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THERMONUCLEAR PROJECT SEMIANNUAL REPORT

INTRODUCTION

This document describes the progress of the
ORNL Thermonuclear Program, the ‘‘Sherwood
Project,” since the publication of the preliminary
report (The ORNL Thermonuclear Program,
ORNL-2457, Jan. 15, 1958). Work is still largely
devoted to the Direct Current Experiment (DCX),
the first of the planned stages of the program,
although some conceptual work has been done on
the second stage, the DCX-2 (formerly called
ORION). The principal events sought in the DCX
are a trapped beam, ‘‘burnout,’”’ and a definite
thermonuclear reaction; it is hoped that a more
nearly self-sustaining reaction will be achieved in
the DCX-2. A definite thermonuclear reaction has
not been achieved, but a proton plasma with a
density of ~109-10'0 particles/cm3 has been
trapped for 12 to 14 msec at ~5 x 10~7 mm Hg.
Burnout, whereby impurity atoms in the plasma
region will be removed by ionization faster than
new ones enter the region, is being approached
from two directions: improvements in the vacuum
system and increase of the ion beam input current.
In the past six months the ion beam current has
been increased from 200 pa to 4~5 ma, and the
reliability of the DCX machine has been very much
The improved reliability has permitted
studies of hydrogen and carbon arc
plasmas, and much new information is being
gathered. Some of the characteristics of the
machine are as follows:

improved.,
extended

Mirror field strength 9500 gauss in midplane,
2100 gauss at center of
coils (now run at 6700

+ .
gauss for H2 experiments)

2700 kw (dc)

Power required for
mirror fields

107 10 1010 profons/cm3 at
5% 10~7 mm Hg

Maximum plasma density

Maximum plasma contain- 12 to 14 msec at maximum

ment time density

lon beam current, |

4 to 5 ma at 600 kev (10 ma

maximum)

~3.5 % 10~7 mm Hg (with
arc running)

2.5%x 1078 mm Hg (without
arc, and after 24-hr baking)

Best vacuum attained

20 x 10~8 mm Hg (for deu-
terons in deuterium)

2.51 X 10=7 mm Hg (for
protons in hydrogen)

140,000 Mc

Pressure requirements

for burnout

Carbon arc plasma

frequency

Carbon arc electron 2x 10" electrons/cm3

density

Carbon arc cathode 8 in. in 2 hr of operation

consumption

THE DCX GENEVA EXHIBIT

E. D. Shipley M. Rankin

Fusion research was a major theme of the Second
United Nations International Conference on the
Peaceful Uses of Atomic Energy held at Geneva,
Switzerland, during September 1958, and Project
Sherwood at ORNL designed and built two operat-
ing, low-energy machines (DCX-EP) for the United
States Fusion Exhibit. Figure | shows one of these
machines at the exhibit area.

The basic principles of DCX machines were
demonstrated and developments in component parts
such as ion sources and electrode assemblies were
displayed. The trapped ring of energetic atomic
ions — formed by molecular dissociation by a
carbon arc in a magnetic field and made incandes-
cent by interaction with a cloud of added particles —
waos visible. A photograph of the ring, as seen
through a side window of the DCX, is shown in
Fig. Il. Five papers covering the fundamental
theoretical and experimental studies on Project
Sherwood at ORNL were presented by members of
the Laboratory.









Some of the specifications for the DCX Geneva
machines are:

Magnetic field strength

At mirrors 4000 gauss
At machine center 2000 gauss
Operating pressure 1073 mm Hg

Power requirements
Alternating current 288 kw
Direct current (mag- 600 kw

net coils)

300-ma, 30-kev grid type

molecular

lon source

lon beam energy 20,000 ev

Cooling-water require- 175 gpm
ments

Total cost of equipment $350,000

Preparation of the Geneva Exhibit was, of neces-
sity, achieved in a short time by a concentrated
effort.
dicated by the following (highly condensed) time
table.

The rapid sequence of development is in-

March 28, 1958 Decision made to build two DCX

machines

April 8-~May 2, 1958 Design and development

May 2-~June 10, 1958

Fabrication and assembling of

machines

June 10-July 28, Debugging period at ORNL; a
1958 boat shipment of heavy parts
was made on June 17, and air
shipments of vacuum tanks, ion
sources, and roughing pumps

were made on July 16 and 25

August 4-Septem- Debugging at Geneva site

ber 1, 1958

Operation of machines during
exhibit

September 1-Sep-
tember 13, 1958

One of the two experimental DCX devices which
used during the scientific exposition in
Geneva is being adapted for experiments with a
new 130-kev H2+ and D2+ ion source. Studies
about ion beam focusing are being made for this
device.

were
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GENEVA EXHIBIT ION SOURCE
J. S. Luce

A requirement for the ion source of the Geneva
Exhibit machine, dictated by practical considera-
tions of voltage limitations and possible vacuum
systems, was that it give a high current at approxi-
mately 30 kv. After extensive modifications, made
necessary by the inhomogeneity of the Geneva
DCX magnetic field, the grid-type source previously
developed at ORNL was used satisfactorily.

To study the problems presented by the inhomo-
geneous field, the Geneva field was simulated by
the addition of auxiliary coils to a portion of the
electromagnetic track. In this facility the source
drain system, the arc geometry, and focusing prob-

lems were studied.

Addition of a very small dump near the beam exit
slit was found to be the only change needed in the
drain system. The arc geometry was changed ex-
perimentally until conditions comparable to opera-

tion in a uniform magnetic field were achieved.

The most difficult problem was proper focusing
of the beam to intersect the carbon arc. Axial
forces were such as to produce convergence of the
beam at the midplane. This axial focusing caused
radial defocusing, so that the beam had an un-
desirable radial spread as it passed through the
arc. The radial defocusing problem was solved by
shaping the accelerating grid in such a way that
electrostatic forces overcame the magnetic axial
focusing forces. Determination of radial focusing
in the nonuniform field was done mathematically.

Six sources were designed and built from the
specifications
just outlined.

which resulted from the program
It was found that their operation
was quite stable and dependable. Beams of D2+
in excess of 500 ma from a source having 1 in.?
of arc area and an acceleration potential of
30 kv were common. |t was found desirable
to limit the sources at Geneva to 100 to 200 ma
because of the undesirable neutron fiux. Also,
higher current was not needed. The good visible
rings of trapped D* achieved with injected cur-
rents below 200 ma were due to the surprisingly
good pressure which reduced charge exchange and
increased the lifetime of the trapped particles.




THE BEHAVIOR OF SMALL PARTICLES
DROPPED IN THE CARBON ARC

J. S. Luce

Successful operation of the carbon arc and grid
ion source was achieved more or less on schedule,
but the appearance of the trapped ring of atomic
ions proved to be a disappointment. It had been
expected that a sparse, uniform cloud of carbon
particles, covering the entire region through which
the ion beam circulated, would be heated to incan-
descence by the trapped ions and thus reveal them
as a glowing ring — and ‘‘shakers’’ of two types
had been built to provide such a cloud. However,
experience soon showed that the carbon did not
penetrate the entire region and that only a part of
the ring was made visible. Since both shaker units
were shipped to Geneva before this problem was
solved, it was necessary to mock up the arc and
beam arrangement in a Beta tank so that experi-

ments aimed at making the entire beam visible
could be continued.

During the course of these experiments it was
found that rotational forces set up in a plasma
region near the arc caused small carbon pieces
(1 to 30 u) to be thrown out violently at right
angles so that the region through which the trapped

atomic beam passed was only partially filled with
carbon.

After a great deal of experimentation it was
found that molybdenum metal of 3- to 30-u size
would penetrate the rotating plasma and almost
touch the arc before being thrown out. In this
manner the ring was eventually made completely
visible. It was found that metals heavier than
molybdenum (such as tungsten) would actually
penetrate into the main arc column, causing the
arc to become unstable and sometimes to go ovut.

vii






SUMMARY

PART . DCX EXPERIMENTAL PROGRAM

1. DCX PLASMA STUDIES

Neutral particle collection, microwave equip-
ment, and mathematical approximations were used
in studies of the DCX plasma. Of particular
interest were the density and containment time
of the plasma; the portion of the injected ion
current which could be accounted for by measure-
ment of the neutral particles created by charge
exchange (and the variation, if any, of this total
accountable current with decrease of pressure);
the relationship of plasma density and small-
amplitude oscillations; ion orbits and contain-
ment; and the distributions of deuterons and elec-
trons in plasma.

1.1. Studies of DCX Plasma by Neutral
Particle Collection

Measurements of decay times and the spatial
extent of plasmas trapped in DCX have been
attempted. At the lowest pressures achieved
(5 %1077 mm Hg), a proton plasma density ~10°
to 10 em™ was trapped for a mean time of 12 to
14 msec. At these pressures, the trapped beam,
which is confined to a thin torus at higher back-
ground pressures (107> mm Hg), appears to have
spread along the magnetic axis to a width of
perhaps 8 in.

1.2. Microwave Diagnostics of DCX Plasma

One microwave measurement of a deuterium
plasma gave brief indications of a plasma density
of 1 x 10" electrons/cm?®; but succeeding runs
with hydrogen, whose density may have been
below the limit of detection of the instrument used
(1 %1010 electrons/cm?), gave no such indications.
An interferometer was constructed which should,
after minor modifications, permit measurements
down to 3 x 107 electrons/cm?.
increase phase-shift detection sensitivity and the
signal-to-noise ratio and to eliminate the effects
of slow thermal and mechanical drifts, equipment
is being developed for synchronous detection of
the interferometer output with the DCX input beam
switched on and off at a constant rate.

In an attempt to

1.3. Plasma Containment

lon Orbits in DCX Plasma. — Single ion orbits
in the azimuthally symmetric DCX magnetic field
in the absence of collisions were studied with the
aid of the Oracle. The emphasis of the work was
on orbits encircling the axis of symmetry of the
field. Among these orbits there is a class ab-
solutely contained.

Unstable Plasma Oscillations in a Magnetic
Field. — Linearized Vlasov equations were used
in a study of small-amplitude oscillations of a
quasi-neutral plasmain a uniform, time-independent,
externally produced magnetic field. Perturbations
of the magnetic field were neglected. Instability
of a deuterium plasma is predicted when its density
exceeds about 107 particles/cm® in a magnetic
field of about 10* gauss (the field used in the
DCX). The theory presented gives no information
about the factors which must ultimately limit the
amplitude of the oscillations.

1.4. Deuteron and Electron Distributions in DCX

Transport equations are being solved numerically
to determine the transient and steady-state energy
distribution of ions and electrons in the DCX
plasma,

2, CARBON ARC STUDIES

The objectives of the measurements and calcu-

lations described here are:

1. a better understanding of molecular dissociation
in the DCX,

2. knowledge of possible arc-induced loss mecha-
nisms for energetic ions,

3. utilization of the comparatively stable plasma
characteristics of the carbon arc in the evolution

model which
should yield a better understanding of plasma
physics,

4. an increased knowledge of ion and electron
drift velocities, current densities, and ordered

of a reasonable mathematical

motion.

2.1. Some Spectroscopic Studies of the
Energetic Carbon Arc

Spectroscopic studies of the 5-ft-long, 300-amp
carbon arc showed Doppler broadening correspond-
ing to ion motions with kinetic energy of 50 ev




(400,000°K). Slant effects were observed which
were believed to indicate localized variations in
the electric, and possibly the magnetic, fields
within the arc core. Oxygen resonance lines and
very strong resonance lines of c*, c*, and C3*
were observed in the Long Solenocid Machine (LSM)
and the DCX. The electron energies required to
excite various states of carbon and oxygen are
tabulated.
variation of selected lines and integrated visible

Preliminary studies of the intensity

light indicate an increase of average electron flux
with current. The upper limits of electron temper-
ature are thought to be ~20 ev at 300 amp and
31 ev at 160 amp — and if the trend toward higher
electron energies at lower currents continues, loss
of DCX plasma heat in the arc region should
decrease.

Earlier studies of unusual Doppler slant and
broadening effects have been extended to include
the high-pressure PIG discharge (mode | plasma),
the low-pressure PIG discharge (mode Il plasma),
and the high-current vacuum carbon arc. The
reduced heat losses from these arc plasmas
(losses are almost entirely by radiation, with
conduction and convection negligible) apparently
result in the entrapment of larger amounts of
energy than would occur in conventional atmos-
pheric-pressure arcs.

2.2. A Mass Spectrometric Analysis of the
Constituents of the Carbon Arc

First results of a mass spectrometric analysis
of a short carbon arc verify spectrographic evidence
of existence of triply ionized carbon in the arc,
though in smaller amounts (™~ 1.25%) than spec-
trography indicated for a longer arc.

2.3. Microwave Diagnostics of the Carbon Arc

Knowledge of the electron density in the carbon
arc is essential to an understanding of its function
in the molecular breakup of the D2+ beam. Micro-
wave measurements, for an arc current of 300 amp
and a magnetic field of 2600 gauss, have tentatively
established that the plasma frequency of the arc
is ~140,000 Mc, corresponding to an electron
density of ~2 x 10" electrons/cm®.

2.4. Cross-Section Calculations for
Dissociation of D2+ by Carbon Arc

In order to test the hypothesis that the dissoci-
ation of the D2+ molecules is caused by the ob-
served triply ionized carbon of the carbon arc, the

dissociation cross section is being calculated by
two different approximations.

2.5. Carbon Arc Floating Potential Measurements

In an attempt to determine the floating potential
distribution in the carbon arc an axially movable
potential probe was inserted in the LSM and
flipped through the arc at ~100 in./sec. The
axial potential distribution so determined was
plotted. There were indications that the potentials
observed were somewhat affected by probe temper-
ature and that there was partial shorting of the
probe electrode; accordingly, it is planned to
increase the probe flipping speed, improve the
probe insulation from the arc, and improve the
trajectory and mirror ratio of the arc. A special
to be used principally in studying
probing methods, has been constructed.

assembly,

2.6. Carbon Arc Total Radiation Studies

Electromagnetic radiation from a 3- to 6-ft-long,
magnetically constrained, vacuum carbon arc was
studied as it varied with position along the arc
and as it depended upon the interposition of various
filters, the arc current, and the magnetic field
Specially designed circular-foil radi-
ometers were used. The data indicated that the
anode radiation peak occurred at ¥ in. from the
anode and that total radiation was 30% lower near
the cathode than near the anode, that a significant
proportion of the radiation is from triply ionized
carbon, that at ~200 amp a current-dependent
change of conduction mode occurs in the arc, and
that radiation almost
magnetic field intensity.

intensity.

increases linearly with

3. ION SOURCE AND ACCELERATOR STUDIES

3.1. lon Source Development

In an attempt to solve the problems involved in
the injection of higher ion currents into the DCX,
initial studies were devoted to two modes of
operation {low and high impedance) of PIG-type
sources. The high-impedance type, with a 10-kv ion
acceleration, a source pressure of 7 x 1074 mm Hg
of hydrogen, and 50-ma anode current, produced
a maximum output of 14 ma, extracted through a
3/B-in. hole.

Changes in the configurations of the intermediate
electrode and the anode plate of a modified Von
Ardenne source had little effect on the maximum




output of 15 ma at 50 kv, detected 14 in. from the
lens. However, the alignment of the holes in
these parts and in the accelerator electrode was
extremely critical.

Changes in the accelerator electrode arrange-
ment of another modified Yon Ardenne-type source
permitted output currents of 50 ma, at 60-kv
acceleration.

A new high-gradient accelerator tube for the
DCX was designed and installed, and new ion-
source test equipment was constructed to handle
higher currents.

High-Voltage Regulator for DCX. — Irregular
operation, the result of mechanical wear, of the
old high-voltage regulator of the DCX accelerator
necessitated its replacement.

A newly designed regulator was installed on
December 1, 1958, and has functioned, after cali-
bration, without further adjustment.
regulator can bring the voltage from zero to
560,000 v in ~3 sec and, at the operating point,
hold voltage excursions to within 500 v.

The new

4, VACUUM SYSTEM STUDIES
4.1, The DCX Vacuum System Problem

The creation of a thermonuclear plasma in the
DCX requires that the density of the neutral gas
within the plasma be reduced to about 107
atoms/cm>. It is hoped that, if the pressure in
the system can be dropped below a certain level,
“burnout’’ will occur (i.e., gas atoms in the region
occupied by the deuterium plasma will be ionized
at a greater rate than new ones enter the region;
the deuteron density, limited up to this point by
charge exchange, will increase until it reaches a
limit — set by mirror losses — at which the plasma
interior is effectively shielded from atoms incident
on the surface). For a given input current I {in ma)
the achievement of burnout is estimated to require
a pressure below 2I x 1078 mm Hg for deuterons in
deuterium and 2.5 x 1077 for protons in hydrogen.

The attainment of the required vacuum is compli-
cated by the carbon arc, which as yet maintains
the pressure above 1077 mm Hg, and by the influx
of gas represented by the ion beam. The first
complication will be attacked by an investigation
of the pressures associated with arc operation,
and the second by high-speed ionic pumping
utilizing the ionizing power of the trapped particles.

4.2. Design and Construction of the PPF

A device intended for the study of both problems
(the PIG-Pump Facility, or PPF) has been con-
structed. |t is hoped that the background gas that
is ionized by the trapped deuterons or protons will
be removed by a more or less elaborate configuration
of negatively charged electrodes placed just behind
the magnetic mirrors, The name PIG plates has
been given to the electrodes because the principle
involved in their action is reminiscent of that of
a Philips lon Gage.

4.3, Tests of Oil Diffusion Pumps for the DCX

Three models of oil diffusion pumps have been
tested,
performance was noted.

and no significant difference in their
Attempts at a general
solution of the pressure-fluctuation problem indi-
cated that a radical change in the method of
heating the pump fluid is probably needed. A
Vac-lon pump was found to be useful only for
carefully selected applications.

PART 1l. SUPPORTING BASIC AND
APPLIED RESEARCH

5. EXPLORATORY PHYSICS

5.1. Arc Development

A 50-ft-long carbon arc assembly is being con-
structed for studies of the higher ion energies
believed to be associated with increasing arc
The equipment will be evacuable and
employ a solencidal magnetic field. It will also
be used in studies of PIG-type discharges, high-
density plasmas, D2+ breakup, and deuterium arcs.

length.

5.2, Multistage-Grid lon Sources

In an attempt to overcome the inherently low
voltage limitation on the ORNL-developed grid
ion sources, a multistage grid source is being
designed which, if successful, should produce a
600-kev beam. A source of this type is also being
considered for operation within the containing
field of the DCX rather than in the present injection
system.
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6. SPUTTERING

6.1. Sputtering Effects of Some Energetic lons
on Various Metals

Among the impurities that cool a hot plasma
are the atoms ‘‘sputtered’’ from the container walls
by energetic ions. Since the DCX injection system
provides a steady supply of such ions, and since
the proposed higher-amperage beams (see Secs 5.2
and 3.1) will probably increase this supply, a study
of the sputtering effect of certain ions upon various
metals has been undertaken and will be extended.
Data have been tabulated for sputtering of copper
by argon, helium, and deuterium ions; and for
aluminum by helium and argon. The sputtering
ratios (numbers of atoms sputtered per incident
ion) were highest for copper bombarded by argon
(~8.8 at 30 kev) and lowest for copper bombarded
by helium and deuterium (<0.2 at 30 kev). Other
ratios were about 2 and 3.

7. AUXILIARY EQUIPMENT AND SERVICE

7.1. Metallurgy

In a study of flange and valve seals for use in
the Sherwood Project a literature survey indicated
that flat washer-shaped gaskets made of oxygen-
free high-conductivity (OFHC) copper, aluminum,
or gold are suitable for large flanges and that
indium O-rings have been used successfully in
some systems. Simple copper O-rings are unsatis-
factory in bakeable systems. The need for gasket
replacement (and, in some cases, surface refinish-
ing) when remaking seals probably precludes the
use of metal gaskets in valves.

The wettability of some base materials by an
In-Ga-Sn eutectic alloy considered for use in a
liquid-metal seal was tested at temperatures up to
450°C. The use of such seals is not recommended
at this time.

Demountable joints or valves which would be
closed and opened by the solidification and melting,
respectively, of a filler metal were considered;
and preliminary tests indicated that this type of
seal would be useful in ultrahigh-vacuum systems
provided that the seal could be opened in the
vertical position and further provided that a
compatible filler-metal and base-material combi-
nation can be found which would also satisfy the

special requirements of thermonuclear experiments.

The literature indicates that the alloy In-Ag-Cu
might be usable, and it is under investigation.

A vacuum furnace with a hot zone 26 in. in
diameter and 20 in. in height has been constructed
for studies of vacuum degassing, brazing, and
processing of experimental equipment.

Failure of the copper tubing used for heating
and cooling the DCX liner with steam (400°C) and
water (20°C) was shown by examination to be
accompanied by intergranular defects. Tests at
500°C for 200 hr with no steam showed no failure
of the tubing.

7.2. Seya Spectrometer

Design and construction has been completed on
a new type of vacuum spectrometer to be used in
the study of carbon arcs and hydrogen and deuterium
plasmas. Positions of the slits and concave grating
are fixed, and scanning is done by rotating the
grating. The highest wavelength attainable with
this spectrometer is about 4450 2\, the limit being
set by the length of the scanning screw. The
lowest wavelength detected has been 312 K. At
lower wavelengths there is insufficient reflectivity
of the aluminum grating surface.

7.3. A Nonlinear Photometer Circuit

A circuit for semilogarithmic photometric recording
has been developed, with a minimum of circuit
changes, from a conventional circuit for RCA
multiplier phototubes.

7.4. Design and Construction Group

Engineering on the Sherwood Project has been
organized into a formal section for only about two
months. |n most cases, activities of the Engi-
neering Section will be integrated with the experi-
mental work and will be reported indirectly in the
various projects. The three activities which have
been handled solely by the Engineering Section
are design and construction of 6000-amp magnet
coils for the DCX, installation of a 600-kv, 1-amp
d-c supply for ion injection, and design of a system
of four evacuable tanks which will be provided
with independent, essentially homogeneous mag-
netic fields. The tanks will be used for basic
studies.




8, ENGINEERING SCIENCE GROUP

8.1. Engineering Science

In engineering science studies in support of the
Sherwood Project the following work is in progress
or was done:

1. A literature survey produced tables of mag-
netic-field values B, and B_ for current sheets,
useful in the computation of any rotationally
symmetric magnetic fields. Similar tables con-
taining finer intervals, values for the vector
potential A and for rA, and a larger range of Z
and r have been computed by the Mathematics Group
of the Thermonuclear Experimental Division.

2. General optimization theorems were worked
out for the cross-section shape and the current-
density distribution of magnet coils.

3. A field-analog network (Field Simulator) was
built in which the field line of a rotationally
symmetric magnetic field corresponds to an equi-
potential line. Another analog computer, in which
magnetic equipotential corresponds to an electric
equipotential, is being worked on. It will use a
wedge-shaped electrolytic tank.

4. In an attempt to determine the effect of slow
changes on a pulsed magnetic field, such as might
be used in this program in the future, an arrange-
ment for a-c measurements on magnetic models has
been developed.

5. A method of conveniently computing suffi-
ciently exact values for the mechanical forces
produced by the DCX magnetic mirror coils was
developed.

6. Experiments and calculations on heat transfer
for cooling of large magnet coils are in progress.

7. Graphical and analytical methods for the fast
determination of charged-particle trajectories in
magnetic fields have been developed.

PART llf. DCX.2 PROGRAM

9. CALCULATIONS FOR DCX-2 DESIGN

9.1. Magnetic Mirror Fields for DCX-2

Calculations of the characteristics of magnetic
mirror coils that will give satisfactory particle
containment with power and copper economy are
in progress.

9.2. Oracle Calculation of Magnetic Fields
and Yector Potential

A flexible Oracle code to permit rapid calculation
of magnetic fields and vector potential for use in
coil design problems has been developed. Values
for BZ/BO' B/Bo, and A/B, at a general point
(r,Z) are calculated by summing the contributions
at this point from many circular loops of current-
carrying wire. [The quantity By = B,(0,0). The
quantities BZ/B and B/B are dimensionless;
A/B, has dimensions of length.] The quantity
By/ul is calculated and given separately, so that
absolute field strengths may be found.
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1. DCX PLASMA STUDIES

1.1 STUDIES OF DCX PLASMA BY NEUTRAL PARTICLE COLLECTION'

R. J. Kerr

Measurements of decay times and the spatial
extent of plasmas trapped in DCX have been
attempted, At the lowest pressures achieved
(5 x 1077 mm Hg), a proton plasma of density
~107-10'%® ¢m™3 was trapped for 12 to 14 msec.
At these pressures, the trapped beam, which is
confined to a thin torus at higher background
pressures (107> mm Hg), appears to have spread
along the magnetic axis to a width of perhaps 8 in.

1.1.1 EXPERIMENTAL PROCEDURE

Neutral Particle Collection

The study of particle behavior in DCX has so far
depended mostly upon the use of neutral particle
detectors, Advantage is taken of the fact that as
the 300-kev H* ions revolve in their orbit they are
likely to experience a charge-exchange collision,
which results in the formation of an energetic

COIL

R. A. Dandl

C. F. Barnett

neutral hydrogen particle. These neutral particles,
being undeflected by the magnetic field, proceed
in a path tangential to the circle of revolution and
can be registered in a suitable detector placed
outside the region occupied by the circulating
charged particles, The detector consists of a thin
nickel foil placed in front of an insulated Faraday
cup. The neutral particles pass through the foil
(5 to 25 pin. thick) and emerge mostly charged, so
that they produce a positive current flowing into
the Faraday cup. The foil is of sufficient thickness
to ensure charge equilibrium of the emerging
particles. The charge state of the particles leaving
the foil is independent of the initial charge state
and dependent only on the particle energy and foil
thickness., Figure 1.1.1 shows a schematic diagram

Written in part by A, H. Snell.
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of the placement of the detectors. Vacuum locks
permit foils to be replaced without disturbing the
vacuum, The output from the Faraday cup is fed to
a transistor amplifier, whose output voltage is
displayed on an oscilloscope. The gain of the
amplifier is such that a current of 1077 amp will
produce a signal of 1 mv., By pulsing the input
beam at the ion source and gating the oscilloscope,
one obtains the steady-state amplitude of the
neutral signal and also the decay time of the
plasma in DCX.

Since the neutral detector is energy sensitive, a
calibration was made to determine the transmission
of the foil, Plotted in Fig. 1.1.2 is the foil trans-

mission as a function of the input particle energy.
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Transmission is defined as the percentage ratio of
the number of ions arriving per second in the
Faraday cup to the number of atoms impinging per
second on the front surface of the foil. Results are
shown for a 25- and 50-pin. nickel foil and also
for a 10-uin. foil. The 10-pin. foil has low trans-
mission because of a supporting copper grid
structure used for mechanical and thermal strength.
Clearly the 10-pin. foil should be initially less
sensitive to energy degradation of the circulating
protons than the 25-pin. foil. A comparison of
signal amplitudes obtained with the two foils
would serve as an indication as to whether or not
the ions suffer a damaging amount of energy loss
as they pass repeatedly through the carbon arc,
and equality of the amplitudes would suggest that
lost because of energy

signal is not being

degradation,

Pressure Measurements

The measurement of pressures in the region of
the trapped plasma is very difficult. Measurements

at the present time are taken with a Bayard-
Alpert ionization gage calibrated for air, If the
background gas is composed principally of hydrogen
the pressure may be made absolute by calibrating
the ionization gage for hydrogen. However, when
other noncondensable gases (i.e., N,, 0, CO) are
present, not only is it necessary to recalibrate the
gage, but the composition of the mixture must be
In addition, in the region of the trapped
plasma, velocity are present,
created either by ionization from trapped high-
energy protons or by ionization from the infense
hard ultraviolet radiation from the arc. These ions,
if only singly ionized, are still target centers for
charge-exchange collisions. Detection of these
particles by the ion gage is complicated by the ion
density gradient imposed by the magnetic field.
Further inaccuracies
result from condensable vapors such as carbon,
Since the ion gage is located externally to the
magnetic volume with a tube connection to the
inner system, any such vapor will condense out
before being recorded by the ion gage. These
uncertainties in the momentary pressures are
probably
scatter in the measurements of neutral detector
signal amplitude and decay time of the trapped

known.

ions of thermal

in pressure measurements

largely responsible for a considerable

ion ring.

Recording of Data

Typical data obtained with the foil detectors are
shown in Fig. 1.1.3, which presents the oscillograms
for the fourdetectors placed as shown in Fig. 1.1.1.
For each of the signals there is a duplicate trace
obtained by pulsing the beam again, The ordinate
of the trace is the amplitude and the abscissa is
the time proceeding from left to right. At zero
time, the input beam is cut off and the amplitude is
a maximum (downward). As time progresses, the
amplitude decreases, The calibration for each
detector is given and the cross-hatched lines
represent 1 x 1 cm. The amplitude is presumed to
be proportional to the density of the high-energy
plasma and is determined by measuring the differ-
ence between the minimum and maximum signal.
The traces also provide the mean decay time, 7,
which is defined as the time required for the signal
to decay in amplitude by 1/¢; T is then numerically
equal to (nov)™}, where 7 is the background neutral
gas density, o is the charge-exchange cross
section, and v is the proton velocity.
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1.1.2 VISUAL OBSERVATION OF THE PLASMA

As a supplement to the instrumental indicators,
visual observation gives a satisfying qualitative
indication of some of the gross features of the
trapped ion ring, Visual observation is made
possible by occasional carbon granules that fly
about in the vacuum tank and become incandescent
as they pass through the ring; visual memory then
enables one to build an image of the shape and
size of the ion-containing volume, At pressures in
the neighborhood of 107° mm Hg, the ring is a
torus about 2 cm in minor diameter standing edge-
wise upon the arc, The major radius is 5.3 in., as
is appropriate for the injection of H2+ at 600 kev
and the trapping of H]+ at 300 kev. (It is con-
venient at this stage to work with hydrogen rather
than deuterium, to avoid the generation of neutrons.)
Injection currents are in the range 1-5 ma of H *,
At a gage pressure of about 3 x 1075 mm, the blue
glow surrounding the trapped ring can be seen in
the gas. If the arc is turned off at this pressure,
the trapped ring can still be seen in the darkened
tank because there is sufficient breakup of the
incoming molecular ions in the residual gas to
permit its formation.

As the pressure is decreased to 5 x 1077 mm Hg
(gage) the volume containing the trapped ions
spreads parallel to the magnetic axis, becoming
about 8 in. wide. As is apparent from Fig. 1.1.1,
the neutral detectors are stationed so as to give a
quantitative measure of this spread.

At the moment of writing, it has been found that
the volume containing the trapped ions also has a
tendency to spread radially, but that heretofore
the radial spread has been inhibited by the me-
chanical obstacle presented by the neutral detectors
themselves.  Although they were placed 2 in.
outside the supposed extent of the ring, this was
apparently not far enough away. The observations
reported here all suffer from the disadvantage that
they apply to the trapped beam as partially ob-
structed in this manner, and it is tantalizing that at
the time of preparation of this report observations
taken under more ideal conditions are not at hand.
We will, however, proceed to present what we have.

1.1.3 AMPLITUDE OF NEUTRAL DETECTOR
SIGNAL AS A FUNCTION OF TANK
PRESSURE -~ PARTICLE BALANCE

Figures 1,1.4 and 1.1.5 present observations of
the variation of the amplitude of the neutral de-
tector signal as the pressure is varied by the

introduction of argon and as a consequence of the
reduction in pressure of background gas. The
pressures are those measured on the ionization
gage, uncorrected for gas composition. In Fig,
1.1.5 one can see the concentration of the circu-
lating ions in a narrow ring at high pressures, for
the amplitude of the signal in the central detector
(No. 2) rises with increasing pressure, while that
in the adjacent side detectors falls. As the
pressure is reduced to 1 x 1075 mm Hg, the volume
occupied by the particles spreads, and detectors
1 and 3 receive more signal. Further reduction in
pressure produces a further reduction in signal
amplitude, partly as a result of the spread beyond
the acceptance angles of the detectors, but perhaps
also because some loss mechanism other than
charge exchange begins to dominate, such as loss
to the mechanical obstruction or loss through the
mirrors,

When an attempt is made to integrate the out-
flowing neutrais for comparison with the rate of
trapping of charged particles, an approximate
balance can be obtained at pressures of about 1073
mm Hg, but at low pressures (<10® mm Hg)
plausible extrapolations of the neutral detector
signals over the expanded plasma volume appear
to account for only about 1/25 of the input trapping
The presence of the obstacle probably
accounts for some of the discrepancy, but the
extent of its effect remains to be seen. Detectors
are planned for the mirror throat positions, also, for

rate,

a direct determination of mirror loss; but no results
have been obtained from them as yet.

The results of signal amplitude pertain to in-
jection currents of H2+ of approximately 2 ma, but
for breakup efficiencies in the arc measured at
only about 10%. In the past, breakup efficiencies
in the range 20-40% have been measured in DCX.
Apparently some change in the condition of running
the carbon arc has reduced the efficiency for the
present set of runs; it will be important to under-
stand this and the condition of more
efficient breakup.

recover

in Fig. 1.1.5, detector 2 was covered with a
25-uin, foil, while 1 aond 3 were covered with
10-pin. foils, Inclusion of the transmission factor
from Fig. 1.1.2 would raise the 1 and 3 curves to
about the same amplitude as 2. Checks with thick
and thin foils respectively on detectors 1 and 3
indicate that the major particle loss is not one of
energy degradation to the extent that the particles
fail to penetrate the foils with full efficiency
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(Fig. 1.1.2). Simon and Fowler have estimated the
energy loss at 1.6 ev per passage of a proton
through the carbon arc; it is likely, however, that
orbital precession permits the protons to miss the
arc on most of their revolutions, and orbital
shrinkage would have the same effect.

Detector 4, placed 4 in. from the median plane,
does not give a sufficient signal (<1 mv) to give a
measurable variation of amplitude with pressure.
It will be interesting to see if its signal increases
when the obstacle is removed.

1.1.4 DECAY TIME

Figures 1.1.6 and 1.1.7 give results taken from a
recent run, showing the variation of decay time of
the trapped proton beam with pressure of added
argon or residual gas. Actually, 1/7 is plotted as
a function of pressure, with 7 in msec. These data
were dlso obtained in the presence of the obstacle

of the neutral detector mount in the fringing part of
the trapped beam volume. Evidently the central
detector shows at high pressures a shorter decay
time than do the side detectors, but when the
plasma spreads, at pressures of 107® mm Hg or
less, the decay times become about equal. The
longest decay times observed have been 12 to 14
msec, for trapped protons at a pressure of 5 x 1077
mm Hg. This corresponds to a trapping for about
10° turns, or a circulating ion current of about
10 amp.

In Fig. 1.1.7 a straight line is drawn in to indi-
cate the variation that would be expected in 1/7 if
the residual gas consisted entirely of argon, the
charge-exchange cross section being assumed to be
1.5 x 10718 cm2,

The most intriguing feature of the decay time
behavior is the apparent lengthening of the ion
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lifetime as gas pressure decreases, the lengthening
becoming quite marked in the region below 107 mm
Hg. This is naturally being examined very closely,
because it is in the direction that would be ex-
pected if the residual gas were starting to be
burned out within the volume occupied by the
trapped ion orbits.

1.1.5 DENSITY OF TRAPPED PARTICLES

If the 2 ma of injected H. "t ions are dissociated
with an efficiency of 10%, and reside thereafter for
a mean time of 10 msec in trapped orbits, the
accumulated protons would number about 10'3,
The volume occupied might be guessed to be
several liters, whence one would conclude that the

particle density is between 107 and 1010 per cm?,

Microwave measurements have been attempted
across the region occupied by the orbits (see
Sec 1.2.2), and a negative result suggests that the
density is less than 10'9; obstacles were, however,

again present in the path of the circulating ions.,

1.1.6 PREPARATIONOF THIN COPPER-BACKED
NICKEL FOILS

M. C. Becker

Nickel foils (5- and 10-gin.) backed with approxi-
100-pin. copper are available from the
Chromium Corporation of America. For use in the
neutral particle detectors, a portion of the copper
is etched away, leaving a copper grid for structural

mately

support.
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An actual-size photographic negative of an en-
larged drawing of the grid is made. Eastman
Kodak Photo Resist is applied to the copper back-
ing of the foils and then dried in a dust-free en-
vironment at 50°C. The sensitized surface is ex-
posed to ultraviolet light through the negative
while held in a contact printing frame. Exposure
time with a GE type H100-FL4 UV lamp is 3 min.
The image is developed with Kodak Photo Resist
developer, fixed with 95% alcohol, and dried once
more at a temperature of 50°C,

The copper is then etched off in 10% (by weight)
aqueous solution of ferric ammonium sulfate at a
temperature of 40°C. Usual etching time is 10 min
as the copper backing is not of uniform thickness.

Dry foils are best handled by tweezers at one

corner, Wet foils are handled by being floated on

the surface of water and then picked from the sur-
face with a narrow glass plate by surface tension.
These foils are not pinhole-free, and the size and
the number of holes per foil vary from package to
package. An average hole size is estimated to be
in the range 1 to 2 pin. It is of utmost importance
that handling devices be kept free of grease and
the environment be dust free. The foils have
proved to be sufficiently sturdy in the DCX en-
vironment.

1.1.7 BEAM PULSER FOR DCX PLASMA STUDIES
M. C. Becker
The 600-kv beam of DCX is pulsed off for certain

diagnostic measurements. Wrap-up decay-time
measurements with a multi-window neutral particle
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detector are a typical example. These measure-
ments are oscillographed using Tektronix oscillo-
scopes with modified Aremac caomeras attached.
The camera shutters are set at ‘‘Bulb’’ and are
solenoid operated, The shutter contacts are con-
nected in series and trigger the beam off after all
shutters have opened.

Figure 1.1.8 shows a block diagram of the beam
pulsing system. Either the shutter contacts or a
manually operated selected to
trigger the single-shot multivibrator which gen-

switch may be
erates a positive adjustable-length pulse from a

negative base. A cathode follower drives a pulse-
shaping circuit which gives the sync-signal for the

10

The cathode fol-
lower also drives a long cable leading to the trans-
mitter mounted near the base of the accelerator
tube. The transmitter uses a 12BY7 and a 6216 in
a current feedback circuit to drive a Sylvania
R1131C glow modulator tube. A 4-in.-dia reading
lens at the transmitter focuses the light of the
glow modulator tube on a similar lens at the re-
ceiver located in the high-voltage terminal of the
accelerator tube. The receiving lens concentrates
the light on the photocathode of the 6335 miniature
photomultiplier tube. A current feedback amplifier
follows the photomultiplier to obtain maximum
stable gain from the 6335 as well as to provide a

oscilloscope horizontal sweep.
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low-impedance source for the succeeding direct-
coupled stages ending with a cathode follower to
drive the high-voltage output stage on a separate
chassis. Figure 1,1.9 is a circuit diagram of the
system.

The output stage is a compensated bootstrap
circuit using two 4-125A tetrode tubes. The

4500-v plate supply uses 2X2A rectifiers, and the

300-v screen supply uses silicon rectifiers. The
beam deflection plate configuration varies, but the
drive is usually unbalanced with one plate at
terminal ground. The driver is capable of handling
any plate configuration in use on DCX.

This system gives beam cutoff times (98% value)
as small as 0.5 usec and has been very reliable
and free of spurious operation.
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1.2 MICROWAVE DIAGNOSTICS OF DCX PLASMA

H. O. Eason, Jr,

Interferometric microwave measurements of a
deuterium plasma during one DCX run gave brief
phase-shift indications (with a poor signal-tfo-
noise ratio) of a plasma density of 1 x 101!
electrons/cm?, with no such indications found on
succeeding runs with hydrogen,

Measurements of very low plasma densities by
this method depend upon measurements of very
small phase shifts at the lowest practical fre-
quency, and bench tests showed that the equip-
ment used could measure a minimum phase shift of
1°, corresponding to a plasma density of 1 x 1010
electrons/cm® for a 3-cm path length. A similar
interferometer was constructed which it is hoped
will, after minor modifications, permit measure-
ments down to 3 x 10% electrons/em3, thus making
it possible to use this equipment on the lower-
density plasmas.

Equipment for synchronous detection of the inter-
ferometer output with the DCX input beam switched
on and off at a constant rate is being developed in
an attempt to increase phase-shift detection sensi-
tivity, increase the signal-to-noise ratio, and
eliminate the effect of slow thermal and mechani-
cal drifts,

1.2.1 MICROWAVE THEORY

Microwave diagnostics, a group of measurement
methods developed primarily at other laboratories
over the past several yeurs,]"3 as practiced at
ORNL makes use of microwave beams in con-
junction with the dielectric properties of ionized
plasmas in an attempt to measure the electron
density of such plasmas., These dielectric
properties are well known, having received much
attention in connection with the propagation of
radio waves through the ionosphere,

]R. F. Post, T. F. Prosser, and C. B. Wharton, Micro-
wave Diagnostics in Arc Research, UCRL-4477 (April
1955).

2c. B. Wharton, Microwave Diagnostics for Controlled
Fusion Research, UCRL-4836 (Revised) (September
1957).

3M. A. Heald, 1958 [IRE National Convention Record
(Part 9), p 14.
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The complex dielectric constant, K, of an ionized
medium in simple cases is given by

(] 2 '|
R=1- <_."_> L
@ 1+ (vc/a))2
2

.<cup> vc/cu
-i\—] |/
@ ]+(uc/a))2,

where o is the frequency of the electromagnetic

radiation and v_ is the collision frequency. The

radian plasma frequency, ,, depends directly
) r . .

upon the electron density, n_, and is defined by

where

e=1.6x10"17 coulomb,
m,=9.1x 1073 kg,

1
€ = Ex 1077 farad/meter.

This expression for K assumes that any static
magnetic field is perpendicular to the direction of
propagation and parallel to the microwave electric
field, the effect of other orientations being to
introduce loss terms due to coupling with particle
motions.

In practical cases, for frequencies in the micro-
wave region and plasmas operating at low pres-
sure, v_ << @, and the effect of collisions may be
neglected. The effective plasma dielectric con-
stant then reduces to

_ 4]
4]

which is less than unity for ® > ©,. Since the
velocity of propagation through a dielectric medium
varies as K172, the wavelength in this region is
longer, and a phase shift is introduced which is a



For the case where
w < w,, the dielectric constant is negative and
the wave is totally reflected at the boundary of
the plasma. These facts constitute the basis for
the experimental work described, Work with the
DCX plasma is described in this section and work
on the DCX carbon arc in Sec 2.3 below.

function of electron density.

1.2,2 DCX PLASMA MEASUREMENTS

In marked contrast to the problem of measure-
ment of very high densities, as in the carbon arc
(see Sec 2.3, this report), lies the problem of
measurement of low densities, that is, when the
plasma frequency lies considerably below the
microwave frequency., The lower limits on the
microwave frequency used are imposed by the re-
lation between the wavelength and the physical
dimensions of the device to be studied ~ especially
the plasma itself.
difficulty involved in focusing or collimating the
microwave beam to a least-dimension less than

This is due to the extreme

one wavelength, and to undesired resonant effects
in the device as a whole. Measurement of very
low densities by

therefore depend upon measurement of very small

the microwave method must

phase shifts at the lowest practical frequency.

Phase shifts at microwave frequencies are meas-
ured by the interferometer method illustrated in
Fig. 1.2.1.
the test path is compared with that propagated
through the reference path. The phase shifter
and attenuator are initially adjusted for an out-
put null at the detector. introduction of the plasma

Microwave power propagated through

PLASMA
UNDER STUDY
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into the test path results in an unbalanced signal
at the detector which is a function of the resistive
and dielectric properties of the plasma. Readjust-
ment of the calibrator reference elements for a
detector null yields the phase shift and attenuation
introduced by the plasma, from which density may
be determined when the plasma dimensions are
The resolution obtainable by this method,
and consequently the smallest density which may
be detected at a given frequency, depends upon
several factors. The most notable of these are
the power available at the detector, the resulting
signal-to-noise ratio, and the calibration accuracy
and resetability of the reference elements,

known.

The above method has been used in attempting
to measure the density of the plasma ring in DCX.
Due to physical
access and the necessity for making other types
of diagnostic measurements during sustained
operation of this machine, it was necessary that
the test path be constructed in the form of a

limitations involving point of

unit which could be inserted or removed from the
These factors
in the configuration for the test path
shown in Fig. 1.2.2, which is a photograph of the
unit used at 24,000 Mc. Figure 1.2,3 shows the

position of this unit in relation to the plasma ring

machine at will during operation.
resulted

when set up for operation. The unit is designed

to be inserted vertically through the 6-in, gate
valve on the top of the DCX tank with a sliding
O-ring seal used to provide a vacuum-tight joint,
A vacuum lock above this valve allows the unit to
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be inserted during DCX operation. Isolation be-
tween the two chambers of the DCX differential
vacuum system is achieved by the stainless steel
cup, seen in Fig. 1.2.2, which forms a low-con-
ductance joint with a mating section of the liner.
Waveguide connections from the outside pass
through the tube; these connections use resonant
Kovar windows to seal them from the atmosphere.
The waveguides, arranged so that the microwave
E field is parallel to the static magnetic field,
terminate in small horns above and below the top
section of the plasma ring as seen in Fig. 1.2.3,
Water cooling is used below the Kovar windows to
protect them from excessive temperatures. A
foil-type neutral particle detector is included in
order that information about decay and amplitude
may be obtained simultaneously for correlation
with the microwave data. Waveguide connections
are made from the unit to companion equipment
located some 15 ft away. This removes the com-
panion equipment from the DCX fringing field and,
when necessary, permits the use of a water shield
to protect the operator from radiation.

The unit just described was tested under bench
conditions, and it was found that a minimum phase
shift of 1° could be measured, corresponding to
a minimum detectable plasma density of 1 x 10'°
electrons/cm® for a 3-cm path length. The unit
was used during the September 1, 1958, DCX run
with deuterium, and brief phase-shift indications
were obtained on the detection apparatus placing
the density at approximately 1x 101! electrons/cm?,
considering the poorer signal-to-noise ratio under
field conditions. The signal-to-noise ratio has
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been improved on succeeding runs with hydrogen;
however, no phase-shift indication has been ob-
tained for hydrogen. (See Sec 1.1.1 for an esti-
mated 10% ions/cm? hydrogen plasma density,
based on interpretation of neutral-particle-collec-
tion data,) A similar interferometer operating at
8200 Mc has been constructed which should allow
detection of densities as low as 3 x 107 elec-
trons/cm3, all other factors being equal. However,
some difficulties have arisen involving resonances
and reflections at this longer wavelength, and it
has not been used to date in any actual measure-
ment attempt, It is thought that minor modifica-
tions will relieve these difficulties.

An additional step being taken to increase phase-
shift detection sensitivity is the development of
equipment for synchronous detection of the inter-
ferometer output with the DCX input beam switched
on and off at a constant rate. This equipment has
already slightly improved the signal-to-noise ratio.
This method should enable increase in signal-
to-noise ratio of at least an order of magnitude as
well as elimination of slow thermal and mechani-
cal drifts which plague high-sensitivity measure-
ments of this type.

It should also be mentioned that, since the unit
containing the test path must be inserted into DCX
through a 6-in.-dia hole, it is inevitable that the
return waveguide will interfere with Z spreading
of the plasma ring beyond 2'/2 in. from the central
plane. A new test-path unit which incorporates
features to help eliminate this difficulty is in the
design stage.
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1.3 PLASMA CONTAINMENT

The properties of the orbit of a single ion in the
azimuthally symmetric DCX magnetic field in the
absence of collisions have been studied with
the aid of the Oracle. This work parallels earlier
orbit calculations by the Livermore group.! Our
study differs from theirs in our emphasis on orbits
which encircle the axis of symmetry of the field,
rather than on orbits which do not encircle this
axis. Containment properties in the two cases
may be quite different. For example, among our
orbits, but not theirs, there is a class absolutely
contained as a consequence of the conservation
of the two known constants of motion of the
system. On the other hand, in our studies of orbits
not absolutely contained we have so far not seen
the seemingly contained, quasi-periodic orbits
discovered in the Livermore studies.

1.3.1 A STUDY OF ION ORBITS AND
CONTAINMENT PROPERTIES OF DCX

M. Rankin T. K. Fowler
Equations of Motion

The relativistic Hamiltonian for a particle in a
magnetic field is

2
H=/ngc4+c2<P-——A> , Q)]
c .

> >
where P is the canonical momentum vector and A
is the magnetic potential vector. For an azi-
muthally symmetric magnetic field — such as the

one of the DCX - X: (0,A4,0) so that, in cylin-

drical coordinates (letting Ay be A), Eq. (1) may
be written

2
H bo o
—C—= mgcz+pf+<—-——A> +P22 ' (2)

r C

TA. Garren et al., Non-Adiabatic Effects in Single
Particle Orbits, in Proceedings of Controlled Thermo-
nuclear Reactions Conference, Berkeley, California,
Feb. 1957, TID-7536 (Part 2), p 170.
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where p, is the canonical angular momentum. The
equations of motion are then given by

2
p
L (3)
ap, H
2
. JH €°P
;. 2z, (4)
o, H
. OH c2/bo ¢ Po e0A 5
R e LR
. dH c2<p9 e >8A (6)
R
;. 2/Pg
e=_H=C_<___f- ), 7)
89 r r C /
. JoH
=0 . 8
Po="35 ®

Since there is no coupling between (7) and (8)
and the other equations, they need not be con-
sidered in the integration of Egs. (3) to (6) to
find the r,Z motion. However, their information
that p 5 = constant and

. 2 /bp
0 = = <—-—f-A>
H r c

will later be used.

Noting that the total momentum p of the system
is vl/c? and that &/dt = v d/ds we write Eqs. (3)
through (6) as

r'=Pr . (39
z'=pP, , (47)
p P i
e 6 du
P’= —-—P —_— — ’ (5’)
r r 2 O
Py aG,
P, = — -0 — 6’
z r 0z ! (")



-

where
?,
P =—,
b
be
Pg=— ’
°
bz
PZET ,
=24,
cp

and the differentiation is now with respect to arc
length, Note that in the above set of equations
all variables are now dimensionless except r, Z,
and P g, which have dimensions of length.

Absolute Containment

In the nonrelativistic limit, (2) becomes

pr=p+ pZ + Vipar2 9)
where
be . 12
Ve=|—-—A(2) (10)
- r C .

is an effective potential for the r,Z motion referred
to above.! For the DCX, V as a function of 7 has
been plotted for various values of py at the mirror
(Fig. 1.3.1) and at the mid-plane (Fig. 1.3.2).

A sufficient criterion for absolute containment'
is that all energy become ‘‘potential’’ as a particle
approaches the machine walls; that is, it is
sufficient to require that

V> p? (1)

at every point on the boundary of the machine.
Let 5y be the largest value of py such that (11)
is satisfied. Since within the machine A > 0 (with
the convention that the Z-axis points in the
direction of the magnetic field), py necessarily
must be negative, corresponding to orbits which
encircle the axis of symmetry. From (9) and (11),
a particle is absolutely contained if

p2+pL <p?-V(Z,Fp) . (12)

Analytic Approximation for A

In the absence of an electric current,

VxB=Vx{(VxA)=0.
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Since V x (V x A) = V(V+4) - V24, and since
V+A =0 in our case, we must have V24 =0. In
cylindrical coordinates this becomes

r

s A Ag
2 2
VA=@9<V Ag-—]=0. (13)

Hence A must satisfy the equation

19/ 04\ 9%4 4
—lr—) 4+ —— =0 . (14)
r or or 622 r2

We assume A = A(r,Z) = f(r) cos Z, since cos Z
gives an appropriate Z variation for a mirror field.
Then we find that f(r) must satisfy the equation

r2f”+ rf'—(r2 +1) [= 0. (15)

The solution of this equation is the Bessel
function I,(r). Hence an analytic representation
of A is of the form

Z a_ cos nZ 1, {(nr) .

n

The first form used for A was
A=aop-a|l|(P) cos ¢, (16)

where p = 2m7/L, { = 27Z/L, and L = distance
between mirrors (30 in. in the DCX). The two
constants a, and a, were chosen by imposing the
conditions B{(r=0,Z=0) = 9.6 kilogauss and a
mirror ratio of 2:1 as in the DCX. When orbits
were followed on the Oracle using (16) for A, many
were seen to reach the radial boundary. This was
a fictitious radial escape, attributable to the fact
that this first-order approximation for A gave (for
r values larger than about 6 in.) a much smaller
value than in reality exists in the DCX.

To overcome this difficulty the second-order
approximation to A was introduced. This is

A=aop—-a.‘l.‘(p) cos £ +
+a,l,{2) c0s 2¢ . (17)

The three constants a,, a,, a, were determined
by the two conditions used for the first-order A
and the additional condition that A(r = 14 in,,
Z = 0) agree with the actual A (the maximum A)
at that point in the DCX. These constants are
a, =2.8242, a = 1.9098, and a, = 0.04095. This
second-order form for A was found to fit the real A
to within an error of not more than 5% in the mid-
plane. Comparison of A at the mirror with later

20

Oracle calculations of the DCX A at that plane
also showed agreement to within a few per cent.

In the remainder of our calculations, A has the
meaning given by (17).

For reference we note that from this form for A
it follows that

19(rA) 27

82_76_r=f 204 +a, cos {lo(p) +

+20,c0s 21y (2)] , (18)

me—=""Ja,1,(p) sin ¢+
L RS ¢

+2a,1,(2) sin2¢] . (19)

Equations (3”) through (6”) form a system of
first-order differential equations. A code to in-
tegrate this system using a Runge-Kutta numerical
integration scheme was written. Parameters of
this code are: b (the interval size), p, Py and
the initial values of , Z, and P,. The code then
calculates the correct initial value of P_. The
initial sign of P_ is arbitrary and normally has
been used as negative.

The code was tested against a case run by the
Livermore group. Also, several internal checks
on the numerical accuracy of the integration are
made. The value of P? is calculated after each
integration step, and the integration is terminated
if there is significant deviation of P2 from 1. By
comparing orbits integrated with two different
interval sizes and also by using the test of time
reversal of the orbit, it has been found that orbits
are reliably determined if |P2 — 1] < 0.0001. The
value of b necessary to give this accuracy depends
on the value of Py and on the length of the in-
tegration, since the error is accumulative. As P,
increases from —0.09 to —0.02, it has been found
necessary to decrease b from 0.025 to 0.005.

In analyzing the results of these Oracle datq,
definite information is obtained only in the cases
of those orbits which are seen to escape. Other
cases are inconclusive, due to the time scale. An
integration path length of 100 ft requires several
hours of Oracle computing time but corresponds
to an actual time of the order of only 10 pusec.
The Oracle calculations are used then as a guide
in formulating properties and theories of contain-
ment.









We are particularly interested in zeroth order
distributions which cause the denominator of
(3) to vanish for values of p which have positive
real parts; that is,

Y(p) =1 for Re(p) >0 ., (7)

If (7) is satisfied, there will exist plasma oscil-
lations whose amplitudes increase exponentially.

A previous paper? exhibited two distributions
which led to unstable oscillations. In that paper
the motion of the ions was neglected. In this work
the ion motion is taken into account and it is
shown that the zeroth order function,

2, 2
1 2 i e_vl/ali

i o |\ ™ 2, .2 (®)
ali L

can lead to unstable oscillations. Equation (8) is
the distribution function for the ions; a similar
distribution function is assumed for the electrons.
The parameters o and a, measure the spread in
velocity inthe directions perpendicular and parallel
to the field. The function given by (8) was chosen
because it resembles the Maxwell-Boltzmann
function and allows the integrals in (4) to be
evaluated in terms of known functions. Substituting
(8) into (4) gives

+ o0
~A,
Y{p) =~ Ew:], 2 e ]II"I(/\f)X
i

n=-—oo
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We first consider the case a ., =a,_ =0. If one
imagines the density of the plasma to be built up
from zero one finds that the plasma first becomes
unstable f[that is, a root of Y(p) = 1 becomes
complex with a positive real part] approximately
when

47INe? e? B2
w? = >l = , (10)
pe M ci 2 2
e Mz'c
that is,
M 2
e B
N> < - an
Mi 47TMiC2
lfa,,=a, =a_oda = 0, then an approxi-

mation to the root of Y(p) = 1 which first becomes
unstable may be shown to be
p==lkla, tiv_ +

1

T cf k, 1
X T —_ - +{— (9)
J k <p + |kz|az]. + ma)c.) k <p + |kz|az ‘

where

2 12
at.k

1771

/\,:
]

202
cj

and [ (A) is the modified Bessel function of the
first kind,

4E. G. Harris, Phys. Rev. Letters 2, 34 (1959).

k2

Z 2 2
—ws >w, . (13)
12 pe ci

This is equivalent to (10) if k /k is of the order
of unity, which
leading to (10). Actually, there is no instability
for &=k, for then k. = 0 and hence A, =0, and

is one of the approximations
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the numerator of (12) vanishes. The approxi-
mations made in deriving (12) fail near the onset
of instability. For

kz
zZ 2 2
— wg, P> Wiy (14)
k
Eq. (12) becomes
p==lk lo, +iw_;+
1/2
Me -,
+(l)c1 —A'{—C Il(Al) . (]5)

Since the maximum value of e i Il()\l.) is 0.219,
Eq. (15) gives the instability criterion,

M /2

w  (0219—=1] >k |a, . (16)
M, 0z
i

ct

The term |k, |a, which appears in (15) is due to
the process of Landau damping.  Probably no
quantitative significance should be attached to it
since the v dependence of (8) is rather un-
realistic.

At still higher densities, instabilities set in
which are independent of the motion of the ions.

If o, =0, the criterion for instability is approxi-
mately
47TNe2 e?B?
w:e = > wze = , a7
M, M2 2
e
or
2
B
N> . (18)
47TMec2

24

This is higher by a factor of M?/MZ than the
density given by (11). For a deuterium plasma
this factor is 1.35 x 107, These instabilities were
discussed previously by the author.*

If we take B = 10* gauss (about the field used
in DCX), then (11) predicts instability of a deu-
terium plasma when the particle density exceeds
about 107 particles/cm®, o density much below
that proposed for any thermonuclear machines. It
is difficult to say what the ultimate effect of
small-amplitude instabilities will be. The theory
presented here is a linear one and yields no
information about the factors which must ultimately
limit the amplitude of the oscillations. The writer
is of the opinion that the amplitude will be limited
by the expulsion of particles across the field, or
through the mirrors in the case of mirror machines.
This is suggested by the trochotron experiments
reported by Alfvén et al.’

There are no experimental data sufficiently
clear-cut to allow a careful quantitative comparison
between theory and experiment. However, some
of the trochotron data® agree in order of magnitude
with Eq. (18) if reasonable assumptions are made
about the cross section of the trochotron beam.

The instabilities discussed here are due to
anisotropies in the velocity distributions of the
electrons and ions of the plasma. Since any
confinement of a plasma by a magnetic field
necessarily produces anisotropic velocity distri-
butions, instabilities such as those reported here
may be
machines.

quite commonplace in thermonuclear

SH. Alfvén et al., Kgl. Tek. Hogskol. Handl., No. 22

(1948).
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1.4 DEUTERON AND ELECTRON ENERGY DISTRIBUTIONS IN DCX

A. Simon

Transport equations are being solved numerically
to determine in detail the energy distribution of
ions and electrons in the DCX plasma, both in
steady state and in a transient condition.
previous reports'+2 the steady-state aspect of the
problem was studied using a model in which the
energy distribution for the majority of the ions
and electrons was assumed to be Maxwellian in
shape. The present treatment utilizing transport
equations is, of course, more exact in that the
shape of the distribution is determined, not assumed.

Fokker-Planck Equations. — The dominant mech-
anism of energy transfer between the components
of a plasma is by fairly long range Coulomb inter-
actions. The great majority of the energy transfers
per collision are small and the angle of scattering
is also small. A situation of this sort is ideally
suited for the use of the Fokker-Planck? approxi-
mation to the Boltzmann transport equation. We
have further assumed that the plasma is neutral
and is uniformly distributed in space and isotropic
in velocity space. All sources and sinks are also
assumed to be isotropic, and external fields are
considered to be absent. With these assumptions,
all spatial and angle dependences drop out of
the problem and the resultant equation has only
two independent variables: energy, E, and time, ¢,
For a system of two species, ions and electrons,
these equations are

In two

NApP) 0%(BpP)
fz.. F n +Sp(E,t) = Lp(E,2) (1)
and

+ SN(E,t) - LN(E,t) . (2

YA, Simon and M. Rankin, Some Properties of a Steady
State High-Energy Injection Device (DCX), ORNL-2354
(Avg. 25, 1957).

21, K. Fowler and A. Simon, Energy Transfer to Cold
Electrons in DCX, ORNL-2552 (July 1958).

3M. N. Rosenbluth, W. M. MacDonald, and D. L. Judd,
Pbys. Rev. 107, 1-6 (July 1, 1957).

T. K. Fowler

M. Rankin

Here P(E,t) and N(E,!) represent the number of
ions and electrons, respectively, in a unit energy
interval at a time t. The functions Sp(E,t) and
Sy(E,t) are source terms representing injected
ions, and L,(E,#) and L (E,t) are loss terms
representing leakage out the mirrors. The trans-
port coefficients AP(E,t) and A (E,t) represent
the rate of energy loss or gain by a particle in
colliding with all other particles, and the co-
efficients Bp(E,t) and By(E,1) are proportional
to the energy dispersion produced by collisions
with other particles. Equations (1)} and (2) are

coupled in a complicated fashion by the fact
that Ap, Ay, Bp, By, Lp, L, are themselves
integral functions of both the P and N distri-
butions.

Numerical Solution. — An IBM-704 code has been
devised to solve (1) and (2) simultaneously. First,
since under the assumption of isotropy the great
difference in ion and electron masses permits hot
ions to heat only the coldest electrons, the dis-
tributions had to be screened much more closely
at low energies than at high energies. Thus, our
mesh of 75 energy cells was divided into two
regions, the range 0 < E < 500 ev being covered
with cells of width 20 ev, and the range 0.5
kev < E < 1000.5 kev with cells of width 20 kev.
Secondly, care has been taken to guarantee that
the numerical difference scheme satisfies the
boundary conditions that particles and energy are
conserved in the absence of sources and sinks.
A CF memo*
boundary conditions into the difference equations
will appear soon.

Primarily as a test, the code with source and
loss terms set equal to zero is presently being
used to study relaxation to thermal equilibrium
of an isolated plasma of deuterons and electrons
initially at different energies. When completed,
the results should constitute an interesting sequel
to earlier numerical studies of the relaxation of

discussing incorporation of these

a single species of charged particles.?

4T. K. Fowler, M. Rankin, and A. Simon, Boundary
Conditions and Conservation Properties of FOPP, a
Plasma FokkerPlanck Code, ORNL CF-59-2-75 (to be
published).

5W. M. MacDonald, M. N. Rosenbluth, and W. Chuck,
Phys. Rev. 107, 350-53 (July 15, 1957).
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2. CARBON ARC STUDIES

2.1 SOME SPECTROSCOPIC STUDIES OF THE ENERGETIC CARBON
ARC = A MAGNETICALLY CONSTRAINED HIGH-YACUUM ARC

J. R. McNally, Jr.

Spectroscopic studies of the 5-ft-long, 300-amp
carbon arc showed Doppler broadening which was
equivalent to 50 ev (400,000°K) and slant effects
which were believed to be due to the crossed
electric and magnetic fields. Slant effects were
associated with individual filaments of the carbon
arc as well as with the whole arc, indicating
localized variations in the electric, and possibly
the magnetic, fields within the arc core. High-
intensity spectra, with very strong resonance lines
of CY, c**, and especially C3*, have been ob-
tained using an ORNL-constructed Seya spec-
trometer. Oxygen (0*t0 0*") resonance lines have
been observed in both the LSM (Long Solenoid
Machine) and the DCX. Preliminary studies of
the intensity variation of selected spectrum lines
and integrated visible light as a function of the
current of the carbon arc in the LSM have been
made, and they indicate increase of average
electron flux with current.
electron temperature are thought to be ~20 ev at
300 amp and 31 ev at 160 amp, and if the trend
toward higher electron energies continues at still
fower currents, DCX plasma heat loss in the arc
Improved water cooling

The upper limits of

region should be less.
of the anode to decrease the number of carbon
particles fed to the arc increased the degree of
ionization only very slightly.

Unusual Doppler slant effects and line broad-
enings in the spectra of magnetically constrained
arc systems have been reported. "2 These studies
have been extended to include three distinct types
of arc plasmas: (1) the high-pressure PIG dis-
charge'*? which is referred to in the Project
Sherwood literature as the Mode | p|osma;3 (2) the

). R. McNally, Jr., and M. R. Skidmore, J. Opt. Soc.
Am, 47, 863 (1957).

2J. R. McNally, Jr., ‘“The Role of Spectroscopy in
Thermonuclear Research,”” to be published in J. Opt.
Soc. Am., April 1959.

3A. Simon and R. V. Neidigh, Diffusion of lons in a
Plasma Across a Magnetic Field, ORNL-1890 (June
1955); R. V. Neidigh, Some Experiments Relating lon
Diffusion in a Plasma to the Neutral Gas Density in the
Presence of a Magnetic Field, ORNL-2024 (June 1956).
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low-pressure PIG discharge which is referred to
as the Mode Il plasma;* and (3) the high-current
vacuum carbon arc.® Some of the spectroscopic
results obtained on the carbon arc are reported
here.

These arc plasmas are discharges confined by
magnetic fields of several kilogauss, either with
or without a magnetic-mirror field. The magnetic
pressure associated with these arcs is H2/87 or
about 1 atm, but because of the vacuum the heat
dissipation along the arc is almost entirely by
radiation and negligibly by conduction and con-
vection (which would otherwise be important in
arcs at gas pressures of 1 atm). Radiation cooling
in a 300-amp vacuum carbon arc amounts to ap-
proximately 300 w per inch of arc length.

The reduced heat losses apparently result in
the entrapment of larger amounts of energy than
would occur in conventional atmospheric-pressure
arcs and in the attainment of phenomenally high
“temperatures.’’ (It is realized that significant
ordered motion of the ions both about and along
the axis of the arc does not permit a true temper-
ature description in the Maxwellian sense: the
random axial motion is comparable in magnitude
to the ordered rotational motion but quite larger
than the ordered axial motion.) The high ionic
“‘temperature’’ is verified in part by the high
degree of ionization (C3* and O** impurity lines
are prominent) and the fact that the electron
excitation energies are quite comparable to the
Doppler-determined ion energies.

2.1.1 DOPPLER SLANT AND LINE

BROADENING

The Doppler effects are illustrated by Figs.
2.1.1=2.1.5. Figure 2.1.1 shows spectrum lines

4R, V. Neidigh and C. H. Weaver, The Effect of a
Pressure Gradient on the Magnetically Collimated Arc,
ORNL-2288 (April 1957).

5). s, Luce, Studies of Intense Gaseous Discharges,
Paper UN/P-1790, Second International Conference on
the Peaceful Uses of Atomic Energy, Geneva, Switzer-

land (1958).
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collimated vacuum carbon arc. Note the rapid
fall-off of intensity of lines of singly ionized
carbon with increasing distance from the anode.
Simultaneously, as the carbon ions drift from
anode to cathode, there is a buildup of ctt
spectra.  Measurements near the center of the
5-ft-long arc in the LSM indicated relatively high
abundance of the triply ionized carbon species
(1548 A C3*/977 A C** ~ 30, uncorrected for
spectrometer efficiency). Measurements along the
5ft arc (see Fig. 2.1.4) revealed a slight drift
energy of ions toward the cathode (about 2 ev)
based on the Doppler shift of the center of gravity
of the spectrum line but marked energy of random
motion based on the Doppler broadening. This
random axial motion corresponds to ion energies
of about 10 ev near the anode and exceeding 50 ev
near the cathode end of the arc. This latter
energy of random motion represents a ‘‘temper-

* of approximately 400,000°K.

ature’

2.1.3 SPECTRAL INTENSITY VARIATION
IN THE CARBON ARC IN THE LSM

studies have been made of the
intensity variation of selected spectrum lines
and integrated visible light as a function of the
current of the carbon arc in the LSM. These
results, normalized to intensities of unity for the
300-amp run, are plotted in Figs. 2.1.7 and 2.1.8.
Figure 2.1.7 shows the intensity variation of lines
of different stages of ionization. The general
trend of the curves indicates that the average

Preliminary

electron flux, n,v,, increases with increasing
current, as might be expected. The C i line
indicates an anomaly at low currents, the intensity
rising very markedly at the lowest current. The
C 11l line indicates a leveling off at the lower
currents. This suggests that the number of singly
jonized atoms (C 11} increases relative to the
number of doubly ionized atoms (C 111) and very
much relative to the number of triply ionized atoms

(Civ)

These numbers must satisfy the relation

n_~n +2n +++3rz +
e="¢c* c c?

At about 250 amp the ratios C3*/C** and ctt/ct
are a maximum if n, is approximately constant in
this range,

Electron Energy and Current. — Figure 2.1.8
shows the intensity variation of two selected C IV

lines as a function of arc current. The resonance
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8.0 ev) show
an approximately linear incregse with current,
whereas the line pair at 2526 A which have an
excitation potential of 55.8 ev, have considerably
less slope and show an upward trend at the lowest

o]
lines at 1548 A (excitation energy =

current. Assuming an electron temperature equi-
librium exists, then

(1,/1,) 300 amp

_ ~(E /T =E /T}) 0.47
(l,/lz) 160 amp =
or
T, —-T
L H
—— =0.016
TH L
This calculation is independent of the spec-

trometer efficiency, quantum properties, etc., and
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is valid insofar as the assumption of a Boltzmann
distribution is valid. Thus, if T, =KT,, then
K = 1/(1 - 0.016 TH). The possible excitation
(electron) temperatures are given below.

Assumed Ta00 (ev) Computed T4 (ev)
10 11.9
20 31.2
30 57.6
40 111.2
50 500
60 Impossible

Inasmuch as no spectral excitation greater than
about 60 ev has been observed, it is probable that
the upper limits of electron temperatures are about

PERIOD ENDING JANUARY 31, 1959

20 ev at 300 amp and 31 ev at 160 amp. Some
ions of C V (quadruply ionized carbon) probably
exist in the discharge, since it takes only 64.5 ev
to ionize C 1V; however, the density of electrons
~300 ev is negligible since no
spectrum lines of C V have ever been observed in
the spectra of the carbon arc. The excitation
potential of the first excited state of C V is
298.9 ev. The resonance lines of O+, OH, 034,
and 0** have been observed in both arcs operated
in the LSM and in the DCX. Because of the
pile-up of impurity ions in the arc as a result of
drift toward the cathode, the intensity of these
impurity ions is expected to be enhanced, which
is in agreement with observation.

Because high-energy electrons will absorb less
heat from the hot ions in the DCX plasma, it will
be of considerable interest to see whether the
trend toward higher electron energies continues
The losses due to carbon-
arc charge-exchange events would appear to be
a minimum at about 250 amp since the degree of
ionization is near a maximum. Based on spectro-
scopic evidence the breakup efficiency of the
carbon arc would appear to be greater at the higher
decreases;

of energies

at still lower currents.

currents since n_ v increases and
thus the electron density increases slightly faster
than the current This increased
breakup efficiency actually occurs, as has been
reported by Barnett, Mackin, and Ray.’

The effect of running the anode with improved
water cooling has been studied in order to de-
termine whether the decreased feed of carbon
particles to the arc increases the degree of
ionization (an increase in the degree of ionization
has been observed in the case of short arcs with
This is es-
important if charge exchange in the

increases.

anode motion — see Table 2.1.1).
pecially
carbon arc is a cause of significant losses in
the DCX. In such a case it is imperative that the
ratio of the charge exchange loss rate to the
breakup trapping rate be minimized. It is con-
cluded that the results of ‘‘starving’’ the arc
were in the direction anticipated, but the indi-
cations were only of a qualitative nature,

Tables 2.1.2 and 2.1.3 list data on excitation
and ionization requirements for different spectrum

’c. F. Barnett, R, J. Mackin, and J. A. Ray, Dis-
sociation of H2’+ and 02+ by a Vacuum Carbon Arc,
ORNL-2420 (Dec. 6, 1957).
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Table 2.1.1. Excitation of Carbon by Open Electrodes and Water-Cooled Anode

Ratio of Lines Measured

Total Excitati In Tank Track Facility
Atomic fonization Woveéengfh xcitation
Species Eneray (A) Energy In Sol enoid* Oven Water-Cooled Anode
(ev) P d -
(ev) Electrodes* Midway Near
Between Arc* Anode**
C0 0 2478 7.7 Not detected 0.0006 Not detected Not detected
C+ 11.3 2512 18.7 0.004 0.007 0.022 0.036
4267 20.9 0.022 0.12 0.43 Not scanned
c?? 35.6 4647 32.2 1.0 1.0 1.0 Not scanned
4650 32.2 0.52 0.48 0.53 Not scanned
2296 18.1 ~2 ~2 ~2 ~2
3t 83.5 2530 55.8 0.028 Not detected  Not detected 0.0006
* |Intensity of line ok Intensity of line
. X2 .
Intensity of line 4647 Intensity of line 2296 c?t

Table 2.1.2. Electron Energies Required To Excite Various States of Carbon

Total
lonization lonizati Wavel h Excited Excitation Total
Atomic Species Energy onization avelength Excite Energy Energy Combination -
N Ener (A)
(ev) ( )gy (ev) (ev)
ev
cl 0.0 0.0 2478.5 7.7 7.7 2 's—3s'p
2967.2* 4.3 43 2°%p,-2""s,
cn 1.3 1.3 1037.0 13.7 250 2 P,-2"%
1335.7* 21.8 331 %P, -2" %,
2512.0 31.0 423 2%, -2,
4267.3 20.9 322 342D, -4 %F,
cm 24.4 35.7 977.0* 12.7 48.4 25 's—2 'p
2296.9 18.1 3.8 2 'P-2""p
4647.4 32.2 67.9 35 3s-3 P,
clv 47.9 83.5 1548.2* 8.0 9.5 25 25—2 2p
2530.0 55.8 139.3 42k -5 % )
cv 64.5 148.0 40.3 306.4 4544 s2ls—1s2 P .
cvi 392.0 540.0 33.7 365.7 905.7 1s Z5—2p 2p

*Resonance lines.
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lines ond energy states of carbon aond oxygen.
The excitation of highly ionized atoms of high
z can be best studied in the vacuum ultraviolet
region since, in general, the resonance lines occur
there. Impurities, such as oxygen, must be
evaluated there
serious question as to how much of such impurities
may be tolerated because of poisoning effects.

since is always present the

PERIOD ENDING JANUARY 31, 1959

We are indebted to B. Edlén for making available
a reprint of his publication on line lists.® Ad-
ditional information has been obtained from the

familiar NBS tables of C. M. Sitterley.’

8E. Edle’n, Nova Acta Regiae Soc. Sci. Upsaliensis
sd4, 9(6), 104 (1934).

C. M. Sitterley, Atomic Energy Levels, Vol. 1,
Circular 467, National Bureau of Standards (1949).

Taoble 2.1.3. Electron Energies Required To Excite Yarious States of Oxygen

T
lonization | .O":? W | h Excited Excitation Total
Atomic Species Energy OE'ZO fen avelength Excite Energy Energy Combination
(ev) (“'"';" (ev) (ev)
ev
ol 0.0 0.0 1302.2* 9.5 9.5 27" 3p —3s 3,
o 13.6 13.6 834.5* 14.9 8.5 2 4s,-2"4,
718.5 20.6 42 -2
2411.6 30.8 444 3s 7D, —4p %P,
o 35.1 48.7 835.3* 14.9 637 2P, ~2"3p,
703.9 17.6 6.4 23,23,
2455.0 38.9 87.7  3s P -3 s
2695.5 49.6 3 3s-3"%p,
oIV 54,9 103.6 625.9 28.7 132.4 2p"‘p3 ~2"4s
790.2* 15.7 M9.4 2% 2P2—2p’2o3
1343.5 31.6 1353 2" %P, -2 D,
ov 77.4 181.0 629.7* 19.7 200.8 25 's—2 'p
760.5 26.5 207.6 2 °P,-2"%p,
1371.3 28.7 209.8 2 P-2""p
2781.0 72.3 253.4 3535 -3 P,
o Vi 113.9 294.9 1031.9* 12.0 3069 25 %52 %P,

*Resonance lines,
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2.2 A MASS SPECTROMETRIC ANALYSIS OF THE CONSTITUENTS

OF THE CARBON ARC .
R. V. Neidigh
In an attempt to approach an understanding of The analyzer is schematically diagramed in

the mechanism of the dissociation of D2+ by the Fig. 2.2.1. The conditions of the analysis were:

carbon arc'*? the constituents of the carbon arc

were analyzed. The method involves a straight- Arc cathode diameter 0.375 in.

forward extraction of ions from the edge of the

carbon arc plasma by a negative potential. These Arc length 4-5 in.

first results, from measurements on a short arc, Arc current 200 amp

verify spectrographic evidence of the presence of Magnetic field 6000 oersteds

triply ionized carbon in a carbon arc, though in a

much smaller amount than spectrography indicated Accelerating voltage 9-10.8 kv

for the long arc (see Sec 2.1). The following are Analyzer slit 0.030 x 0.500 in.

the average results, normalized to 100% and with (at start of 10-min run)*

the associated standard deviation:
*The grounded slit gradually closed with carbon deposit
and the slit in the collector box which was at the negative
high potential eroded slightly.

Amount
Atomic Species (%) Standard Deviation
* 27.5 5.9
: - 5. 8. Luce, lonization and Dissociation of Energetic
ctt 70.7 £11.9 Ions by a Carbon Discharge, ORNL-2219 (Jan. 28, 1957).
C3+ 1.25 +0.30 '2C. F lBarnett, +R. J. M:ckin, Jr., and J. A. Ray, B
" Dissociation of H2 and D2 by a Vacuum Carbon Arc,
C 0.56 +0.22 ORNL-2420 (Dec. 6, 1957).
UNCLASSIFIED
ORNL -LR-DWG 35768
(® MAGNETIC FIELD OUT OF PAPER GROUND POTENTIAL

— 10,000 v —=

/ N -

RBON ARC
T=——ARC DIAMETER = 0.375 in. N CARBAN A &
ARC CURRENT = 200 amp ) -

Fig. 2.2.1. Side and End Views of the Analyzer for the DCX Carbon Arc. Power supply and method of meas-

uring currents are shown at the right. The arc was grounded only at the analyzer.
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A voltmeter was used to monitor the accelerating
potential, and milliammeters were used to monitor
the collector currents. All meters were placed
together in a shielded cage so that they could be
photographed simultaneously.

The inhomogeneous and continually changing
structure of the carbon arc made the collector
currents vary continually during the 10-min run.
Twelve photographs were taken of the collector
milliammeters and voltmeter monitor during the
run. The ion current data is recorded in Table 2.2.1.

The variable nature of the arc is emphasized by
the variation in collector current with time. The
resolution was poor, and it may be that other ions
with nearly the same e/m were contributing. It is
planned to repeat the experiment with a longer arc
(5 ft in the LSM) to see whether there is an in-
crease in the C3* and C** ions. A continuous
scan with a high-resolution collector will be used
to verify the results. The carbon arc appears to
consist of several intense current filaments which
rotate about the edge of the cathode. An attempt
will be made to run the arc with only one filament,
and then repeat the experiment.

PERIOD ENDING JANUARY 31, 1959

Table 2.2.1. Proportions of Faur Constituents
of the DCX Carbon Arc

lon Currents (ma) Accelerating Potential

ct ctt 3¢ c4+ (kv)
3.8 6.6 0.10 0.01 9.5
2.1 5.8 0.19 0.1 9.0
2.8 4.5 0.05 0.00 10.1
0.2 4.2 0.07 0.00 10.2
2.2 8.0 0.10 0.00 10.6
1.4 2.6 0.02 0.01 10.1
1.0 1.8 0.02 0.02 10.2
1.1 2,7 0.08 0.05 10.4
3.4 7.8 0.18 0.13 9.6
1.9 53 0.10 o0.01 10.8
0.0 0.2 0.00 0.07 9.5
0.2 2.0 0.00 0.00 10.8

2.3 MICROWAVYE DIAGNOSTICS OF THE CARBON ARC
H. O. Eason, Jr,

Knowledge of the electron density in the long
vacuum carbon arc used for molecular breakup in
the DCX is essential to the understanding of the
breakup mechanism and its limitations. Microwave
measurements, for an arc current of 300 amp and a
magnetic field of 2600 gauss, have tentatively
established that the plasma frequency of the arc is
~ 140,000 Mc, corresponding to an electron density
of ~2 x 104 electrons/cm?3.

2.3.1 CARBON ARC MEASUREMENTS

Due to physical difficulties involved in making
microwave measurements on the arc directly in the
DCX machine, these measurements have been made
on a similar arc in the LSM, The experimental
setup is indicated diagrammatically in Fig. 2.3.1,
which is a cross-sectional view perpendicular to
the axis of the arc. Microwave power is generated
by a suitable source, and waveguide connections

are made to a transmitting horn through appropriate
matching elements. The electromagnetic waves
thus emitted are focused on the arc by a poly-
styrene lens which also serves as a vacuum
window for access to the chamber. The waves
passing through the arc are then refocused into a
receiving horn by a similar lens on the opposite
side and pass through a waveguide connection to a
detector.
amplifier and meter or an oscilloscope, is used
to indicate the relative transmission over this path
with and without the arc.

An early measurement of this type by W, B, Ard!
at 25,000 Mc showed transmission losses in excess
of 15 db introduced by the presence of the arc,

An indicating device, either a tuned

the severe reflections indicating that the plasma

]University of Alabama, consultant to Thermonuclear
Experimental Division.
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TRANSMITTING HORN

TUNING
ELEMENTS

UNCLASSIFIED
ORNL—LR-DWG 35834

Yo-in. DIA CARBON ARC

RECEIVING HORN

MICROWAVE
ENERGY SOURCE

MAGNETIC FIELD PERPENDICULAR TO PAPER

DETECTOR

INDICATING

POLYSTYRENE LENS DEVICE

CHAMBER

Fig. 2.3.1. Cross Section of Long Solenoid Machine, Illustrating Method Used in Density Measurements.

frequency of the arc was greater than 25,000 Mc,
and therefore that the electron density exceeded
8 x 10'2 per cubic centimeter. The residual trans-
mission was attributed to scattering and imperfect
focusing of the microwave beam.

This measurement was later repeated by this
writer at 70,000 Mc. Preparatory experiments, with
uncorrected  4-in.-dia lenses with
equal curvature on both sides and having a focal
length of 5 in., showed a residual transmission
of 7 db at 70,000 Mc for a 24-in. lens

It was also ascertained that practically

polystyrene

loss
spacing.
all the power was focused in a region 1/2
diameter midway between the lenses, corresponding
to the position of the arc. The additional trans-
mission loss introduced by the arc in this case was
again approximately 15 db, indicating electron
density in excess of 6 x 10'3 per cubic centimeter
and a need for measurements at still higher fre-
quencies to establish a lower density limit.

Since the reflex klystron used at 70,000 Mc
(Amperex DX-151) represents the highest-frequency
power source which is commercially available,

in. in

a crystal multiplier was used in an effort to
produce power at the second harmonic of this

The multiplier configuration chosen
2-4 and a

frequency.
was the familiar crossed-guide type,

2w, c. King and W. Gordy, Phys. Rev. 93, 407 (1954).

3w, c. King, Trans. Inst. Radio Engrs. MTT-2(3),
1316 (1954); C. M. Johnson, Trans. Inst. Radio Engrs.
MTT-2(3), 27-32 (1954).

4). M. Richardson and R. B. Riley, Trans. Inst. Radio
Engrs. MTT-5(2), 131135 (1957).
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photograph of the device appears in Fig. 2.3.2.
The device consists of crossed 4- and 2-mm wave-
guides separated by a 0.002-in. wall section having
a 0.032-in.-dia coupling hole, the center line of
which intersects the guide axes. An insulated
silicon crystal made from 1N53 material is mounted
flush with the inner surface of the 4-mm guide and
connected to the insulated center pin of the coaxial
connector. A 0.005-in.-dia tungsten catwhisker
electropointed to a tip radius of approximately
0.0001 in. is inserted through a 0,013-in.-dia
hole in the opposite face of the assembly and
through the coupling hole. The whisker is
advanced to contact the crystal by a spring-loaded
differential screw mechanism having an effective
pitch of 400 threads per inch. Tuning plungers
are used on both waveguides to match the whisker
to the guides. The detector used was a commercial
ridged-waveguide-mounted crystal designed for the
4-mm band and connected to the receiving horn by
means of a tapered transition. This detector is to
be replaced by a 2-mm waveguide-mounted crystal
detector, now being fabricated, which is similar in
construction to the multiplier.

Results obtained with the harmonic generator
just described were only moderately successful,
the conversion loss to the second harmonic being
of the order of 30 db when driven by 50 mw of
power 100% amplitude-modulated at 70,000 Mc.
The power output at 140,000 Mc, however, was
sufficient to provide a 40-db signal-to-noise ratio
with the lens system previously described and
with, following the detector, a high-gain narrow-
band amplifier tuned to the modulation frequency.
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2.4 CROSS-SECTION CALCULATIONS FOR DISSOCIATION OF D2+ BY CARBON ARC

R. G. Alsmiller, Jr,

Recent spectroscopic information (see Sec 2.1)
indicates that there exists a significant amount
of triply ionized carbon in the long carbon arc, and
the possibility exists that the dissociation of the
D.* molecules by the carbon arc may be caused by
these highly charged ions. To test this hypothesis
the dissociation cross section is being calculated
in two different approximations.

A Born approximation calculation of the dis-
cross section is being carried out
numerically, The carbon ion is treated as a
particle of charge =ze; that is, the
structure of the carbon ion is neglected. The
molecular nuclei are treated as fixed force centers,

sociation

internal

and exact two-center electronic wave functions are
A classical average is carried out over
molecular The procedure is to
calculate the cross section for the excitation of the
molecular levels from which dissociation occurs.
The expression for the cross section is quite
complicated and will not be reproduced here. For
our purposes, the significant thing about the

used.!
orientations.

Born approximation expression is that it varies as
22, and thus triply ionized carbon contributes a
factor of 9 to the cross section.

The Born approximation may be expected to give
reliable results for energies above 500 kev; for
lower energies the results may be quite erroneous.
However, the maximum dissociation seems to
occur in the vicinity of 20 kev, and it is therefore
desirable to obtain some estimate of the cross
section in this energy region. From the known
density of the arc — approximately 10'4 parti-
cles/cm® — and the breakup efficiency of 40-70%
it follows that the cross section at 20 kev must be
of the order of (20-35) x 107'¢ em2, Thus, it
would seem that quite distant collisions are
contributing appreciably to the cross section.

To obtain an estimate of the contribution from
these distant collisions a semiclassical calcu-
lation is being carried out. In the calculation the
incident particle of charge ze is treated as a
classical point charge moving along a straight line
trajectory. It is assumed that only the ground

D, R. Bates, K. Ledsham, ond A, L. Stewart, Phil

Trans. Roy. Soc. London A246, 215 (1953-54).
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state and the first excited state of the molecule
need be considered and it is further assumed that,
for the distant collisions under consideration,
the interaction potential between the carbon ion
and the electron may be expanded and only the
dipole terms retained. Under these assumptions
the following equations are obtained:

o C + Dt -i(E, —-E t/
by=iby —— o HEy =B/ Ay
(P2 + 2 t2)3/2
and
’ C + Dt i(E. -E t/
by = iby ——— JE1TEQ WA,
(p2 + v2 t2)3/2
where
lb0|2 = probability of finding the molecule
in its ground state,
b, |2 = probability of finding the molecule
. y 9
in its first excited state,
E, -Ey = excitation energy,
v = velocity of incident particle,
C = (ze2/4) zlo(cos 00 sin &,
D = (ze?/k) z 4 ¥ sin Oy s
zo = dipole matrix element
= f¢; (?)z ¢0 (?) d?l
5111, 1/10 = electronic wave functions,
6, = angle of orientation,
p = impact parameter,
¢ = azimuythal angle of incident particle;

and the contribution to the cross section for
excitation of the first excited state may be

written

1 ® 27
op =?f f p dpdgd(cos 6,) ib] 12, (3)
Py VO

where o, = cross section from distant collisions,
p, = minimum impact parameter to be considered,
and again a classical average has been taken over
molecular orientations.




Equations (1) and (2) are being integrated on
the ORNL analogue computer, and the remaining
integrations are being carried out numerically.

This caleulation will not yield a precise cross
section, since only distant collisions are treated

PERIOD ENDING JANUARY 31, 1959

and since only the first excited state is con-
sidered; however, from the magnitude of (3) it
should be possible to determine whether a dis-
sociation cross section of the order of 35 x 10716

2

cm® can ever be obtained by the mechanism

proposed here.

2.5 CARBON ARC FLOATING POTENTIAL MEASUREMENTS

J. F. Potts
R. E. Toucey

From arc potential data one hopes to eventually
learn more about ion and electron drift velocities,
current densities, ordered motion, etc. The work
reported here is only the beginning.

In an attempt to determine the floating potential
distribution in the carbon arc, an axially movable

P. M. Jenkins
R. L. Simpson

potential probe was inserted in the LSM (Fig.
2.5.1) ond flipped radially through the arc at
~ 100 in./sec by a pneumatic motor. A plot of the
LSM magnetic field is shown in Fig. 2.5.2. Both
insulated and bare probes were used with generally
the same results, Data were recorded from a dual
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beam oscilloscope (one channel measuring floating
potential and the other probe position) with an
MK-3 Shackman 35-mm camera. Data were taken
at axial intervals of ]/4 to 1 in., several times for
each position, at an average rate of one per
second ~ 500 to 1500 pictures being taken per run.
The measured axial potential distribution (some-
what affected by probe shorting by carbon, probe
temperature variations, and magnetic field skewing)
is shown in Fig. 2,5,3.

Typical radial floating potential pictures are
shown in Fig. 2.5.4a-f. Voltage measurements
are referenced to ground (anode potential). Probe
position potentiometer sensitivity was the same in
every case. The time displacement of the arc posi-
tion as the probe proceeded from anode to cathode
is indicative of the skewing (illustrated in Fig.
2.5.1) of the arc with respect to the axis of the
solenoid. Although the peak value of the potential
on the return pass through the arc is greater in the
oscilloscope pictures shown, this was not always
the case. It was, however, characteristic for the
positive excursion of the probe potential to be
greater in the secondary plasma on the trailing
edge of the arc than on the leading edge and
greater on the return pass than on the forward
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pass, suggesting that the floating potential ob-
served was somewhat affected by the probe tem-
perature (Fig. 2.5.4a and b). These measurements
were made with sufficient filtering in the potential
circuit to average the high-frequency perturbations
in the arc. It can be noted in Fig. 2.5.4 that the
rf coupled into the position circuit (see smearing
of position signal while probe was passing through
arc) is greater near the cathode than in the mid-
region of the arc. This is also the case quite
close to the anode (not shown here).

Since the data were not exactly reproducible from
run to run, it is planned to better protect the probe
insulation from the arc (there is some evidence of
partial shorting of the probe electrode as indicated
by the abrupt attenuation of the potential near the
cathode shown in Fig. 2.5.4e and /), increase the
probe flipping speed, and improve the trajectory
and mirror ratio of the arc. A probe assembly, to
be used principally in studying probing techniques,
has been constructed to fit on the assembly used
in carbon arc radiation studies (see Sec 2.6,
Fig. 2,6.2). Other work will include simultaneous
measurements of potential and radiation as a func-
tion of arc current and magnetic field.
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2.6 CARBON ARC TOTAL RADIATION MEASUREMENTS

J. F. Potts

Specially designed circular-foil thermoelectric
radiometers’
radiation from a 3- to 6-in.-long carbon arc colli-
mated by a magnetic field in a low-pressure en-
vironment,

were used to study electromagnetic

Radiant energy was studied as a
function of the following:

1. position along arc,

2. various filter mediq,

3. arc current,

4. magnetic field intensity.

A drawing and a photograph of one of the more
successful radiometers are shown in Figs. 2.6.1
and 2,6.2.

The data indicated that the anode radiation peak
occurred ‘/4 in, from the anode; that a radiation
hump, analogous to a previously discussed po-
tential hump (Sec 2.5), appeared in the middle of
the arc; that the total arc radiation was 30% lower
near the cathode than near the anode; that a
significant proportion of the radiation
triply ionized carbon; that <2% of the radiation was
in the range 3000 A to 20 g, 15-30% from 1200 to
3000 A (probably around 1500 A); that at ~ 200 amp
a current-dependent change of conduction mode
occurs in the arc; that radiation increases almost
linearly with magnetic field intensity.

is from

RADIOMETER DESIGN AND
CHARACTERISTICS

2.6.1

The circular-foil-radiometer differential thermo-
couple elements are the water-cooled copper heat
sink, the Aquadag-blackened thin nickel foil
radiation receiver, and the small copper wire (see
Fig., 2.6.1 for details).
solution of the equations for relating output voltage
to input energy (assuming uniform energy distri-
bution over the 1/s-in.-dia collimating orifice, unit
absorptivity of and no back-radiations from the
foil, and no conduction loss from the 0.003-in.
wire) the

From the steady-state

central radiometer’s
30.4 mv/(cal/cm?.sec) or 9 pv output per milliwatt
of input radiation. The zero drift of the unit is of
the order of 5 yv/hr or around 1 to 2% in the data

reported here. The time constant of the radiometer

sensitivity s

is about 1.5 sec. It was felt that the geometry

1R, Gardon, Rev. Sci. Instr. 24, 366~70 (May 1953).

C. H. Weaver

chosen was a reasonable compromise between

sensitivity, stability, ruggedness, and response
time. The variations of radiation with arc current,
magnetic field, and some filtering media were
determined with the unit shown in Fig. 2.6.1
coupled to the vacuum system through a bellows
seal, Radiation vs axial distance was determined
with the assembly which, as shown in Fig. 2.6.2,
has a provision for moving the detector in three or-
thogonal directions. Figure 2.6.2 also illustrates
the arc position with respect to the radiometer.

2,6.2 RADIATION vs ARC AXIAL DISTANCE

Radiation as a function of axial position was
measured with and without a Pyrex filter. The
curve {Fig. 2.6.3) shows that the anode radiation
peak occurs some distance (here '4 in.) from the
anode. The curve also suggests a radiation hump
toward the middle of the arc that is analogous to a
similarly
discussed in Sec 2.5. Total arc radiation was 30%
lower in the vicinity of the cathode than it was
near the anode.

shaped hump in the potential curves

2,6.3 USE OF VARIOUS FILTERS

Various filters interposed between the arc and
the radiometer were: (1) crystalline silver chloride
which transmitted from A 4000 A to at least 20 g,
(2) Pyrex which transmitted from 2800 A to 3 g,
(3) quartz (very thin cover slide) which transmitted
from around 1500 A through the visible spectrum,
(4) |if<bium fluoride which transmitted from about
1200 A to 3 u. No signal was detected from the
point midway between the electrodes through the
Pyrex or silver chloride, placing the upper limit of
transmission at around 2%. The lithium fluoride
transmitted from 10 to 35% of the total radiation,
the uncertainty being principally due to the effect
of carbon deposit from the arc on the filter. Seven
per cent transmission through the quartz filter is
in agreement with the above since the sharp falloff
of the quartz began at 1500 A. This establishes
that a significant portion of the total radiation is
from triply ionized carbon. Conclusions here are
that less than 2% of the rodiang energy from the
carbon arc is in the range 3000 A to 20 u and that
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Fig. 2.6.3. Totcl Radiation of a Carbon Arc as a Function of Axial Position.

at least 15 to 30% is in the range 1200 to 3000 2\,
most probably around 1500 A .

2.6,4 RADIATION vs ARC CURRENT

The variation of total radiation with arc current
is illustrated in Fig. 2.6.4. The nonreproducibility
of the two determinations was probably due to
variations of pressure during the runs. Attempts to
determine the effect of background pressure on

48

radiation were not successful because of poor
pumping speed in the calutron ion-source research
equipment (Building 9735) at the time of these
measurements. This also thwarted attempts to
use various gases as filtering media. The con-
sistent break in slope of the radiation vs current at
around 200 amp arc current strongly suggests a
current-dependent change of conduction mode in the
arc.
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2.6.5 RADIATION vs MAGNETIC FIELD the various parameters will be investigated on a
INTENSITY long arc in a different facility.
The most startling observation during these - RN R 974
Co . © e X T T T T T i
radiation studies was that the total radiation ANODE —CATHODE DISTANGE: 4.5in |
increased steeply and almost linearly with an DETECTOR MIDWAY BETWEEN ELECTRODES 0.1866 —
. o . . 0.18 |- ARC CURRENT: 250 amp (NORMALIZED} =
increase of magnetic field intensity, Table 2.6.1 ,-in.~DIA SOLID CATHODE __ /.
A . ~ - Q
shows the original data and Fig. 2.6.5 the og L AVERAGE PRESSURE® 5 x 10"~ mm Hq o/
- . s #° " RADIATION MEASURED WITH A 4
associated curve of radiation vs magnetic field. S ULAR PO RADIOME TER . /
The arc current was not held constant during this ola ad
run and so the data of Fig, 2.6.4 were used to ~ /
normalize the data of Table 2.6.1 to 250 amp arc E o A
current., Probably a normalization to constant arc g /
= : i
power input should be attempted. The arc source 2 ot0 ‘ /| ‘,
X (R} < : /
was a ‘‘constant-current’’ supply, and the voltage P Lo
was fluctuating too wildly for a consistent power 2 008
normalization., The supply voltage changes from = //
Ll
around 50 to 55 v at 850 cersteds to around 70 to 0.06 —
/4/ LEAST SQUARES STRAIGHT LINE FIT
75 v at 8000 cersteds., o millivolts = 0.0274 +1.992x 1075 #
o 0.04 — w1 — —
Further work in this general area will include / |
measurements of the transparency of the arc to its 0.02 00274 ]
own radiation, fast variations of radial radiation, {ARCOFF
. . . L1 0.006
effect of ion beams on the radiation at region of o e
intersection of beam and arc, refinements of gross ° 2000 4000 6000 8000
. i #H, MAGNETIC FIELD INTENSITY (oersteds)
spectral energy measurement, and calorimetric
determination of radiant energy. In addition to the Fig. 2.6.5. Total Radiation of a Carbon Arc as a
above work which will continue on the short arc, Function of Magnetic Field Intensity.

Table 2.6.1. Total Radiation vs Magnetic Field Intensity for a 3-6~in,-Long Carbon Arc

Magnetic Field Magnetic Field Observed Radiometer Normalized* Radiometer
Current Intensity Arc Current Voltage Voltage Pressure
(amp) (cersteds) (amp) (mv) (mv) (mm Hg)
x 1073
16 600 245 0.031 0.036 4.5
20 850 255 0.050 0.045 5.0
24 1100 225 0.038 0.064 5.2
25 1170 270 0.060 0.039 5.5
34 1700 258 0.069 0.061 5.6
40 2020 255 0.077 0.072 6.3
60 3150 248 0.087 0.089 5.6
62 3250 250 0.090 0.090 6.0
85 4530 240 0.107 0.118 5.8
98 5280 230 0.115 0.136 5.4
103 5520 220 0.115 0.147 5.0
114 6000 225 0.119 0.145 3.6
130 6580 215 0.126 0.163 5.5
132 6650 220 0.124 0.156 5.2
148 7100 215 0.131 0.168 4.6
177 7850 215 0.135 0.172 4.2

*Normalized to 250 amp from curve of Fig. 2.6.4.
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3. 1ON SOURCE AND ACCELERATOR STUDIES

R. C. Davis E. D. Klema! 0. B. Morgan
G. G. Kelley N. H. Lazar R. F. Stratton
E. E. Moore

3.1 ION SOURCE DEVELOPMENT

The problems involved in the injection of higher
ion currents into the DCX were initially studied
along the lines indicated earlier,? with the aim of
developing a high-current-output PlG-type source.
Two modes of operation of PlG-type sources were
studied: a low-impedance discharge (mode A)
and a high-impedance discharge (mode B). The
latter,
pressure of 7 x 1074 mm Hg of hydrogen, and 50 ma
anode current, produced a maximum accelerated
output of 14 ma, extracted through a 3/8-in. hole.

The effects of various configurations of the
intermediate electrode and the anode plate on the
performance of a modified Yon Ardenne source were
not major and had little effect on maximum output
(15 ma in the cup 14 in. from the lens, with 50 kv
accelerating voltage), although the alignment of the
holes of these parts and of the accelerator electrode
is extremely critical.

Changes in the accelerator electrode arrangement
permitted output currents of 50 ma, at 60 kv
acceleration, with another modified Von Ardenne-
type source.

New ion source test equipment was constructed
to handle expected higher current sources. Pumping
speed out of the testing chamber was 2500
liters/sec for hydrogen and 800 liters/sec for air.

A new high-gradient accelerator tube of high
pumping conductance was designed for the DCX
and installed.

with 10 kv ion acceleration, a source

3.1.1 PIG-TYPE SOURCES

PIG-type ion sources will operate successfully
at very low pressures (~1074 to 10™° mm Hg) and
under these conditions should favor the production
In addition, high currents of
milliamperes) had

of molecular ions.

atomic ions (up to several

TSummer participant from the University of Michigan.

2The ORNL Thermonuclear Program, QRNL-2457,
p 16 (Jan. 15, 1958).

already been obtained from sources of this type.3
Published, detailed explanations of the operation
of these sources are unconvincing, and therefore
their limitations for molecular output at high
currents were not clear,

An all-glass demountable vacuum test assembly
was built for preliminary studies. Sections of
4-in, Pyrex tubing connected together by O-ring
seals were used for the beam tube and were lined
with conducting screen to reduce glass-charging
effects.  An einzel lens assembly of various
designs was installed near the source end — the
first electrode also serving as the accelerating
electrode for ions from the source. With a spacing
of ]/2 to ‘/4 in. from the accelerator to the source,
voltages of 30 kv were easily maintained. Several
Faraday cups to study the
position and diameter of the extracted beam as a
function For the latter
experiments, a 2-in.-dia cup was placed 25 in,
from the last gap in the einzel lens.

The sources were installed in a section of 3-in.
glass tubing.
cylindrical tantalum anode ~2 in. long and ]34 in,

were constructed

of source parameters.

Generally, they consisted of a

in diameter placed along the axis of the cylinder,
and of cathode end plates of various shapes
One of the cathodes
had a hole on the axis for extraction of ions,
A solenocidal magnet 6 in. long, capable of
producing fields up to 1200 gauss on the axis, was
placed around the glass tubing.

Mode A Operation. — Two modes of operation in
these sources were observed. Mode A is apparently
the one described in the literature.? It is a low-
impedance discharge in which visible light fills

perpendicular to the axis.

3C. F. Barnett, P. M. Stier, and G. E. Evans, Rev.
Sci. Instr. 24, 394 (1953); J. Kistemaker and J. M.
Fluit, in Intemational Congress on the Phenomena of
lonization in Gases, p 516-29, Venice, 1957.

4The Characteristics of Electric Discharges in Mag-
netic Fields, Natl. Nuclear Energy Ser., Div |, vol 5,
345-69 (ed. by A. Guthrie and R. K. Wakerling), McGraw-
Hill, New York, 1949,
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region bounded by the anode and
In this mode the energy of the ions

the entire
cathodes.
emitted through the extraction hole indicated the
presence of a plasma at close to anode potential,
Mode B Operation., — Most of the studies were
concerned with mode B, characterized by a much
higher
small-diameter rod-like glow on the axis.
favored by
cathodes, most of the ions diffusing through the
cathode hole were of low energy. Under typical
conditions a voltage of 10 kv was required to
produce an anode current of about 50 ma. These
conditions produced a maximum accelerated output

impedance and by the appearance of a
In this
and conical

mode low pressure
!

of 14 ma, extracted through a 3/B-in.-diq hole.
Source pressure under these operating conditions
was about 7 x 1074 mm Hg of hydrogen.

3.1.2 A MODIFIED VON ARDENNE TYPE
OF SOURCE

In January 1958, after discussions with C. D.
Moak of the Physics Division, a source based on
the principles and drawings of M. von Ardenne®
was constructed. Figure 3.1.1 shows a cross
section of a later version of this source and lens
discussion of the source
operation has been given by Moak ez al.’
their requirements were for moderate current and

system. A general

Since
small beam diameter, a parallel development
directed toward specific DCX requirements was
undertaken. A glass vacuum system using 4-in.
Pyrex pipe was constructed for source testing.
Two MCF-300 diffusion pumps with baffles and
liquid-nitrogen traps were just sufficient to
maintain the pressure at 2 x 107 mm Hg in the
system with normal source operation, A 2-in,-dia
Faraday cup could be placed either 14 or 24 in,
below the lens system, and provision was later
made for beam mass analysis.

For most of the experiments performed with this
original source a tungsten button with 0.020-in.-dia
hole was used. The source operated stably at
pressures down to 50 y with hydrogen or deuterium.
The maximum output current obtained in the cup at

SM. von Ardenne, Tabellen der Elektronenphysik, lo-
nenphysik und Ubermikroskopie, vols | and |, Deutscher
Verlag der Wissenschaften, Berlin, 1956,

6C. D. Moak et al., Phys. Semiann. Prog. Rep. March
10, 1958, ORNL-2501, p 75.
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14 in. from the lens was 15 ma with 50 kv
accelerating voltage. This figure implies that half
the particles emitted from the source are ions,
that is, 50% gas efficiency. Mass analysis showed
that at least 78% of the ions could be extracted as
mass 2 when the source pressure was 50 pu.
Table 3.1.1 shows the percentage of the various
masses observed as a function of source pressure
with 20 kv acceleration voltage,

Table 3.1.1. Effect of Pressure on Per Cent

of Various Masses Emitted from a Modified

Von Ardenne lon Source

Electrode 0.060 in. from hole, 20kv accelerating voltage

Pressure
Mass 1 Mass 2 Mass 3
()
0.186-in,-dia Hole
65 9 78 13
110 12 63 26
200 13 48 40
500 10 26 64
1000 1 17 72
0.098-in,-dia Hole
90 16 72 13
180 13 63 25
250 10 56 34
1000 9 26 64

The alignment of the holes in the intermediate
electrode, in the plate, and in the accelerator
electrode is extremely critical, The plate may be
moved relative to the intermediate electrode by
means of the micrometer screws, The optimum
position is determined electrically since the arc
may not be coaxial with the hole in the intermediate
electrode. There are indications that the filament

With o 0.1-

in.-dia hole in the intermediate electrode a move-

position may affect this alignment.
ment of 0.005 in. from the optimum position
reduces the output appreciably.

Several region of the
intermediate electrode snout and the anode plate
tried.  These included inde-
pendently, the spacing from the intermediate
electrode to the plate and the diameter of the hole
in the intermediate electrode, These changes had

configurations in the

were changing,
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Fig. 3.1.1. Cross Section of a Modified Von Ardenne lon Source.

no major effect on the source operation. With a
small-diameter hole in the snout, however, the
flame appeared smaller and somewhat less arc
current was required for a given output. The
length of the filament supports was changed with
no marked change in source operation, but source
starting was considerably easier with the longer

supports, Some minor changes were made in the
shape of the iron affecting the magnetic field in
the region of the arc, These modifications had
little effect on the maximum output.

Experiments with this particular source were
discontinued because of an immediate need for
increased ion current in DCX. The source was
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installed on the new accelerator tube designed by
the High Voltage Group of the Physics Division for
injection into DCX.
use on DCX.”
Effect of Extraction Method on Beam Qutput, — A
Von Ardenne source following the earlier designs
of C. D. Moak et al. was made available and was
used,

It is the source presently in

together with our acceleration and lens
geometry, while other sources were being con-
structed. It had a 0.032-in. aperture in the
tungsten button. Despite a slight misalignment of
the button with the intermediate electrode hole,
changes in the accelerator electrode arrangement
permitted currents of up to 50 ma to be obtained
with 60 kv acceleration. Current output was
limited to this value by the power supply. The
gas efficiency at this current was 50%. The
visible spot diameter at the collecting plate (18 in.
from the bottom of the lens) was ]1/2 to 2 in., but
from other indications most of the current seemed
to be concentrated in a diameter of less than 1 in.
This diameter is consistent with the beam spreading

7During the summer of 1958, while two of the authors
were in Geneva, J. H. Neiler of the Physics Division
directed the activities of the group, which at that time
wos mainly concerned with development and initial
testing of the new injection system for DCX.

expected from the mutual repulsion of the charges
in the beam and could not be reduced by changing
the focal length of the lens. Hydrogen, nitrogen,
and oxygen gas were added to raise the pressure
in the system to as high as 10™* mm Hg in an
effort to establish a secondary plasma to neutralize
the beam. The visible beam diameter was reduced
by less than 20%. It is clear that further experi-
ments are necessary to determine how to cope with
the problem of space-charge spreading.

3.1.3 NEW ION SOURCE TEST EQUIPMENT

A new ion source test facility, with considerably
greater pumping speed, has been constructed to
handle anticipated higher current sources. The
vacuum system is pumped by two MCF-1400 10-in.
oil diffusion pumps, modified with cooled caps
over the top umbrella to reduce backstreaming of
oil. A high-conductance cold trap, in which the
direct-through conduction path from the system is
just blocked by the presence of a liquid-nitrogen
cylinder, is interposed between the 10-in. valve
and the pumps. Base pressure in the system is
8 x 1078 mm Hg. The pumping speed out of the
test chamber was measured as 2500 liters/sec for
hydrogen and 800 liters/sec for air.

3.2 THE DCX ACCELERATOR

3.2.1 ION-INJECTION SYSTEM FOR DCX

A new ion-injection system for DCX was installed
during the summer of 1958. The high-gradient
accelerator tube used was designed by the High
Voltage Group of the Physics Division. It uses
14-in.-ID ceramic insulator sections with a bore
through the accelerating electrode of 7 in., yielding
This
tube consists essentially of 5 sections, with each
The electrode
is composed of five overlapping cy-
To provide for better electrical stability
the customary potential dividing resistors were
eliminated and each of the five electrodes was

a high pumping conductance up the tube.

section cemented by vinyl acetate.
assembly
linders.

tied electrically to the output of the five stages

The tube

has performed according to expectations. Maximum

of the 625-kv cascade power supply.
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total currents accelerated to 625 kev have been
i0 ma, with approximately 50% being H2+. At
larger currents electrical breakdown occurs. Beam
focus is still unsatisfactory. The diameter of the
total beam at the base of the accelerator is 1 cm;
however, in the mid-plane of DCX the radial spread
of the beam is about 2 to 3 cm. The Z-focus is
a very sharp line due to the magnetic focusing of

the mirror field of DCX,

One serious trouble has been encountered in the
operation of the accelerator tube. After a month’s
operation, a deposit covering the surfaces of the
ceramic resulted in electrical breakdown between
the 125-kv sections. Cleaning the ceramic with
detergent and water or trichloroethylene eliminates
the trouble until the deposit forms again. No
traces of oil can be found coming from the diffusion




pumps

since they are baffled with refrigerated

baffles operated at ~50°C. Cursory examination

reveals that the vinyl acetate used in cementing
the sections together is being decomposed, the
first evidence being a yellow discoloration of the
vinyl, which, with age, turns black. A new tube has

been constructed in order to expose a minimum

amount of vinyl to the vacuum region.

b 12V i ]
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To provide space for ion source power supplies
a platform has been installed and insulated for
625 kv above ground. A 5 x 7-ft terminal platform
provides adequate space for mounting the power
supplies and other equipment necessary for an-

ticipated high-current operation.

Figure 3.2.1 is

a view of the terminal platform and Fig. 3.2.2 is o
closeup of the source assembly. The box on which
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the source is mounted was found to be necessary
to provide sufficient spacing between the source
and the accelerator tube for focusing at the arc.
The object position of the tube is so close to the
entrance aperture that a crossover is required
above the tube when the present source and lens
system is used. Pumping is provided at the top
of the tube by a Varian Vac-lon pump mounted on
the spacer box.

The various adjustments required while operating
at high voltage are made by means of Lucite rods
driven by commercial antenna rotators.

3.2,2 HIGH-VOLTAGE REGULATOR FOR DCX

F. T. May

A newly designed high-voltage regulator for the
DCX accelerator was installed on December 11,
1958, and has functioned, after calibration, without
further adjustment or major repairs. The new
regulator can bring the voltage from zero to the
operating point of 560,000 v in ~3 sec and, at
the operating point, hold voltage excursions to
within 500 v. Replacement of the old regulator was
necessitated by wear and tear in the electro-
mechanical linkage of its
evidenced by slow oscillations of several thousand
volts at the operating point and slow response to
an ‘‘on” signal. These conditions had the obvious

uncertainty of accelerating
voltage and loss of important time in waiting for
the voltage to return to the operating point after

regulation loop, as

disadvantages  of

being off.

Analysis and Design

Before any work could be started on a new
regulator, the characteristics of the unregulated
high-voltage set had to be taken and studied. The
necessary information was obtained by dis-
connecting the old regulator and applying an
instantaneous voltage superimposed on a constant
d-c voltage to the exciter field of the high-voltage
motor generator set. The response of the high
voltage alone was found by turning the set on with
the dc already applied to the field. The data were
recorded on a Honeywell Visicorder so that a
permanent record would be available for

The data

clear
comparison during the simulation tests.

PERIOD ENDING JANUARY 31, 1959

showed that the response was a delayed ex-
ponential, which indicated that there were a few
exponential driving the system in
This is, of course, as expected since the
electromechanical components must have finite rise
times. The delay time was 0.14 sec and the
following rise time was 0.96 sec.

components
series.

An analog computer (FLEPAC) was used to find
the actual time constants from the data; with it a
simulated system was setup and the time constants
were varied. With the FLEPAC and the Visicorder
it was found that the major time constants of the
high-voltage set were 0.6, 0.25, and 0.25 sec.
The 0.6 sec was the response of the high voltage
with only dc on the field. The other two simply
satisfied the other electromechanical components
The computer was set up on a x10
scale and the results converted to ‘‘real’’

as a group.
time.

The design of the new regulator followed the
logic of detecting the error with a reference
voltage and feeding it back with its first and
second derivatives to apply a correction voltage to
the exciter field. A block diagram of the regulator
is shown in Fig. 3.2.3. The simulator shown was
a vacuum-tube circuit that contained the high-
voltage time constants on a ‘‘real’’ time scale.
The rest of the circuit was built with transistors
since they were very well adapted to this appli-
cation. A complete circuit diagram is shown in
Fig. 3.2.4. With this arrangement, it was possible
to watch the simulated response of the high-
voltage set on an oscilloscope. The gain and
derivative amplifiers in the regulator were set
for optimum conditions of fast recovery in reaction
perturbation at the output, E., with a
minimum of overshoot.

to a Y

Testing

After the regulator performed satisfactorily
with the simulator, it was tried on the high-voltage
set. The only difficulty that arose was pickup of
the fundamental ripple frequency of the set. The
pickup was enough to saturate the regulator. This
was corrected by inserting a filter (Fig. 3.2.5) at
the input that attenuated the ripple signal to a
much lower level. The regulator held the voltage
to within 500-v excursions when the voltage was

set at the operating point of 560,000 v. It also
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could bring the voltage back to this value from  voltmeter (Fig. 3.2.5) was also incorporated in the
zero in about 3 sec. circuit so that the high voltage could be read
more easily, It was carefully calibrated to within .

the accuracy of the Rubicon potentiometer which
had been previously used. Since that date the
regulator has been used without the need of any -

Installation

On December 11, 1958, the regulator was

installed ready for immediate use. A digital further adjustments or any major repairs.
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4. VACUUM SYSTEMS

4.1 THE DCX YACUUM PROBLEM

R. J. Mackin, Jr.

The creation of a thermonuclear plasma in the
DCX requires that the neutral gas density within
the plasma be reduced to about 107 atoms/cm?3.
It is hoped to achieve this by the process of
“burnout,’’ which is expected to lead to a plasma
sufficiently dense to shield its interior from gas
molecules incident on the surface. The problem
is discussed quantitatively in Sec 4.1.1. For a
given input current I, expressed in milliamperes,
the achievement of burnout is estimated to require
a pressure below 21 x 10=8 mm Hg for deuterons
in deuterium and 2.5/ x 107 mm Hg for protons
in hydrogen.

The attoinment of the required vacuum is compli-
cated by the carbon arc, which as yet maintains
the ambient pressure above 107 mm, and the
influx of gas represented by the ion beam. It is
hoped to attack the former problem by an investiga-
tion of the gas sources associated with arc opera-
tion and to solve the latter problem by high-speed
ionic pumping based on the ionizing power of the
trapped particles.

]On lean from TVA.

C. Michelson!

A device intended for the study of both problems
(the PIG-Pump Facility or PPF) has been con-
structed and placed in operation. It will be de-
scribed in Sec 4.2, Novel components of the PPF
which have proved satisfactory include a high-
conductance liquid-nitrogen trap, demountable
seal-ring welded vacuum closures, and a direct-
Kovar-sealing bakeable window.

4.1.1 BURNOUT

The chief cause of the escape of trapped deu-
terons in DCX is believed to be charge exchange,
In a charge-exchange collision a deuteron acquires
an electron from a gas molecule, becomes a neutral
deuterium atom, and goes out of the system. A
necessary condition for achieving a thermonuclear
plasma in the DCX is that the attenuation of the
plasma by charge exchange be reduced to the level
of the Coulomb scattering losses. For the present
set of DCX parameters, this implies? a density of

2A. Simon, Physics of Fluids 1, 895 (1958); A. Simon
and F. M. Rankin, The ORNL Thermonuclear Program,
ORNL-2457 (Jan. 15, 1958), Appendix A, or Some
Properties of a Steady State High-Energy Injection
Device (DCX), ORNL-2354 (Aug. 26, 1957).
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neutral molecules in the plasma interior of less
than about 107 per cubic centimeter for deuterons
in deuterium or 108 for protons in hydrogen.

It is hoped to achieve and maintain this interior
neutral density in the presence of a substantially
larger external density by the process of ‘‘burn-
Burnout is expected to lead to a plasma

so great that gas molecules incident on

out.”
density
the surface are ionized before they penetrate
appreciably into the volume.

The phenomenon is expected to proceed as
follows: if the pressure in the system can be re-
duced below a certain critical value, gas atoms
in the region occupied by the trapped deuterons
will be ionized at a greater rate than new ones
enter the region. The deuteron density, limited up
to this point by charge exchange, will increase,
ionizing the gas atoms at a greater rate and per-
mitting further buildup. This regenerative process
will continue until the deuteron density reaches a
limit, set by mirror losses, at which the plasma
interior is effectively shielded.
(in mm Hg) at which burnout is expected to occur

The pressure

for deuterons in deuterium is given by?

_ 4kT0 o; + 0,

Po = 2 Ly
VoS Tex ()
=2x10"%,,

where

k = Boltzmann's constant,

T, = gos temperature (200°K),
vy = molecular velocity,
S = surface area of the region of trapped deu-

terons (6 x 103 cm?),
0. = the cross section for ionization by a fast

deuteron,
o= - i
ox = charge-exchange cross section,
IJr = input ion current.

For protons in hydrogen, the value is p, = 2.5 x
10-7 I, mm Hg. In nitrogen, the critical pressure
is lower by a factor of 6 for deuterons and by a
factor of 10 for protons.

A point to be noted is the crudeness of the esti-
mation of the burnout criterion. For instance, if
the electrons present in the region of trapped
deuterons should acquire mean energies of 50 or
100 ev, the critical pressure for a given current

On the

other hand, the effects of possible charge ex-

would be raised by a factor of 2 or more.

change with trapped cold atomic and molecular
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jons, including those in the carbon arc and its
aura, are not readily estimated but may lead to
significant decreases in the critical pressure.

Finally, the neutral density to be taken into
account is that which exists in the presence of
the gas influx represented by the input beam. The
pressure p is related to the trapped beam current
I, and to the speed S of the system’s pumps (for
the gas of which the beam is composed) by

i
p=pb°se+1.7x10-7—£ , (2)

where € is the trapping efficiency (or the net
efficiency of trapping plus removal of the undis-
sociated beam), I, is given in ma, and S is in
kiloliters per second. For a negligible base pres-
sure, achieving the critical pressure for burnout
requires

1
1.7 x10°7 £ ¢ 2510781,

AN
for deuterons in deuterium, giving
€S > 8500 liters/sec
For protons in hydrogen,
€S > 680 liters/sec .

The largest pump on DCX is the carbon arc,
whose speed3 is estimated to be 4000 liters/sec
for nitrogen, 7500 liters/sec for deuterium, and
10,400 liters/sec for hydrogen. Thus additional
pumping is expected to be necessary for burnout
in deuterium but not for burnout in hydrogen.

The foremost immediate DCX vacuum problem is
that of reducing the pressure in the presence of
the carbon arc. The base pressure before the arc
is ignited is generally about 3 x 10=8 mm Hg.
With the arc running, the best pressure is nearly
an order of magnitude greater. Thus, associated
with the arc is a gas influx of 1.2 micron-liters/sec,
greater by a factor of 130 than that without the arc.

A very important correlative problem is the de-
termination of the true pressure in the presence of
the are.

3R. J. Mackin, Jr., Controlled Thermonuclear Con-
[erence, Held at Washington, D.C., February 3-5, 1958,
TID-7558, p 331, gives relative value; C. F. Barnett,
private communication, 1958, has estimated the absolute
pumping speed of the DCX arc for nitrogen.
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4.2 DESIGN AND CONSTRUCTION OF THE PPF

R. J. Mackin

One component being developed for the DCX
vacuum system is an ion pump capable of providing
the additional pumping speed essential for burnout
with deuterons. The ions to be removed are those
produced by the trapped deuterons or protons.
Since each trapped deuteron produces, on the
average, about 20 ions, each milliampere ionizes
the background gas at a rate of 3.5 micron-
liters/sec. At 10~8 mm Hg, this corresponds to
one-third of a million liters per second. The re-
moval of these ions is expected to be accomplished
by a more or less elaborate configuration of nega-
tively charged electrodes placed just behind the
magnetic mirrors.  This configuration is remini-
scent of that of a Philips ion gage discharge;
hence, the name PIG plates has been given to the
electrodes.

PIG plates have been operated in DCX for brief
periods of time, and have been shown not to
interact seriously with the carbon arc,

The need to conduct detailed development work
and study has resulted in the construction of the
PIG-Pump Facility (PPF) for the testing of the
performance of various electrode configurations in
an ultra-high-vacuum system with a mirror magnetic
field. The first problem to be studied in the
apparatus will be that of the origin and eventual
elimination of the gas influx associated with the
carbon are.

Although no arc experiments have yet been com-
pleted in the PPF, a certain amount of experience
has been gained in its performance as an ultra-
high-vacuum system. Closely related experiments
are being conducted in a small-scale unit (Pigmy
Pump Apparatus) by R. A, Gibbons. They have not
yet progressed far enough to warrant reporting.

4.2.1 PPF DESIGN

The approximate size of the PPF was set by the
requirement of performing arc-vacuum experiments
on roughly the same scale as those in DCX. The
dimensions were determined more exactly by the
decision to build a system adapted to the use of
an available set of magnet coils which were
dimensionally and electrically identical to the
first layer of the DCX coils. For the same reasons

C. Michelson

as for DCX, namely, the carbon emission from arc
electrodes, the vacuum container is a three-region
system, the center region designed to be capable
of achieving ultra-high vacua. The DCX is actually
a two-region machine.

The requirements imposed on the vacuum system
were somewhat unusual. The ultimate pressure was
required to be only about 108 mm Hg, a value
halfway between ordinary high vacuum and ultra-
The desired pumping speed, how-
ever, was nearly an order of magnitude greater
than that of even the largest ultra-high-vacuum
systems then known to us.

Figures 4.2.1 and 4.2.2 are pictorial plan and
end views of the PPF. The inner vacuum chamber
is a 12-in. tube, 6'/2 ft long, pumped by two 10-in.
oil diffusion pumps (Consolidated Electrodynamics
Corporation, MCF-1400) which are trapped by
refrigerated baffles and by high conductance liquid-
nitrogen-cooled traps. The designs of certain
novel components, namely, the liquid-nitrogen
traps, the demountable bakeable joints (seal welds)
in the inner vacuum chamber, and the bakeable
Pyrex windows, are described below,

The two outer vacuum chambers form 1-ft exten-
sions on the central tube and are pumped by 6-in.
oil diffusion pumps which are trapped in the same
manner as the 10-in. ones. A bulkhead with an all-
metal piston valve separates each low-vacuum
chamber from the central chamber. In the low-
vacuum chambers, O-ring and seal-weld joints may
be used interchangeably. All experimental equip-
ment is removable through the end chambers, and
high-vacuoum seals are broken only for major
modifications.

During arc operation each low-vacuum system
will incorporate an arc tube which projects forward
from the bulkhead almost to the coil center and
which supports the arc baffle-holder. This con-
figuration is necessitated by the 10-in. pumping
systems being behind the magnet coils and the
electrodes having to be placed near the edges of
the coil throats.

The central chamber can be baked down to the
quarter-swing valves by superheated steam passed
through tubing wrapped on the chamber, trap walls,
and arc tube. The same lines are available for

high vacuum,
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cooling when an arc is operated in the facility.
All bakeable structural parts except the liquid-
nitrogen traps are made of Inconel.

The use of refrigerated traps makes possible
preliminary experimentation in the mid-10=7 mm Hg
range without nitrogen trapping and in addition pro-
vides a convenient means of holding the system at
low pressure during baking. A water-cooled shallow
cone is located just under the central (refrigerated)
cone of each 10-in. trap in order to permit run-back
of much of the trapped oil.

The quarter-swing valves, with their (at present)
inevitable O-ring seals, were recognized as being
potentially incompatible with the pressure which
would be ultimately required. However, they were
regarded as virtually essential for system protec-
tion and for the practical performance of arc ex-
periments of the type envisioned. As it has turned
out, the O-rings below the nitrogen traps have not
set the base pressure above 1078 mm Hg. The
inclusion of two separately valved pumps in the
system has provided a degree of fiexibility and a
means of system checking even more useful than
had originally been envisaged.

Pressures are measured by Bayard-Alpert-type
ion gages (Veeco, RG-75) which are magnetically
isolated by Fernetic-Conetic shields (Perfection
Mica Co.). For protection during bakeout, the
gages are encased in vacuum-tight soft-iron casings
which are evacuated to a pressure of a few microns.

The magnet single-layer 44-turn
solenoids edge-wound from Y% x 1 in. copper bus.
They are wound with Fiberglas ribbon between the
turns and suspended in their containers by Micarta

coils are

spacers which permit axial flow of cooling water
along the inside and outside of the coil. The
containers are lined with Araldite-impregnated
Fiberglas. In their present location, with a 5000-
amp current, the coils produce magnetic fields of
2.5 kilogauss at the machine’s mid-point and 5
kilogauss in the coil throats,

4.2.2 PPF COMPONENTS

Liquid-Nitrogen Traps

The liquid-nitrogen traps were designed around
the specifications of incorporation of a cold oil-
creep barrier, ! guarantee of two impacts on a cold

‘Suggesfed by R. F. Post, UCRL, private communica-
tion, 1957,
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surface for any droplet or molecule passing through
the trap, and conductivity comparable to the speed
of the untrapped pump. There was in addition the
boundary condition of a right-angle bend in the
trap.

The trap configuration (shown in Fig. 4.2.2) is
such that one required ‘*bounce’’ occurs at a cold
wall and the other on the chevron baffle. Only
about half the chevrons are shown in the figure, so
the opacity is not indicated. It was found possible
to remove an inner part of each chevron without
sacrificing the surety of a bounce and with some
gain in conductance. The replacement of several
chevrons at one side by an offset strip came about
the outside wall at each end of the
chevrons provided a means by which a few mole-
cules might go through the trap with only one
The significance of the effect of this
detail for the trap performance is not at all clear,

because

bounce.

and it is mentioned mainly as an example of the
pitfalls that threaten the unwary trap designer if a
three-dimensional modeli is not made.

The bellows and saddle arrangement at the bot-
tom of the trap provides the oil creep barrier. In
assembly the main portion of the trap is lowered
through the top so that the torus is seated in the
saddle, and a seal-ring closure is made at the top
The torus is cooled by nitrogen fed
through a downcomer tube from the reservoir at the

flange.

top. The vapor phase returns through a riser tube
at the opposite side. This arrangement constitutes
a natural-convection boiler.

The trap assembly is made of stainless steel.
The outside walls are ]/8 in. thick and the chevrons
‘/32 in. thick. During bakeout the trap is heated
by radiation from the surrounding tank walls.

Modifications to the design which would be con-
sidered desirable in a successor to this trap are
location of the oil-creep barrier at the tank side of
the trap so as to place the stagnant vacuum region
on the pump side, direct heating of the trap itself
rather than of the tank walls, a means for removing
condensed water from the liquid-nitrogen container,
and copper construction to eliminate the torus
boiler.

Design and Tests of Seal-Ring Welded
Yacuum Closures
The development described in this section will

be reported in detail later. An abbreviated account
is given here.



The basic flange design for the PPF is shown in
Fig. 4.2.3. All flonge parts are Inconel, although
other weldable materials can be used. The C-
clamps are required on larger flanges when axial
tensile loading exceeds atmospheric compression.
(Small flanges of this design are usually suffici-
ently strong without clamping.}) Since the male-lug
and seal-ring configuration of this flange design
yields a very small cross-sectional area for thermal
conduction, excellent thermal isolation is afforded
when the flange must join baked and unbaked
portions of a vacuum system,
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Fig. 4.2.3. Basic Seal-Ring Flange Design.

In order to use this type of flange design, it
was necessary to develop methods for welding the
thin Inconel seal rings to the heavy Inconel flanges.
The jig developed for making the base weld is
shown in Fig. 4.2.4. This jig holds the seal ring
firmly in place while the base weld is being made.
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The seal weld on this type of flange is made by
clamping a portion of the total seal ring circum-
ference with the all-copper jig shown in Fig. 4.2.5.
This jig pulls the seal rings tightly together and
irons out the surface irregularities. The V-shaped
configuration helps to retain the inert gas atmos-
phere around the weld area.

The seal-ring closure principle is not limited to
circular configurations. In fact, the flange shape
is limited only by the possibility of fabricating
the flange, welding jigs, and seal rings. In
principle, vacuum-tight bakeable seals can be ob-
tained regardless of the seal configuration. Four
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Bakeable Windows

Several bakeable window designs were worked
out for the PPF, The 3-in. window for the center
section of the high-vacuum tank is shown in Fig.
4.2,8. This window, of No. 7056 direct-Kovar-
sealing glass (Corning Glass Works), is mounted
on an Inconel seal-ring flange. A quartz filter is
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Fig. 4.2.8. Bakeable Window.

placed in front of the window to filter out part of
the arc radiation and reduce thermal shocking of
the 7056 glass when the arc is first struck. The
volume behind the 7056 window is pumped by a
rough-vacuum system (12 ) to provide control of
vacuum letdown in case of window failure. The
outer glass window is replaced with a metal plate
when high-temperature bakeout is required. A
sealing compound is used to
By keeping the

high-temperature
maintain the rough vacuum seal.
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7056 glass under vacuum during bakeout the pres-
sure stresses are made negligible, and the bakeout
temperatures can be increased to near the softening
point of the glass. Again, there is control of
vacuum letdown if failure occurs while the high-
vacuum system is hot.

This bakeable window is made by first fabricating
the Inconel seal-ring flange and then welding the
Kovar in place. The Kovar is then machined to
finished dimensions and the entire piece hydrogen-
annealed in preparation for the glass work. Tubing
of 7052 glass is spun around the periphery, and the
7056 glass plate isfused in place over the opening.
By this method it is possible to make windows
with very short Kovar tubulations, thus giving a
large viewing angle for a given window diameter.

This type of window has also been made by
fusing the 7056 glass to Kovar and then welding
the Kovar to a heavy metal plate, forming a Kovar-
to-metal joint similar to that shown in Fig. 4.2.8.
Longer Kovar tubulations and water cooling must
be provided to keep the glass seal cool during
welding.

4.2.3 PPF VACUUM SYSTEM PERFORMANCE

The base pressure in the central vacuum region,
ofter 12 hr under vacuum but without bakeout, was
6 x 10~ mm Hg. After an 8-hr bakeout at 400°C
for the tank body and 250°C for the nitrogen traps,
the pressure was 2 x 107 mm Hg and was not
limited by wall outgassing. The three ion gages
on the center section agreed within 30%. This
pressure was maintained for several days with no
significant increase noted. The base pressure in
each of the end regions, which essentially were
not baked ond which were sealed with neoprene
O-rings, was about 2 x 10~8 mm Hg. Octoil was
used in all diffusion pumps.

The combined net speed of the pump systems
which evacuate the central region was found to be
1000 liters/sec. The conductance of one of the
large nitrogen traps was found to be 1500 liters/sec.
A 50% increase in the pumping speed could be
gained by removing the refrigerated traps.

Initial bakeouts were conducted with the system
trapped only by the Freon-cooled baffles. The
nitrogen traps were filled while the main chamber
was still hot. Because the pressure after this
modest bakeout was already below that required,
more elaborate baking has not been attempted.




The seal welds were found to stand up well under
thermal cycling, even when substantial tempera-
ture differences were imposed across them. Such
leaks as did appear were sealed? with DC-997
silicone varnish (Dow Corning Corp.), which did
not char under baking and which could be cleaned
off sufficiently well for subsequent weld patching.

In a recent experiment, after some particularly
large gasket leaks were sealed with this material,
the electron emissions on four Veeco ion gages
were less than 10% of their original values. It is
suspected that this came about as the result of
the action of the varnish or its solvent (xylene) on
the gage filaments. Use of the varnish as a leak
sealant is now restricted to very small leaks until
this adverse effect is disproved.

Arc experiments are now under way in the PPF,
but no results are available,

4.2.4 TITANIUM PUMPS
C. F. Barnett

A large source of gas is present in the H2+
beam fed into DCX.
must be pumped at a rate of 2000 liters/sec if

For example, a l-ma beam

the pressure is to be maintained at 10~7 mm Hg.
One means to provide sufficient pumping would
be to allow the unused H2+ beam to strike a
titanium plate which would vaporize and act as
a titanium pump. A difficulty involved in using
titanium with deuterium would be the large neutron
yield from deuterium buildup in the titanium
plate. A 600-kev deuterium beam was allowed to
bombard plates of both titanium and tungsten
at approximately 800°C. In Fig. 4.2.9 is shown
the neutron counting rate as a function of time.
As shown, there is a decrease in neutron yield
titanium,

from while the vyield from tungsten

2Sugges‘ted by T. H. Batzer, UCRL, private communi-
cation, 1958,
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Fig. 4.2.9. Neutron Counting Rate from Tungsten and
Titanium Bombarded with 600-kev D2+.

increases.  Chemical analysis of a plate bom-
barded with H2+ showed negligible buildup of
hydrogen in the metal structure. With H2+ beam
currents of 1 to 4 ma no noticeable pressure rises
were observed after sufficient outgassing of the
titanium plates; however, analysis of the data
revealed that probably large amounts of titanium
were getting into the plasma region of DCX. The
titanium has been removed until adequate baffling
can be provided between the titanium plate and the
active region.
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4.3 TESTS OF OIL DIFFUSION PUMPS FOR DCX

C. E. Normand

Three models of commercial oil diffusion pumps
have been tested for use with the DCX; no sig-
nificant difference in their performance was noted.
Attempts at a general solution of the pressure-
fluctuation problem indicated that a radical change
in the method of heating the pump fluid is probably
needed. A Vac-lon pump, using the combined
effects of the excitation of a cold cathode dis-
charge electrodes and the
gettering action of the sputtered titanium, was
found to be unsatisfactory for any but carefully
selected applications.

between titanium

4.3.1 DIFFUSION PUMP PERFORMANCE

Fairly complete performance characteristics have
been determined for three models of diffusion
pumps that are of interest in the DCX program -
Consolidated Electrodynamics Corporation models
MCF-1400 and DMC-144D (experimental) and Ley-
bold model DO-4001. The principal characteristics
of these pumps are summarized in Table 4.3.1.
None of the pumps showed any marked advantage
over the others, except perhaps for certain special

applications.

Modifications for Eliminating Oil Backstreaming

Gross backstreaming of oil from MCF-1400 oil
diffusion pumps was greatly reduced, with little
loss in net pumping speed, by any of three simple
modifications.

In order that might be
measured, the evacuated chamber (20 in. in diameter
by 20 in.
densing in the chamber is drained off into cali-
brated burets. Once the chamber surfaces are
a constant rate of drainage, equal

backstreaming rates

high) was so designed that oil con-

oil-covered,
to the rate of backstreaming, is eventually reached,
and can be measured. All backstreaming measure-
ments were made with Octoil-S as the pump fluid
and at an operating power of 2500 w.

The three modifications were all designed to
limit, in one way or another, the passage of vapor
into the evacuated chamber from the top cap of
the uppermost jet assembly. This approach was
based on evidence that
originates in this region as a result of oil con-
densing inside the cap and creeping or flowing
to the outside, or lip, where it evaporates rapidly

much backstreaming
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due to the low pressure and high cap temperature.

The following modifications were evaluated:

Water-Cooled Cap.! — The top jet cap is com-
pletely covered by a single-turn copper water
line. Oil evaporation from the jet cap is not
prevented — actually, it is probably increased -
but the chamber is completely shielded from vapor
originating in this region.

Heated Top Jet Cap. — The top jet cap is run
at elevated temperature by flowing heated air
through a single turn of copper tubing soldered
to the cap. Here the aim is to maintain the cap
temperature high enough to prevent any oil con-
densation.

Kerr Modified Jets. — This more extensive modi-
fication was proposed and carried out by R. J. Kerr.
It consisted of a complete redesign of the top jet
assembly, the addition of a bell-shaped skirt
around the control chimney between the first and
second jets, and the addition to the top jet cap
of a heat-conducting copper base resting on the
pump bottom. Here again, the top cap ran at
higher temperature than in the original assembly.
The extent to which other phases of the modi-
fication may have affected backstreaming has not
been determined.

A comparison of the original pump and the three
modifications is made in Table 4.3.2.

4.3.2 UNSTEADY PRESSURE

Most oil diffusion pumps, when operated at the
power required for maintaining a reasonably high
limiting fore pressure, boil in an unsteady manner.
This unsteady boiling gives rise to high-vacuum
pressure variations which become highly objec-
tionable as lower pressures are attained. A
number of simple modifications have been made
on existing pumps in an effort to smooth out their
boiling action at higher power input and thereby
eliminate these variations in pressure. Among
the modifications that were investigated are the
following:

1. inclusion of various materials in the pump
facilitate (these

boiler to smooth boiling

]B. D. Powers and D. J. Crosley, Vacuum 4, 415-35
(1954).




Table 4.3.1. Characteristics of Three Standard Pumps Tested for Use with the DCX
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Rated Measured
Barrel . Pumping Limiting Pumping® Limiting? Observed Oil
Pump Type Diameter Operating Speed Ultimate Pump Gas Baffle Operating J g Pressure Fluctuations
(in.) Power (liters/sec) Fore v Fluid Pumped P S_;;ee ot Fore Base Backstream (Qualitative Observations)
n, (w) Pressure acuum ower 1077 mm Hg Pressure Pressure Rate
Air H, () (mm) (w) (liters/sec) (n) (mm) (cc/hr)
Consolidated® 10 2900 1500 5000 150 6x 1077 Octoil-s Air None 1335 1440 60 5.4 x 1076 Pressure relatively constant at low power inputs;
MCF-1400 cher-coo|edd 1570 750 65 5.2 % 1076 b rapid pressure fluctuations through a narrow
M ¢ s boffl _s range at high power inputs; very Iarge pressure
anutacturer's battle 2520 520 110 3.0x 10 b surges at several minutes’ intervals at inter-
and valve mediate power
None 2500 110 1.0x 107¢ 5.5
None 1870 70 1.0x 1078 2.4
Water-cooled cap® 2500 1350 110 7.0x 1077 0.067
Leybold 133/4 3000 4000 200 1 X 10—7 Octoil-S Air None 2125 2980 55 4.0 x 10_7 Similar to MCF-1400
D0-4001 None 3050 3072 105 4.8 x 1077 0.054/
Manufacturer's 2125 1274 55 4.0 x ]0—7
Manufacturer’s 3125 1360 105 4.5x 1077 b
H, None 2125 2742 55 3.3x 1077
None 3125 3128 105 4.0 x 1077
Manufacturer’s 2125 1811 55 4.0x 1077
Manufacturer's 3100 2035 105 4.5% 1077
Consolidated® 7]/ 1800 1200 4.7x 1077 Convoil-20 Air None 1810 920 400 5% 1077 0.043 Pressure quite free of fluctuations at all powers;

DMC-144D

some slight **wandering”’’

2Speeds measured are speeds of pumping from a 20-in.-dia x 20-in.-high chamber. Measurements were by metered leak method; pressures by VG-1A ionization gage.

bLimifing fore pressure measured by Veeco thermocouple gage.

“Data for MCF-1400 were collected rather unsystematically over a long time.

dThis is a modified circular chevron type of baffle — not quite optically opaque.

®The top jet cap is completely covered by a slightly oversized water-cooled shield.

This is average backstreaming rate after several days’ operation at various power inputs.

& The DMC-1440 pump tested was an experimenta! model from which a complete line of pumps of various sizes is to be developed by Consolidated Electrodynamics Corporation.

Method used for measuring oil backstreaming rate is too insensitive for backstreaming through baffle.
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Table 4.3.2. Effect of Modifications on Oil Bockstreaming in an MCF-1400 Oil Diffusion Pump

Rate of Oil Backstreaming

Pumping Speed,

Modification Air at 107% mm Hg Top Jet Cap Temperature
(cc/hr) (liters/sec) ec)
Original pump 5.5 1450 202
Water-cooled cap 0.067 1365 <202
Heated cap 0.267 1450 210
Kerr jets 0.122 1380 207

materials included carpet tacks, wire gauze,
coarse steel wool, and glass wool),

2. substitution of an immersion-type heater for
the external type,

3. installation of a set of heavy aluminum rings
in the boiler to provide heat transfer from the
boiler bottom to above the fluid surface,

4. insulation of the boiler against heat loss.

None of these schemes were more than mildly

effective in reducing pressure variations. |t

appears now that solution of the problem will
probably require a radical change in the method
of heating the pump fluid.

4.3.3 TESTS OF VAC-ION PUMP

Tests have been made of the operating char-
acteristics of a Va-1415 (6-in.) Vac-lon pump by
Varian Associates. This pump makes use of the
combined effects of excitation in a cold cathode
discharge between titanium electrodes and of the
gettering action of titanium freshly sputtered by
the discharge.

For testing, the Vac-lon pump was attached to
an unbaked stainless steel system of 180-liter
A small (65 liters/sec) oil diffusion

system was used for evacuating the

volume.
pumping
system to about 1 p pressure. At this point the
diffusion pump was valved off, and evacuation was
continued by the Vac-lon pump alone.

In many of its operating characteristics the
Vac-lon pump differs so markedly from oil diffusion
pumps as to make comparisons difficult. For
example, not only does pumping speed vary with
the pressure at which gas is being pumped, but
following any change in pressure a considerable
time (perhaps 1 hr) is required for the pump to
attain a speed characteristic of the new pressure.
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During this time the speed may drop to as low
as half its final value.

Maximum throughput — a measure of the pump’s
gas handling capacity ~ is not clearly definable
for the Vac-lon pump. Maximum throughput does
appear to be quite low, however, probably about
10 micron-liters/sec as compared with 500 micron-
liters/sec for the MCF-700. The Vac-lon pump’s
usefulness is, therefore, limited to applications
requiring little gas handling capacity.

The lowest pressure attained by the Vac-lon
pump in the test system at room temperature was
approximately 3 x 1077 mm; with liquid nitrogen
in the trap the pressure was reduced to 2 x 1077
mm.

The pumping speeds for air and for hydrogen
were determined over the 1076 to 1074 mm Hg
pressure range. Typical average values are given
in Table 4.3.3.

The pumping speed for helium could be de-
termined only for very small leak rates — about
1 micron-liter/sec or less. Over this narrow range

Table 4.3.3. Vac-lon Pumping Speeds for
Air and Hydrogen

Pumping Speed

Pressure (mm Hg) (liters/sec)

Air Hydrogen
2% 1076 222 350
5% 1076 207 300
%1073 197 265
5% 1073 173 185
8x 107 166 163




of pressure the pumping speed was about 31
liters/sec. Helium leak rates greater than about
1 micron-liter/sec appear to exceed the gas
handling capacity of the pump.

All attempts to measure pumping speed for argon
failed because of very low pumping speed and
handling capacity for this gas. The lowest leak
rates that could be reasonably measured caused
the pressure to rise continuously to above the
range of the ionization gage.

In its pumping speed for air and hydrogen and in

PERIOD ENDING JANUARY 31, 1959

its ultimate pressure, the Vac-lon pump is about
equivalent to a well-baffled oil diffusion pump of
comparable size. In gas handling capacity it
appears much inferior. The operating power ranges
from about 16 w at 2 x 1076 mm Hg to 525 w at
6 x 1075 mm and is thus much less, on the average,
than for a 6-in. oil diffusion pump ~ 600 to 1000 w.

Because of its low gas handling capacity, slow
adjustment to changing pressure, and very poor
pumping of inert gases, this pump appears satis-
factory for limited applications only.
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5. EXPLORATORY PHYSICS
JoS. Luce

The Exploratory Physics Group was established
in November 1958 and was assigned as its primary
objectives research on the specific problems of
DCX-2, the first large-scale machine to be built at
ORNL, and research of a general exploratory
nature in the broad domain of carbon arcs, molecular
ion beam breakup, and high-voltage ion and neutral

sources. At present this research is being carried
on in a track formerly used in the electromagnetic
separation process and in the DCX-EP, one of
the carbon arc units demonstrated at Geneva.
Additional equipment to be used in the future
includes the other Geneva machine and a 50-ft-long
solenoid for studies of a long carbon arc,

5.1 ARC DEVELOPMENT

The observed higher ion energy of longer carbon
arcs has prompted the construction of a 50-ft-long
assembly (to be built in two 25-ft sections) in
which a long carbon arc will be studied under
vacuum in the magnetic field of the single-layer
conductor wound on the outside of the tubular
sections. The assembly will also be used in the
examination of high-density plasmas, PIG-type
discharges (see Sec 3.1.1), deuterium arcs, and
and D,L,+ breakup.

In an attempt to overcome the inherently low
voltage limitation on the ORNL-developed grid
ion sources, which have produced steady-state
D% currents of 2.5 amp, steady-state D* currents
of 5 amp, and pulsed D* currents up to 20 amp,
a multistage grid source is being designed which
should produce a 600-kev beam. A multistage
source which would operate in the containing field

ain S

of the DCX-EP (rather than in the present injection
system) is under design study.

5.1.1 LONG CARBON ARC

The idea for construction of a 50-ft arc was
based on ORNL spectrographic data which indicated
that the energy of the ions in the carbon arc
increases as the length of the arc is increased
(parallel to the applied magnetic field). Ten- to
twenty-electron-volt ions were observed in a
10-in. carbon arc, while ions up to 100 ev were
observed in a 6-ft arc. The ions in a 50-ft arc may
exceed 400 ev if the energy absorbed by the ions
does not saturate at some critical length. In view
of this possibility, the arc equipment will be built
in two 25-ft lengths, The required magnetic field
will be provided by a single-layer conductor, wound
on the outside of tubular sections connected in
tandem (Fig. 5.1.1). High vacuum will be main-
tained by means of pumpout nozzles built into
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Fig. 5.1.1. Long Arc Assembly for DCX.
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the sections at the joints for connections to the
vacuum system. The second section will be built
only if data from the first section justify the
expenditure, Since the carbon arc is a high-density
(104 jons/cm?3), high-temperature (up to 100 ev in
a 6-ft arc), two-body plasma (complete ionization ~
no neutrals), its study may be quite important in
the study of phenomena in thermonuclear plasmas.
In addition, since a long arc may have ions that
are of higher energy and also more highly stripped
than those in short arcs, use of the long arc in
breakup studies offers interesting possibilities.

The assembly will also be used in the study of
deuterium arcs and P1G-discharge arcs.

5.1.2 DISSOCIATION OF D2+ BY CARBON
AND MOLECULAR DEUTERIUM ARCS

In addition to these carbon arc studies, work has
begun on experiments aimed at determining the
factors that control the ionization and dissociation
of molecular deuterium ions that are passed through

the arc. Some new results have been obtained that
need more study before publication. However, it is
interesting to note that quite efficient dissociation
occurs in regions of the arc that cannot be seen
with the human eye,

Heretofore, the use of D arcs as breakup centers
for high-energy D2+ beams has been handicapped
by impurities and lack of differential pumping.
In the DCX-EP it appears possible to overcome
these disadvantages, and comprehensive data
should be obtained.

5.1.3 ARC COMPRESSION

studies will fall into two
one involves the compression of an
energetic deuterium arc, and the other involves the
compression of high-energy trapped ions. A bank
of condensers has been assembled, and engineering
studies of the coils and associated triggering
circuits are in progress.

Arc compression
categories:

5.2 MULTISTAGE GRID ION SOURCES

The injection of 600-kev ions into a containing
magnetic volume represents a formidable problem
when currents in the ampere range are desired,
Nevertheless, a number of interesting possibilities
exist. At ORNL, two methods are being pursued:
one, under development by another group and
described elsewhere (Sec 3.1.2), utilizes a modified
Yon Ardenne ion
accelerating tube; the other, under design study by

source and a high-gradient

this group, is a multistage grid ion source which
would utilize the containing field of the DCX-EP
for its operation. While plans are also under way
to place this source outside the DCX-EP and bring
the beam in through a magnetic channel, the
simplicity of operating the source in the magnetic
field of the DCX-EP makes this method more
appealing. However, when a source is placed in
the operating volume, serious problems arise from
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the neutrals which enter the volume from the
source. The use of proper baffles and of differ-
ential pumping enhances the possibility of using
internal sources,

Grid ion sources of the type developed at ORNL
(such as the Geneva Exhibit
capable of producing very large currents of positive
Steady-state currents of 2.5 amp of D2+
and 5 amp of D* and pulsed currents of D* up to
20 amp have been produced by these sources,
A major difficulty is that the sources are inherently
low-voltage devices. The optical system, which is
a series of grid structures, produces its optimum
focus in the range of 15 to 30 kev. Higher voltage
can be used in these units only with a sacrifice in
current, To overcome this difficulty, a multistage
source which will have a final acceleration of
600 kev is being designed,

jon source) are

ions.
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6. SPUTTERING

6.1 SPUTTERING EFFECT OF SOME ENERGETIC IONS ON VARIOUS METALS

0. C. Yonts

Among the impurities that cool a hot plasma are
the atoms '‘sputtered’’ from the container walls by
energetic ions, The DCX provides a steady supply
of such ions, and since the proposed higher-
amperage injected beams will probably increase
this supply, a study of the sputtering effect of
certain ions upon various metals has been under-
taken.

Typical (numbers of atoms
sputtered per incident ion) for unannealed copper
bombarded by argon were 6.6 at 6 kev, 7.87 at
10 kev, 9.4 at 20 kev, 8.84 at 30 kev, and 8.90 at
40 kev. Helium-annealed copper gave ratios in the
same range: 8,66 at 20 kev and 9.20 at 40 kev.

Some unchecked data for sputtering of copper by
helium and deuterium showed ratios of 0.2 and
lower for ion energies from 10 to 42 kev. Aluminum
showed no weight loss when bombarded for 1100
ma-hr by helium at 30 kev and gave a sputtering
ratio of 2,38 when bombarded by 30-kev argon.
Ratios for tantalum and molybdenum were slightly
higher: 2.7 and 3.1.

A calorimeter for measurement of the energy of
the sputtered particles has been built and tested.

This work represents a continuation of that
reported earlier,! and descriptions of the Beta
calutrons and other equipment are repeated here so
that they may be related to the figures, which were
not shown in the first report,

sputtering ratios

Experimental Equipment and Procedure

Figure 6.1.1 shows the cutaway drawing of the
Stable [sotope Group’s two Beta calutrons.! The
two vacuum tanks are between the poles of the
large electromagnet. The ion source is at the
bottom of the tank and the receiver at the top.
The magnetic field is variable from about 500 to
8000 gauss, and ion accelerating voltages from
10 to 45 kev are available,

For our work with argon, it was only necessary
to replace the usual isotope receiver ‘‘pocket’’

]O- C. Yonts, The ORNL Thermonuclear Program,
ORNL-2457, p 138 (Jan. 15, 1958).

with a water-cooled target. This unit is shown in
Fig. 6.1.2, The target holder is 6 in. behind the
slit of the receiver, which is shown at the top of
the photograph, and is placed normal to the ion
beam, Angular spread of the beam was about 5°
and was limited by a baffle in the 90° position.
The seal is an O-ring carefully fitted to the
rectangular groove. Water flow is normally several
gallons per minute, but can be varied for calori-
measurement of the energy received by
the target.

Figure 6.1.3 shows the 7]/2,-in. ion orbit radijus
unit used with D at energies above 20 kev and
with He* at all energies. The source is identical
to the argon source except that it has been inverted
to allow a closer spacing of target and source,
The discoloration on the upper half of the unit is
due to energetic neutrals from charge-exchanged
ions,

For measurements at energies lower than 20 kev
with D%, it was necessary to construct still a third
unit operating on a 2]/2-in. ion orbit radius. This
unit, shown in Fig. 6.1.4, has the ion source
facing downward and so arranged that the ion beam
focuses at the 90° position. A baffle at this
position intersects all but the desired ion beam
(DY). The beam passes through a ]/4-in. slit and
strikes the target which is placed in the 180°
position, The beam is not focused at the target
and is about ]/2 in, wide. The can, shown partially
enclosing the target, was part of a current-

metric

measuring experiment and was not used while
sputtering measurements were being made,

The experimental procedure used in all cases
consisted in cleaning, drying, and weighing the
copper targets both before and after exposure to
the ion beam., lon current was held at constant
value, as read by a 16% d-c milliammeter, and
readings were recorded at frequent intervals,
Exposure of the target to the ion beam was
carefully timed and was accurate to within a
few seconds. For

copper, sputtering ratios
(atoms out/ions in) can then be calculated from
w
R =0.422 — ,
1t
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where UNCLASSIFIED
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W = weight loss, in mg, 1
! = ion current, in ma, 4 !
t = time, in hr, g ° ‘ ¢
g R R y
Figure 6.1.5 shows our original copper data with z, { R ,
a few extra points at 25 kev and around 10 kev £ }‘ ‘ |
which were obtained at a later date. The targets g \
were unannealed, The results show a large scatter { ’ \
of points. As a check on the scatter, a series of o | | |
determinations were made at 30 kev and the results 0 5 10 15 20 25 30 35 40

. . ENERGY (kev)
of this series of measurements are tabulated below: '

Total Argon Cutrent Flg. 6.1.5. Sputtering of Unannealed Copper by Argon

Sputtering Ratio (ma-hr) lons.
8.41 25
8.60 183 ORML- LR D6 35784
8.71 100 ° B C
8.72 50 09— )/&JJ o -
8.86 100 g A | | N
9.08 100 g o r‘ T TN
|
9.17 50 g, 4 L 1 N
9.17 25 2 T !
R 1
The mean value of the eight determinations. is 5 :

8.84 with a probable error of £0.06. The probable
error of a single determination is £0.2.

A new series of determinations were made with
helium-annealed copper targets. The results are
shown in Fig. 6.1.6 and tabulated in Table 6.1.1.

The results of sputtering of copper by helium and

Fig. 6.1.6.

lons.

ION ENERGY (kev)

: |
20 25 30 35 40

45

Sputtering of Annealed Copper by Argon

deuterium are given below:

These values were obtained during the early work!

lon Energy Sputtering and have not been checked or duplicated.

(kev) Ratio More recently, attempts have been made to

sputter aluminum with helium, There is no

Het detectable weight loss after a bombardment of

15.0 0.212 1100 ma-hr at 30 kev. Bombardment of aluminum

19.5 0.161 with argon ions at 30 kev gives a sputtering ratio

23.0 0.210 of 2.38, compared with 8.84 for copper. An upper

30.0 0.126 limit, of sorts, for the amount of sputtering of

39.0 0.086 aluminum by helium can be arrived at by assuming

that the weight loss was equal to the amount of

ot helium hitting the target and that all the helium

10.0 0.0501 remained in the target, thus making the weight loss

11.0 0.046 zero. The amount of helium hitting the target was

20.0 0.032 about 165 mg, which would give a sputtering ratio

30.5 0.035 of 0.148. The appearance of the target suggests

30.0 0.029 that the sputtering ratio is very much less than
42.0 0.022 this,
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Table 6.1.1.

Sputtering of Copper by Argon lons

Sputtering Ratio

Energy
(kev) Unannealed Annealed
Targets Targets
5.0 6.48
6.0 6.6
7.5 7.32
9.5 7.86
10.0 7.87% 7.88%
12.0 8.12
15.0 9.13 8.60
17.5 8.78
20.0 9.4 8.66°
22.5 9.07
23.0 8.6
25.0 9.12% 9.20
27.5 9.25
30.0 8.84°€ 9.02°
35.0 9.01%
38.8 8.50
40.0 8.90 9.20%
50.0 9.05
60.0 6.67°

%Mean of 2 determinations.

b

Mean of 3 determinations,

“Mean of 8 determinations.
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The sputtering ratios of some other materials
bombarded with argon at 30 kev are given below:

Toarget Sputtering Ratio
Ta 2.7
Mo 3.31
Cu 8.84*
Al 2.38**

*Mean of 8 determinations.

**Mean of 2 determinations.

New Equipment

New equipment has been built and is now being
tested for sputtering aluminum with helium and
deuterium. This equipment will also be used to
sputter titanium,

A calorimeter has been built and tested to
measure the energy of the sputtered particles.
Some preliminary values have been obtained but
will not be published at this time. A neutral beam
of approximately 1-5 x 1016 particles/sec enters
the calorimeter after passing through the collimator.

A moving target receiver has been built and will
be used to reduce the total bombardment per square
centimeter of target by about an order of magnitude,

Equipment designed to sputter insulators is being
built and will be tested soon.
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7. AUXILIARY EQUIPMENT AND SERVICE

7.1 METALLURGY

R. E. Clausing

J. W, Tackett

J. D. Hudson

In a study of flange and valve seals for use in
the Sherwood Project a literature survey indicated
that flat washer-shaped gaskets made of oxygen-
free high-conductivity (OFHC) copper, aluminum,
or gold are suitable for large flanges, and that
indium O-rings have been used successfully in
some systems. Simple copper O-rings are un-
satisfactory in bakeable systems. The need for
gasket replacement (and, in some cases, surface
refinishing) when remaking seals probably pre-
cludes the use of metal gaskets in valves.

The wettability of some base materials by an
In-Ga-Sn eutectic alloy considered for use in a
liquid-metal seal was tested at temperatures up
to 450°C. The use of such seals is not rec-
ommended at this time.

Demountable joints or valves which would be
closed and opened by the solidification and
melting, respectively, of a filler metal were con-
sidered, and preliminary tests indicated that this
type of seal would be useful in ultrahigh-vacuum
systems provided that the seal could be opened
in the vertical position and further provided that
a compatible filler-metal and base-material combi-
nation can be found which would also satisfy the
special requirements of thermonuclear experi-
ments. The literature indicates that the alloy
In-Ag-Cu might be usable, and it is under investi-
gation.

A vacuum furnace with a hot zone 16 in. in
diameter and 20 in. in height has been constructed
for studies of vacuum degassing, brazing, and
processing of experimental equipment.

Failure of the copper tubing used for heating and
cooling the DCX liner with steam (400°C) and
water (20°C) was shown by examination to be
accompanied by intergranular defects. Tests at
500°C for 200 hr with no steam showed no failure
of the tubing.

7.1.1. VALVE-FLANGE DEVELOPMENT

In the development of thermonuclear devices
valves and demountable flanges are required which
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remain leaktight during high-temperature bakeouts.

Members of the Welding and Brazing Laboratory of

the Metallurgy Division are investigating the

following valves and flanges:

1. flanges using metal gasket materials such as
OFHC copper, 25 aluminum, gold, indium, etc.,
as the seal material,

2. joints using a room-temperature liquid metal
as the seal material,

and flanges which are opened by

melting of and sealed by solidification of a

3. valves

low-melting, brazing, filler metal,

4. demountable welded flanges, developed in-
dependently by several laboratories, suitable
for use in many ultrahigh-vacuum applications.

Since the flanges mentioned in 4 above have
been suitably developed and since the system
that was developed at ORNL is described in
Sec 4.2.2, they are mentioned here only to com-
plete the list of devices considered. It should
be realized that they are not suitable when valves
or flanges must be opened and closed quickly or
frequently; however, they have definite advantages
for many applications.

Experimental Equipment and Procedures. — The
apparatus used in testing valve prototypes con-
sists of a cylindrically shaped container (8 in.
ID x 11 in. high) as illustrated in Fig. 7.1.1,
which shows a valve test assembly. By inter-
changing the flange components of the upper and
lower vacuum-pumping systems, the valve as-
sembly may be operated in either a vertical or
horizontal Vacuum pressures in the
10-% mm Hg range are readily obtained and are
easily maintained with the two VMF-260 diffusion
pumps and water-cooled traps.

In the initial valve test design (illustrated in
Figs. 7.1.1 and 7.1.2) a sump or pool of filler
metal was utilized to increase its ratio of mass
to contact area and to minimize inherent changes
in itfs
dilution.

position.

by base-metal
This is not a true brazing process

brazing characteristics

because flow is not a prerequisite of making the
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Fig. 7.1.1. Dry Box Showing Valve Test Assembly.
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Fig. 7.1.2. Valve Assembly Testing System.

sealed joint. During the initial cycle of the test
series the lower portion of the valve assembly
(in the open position as illustrated in Fig. 7.1.24)
was heated fo a temperature just above the melting
point of the filler metal (750°C in the case of
Ag-Cu-Sn RTSN silver solder). Then the upper
portion was lowered into place as shown in Fig.
7.1.26, and the assembly allowed to cool. As
the filler metal solidified, the valve was ef-
fectively sealed. Helium was bled in through
orifice x, and the leak rate determined by moni-
toring the upper portion of the test chamber with
a Veeco mass spectrometer leak detector. Sub-
sequent cycles consisted of heating the valve
assembly in the closed position to 750°C, opening
the valve momentarily (~ 10 sec), closing it again,
and then allowing it to cool. For the first ten
cycles, the leak rate was checked after each
cycle; thereafter it was checked after every five
cycles. A bypass valving system was utilized
to maintain equal pressures on both sides of the
valve while it was being opened and closed.
The test was terminated on the completion of 30
consecutive successful closures.

Metal Gaskets

Flanges. — A literature review indicated that
numerous flanging methods which involve the use
of metal-gasket seals have been developed; many
such While
only a few of the more basic methods are de-
scribed and discussed in this report,
complete description is available.! The simple

seals are commercially available.
a more

copper O-ring seals have not been completely
satisfactory because (1) leakage occurs during
cooling from the bakeout temperature (a result
of differential expansion and additional plastic

1), W. Tackett, Valve-Flange Development Progress
Report, ORNL CF-59-2-3 (to be published).
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deformation of the O-ring during the heating
cycle), and (2) resealing of the system after it
has been opened requires that all flange surfaces
be reground and polished to remove a distilled
oxide deposit from the previous bakeout.
ever, many acceptable methods have been de-
veloped that utilize a flat washer-shaped metal
gasket. Tests? indicated that washer-shaped
OFHC copper gaskets are suitable for large flange
requirements. The largest flanges reported use
washers 14 in. in diameter. Special modifications
of the flat washer show promise for use in even
larger sizes.
of the more promising designs is shown in Fig.
7.1.3. Uses similar to those described for copper

How-

A diagrammatic sketch of several

2. Milleron, Some Component Designs Permiiling
Ultrabigh Vacuum with Large Oil Diffusion Pumps,
UCRL-5259, p 8-10 (Dec. 3, 1958).
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gaskets have also been reported for aluminum and
gold. No real comparison was found reported in
the literature between copper and the other gasket
materials. Since the metal gaskets can be pro-
duced easily and cheaply, no attempt is made to
re-use them.

Metal O-ring gaskets of indium up to 13 in. ID
{up to 9 in. when atmospheric pressure alone is
used to deform the metal) have been used success-
fully in metal-to-metal, glass-to-glass, and metal-
to-glass systems. A minimum load requirement of
5.9 kg/cm for ]/lé-in.-dia indium wire has been
tentatively set as the load necessary to produce
a leak-tight seal. Indium has a very low vapor
pressure and has an unusual property of adhering

tenaciously to surfaces against which it is
pressed.
Valves., — Since the metal-gasket seals cannot

be remade without the gasket being changed and
since in some instances special preparation of
the surfaces is also required, their use in valves
cannot be as readily envisioned as their use in
flanges. It is further concluded that only ex-
perience in particular vacuum systems will give
a true indication of the utility of metal-gasket
seals.

Joints Using Room-Temperature Liquid-Metal
Seals

According to theoretical calculations made by
Milleron,? the surface tension of room-temperature
liquid metal (In-Ga-Sn eutectic alloy) is suffi-
ciently high to make a vacuum seal provided that
the mating surfaces of the joint are kept com-
pletely wet and the joint clearance does not
exceed 0.005 in. While some success with such
seals has been repor'red,3 liquid-metal alloys
have the following undesirable properties:

1. Many common materials are seriously at-
tacked at elevated temperatures (regardless of
atmosphere) and some are taken into solution at
room temperature.

2. Reaction with air is slow at low temperatures
and rapid ot elevated temperatures. The formation
of a surface oxide slag on air exposure markedly
influences the rate of reaction between the liquid

3N. Milleron, Utilization of the Surface Tension of
Liquid Metals in Making High-Vacuum Seals, UCRL-4938
(Aug. 30, 1957).
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metal and base metal and tends to aid in wetting
subsurfaces with which there is no apparent
reaction.

3. While the liquid metal In-Ga-Sn wets the
surface of some materials readily, more often it
is desirable, if not necessary, to wet the surface
mechanically with an ultrasonic vibrating gun.
Fire-polished surfaces are also a common re-
quirement for ceramic base materials.

To help establish the wetting and compatibility
characteristics of the liquid metal with various
base materials, a series of evaluation tests were
initiated by the Metallurgy Group. The first two
in a series of three 1000-hr tests are complete
and the third is under way.
are summarized in Table 7.1.1.

During the tests, vacuum pressures were main-
tained in the 107 mm Hg range. Because the
furnace tube was baked out at 450°C for 72 hr
before the initial test run, it was possible to
obtain the 107¢ mm pressure within 3 hr after
the moaximum furnace temperature was attained.
Visual observations were made at 10- to 25-hr
intervals for the first 100 hr of each test run,
with subsequent observations being made at 100-hr
intervals. After each run the samples were
removed from the test chamber, examined more
closely, and catalogued for metallographic ex-
amination and future reference. The following
additional observations were made:

l. The multipinpoint dewetting that was ob-
served on both Al,0; ond tungsten during the
200 and 300°C runs did not increase noticeably
in number and size of points after it was first
noticed.

Visual observations

2, The surface phenomenon observed first ap-
peared to be a dross reaction on the surface of
the liquid metal. However, after the specimens
on which this reaction occurred were removed
from the test chamber and examined more closely,
the surface layer was found to have the con-
sistency of soft lead. This would seem to in-
dicate that the thin layer of liquid metal (5 to
10 mils thick) had alloyed with the base metal.
In most cases the surface reaction phenomenon
was not accompanied by dewetting.

In conclusion, it is believed that a flange or
valve which utilizes the liquid-metal seal is not
practical for high-temperature use at this time.
A more complete account of this investigation is
given in another report.'
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Table 7.1.1. Observed Effects of In-Ga-Sn Eutectic Alloy (Liquid at Room Temperature)

on Various Base Materials ot Elevated Temperature

Effects Observed

Base
Material At 200°C? At 300°C A+ 450°CP

Fe Surface reaction in <100 hr c Surface reaction in <25 hr

Cu Surface reaction in <100 hr c c

Zr Surface reaction in <400 hr c c

Quartz Some dewetting in <500 hr Areas dewet in <100 hr Completely dewet in <25 hr

A1203 Pinpoint dewetting in 600 hr  Pinpoint dewetting in <300 hr Areas dewet and possible surface
reaction in <25 hr

Type 304 SS  Apparent surface reaction in  Surface reaction in <500 hr Surface redction in <25 hr

600 hr

w Pinpoint dewetting in 600 hr  Pinpoint dewetting in <400 hr  Completely dewet in <25 hr

Ni Satisfactary ot 600 hr Surface reaction in <70 hr c

Ti Satisfactory at 600 hr Surface reaction in <500 hr Surface reaction in <25 hr

Graphite Satisfactory at 600 hr Satisfactory at 1000 hr Completely dewet in <200 hr

Mo Satisfactory at 600 hr Satisfactary at 1000 hr Surface reaction in <25 hr

Ta Satisfactary at 600 hr Some dewetting in <800 hr Areas dewet in <100 hr; ap-
parent surface reaction in
>200 hr

Nb Satisfactory at 600 hr Satisfactary after 1000 hr Satisfactory after 200 hr

2200°C test was discontinued after 600 hr (pawer failure).

b450°C test run in pragress at the time of this repart (200 hr complete).

“Not run.

Solidified Metal Seals

The basic purpose of this investigation was to
determine the feasibility of making a demountable
joint or valve which would be opened by melting
and be resealed by solidification of a low-melting
filler metal. After a preliminary investigation of
the mechanisms of brazing processes which tend
to limit the utility of this type of joint, it was
possible to incorporate in the original valve-flange
testing apparatus provisions for a vacuum atmos-
phere, an inert cover gas, etc.

This series of tests was conducted only to
evaluate the valve design, and the base-metal,
filler-metal combination (nickel and RTSN, re-
spectively) was used for illustrative purposes
and not because its use is applicable in thermo-
On the contrary, nickel is

nuclear devices.
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highly magnetic and the vapor pressure of liquid
RTSN is too high at its melting point. However,
this type of seal is applicable to ultrahigh-vacuum
devices provided that the valve can be opened in
the vertical position and further provided that a
compatible base-metal, filler-metal combination
can be found which also meets the other specified
requirements.

A survey of alloys potentially usable as filler
metal has been made. At least one alloy system
(InrAg-Cu) which should be compatible with
thermonuclear devices was mentioned in the liter-
ature and is now under investigation. Candidate
alloys will be screened with regard to their
dewetting tendencies, resistance to oxidation,
compatibility with usable base wmaterial, and
subsequent effects of dilution.




Tests are now in progress in which modified
versions of the valve assembly previously de-
scribed are being evaluated. In addition, a proto-
type of a flange assembly is nearing completion,
and evaluation tests will soon be started.

7.1.2 GETTER TESTING

Apparatus (Fig. 7.1.4) has been constructed and
experiments are planned to test the effectiveness
of various substances as getters which will aid
in the attainment of the high vacuums needed in
thermonuclear machines. It is hoped to obtain
information concerning gas adsorption by getters
at pressures as fow as 10710 mm Hg. Equipment

PERIOD ENDING JANUARY 31, 1959

7.1.3 VACUUM FURNACE INSTALLATION

Installation of a large vacuum furnace for
vacuum degassing, vacuum brazing, and processing
of experimental equipment has been completed.
The hot zone has a diameter of 16 in. and a height
of 20 in. Measurements made at the retort neck
showed that the pumping speed is approximately
600 liters/sec at 1074 mm Hg and that the retort

4G. R. Love and R. E. Clausing, Methods for the Study
of Gas-Metal Reactions in Ultra-High Vacuum, ORNL
CF-58-9-93.

5p. Alpert, p 609 in Thermodynamics of Gases [“En
cyclopedia of Physics,"” vol XIl (ed. by S. Flﬁgge)],
Springer- Verlag, Berlin, 1958,

6s. Wagener, Brit. J. Appl. Phys. 1, 225~31 (1950).

: . 4-7
ard testing methods are dt.escnbec.i e|sewh¢.ere. 75, A. Becker, Advances in Catalysis 7, 135211
Figure 7.1.5 shows the equipment in operation. (1955).
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Fig. 7.1.4. Drawing of Apparatus for Testing the Effectiveness of Various Getters.
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7.2 SEYA SPECTROMETER

G. K. Werner R. L. Knight

Design and construction has been completed on a
new type of vacuum spectrometer to be used in the
study of carbon arcs and hydrogen and deuterium
plasmas.  Positions of the slits and concave
grating are fixed, and scanning is done by rotating
the grating. The highest wavelength attainable
with this spectrometer is about 4450 A, the limit
being set by the length of the scanning screw.
The lowest wavelength detected was 312 A, At
lower wavelengths there is insufficient reflectivity
of the aluminum grating surface.

In discussing feasible designs for a vacuum
ultraviolet spectrometer to be built at ORNL,
P. G. Wilkinson! suggested the mounting devised
by M. Seya? in 1952, The Seya mounting has the
very desirable feature that only one motion, rota-
tion of the concave grating, is used in scanning
This is the
same scanning mechanism as that used in the

The

Seya mounting is optically superior to plane grating

through successive wavelengths.

Ebert and other plane grating spectrometers.

instruments for vacuum ultraviolet work because
it has one reflection instead of three.

In considering the focal condition imposed by
the Rowland circle, it is readily seen that in
changing wavelengths the distance from grating to
the entrance and/or exit slit must be changed to
stay on the circle, In the Seya spectrometer the
Rowland circle geometry applies only when the
grating is set for zero wavelength (central image),
the entrance and exit beams being of equal length
and opposite angle. As the grating is rotated from
this position (see Fig. 7.2.1), if one considers
the

lies inside the circle and the other slit lies out-

Rowland circle as moving with it, one slit

side the circle just far enough to maintain focus
when the Seya condition is satisfied. The focus-
ing condition is dependent on two factors: the
grating rotation must be over a fairly small angle
(less than about 20°), and the angle between inci-
dent and diffracted beams must be close to 70.25°.

]University of Chicago.
2\, Seya, Sci. of Light (Tokyo) 2, 8 (1952).
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M. R. Skidmore J. R. McNally, Jr.

This angle can be computed from the formula for

of a concave grating (neglecting higher
3

focus
order terms}:

cos? i cosi cos?f cos 0
- + - = .

r R r’ R

where r and r’ are distances from entrance and
exit slits to grating of radius R, and 7 and € are
angles of incidence and diffraction.

Let 2a = angle between incident and divergent
beams (fixed) and ¢ = angle of grating rotation
from the position of symmetry (i = —6); then
2=i-6and 2¢ =i + 0. Letr =r"and set them
to focus for zero wavelength (¢ = 0). Then, for
small values of ¢, it can be shown that

1
a=tan"! \/; = 35.265° ,

20.=70,53° .

3H. G. Beutler, J. Opt. Soc. Am. 35, 311 (1945).
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tation in Seya Spectrometer.
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Seya's figure of 70,25° for 2a is derived by amore
detailed computation which takes into account the
slight change in focus as the grating is rotated
over a practical wavelength range. For a vacuum
spectrometer which will not be used in the visible
wavelength region, the best value of 2a will lie
somewhere between 70,25 and 70.53°,

The change in focus, according to Seya, will be
about 0.15 mm for a rotation of 13.6° of a 15,000-
line/in,, 1-m concave grating. This corresponds
to a wavelength range from 0 to 6600 A, A focal
variation of 0.5 mm was reported? for a Seya
spectrometer built by Namioka,® who used a 54-cm,
15,000-line/in. grating.

Using a 6.4-m, 15,000-line/in. grating, we meas-
ured focal variations for different values of 20 and
¢, which are reported in Fig. 7.2.2, This indi-
cates a variation in focal length of about 0.2 mm
for a 1-m grating it used between ¢ = 2° and
¢ = 10° (500 to 2500 A). Being out of focus 0.1 mm
would reduce the theoretical resolution of a 1-m
grating of 80-mm width from 96,000 to about 12,000.

At larger angles of ¢ the image becomes poorer
because of spherical aberration and because it is
simply out of focus. The extent of this is de-
pendent upon the grating width and can be con-
trolled by occulting.

In the case where scanning is accomplished by
rotating the grating, whether it be plane or con-
cave, the basic grating equation

mA o )
—=sini+sin @
a

cap be rewritten

ﬂz sin (¢ + @) + sin (¢~ a)

2a
)\=<— cos a> sin ¢ ,

m

where m = order number, a = groove spacing, and
a and ¢ are as defined previously.

Thus it is seen that wavelength is exactly pro-
portional to the sine of the angle., To obtain a
scanning drive system which is linear with wave-
length, we have used the mechanism shown sche-
matically in Fig. 7.2.3a. This arrangement has

4. G. Wilkinson, private communication.

5T. Namioka, Sci. of Light (Tokyo) 3, 15 (1954).
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been successfully used in the Jarrell-Ash 8200
plane-grating spectrometer, It should not be con-
fused with the arrangement of Fig. 7.2.3b, which
is frequently used in grating rotation mechanisms
but is limited to angles close to zero, where sine
and tangent are almost equal, or to small angular
spans away from zero, where sine and tangent are
almost proportional, We used the screw and nut
mechanism from a Gaertner Scientific Company
micrometer slide model 303,
mechanism is sapphire and the stylus is a steel
phonograph needle. This has eliminated the
scratching of the plate experienced on the Jarrell-
Ash spectrometers which use a glass plate and a
steel ball.

The screw is coupled through a worm gear drive
to a ¥ -in. shaft with an O-ring vacuum seal to
the external drive mechanism as shown in Fig.
7.2.4, A Gorrell and Gorrell Company reversible
multispeed motor provides scanning speeds of
from 500 to 0.5 A/min. The motor can be dis-

engaged to permit manual operation,

The plate in our

A five-digit counter coupled to the drive shaft
shows the transmitted wavelength in angstroms at
any given setting, [t is accurate to 1 A and is
reproducible to ]/5 .

To bring the instrument into exact calibration
required three adjustments. Changing slightly the
angle of the sapphire plate from 90° to the screw
axis or changing the length of the stylus corrected
a curvature of the error curve, The slope of the
error curve was corrected by changing the length
of the radius arm (using shims). The remaining
error, a constant displacement, was corrected by
resetting the shaft position in one of the coupling
gears.

One of the requirements for our vacuum spec-
trometer is mobility, It must look horizontally into
the arc of the LSM, must look downward at an
angle of 18° from horizontal through the side port
at the arc of DCX, and may be required to look
straight down through the top viewing port of any
of several facilities. Since it is too heavy (230 1b)
to be supported by the flange that connects it to
the system being analyzed, an eyebolt is provided
at its center of gravity for a supporting chain or
rope (see Fig. 7.2.5). This rope is connected to
a beam balance with a counterweight adjusted to
support only the weight of the spectrometer without
A bellows
coupling at the mounting flange, together with the

imposing any extraneous strains.
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(b) Used frequently

Fig. 7.2.3.
as described in Seya spectrometer.

in other spectrometers.

beam balance support, permits easy movement and
setting of the instrument to view at slightly dif-
The astig-
matism of the 1-m Seya mounting is such that the

ferent angles into the vacuum system,

conjugate focus of a point on the exit slit is a
horizontal line about 62 in. in front of the entrance
slit. By placing the arc this far from the entrance
slit and setting the exit slit height to 1 mm we
can restrict our field of view in the arc to an area

PERIOD ENDING JANUARY 31, 1959

about I/8 in. high (proportional to exit slit height)
and about 7 in, wide (proportional to grating

width).

When used at some other angle than horizontal
the diffusion pump and nitrogen trap, which mount
by a vertical flange to the side of the input leg,
are turned and remounted on this flange to new
bolt holes to maintain them in a vertical position.

A pair of occulters mounted in a coaxial control
and located in front of the grating was intended
for any masking that the grating might require.
To date, however, we have not found that a grating
mask can be made to eliminate any particular
ghosts, but the resolution at higher wavelengths
(2000-4000 K) can be improved by using occulting
simply to reduce the angular aperture of the
grating. Occulting can also be used to check the
focus of the spectrometer photoelectrically by a
method derived from the knife-edge test,

We have not yet tried to determine the highest
resolution of this spectrometer because interest
has been in high-speed low-resolution problems.
The line widths in the carbon arc, for instance,
are too broad to test the resolution of the spec-
trometer, However, by interpolation be'rween the
half-width of the central image (0.15 A) and the
half-width of the Iowes'r wavelength (2537 A) from
a mercury lamp (0.20 A) fheoresoluflon is estimated
to be about 2000 at 300 A, 3300 at 500 A and
6300 at 1000 A.
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7.3 A NONLINEAR PHOTOMETER CIRCUIT

G. K. Werner

A circuit for semilogarithmic photometric re-
cording has been developed, with a minimum of
circuit changes, from a conventional circuit for
RCA multiplier phototubes.

At the suggestion of R. A, Dandl we tried high-
impedance voltage dividers and resistances in
series with the last few dynodes,] but no modi-
fication resulted in better performance than simply
grounding dynode No. 9 through a resistance of
about 100,000 ohms, as shown in Fig. 7.3.1. A
performance curve for the circuit is shown in
Fig. 7.3.2. Signals that are only slightly greater
than the noise level are directly proportional to
the input light flux. Above a signal of about 0.05 v,
response is roughly logarithmic over four decades,
with from 0.1 to 0.25 v output per decade of input,
as shown in Fig. 7.3.3.

l|nvestigations along this line have olso been re-
ported by R. W. Engstrom and E. Fischer, Rev. Sci.
Instr. 28, 525 (1957).
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With this circuit it is possible to scan rapidly
over a spectrum and get a fairly good measure of
the intensities and wavelengths of all lines en-
countered. Scans have been made with the vacuum
spectrometer at 500 A/min, and we were able to
measure relative phototube response (“intensityZ)
to better than 10% and wavelengths to about 1 A,

A separate calibration must be made for each
phototube, since they do not have uniform dynode
amplification characteristics. This circuit should
work equally well for phototubes 931A, 1P21,
1P22, 6328, 6199, 5819, and 6655, which all have

the same electrode configuration and dynode
material.
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7.4 DESIGN AND CONSTRUCTION GROUP

E. S. Bettis

Engineering on the Sherwood Project has been
organized into a formal section for only about two
months and therefore this activities report will
be very brief. In most cases, activities of the
Engineering Section will be integrated with the
experimental work and will be reported indirectly
in the various projects. The three activities
which have been handled solely by the Engineering
Section are design and construction of 6000-amp
magnet coils for the DCX, installation of a 600-kv,
l-amp d-c supply for ion injection, and design of
a system of four evacuable tanks which will be
provided with independent, essentially homo-
geneous magnetic fields. The tanks will be used
for basic studies.

7.4.1 NEW MAGNET COILS FOR THE DCX

The original magnet coils for the DCX were
designed for a current of 4500 amp. When it
became necessary to operate the coils at 6000
amp, the cooling was insufficient to prevent
damage to the coils and they were burned out.
The original coils were cooled by means of
3/]6-in.-dio holes which were rifle-drilled axially
through each layer of the coil and which were
on l-in. spacing around the center line of each
layer.  (For a theoretical discussion of DCX
magnet coils see Sec 8.1.2.)

A new set of coils was designed to be cooled
on both edges of each layer, and no rifle-drilled
holes were employed. Each layer was wound on
an accurately machined mandrel to eliminate the
necessity of machining the finished coil. Flags
tape was wound between individual turns, and the
coil was clamped under a pressure of 20 tons to
compress it into a compact form. It was then
vacuum-impregnated  with bakeable electrical
varnish and baked for curing. This operation was
repeated once, and then the excess varnish was
sanded from each surface of the coil.

Special separators in the form of insulating
inserts were used to separate each of the four
concentric layers of each coil from each other
and from the stainless steel case. The separators
were made by clamping a piece of glass cloth in
a mold which had, at center spacing of ]3/8 in.,

milled parallel channels :}8 in. wide by ]/8 in. deep.
When the mold was vacuum-filled with an epoxy
compound and cured, it formed a ribbed, insulating
mechanical spacer with water passages for axial
water flow along the faces of each coil layer.

The individual layers were nested into four
concentric coils electrically connected in series
and wedged into the container can mechanically
restrained by the webbed separators. Micarta
rings on each end of each coil layer insulated the
coils from the can, and soft rubber gaskets were
compressed by the bolted top of the can against
the coils. Electrical leads and water inlet and
outlet were brought in through the bolted can top.

Edgewise cooling of these coils proved to be
satisfactory, and 6000-amp currents were handled
satisfactorily with a cooling-water temperature
rise of only 16°F,

7.4.2 INSTALLATION OF 600-kv, leamp D-C
SUPPLY

Another project which has been almost com-
pleted consists in the installation of a new 600-kv,
l-amp d-c supply for ion injection. This supply
was engineered and built by Allis Chalmers Mfg.
Co. It consists of four transformers, each with
a silicon rectifier bridge, the d-c¢ output of each
transformer being connected in series to produce
600 kv at the output terminal. By means of a
tap-changing transformer the voltage of the supply
at no load can be brought up from low voltage to
rated voltage. An R-C filter reduces output ripple
to tolerable values. The supply has been in-
stalled and a flowing water load (water running
through Tygon tubing) has been provided for testing
the supply at rated output. The load test has not
yet been run. Figure 7.4.1 is a photograph of this
new supply.

7.4.3 DESIGN OF EVACUABLE TANKS

The third project on which work has been done
consists only in design thus far. A system of
four evacuable tanks in magnetic fields has been

designed to be used for basic studies on matters
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concerning thermonuclear work. The tanks will
be of three different sizes, and volumes of approxi-
mately 12 to 36 ft3 will be available for experi-
mental work in an essentially homogeneous mag-
netic field.  The field of each tank will be
independent of the other tanks by arrangement of
the iron yoke.

Magnet current will be supplied by large rectifier
units with a tap-changing switch and series in-
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duction regulator on the a-c side to permit control
of the magnetic field for each tank. Each unit
will be provided with a high-voltage cubicle (one
of the old Alpha Il cubicles) to supply experi-
mental d-c power.

Design of this experimental system is complete,
and its construction, in Building 9201-2, will be
completed by the time that the building is oc-
cupied by the Sherwood Project.

8. ENGINEERING SCIENCES GROUP

8.1 ENGINEERING SCIENCE

W. F. Gauster

In engineering science studies in support of the
Sherwood Project the following work is in progress
or was done:

1. A literature survey produced tables of mag-
netic-field values B, and B, for current sheets,
useful in the computation of any rotationally
symmetric magnetic fields. Similar tables con-
taining finer intervals, values for the vector po-
tential A and for 74, and a larger range of Z and
r have been computed by the Mathematics Group
of the Thermonuclear Experimental Division.

2. General optimization theorems were worked
out for the cross-~section shape and the current-
density distribution of magnet coils.

3. A field-analog network (Field Simulator) was
built in which the field line of a rotationally
symmetric magnetic field corresponds to an equi-
potential line. Another analog computer, in which
magnetic equipotential corresponds to an electric
equipotential, is being worked on. It will use a
wedge-shaped electrolytic tank.

4. In an attempt to determine the effect of slow
changes on a pulsed magnetic field, such as might
be used in this program in the future, an arrange-
ment for a-c measurements on magnetic models has
been developed.

5. A method of conveniently computing suffi-
ciently exact values for the mechanical forces
produced by the DCX magnetic mirror coils was
developed.

6. Experiments and calculations on heat transfer
for cooling of large magnet coils are in progress.

7. Graphical and analytical methods for the fast
determination of charged-particle trajectories in
magnetic fields have been developed.

8.1.1 GENERAL SUPPORTING STUDIES

Tabulation of Magnetic Fields

The first activity of the Engineering Science
Group was to do general studies on magnetic
fields. A careful search of the literature showed
that several good tables for the magnetic field
produced by single circular loops are available,!
For the computation of the magnetic field produced
by actual coils of any given cross section, con-
siderable time is saved by use of field values for
current sheets rather than single loops. It was
found that tables of this kind had been calculated?
by K. Foelsch 20 years ago and that it was
possible to obtain a microfilm of his work. In

'J. P. Blewet, J. Appl Phys. 18, 968—76 (1947);
C. L. Bartberger, J. Appl. Phys. 21, 110814 (1950).

2K uno Foelsch, Tabellen und Kurven zur Berechnung
des Magnetfeldes von kreiszylindrischen Spulen, Konrad
Triltsch, Wirzburg, 1936; see also K. F. Miller, Arch.
Elektrotech, V7, 336 (1926); K. Foelsch, Arch. Elek-
trotech, 30, 139 (1936).
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order to simplify the work with these tables, a
semigraphical method was developed.®

Foelsch’s tables are inadequate
respects: although they contain values of B, and
B,, they do not contain values of the vector

in several

potential A = I1,A of these rotationally symmetric
fields; for computing field lines, values of rA
are desirable; and the tables would be more useful
if the values covered larger ranges of Z and r and
were given for finer intervals, Therefore it was
arranged with the Mathematics Panel to compute
tables of this kind. For complicated coil arrange-
ments, time is saved by special programing of the
magnetic field on the Oracle instead of using
tables. For work done along this line, the help
of the Mathematics Group of the Thermonuclear
Experimental Division is highly appreciated.
Theoretical studies were made, especially on
the optimization of d-c magnet coils. General
optimization theorems were found for the current-
density distribution and for the cross-section
shape of magnet coils.*  These studies are
important since the ohmic loss of power for the

magnet coils used for DCX experiments is about
10° to 104 kw.

Field Analogs

Field Simulators {analog networks) can often be
used more conveniently than computation for de-
termining the nature of a magnetic field. Field
Simulators of a special type developed by Wake-
field®> have been used to good advantage by the
Matterhorn Project. A similar device, in which
a magnetic field line of a rotationally symmetric
magnetic field corresponds to an equipotential
line of the Field Simulator, has been built for
ORNL; however, it will take some time to put it
into full operation.

For some problems it is more convenient to use

the analogy: magnetic equipotential (surface of

3W. F. Gauster, Controlled Thermonuclear Conference,
Held at Washington, D.C., February 3—5, 1958, TID-
7558, p 518-27; C. E. Bettis, in Proceedings of Sympo-
sium on Magnetic Field Design, Gatlinburg, 1958 (in
press).

4w. F. Gauster, in Proceedings of Symposium on Mag-
netic Field Design, Gatlinburg, 1958 (in press).

5¢. E. Wakefield, A Resistance Analogue Device for
Studying Axially Symmetric Magnetic Fields, PM-S5-23
(Dec. 13, 1956); G. Liebmann, Phil. Mag. 41, 1143-51
(1950).
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magnetic material with p = =) vs electric equi-
potential. This can be realized with o wedge-
shaped electrolytic tank. Work on such a device
has started. The building of an analog network
for the magnetic potential and the designing of a
device for automatically drawing trajectories of
charged particles in magnetic fields® are also
contemplated.

Magnetic Models

Besides d-c fields, slowly pulsed magnetic
fields might be of importance for the DCX program
in the near future. To find the influence of even
slow changes on the field configuration by cal-
culation only is difficult, and therefore an arrange-
ment for a-c measurements on magnetic models has
developed. Measurements performed with
different frequencies can be used for a Fourier
analysis of slow impulses.’

been

8.1.2 MECHANICAL FORCES AND HEAT
TRANSFER IN MAGNET COILS

Mechanical Forces

The mechanical forces produced by the magnetic
mirror coils for DCX experiments are very strong.
It is easy to find approximate values for these
forces, but an exact calculation is complicated.®
A computation method was worked out which will
give sufficiently exact values with not too lengthy
calculations. The calculation of mechanical forces
Another
application would be in the installation of large

is important for any large mirror device.

Beta-calutron tanks in the new location for ion
source experiments, etc., which raises the problem
A model

of evaluating electromagnetic forces.
was built for this work.

Heat Transfer

In designing large d-c magnet coils, the cooling
problem is very serious. The most efficient
cooling method is to use cooling canals parallel
to the axis. Many short canals in parallel produce

6p. L. Hollway, Proc. I.R.E. 103 (Part B), 155-60,
161-65 (1956).

7w, F. Gauster, Controlled Thermonuclear Conference,
Held at Washington, D.C., February 3-5, 1958, TiD-
7558, p 518-27,

8J. Hak, Eisenlose Drosselspulen, p 92-102, Koehler-
Verlag, Leipzig, 1938.




only a small hydraulic resistance, and therefore
high water velocities can be used without the
need of very high pressure.” An application of
this principle for the design of the coils for DCX-1
gave very efficient heat transfer.
however,
Sec 7.4.1).
In order to overcome these difficulties, experi-
ments were made with stacks of copper plates,
separated by insulation layers. This arrangement
simulates the actual coils in respect to turn-to-turn
insulation, which cannot be measured in the actual
winding since the very small resistance of the
copper conductor is in parallel with the insulation
resistance. Furthermore, it is convenient to have

There were,
serious technological difficulties (see

small test pieces which can be made up much more
easily than the complete coils.

These experiments showed very clearly the
difficulties involved when the axial cooling canals
are made by rifle drilling and the great improve-
ment that can be achieved by reaming the holes.
Measurements of insulation resistance and of
flashover voltage in dry and wet state seemed to
indicate that the difficulties in rifle drilling of
large magnet coils can be overcome.

For magnet coils which are to produce magnetic
fields of only a few thousand gauss, it is con-
venient to use hollow copper and to let the coolant
circulate inside the conductors. The efficiency
of this cooling method depends, of course, on the
water velocity and therefore on the water pressure.
For higher pressures special care has to be taken
to maoke the tube connectors strong enough to
avoid leaking.

9E. Bitter, Rev. Sci. Instr. 7, 479—88 (1936).
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In general, the copper temperature of the magnet
coils has to be low in order to yield favorable
values for the electric resistance {and therefore
for the power consumed). In some cases, however,
it is not so importont to keep the electric power
as low as possible as it is to produce the highest
field strength with not too large a volume of
copper, even if the temperature becomes relatively
high, This might be the case, for instance, if
there is only a little space in an experimental
device for providing an ion-beam deflection magnet
close to other parts. In these cases it is possible
to apply the principle of ‘‘cooling with local
boiling,”"'® which is also used by Gambill and
Greene for the vortex cooling system for fission
reactors. '! Experiments are being prepared to
apply local-boiling cooling to large magnet coils.
Care must be taken to stay securely in the right
range of water pressure and temperature.

8.1.3 ION TRAJECTORIES

Besides the D2+ beam which is used for breakup
at the vacuum carbon arc, the ion source of the
DCX produces D* and D3+ beams which are
separated from the D2+ beam by means of a
deflection magnet. Recent observations seem to
indicate that weak beams of D* and D3+ are
hitting the vacuum chamber wall. In order to clear
up this question, the Engineering Science Group
is working out the D* and D3+,ion trajectories
starting from the accelerator tube.

104, H. Kolm, Rev. Sci. Instr. 29, 489 (1958).

”W. R. Gambill and N. D. Greene, Chem. Eng. Progr.
54(10), 68-79 (1958).
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9. CALCULATIONS FOR DCX-2 DESIGN

9.1 MAGNETIC MIRROR FIELDS FOR DCX.2
W. F. Gauster

Calculations of the characteristics of magnetic
mirror coils that will give satisfactory particle
containment with power and copper economy are in
progress.,

The magnetic mirror field of the first DCX
machine is not supposed to contain thermonuclear
The DCX-2 will be designed
with a stronger magnetic field and a higher mirror
ratio. It is hoped that with this device a self-
sustained thermonuclear reaction will be demon-
strated,

In order to get, first, an approximate idea about
the dimensions of the DCX-2, a simple computation
scheme starting with a containment calculation
was worked out. |t was assumed that the thermo-
nuclear reaction products are alpha particles with
an energy of 5 Mev. Only the particle movement in
the mid-plane of a magnetic mirror was considered.
Furthermore, it was assumed that the volume in
which thermonuclear reactions will occur is
relatively small, so that the alpha particles will
start approximately from the mirror center, Under
this assumption, the largest distance, T ax! which
an alpha particle will travel from the center
(aphelion of the orbit) can be found by means of
the canonical angular momentum constant of the

reaction products.

motion:

C=rqA+rp9 , 1)
where

r = distance from the center,
q = particle charge,

A = magnetic potential of the rotationally sym-
metric field,

pg = O-component of the momentum,

Since the orbit passes through the center, C = 0.

Forr=r it follows that py=p = mv. Therefore

qA(r _)+mv=0,

or (for a 5-Mev alpha particle)

Alr o)

max

mu
=<—>= 127.2 kilogauss xin. . (2)
q

The distance r
of the lengths r , and Tgi T4 is determined by

. must be equal to the smaller one

A(r ,) = maximum , (3)

which is the escape condition for the mid-plane;
7 is the radius in which a “‘critical field line”
intersects the mid-plane, A critical field line is a
magnetic field line which hits the inner edges of
both mirror coil cases (see Fig. 9.1.1). The -~
lines form a rotational surface such that all field
lines inside it pass freely through the two coil
cases. If we assume an adiabatic particle
movement (a very rough approximation), then all
particle orbits should stay inside the rotational
surface consisting of critical field lines,

Finding the characteristics of mirror coils which
will be satisfactory with respect to particle con-
tainment and with respect to power and copper
economy is a difficult problem which can be solved
The first

are a reasonable coil shape and

only by successive approximations.
assumptions
current—density distribution in the coil winding;
the size (say the inner coil radius a,) and the
absolute value of the flux density B_ at the mirror
center are determined later, The mirror ratio must
be chosen so that a sufficient part of the thermo-
nuclear reaction products stays long enough inside
the mirror. Making o reasonable assumption about
the mirror ratio is the most difficult part of
planning this type of machine,

As o starting point, symmetrical coils with
tapered ends as shown in Fig. 9.1.1 and with
current density i = constant were assumed. The
mirror ratio determines the ratio Zo/al. Now, the
geometrical form of the coil arrangement is known,
but the absolute length of one of the dimensions,
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Fig. 9.1.1.

for instance, a., is still needed. Fabry's equation
yields the field strength in the center of one coil:

-G (P/2) A @
pa,

where
P/2 = power for one coil, here assumed to be
7500 kw = 7.5 x 108,
A = form factor = 0.7,
p = specific resistance of copper = 1.9 x 10-7
ohm-cm,

G =0.170 (for the coil shape and current
density distribution assumed).
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General Coil Configuration and Parameters for Finding the Approximate Dimensions of DCX-2.

Combining the magnetic fields produced by both
coils, we can find the normalized values

B* BZ
z5 g ¢
By
B
B =
r - 1
By
A
A* =
4, B,

for any point of the magnetic field, which is de-
termined by the normalized coordinates Z* =Z/a1




and r* =r/a,. By comparing the values 7% and r},
we can decide on the value e

With the Oracle we compute the quantity A*(r*)
which, substituted into Eq. (2), yields as the
equation for o

) . (5

Now it is possible to find the desired unknown a
and B, from Eqgs. (4) and (5).

With a mirror ratio 3.5 the following data are ob-
tained: a, =12 in, a, = 28 in., Z, = 20 in,,
Tax = 20in. =7 <r, B_. =16 kilogauss,
B_ . =56 kilogauss. The current density is

ma

1

i=1.37 x 104 amp/in.2 ,

which is a relatively low value (DCX-1 coils have
a current density of 2,4 x 104 amp/in.2).

By means of a simple scaling law, data for a
DCX-2 machine with other linear dimensions can be
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found. If we consider an alpha particle with
constant energy of 5 Mev, the product of the radius
of curvature at any point and the magnetic field
strength at this same point has to be a constant,
Therefore, by scaling down any length a to a/k, the
flux density B has to be increased to kB. From
(4) it follows that P also has to be scaled up to
kP, Finally, it is easy to show that the current
density 7 is scaled up to k2i. This point of view
is important because with larger mirror ratios a
power of 15 Mw would require excessively high
copper volume and have an unnecessarily low
current density. By scaling down the machine and
therefore increasing the power, copper volume and
current density can be brought to reasonable
values,

The numerical example shown was calculated
assuming a simple coil shape with constant current
density., By changing the coil shape and the
current-density distribution it is hoped to find
sensibly better data for a DCX-2 machine; however,
much further study is needed. It should be kept in
mind that space for instrumentation must be
provided,

9.2 ORACLE CALCULATION OF MAGNETIC FIELDS AND VECTOR POTENTIAL

M. Rankin

A flexible Oracle code to permit rapid calcu-
lation of magnetic fields and vector potential for
use in coil design problems has been developed.
Values for BZ/BO, B/Bo, and A/B, at a general
point (r,Z) are calculated by summing the contri-
butions at this point from many circular loops of
current-carrying wire. [The quantity By = BZ(O,O).
The quantities B,/B, and Br/BO are dimension-
less; A/Bo has dimensions of length.] The

Alr,Z) \/(R + 124+ (Z-h)?

quantity By/ul is calculated and given separately,
so that absolute field strengths may be found.

Tables of values giving B,/B,, B/B,, and
A/B, have been calculated at intervals of 1 in.
along the Z-axis for the present DCX coil con-
figuration. Similar tables have been computed for
several other different coil designs.

For a circular loop of wire of radius R located
at a distance b from the Z = 0 plane and carrying
a current I, we have the following formulas:

k2 E(k)]
K(k) [<]—7>~K(_k) ' (n

E(k) 2}
>K(—k)-—(l-—k)

wl 2mr
B (r,z) (Z=5) Kk <l -
W

VR + 02+ (Z =02+ 2771 =22

1M




2R K0

B, (r,2) R + 12+ (Z - b)2]

' k2>E(k) X

4rR

(r + R)2 4+ (Z - b)?
and K(k) and E(k) are the complete elliptic in-
tegrals of the first and second kinds.
The following parameters may be varied in the
code (see Fig. 9.2.1):
i = number of rows of loops,
n; = number of loops on row i,

Il./I] = ratio of current on row i to current on row

1,

(Ab)i = distance between loops on row i,

hy;= Z-coordinate of first loop on row i,
R, =r-coordinate of first row,
AR = distance between rows,

ra, Nryr, Z,,AZ, Z = range on r and Z and
0 max 0 max

intervals of each at which calculations are de-
sired.

Often it is desired to normalize all the lengths
involved in the calculation to some 4, usually the
distance to the outside of the insulation of the
wires in the first row. In this case, the normali-

112

2(1 = k) V(R + 12+ (Z - b)?

zation factor used becomes aBo/uI. To convert
to field strength in gauss the Oracle number
should then be multiplied by

I (in amps) 47

a {in cm) X 10

UNCLASSIFIED
ORNL-LR—-DWG 36444

(R+DR M) — s« o o o

. . . .
*l Ah, L,

. I
(R y)

Fig. 9.2.1. Coordinates Z and r Used in Oracle Cal-

culation of Magnetic Fields and Vector Potential.
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