
steel), two matched nude ion gages, and a tubu-
lated gage. One of the nude gages is shielded
from a new gas-inlet diffuser at the center so
that entering gas molecules can be distinguished
from those which have interacted one or more
times with the wall. A photograph of the shroud
(Fig. 10.1) shows the variable conductance as
well as two of the shroud gages. A baffle plate
located below the shroud was constructed with
7 -in.-OD copper tubing for nitrogen cooling to
achieve the lowest possible temperature for this
plate. An auxiliary stable gas-leak system with
control capability of 10™5 to 10™2 torr-liter/sec
has been designed, constructed, and tested.
This apparatus allows the introduction of gas at
a rate as low as 3 x 10'°® molecules cm™2 sec™!
(about 0.1 monolayer/hr).



11. Design and Engineering: Service Report

J. F. Potts, Jr.

The results of the Engineering Services Group Shop fabrication for this reporting period is sum-
are generally reported incidentally with those of marized as follows:
the research groups of the Thermonuclear Division.
The Group executes or coordinates engineering  Machine Shops
design, shop fabrication, building operations, and Completed jobs requiring 16 man<hours or less 195
maintenance for the Laboratory.

. R . . . Completed jobs requiring up to 1200 man-hours 203
Design activities for this reporting period are
summarized as follows: Jobs requiring up to 2000 man<hours 1
Completed miscellaneous jobs 58
Jobs on hand 5-1+63 on which work had not 14 Completed jobs by outside contractors 3
started
Number of jobs in progress 48
New jobs received 234
_— Average manpower (per week) 28.0
Total jobs 248
Electromagnet Fabrication
Jobs completed 222 Completed jobs 7
Jobs in progress . 10 Number of jobs in progress 3
Backlog of jobs 10-31-63 16 Average manpower (per week) 3
Total drawings completed for period (does not 333

include drawings for use in reports, slides, etc.)

Overtime (draftsmen, man-days) ) 0
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Spectroscopic Line Profile Studies of Long,
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Controlled Fusion Today

! Physics Division.

2Westinghouse Research Laboratory, Pittsburgh, Pa.
3Consu1tant, the William Marsh Rice University.
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Nucl. Fusion 3, 23 (1963)
J. Math. Phys. 4, 559 (1963)

Appl. Phys. Letters 2, 228
(1963)

Appl. Phys. Letters 3, 75
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10(4), 1 (1963)

PAPERS PRESENTED AT SCIENTIFIC AND TECHNICAL MEETINGS

American Physical Society, Buffalo, N.Y., June 24—26, 1963

Igor Alexeff, R. V. Neidigh, and W. F. Pee

Evaporated Gold.”’

|

‘d, ““‘Plasma Density Measurement by Casting a Shadow in

Sami Cuperman, ‘‘Impurity Radiation from l\?on-Maxwellian Spherical Plasmas.”’

T. K. Fowler,! “Stability Criteria in a Plasma.”’

J. L. Dunlap, ‘‘Plasma Properties of Instabilities in DCX-1.”’

N. H. Lazar, P. R. Bell, J. E. Francis, R. A. Gibbons, G. G. Kelley, and R. F. Stratton, ‘‘Stabiliza-
tion of the Plasma of a High Energy Injection Mirror Machine by a Vacuum Arc Discharge.”

1 Physics Division.
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Society of Nuclear Medicine, Tenth Annual Meeting, Montreal, Canada, June 26—29, 1963

C. C. Harris, P. R. Bell, M. M. Satterfield, and J. C. Jordan, ‘““Further Development in Data Ex-
traction from Scan Records by the Recording Densitometer or ‘Rescanner.’ ”’

VIth International Conference Ionization Phenomena in Gases, Paris (Orsay), France, July 8-13, 1963

Igor Alexeff and W. D. Jones, ‘“Direct Measurement of Ionic Sound-Wave Velocity.”’

W. B. Ard, R. A. Dandl, A. C. England, and R. J. Kerr,? ‘“Determination of Electron Density and
Energy Distribution in a Very Hot Electron Plasma.’’

C. F. Bamett, Mozelle Rankin, and J. A. Ray, ‘“Formation of Neutral Atomic Hydrogen Beams.”’

E. G. Harris, 3 “Ionization-Recombination Instabilities.”’

Fontenay Study Group on Mirror Configurations, Fontenay-aux-Roses, France, July 15—19, 1963

Igor Alexeff, R. V. Neidigh, and W. F. Peed, ‘‘Hot-Electron Plasma by Beam-Plasma Interaction Be-
tween Magnetic Mirrors.”’

W. B. Ard, ‘““Phenomenological Conditions for Stability in Electron Heated Plasma.’’

P. R. Bell, L. J. Bledsoe, J. S. Culver, R. C. Davis, S. M. DeCamp, .J. C. Ezell, R. A. Gibbons,
G. G. Kelley, N. H. Lazar, O. B. Morgan, J. D. G. Rather, T. F. Rayburn, R. F. Stratton, J. C. Thomp-
son, C. W. Wright, and A. J. Wyrick, ‘“‘Stabilization of Instabilities in DCX-2 by Use of a Longitudinal
Arc.”

J. L. Dunlap, ‘‘Plasma Properties of Instabilities in DCX-1.”’

T. K. Fowler, ‘‘Growth Rates of Electrostatic Instabilities in Mirror Configurations.?’’

Third International Conference on the Physics of Electronic and Atomic Collisions, University College,
London, July 22-26, 1963

C. F. Barnett and J. A. Ray, ‘‘The Dissociation Cross Section of H, * in Hydrogen Gas.”’

1963 Cryogenic Engineering Conference, Boulder, Colorado, Aug. 20, 1963

W. F. Gauster and D. L. Coffey, ‘‘Current-Carrying Capacity and Transition State of Superconducting
Solenoids.’”’

Fifth Annual Meeting, Southeastern Chapter, Society of Nuclear Medicine, Miami, Florida, Oct. 17-19,
1963

D. A. Ross, C. C. Harris, M. M. Satterfield, J. C. Jordan, and P. R. Béll, ‘“‘Scan ‘Haziness’ with
Low-Energy Gamma Rays: Cause and Treatment.’’

M. M. Satterfield, C. C. Harris, J. C. Jordan, D. A. Ross, and P. R. Bell, ‘“ ¢Counting Rate’ Re-
cording in Dynamic Processes: Various Approaches.”’

2Dece:=1sed.

3Consultant, the University of Tennessee.
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TRAVELING LECTURE PROGRAM

The Traveling Lecture Program is conducted in cooperation with the Qak Ridge Institute of Nuclear
Studies as a part of the AEC’s program of disseminating scientific and technical information to uni-
versities, particularly those in the South. Lectures delivered by ORNL personnel present unclassified
information to university undergraduate and graduate students and members of the faculty. The lectures
serve to stimulate interest in research in the university departments and also to assist the teaching
staff in expanding the scope of instruction offered under their regular curricula. Through such personal
contacts, ORNL staff members are also able to observe departmental activities at the universities.
Listed below are members of the Thermonuclear Division who participated in the Traveling Lecture
Program during this report period.

P. M. Griffin A and M College of Texas, May 1, 1963
““Spectroscopy of High Temperature Plasmas’’

W. F. Gauster University of Arkansas, May 14, 1963
“‘Engineering Aspects of Superconductivity’’

W. F. Gauster William Marsh Rice University, May 16, 1963
‘““Engineering Aspects of Superconductivity’’

Igor Alexeff Michigan State University, May 20, 1963
““‘Plasma as a Compressible Fluid”’

P. R. Bell Georgia Institute of Technology, Oct. 17, 1963

‘“Thermonuclear Experiments at Oak Ridge
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