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v i i  

Introduction 

A. H. Snell 

Good operating condit ions were obtained i n  
DCX-1 during the past ha l f  year, and interesting 
data have contributed to  our understanding of the 
rather complex phenomena that the rotating popu- 
lat ion of trapped protons breeds wi th in i tself.  
In perusing Sec 1 o f  th is  report, the reader should 
bear i n  mind that when DCX-1 i s  run without a 
dissociative arc (as was true i n  a l l  o f  t h i s  work) 
an improvement i n  vacuum decreases both the 
rate o f  feed of the trapped population and the 
rate of loss. The two counterbalancing effects 
are both proportional to  pressure, so, t o  f i rs t  
order, the equi l ibr i  um population of stored protons 
remains unchanged. What 'does happen i s  that 
the t ime scale i s  stretched, and wi th  mean con- 
tainment t imes as long as 40 sec, the develop- 
ment of plasma phenomena can be watched in  
comfortable fashion indeed. 

In tackl ing the problem of increasing density i n  
DCX-1, we have bccn forestalled by onc of thcse 
very plasma phenomena. We had hoped to  use 
posi t ive exponentiation upon protons already 
trapped as a means toward higher density and 
had estimated the cr i t i ca l  condition to  be that 
for which the product of the input H ~ +  beam cur- 
rent and the containment time i s  200 ma-sec. 
Although th is  quantity has been approximately 
reached, there has been no sign of exponentiation, 
and the reason i s  that the plasma slowly spreads. 

7 Thus we are s t i l l  i n  the density range o f  10 to  
lo8 fast  protorts per cubic centimeter. T o  obtain 

higher densit ies we must either control the spread- 
ing or adopt an approach that w i l l  y i e ld  a greater 

dissociation ef f ic iency than the lo-' effective 
in present cxpcriments. Expcrimcnts and calcula- 

t ions are being pursued in both of these direc- 
tions; our choice o f  three or four courses o f  action 
may be the subiect of future progress reports. 

The phenomena o f  DCX-1 are s t i l l  not com- 
pletely understood.. The relationship between 

+ the presence o f  the H2 beam, the clumping, the 
spatial spread, and the dispersion i n  energy o f  
the trapped protons has yet  to  be elucidated in 
detai l .  Although the longitudinal spread i s  suf- 
f ic ient  to  cause part ic le loss to  the end wal ls  
of the l iner (which i s  not  serious and which can 
be rectified), such loss appears mostly to  cease 

+ when the HZ beam i s  turned off. The clumping 
rel ieves i tse l f  i n  bursts of radio-frequency noise, 
and the potential of the plasma relat ive to  ground 
jumps around, but i n  spite o f  a l l  of t h i s  dynamic 

behavior, charge exchange accounts for a l l  par- 
t i c l e  loss up to  the containment time o f  40 sec.' 

In Sec 2 we are delighted to  be able to  present 
the f i r s t  observations i n  DCX-2, fragmentary as 
they are. The magnetic f ie ld  checked out i n  f ine 
style, i n  magnificent justi f ication of the work 
of the Engineering Sciences Group and the com- 
~ u t a t i o n a l  effort. One of the str ik ing f i r s t  ob- 
servations i s  the harmonic r ichness of the ion 
cyclotron radiation (Sec 2.7); the h in t  that the 
cyclotron radiation may fade as more beam i s  
injected w i l l  bear careful watching. 

The experiments on electron cyclotron heating 
in a mirror f ie ld  continue to  present results that 
are complicated and unpredictable. The measure- 
ments of the plasma magnetism have been refined 
to  the point of seeing both diamagnetic and para- 
magnetic signals, the latter appearing as the 
probe i s  advanced ax ia l ly  to  the center o f  the 
plasma. Furthermore, i t  has been possible t o  

' ln  default  of  confl ict ing claims, this containment 
time is claimed as  a record for Anderson County, in  
E a s t  Tennessee.  



ident i fy  two different magnetic signals separately 
w i th  the short (10 to  20 msec) and the long (200 
to  300 msec) components of the decay curve of 
the magnetic signal. A l l  th is  seems to imply a dis- 
t r ibut ion of oppositely directed azimuthal currents 
w i th  separate decay times, and an attempt i s  
made t o  reconstruct th is  current distr ibution from 
the magnetic probe information. A l l  t h i s  i s  de- 
scribed in Sec 3.1, but i n  connection wi th 'the 
radio-frequency heating, Fig. 3.4 may be important 
i n  a different way. It shows attenuation by a 
factor o f  50 o f  a beam of room-temperature hy- 
drogen, directed through the hot-electron plasma. 
Clearly, the interior o f  the plasma must be largel,y 

burned out, and the f igure suggests that complete , 

burnout w i l l  be possible wi th the application o f  
a 1 i t t l e  more power. 

Progress in the f i e ld  of plasma diagnostics has 
been aided by further development of the "plasma 
sweeper;" the "plasma eater," and the pendulum 
(Secs 3.4 to 3.6). The-plasma source was used 
in  several experiments, and appears to  be a 
useful  technique. The part played by neutral gas 
i n  damping the fundamental vibration i n  ionic 
sound wave propagation has been c lar i f ied  (Sec 
3.3). 

We are start ing more work than i n  the past on 
the problem of  plasma containment, branching out 
w i th  variants on the simple cusp; One experiment, 
"Elmo" (Sec 3.2), has given confinement times 
of the order o f  seconds for hot-electron plasmas. 
These str iking resul ts are being supplemented by '  
orbi t  computations (Sec 6.8), but i t  i s  d i f f i cu l t  
t o  fo l low a part ic le for long wi th in  the l imi tat ions 
of the IBM 7.090 computer. 

The carbon arc has been lengthened to  5 m, 
and the c2+ ion temperatures continue to  increase 
w i th  the length so that they are now in  the neigh- 
borhood of 5,000,000°C. (See Sec 4.1. Note also 
i n  Sec 2.4 the operation i n  DCX-2 of an argon arc 
7 m'long.) The development o f  deuterium plasmas 

in the density range 10'' to  1 0 l 2  cm-3 for pur- 
poses of molecular dissociation i n  DCX-1 and 
DCX-2 was successful; two f lexib le versions are 
described in Secs 4.2.1 and 4.2.2. The former of 
these was run through an enclosure a t  a base 
pressure of 3 x torr without raising the 
pressure therein and was measured t o  have a 
part icle density useful ly greater than that of the 
ambient gas. Technological accomplishments o f  
th is  k ind are important t o  the 'Sherwood business. 

In theory, extensions were found for the minimum 
criterion for stabi l i ty  mentioned i n  our last  report.; 
the usual indispensable computational support 
appears i n  sundry. aspects. In fact, the supporting 
work of the Computational, Magnetics, Engineering 
Sciences,, and Spectroscopy Groups, does not  
appear i n  the fol lowing pages in proportion to  i t s  
much-appreciated value. Vacuum studies have 
continued on the nature and performance of t i -  
tanium fi lms and on the properties of nude ion 
gages; tests o f  the polyether diffusion pump o i l s  
make them look better and better. Finally, we 
append two engineering notes: one concludes 
that a mixture of l i thium and beryllium fluorides 
i s  promising for use i n  a tritium-breeding blanket 
for a fusion reactor, and the other concerns the 
use of demineralized water iri magnet coi ls. 

In conclusion, our present posit ion in the matter 
of controlled fusion can be discussed in  terms 
of the three not-necessarily-independent require- 
ments of part ic le energy, part ic le density, and 
containment time. I n  DCX-1 we have achieved 
energy. and containment t ime but not density, 
whi le i n  the radio-frequency heoting we have a l l  
three but in electrons rather than posi t ive ions. 
Meanwhile, DCX-2 i s  coming up fast, and we 
should see in a few months how favorable a 
combination i t  can y ie ld  of the three desiderata 
for a hot-ion plasma. Perhaps, however, the 
solution may come in  some combination of the 
radio-frequency . heating ,with in ject ion methods. 



Abstracting Summary 

1. DCX-1 PLASMA EXPERIMENTS 

Engineering modif ications to  the apparatus re- 
i u l t e d  in a lowest base pressure of 1.5 x 
torr; operating pressures down to  about 2.5 x 
torr, wi th a pressure increment of ' less than 
1 x 10-.lo torr/ma H2'; and trapped proton l i fe-  

times as long as 37 sec. 

Neutral-particle-detector data indicate that a t  

high pressures the plasma volume i s  1 or 2 l i ters 

(corresponding to  an average fast-proton density 
of about lo7 protons per cubic centimeter per 

mi lliarnpere of H2') 'and that i t  i s  relatively in- 
t 

dependent of the H 2  beam current. A t  lower 
pressures, the in i t ia l  volume i s  again about 1 
or 2 liters, but expansion occurs in a few seconds 
during the buildup interval, and the equil ibrium 

volume becomes quite sensit ive to  the H~~ cur- 
t 

rent. With 8 ma of H2  a t  6 x lo-' torr, the 

equil ibrium volume has expanded to  the maximum 

of 10 l i ters permitted by the present structural 
configuration of the plasma chamber. A t  lower 

pressures wal l  col l is ions contribute to  the steady- 

state proton loss rate. In addit ion to  a slow 

component whose origin i s  obviously the charge- 
exchange loss of trapped energetic protons, the 

neutral-particle-detector signals also have a fast 

component which responds very rapidly to  the 

H2+ beam and whose origin i s  not yet known. 
The decay time constants of the slow component 

of the signal are in accord wi th charge-exchange 
times, and the steady-state loss rates calculated 

,by using only these charge-exchange signals 

are i n  excellent agreement wi th the calculated 
proton-trapping rates except under conditions of  

operation where the wal l  col l is ions play a role. 
Even under these conditions it appears that the 

~ l a s i n a  decays only by charge exchange once 
t the H 2  beam i s  cut off. The specif ic forces 

driving the volume expansion are not yet clear, 

though i t  appears that they are col lect ive rather 

than single-part icle in origin. 

Other data have emphasized the increasing d is -  
order of the plasma with increasing trapped-proton 

lifetime. Measurements of the energy distr ibutions 

of escaping charge-exchange neutrals show broad 

energy spectra, w i th  dependence on both pressure 
t 

and iniected H 2  current. As the pressure i s  
lowered, the coherent r f  signals from the circu- 

lat ing protons gradual ly become more di  scon- 

tinuous, the frequency bands wider, ..and the 
modulation patterns more noise-l ike than periodic. 

lon-beam probe measurements of the plasma po- 

tent ia l  show that the lower pressures and larger 
t 

H 2  beam currents produce both the higher po- 

tentials (up to  2 kv) and the larger ranges o f  
f luctuation (hundreds o f  volts). 

The i n i t i a l  operation of DCX-2. i s  reported, 
part icularly wi th regard to  the ion cyclotron fre- 
quencies and their harmonics as seen when the 

H 2 +  beam is injected into the trapping volume a t  

a pressure of about torr. 

3. PLASMA PHYSICS 

Electron Cyclotron Heating Experiments i n  

Physics Test Fac i l i t y  

The plasma produced by electron cyclotron 

resonance in  a mirror geometry (Physics Test  

Fac i l i t y )  exhibited a magnetic structure, the 

study of which i s  described. . 

The A B  (diamagnetic) vs Z curve shows a 

posi t ive b B  of 9 gauss in the midplane on the 

axis and a normal negative A B  of 4); gauss, 



5 4  in. from the midplane. Construction o f  plasma 
shape v ia  calculated equivalent current loops i s  
being attempted. The above experiment i s  under- 
going changes for application of higher power 
a t  shorter wavelengths. More and quieter micro- 

wave power w i l l  permit exploration of density 
l im i ts  vs power and wavelengths and w i l l  a l low 
study of the semicorrelated h igh-energy x-ray 
bursts. A thermal, neutral feed beam i s  a lso 
being attached so that specific radio-frequency 
heating zones (remote from wal ls)  may be fed wi th 

gas. . 

Electron Cyclotron Heating Experiments i n  Elmo 

The 13-cm microwave heating system was ap- 
p l ied  i n  a preliminary way to  the folded-cusp 
magnetic geometry (E lmo), and signif icantly fa- 
vorable containment information was obtained. 
However, the measure o f  containment t ime i s  
made by observation o f  the decay of microwave 
noise after interruption of the heating source, 
and i n  order t o  infer favorable containment a t  
th is  t ime some rather weak assumptions are re- 
quired, pending other measurements of temperature 
and density. 

Plasma Diagnostics 

Techniques for measuring the ion density, 
electron temperature, and rate o f  loss of a plasma 
are described. An application o f  these diagnostic 
techniques to plasmbs of up to  1013 ions/cm3 
wi th  electron temperatures of approximately 20 ev 
i s  a lso  described. 

Gas damping o f  ipnic sound waves i s  analyzed 
quantitat ively. 

A conductor i n  close proximity to  the turbulent 
plasma formed a t  the intersection of an electron 
stream and a neutral gas jet reduced $ t h e  tur- 
bulence and increased the density of the  plasma 

by "tying down" the magnetic f lux  
lines). 

The plasma sweeper technique was applied t o  
plasma contained in the simple cusp magnetic 
geometry. The plasma was stable and quiescent 
and had a maximum density when an addit ional 
folding f i e ld  was applied. 

4. VACUUM ARC RESEARCH 

Arc Development of Hydrogen Plasma 
for H ~ +  Dissociat ion 

A t  present, d issociat ion i n  DCX-1 i s  effected 
on the background neutral gas which i s  primarily 
hydrogen at  about 4 x 10' part ic les per cubic 
centimeter. Ut i l i za t ion  of an arc to  enhance 
dissociation would be desirable i f  the arc can 
satisfy the fol lowing characteristics: (1) have 
an ion species such that.charge exchange to the 
trapped current i s  negligible, (2) be able to op- 
erate i n  a low-pressure system in order to  main- 
ta in the low operating pressure o f  DCX-1, and 
(3) ochiovo an.  ion density o f  clborlt 50 t imcs 
background. 

The arc developed i n  th is  work i s  a hydrogen- 
gas arc. A vacuum system was constructed which 
achieved a base pressure o f  2.5 x 10- lo  mm Hg 
in the inner l iner region whi le  at  liquid-nitrogen 
temperatures. An  arc density of about 10'' ions 
per cubic centimeter-can be achieved wi th a gas 
f low of 2 cc/min. A t  th is  flow, the p;essure i n  
the inner l iner rises to  3 x mm Hg. The 
ion-to-neutral rat io under these conditions i s  . 

about 30 to 1. 

5. ION PRODUCTION, ACCELkKAVIOr4, AND 
INJECTION 

Developments i n  the High-Beam Accelerator 

The 600-kv iniector was removed from i ts  test  
stand and instal led on DCX-2, where it i s  op- 
erating satisfactori ly. A new tube was bui l t  i n  
order to  continue the study o f  high-intensity 
beams and their production. Equipment was de- 
veloped in  order to  study the angular and spatial 
distr ibution of current i n  these beams. 

100-kev Neutral ized Beam Accelerator 

Components test ing o f  the accelerator was sat- 
isfactori l y  completed. Fai lure of the center co i l  
(around the ion source) delayed further testing o f  
the effect of electron injection. Future cxperi- 
mentation wi th  the accelerator w i l l  be carried 
out on a newly constructed vacuum test  stand. 



H o l  low-Cathode Arc Ion Source 7. MAGNETICS 

Extensive test ing of the hollow-cathode arc 
discharge as an ion source i s  being initiated. 
A 300-ma beam of unanalyzed hydrogen has been 
obtained at  a 16-kev accelerating voltage. A new. 
high-voltage shielding arrangement was constructed 

' and should al low the accelerating voltage to be 
increased to  about 35 kev. 

Neutral Source Development 

Auxi l iary Curves for Rapid Design of Magnet Co i ls  

Fami l i es  of normalized curves are presented 
which al low the rapid calculat ion of magnet coi ls. 
Optimum co i l  parameters are obtained. In addi- 
t ion the method-also gives the f ie ld  variat ions 
when the co i l  parameters are changed. Examples 
for both conventional and superconducting coi I s 
are shown. 

A neutral beam source consist ing of two co- 
axia l  ly  mounted hol  low-cathode arc discharges 
i s  being constructed. One discharge w i l l  serve 
as an ion source; the accelerated ions w i l l  be Recent Developmental Work on DC Magnet Co i l s  

confined magnetically to  move longitudinally 
through the second or converter arc. Dissociation 
of molecular ions i n  the converter arc should be 
the primary source o f  neutrals. Optimization o f  
neutral production w i l l  be accomplished by varia- 
t ion of the type o f  converter arc and variation of 
the dissociation path o f  the molecular-ion beam 
in the converter arc. Neutral-beam coll imation 
should be very good because of the confining 
magnetic f i e ld  and converter arc geometry. 

6. THEORY AND COMPUTATION 

Topics discussed are as follows: (1) ion density 
vs in ject ion current i n  DCX-2, i n  which i t  i s  
shown that refined calculations wi th charge ex- 
change and ionization cross sections properly 
averaged over ion and clectron energy distribu- 
t ions do not markedly increase previous estimates 
of upper c r i t i ca l  current; (2) secondary plasma 
phenomena; (3) three new features of a minimum 
principle for stability; (4) potential distr ibution 
calculations for DCX-1; and (5) calculation of 
electron trajectories i n  the folded double cusp, 
1 0 -  Elmo." 

The design of a new magnet system i s  de- 
scribed. Th is  two-coil, vert ical-axis system w i l l  
have variable co i l  separation and w i l l  produce a 
nominal f ie ld  of 80 kilogauss. Th i s  fac i l i t y  w i l l  
be used in i t ia l l y  t o  perform careful ly planned 
engineering tests for providing addit ional coi l -  
design data and to  ult imately produce relat ively 
large-volume homogeneous f ie lds for research i n  
superconductivity. 

A method for bui ld ing solenoids from f lex ib le  - 
cables was developed which under certain con- 
dit ions provides magnet co i ls  more quickly and 
cheaply than possible i n  the conventional way. 

Calculat ion of Ax ia l  Forces i n  Magnetic 
C o i l  Systems 

The results of computer studies on the loop- 
replacement approximate method of calculat ing 
axial  forces for rotat ional ly symmetrical co i l  
pairs are reported. A systematic application of the 
result ing computer codes for mul t icoi l  systems i s  
presented,, wi th i l lustrat ions from Long Solenoid 
reversed-field studies. 



1. DCX-1 Plasma Experiments 

J. L. Dunlap L. A. Massengil l W. J. Schil l  
R. S. Edwards H. Postma R. M. Warner 
G. R. Haste J. A. Ray E. R. Wells 

R. G. Reinhardt 

1.1 ENGINEERING MODIFICATIONS 

The configuration of the high-vacuum l iner in 

use at  the beginning o f  th is  report period has 

been described previously. ' e 2  Then, the l iner 

region extended axial ly  to  about 40 in. from the 

median plane, and i t  was pumped by a.combina- 
t ion o f  t i tanium evaporated on liquid-nitrogen- 
cooled surfaces, a 6-in., liquid-nitrogen-trapped 

diffusion pump, and two small l iquid-helium traps. 

Th is  system had produced base pressures (pres- 

sures measured without in iect ing the H z t  beam) 
i n  the liner region o f  about 1 x torr (ref 3), 
operating pressures down to 2 x torr wi th 

a pressure increment of less than 2 x 10- lo  torr 
t 

per milliampere o f  H 2  beam, and proton l i fet imes 

of about 7 sec. 

Operation wi th th is  l iner configuration suggested 
a number of modif ications which were completed 

about the middle of th is  report period. The helium 
traps, the high-vacuum diffusion pump, and the 

old l iner were removed, and a new l iner was in- 

stalled. As indicated i n  Fig. 1.1, the midplane 

section of th is  l iner i s  very similar to  the old; 
but, as shown in  Fig. 1.2, the Z extent i s  rnuch 
less. The principal structure of the liner has 

confining wal ls a t  Z = f6\ in. and was therefore 

l~hemonuclear Div. Progr. Repf. Oct. 31 ,  1961,  
ORNL-3239, pp 1-2. 

2~hemonuclear Div. Semiann. Progr. Repf. . Jan. 
3 1 ,  1961,  ORNL-3104, p 11, F i g .  1.15. 

31n this report, ion-gage pressures recorded with 
the liner a t  l iquid-nitrogen temperature have been 
mult ipl ied by the temperature correction, a factor of 
2. T h i s  was not done in the previous report. 

instal led without removing the inboard magnetic 

f ie ld  coi ls. Provisions are made for adding other 
components, such as baff les or 'sspots" loaded 

with mesh-supported Zeolite, to  extend the high- 
vacuum region into the inboard co i l  throats. 
.Twenty-inch-diameter chevron baffles, which can 

be cooled by water or l iqu id  nitrogen, were fabri- 

cated and instal led between the intermediate and 
outer vacuum systems. The use o f  mult iple-unit 
t i tanium evaporators increased the number o f  
titanium filaments whi le decreasing the associated 

number of vacuum seals. A higher-pressure steam 
supply and the smaller mass of the new l iner 

permit 4 0 0 T  bakeouts, whereas wi th the previous 

arrangement they were l imi ted to about 225OC. 

With the modif ied liner, a lowest base pressure 
of 1.5 x torr, operating pressures down to  

about 2.5 x torr wi th a pressure increment 

of less than 1 x 10- torr per milliampere of 
H~ ' ,  and proton l i fet imes of 37 sec have been 

obtained. The detai ls of the l i fet ime measure- 

ments and of other experiments performed i n  the 
low-pressure range are given i n  the fo l lowing 

sections. 

1.2 NEUTRAL-PARTICLE-DETECTOR DATA 

Two primary considerations prompted the desire 

to obtain data from the apparatus at lower op- 

erating pressures. The f i rs t  was to  determine 

whether the neutral-particle-detector (NPD) decay 
signals measured during the interval after gating 

o f f  the H 2 +  beam would continue to indicate that  

charge exchange i s  the dominant loss process for 
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the trapped energetic protons. The second con- 
sideration was that operation at the lowest pres- 
sures was thought to  be most favorable for obser- 
vation of the effects of dissociation of the H2+ on 
plasma already trapped. In a simple formulation 
given earlierI4 it was shown that an indication 
of this additional dissociation might be obtained 

by comparing the NPD signals measured during 
buildup of the plasma (during the period of plasma 
accumulation following the injection of the H2+ 
beam) with those measured during decay. I f  the 
rate at which protons are trapped by plasma dis- 
sociation i s  greater than the chargeexchange loss 
rate, then during the buildup interval the number 
of trapped protons increases with time at a rate 
that i s  faster than linear, and the equilibrium 
density would presumably be limited by scat- 
tering, possibly aided by instabilities. When this 
trapping rate equals the charge-exchange loss 
rate, a condition associated with a crit ical product 

t of H2 current and trapped-proton containment 
time, the number increases at a linear rate to 
the same equilibrium density. With the trapping 
rate less than the charge-exchange rate, the 
number rises exponentially to a lower equilibrium 
value, but does so with a time constant that i s  
longer than that of the charge-exchange decay of 
the plasma. The NPD signals are a measure of 
the charge-exchange reaction rate and therefore 
a measure of the number of trapped energetic 
protons; so, studies of the buildup and decay 
signals could be interpreted in terms of the effects 
of plasma dissociation. 

The in i t ia l  comparisons of these NPD signals 
were made by using an array of f ive of the usual 
foi I-covered Faraday-cup detectors5 located as 

shown in Fig. 1.1. This array was centered on the 
median plane, and, since the detectors were at 
1-in. intervals, extended to Z - 2 in. 

Two experimental diff icult ies were encountered. 
One was the existence of a fast component of + detector signal, which responded to the H2 beam 
in  the manner indicated in  Fig. 1.3. This com- 

4~bemonuclear Div.  Progr. Rept. Oct. 31, 1961, 
ORNL-3239, pp 8-9. 

5 ~ h e  operation of these detectors is described in  
Thermonuclear Div. Pro r. Rept. Oct. 31, 1961, ORNL- 
3239, p 2, sec 1.2. lfydrogen-atom beams at normal 
incidence and having particle energies less than 50 
kev do not penetrote the nickel foils. Beams with 
energies greater than 150 kev are unattenuated in 
number. 
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ponent was believed to be due to dissociation 
neutrals from the Hz+ beam, particularly those 
from the higher-pressure intermediate-vacuum re- 
gion. A metal plate was inserted into the liner 
region so as to  completely k i l l  the plasma wrap- 
up without interfering with the H2' beam tra- 
iectory. Then the vertical shield shown i n  Fig. 

t 1.1 was gradually raised while the H2 beam was 
gated on and off  and the fast signal to the NPD 
was being observed. This signal disappeared 
when the shield was i n  the proper position to  
intercept the dissociation neutrals. When the 
metal plate that stopped the proton wrap-up was 
withdrawn, both a fast and a slow component o f  
NPD signal were again observed, though the fast 
component was only about a tenth of that ob- 
tained without the shield. The origin of this un- 
suppressed fast component i s  not yet known. 
Despite the observations lust described, there 
i s  also evidence (to be presented later in  this 
section) that it i s  not a signal from the proton 
wrap-up. Unless a specific statement i s  made to  
the contrary, the NPD data presented i n  this 
report pertain only to  the slow-time-constant 
portion of the signal. The second diff iculty arose 
because the NPD array did not extend far enough 
from the median plane to be sensitive to  the ful l  
Z extent of the steady-state plasma at low pres- 
sures. The implications of this fact w i l l  be made 
more clear. 

Figure 1.4 shows NPD traces typical of the 
data obtained. In each oscillogram the trace i s  
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Fig. 1.4. Neutral-Particle-Detector Buildup and 

Decay Traces. The amplitude sensitivities are dif- 

ferent for the different detectors and also for the same 

detector at different pressures. 

started with a steady-state plasma in the appara- 
tus (with the H ~ +  beam being iniected). After a + 
centimeter or so, the H2 beam i s  gated off  and 
the decay signal recorded. The spot i s  allowed 
to retrace, and the H ~ +  beam i s  cut on again to 
record the buildup signal. As the pressure i s  
lowered into the and torr ranges, the 
decay signals remain exponential with time 
constants appropriate for chargep exchange, but 
the buildup signals gradually become more nearly 
linear than exponential. A very approximate cal- 
culation based on the formulation previously de- 
scribed suggests a cr i t ical  17 product of about 
200 ma-sec for the observation of linear buildups 
due to the effect of plasma dissociation. That 
such buildups were actually observed with 17 
products as low as only 3 ma-sec (150-pa H ~ +  
beam and 20-sec r )  strongly argues that the effect 
i s  not due to this dissociation. A more reason- 
able explanation i s  suggested by the delays i n  
the buildup responses of detectors positioned off  
the median plane as compared with the one on 

the median plane. These delays indicate that 
during buildup a t  low pressures the plasma volume 
i s  expanding on a time scale of a few seconds. 

It appears that volume expansions of this type 
can account for most features of the buildup 
curves. Figure 1.5 i s  a plot showing the effect 
of a slowly expanding volume on a buildup signal 
where it i s  assumed that the detector responds to  

the average fast-proton density. The volume i s  
assumed to expand exporlentially, arcording to  
the e~apraeoiern in tho figure, and the buildup 
signuls ure? sl~owu fur several values of thc cx- 
pansion-time constant 7'. Close f i t s  to experi- 
mental data have been possible with such curves 
as these where the expansion-time constants were 
evaluated from the delay in  the buildup responses 
of detectors off the median plane and the magni- 
tude of the expansion from the fu l l  width at half 
maximum of the detector signal profiles. These 
profiles are plots of the steady-state amplitudes 
of the NPD charge-exchange signals as a function 
of the displacement of the detector off the median 
plane and are therefore indicative of the spatial 
extent of the plasma. 

As the various vacuum modifications described 
in  See 1.1 were completed and the operating base 
pressure of the apparatus was extended further 
into the torr range, the Z extent of the 5- 
unit NPD became increasingly inadequate. Com- 
plete signal profiles could not be obtained below 
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t a few x 10-*  torr wi th a I-ma H2 beam, and 

even at these pressures i t  was obvious that there 

was considerable dependence of plasma volume 
t 

on injected H2 current. Complete prof i les were 

needed for adequate volume estimates, for an 

accurate assessment of the tota l  charge-exchange 

loss rate, and for further experiments comparing 

buildup and decay signals. 

In  the most recent work, considerably more data 

was accumulated by using a set of 12 NPD's a t  

the same angular posi t ion as indicated i n  Fig. 

1.1. Th is  detector assembly was also centered 

on the median plane and the detectors were 

mounted at 1-in. intervals to extend across the 

entire axia l  length of the l iner region. As  w i th  

the previous detectors, both a fast  component and 

a slow, exponential ly decaying component of 

signal were received. 

Figure 1.6 shows the reciprocal o f  the ex- 

ponential t ime constant of the slow component 

as a function of pressure. These part icular data 

are from a central NPD but are also representative 

of data from the other detectors as well, The 

curves indicate reasonable agreement wi th values 

calculated from the cross section for charge ex- 

change of 300-kev protons, w i th  experimental T 

values from 50 to 80% of the calculated values a t  

2 x and 1.5 x lo- '  torr respectively. These 

data show no T dependence on iniected current 
t 

for HZ beam values of 1.25, 5.0, and 8.3 ma. 

Ear l ier  mea~urements '~  had shown that the meas- 

'~hermonuclenr Div. Progr. Rept. Oct. 31, 1961, 
ORNL-3239, p 6, F ig .  1.2. 
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ured 7 remains 80% of the calculated u p  to a t  

least lo-' torr. T h i s  dif ference a t  higher pres- 

sures i s  attr ibuted t o  about lo-kev energy loss 

on the part o f  the c i rculat ing protons, a value 

i n  reasonable agreement wi th stopping-power cal- 

culations. The progressive deviation from a 45O 

slope a t  lower pressures i s  usual and i s  attr ibuted 

to  the effects of the base-pressure gases, for 

which no composit ion correction has been made 

to  the indicated ion-gage pressure. 

That  the decaying charge-exchange signal i s  

indeed very nearly exponential a t  even the lowest 

operating pressures is  indicated i n  Fig.  1.7, 

which shows one of the longest containment 

times yet measured i n  DCX-1. The time t o  decay 

t o  the l / e  point  i s  about 30 sec, and the long 

straight-line section has a time constant o f  40 

sec. The experimental decay signal was 
by an xy  recorder, rather than by an oscilloscope, 

as i s  usual ly  done, i n  order to increase the 

accuracy o f  the plot. Detectors located of f  the 

median plane character is t ical ly  show an i n i t i a l l y  

slower rather than faster decay. One suggestion 

Fig.  1.7. A Semilogarithmic P lot  of the Amplitude 

of  the Decay Signal from a Neutral-Part icle Detector on 

the Median Plane. Measured a t  3.8 x torr with 
t 

2.75 ma of H2 . 



i s  that  th is  difference i s  due to  a s l ight  feeding 

of protons outwards from the more densely popu- 

lated median plane (where the in i t ia l  trapping 
occurs) during the in i t ia l  t ime interval after gating 

t 
of f  the H2 beam. 

The point emphasized here i s  that the shapes 

of the charge-exchange decay signals and the 

1/r-vs-pressure curves show no  pecul iar i t ies as 

the measurements are extended to  very low pres- 
sures. They are simply the curves that have been 

previously medsured at  higher base pressures 

displaced to  the lower pressures and to  longer 
7 's .  They continue to  indicate that after the 

H 2 +  beam i ~ ' ~ a t e d  off, the fast-proton density 

decreases only by virtue .o f  charge-exchange 

losses. 

Such conclusions based on the time constants 

of the decaying charge-exchange signals apply 

only to  losses after proton trapping has ceased. 

Evidence pertaining to the loss mechanisms during 

steady-state operation of the apparatus i s  sup- 

p l ied  by the steady-state amplitudes of the charge- 

exchange signals. For the purposes o f  the fol- 
lowing arguments these w i l l  be taken as the 

in i t ja l  amplitudes 'of the NPD decay signals that 

have the charge-exchange time constant; that is, 

the fost component of detector signal w i l l  again 

be ignored. 

Figures 1.8 and 1.9 show signal profiles, that 
is, p lots of the NPD steady-state charge-exchange 

signals as a function of the displacement of the 

detectors from the median plane. The curves given 

are representative of measurements made with the 

12-unit detector. The median plane indicated on 

these figures i s  the geometric median plane. 
That the prof i les peak s l ight ly off th is plane indi- 

cates that the magnetic median plane of the ap- 

paratus does not coincide exactly wi th the geo- 
metric. The profi les obtained wi th  1.25 ma o f  

H z +  have fwhm of 1 in. at  2.8 x torr 

and 1% in. a t  3.6 x torr. Prof i les wi th 

8.3 ma of H ~ +  have fwhm of 1 %  and 8 in. for 

pressures of 2.6 x ond 6.4 x torr, 

respectively. A t  the lower pressures the profi les 
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ore evidently quite sensit ive t o  the H~~ current, 

a point  which is  emphasized in  Fig.  1.10. A lso  

note that the shape of the prof i le w i th  8 ma a t  
6 x torr di!fers from the others i n  that  the 

signal drops very sharply to  zero. As  the pres- 

sure i s  raised, the prof i les for 8 ma 

assume the usual be l l  shope. Th i s  transit ion 

was complete in  a prof i le measured a t  6 x 
torr. 
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These features ore interpreted as indicating 

thot wi th 8 ma a t  6 x torr the p los~na l ~ o s  

expanded t o  f i l l  the 10-liter volume t o  which i t  

i s  restr icted by the walls, and that a t  lower 

pressures wal l  co l l i s ions  are contributing to 

plasma loss during steady-state conditions. The 

fact that the wal l -col l is ion losses occur only 

during steady-stote operation i s  evidenced by the 

fact  that even wi th  8 ma a t  base pressure the 

slowly decaying component of detector signal 

s t i l l  has a time constant appropriate for charge- 

exchange losses. Also, as w i l l  later be argued, 

th is  i s  the only component of detector signal that  

need be considered i n  particle-accountabi l i t y  cal- 

culations. Th is  10-liter restr ict ion on the volume 

i s  entirely the resul t  of the structural configura- 

t ion of the chamber. The magnetic-field configu- 

rat ion i s  such that a volume of 25 l i ters i s  

absolutely contained, and a simple modif ication 

of the chamber would permit the to  occupy 

the entire 25 l i te rs  without encountering mechon- 

ical  obstructions. Prof i les such as those shown 

on th is  f igure indicate that  the steady-state 

plasma volume varies from 1 or 2 l i ters ot  h igh 

pressures to  something more than 10 l i ters a t  

low pressures wi th h igh beom currents. 

Studies have also been made i n  the changes 

of profi les as a function of t ime during the 

buildup interval  when operating ot  low pres- 

sures. These show that  the i n i t i a l  volume i s  

again 1 or 2 l i ters, and that  th is volume expands 

to  the larger steady-state value on a time scale 

on the order of a few seconds. 

Figure 1.11 i s  o p lo t  of the to ta l  steady-state 

chorge-exchange decoy signal t o  the NPD as a 
t function of pressure and H 2  beam current. The 

tota l  signal i s  the sum of the 12 indiv iduol  s ignals 

and therefore each experimental point  represents 

an integral o f  a signal prof i le s imi lar  to  those 

shown i n  Figs.  1.8 and 1.9. Since the charge- 

exchange losses have 8 symmetry, each point  

represents a f i xed fraction of the tota l  charge- 

exchange loss rote; so, these curves are useful 

i n  bolancing th is  loss rate against the proton- : .  

trapping rate. 
t 

Consider f i r s t  the curve o f  1.25 ma for H2 . The 

shape i s  again that  measured i n  a number of 

previous runs a t  higher base pressures - a high- 

pressure slope of 45O and a gradual f lattening o t  

lower pressures. As  i n  the case of Fig. 1.6, the 

high-pressure section shows the expected l inear 

dependence on neutral density, ond the progres- 

sive deviation a t  lower pressures shows the 
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effect  o f  base-pressure components. The ampli- 

tude of the curve a t  the highest pressure indi- 
cates that 1.5 x 10" protons/sec are lost  by 

charge exchange. T h i s  f igure i s  in very good 

agreement wi th the calculated trapping rates, 

which range from about 1 to  1.5 x 10' pro- 

tons/sec, depending on the cross section data 

employed. The 5-ma curve i s  scaled up by the 

proper factor of 4 over the 1.25ma curve. A t  

the higher pressures the 8-ma curve also scales 

properly. The scaling fa i l s  for the lower 3 points, 

but  as was i us t  indicated, these are the pres- 

sures a t  which the signal profi les show that wal l  

co l l i s ions are beginning to  play a role. The 

fa i lure of the scal ing law i s  a verif ication o f  th is  

fact. 

It must be emphasized that  the excellent agree- 

ment between the calculated proton-trapping rate 
and the measured loss rate was obtained by using 

only the charge-exchange port ion of the signal 

t o  the NPD. A pressure scan of the total  ampli- 
tude o f  the unsuppressible fast component of the 

N P D  signal was made w i th  5 ma of in jected H2 + 
and wi th  a helium gas leak. Adding th is  portion 

of the  signal to  the to ta l  charge-exchange signal 

for the 5-ma curve of fig. 1.11 raises the lowest 

pressure point by a factor of 4 and the highest 
pressure point by a factor o f  2. The curve be- 

tween these points i s  smooth, with a gradual 

slope. I f  th is curve i s  then assumed to  represent 

the steady-state loss rate, the agreement i s  much 
less accurate i n  both shape and amplitude wi th 

the calculated proton-trapping rate. These con- 
siderations suggest that the unsuppressible fast 

component of signal does not represent a loss of 

protons from the plasma volume. Investigations 

of the origin of t h i s  signal are planned. 
The fast component, i n  part icular the  very 

rapid manner i n  which it responds to  f luctuations 
t 

of the H2 beam, has so far prevented meaningful 

measurements o f  the to ta l  N P D  charge-exchange 

signal during buildup intervals at  law pressures. 

Though it i s  believed that the differences i n  

bui ldup and decay signals from individual de- 

tectors near the median plane are primari ly the 

resu l t  of volume expansion, t h i s  point should be 

checked by examining the responses of the total 

signals. , 
The  neutral-particle-detector data can be sum- 

marized as fo l lows: A t  h igh pressures, the volume 
i s  1 or 2 l i ters (corresponding to  an average fast- 

proton density o f  about l o 7  per cubic centimeter 

per mi ll iampere of H ~ + )  and relat ively independent 
+ 

o f  the H2 beam current. A t  lower pressures, the 

in i t ia l  volume i s  again about 1 or 2 liters, but 

expansion occurs during the buildup interval on 

a time scale o f  a few seconds, and the equil ib- 

rium volume becomes quite sensit ive t o  the H2 + 
current. With 8 ma o f  H ~ +  a t  6 x torr, the 
equil ibrium volume has expanded t o  the maximum 

of 10 l i ters permitted by the present mechanical 
arrangement. With 5 ma a t  5 x torr, however, 

the volume l imi t  i s  not ye t  reached. In addit ion 
to  a slow component whose origin i s  obviously 
charge-exchange lass o f  trapped energetic pro- 

tons, the NPD signal a lso has a fast component, 

which responds very rapidly to the H ~ +  beam and 

whose origin i s  not yet  known. The time con- 

stants of the slow component o f  the signal are 

i n  accord wi th charge-exchange times, and the 
loss rates calculated by using only these charge- 

exchange signals are in excellent agreement w i th  

the calculated proton-trapping rates, except under 

conditiofis of operation where wal l  col l is ions play 
a role. 

The speci f ic  forces driving the volume ex- 

pansion are not yet clear, though i t  appears that 

they are col lect ive rather than single-particle i n  

origin. Further discussion of th is expansion and 

other low pressure phenomena are given in Sec 
1.6. 

1.3 MEASUREMENTS OF PLASMA POTENTIAL 

The l ithium-ion beam probe previously de- 

scribed7 -was used to  extend the measurements 

of plasma potential t o  the lower operating pres- 

sures. Oscil loscope recording of the trans- 

mitted ion current as a function of acceleration 

potential was employed. Figure 1.12 shows 

typical  traces obtained both wi th and without a 

trapped plasma. For a steady plasma potential 

one would expect t o  measure the upper trace 

simply shifted to  a higher acceleration potential 

by an amount equivalent to  the plasma potential. 

The f luctuations in the traces actual ly  recorded 
therefore correspond to  f luctuations i n  the plasma 

. 

potential. The experimental data were analyzed 

in  terms of the l imi ts between which the potential 

'[bid., pp 6-7; a lso  G. R. H a s t e  and C. F. Barnett, 
J. Appl. Phys. 33, 1397 (1962). 
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data obtained in  this set of measurements indi- 6 0 0  

cate that the potential at  base pressure fluctuated LIMITS OF VARlATlO 

between 200 and 750 v. At  about the same pres- ;: 5 0 0  - 
-I 

sure and beam but at other times, it has fluctuated + 5 400 

as high as 2 kv. 2 W 

& 3 0 0  
In  one measurement with several ma of Hzt at 0. 

pressures high in  the torr range, the fluc- zoo 

tuations in potential were observed at an average 
1 0 0  

rate of about 25 per second. The fluctuations, 
however, were not periodic, and the variation of o 10-9 10-8 10-7 10-6 

the rate with pressure and H2' current has not 
PRESSURE (torr) 

yet been determined. 
Computer calculations of the potentials de- Fig. 1.15. Plasma Potential as a Function of Pres- 

t veloped by a toroidal charge distribution within sure for a Helium Leak with 8 ma of H~ . 



conducting walls simi lor to  the DCX-1 geometry 
are i n  pro ress and are described elsewhere in 
th is  report. f 

1.4 MEASUREMENTS OF THE ENERGY 
DISTRIBUTIONS OF CHARGE-EXCHANGE 

NEUTRALS 

Previous reports9 have described measurements 
of the energy distributions of energetic hydrogen- 
atom neutrals escaping the plasma region as a 
result of  electron capture coll isions of the cir- 
culating protons wi th  background gas. Other ex- 
periments wore recently undertaken to confirm 
the previous results for gas dissociation and to 
extend the measurements over a wider pressure 
range and t o  higher H~' beam currents. 

The earlier work had employed a highly col l i -  
mated spectrometer in  which the neutrals were 
recharged in  an argon gas ce l l  and the resulting 
protons then electrostatically analyzed. The later 
experiments used a si l icon barrier detector lo 

mounted in  wide-angle geometry (approximately 
45O fu l l  angle) and operated in  conjunction with 
a 256-channel analyzer. Figure 1.16 shows the 
position of the detector in  DCX-1 and a block 
diagram of the associated circuits. In data taken 
thus far, the detector was mounted on the median 
plane. 

With the detector located as shown in  Fig. 1.16, 
comparisons of the counting rate under steady- 
state tbrrdhluns w i l l ,  ~ l r e  rote oxhibited rllrring 
the in i t ia l  interval of plasma decay after cutting 
off  the H~' beam showed that the detector was 

- - 

 his report, sec 6.6. 

9~hemonuclear Div. Semiann. Pro r. Repl.  Jan. 31, 
1961, ORNL-3104, pp 1-8, secs 1.1.fond 1.1.2. 

'O~he first use of these detectors in DCX-1 wos 
described In Ther~nonuclear Proj. .Temiann. Progr. 
Rept .  July 31, 1960, ORNL-301 I, pp 78-79, set 7.1. 
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Fig. 1-16, Detector Mounting and Circuit Diagram for Energy Analysis in DCX-1. 



responding only to  charge-exchange neutrals. 
It did not register counts from the fast component 
of the signal that was discussed in Sec 1.2 in  
connection with the neutral-particle detectors. 

Data were accumulated for various conditions of 
pressure (8 x to  1 x torr) and H ~ '  cur- 
rents (0.5 to 4.5 ma). The analyses are not corn- 
plete, but in general these later measurements 
appear to confirm the earlier work. The peaks of 
the proton distributions (derived from the neutral 
distributions by correcting for the variation of 
the charge-exchange cross section with energy) 
remain near 300 kev, and the distributions become 
broader as the H2' beam current i s  increased. 
Figure 1.17 shows plots of typical spectra that 
illustrate this trend. The variations with pres- 
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Fig. 1.17. Energy Distributions of Neutrals and 

Protons in  DCX-1. The escaping pmrticlas are the 

chargeexchange neutrals, and the internal distribution 

is  that of the circulating protons. 

sure are not uniform; the broadest distributions 
appear near 1 x lo-' tom, where the fwhm of the 
proton distributions (not corrected for resolution 
effects) are about 30 kev for 0.5 ma of H2' and 
50 kev for 4.5 ma of Hz '. These half-widths in- 
dicate proton mean cottision energies of some 
tens of  kiloelectron volts. 

An IBM 7090 computer code i s  being prepared'1 
to derive the proton distributions and to  calculate 
several quantities characteristic of each spectra. 

1.5 MEASUREMENTS OF RADIO-FREQUENCY 
SlGNA LS 

A number of the measurements of the coherent 
proton cyclotron signals reported earlier l have 

been extended to  the lower operating pressures. 
The r f  onset times, that i s  to say, the time in- 
tervals required for the coherent signals t o  ap- 
pear after cutting on the H ~ '  beam, continue to 
increase as the pressure i s  lowered. Figure 1.18 
shows the reciprocal of this onset time for the 
14Mc fundamental as a function of pressure. 
Operation at about 5 x 1 0 ' ~  torr has resulted i n  
onset times of up t o  0.8 sec for this frequency. 
The peak-to-peak amplitudes of the signals con- 
tinue t o  vary nearly proportionally with the in- 
jected H2+ current. 

Studies of the amplitudes of the r f  signals as 
functions of pressure have shown the responses 
indicated in  Fig. 1.19. An explanation for the 

llgy Mozelle Rankin. 

12~hermonuclear  Div.  Pro r. Rept. Oct. 31, 1961, 
ORNL-3239, pp 4-6, sec 5.3; Thermonuclear Div.  
Semiann. Progr. Rept. Jan. 31, 1961. ORNL-3104, pp 
8-10, sac 1.1.3. 
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Fig. 1.19. Amplitudes of the R F  Signals as Functions of Pressure for a Hydrogen Leak and 2.6 ma of H 2 .  

behavior in  the neighborhood of 5 x torr i s  
given elsewhere i n  this report. 13 

There are gradual but significant changes i n  
the character of the signals as functions of pres- 
sure. A t  high pressures and loa6 torr 
ranges) the coherent signals are continuous, are 
strongly modulated a t  frequencies of the order 
of 100 kc, and are confined t o  narrow bands 

1 3 ~ h i s  report, sec 6.2. Measurements of the slow 
ion current drifting out the mirrors have also shown 
breaks near this same pressure. 

about harmonics of the proton cyclotron frequency. 
(An fwhm of about 0.5 Mc for the fundamental i s  
typical.) AS the pressure i s  lowered, the signals 
gradually become more discontinuous and the 
frequency bands wider. At about 5 x torr 
the r f  appears in  bursts a t  irregular intervals 
of 1/2 to 1 sec, with durations of about 50 to 100 
msec. The modulation patterns appear noisy 
rather than periodic, and the fundamental band 
is about 5 Mc wide. 

Figures 1.20 and 1.21 show the response of 
the 14 Mc signal during buildup and decay in- 
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Fig. 1.21. Buildup and Decay of the 14-Mc R F  and 

Neutral-Particle-Detector Signals at 3 x l o - *  torr with 
t 8 ma of H2. 

tervals at pressures low i n  the 1 0 ' ~  range. Note 

the sporadic nature of the steady-state signals 
and the rapidity with which the r f  decays after 
the H2' beam i s  cut off. 

It has been found that the electrostatic shielding 
of the loop antennas customarily used is not com- 
pletely effective, and about half of the total 
signal now appears to be electrostatic rather than 
magnetic in origin. 

Evidence for interactions between the H ~ +  beam 
and the trapped plasma was searched for by com- 
paring the r f  signals from two pickup loops placed 

region (one near the beam entrance and the other 
near the exit). There was no evidence that noise 
or modulation was introduced into the H2' beam 
as a result of i ts  passage through the population 
of trapped protons. 

1.6 MODEL OF THE DCX-1 PLASMA 

The characteristics of the plasma at high pres- 
sure were explained14 on the basis of a model 
that involves relatively stable charge clumps 
rotating with the circulating ring. These clumps 
provide steady coherent signals modulated by 
beat frequencies from clumps a t  sl ightly different 
magnetic-field values. The concentration of ra- 
diation about the cyclotron harmonics corresponds 
to  a concentration of the plasma about the median 
plane, as is indicated by the neutral-particle- 
detector data. It was shown that the potential 
wells rotating with the charge clumps could 
probably account for the observed energy spreads. 
The question as to why the rf-probe signals were 
reduced by only a factor of 2 i n  amplitude when the 
loop was rotated out of the median plane has ap- 
parently been resolved by the discovery that 
about half  the signal i s  electrostatic rather than 
magnetic in  origin. 

The high-pressure data acquired during the 
present report period confirmed the earlier obser- 
vations. The low-pressure data emphasized the in- 
creasing disorder of the plasma wi th  increasing 
trapped-proton lifetime. The volume indications 
from the NPD data and from the band widths of the 
cyclotron signals indicate an increasing transfer 
of proton velocity from 8 to Z direction. The 
energy analyses show a broadening of the energy 
spectra. The noisy, sporadic nature of the r f  
signals at low pressure indicates that the charge 
clumping i s  then a transitory rather than a rela- 
t ively stable phenomenon. The wide range of 
fluctuation of pldsma potential gives further evi- 
dence that the "steady-state" plasma is  far from 
steady. 

Of the low-pressure data, the following points 
presently appear to be most significant: (1) that 

' 4~hennonuc lenr  Div. Progr. Rept. Oct. 31, 1961, 
ORNL-3239, pp 7-8, sec 1.5. 



the protons are lost only by charge exchange after 
cutting off the H ~ '  beam even under conditions 
such that wall collisions are contributing to the 
steady-state proton loss rate; (2) that r f  studies 
have shown no evidence of interactions between 
the Hzt beam and the plasma; and (3) that the 
response of the coherent r f  signals to the cessa- 
tion of the H~' beam indicates that the charge 

clumps disappear in  a time very short i n  com- 
parison with the charge-exchange decay time. 
These points suggest that the plasma expansion 
is driven by the charge clumps, and that the role 
of the Hzt beam is to supply well-ordered mono- 
energetic protons that can easily clump. 

Models for explaining the volume expansion 
are being explored. 
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2.1 INTRODUCTION 

G. G. Kelley 
N. H. Lazar 
R. J. Mackin, Jr. 
J. D. G. Rather 

The DCX-2 apparatus (Fig. 2.1) is now nearing 
the end of i ts shakedown phase. The design of 
DCX-2 is  most completely described in ref 1. 
More-detai led discussions of most components are 
given in the previous progress report2 and in the 
earlier work cited there. 

C' 
DCX-2 is  a magnetic mirror experiment in which 

i ' 
trapped energetic protons are produced by the dis- 

,, . sociation of hydrogen molecular ions. An intense 
beam of 600-kev molecular ions enters through a 
magnetical ly shielded injection channel, or "snout," 
near one mirror. The ions follow a helical path to 
the far mirror and return to a target on the snout. 
The magnetic field is designed to give the helical 
path a very tight pitch, thus maximizing the path 
length of the molecular ions. The hydrogen pro- 
duced as the undissociated ions recombine at the 
target constitutes the largest gas input to the 
system. The ion-pumping action of the trapped 
plasma acts as the primary vacuum pump for the 
system. Eventually there w i l l  accumulate a suf- 
ficient density of trapped protons (and an equal 
number of electrons, produced by ionization) to 
constitute a target which has a high dissociation 
efficiency. The init ial dissociation is produced 
by collisions with background gas molecules or 

'P. R. Bell  et  al., The DCX-2 Program of Plasma Ac- 
cumulation by High Ener Injection, presented at the 
Conference on Plasma P g s i c s  end Controlled Nuclear 
Fusion Research, Saltburg, Austria, September 4-9, 
1961. 

' P .  R. Be11 e t  al., Thermonuclear Div. Progr. Rept. 
Oct.  31, 1961, ORNL-3239, pp 10-15. 
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with the ions of an auxiliary cold plasma which i s  
introduced into the machine for that purpose. 
Provision for ion pumping and for possible opera- 
tion of a highly ionized gas arc as a trapping 
plasma largely determines the design of the 
vacuum system. 

The following paragraphs describe the 
ance of the maior DCX-2 components and include 
a discussion of ini t ial  experimental results. 

2.2 MAGNETIC FIELD 

With R. L. Brown and P. A. Thompson 

The DCX-2 magnet system is  designed to pro- 
duce a mirror ratio of 3.3, a central axial f ield 
homogeneous to better than 0.1% over a length of 
about 1 m, and a field dip at the iniection point of 
1.7% averaged over an ion orbit. ' 

The magnet system is in routine operation, and 
no maior difficulties have been encountered. 
few internal shorts in the mirror coils have been 
bypassed without affecting the field appreciably. 
A paper describing the engineering and fabrication 
of the coils is now in preparation.3 

Measurements of the magnetic field along the 
axis showed that i t  can be adiusted to show a 
peak-to-peak variation of 3 gauss out of 12 kilo- 

gauss over an axial length of 1.2 m. Simultane- 
ously, a field dip of the desired magnitude can be 

- - -  

3 ~ .  F. Potts and S. M. Decamp, DCX-2 Con ining 
Field Coi ls  - Design, Construction, and Testing L o  be 
pub1 ished). 



Fig. 2.1. The DCX-2 Apparat~s.  



produced at the iniection point to steer the beam 
into the fine-pitched helix. I t  appears that a s t i l l  
greater degree of uniformity can be achieved with- 
out appreciable additional effort. 

2.3 INJECTOR SYSTEM 

With R. C. Davis, R. R. Hall, E. C. Moore, and 
0. B. Morgan 

The arrangement of the iniection system may be 
seen in Fig. 2.2, which also shows the variation 
in  magnetic field transverse to the beam along i ts  
path. Coils are used in the pumping manifold for 
compensation of the deflection produced by this 
stray field. 

A description of the apparatus may be found in 
previous reports, ' e 2  and in Sec 5.1 of this report. 
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Fig. 2.2. Transverse Magnetic Field Along the Path 
of the Beam. 

2.4 VACUUM SYSTEM 

baking to about 5 x mm Hg and the regions 
containing the diffusion pumps to about 1 x 
mm. By evaporating titanium, the ballast region 
pressures were made as low as 2 x 1 0 ' ~  mm. 

A high-vacuum argon arc intended for bakeout 
purposes has been operated in DCX-2. Its length 
was 7 m, and typical operating parameters were 
140 amp, 270 v. Radiated power appears to be 
roughly uniform along the arc and was as high as 
4 kw/m. I t  i s  roughly proportional to anode gas 
flow, increases with arc current, and is  much less 
sensitive to variation of other parameters. 

The arc's pumping speed (as an ion pump on the 
plasma region) is 70 kiloliters/sec for argon and 
33 kiloliters/sec for hydrogen. The lowest gage 
pressure recorded during an arc run was 2.2 x 1 0 ' ~  
mm Hg. The arc has not yet been used for a proper 
bakeout of the liner because the gas cooling sys- 
tem which controls ond limits the liner tempera- 
ture has not yet been installed. 

The problem of the backstreaming of diffusion- 
pump oi l  continued for a while.' The wanufac- 
turer's suggested modification of the upper jet 
assembly did not appreciably reduce the back- 
streaming. A satisfactory upper jet assembly was 
finally designed by one of our group (P. R. Bell), 
and the problem appears once again to be laid to 
rest. 

2.5 TRAPPING PLASMAS 

An experimental lithium arc was operated in 
DCX-2. This was just a feasibility operation and 
no data were taken. Other activities leading to the 
the development of an auxiliary trapping plasma 
ore described elsewhere in this report.4a5 

2.6 SUMMARY OF INITIAL EXPERIMENTAL 
RESULTS 

The first beam was injected into DCX-2 on 
January 24. Visual observation of the light indi- 
cated excessive beam deflection in the magneti- 
cally shielded channel for magnetic fields above 
6 kilogauss. The difficulties were traced to in- 

With R. A. Gibbons and T. F. Rayburn sufficient compensation of the component of mag- 
netic field along the channel. This component 

F Because of the many access ports and other 
I 

vacuum joints, the vacuum system has not yet 
been made entirely leak free. Even so, the plasma- 4 ~ .  L. Stirling, this report, sec 4.2.1. 

region pressure has been brought down without 5 ~ .  A. Gibbons e ta l . ,  this report, sec 4.2.2. 



was large enough to  saturate the shielding iron, 
thereby allowing transverse field to penetrate into 
the region of the beam. (An applied longitudinal 
f ield i s  relatively more efficient for saturating an 
iron cylinder than an equal transverse field.) 
Additional solenoidal compensating coils were 
bui l t  and placed around the duct. Magnetic mea- 
surements then showed fields of less than 50 
gauss in  the channel for axial fields in  the con- 
finement region up to  * 12 kilogauss. 

Under these conditions, but with the pressure in 
the plasma region of the liner -1.5 x l om5 mm Hg, 
a beam was iniected into DCX-2 on April 24 and 

26, 1962, in order to study the alignment and the 
effects of beam steering and focus. During the 
run, a foil-covered neutral-particle detector (FND) 
and an electrostatic pickup probe were inserted 
into the DCX-2 near the midplane. The FND uses 
a 10'~-in.-thick foi l  as a neutral-to-ion converter, 
and the ion current i s  measured in  a Faraday cup, 
with secondary electrons suppressed by the mag- 

2 n e t ~ c  field. The sensitive area was about 4 cm . 
A dc amplifier with a sensitivity of amp/v 
was used to feed the signal to one channel of a 
16-channel recorder and to an oscilloscope. 

The beam was run continuously so that the cur- 
rent signals represent the equilibrium current of 
dissorintion-produced protons in  the machine. I f  
one assumes that the was unilolatly dis- 
tributed over the uniform field region of the ap- 
paratus (3 m), the detector saw 4 x 1 0 ' ~  of the 
total current, The signal levels varied from 
amp up to r U  1 0 ' ~  amp as beam focus, steering, 
and output varied. 

During the run, i t  was found that the steering 
coi l  in  the accelerator pump manifold had insuffici- 
ent ampere turns to deflect the beam such that the 
FND signal maximized. The steering field re- 
quired was opposite in direction to the transverse 
component of the stray field in the tube and mani- 
fold. This was true even with accelerator volt- 
ages as low as 400 kv. However, the trapped 
current at this voltage, assuming uniform plasma 
distribution, was as high as 25 ma when the total 
beam current (including a l l  mass species) was 
55 ma. At 500 kv, the maximum trapped beam was 
only about 7 ma with a 60-ma total beam. 

pared with 7.5 ma trapped and 10 ma returning to 
the iniector, under better conditions. 

I t  had been hoped that the beam entering the 
tank would be visible, permitting a check of align- 
ment with field on. In fact, however, the illumi- 
nation produced was completely lost in the back- 
ground light from the plasma. A l l  that could be 
distinguished was an increased intensity in the 
cylinder defined by the molecular ion orbit. 

2.7 RADIO-FREQUENCY SPECTRUM PRODUCED 
BY ION INJECTION 

Observations of the radio-frequency spectrum - .  
found inside the copper central vacuum liner of 
DCX-2 are made with two sweeping spectrum ana- 
lyzers. One analyzer (Panoramic model SPA-3/25) 
covers the frequency range from 200 cycles to 
25 Mc, in sections as wide as 3 Mc, with sweep 
recurrence frequencies from 1 to 60 per second. 
The response bardwidth ~f the analyzer i s  adjust- 
able from about 50 cycles to about 50 kc. The 
resultant rise time for response to a line frequency 
at the widest bandwidth is  about 7 msec. 

The second analyzer i s  designed to have a much 
faster sweep recurrence rate in  order to get a more 
frequent sampling of the spectrum, since we expect 
a rapid modulation ot the ion cyclrstran harmnnics 
in DCX-2. This analyzer was made to our specifi- 
cation by Panoramic and has a tentative model 
number, XPAJ. The frequency range covered is  
from 10 to 100 Mc in a single range, with sweep 
rates from 10 to 20 kc so that the spectrum can be 
sampled every- 100 or 50 psec. The analyzer 
bandwidth required for such a rapid sampling is 
quite large, bandwidths of J2, 1, and 2 Mc being 
supplied. Both analyzers are provided with 50-ohm 
input circuits. 

Shakedown of the analyzers was performed by 
measuring the spectra emitted by the high-vacuum 
argon arc used in DCX-2 for baking and radiation 
cleaning of the central liner. An electrostatic 
antenna about 10 cm long was inserted radially 
into the 90-cm-diam central liner of DCX-2 near 
the central plane, with the base of the probe only 
a few centimeters inside the wall. A shielded 

At various times, the beam returning to the magnetic loop antenna 5 cm in diameter was also 
target was monitored, and typical values were: supplied about 15 cm from the central plane. These 
7 ma to the snout and 0.75 ma trapped at 500 kv antennas were connected to the analyzers by about 
(with improperly adjusted steering current), com- 80 ft of coaxial cable. 



Operation of the argon vacuum arc excited radia- 
tions from H+ ions produced by ionization of the 
residual gases of the vacuum in DCX-2. Figure 2.3 
shows a small, expanded section of the spectrum 
around the H+ ion cyclotron frequency (ICF) funda- 
mental. The magnetic field was about half that of 
the normal field (about 5800 gauss). The regularly 
spaced sharp peaks are frequency markers. The 
upper trace is  the spectrum received by the elec- 
tric probe, the lower by the magnetic probe with i ts 

plane perpendicular to the magnetic field. The 
emission line is  here replaced by an absorption 
line. 
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Fig. 2.3. Spectrum Excited by the Argon Vacuum Arc + 

in  the Region near the H Resonance Frequency. The 

le f t  marker i s  at 8.5 Mc, markers spaced every 0.5 Mc. 

Upper trace i s  from the electr ic probe; the lower trace 

i s  from the magnetic probe perpendicular to  the magnetic 

field. 

+ 
lniection of a 500-kev H2 beam into DCX-2 

(runs of April 24 and 26) produced very much 
+ 

Fig. 2.4. Spectra Produced by 500-kev H Injection. 
+ +2 stronger signals than did the argon arc. Figure (a) H~ ion cyclotron resonance line; ( b )  H fundamental + + 

2.4(a), (b ) ,  and (c) are 3-Mc sections of the spec- resonance and H2 second harmonic; (c) H2 third 
+ 

trum taken with the electric probe around the H2 , harmonic. 



H', and third harmonic of H2+ ICF's. The peaks 
are very much broader than those produced by the 
cold ions excited by the argon arc. Relatively 
sharp absorption dips can be seen in the emission 
lines, but the fluted structure seen strongly in the 
22-Mc peak and weakly in  the others is  not under- 
stood. A series of sections of spectrum were 
taken and patched together to make a rough spec- 
trum (Fig. 2.5). The different sections were taken 
with somewhat different iniected currents during 
adjustment of the DCX-2 parameters and show the 
effects of increasing broad-band noise with in- 
creasing injection so that adiacent sections of the 
spectrum do not match in  amplitude. A series of 
wide-band spectra are shown in  Fig. 2.6. These 
spectra correspond to different amounts of iniected 
beam as indicated by the foi l  neutral detector at 
the center of DCX-2, although the conditions were 

very poorly controlled. Spectrum (a) shows fre- 
quencies corresponding to the harmonics of H + 

ICF's as well as to the harmonics of H'. At 
somewhat larger currents, the even harmonics of 
the H+ ICF's become very much stronger, and the 
broad-band noise also rises greatly, requiring a 
great decrease in analyzer gain for spectra (e), (f), 
and When the iniected beam was increased 
further, the even harmonics decreased rapidly with- 
out an increase of the broad-band noise, finally 
becoming almost undetectable. 

The significance of this effect i s  not yet clear, 
and i t  could well be an instrumental effect or the 
effect of a relatively dense cold plasma near the 
antenna. Further tests, using a monitoring signal 
generator and shielded magnetic as well as elec- 
tric antennas, w i l l  be performed to check the 
validity of the effect. 
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Fbg. 2.5. Spectrum of Radio I-requency Produced by H* '  Iniection into DCX-2. The peaks due to H2 , H3 , 

+ 
and H can be seen, as well  as strong band noise. Markers at 0.5-Mc intervals are shown from 0 to 3 Mc and from 

6.5 to  9 Mc only. 
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Fig. 2.6. Broad Band Spectra Produced by H~~ Injection. The strong lines in ( d )  and (e) are the even harmonics 
t t 

of the H ion cyclotron frequency. Note the weakness of the H fundamental in  ( d )  and ( e ) .  The frequency shift 

in  ( A  and (g )  is due to a small increase of magnetic field. 



3. Plasma Physics 

3.1 ELECTRON CYCLOTRON HEATING wave power sources were used t o  produce a ~ l a s m a  
EXPERIMENTS IN THE PHYSICS TEST heated a t  the e lect ron cyc lo t ron  frequency i n  a 

FACILITY (PTF) magnetic mirror geometry. 

M. C. Becker A. C. England 

R. A. Dandl R. J. Kerr  
H. 0. Eason W. B. ~ r d '  

In  previous semiannual reports,213 experiments 

were described i n  which bo th  1'3- and 3-cm micro- 

Dur ing the l as t  s i x  months, work w i t h  3-cm heat- 

ing  was concentrated on determining the e lec t ron  

temperature and the plasma configurat ion. I n  par- 

t icular,  carefu l  measurements have now been made 

o f  the  p lasma magnetic f i e l d  as an a i d  i n  determin- 

ing  the  plasma configurat ion. 

'consultant from the ~ n i v ; r & &  of Florida, Gaines- 
vi l le.  t 

2~hcnnonucleuv Di-v. Serniann. Progr. Kept. Jan. 31, 
1961, .ORNL-3104, sec '3 . l .  

3 ~ h e r m o n ~ ~ l e n ~  Div. 13rogr. Rept. Oct. 31, 1961, 
ORNL-3239, sec 3.1. 

Our usual  arrangement for coupl ing the power t o  

t he  plasma i s  seen i n  Fig. 3.1, i n  wh ich  a copper 

microwave cav i t y  encloses a mirror magnetic f ie ld .  

The  surfaces of  constant  f i e l d  in tens i t y  and the 

f l u x  l i nes  are a lso  shown. Microwave power i s  fed 
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Fig. 3.1. Physics Test  Fac i l i ty  Electron-Heating Experiment. 



in to the cavi ty and absorbed by the plasma elec- 
trons passing through the cyclotron-resonant con- 
s tan t ' f i e l d  intensi ty zones. Variation of the may- 
net ic f i e ld  permits a choice of resonant zones, and 
the most favorable plasma conditions are usual ly 
correlated with end-zone heating. The plasma i s  
fed w i th  neutral hydrogen gas at  a pressure of 
about 2 x l o - '  torr. Observation o f  microwave 
no ise decay at  25 kMc (Fig.  3.2) shows that the 
plosma l i fet ime i s  about 200 msec fol lowing turnoff 
o f  the 9.1-kMc magnetron power source. 
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Fig. 3.2. Decoy of Microwove Noise. 

An electron "temperatureH i s presumptive1 y 
estimated from the microwave noise amplitude. 
Th i s  temperature, about 20 kev, agrees wi th  the 
determination' o f  electron temperature from brems- 
strahlung measurements, Fig. 3.3. I t  w i l l  be noted 
that  a higher-energy 140-kev component a lso  ap- 
pears on th is sc in t i l la t ion  spectrum, indicating two 
emit t ing groups of electrons i n  the plasma. Th is  
"double-humpedm energy distr ibution produces a 
compound decay for the plasma magnetism, and 
sometimes also for microwave noise decay. The 
decay times, 20 msec and 200 msec, agree reason- 
ably w i th  theoretical t imes for mirror loss, through 
Coulomb coll isions, for electrons of about 20 kev 
and about 140 kev respectively. The energy den- 
s i ty  and geometrical configuration of the plasma 
may be calculated from steady-state measurements 
o f  plasma magnetism. Using the previously in-  
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Fig. 3.3. X Rays from Electron Cyclotron Plasma 

in the P T F .  
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ferred temperatures, a correlating determination of 
energy density i s  possible i f  electron density i s  
known. Figure 3.4 shows transmission through the 
plasma of a thermal beam of neutral hydrogen 
atoms. Using the fact that the product of electron 
veloci ty and ionization cross section for ionization 
by  electrons i s  s lowly varying between 1 and 100 
kev (ai E'"4), a maximum density at f u l l  inlero- 
wave power i s  calculated as about 2 x 1 0 ' ~ / c m ~ ,  
making use o f  an estimated plasma diameter of 
8 in. nnd correcting for proton-neutral scattering. 

The resu l~ iny  energy density i s  ahout 2 x 1016 
ev/cm3 or a /3 o f  about lo%, assuming that most o f  
the electrons are ot the  lower temperature. Figure 
3.4 also indicates a l inear variat ion o f  electron 
density wi th applied microwave power. 

T h e t w o  dist inct  electron energy groups are di f -  
f i cu l t  to  explain. I t  i s  obvious that resonance 
heating cannot take place much above 500 kev. 
Therefore, energies even wel l  below th is  value 
must be gained in less-eff icient stochastic inter- 
actions between medium-energy electrons and 
f luctuating electrostatic f ie lds i n  the plosma. 
X-ray bursts from the plasma are added evidence 
that i t  i s  not completely quiescent. These bursts 
occur at an average frequency of about 50 per 
second and contain o f  the order o f  lo7 x rays 
per burst. They are. roughly correlated wi th 
changes i n  plasma magnetism and power feed. The 
short duration of the bursts (0.5 psec) makes i t  
d i f f i cu l t  to  resolve their energy spectrum by pulse 
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analysis. Therefore, lead absorption was used. 

The attenuation curve for these x rays i s  shown 

i n  Fig. 3,5. I t  i s  seen thot o considerable number 

o f  x rays have energy i n  the mi l l ion-electron-volt 

range. Disturbances i n  the high-energy group of 

electrons give r ise  to these x-ray pulses by  forcing 

some of them to  the copper cavi ty wall. However, 
part ic le losses i n  th is way are at present only a 

small fraction of end losses. The end losses are 
due to  plasma pumping and w i l l  be discussed i n  a 

future report. The plasma density has a sharp 

decl ine by  at least one order of magnitude when 

background gas pressure goes below 2 x l o q 5  
torr and plasma pumping ceases. The low-energy 

electron group ceases to  exist, and the plasma i s  

almost transparent to  neutral H 2  molecules. 

The energy of the posi t ive ions i n  the plasma 

(result ing from electron heating) i s  calculated as 

20 v . ~  Th is  i s  an upper l im i t  on th is  process and 

assumes that the ion-electron interaction t ime i s  

20 msec. Several methods of concurrent ion heat- 

ing are under investigation and w i l l  be discussed 

i n  future reports. 

4 ~ .  F. Post, Revs. hlodern Phys. 28, 338-62 (1956). 
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Cyclotron P lasma i n  the P T F .  

3.1.1 Plasma Magnetic F ie ld  Measurements 

The magnetic f ie ld  probe was inserted into the 
plasma along the axis of symmetry (Z  axis)  and 

along a radius i n  the midplane through t igh t ly  
f i t t ing  tubes to  prevent microwave leakage. The 

sensing device was a Ha l l  element, which was in- 
serted into the vacuum system inside a wnter- 
cooled brass we l l  as shown i n  Fig. 3.6. Uniform 

temperature of the Ha l l  element was ensured by 

making the in le t  water f low over the inner annular 

tube of the brass well. Heat deposited on the 

probe by  the plasma and microwave radiation was 

carried o f f  by water f low through the outer annular 

tube so thot heated water did not come i n  contact 

wi th the tube holding the Ha l l  element. 

The magnetic-f ield measuring c i rcu i t  i s  shown on 
Fig. 3.7. The bucking ladder atteouator was used 

to  b ias out the ef fect  of the containing f ie ld  o f  up 

t o  6500 gauss. Measurements were made by  noting 
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plasma as observed. v isual ly  was also affected. 
Measurements could not be made wi th the probe 
radial ly  outside the cavi ty due to  the unfavorable 
signal-to-noise level. 'AMPLIFIER 

SYNCHRONOUS 
DETECTOR 

On the other hand, the probe could be inserted 
ax ia l ly  into the cavi ty past the midplane without 
grossly perturbing the plasma. Th is  condition was 
ascertained by obs.erving the noise temperature and 
the radial-field-gradient monitor. Figure 3.8 shows 
the measured ax,ial magnetic f ie ld  as a function of 
the distance from the midplane of the machine. I t  
i s  observed that the f ie ld  changes sign at  about 
31/2 in. from the midplane, indicating the existence 
o f  at  least two oppositely directed net-current 
distr ibutions about the axis. The measurements 

the change in  the output when the microwave power were not carried out beyond 12 in. from the mid- 
was turned off. A minimum magnetic induction of plane because of the unfavorable signal-to-noise 
a few tenths o f  a gauss due to  the plasma was ob- ratio; so, the f ie ld was traced further wi th a gra- 
s'ervable above the noise under these conditions. dient probe; The gradient-probe measurements 

Insert ing the probe radial ly  into the plasma se- could not be sat isfactor i ly  f i t ted to  the measured 
r ious ly  affected the noise temperature as measured field, but i t  was observed that the f ie ld  decreased 
by  a microwave radiometer. The s tab i l i t y  of the toward zero and was wel l  behaved. 

3- kc 
OSCILLATOR 

BUCKING 
LADDER 
ATTENUATOR 

- - 
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Fig. 3.8. Plasma Magnetic Field. 

Further observations indicated that the f ie ld  t ime corresponding to  the more energetic part icles. 

decay wi th power turnoff had two components. Under the assumption that the t w o  groups of par- 
Figure 3.9 shows the decay as a. function of time t i c l es  were of the same energy (but necessari ly . . .  

for three axia l  positions. The fast component had 
.. , 

a typ ica l  decay t ime of 10 to  20 msec, and the 
slow component had a decay t ime of 200 to  300 

msec. I t  was also observed that the two compo- 

nents were o f  opposite sign near Z = 3 in. 
0 

Figure 3.10 again shows the measured f ie ld  as a 

function of distance, now wi th the sel;aration of 

re lat ive magnitudes of the slow and fast compo- 

nents. The,  slow componcnt attains i t s  maximum 

absolute value 5 to 6 in. from the midplane, whi le 

the fast  comporGnt has i t s  largest re lat ive magni- 
0 

tude about 2 in. from the midplane. The fast  com- 
ponent i s  largely i n  a direction aiding the steady . 

magnetic field, whi le the slow component largely 
opposes the main field. 

If i t  i s  assumed that the decay times o f  the two 

components are indicat ive of a sel f  co l l i s ion  time, 

and i f  i t  i s  a lso assumed that the density i s  the 
0 

same for both groups of particles, then the differ- 

ence between decay times implies a factor of an 

order o f  magnitude i n  the difference between the 

mean energies for the two groups, the longer decay - 
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Fig. 3.9. Decay of the Plasma Magnetic Field.  . 



UNCLASSIFIED 
ORNL-LR-DWG 68151A 

"-1 0  1 2  3 4  5 6  7 8 9 1 0 1 1 1 2  

Z (in.) 

Fig. 3.10. Plasma Magnetic Field. 

spat ia l l y  separated), the decay t ime difference im- 

p l i es  a density dif ference o f  more than an order of 

magnitude. As mentioned above, information ob- 
ta ined from x-ray spectral analysis and.microwave 

no ise  decay t imes implied that the former assump- 

t i o n '  was more reasonable, t h i s  assumption being 

that  there were t w o  groups of part ic les w i th  a mean 
energy difference of an order o f  magnitude. 

With the aid o f  W. F. Gauster and C. E. Parker 

o f  t h i s  division, a program was inst i tuted t o  calcu- 

la te  probable current d ist r ibut ions that could g ive 

r i se  t o  the measured field, using extstirig IBM 7090 
computer codes. The calculat ion of the current 
distr ibutions from f ie lds  cannot i n  th is case pro- 

duce n unique answer, but the attempt was made 

i n  order to  g ive some indicat ion of the most l i ke l y  

current distr ibutions. 

becomes very small for a large number of current 

distributions. 

So far, solut ions have been obtained for only a 

maximum of nine separate rectangular (constant 

current density) distr ibutions on each side of the 
midplane. Th is  small number of current distr ibu- 

t ions represents a fa i r l y  crude approximation to  

the actual plasma configuration. Some conclu- 
sions can be drawn, how.ever. The total posi t ive 

or negative current i s  i n  the range o f '  100 to  500 
amp, whi le the tota l  net current appears t o  be near 
zero. Figure 3.11 indicates the current distr ibu- 

t ion  giv ing the best f i t  to  date. The negative sign 

shown wi th  some of the currents i n  Fig. 3.11 was 

chosen according to  the convention that t h i s  cur- 

rent  wou ld  produce a normal diamagnetic f ie ld  de- 

pression inside the plasma i f  it were a surface 
current. The numbers shown here are i n  amperes 

per square inch. Each number must be mul t ip l ied 

by  the number of square inches i n  the rectangle 

i n  which it i s  found t o  g ive the tota l  current. 

A few other conclusions can be drawn from th i s  

prel iminary result. I t  i s  clear that most of the 
plasma i s  w i th in  4 in. of the midplane. Also, there 

i s  almost an equal amount of current going i n  both 

directions about the axis. 
Th i s  f i t  was made wi th  50 matching points by  a 

least-squares method. The points Z = 0 in. t o  
L = 49 In. were useJ i i i  crtcps ef 1 in. !t y n c  nec- 

essary to  f i t  points a t  least to  Z = 20 in. t o  get 

well-behaved solutions beyond the point Z = 12 in. 
That i s  to  say, i f  the f ie ld  was not specif ied a t  

Three assumptions were made i n  the analysis: UNCLASSIFIED 
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(1) The currents were assumed to have azimuthal 

symmetry, that is, they encirc led the Z ax is  at a 

constant  radius. (2) The currents were symmet- 2 ' 
rica l  about the midplane. (3) The currents were 

confined to the  volume inside the cav i ty  walls. 

Unfortunately, a t  present the analysis i s  not com- 

plete. Presented here i s  the best solution ob- 

ta ined t o  date. The main d i f f i cu l ty  i s  that the 

computer cannot handle a large number of current 
distr ibutions. The  determinant of the matrix of the 

coef f ic ients o f  the expressions 

a,./.= B .  j =  1, ..., m 0 1  2 3 4 5 6 7 8 9 1 0  
i=, 11  1  AXIAL DISTANCE FROM MIDPLANE (in.) 

RUN OF APRIL 21, I 9 6 2  

(where m i s  the number of f i e l d  points used i n  the 

f i t  and n i s  the number of current distr ibutions) Fig. 3.1 1. Plasma Currents in P T F .  



least 20 in. from the midplane, large excursions 
in  the calculated f ield occurred. Unfortunate1 y, 
the field beyond Z = 12 in. was too small to be 
measured, but it was known to be well-behaved 
from gradient-probe measurements. Specifying an 
arbitrary but well-behaved fit beyond 12 in. was 
a l l  that was necessary for success. 

As mentioned above, this program to calculate 

the current distributions i s  not yet complete. By  
the exercise of care, we feel that we can perhaps 
double the present number of current loops and 
s t i l l  obtain solutions. 

From these measurements, it can be tentatively 
inferred that the negative surface current near r = 5 
in. i n  Fig. 3.11 i s  probably largely responsible for 
the slow component of the f ie ld and hence repre- 
sents the high-energy group of electrons, These 
are probably the electrons responsible for the 
bursts of x rays which are produced when small 
groups of electrons strike the cavity walls, The 
nearly periodic behavior of the bursts may be due 
to the periodic noise observed in  the magnetron 
power source that was used i n  these experiments. 
It would also appear that this high-temperature 

group of electrons i s  very important to  the main- 
tenance of the plasma. As mentioned above, in- 
sertion of the magnetic probe radiaCly into the 
plasma in  the midplane results in  the  serious de- 
generation of the plasma. 

The current distribution observed inside the 
plasma in  Fig. 3.11 i s  probably peculiar only be- 
cause the "grid" of the calculation i s  so coarse. 
By  increasing the number of current loops, more 
information as t o  the surface and volume currents 
should become available. 

Additions to the apparatus are under construction 
in  order to improve the operation and behavior of 
the electron cyclotron plasma (ECP). For exam- 
ple, a Klystron power source i s  being installed 
which w i l l  supply 5 kw of 10.8-kMc microwave 
power. This power source w i l l  have much less 
noise modulation than the magnetron source used 
at present and w i l l  enable regimes of operation at 
higher power to  be investigated. 

3.1.2 Spectroscopic Observation of the Physics 
Test Fac i l i ty  (PTF) 

W. F. Peed 

A low-resolution spectroscopic survey has been 
made of the PTF, using a JAco 82000 spectrometer 

i n  conjunction with a Visicorder recorder which 
permitted scanning speeds of 250 and 500 A/min. 
The PTF  was operated with D2 feed gas, with the 
addition of Hz, He, CO, or CH4 as an impurity for 
spectroscopic observation. 

In  general it can be stated that a l l  spectroscopic 
observations are consistent with a low-energy 
electron distribution such as might be expected 
in  a secondary plasma region outside the primary 
heating zone. With D2 feed, seven members of 
the Balmer series were observed. With the addi- 
t ion of helium, only He I spectral lines were ob- 
served. The He II line at 4686 A (51 ev above the 
ground state), usually observed as a bright l ine i n  
gas arcs, was not seen. With CO or CH4 as an 
impurity 0 I and 0 II lines were observed as well 
as C II. The C Ill l ine group at 4650 A was pres- 
ent but quite weak (32- or 26-ev excitation energy 
required from metastable triplet states). 

Although a low-resolution instrument was used, 
it appears that the ion energy from spectral-line 
profiles i s  less than 20 ev, based on observed 
widths of lines of He I and 0 II. The decay time 
of tight in  the deuterium atomic spectrum was ob- 
served as being a few milliseconds, which i s  char- 
acteristic of the Visicorder unit. The rapid decay 
time of the vis ible light, which i s  not consistent 
with x-ray decay times that are observed, lends 
additional support to the belief that the plasma 
observed was of a secondary nature. 

3.2 ELECTRON CYCLOTRON HEATING 
EXPERIMENTS IN ELMO 

M. C. Becker A. C. England 
R. A. Dat~dl R. J. Kerr 
H. 0. Eason W. B. ~ r d ~  

Preliminary experiments have been performed on 
the Elmo faci l i ty since i ts  completion in  March. 
In addition, some orbit calculations have been 
performed on the IBM 7090 camputer for particles 
i n  selected zones in  the m a ~ h i n e . ~  

The preliminary experiments in the Elmo appa- 
ratus have proved quite encouraging. Figure 3.12 
shows a schematic diagram of the apparatus, indi- 
cating the cusp lines. The surfaces of constant 

5~onsultolnt from the University of Florida, Gaines- 
vil le. 

6 ~ h i s  report, sec 6.8. 
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Fig. 3.12. Schematic Diagram of Elmo. 

magnetic f ie ld are roughly pil lbox shaped, and the 
surface selected for resonance by the microwave 
power source can be completely free of the walls. 
Current operation involves the use of 1 kw  of 13-crn 
microwave power. As i n  the Physics Test Fac i l i ty  
(PTF), the electron cyclotron plasma (ECP) ex- 
hibits two modes of operation, but their behavior 
i s  dist inct ly different from the ECP in  a mirror. 

Figure 3.13 shows the plasma i n  the "glow" 
condition. The "horns" on the plasma indicate 
the position of the folded cusp lines, while the 
general shape follows a surface of constant mag- 
netic f ie ld quite closely. In  this mode, contrary 
to experience in  the PTF, there i s  very l i t t l e  micro- 
wave noise rodiation. 

Figure 3.14 shows the plasma i n  the "no glow" 

mode. A faint v is ible l ight appears to  come only 

from the adiabatic zones of the magnetic field, 
implying that particle containment i s  quite good 
for these zones. In th is  mode, the microwave noise 
radiation at the K band i s  quite large again, con- 
trary to  experience with the PTF. Figure 3.15 
shows the K-band noise "temperature1' (compared 
with a 1-ev source) and the decay time of the 
microwave noise as a function of pressure. The 

Fig. 3.13. Plasma in the "Glow" Condition. 



Fig. 3.14. Plasma in the "No Glow" Condition. 
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existence of a noise temperature of several hun- 
dred electron volts and a containment time of 

8 about 1 sec implies that the magnetic configuration 
of Elmo may be an effective and useful containment 

6 configuration. 
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8 - 3.3 GAS DAMPING OF IONIC SOUND WAVES 
W 

E I. Alexeff R. V. Neidigh 
2 5 W 

0 
I 3.3.1 Introduction 

W z 
I :  

In previous reports, we described extensive ex- 
z 

0.8 g periments made with ionic sound waves.7 The 
i: question arises: I f  the waves are so easy to  pro- 

0.6 duce and observe, why have they not been studied 
i n  the past? The answer i s  that ionic sound waves 

0.4 are very easily damped by un-ionized gas i n  the 
P system. 

20 0.2 

10- 2 5 1g5 71. Atexeff and R. V. Neidigh, Thermonuclecrr Div. 
Semimn. Fro r. Refit. Jan. 31, 1961, ORNL-3104, 

GAGE PRESSURE (torr) pp 31-45; 1. f lexeff and R. V. Neigigh, Thermonuclear 
Div. Pmgr. Rept. Oct .  31, 1961, ORNL-3239, pp 27- 
34; 1. Alexeff and R. V. Neidigh, Bull. Am Phys .  Fig* 3.15. Noise Ond Noise-DecO~ Time Sot. 6,  309 (1961); 1. Alexeff and R. V. Neidiah, Phys. 

as a Function of Pressure. Rev.  L e t t e r s  7 ,  223 (1961). 



3.3.2 Theory 

Gas damping of ionic sound waves in a plasma 
occurs because collisions between the plasma ions 
and the gas atoms rob the ions of their coherent 
ionic sound-wave motion. The effects of gas 
domping in  plasmas are easily discussed quanti- 
tatively. 

In discussing gas damping, some assumptions 
are needed to define the system. The following 
assumptions define a plasma similar to that in an 
ordinary gaseous discharge tube: (1) Ions and gas 

atoms are assumed to have the same mass. (2) A 
second assumption is that the coherent velocity 
of the ions due to the ionic sound wave motion is  
small compared with the thermal, random velocity 
of the ions. 

According to the above assumptions, the average 
frequency of collision of an ion with a gas atom is  
independent of the ionic sound-wave motion. The 
ion-gas atom rate of collision i s  given by the equa- 
tion, 8 

Here, vc i s  the average number of collisions per 
second made by one ion with gas atoms, o i s  the 
coll ision cross section i n  square centimeters be- 
tween an ion and a gas atom, n i s  the number of 

k 
gas atoms per cubic centimeter In the plasma, k i s  
Boltzmann's constant i n  ergs per OK, rn i s  the mass 
o f  an ion or an atom in  grams, and T i s  the tem- 

perature of the ions and the gas atoms i n  OK. In 
this equation, the temperature of the ions i s  as- 
sumed to be equal to the temperature of the gas 
atoms. However, i f  the ion temperature i s  much 
higher than the gas temperature, Eq. (1) i s  modi- 
fied by removing the factor a, and using the ion 
temperature for T. 

Every time an ion collides with a gas atom, the 
ion i s  assumed to lose al l  the energy which it 

could return to the ionic sound wave. This as- 
sumption i s  not strictly correct, for the ion may 
lose only part of i t s  energy. However, the assump- 
tion is  not too unrealistic. (Because the fraction 
of energy lost per coll ision i s  large, the assump- 
tion i s  made in  order to simplify the calculation.) 

' ~ e o r ~  Joor, Theoretical Physics, 2d ed., p 559, Eq. 
(1 1'). and p 585, Eq. (64), Blackie and Son, Ltd., 1950. 

A large energy loss occurs in ion-gas-atom col- 
lisions because two kinds of energy-loss effects 
are present. The first effect i s  due merely to the 
ion's losing kinetic energy and slowing down. The 
second effect i s  due to the angular deflection of 
the ion, for only the momentum parallel to the ionic 
sound wave motion belongs to the sound wave. 
Thus, scattering an ion elastically through a right 
angle would not reduce the ion's kinetic energy 
but would deprive the ionic sound wave of all the 
wave energy that the ion had possessed. 

An example of the two kinds of energy loss can 
be computed for hard-sphere scattering. For a 
moving sphere incident on a stationary sphere of 
equal mass, the average fraction of the total ki- 
netic energy lost i s  &. However, the average 
fraction of the kinetic energy lost from the motion 
i n  the init ial direction i s  2/3, which is  large. 

Under the above assumptions, the rate at which 
an ionic sound wave loses energy is  calculated. 
Half the total energy of a sound wave i s  stored in  
the kinetic energy of the moving mass, on the 
average. This fact i s  easily shown by elementary 
analysis of sound-wave wave motion. Thus, the 
average sound wave energy stored i n  the motion 
of one ion in  a cubic centimeter of oscillating 
plasma i s  

In this equation, E i  i s  the ion energy i n  ergs, E i s  
the energy of the ionic sound wave i n  ergs/cm3, 
and n i s  the number of ions/cm3. The rate at which 
an ion loses energy to the gas atoms i s  the average 
energy the ion possesses times the rate at which 
it collides with the gas atoms: 

Here, -dEi/dt i s  the energy loss rate per ion in 
ergs/sec, The rate at which the plasma volume 
lases energy i s  the rate of loss for one ion times 
the number of ions i n  the volume, 

Here, -dE/dt i s  the energy lass rate for a l l  the 
ions in the plasma volume i n  ergs per cubic centi- 

meter per second. 



One next evaluates the damping for an ionic 
sound wave. Consider, for example, a resonant 
system formed by a standing ionic sound wave i n  
some apparatus. The Q, or quality factor of the 
system, can be defined as 277 times the energy 
stored per cycle of  the undamped wave divided by 
the energy dissipated per cycle. The value of  Q 
for a standing ionic sound wave, assuming uniform 
plasma and background gas density, is: 

Here, v i s  the frequency of  the undamped ionic 
sound wave in  cycles per second. As Q becomes 
smaller, the damping o f  the wave increases unt i l  
(for Q = '/,, the system i s  cr i t ical ly damped. For 
crit ical damping, the system does not show oscil- 
latory behavior. 

For a particular standing ionic sound wave mode 
to appear in  a system, the Q of the mode must be 
greater than 1/ As Eq. (5) shows, the higher- 

2' 
frequency modes have higher values of Q. Thus 
in  a system containing much un-ionized gas, the 
lower-frequency standing-wave modes are damped 
out. High-frequency modes might be excited, but 
they have frequencies very close to each other. 
Thus, standing ionic sound waves in  a system 
containing much gas would probably produce a 
spectrum which appears to be a structureless 
continuum. 

3.3.3 Results 

The effect o f  gas damping on the oscil lations of 
a magnetically supported plasma colu~lin i s  evalu- 
ated to verify that the oscillations are permitted. 

The Q of the plasma oscil lation i s  given by Eqs. 
(5) and (1). 

For a typical case, argon in  the 23-cm-long plasma 
column, the observed fundamental frequency o f  
oscil lation v i s  2 x lo4 cps. The rate o f  coll ision 
of  an argon ion with argon atoms vc i s  obtained 
from Eq. (1): 

The argon ion-argon atom scattering cross section 
o i s  obtained from the argon atomic radius9 (1.54 x 
lo-' cm), assuming that the ion has the same ra- 
dius. In this case, the total cross section for 
coll ision i s  4m2, where r i s  the atomic radius i n  
centimeters. The scattering cross section i s  about 
3.0 x 10- l5 em2. The number of argon atoms per 
cubic centimeter, n i s  computed from the oper- 

g 
ating pressure o f  5 x 1 0 ' ~  torr. The gas damping 
depends on the ion temperature. As the ion tem- 

perature was not measured, assumptions are made 
which define an upper and lower l imit  to the gas 
damping. 

As an upper l imit  for Q, the ion temperature i s  
assumed to equal room temperature, ev. In 
this case, the Q of the fundamental mode of osci l -  
lation i s  78. As a lower limit, the ion temperature 
i s  assumed to equal the average electron tempera- 
ture in  the plasma, 17 ev. In this case the Q i s  
4.3. The true value of  Q l ies between these two 
l imiting values, 4.3 < Q < 78. As Q i s  probably 
much higher than the l imiting value of  1/2, the 
lowest mode of  ionic sound wave oscil lation i n  the 
magnetically supported plasma column i s  permitted. 

In the case of ionic sound oscil lations i n  dis- 
charge tubes, the effects of gas damping are very 
serious. A discharge tube must operate at a higher 
gas pressure than a magnetically supported plasma 
column because plasma losses to the wal ls o f  the 
tube are greater. The effects of gas damping are 
easily calculated for the spherical discharge tubes 
which were studied.'' As an example, the damping 
o f  the fundamental mode i n  an argon-filled dis- 

charge tube 10 cm in  diameter i s  evaluated. Typ- 
ica l  operating parameters are a gas pressure of 
lo-' torr, an electron temperature o f  3 ev, and a 
fundamental frequency of  about 3.3 x lo4 cps. 
The quality factor Q of the oscil lating system i s  
computed from Eqs. (5) and (1). 

For an upper l imit  for Q, the ion temperature i s  
assumed to equal room temperature, ev. The 
argon gas atom temperature i s  also assumed to be 

ev. The argon ion-argon atom coll ision cross 
section i s  again assumed to be 3.0 x 10'15 cm2. 
Under these assumptions, the rate of  coll ision be- 
tween an ion and gas atoms i s  8.4 x lo4 coll isions 

9~andbook of Chemistry andPhysics, 34th ed., p 2877, 
Chemical Rubber Publishing Co., Cleveland, Ohio, 
1952. 

''1. Alexeff and R. V. Neidi h, Thennonuclear Div. 
P~ogr. Rept. Oct. 31, 1961, 0~r$~-3239, pp 30-34. 



per second, and the Q of the fundamental mode of 
oscillation is  5. 

The value of 5 computed above for Q i s  suffi- 
ciently close to the limiting value of Y2 to cause 
strong damping of the fundamental mode of oscilla- 
tion in  the argon-filled sphere. I f  the ion tempera- 

ture i s  higher than the assumed value of ev, 
the gas damping i s  even more severe. Increasing 

the value of Q by decreasing the background gas 
density was not possible, because at lower pres- 
sures the glow discharge was not maintained. 

The effect of gas damping on the oscillating dis- 
charge was studied by increasing the gas pressure. 
As the pressure was increased, the lowest possible 
modes of oscillation were progressively damped 
away. This observation i s  consistent with Eq. (5) 
which states that the higher the frequency of a 
given mode, the higher the Q of that mode. How- 
ever, any given mode can be damped away i f  the 
ion-atom col li sion rate i s  increased sufficiently. 

3.3.4 Conclusions 

The effect of gas damping of the ionic sound 
oscillations can be quite serious. I f  the gas den- 
sity in  the magnetically supported plasma column 
were increased a hundredfold, damping of the fun- 
damental mode of oscillation would Ire sevele. 11% 
the spherical discharge tubes, the gas pressure 
required to maintain a discharge i s  so high that 
gas damping often prevents the fundamental mode 
of oscillation from appearing. 

3.4 A WAY TO MEASURE PLASMA DENSITY - 
THE "PLASMA SWEEPER" 

I. Alexeff R. V. Neidigh 

Further developments of the plasma sweeper1 l 
suggest that i t  i s  a good quantitative research tool. 
The results of this work were reported12 at the 
Rochester Conference and w i l l  be published in  the 
proceedings of the meeting. A detailed discussion 

of the more recent work follows. 

3.4.1 Introduction 

The plasma sweeper provides a simple method 
of measuring ion density in  a magnetically sup- 
ported plasma co~umn.~ 3n l4 This method supple- 
ments conventional methods, which often do not 
work. For example, measurements with a Langmuir 
probe may fail because the required electron cur- 
rent saturation often is obscured, and microwave 
methods require complex equipment and have lim- 
i ted application. 

Measurements of plasma densities up to 1013 
ions/cm3 have been made with the plasma sweeper. 
The plasma column was produced by a reflex dis- 
charge in  a magnetic field of 3000 gauss. The 

column was roughly 24 cm long and 0.6 cm in  
diameter. The sweeper measurements of plasma 
density have been checked in several ways and 
appear to be accurate to within, at worst, a factor 
of two. 

The plasma sweeper also appears to give the 
steady-state rate at which plasma streams to the 
ends of the plasma column. Under certain condi- 
tions, the ion temperature in the plasma column 
can also be measured. Both the plasma streaming 
rate and the ion temperature measurements have 
been made experimentally, and both kinds of meas- 
urements appear to work. 

3.4.2 Description of Apparatus 

Measurements are mode with a plasma sweeper 
by turning off the source of the plasma and then 
I I sweeping out" h e  plasma along lines of magnetic 
flux and collecting it. The schematic of a plasma 
sweeper i s  shown in Fig. 3.16. Normally in this 
apparatus, a reflex discharge, the anticathode i s  
electrically floating. However, for a plasma 
sweeper, the anticathode i s  connected to ground 
through a resistor and a battery. The voltage of 
the battery i s  so chosen that the anticathode elec- 
trode draws no net current. Effectively, the end 

I of the plasma column i s  st i l l  electrically floating. 
In practice, the correct battery voltage i s  a few 
volts more negative than the cathode potential. 

l'Thetmonuclear Div. Progr. Rept. Oct. 31, 1961, 13~hermonuclear Div. Progr. Rept. Oct. 31, 1961, 
ORNL-3239, sees 3.3.1-3.3.3. ORNL-3239, sacs 3.2.5, 3.3.1-3.3.3, and 4.4. 

12~h i rd  Annual Symposium on the Engineering Aspects 141. Alexeff and R. V. Neidigh, Paper D6, 14th An- 
of Mognetoh drodynamics, University of Rochester, nual Gaseous Electronics Conference, Schenectady, 
Rochester, N.);., March 28-30, 1962. N.Y., Oct. 11-13. 1961. 
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Fig. 3.16. Schematic Diagram of Plasma Sweeper. 

Typical operating parameters: length of plasma column, 

or ''arc", 24 cm; cross-sectional area of plasma 
2 column, 0.3 cm ; cathode voltage, 100 v; cathode 

current, 0.3 amp; magnetic field, 3000 gauss; gas 

pressure in  system, 5.5 x 1 0 ' ~  torr; gas used, argon; 
3 ion density, 1 x 1012 ions/cm . 

Measurements are made by shorting the cathode 
to ground. The switch used was a mercury-wetted 
contact relay (Durakool Catalog No. BF-74) with 
a making time of 2 psec. Grounding the cathode 
has two effects: The electron stream from the 
cathode ceases, so no new plasma i s  made, and 
a voltage i s  applied to the ends of the plasma 

column. This voltage "sweeps out" charge from 
the plasma column. The resulting current to the 
anticathode as a function of time i s  recorded as a 
voltage drop across the low resistance R2 i n  the 
anti cathode circuit. 

After the cathode i s  shorted to ground, the plasma 
in the column escapes. The rate of plasma loss 
i s  governed by the slowly moving ions because, at 
these plasma densities, the plasma must remain 
electrically neutral. Two assumptions are that 
electron-ion recombination i s  not appreciable in 
the plasma and that the magnetic field prevents 
the escape of plasma from the sides of the column. 
The total charge i n  the plasma column i s  obtained 
from the area under the current-vs-time curve; the 
steady-state plasma flow rate i s  obtained from the 
current at zero time; and the ion temperature may 
be found from the shape of the current-vs-time 
curve. An example of such a curve i s  shown in 
Fig. 3.17. 

3.4.3 Measurement of Ion Density 

An average value for the plasma ion density i s  
obtained by dividing the total ion charge in the 
column of plasma by the volume occupied by the 
column and by the charge o f  one ion. In using the 
plasma sweeper, the volume i s  assumed to corre- 
spond to the luminous region of the plasma column. 
The total ionic charge in the column, however, 
appears to be twice the total charge which flows 
to the anticathode electrode. 

The conclusion that the total ionic charge i n  the 
plasma column i s  twice the charge measured i s  
derived from the following model. During the es- 
cape of the plasma, a thin sheath forms over the 
negative anticathode electrode. Thi s sheath i s  
present only i f  the Debye cut-off length, L D ,  i s  
smaller than the length of the plasma column. The 
numerical value for LD is:l 

where L D  i s  in cm, k i s  Boltzmann's constant 
i n  ergs per OK, T e  i s  the electron temperature i n  :' 

OK, ne i s  the number of electrons per cm3, and e 

i s  the electron charge in e.s.u. 
The sheath prevents the sweeping electric field 

from penetrating into the column. Under this con- * .  

dition, ions escape symmetrically from both erids i 
of the column. Electrons, however, are reflected e 
by the anticathode sheath and escape only from r+ 

the cathode end. Under the above conditions, 
only half the ionic charge in  the plasma column 
passes through the measuring apparatus, 

The following predictions concerning the plasma 
column decay are derived from the above model. 
First, the rate of plasma loss must be independent 
o f  the sweeping voltage, as the sweeping electric 
field does not penetrate the plasma column. Sec- 
ond, the fraction of the ion charge collected i s  1/2 
and i s  independent of the sweeping field. 

The conclusion that the plasma sweeper meas- 
ures only half the ionic charge in the plasma col- 
umn i s  supported by the following five pieces of 
experimental evidence. The first three pieces of 
evidence are indirect and support the model of the 
plasma column decay. The last two pieces of 

1 5 ~ y m a n  Spitzer, Jr., Phys i c s  of Fully lonized  Gases ,  
p 17, Interscience, New York, 1956. 
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Fig. 3.17. Curve of Exper mental C u r m *  vs Time Cbtzined with Plasma !woeper. The curve beginning the highest i s  il-a one of interest. 'tar- 

t ical  scale, lCt  ma per large division; horizcnfol scale, 50 ~ e c  per large divisim;experilrental ~ o i n t s  taken from this curve are shown i n  Fig. 3.22. 



evidence are direct and compare the plasma- 

sweeper charge-density measurements w i th  charge- 

density measurements made by using other tech- 

niques. 

1. Photomult ipl ier Studies. - Photomult ipl ier 

studies suggest that ion-electron recombination i n  

the plasma column i s  not a serious plasma loss 
mechanism. The l igh t  from the plasma column 

ceases a few microseconds after the incident  elec- 

tron stream i s  turned off, although the plasma 

streams out o f  the column for a much longer time. 

A s  recombination does not remove ions from the 

column, the ions must a l l  escape from one or both 

ends o f  the column. 

2. Time-Delay Studies. - A variable t ime delay 

was inserted between the stopping o f  the exci t ing 

electron stream and the applying o f  the sweeping 

voltage. These studies indicate that the sweeping 

voltage does not affect the plasma loss rate. Ap- 
parently, ions wi th and without the sweeping vol t -  

age are los t  i n  the same way - by dr i f t ing equally 

ou t  o f  both ends o f  the plasma column. As the 

sweeper does measure a net current, the plasma 

electrons must not reach the negative anticathode 

electrode. Since the sweeping voltage does not  

change the plasma loss rate, th is voltage must 

appear over only a short length o f  the plasma 

column, that is, across a sheath a t  the negotive 

anticathode electrode. 

A set of curves showing current to the anticath- 

ode vs  t ime i s  shown in  Fig. 3.18. For each 

curve, the electron stream was stopped, a t ime 

delay took place, and the sweeping voltage was 

applied. ' A s  the curves having different time 

delays superimpose, the rate o f  plasma loss from 

the column i s  not affected by the sweeping voltage. 

3. Voriable Sweeping Potential Studies. - Vary- 
ing  the sweeping potential over a wide range o f  

voltagcs apparently had no effect nn the tota l  

amount o f  charge col lected. Thus, i f  electrons 

are being reflected at a sheath a t  the negative 

anticathode electrode, the percentage reflected 

i s  independent o f  voltage. The simplest assump- 

t ion for explaining why the percentage reflected 

i s  independent o f  voltage i s  that  i n  a l l  cases i t  i s  

the l imi t ing value o f  100%. 

Experimental evidence showing that the amount 

o f  charge col lected i s  independent o f  sweeping 

voltage i s  shown i n  Figs. 3.19 and 3.20. In Fig. 

3.19, the sweeping voltage i s  less than the in i t ia l  

cathode voltage; i n  Fig. 3.20, i t  i s  greater. 
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Fig. 3.18. Plasma Sweeper Current with a De layed 

Sweeping Voltage. The  f irst  20 psec of each curve 

was part ly obscured by a switching transient ond i s  

not shown. Each curve represents the average of three 

runs. 
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Fig. 3.19. Charge Col lected for a Sweeping Voltage 

L e s s  Than Cathode Potential. 

The experimental arrangement used to obtain the 

data for Fig. 3.19 i s  as follows: For a l l  runs, the 

cathode and anticathode voltage were i n i t i a l l y  the 

same, -45 v. However, i n  two sets o f  runs, when 

the cathode voltage was switched to zero, the ant i -  

cathode voltage was switched to about -22.5 v. 
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Fig. 3.20. Charge Collected for a Sweeping Voltage 

Greater Than Cathode Potential. 

The error bars represent the root-mean-square scat- 
ter for f i ve  charge collections. The data show no 

s igni f icant  difference i n  the amounts of charge 

col lected at  -22.5 v and a t  -45 v. 
The experimental arrangement for obtaining. the 

data o f  Fig.  3.20 i s  as  fo l lows:.  I n  these runs, 

the anticathode was always kept a t  a given vol t -  

age, and no switching techniques were used. 
Hav ing the anticathode in i t i a l l y  more negative 

than the cathode i s  admittedly not desirable for 
forming a quiescent plasma. Having both ends o f  

the plasma column in i t i a l l y  a t  the same potential 
i.s better. However, two reasons for using the 
present arrangement are as fol lows: First, the 

negative potential on the anticathode may not 

penetrate into the plasma column, being shielded 

out  by the previously mentioned anticathode 

sheath; second, the experimenters did not have 

on hand the apparo'tus required to  switch the ant i -  

cathode from cathode potential to  several hundred 
vol ts negative. I n  any case, the experiment.was 

t r ied  to see what would occur. 
The data o f  Fig. 3.20 indicate that for sweeping 

potential.s ranging from cathode potential, -45 v, 

to roughly eight t imes higher, -350 v, the quantity 
o f  charge col lected i s  a constant. The large error - 
bars are due to the use o f  an especial ly noisy, 
turbulent plasma column. As before, the error bars 

represent the root-mean-square scatter i n  f ive 
charge collections. 

'4. Direc t  Measurement of Neutral Plasma Flow. - 
The rate o f  f low o f  plasma from the end o f  the 

plasma column was measured directly. For these 

measurements, the electron stream was turned off, 

but no sweeping voltage was applied to the plasma 
column. Presumably, i n  th is  case the plasma es- 
capes symmetrically from the column, hal f  reaching 

the anticathode end. By measuring a l l  the plasma 
that escapes to the anticathode and then doubling 

the amount, one presumably obtains the amount o f  
plasma in i t i a l l y  i n  the plasma column. The ion- 

density measurements made wi th the neutral plasma 

flow agree to wi th in roughly 10% with measure- 
ments by the ~ l a s m a  sweeper. The 90% agreement 

occurs only i f  the plasma sweeper col lects ha l f  the 

ion charge i n  the plasma column. 
Measurement o f  the rate o f  f low o f  neutral 

plasma was made with a "plasma eater."16 Th is  

device absorbs or "eats" the ~ l a s m a  entering i t  

and appears to y ie ld  a current equal to the number 
o f  ions entering the device per second. 

5. Measurements of Ion Density by Plasma 

Electron Pressure. - Measurements o f  the plasma 
electron pressure can give the ion density. In a 
plasma having the electrons hotter than the ions, 

pressure i s  given by: P = n e k T e .  Here P i s  i n  

dynes/cm2, n c  i s  the electron density i n  -e lec- 

trons/cm3, k i s  Boltzmann's constant i n  ergsPK, 
and T . ,  i s  the electron temperature i n  O K .  By meas- 

(I 

 ring P and T e ,  one can obtain n e i  Howcve~., / r e  
i.s equal to n i ,  the ion density, i n  the predominantly 

e lectr ical ly  neutral plasma. 
Experimental measurements o f  the plasma elec- 

tron force exerted by the plasma column on the 

anticathode electrode have been made wi th the 

apparatus shown i n  Fig. 3.21, and preliminary re- 
sul ts  have been reported.' 4 *  ' Recent, more pre- 

c i se  experiments indicate that the ion density 

given by the plasma electron pressure and the 

plasma sweeper agree i f  the plasma sweeper col- 

lects ha l f  the ions i n  the ~ l a s m a  column. 
Thus, the f ive  experimental tests o f  the plasma 

sweeper a l l  suggest that under our operating condi- 

t ions the device col lects ha l f  the ion charge i n  

the plasma column. The average ion density i n  

the plasma column i s  found by div id ing the total 
ion charge i n  the column by the volume of  thc 

column and by the charge o f  one ion. 

161. Alexeff and R. V. Neidigh, The Plasma Eater, a 
Device to Measure the Rate o /  Flow o /  a Plasma, ORNL- 
3246 (Feb. 5, 1962). 

17~hennonuc lear  Div. Progr. Rept. Oct. 31, 1961, 
ORNL-3239, sec 3.2.5. 
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Fig. 3.21. Apparatus Used for Plasma Electron 

Pressure Measurements. 

3.4.4 Measurement of the Steady-State 

F low of Plasma . 

The rate o f  f low o f  neutral plasma to the elec- 

t r i ca l ly  f loating anticathode i s  found by measuring 

the rate a t  which posi t ive ions reach the anticath- 

ode. The stcady-state posi t ive ion f low i s  oppnr- 

ently equal to the peak current o f  the plasma 

sweeper, found immediate1 after the electron 

stream i s  stopped. Two pieces o f  experimental 

evidence support th is hypothesis. 
1. Time Delay Studies and Variable Sweeping 

Potent ia l  Studies. - The experimental data i n  

Sec 3.4.3 indicate that the current through the 

plasma sweeper corresponds to the rate o f  ion 

f low to the anticathode. T h i s  rate o f  ion f law i s  
independent o f  the sweeping voltage. Therefore, 

the rate o f  ion f low ius t  after the electron stream 

i s  turned o f f  should be the same as  the rate o f  ion 

f low just before the electron stream i s  turned off.  

2. Direct  Measurement of Neutral Pla'sma Flow. - 
The rate a t  which neutral plasma f lowed to  the 

anticathode was measured di rect ly  wi th a plasma 

eater. Both the steady-state f low rate and the 

f low rate for a decaying plasma column were meas- 

ured. When these measurements were compared 

wi th those madc by the plasma sweeper i n  a sini- 

i l a r  plasma column, agreement was good. The 

plasma sweeper gave. results 11% higher than the 

steady-state plosma-eater results, and about 30% 

higher than the transient plasma-eater results." 

Thus the plasma sweeper voltage i n  these runs 

may have helped push the plasma out somewhat. 

A s  a f i rs t  approximation, however, the plosma 

sweeper does seem to y ie ld  the steady-state rate 

a t  which neutral plasma f lows to the anticathode. 

3.4.5 Measurement o f  Ion Temperature 

Finding the ion temperature i n  a plasma column 

b y  means o f  a plasma sweeper may be possible, 

but only under certain restr ic t ive conditions. 

Under these conditions, the shape o f  the current- 

vs-t ime curve has been predicted. In  the equation 

o f  th is  curve, the ion temperature i s  a free pa- 

rameter. B y  f i t t ing  the curve to  the experimental 

data, o volue for the ion temperature i s  obtained. 

Th i s  part icular technique for measuring plasma 

ion temperature has been used by Backus and 

Huston. In some cases i n  our work, the experi- 

mental data f i t  the theoretical curve, and a reasoF- 

able ion temperature i s  obtained.19 However, no 

independent check o f  the ion temperature has been 
, 

made. 

The basic assumptions are as fol lows: A plasma 

column o f  uniform cross section and uniform ion , 
density along i t s  length i s  assumed. In i t ia l ly ,  the + . . .  
ions are assumed to  have a Moxwell ian veloci ty  i 
distr ibution. Another assumption i s  that during . 
the decay o f  the plasma column, each ion pre- 

serves the veloci ty  that i t  hod before the electron 

beam was stopped. 

The last  assumption, that an ion preserves i t s  

velocity, imp l ic i ty  contains two conclusions. 

First, the interaction of an ion w i th  the rest o f  

the plasma i s small during the decay; second, the 

sweeping voltage applied to  the plasma column 

does not inf luence the ion dr i f t  appreciably. 

Another way o f  stat ing the second conclusion i s  

that the sweeping voltage appears only across 

short sheaths at the column ends. 

With the above ossumptions, the col lected cur- 

rent as a function o f  t ime i s  computed. The re- 

sul t ing equation i s  best exhibited i n  reduced form: 

1 

i +  reduced = 1 - exp [- ,.] . t reduced 

. ~ 

"J. Backus and N. E. Huston, I .  Appl .  P h y s .  3 1 ,  
400 (1960). 

' 9 ~ h e r r n o n u c l e a r  Div. Progr. Rep t .  O c t .  31, 1961, 
ORNL-3239,. sec 3.3.2. 



Here, 

i +  
r e d u c e d  

and 

where i t  i s  the  measured collector current i n  am- 

peres, t i s  the t ime in  seconds, e i s  the ion charge 
i n  coulombs, A i s  the plasma column cross section 

in cm2, No i s  the number o f  ions per cm3 in  the 

column at  t = 0, rn i s  the ion mass i n  grams, k i s  

Boltzmann's constant i n  ergs/OK, T i s  the i on  tem- 

temperature i n  OK, and L i s  the length o f  the 

plasma column in  cm. The reduced equation shows 

two characterist ic features: a f l a t  in i t ia l  portion, 

and a subsequent decay o f  t -2 .  The f lat portion 

indicates approximately constant current for a t ime 

i n  which an ion  o f  average energy t ravels the 

length o f  the plasma column. 
The theoretical curve o f  col lector current vs  time 

i s  shown i n  Fig. 3.22. Experimental points for 
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Fig .  3.22. Plasma sweeper Current vs Time: Theo- 

re t ica l  Curve and Experimental Points. The  theoret ical  

curve i s  val id only under the assumptions shown i n  

Sec 3.4.5. The experimental points are taken from F ig .  

3.17. 

one part icular run are shown, and they appear to  
f i t  the theoretical curve quite well. The agreement 

o f  the experimental data wi th theory implies two 

conclusions: First, the plasma column in  th i s  run 
corresponded to  the basic assumptions. Second, 

the ion temperature was 12 ev. The ion tempera- 

ture o f  12 ev was not checked by an independent 

method, but i t  appears to  be reasonable for the 

apparatus. 

3.4.6 Conclusions 

The plasma sweeper appears to be useful i n  

measuring the average plasma density i n  a mag- 
net ical ly  supported .plasma column. The stcady- 

state rate o f  plasma f low to  the end o f  the column 

can be found. The ion temperature, under certain 
conditions, may also be obtained. Since the . 

plasma sweeper i s  apparently a new device, more 
extensive tests are desirable. However, finding 

the average ion density w i th  a plasma sweeper 

appears to  be simple and fa i r ly  accurate. . 

The authors greatly appreciate the suygestion o f  

Dr. Hart lond Snyder +a u ~ c  the tiiiie-Jeluy ~ecl l -  

nique described i n  Sec 3.4.3 o f  th is paper, 

3.5 THE "PLASMA EATER": A DEVICE TO 

MEASURE T H E  RATE O F  FLOW OF A PLASMA 

I. Alexeff R. V. Neidigh 

The plasma eater i s  a device which measures 

the rate o f  f low o f  a neutralized plasma. I t  ab- 
sorbs or "eats" the plasma entering i t  and y ie lds 

a current equal to the charye o f  the electrons en- 

tering the device per second. An experimental 

model o f  the device was successful ly used wi th 

a Mode I arc,20 a ref lex discharge, to  measure 

steady-state plasma f low rate, ion density, and 

plasma decay time. 

The device i s  composed o f  c losely spaced metal 

plates, as shown in  Fig. 3.23. Alternate plates 

2 0 ~ .  V. Neidigh, The ORNL Thermonuclear Program, 
ORNL-2457 (Jan. 15, 1958), pb 55-59, 164-65; R. V. 
Neidigh, T h e  Effect of a Pressure Gradient on a Mag- 
~ze t icuI ly  Coll i~xatrrl  Arc, ORNL-2288 (May 27, 1957). 





3.6 MEASUREMENT OF PLASMA ELECTRON 
PRESSURE 

1. Alexeff 

Measurements of the plasma electron pressure 
were made more accurately and over a larger pres- 
sure range than in the previous report.22 In a 

magnetically supported plasma column, the me- 
chanical force parallel to the magnetic field ex- 
erted on an electrically floating balance was 
measured over the range of 2 to 40 dynes. This 

measured force agrees with the force computed 
from the experimentally measured plasma electron 
density and the electron temperature. The large 

COMPUTED PLASMA FORCE (dynes) 

Fig. 3.25. Experimental vs Computed Plasma Farce. 
Unlabeled points are for argon. 

range of agreement between this measured force 
and the computed force implies that, in  this ap- 
paratus at least, the plasma pressure i s  due to 
the electrons, and i t  can be measured directly. 
A more sensitive and quantitative version of the 
previous apparatus was used, as shown in  Fig. 
3.21. Experimental and computed results are 
shown i n  Fig. 3.25. A detailed report of this 
experiment i s  being p~b l ished. '~  

3.7 MODE II PLASMA GENERATION BETWEEN 
MAGNETIC MIRRORS 

I. Alexeff R. V. Neidigh 
E. D. Shipley 

Experiments are being made in an apparatus l ike 
that shown in Fig. 3.26, in  which plasma i s  gen- 
erated between magnetic mirrors by use of the 
Mode II arc, operating from the throat of one mirror 
coil with hot cathode and gas feed located as in  
the figure. Measurements are being made of the 
density and decay time of plasma located between 
magnetic boundaries designated as 2 and 3; for 
this purpose the annular "ion collector plate" i s  
used as a plasma sweeper. Preliminary results, 
particularly with deuterium, suggest a surprisingly 
favorable combination of density and containment 
time. This result i s  being checked in  several ways 
against possible reasons for misinterpretation; the 
experiments wi l l  be described more fully in  our 
next semiannual progress report. 

221. Alexeff and R. V. Neidigh, Themronuclear Div. 
Progr. Rept. Oct. 31, 1961, ORNL-3239, p 34. - 

231. Alexeff and R. V. Neidigh, x erimental Ob- 
servation of Plasma Electron Press:::,' to appear in 
Physical Review in the issue of July 1, 1962. 
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Fig. 3.26. Schematic Diagram of the Apparatus. Values indicated for the various parameters were typical but . 
not necessorily the only ones used in  the experiment. 

3.8 EXPERIMENTAL STUDY OF A PLASMA 
ASSOCIATED WITH AN ELECTRON BEAM 

I. Al exeff R. V. Neidigh 

Experiments concerning the magnetic confine- 
ment o f  a cold plasma have been reported.24 A 
steady-state plasma in  a magnetic f ie ld  has been 
generated by an electron stream along magnetic 

f ie ld  l i l ies which passed through a neutral gas jet. 
Plasrna turbulence was observed by a technique 
which removes the plasma ions without greatly 
disturbing their density distribution. I n  general, 
the amplitude o f  the turbulence increased with the 
magnetic . f i e l d  strength and decreased with in- 

241. Alexeff, R. V. Neidigh, ,:nd E. D. Shiplay, Bull. 
Am. Phys .  Soc. 7 ,  152 (1962); Experiments Concerning 
the Magnetic Confinement of a Cold Plasma," I .  Nu- 
c lear  Energy, P t  C: Plasma P h y s i c s ,  Accelerators.  
Thermonuclear Research (to be published). 

creasing ion mass. Transport o f  plasma across 
the magnetic f ie ld increased as the turbulence 
increased. Mirror and cusp magnetic f ie ld  con- 
figurations were compared with uniform magnetic 
fields. The mirror configuration produced the 
most turbulence, the uniform f ie ld less, and the 
cusp produced very l i t t le.  

Techniques for reducing the turbulence on the 
plasma formed at the iuncture o f  the electron beam 
and the directed gas jet ( in the vacuum environ- 
ment). were investigated. Generally speaking, 
tubes of magnetic f lux can move across a con- 
ducting material only very slowly. It was thought 
that the turbulence o f  the plasma would be reduced 
i f  a conducting mass (copper was used) were 
placed close to the plasnia and arranged so that 
the magnetic flux tubes which were distributed by 
the turbulent plasma passed through the copper. 
The effect was positive. With the copper i n  place, 

a plasma which had been turbulent at magnetic 
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Fig. 3.27. Steady-State Signal t o  the P lasma Sweeper. The magnetic f i e l d  was s tab i l i zed by  a copper r i ng  

placed c lose  to  the  plasma. 
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f ield strengths greater than 400 gauss did not be- 
come turbulent until the field strength was 800 
gauss. The steady-state signal to the plasma 
sweeper i s  shown in Fig. 3.27, and the signal 

from the decaying plasma i s  shown i n  Fig. 3.28. 
Carbon was substituted for copper to see whether 

i ts lower conductivity would be apparent, and to 
be sure that the effects observed with the copper 

were not just electrostati c effects. The results 
for carbon and copper stabilizers are compared i n  
Fig. 3.29. Notice that the manner of reducing the 
turbulence was such that the low-density regions 
of  the plasma were filled. The plasma also es- 
caped faster; that is, both the average plasma tem- 
perature and the average density appeared to be 
raised slightly. 
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Fig. 3.29. The Unstabilized Plasma Is  Compared with the Plasma Having a Carbon or a Copper Stabilizing 
Ring. 

3.9 BEAM-PLASMA INTERACTIONS A number o f  Faraday cups were placed around 
the beam, and they gave the same type of break 

0. C. Yonts A. M. VeachZ5 with gases other than helium, regardless of loca- 
E. D. Shipley tion. Although amplitudes are different, the breaks 

occur at the same pressure. 
The study of  the interaction of an ion beam with A series of observations were also made by 

i t s  environment continued during this report period. using a calcium-ion beam. calcium i s  superior 
When argon i s  replaced by helium as a back- 

ground gas in the calutron, the sharp break in the 
slow ion current to the side wall 26 does not oc- 25~sotopes Division. 
cur - in fact the current decreases 260. C. Yonts a[ . ,  Thermonuc[ear Div. Progr. Rept .  
with increased background pressure. O c t .  31, 1961. ORNL-3239, p 45. 



to argon i n  that control of the background pressure Thus the mutual influence (strong interaction) be- 

i s  much better, because of the gettering action. tween beam and plasma can be experimentally 
Focus of the calcium beam i s  sharp, and as a studied i n  a bilateral way - on the one hand by 
result perturbations in the beam are easier to ob- measuring drain current from a secondary plasma 
serve. When the background gas i s  varied, the to a Faraday cup and on the other by measuring 
general shape of the slow ion curves i s  unchanged. the motion of the primary beam itself. 



4. Vacuum Arc Research 

4.1 THE CARBON ARC 

4.1.1 Studies on High-Temperature Ions 
i n  the Luce Carbon Arc: Possible Implications 

to Fuel Feed in  a Thermonuclear Reaction 

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

J. E. Francis P. M. Jenkins 
D. A. Griffin 

Introduction. - Earlier Doppler broadening 
studies',2 of the C Ill triplet at X 4650 A demon- 
strated that unusually high ion temperatures (up to 
900,000°K at 48 in. from the anode) were observed 
in  a Luce arc.3 This steady-state arc is  a long, 
high-current (about 150 amp), magnetically-con- 
fined, low-pressure, carbon arc having1 an electron 
1 # temperature" of about 30,000 to 60,000°K and an 
electron density of about 10 j4  . The original 

interest in the arc stemmed from its potentiality3*4 
as a localized, highly ionized target for efficient + 
conversion of energetic H2 ions into H +  ions 

which could be trapped in  a magnetic mirror device 
known as DCX-1. Its use in the ORNL Thermo- 
nuclear Direct Current Experiment, DCX-1, has 
been temporarily abandoned because of the dis- 
covery of presently serious loss properties asso- 

'J. R. McNally, Jr., Optical Spectrometric Measure- 
ments of High Temperatures, P. J. Dickerman, ed., 
University of Chicago Press, 1961. 

2 ~ .  M. Griffin, J. R. McNally, Jr., and G. K. Werner, 
Proceedings of Third Symposium on Temperature, Its 
Measurement and Control in Science and Indust 
Columbus, Ohio, March 1961 (to be published); P. x: 
Griffin, G. K. Werner, M. R. Skidmore, and J. R. 
McNall Jr., Thermonuclear Fro'rct Semiann. Rept. 
Jan. 31'1960, ORNL3926, pp 34-48. 

3 ~ .  S. Lucc, Proc. U. N. Intern. Con Peace ul Uses 5 . 4  Atomic Energy, 2nd, Geneva, 1958 31, 05 (195 1. 
'c. F. Barnett et al., Proc. U. N .  Intern. Con 

Peaceful User  Atomic Energy, 2nd. Geneva, 1958 3(; 
298 (1959). 

ciated with the arc in  this application. The arc 

itself, however, remains an interesting plasma 
because of the relatively high ion temperatures - 
an ion temperature of 1.4 x l o 6  O K  was reported 
in  the last semiannual report5 from datci taken in 
the new 120-in. solenoid. This report discusses 
recent experiments leading to st i l l  higher ion 
temperatures. 

A linear relation was found to exist between the 
line half-widths, AX1/2, and the distance of the 
point of observation from the anode.2 Since 
the ion temperature is proportioned to  AX^/^)^. 
the ion temperature increased quadratically wit1 
this distance. Line profiles were essentiall) 
Gaussian, whether observed along or perpendicular 
to the arc, indicating that a "three dimensional" 
or true temperature could be assigned to the ions 
in  this arc; thus, the mean ion energy is given by 
the conversion factor 7730°K/ev if the axial 
temperature is found to be the same as the trans- 
verse temperature. This conversion factor is to 
be distinguished from that for a two-dimensional 

1 1 or kinetic temperature," for which 1 1,600°K 
1 ev. 

Higher Steady-State Temperatures in  Longer 
Carbon Arcs. - Doppler studies have been con- 
tinued in the 120-in.-long solenoid having observg- 
tion ports 8 in. apart and a magnetic field (usually 
8200 gauss) uniform to within rt5% on axis.6 Re- 
sults indicated a continued rapid increase of ion 
temperature with distance from the anode. Figure 

4.1 shows a spectrogram of the 4650 c2+ triplet 
taken 80 in. from the anode, using a JAco 3.4-m 
spectrograph at a grating angle of 559 The 

'M. R. Skidmore and J. R. McNally, Jr., Thenno- 
nztclrar Div. Progr. Kept. Oct. 31, 1961, ORNL-3239, pp 
47-49. 

6 ~ .  F. Gauster and J. N. Lvton, Jr., Thermonuclear 
Pro'ect Semiann. Rept. July 31, 1959, ORNL-2802, 
pp il l-13. 
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Fig. 4.1. Relative Line Broadening of 4650 C ++ 
Triplet Group Near Anode and 80 in. from Anode (Broad 
Lines) in an 88-in.-Long Carbon Arc. 

4650.25- and 4651.47-A lines show no intensity 
minimum between them, and the 4649.40-A line 
width i s  eompornhle to the interval between it and 

the 4650-A line. 

The Doppler "slant" spectrum line effect due 
t o  azimuthal rotation of ions about the axis in  
n radial, negative potential well i s  s t i l l  pro- 
nounced in the regions near the anode but i s  not 
apparent in the cathode region because of the 
large Doppler broadening. It i s  be1 ieved, however, 

that both the axial potential gradient as well as 
the localized radial potential gradients and time 
variations of these may increase the ion energy 
through randomization processes and may be some- 
what analogous to charge motion in  tornadoes. 7 

Scanning of the tr ip let  at  5 A/min (using a 
JAco-8200, 50-cm spectrometer having an instru- 
mental width less than 0.3 A) gave adequate data 
for l ine profi le studies of the 4647-A l ine and 
evaluation of ion temperatures.* A T transmitting 

'B. Vonnegut, '*Electrical Theory of Tornadoes," 
J .  Geophys .  R e s .  65, 203 (1960). 

*see, for example, A. N. Zaidel, G. M. Mal~shev and 
E. Ya. Shreider, Sovie t  P h y s .  - T e c h .  P h y s .  6 ,  93 
(1961). 

polarizer was used to reduce Zeeman structure 
contributions to the line broadening to  less than 
3%. A magnetic f ie ld strength of about 8000 gauss 
gave steady operation of the arc between a 2-in.. 
diameter carbon anode and a !$-in.-OD, %-in.-ID 
carbon cathode at an arc current of about 140 amp 
and voltage of about 150 v. The usual bright 
filamentary structure or streamer character of the 
arc i s  observed along the whole length of arc and 
apparently originates i n  cathode hot spots (usually 
about 4 to 8 filaments may be observed). These 
streamers may be related to the early work of 
Cummings and ~ o n k s , ~  which was done at 4 amp 
in  f ields less than 100 gauss, but at high neutral 
gas densities of mercury vapor. 

The temperature evaluations and data handling 
for numerous cases were done on the Oracle, 
using a Linear Regressions and Correlation 
code.'' This code gives a linear least-squares 
fit to  the curve of log I vs (AA)*, as shown in  
Fig. 4.2, the slope of which determines the best 
value of the half-width of the line. The spectrum 
l ine profiles were in  a l l  cases Gaussian (down to 
about 5% of the peak intensity for T about 1.4 x 
l o 6  O K  at  a neutral background pressure of 1 x 
10'' torr, but only about 15% for T > 2.5 x l o 6  O K  

where overlap with 4650 began), as indicated by 

9 ~ .  S. Cumrnings and L. ranks, Phys. P e t ,  59, 514 
(1941). 

1°0racle Code CPOOD, A. H. Culkowski and N. M. 
Dismuke, Mathematics Panel, Oak Ridge National 
Laboratory. 
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Fig. 4.2. Evaluation of Best-Fitting Gaussian (Straight 
Line) to Data Points Obtained from 100-in. Carbon 
Arc. 



the l inearity of the curve. The . l ine  slope corre- 

sponded to  half-widths generally ih excess of 

1.5 A ( T - 2 +  = 2.5 x l o 6  OK) a t  the lowest oper- 
L 

at ing pressures (-2 x torr). Th is  improve- 

ment in  base pressure by a factor of about 5 over 
the previously reported data resulted in  approxi- 

mately doubling the ion temperature. 

In on 88-in.-long arc and a t  a distance of 80 in. 

from the anode, T was determined to  be 
c 2 +  

2.7 x l o 6  OK from a series of measurements, using 

half-widths only, in  which T _ +  from A 2512 A 
L 

was evaluated as 3.0 x l o 6  OK, and T from 
c 3 +  

X 2529 A was 3.3 x l o 6  O K .  Detai led l ine  prof i le 

studies of X 2512 A and A 2529 A were not made 

because sf 111si1 luw I n ~ e n s l r y ;  also, no correc- 

t ions were made for f ine str'ucture or Zeeman 5 

components. The overage c2+ temperature was 

a lso  found t o  be 2.6 x l o 6  OK a t  an observation 

point  96 in. from the anode i n  a 100-in.-long arc, 

using the Oracle computational method. 

I t  i s  concluded that the ion temperature in  these 

long arcs continues to increase rapid ly w i th  

distance from the anode, although the quadratic 

increase predicted 2.5 x l o 6  OK for the 80-in. 

case and 3.6 x l o 6  OK for the 96-in. case. The 

difference between predicted and observed resul ts 

for the 96-in. case may be associatcd w i th  the 

fact  that  dif ferent arc lengths, electrode properties, 

magnetic f ie ld  geometries, or closeness of obser- 

vat ion to  the cathode may have affected the re- 

sults. 

Very High Steady-State Temperatures i n  Very 

Long Carbon Arcs. - More recent Doppler studies 

have been mode of a 194-in. arc, obtained by 

adding the old solenoid f ac i l i t y1 '  to  the 120-in. 

s o ~ e n o i d . ~  Prel iminary observations, made trans-. 

verse to  the arc axis, gave carbon ion temperatures 

up t o  5 x l o 6  OK a t  a point 178 in. from the anode. 

Instrumental I~u l f -w id th  was 0.16 A, and a Glon 

prism was used to  isolate the 77 polarization. The 

quadratic increase of the ion temperature w i th  

anode distance is  i l lustrated in  Fig. 4.3, the 

extrapolated port ion a t  small half-widths (lower 

dashed l ine) agreeing approximately w i th  the 

slope of the earl ier ~ t u d i e s . ~  The slope of the 

curve from the f i rs t  point on i s  def in i te ly less 

"J. F. Potts, el al., Thermonuclear Project Semiann. 
Rept. Jan. 31, 1959, ORNL-2693, pp 41-44. 

than that previously observed for the shorter arc 

and different magnetic geometry. The maximum 

temperature in  th is part icular series of measure- 

ments, as shown i n  the figure, i s  4.1 x l o 6  OK. 

Overlap of X 4647 A wi th  A 4650 introduces o 

7% overestimate of the half-width a t  AXll2 = 

2.0 A (Fig. 4.4), which i s  part ia l ly  compensated 

for by a 6.3% underestimate of the dispersion due 

to  sh i f t  of the X 4650-A l ine  peak toward the 

X 4651-A component of the tr iplet. The c2+  
singlet  t ransi t ion a t  X 2296 A gave transverse 

ion temperatures for the 77 component a lso ranging 

Fig .  4.3. Observed L i n e  Half-Widths, in Angstroms, 

and Ion Temperatures for Four Observation Ports 

(Transverse V iews)  in 194-in.-Long Carbon Arc. Mag- 

net ic f ie ld a t  various points indicated at top of figure. 
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from 4 to  5 x l o 6  OK, and the l ine prof i le was 

Gaussian down to  at  least 10% of the peak in- 

tensi ty.  
A x i a l  observations of X 4647 A near the cathode, 

us ing a Stel l i te mirror t o  v iew the arc nearly 

a x i a l l y  (about 6O off axis and i n  the direct ion of 

the cathode end of the system), gave l ine  half- 

widths o f  0.9 to  1.0 A (approximately l o 6  OK), 

whereas the transverse views gave 2.1 A (4.8 x 
l o 6  OK). The l i ne  profi le for the axial  v iew was, 

i n  addit ion, non-Gaussian, indicating high-energy 

t a i l s  greater i n  intensity than to  be expected for 
a hal f -width of 1 A. The t a i l  toward longer wave- 

length was somewhat more intense, indicating a 

net, small ion-drift   no ti an toward the cathode. 

Thus, most of the ions seen ax ia l ly  are relat ively 

cooler than those seen transversely but do have 

a high-energy t a i l  present. Th is  i s  evidence that  

a true temperature does not ex is t  in th is  region 

o f  the carbon arc and i s  a lso i n  keeping wi th  the 

longer mean free path expected for the scattering 

o f  energetic ions along f lux  l ines to  other portions 

o f  the arc. The mean free path for 90° mult ip le 

small-angle scattering of doubly charged carbon 

ions a t  7' = 5 x l o 6  OK i s  approximately 40 m, 

whereas for 1 x l o 6  OK i t  i s  s t i l l  approximately 

1.7 111. Randomization i n  th is very long arc appar- 

ent ly  occurs i n  two directions ( T ,  +), but, because 

o f  the long scattering mean free path, scattering 

in to  the z direction results i n  loss of ions to  

other p ~ i n t s  along the arc or t o  the electrodes. 

Thus, i t  i s  probably more meaningful t o  describe 

the temperature roughly as a "kinetic" or iwo-  

dimensional temperature near the cathode in  th is  

long arc; that i s  to  say, 

(see Sec 4.1.1). 

Cooperative phenomena may reduce gross loss 

o f  energetic ions i n  the ax ia l  direct,ion, or the 

existence of negative potential wel ls both ax ia l ly  

and radial ly  (see ref 12) might account for some 

"holdingu of ions i n  localized regions. The 

consumption o f  27.9 g o f  anodc material over a 

9 hr 21 min to ta l  run t ime for one anode indicates 

a carbon ion current of about 7 x Z e f f  amp (28 amp 

i f  Zef f  = 4, or about 20% posi t ive ion current). 

T h i s  assumes negl ig ib le neutral material loss 

from the anode, and no return flux. The anode 

1 2 ~ .  V. Neidigh, Thermonuclear Project Semiann. 
Rept. July 31, 1959, ORNL-2802, pp 31-36. 

burns away primari ly along f lux l ines from the 

cathode face, frequently leaving a carbon peak 
( 1 / 2  to  3/4 in. high) at the arc center. In view of 

the large Larmor radi i  for these energetic ions 

and the requirement for quasi-electr ical neutrality, 

th is  suggests that the maiority of the electron 

current is  associated wi th  energetic electron 

streams originating from the annular face of the 

cathode. I t  is  intended to  make time studies of 

these energetic streams to  ascertain what in- 

fluence they may have on ion heating processes. 

Tentative Conclusions About Steady-State Sta- 

b i l i t y  and Possible Fuel  Feed i n  a Thermonuclear 

Reaction. - I t  is  believed that the apparent sta- 

b i l i t y  of these long, magnetically confined arcs 

may be associated wi th  the dynomic character of 

the system und may have an important relation to  

s tab i l i t y  i n  fusion systems. I t  seems that strong 

interactions or instabil i t ies, i f  any, occur mainly 

along f lux l ines and may be tolerated i f  appropriate 

potential gradient, ion and electron feed, and 

electron dampirty are presont. Di f fusion across 

f ie ld  lines, according to  normal d i f fusion theory 

of electrons i n  a magnetic f ie ld of 8000 gauss, 

i s  presumably small (i.e., l / ( ~ d ~ ~ ~ )  2 
Fuel  feed and ion heating i n  a thermonuclear 

device may possibly be related to  these or analo- 

gous axial and radial heating mechanisms for the 

ions of a dense plasma. The only signif icant 

difference between a steady-state thermonuclear 
1 reaction and tornado-like systems7 may be mainly 

i n  the nuclear rather than molecular energy feed 

~ ~ ~ e c h a n i s m s  which sustain the respective system. 
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4.2 THE DEUTERIUM ARC 

4.2.1 Development of Hydrogen Plasma for H ~ +  
Dissociat ion 

C. W. Blue 0. D. Motlock 

H. C. Hoy V. J. Meece 

R. L. Knight W. L. Stir l ing 

Introduction. - A low-density plasma has been 

developed which i s  to  be used for molecular ion 

dissociation i n  DCX. 



t 
A t  present, the primary H 2  beam i s  dissociated 

on the neutral background gas remaining in  the 

system during operation. According to Dunlap's 

calculations,13 the background gas i s  ef fect ive 

only over a 5-cm path segment o f  the input beam 
i n  producing plasma i n  the wrapped-up ring. Oper- 

a t ion  at 2 to  5 x 1 0 ' ~  torr (uncorrected gage 

pressure) i s  easi ly  achieved wi th a primary 
t 

600-kev H 2  beam from 2 to  8 ma. The low oper- 

a t ing  pressure i s  desirable, of course, i n  order 

t o  minimize charge-exchange losses of the 

wrapped-up plasma, but it results a l so  i n  a reduc- 

t ion  o f  the dissociat ion ef f ic iency t o  about lo-'. 
The purpose of th is experiment was t o  develop 

an arc or plasma that might increase the dissocia-  
t ion  ef f ic iency but not the charge exchange. In  
order t o  be useful, the arc or plasma must sat is fy 

three condit ions during operation: (1) I t  should 

possess an ion species such that charge exchange 

between the trapped ions and the arc i s  neg- 

l ig ib le.  (2) I t  should provide an ion  density 
suf f ic ient ly  h igh to  make the dissociat ion proba- 

b i l i t y  higher by about a factor of 10 or more than 

that achieved by dissociat ion on the neutral back- 

ground gas ex is t ing  i n  the vacuum system. Thus 

the ion density should be a t  least 50 times the 

neutral densi ty over a d issociat ion path length, 

equal t o  the arc diameter, of 1 cm. (3) It should 
be capable of stable operation a t  an inner-liner 
neutral density of no more than 4 x 10' part icles 

~ m - ~ .  Th is  value of neutral density requires that 

the i on  densi ty be about 2 x 10'' ~ m - ~ .  

Descr ipt ion of the Plasma. - Work on the 100- 
kev neutra lized-beam accelerator indicated that 

an arc such as that associated w i th  the electron 

gun14 might be able to produce a plasma that 

would meet the three requirements l i s ted  above. 

Figure 4.5 shows an assembly drawing of the 
electron gun. The arc ex is ts  between the hollow 

anode (gas fed) and the resistance-heated cathode 

filament. When used as a source for the disso- 

c ia t ive  plasma, thc only applied voltage i s  t l iat 

necessary to  sustain the arc; neither electrons 

nor ions are extracted. The entire assembly i s  

placed i n  either magnetic mirror coi l ,  and the 

secondary plasma of the arc is  al lowed to  dr i f t  
downfield through the low-pressure region be- 

I J ~ .  L. Dunlop, p r ivo te  communicotion. 

1 4 ~ h e n n o n u c l e a r  Project  Semiann. Rept. J u l y  31,  
1960, ORNL-3044, p 10. . 

tween the mirrors to  a target i n  the high-pressure 

region on the other end (see Fig. 4.6). It has been 

shown that the arc can be operated without ad- 

versely af fect ing the low pressure of the inner- 

l iner region. It i s  bel ieved that a plasma column 

created i n  th is  manner does not have the dr iv ing  
mechanisms necessary t o  sustain an arc i n  which 

the cathode i s  a t  one end of the low-pressure 

region and the anode on the other. Consequently, 
the dr i f t ing plasma should be more quiescent than 

the ordinary or conventional arc, and the rad ia l l y  

outward f low of ions into the low-pressure region 

may thereby be reduced. 

The arc is  struck between the externally heated 

tantalum fi lament and the 0.190-in.-ID, hol low 

carbon anode. The cathode-to-anode separation 
i s  between 0.050 and 0.070 in. A magnetic f i e l d  

i s  necessary for proper operation. The arc has 

been run in  f ie lds from 1.5 t o  15 kilogauss; the 
higher the f ield, the more e f f i c ien t ly  the arc 

operates. 

Vacuum System. - The design of the vacuum 
system was copied i n  so far as possible from the 

one ex is t ing  i n  DCX-1. I t  was modif ied only i n  
such a way as  proved beneficial to obtain the 

lowest possible pressure i n  the inner liner. 
The system fa1 Is natural ly into three regions, 

as shown i n  Fig. 4.6: 

1 .  Outer Region. - This  region contains the arc 

electrodes and target as shown and i s  pumped by 
two 20-in. d i f fus ion pumps. A base pressure of 

1 x torr i s  eas i ly  obtained. 

2. Intermediate Region. - This  region i s  pumped 
by three 20-in. d i f fus ion pumps and by t i taoium 

pumping. I t  i s  separated from the outer vacuum 

region by 4-in.-long baff les a t  each end, w i th  

an inner diameter of 0.4 in., through which the 
plasma passes. Two baff les 2 in. long and wi th  
an inner diameter of $ in. are provided to a l l ow  

transmission of the plasma between the interme- 

d iate and inner regions. In addition, there ex is ts  

a pump-out path, containing a Zeo l i te  baffle, be- 

tween the inner and intermediate regions. A target 
col lector  used for density measurements i s  posi-  

tioned as shown in the diagram. A base pressure 

of 5 x l o - '  torr i s  easi ly  achieved in  the interme- 

d iate region. 

3. Inner Region. - Figure 4.7 shows the con- 

struction of th is region. I t  i s  pumped by titanium; 

i t  i s  a lso connected by a s l ide valve t o  the 

intermediate region through a Zeol i te baffle. 
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Fig. 4.6. Low-Density-Arc Experiment. 
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The Zeo l i te  baf f le of Fig. 4.7 is  an improved 

version of that shown in  Fig.  4.6. With the new 

arrangement, the baff le is  of cartridge construction 

which can be loaded and preheated in  a vacuum 

furnace. Transfer to  the inner l iner can be accom- 

pl ished in. 10 to  15 min, thereby minimizing the 

adsorption of water vapor during transfer and thus 

bakeout time before operation. 

t o  an adequately shielded ion gage tube, Veeco 

RG-75. The surface area covered by the evapo- 

rated t i tanium i s  about 5000 cm2. 

The entire inner vacuum. liner i s  bokable to 

400°C. During operation; the inner l iner i s  cooled 

to  l iquid-nitrogen temperature. A base pressure 

of 2.5 x l o - ' '  torr has been achieved in  th is  

region. 

The inncr vacuum l iner consist's of a copper 

cyl inder 12-in. long and wi th  a 14-in. inner diam- Experimental Results. - The plasma sweeper 

eter. Baf f les 1 in. long, 1% in. i n  inner diam- method15 was used for measuring the densi ty of 

eter, and w i th  three i/16-in..thick copper, baf f le the arc.. Figure 4.8 shows s c h e m a t i c ~ l l ~  how th is 

9 d isks  having 46.in. holes are located ,jn either works. A current meter, not shown, was inserted 

end to  al low.passage for the dr i f t ing plasma. Two between the 50-ohm resistor and ground. For n 

3-in. quartz windows faci l i tate observation of the 
given gas feed into the arc, the arc .voltage and 

l iner interior. The copper cyl inder is  connected 

to  the Zeol i te trap by a :6-in.-diam copper tube. 

A 4-in;-diam copper tube connects the 6-in. one 1 5 ~ h i s  report, sec 3.4. 
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Fig.  4.7. Inner Vacuum Region (Liner). 

f i lament emission were adiusted i n  order t o  maxi- 

mize electron current to  the target col lector  a t  

zero bias voltage. The bias was then increased 

negat ively unt i l  the current meter'read zero. Th is  

ensured no steady-state voltage drop across the 

resistor. Upon shorting the arc electrodes ( i n  

about 3 msec) the bias voltage drew the ions from 

the system. The current pulse thus produced 

passed through the 50-ohm resistance, and the 

resu l t ing  voltage trace was photographical ly re- 

corded wi th  the a id  of an osci l loscope. The  value 

of the resistance and the area under th is  trace 

thus yielded a n  experimental value for the tota l  

charge collected. Th is  value, according to  ref 15, 

should then be mul t ip l ied by a factor of 2, since 

ions d r i f t  wi th equal probabi l i ty  i n  either d i rect ion 

along the field, only hal f  of them arriving a t  the 

col lector. The plasma density i s  the . to ta l  charge 

col lected divided by .  the volume of the plasma 

column. Figure 4.9 shows typical  osci l loscope 

traces taken wi th  two operating modes of the gun, 

using a hydrogen gas feed. 

With the f i rs t  mode, as shown i n  the upper trace, 

a total of 3 x 10" chnrges were recorded. The 
3 calculated volume of the plasma column i s  50 cm . 

Therefore, the ion density in  th is case was about 

1.2 x 10 l o  ~ m - ~ ,  taking into account the factor 

2 mentioned above. 

A check of the density measurement was made 

wi th  a Langmuir probe' posit ioned i n  the interme- 

d iate region next to  the 'entrance baff le of the 

inner liner. Though the probe was not re l iab le  
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- 6  
torr, which y ie lds a neutral density of about 

4 x l o 9  part icles ~ m - ~ .  The ion densi ty was 

CATHODEFILAMENT 1.2 x 10" ~ m - ~ ;  therefore, the rat io of ions t o  

neutrals was about 30. 

An effort was made to f ind out whether the re- 

F & $ $ ~ ~ ~ T  quired plasma could be produced wi th  the gun 

removed to  the weaker f ie ld  of an auxiliary c o i l  

so that more e f f i c ien t  pumping of the neutral gas 

escaping from the anode could be gained. Be- 

cause of alignment d i f f icul t ies,  the system would 

not operate properly i f  the gun were withdrawn 

more than 5 in. from the mirror co i l  center line. 

A t  th is  point, the magnetic f ie ld  i s  11,900 gauss 
SUPPLY or 88% of the value on the center line. Osc i l lo -  

scope traces a t  the 5-in. location were ident icol  
Fig .  4.8. Plasma Sweeper Circuit .  t o  those obtained on the mirror co i l  center line. 

The mode of operation depicted by the lower 

trace in  Fig. 4.9 was sensit ive to gas f low and 

magnetic f ield. With bias voltage a t  zero, the 

col lector current peaked sharply w i th  gas f low or 
UNCLASSIFIED ORNL-LR-DWG 67299A magnetic f ield, indicating a second mode of 

operation. With the gun on the mirror co i l  center 
0.30 FI..OW: 2cc /min  

> .- l ine (13,500 gauss), either an increase or a de- 
u \ ARC: 1 8 0  v AT O . 5 o m p  
> crease in  the f low would lower the col lector  
~n 0 . ' 5  GUN: 5 in. OUTSIDE MIRROR CENTER current. The inner-liner pressure was 5 x X torr during the second mode of operation. Cor- 

0 n+:  1.2 x 101° ions/cc 
0 TIME '0° rlt/rln: - 3 0  

rected by the factor of 4, the neutral densi ty was 

10 usec  /div 6 x 109 part ic les ~ m - ~ .  Since the ion densi ty was 

3 . 0  

> .- 
u \ 
2 j .5  . 

LO 

0 

0 
0 

TIME 
2 0 0  

20psec /div 

FLOW: 2 0 c c / m i n  . 
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n+/no: -- 3 0  

Fig.  4.9. Plasma Sweeper Osci l loscope Traces.  

when biased posit ively, reprbducible resul ts could 

be made a t  negative voltages. The data indicated 

the temperature of the electrons i n  the arc column 

was about 7 ev. Th is  y ie lds an electron density 

of about 3 x 10 lo ~ m - ~ .  

The upper trace i n  Fig. 4.9 was taken a t  an 

inner-liner gage pressure of 3 x torr. T o  

convert th is to  neutral density, the reading must 

be mul t ip l ied by 2, since the background gas was 

predominantly hydrogen. In  add i t  ion, there i s  

another factor-of-two, correction because the tem- 

perature of the vacuum gage was about 4 times 

that  of the liquid-nitrogen-cooled inner liner. 

2 x 10' ~ m - ~ ,  the ra t io  of ion t o  neutral densit; 

was again about 30. 

Operation of the arc i n  either mode was very 

stable. A t  gas feeds of 2 cm3/min w i th  the arc 

assembly on the mirror co i l  center line, the inner 

l iner  vacuum rose from 2 x torr to  3 x 

i n  an hour and a half. The carbon anode should 

last  indefinitely; the tantalum filament should 

operate a t  least 50 hr in  magnetic f ie lds no greater 

than 10 kilogauss. A t  f ie lds between 10 and 12 

kilogauss, i t  becomes necessary to reverse the 
f i lament current leads periodical ly. A thoriated 

tungsten f i lament has been developed for use i n  

f ie lds higher than 12 kilogauss. 

4.2.2 A n  Arc Plasma of Adiustable Densi ty 
t 

for H2 Dissociat ion i n  DCX-2 

R. A. Gibbons R. J. Mackin, Jr. 

T. F. Rayburn 

Introduction. - This  section describes the de- 

s ign and preliminary experiments wi th a steady- 



state plasma column of odiustoble density. The The notations are defined as fol lows: 

i on  ddnsi ty range extends 'up t o  5 x 10l.l 
n 's  ore densit ies (a, +, 0 z arc, ion, neutral), 

under current operating condit ions. 
uB 's  are dissociat ion cross sections, 
- 

The primary Purpose of th is device i s  t o  serve L's are molecular-ion path lengths in  the respec- 
as o trapping plasma i n  DCX-2. ~ a l c u l a t i o n s  1 6 * 1 7  t i ve  media, 
show that  the high-density energetic deuterium 

arc i n i t i a l l y  developed by th i s  group18 would 

cause intolerable energy losses for the trapped 

protons i n  DCX-2. Th i s  would be true unless the 

electron temperature could be raised to the v i c i n i t y  
o f  a k i loelectron volt, which seems an un l ike ly  

prospect. The desirable ion dens i ty  for a tropping 
plasma appears t o  be about 10" to  1012 ~ m - ~ ,  

and our ef for ts are now directed toward the genera- 

t i on  o f  such a If the development i s  

successful, there are other possib le appl icat ions 

wh ich  may be more important than the in i t ia l  one. 

I n  order to  be useful as a trapping plasma th is  

dev ice  must meet the fo l lowing requirements: 

1. Be able to  increase s igni f icant ly  the disso- 

c i a t i on  e f f i c iency  for molecular ions. 

2. Not add s igni f icant ly  t o  the energy loss rate 

of trapped protons over the loss rate t o  the elec- 

trons i n  the remainder of the plasma. 
3. Not  add s igni f icant ly  to  the charge-exchange 

losses o f  the trapped protons t o  either extra 
neutrol gas or molecular ions. 

4. Not consti tute a local ized potential anomaly 
which would produce dr i f ts  or ins tab i l i t ies  o f  the 

hot  plasma. 

These requirements may be expressed as: 

E ' S  are stopping powers (rate of energy loss per 

electron - F, B = free, bound), 

V 'S  are volumes, 

ax's are charge-exchange cross sections, 

n' i s  the density of part ia l ly  stripped ions i n  the 

arc, 

Q, i s  the rate of gas inf lux associated w i th  the 

arc, 

rl i s  the rate of gas inf lux associated w i th  the 

beam, 

@'s are potentials. 

Def in ing uBo = z2uB; taking L/Lo = 0.4nd2/dn, 

where d2 i s  the molecular ion orbit diameter, ond 

0.4 i s  the fraction of an orbi t  in  the plasma region; 

v+/v, 2 di/d: (which fo l lows from the approxi- 

mate equal i ty  of d2 and. the plosma diameter), 
c 2 e = C, and 5 .- D , we get F B  xu x 

For da = 2 cm, d2 = 25 cm, 

1 6 ~ .  J. Rose, Ion Energy Distribution, Energy De- 
gradation, and Exponentiation Criteria in a Plasma 
Formed b Beam Trappin and Charge Transfer, ORNL 
~ ~ - 6 0 - 9 - f i 2  (September 1560). 

"N. H. Lazar and G. G. Kelley, private cornmuni- 
cation, 1960. These parameters, taken in  conjunction w i th  

18c. L. Cocke, Jr., et a l . ,  Thermonuclear Div. Progr. DCX-2 plasma estimates, suggest that desirable 

Rept.  Oct.  31, 1961, ORNL-3239, pp 58-61. hydrogen parameters are na - 1012 ions ~ m - ~ ,  



T e a  > 100 ev, and n i  < 5 x 10" molecular ions 

~ m - ~ .  The present development, begun before 

the energy-loss problem was fu l l y  appreciated, 

has been aimed only a t  nu - 10" ions ~ m - ~ ,  w i th  

no exp l i c i t  requirements an the other parameters. 

The experiments to be reported, however, suggest 

that the more stringent conditions can be met. 

Concept and Preliminary Estimates. - Just as 

the energetic carbon arc was used as a model in  

the in i t ia l  design of the energetic deuterium 

arc, 1 9 * 2 0  the deuterium arc was used as a model 

for the design of the present plasma. The minimum 

deuterium-arc density was fa i r ly  we l l  establ ished 

by the requirement of maintaining the cathode hot 

by ion bombardment. In order t.o drop the density 

by three decades, we went to a non-self-sustained 

discharge and used a resistance-heated cathode. 

As  before, gas is  introduced a t  the base of a deep 

tubular anode. The ions produced there dr i f t  

along f ie ld  l ines to  the cathode and provide space 

charge neutralization. 

The preliminary estimates of the plasma per- 

formance rested on two fundamental assumptions: 

(1) The electrons become a t  least randomized i f  

not thermalized fa i r l y  near the cathode by col lec-  

t i ve  interactions. (2) The ion dr i f t  veloci ty  i s  

comparable to  that observed in  the high-density 

deuterium arc: l o 6  cm/sec. 

Because the ion current (nud) is  thus reduced 

by three orders of magnitude, the gas input a t  

the anode is  reduced accordingly, and the require- 

ment of high ionization ef f ic iency i n  the anode i s  

relaxed. As  before, we ru le out the temptation 

t o  "make more ef f ic ient  use of the electrons" by 

using a ref lex geometry, because of the intense 

plasma osci l la t ions always associated w i th  such 

devices. 

Assuming the same plasma cross section as i n  
2 previous work (1 cm ) we expect an ion current 

o f  about 15 ma. For the cathode we assume an 

electron gun which puts out 150 ma. Thus the 

anode chamber pressure must be such that the 

ef f ic iency for producing an emergent ion i s  10% 

per electron. 

Space neutral ization l imi ts the electron dr i f t  

veloci ty  to 10 times the ion dr i f t  velocity. Thus 

19p. R. Bel l  and J. S. Luce,  pp 166-68 in The ORNL 
Thermonuclear Program, ORNL-2457 (1958). 

2 0 ~ .  A. Gibbons et al.; Thennonuclear Project Semi- 
ann. Rept. Jan.  31,  19GO. ORNL-2926, pp 47-51. 

the path length traced out by an electron per un i t  

ax ia l  distance dr i f ted i s  given by the ra t io  of 

the thermal to  d r i f t  veloci t ies - for 100-v elec- 

trons a factor of about 60. Assuming an ionizat ion 

cross section of 4 x 1 0 - l 7  cm2, the ef f ic iency 

,per uni t  length per un i t  pressure of an anode tube 

then i s  about 8% per centimeter-micron. Th i s  

f igure leads to  a readily accessible range of anode 

dimensions and pressures. 

The ioniz ing ef f ic iency actual ly  required i s  

uncertain by the ra t io  of ions produced to  ions 

actual1 y emergent. 

Note that, i n  contrast to  the high-density deute- 

rium arc, t h i s  arc has an expected gas feed small 

enough to  be handled eas i ly  by t i tanium pumps. 

The fraction of the emerging ions which w i l l  

be H ~ '  (and thus possib le charge-exchange 

centers) might be high. However, i n  the 3-m dr i f t  

distance between an anode i n  DCX-2 and the 

plasma region we estimate th is fraction t o  be 

reduced by a factor of 3. The estimated t ime 

constant for a proton to  charge exchange in  

passing through the arc i n  the plasma region i s  ' 

then about 10 sec, and th is is  not expected t o  be 

a noticeable phenomenon. 

The estimated cathode sheath which comes out 

of these parameters has a thickness of 0.02 cm 

and a corresponding voltage of about 200 v. Th is  

i s  reasonably consistent w i th  the above set of 

assumptions. 

Apparatus and Experiments. - The apparatus 

i s  shown schematical ly i n  Fig. 4.10. The di f fer-  

ent ia l  pumping system permitted lower pressures 

i n  the central region than would have been pos- 

s ib le w i th  straight pumping on the whole volume. 

Operating pressures were i n  the to  1 0 - ~ - m m  

range i n  the anode region and to l o q 6  in  

the central and cathode regions. As a resul t  of 

the low ionizat ion ef f ic iency for anode gas there 

was negl ig ib le gas transfer along the arc. 

The electron gun employed a negatively biased, 

resist ively heated, straight-filament cathode and 

a s lot ted accelerator p late a t  tank potential. The 

gun furnished up to 150 ma of electrons a t  300 to  

500 v. The electron beam was constrained by the 

applied magnetic f ie ld  (3.5 to  9 ki logauss i n  

the central region and tw ice  that at the co i l  

centers) to f low through the vacuum baff les to  

the anode. In the center, the beam cross section 

was approximately 1 cm by 3 mm. 

The in i t ia l  anode was an 80-cm-long, 2.5-cm- 

diam, cyl indr ical  copper tube which confined the 
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F i g .  4.10. Low-Density Deuterium Arc i n  the Gas Arc Fac i l i ty .  

neutral gas in order to  y ie ld  maximum ionizat ion 
probabil i ty. Between and l o - '  atm cm3/sec 

of deuterium was introduced a t  the end of t he -  

anode as shown. Deuterium was used instead of 
hydrogen i n  order to  take advantage of the ex- 
pected increased ionization eff iciency. 

The plasma was studied wi th  a single electro- 

stat ic  probe located i n  the center as shown. The 

probe data were used for the estimation of ion 

density, electron temperature, and space potential. 

Probes are' expected to  give reasonably good. 

accuracy even i n  intense magnetic f ie lds (10 

kilogauss). The  maior obiection to  their  use 
comes from disturbance of the plasma. However, 

cy l indr ica l  tungsten probes about 0.125 in. long 

w i th  1.0- to 10-mil diameters gave generally iden- 
t i ca l  results. For the lower-density cases, per- 

turbation o f  the electron energy distr ibut ion and 

arc characterist ics were found, but the indicated 
density seemed unaffected. 

Experimental Results. - Most of the experiments 

were performed wi th  a 50- to  100-ma electron beam 

a t  300-v acceleration. The plasma density f e l l  

i n  the desired range during the in i t ia l  experiments 

w i th  the elementary electron gun and anode 

designs; so, most of the experimental ef for t  was 

directed toward the investigation of parameters 

control l ing the density, i n  order to  predict arc 

operation i n  DCX-2. Because many parameters 

affected the density, the results are sketchy and 

should be regarded as  preliminary. 

Figure 4.1 1 shows a plot  of indicated der~s i ty  vs 

deuterium gas input. The difference between 
c i rc les  and points ind ica tes  the correction for the 

central-region pressure contribution to  the ion 

input (and thus to the density). The curve thus 

represents the expected density a t  zero back- 
ground pressure. 

Probe characterist ics i n  th is regime of operation 

gave no indication o f  strearr~ing electrons beamed 

UNCLASSIFIED 

0 1 2 3 4 5 6 7 8  

DEUTERIUM FLOW RATE ((0-2 atm an3 / sec) 

Fig.  4.11. Plasma Density vs Deuterium F low Rate. 



from the cathode, tending to  bear out the randomi- 

zation hypothesis. 

It i s  of interest to estimate the ef f ic iency wi th 

which deuterium fed into the anode i s  converted 

into emergent ions. Assuming a dr i f t  veloci ty 

of lo6 cm/sec and a l l  molecular ions, the ion 

f low for n = 10" cm-3 corresponds to  1 x 
atm cm3/sec. The actual input was 50 times 

greater. 

The ef fect ive anode depth, because of diverging 

magnetic f ie ld lines, was about 12 in. However; 

the magnetic mirror effect acted to discourage 

ions from emerging from the anode, and only an 

estimated 3% were able to  do so. (Two tac i t  

assumptions underlie th is  estimate: that the 

unode sheath voltage i s  negative, as would be 

expected for th is  plasma regime, and thot the 

scattering lengths are great enough that the ion 

motions are essential ly those of individual par- 

ticles.) 

The calculated mean deuterium pressure inside 

the anode was 1 p for a gas input of 5 x 10'~ 
cm3/sec. Thus, the estimate made in "Concept 

and Preliminary Estimates" would indicate an 

ioniz ing eff iciency per electron of a'lmost 100% 
and, correspondingly, repeated ionization and re- 
combination of the deuterium. I f  the ion current 

to  the anode end i s  thus 50 times that through the 

hole leading to  the column, the assumption of 

the same dr i f t  velocity leads to  an ion density 

of 5 x 1012 ~ m ' ~  inside the anode, and we may 

properly expect the existence of more plasma 

phenomena bctwccn anode cnd and hole than were 

dreamed of i n  one philosophy., The numbers in 

fact indicate that suff icient ions are ~ r o d u c e d  in  

the f i rs t  2 or 3 cm of the anode to  provide the 

observed f low along the arc. 

The next experiments employed inside the anode 

a movable plunger, insulated from the anode wal I, 
which could be used for varying the anode depth 

and for attempting to  influence the internal po- 

tent ia l  distr ibution. 
Figures 4.12 and 4.13 show the effects on 

plasma density of varying these pbrameters. Some 

features of the voltage effects may be understood 

quali tat ively, but the onode depth effects are not 

a t  a l l  understood. 

The probe chorocteristics d id  not gerlerully 

y ie ld  linear logarithmic plots of electron current, 

implying a non-Maxwel lion electron-velocity dis- 

tribution. However, a mean slope was identif ied 

as 5 of the electron energy and defined as elec- 
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tron temperature for comparison purposes. The 

variation of Tc wi th  anode conditions i s  shown 

in  Fig. 1.14. 
Other parameters observed t o  affect density are 

as fol lows: 

1. Anode current: the relationship was not linear. 

2. Cathode heating power: o maximum density 

was observed we l l  below the power l imit. 

3. Magnetic f ield: proportional between 6 and 

9 kilogous, steeper below 6 kilogauss. 

4. Anode voltage (plunger and wa l l  varied to- 

gether): a density maximum was observed at  

-25 v. 
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The extreme ion density l imi ts observed were 

3 x 10' and 3 x 10" ~ m - ~ .  The density was 
approximately uniform over the plasma's cross 

section; however, the electron temperature peaked 

sharply a t  the center. Streaming electrons became 

noticeable at the lower plasma densities. 

Examinotion o f  the electron patterns produced 

n t  the base ~f the anode (by using fluorescent 

materials or th in  tantalum fo i ls )  showed that  the 

expected l ine image of the gun appeared only o t  

currents of the order of microamperes. For higher 

currents, space-charge and/or col lect ive effects 

gave quite distorted patterns even wi th substantial 

amounts of gas feed. Supplying gas i n  suf f ic ient  

quantity to  the enclosed electron-gun box gave o 

sharp source image, presumably as the resul t  o f  

sheath formation a t  the cathode. The resultant 

p!asma density was about lo1' ,  but the electron 

temperature was only 45 ev, lower than desirable 

in a dissociating plasma. The arc i n  th is  in- 

stance was essential ly the same as that i n  the 

# I  Iof fe experimentv arc of ~ u s h m a n o v ~ l  or i t s  

variation, more recently studied by Stirling. 2 2 

It does not appear to  have available the same 

extended density range, and the electron tempera- 

ture seems fai r ly  we l l  t ied  to  a low value. Even 

the use of a s'gas-conservation tube" on the 

cathode2 did not make i t  possible to  avoid 

space-chorge effects i n  o discharge supported 

by gas fed only into the anode. 

A conical anode was designed such that the: 

electron column extended a f u l l  80 cm to  , i ts '  

base. With th is anode, however, it was impossible. 

t o  produce enough plasma a t  the cathode to, 

generate there a beam-plasma instabi l i t y  and' 

attendant randomization. Instead, when gas feed 

was raised, the electrons beamed from the cathode. 

~ r o d u c e d  a large ion current to  the wall.  The, 

plasma density between the mirrors was never 

made to  exceed l o 9  ions ~ m ' ~ .  

Conclusions. - A highly-ionized, steady-state 

plasma with density adiustable up to  3 x 10" 
has been developed and studied. The factors 

affecting plasma density have not yet  been accu- 

rately delineated, but operating experience sug- 

' gests that application to  DCX-2 i s  readily fea- 

sible. 

2 1 ~ .  E. Yushmonov, pp 284-85 in Plasma P h y s i c s  
and the Problem of Controlled Thermonuclear Re- 
ac t ions ,  vol  l V  , Pergamon Press, 1960. 

2 2 ~ .  W. Blue et a l . ,  Thermonuclear Div. Progr. Rept .  
Oct .  31, 1961, ORNL-3239, pp 61-63; this report, sec 
4.2.1. 



5. Ion Production, Acceleration, and lniection 

5.1 DEVELOPMENTS IN  THE HIGH-BEAM 
ACCELERATOR 

R. C. Davis C. E. Moore 
R. R. Hall 0. B. Morgan 
G. G. Kelley R. F. Stratton 

Since the last report most of the effort of this 
group was applied to the details of getting a beam 
into DCX-2. Information concerning the perform- 
ance of this iniector i s  given elsewhere in this 
report. No rnaior difficulties were encountered. 
The leakage magnetic field, in spite of shielding, 
is slightly more than had been hoped (see Fig. 
2.2 of Sec 2.3). Two outboard pairs of bending 
coils were added in  the iniector pumping chamber 
to compensate for this field and for small mis- 
a1 ignment. 

The Freon-nitrogen bag around the accelerator 
tube (to prevent external voltage breakdown) i s  
s t i l l  a nuisance. Tests were made on cast epoxy 
skirts (42 in. in outer diameter) between electrodes. 
One section held 300 kv. A stack of four insulator 
sections and Lucite plates, intended to simulate 
the tube, held over 600 kv for several hours with 
no breakdown when the top section was provided 
with a Freon-nitrogen atmosphere. I t  may be that 
sharp corners in the Lucite, which are not present 
in the epoxy skirts, caused the need for the bag. 
In any event, the arrangement should be a con- 
siderable improvement. A small bag in this 
position can be sealed and left inflated. 

A new tube, using skirts, is being assembled for 
use at the high-intensity-beam f a c i ~ i t ~ . * ~ ~  I t  w i l l  

be used to test electrode arrangements, to study 

 h his report, sec 2.6. 

the effect on beam quality of changes in extraction 
geometry, and to find out more about the anomalous 
spreading of a beam beyond a crossover reported 
before. 214 

For these studies, an aperture plate, water- 
cooled probe, and target are being made. The 
probe can be positioned accurately under the hole 
in the plate, as may be seen in  Fig. 5.1. A l l  
measurements on these components w i l l  be 
calorimetric. Electric probes also wi l l  be used to 
determine space potentials in the vicinity of the 
beam. 

Additional information wi l l  be derived from use 
of a copper funnel now being bui I t  to simulate the 
duct leading into DCX-2. It wi l l  be possible to 
mass-analyze the beam by using the mass- 
dependent focal length of the magnetic solenoid 
lens to pass preferentially only one component 
through the funnel. 

5.2 100-KEV NEUTRALIZED-BEAM 
ACCELERATOR 

C. W. Blue 
H. C. Hoy 
R. L. Knight 

0. D. Matlock 
V. J. Meece 
W. L. Stirling 

Both the electron gun and the ion-source arc of 
the 100-kev accelerator (Fig. 5.2) have undergone 
successful individual operation. The accelerator 
easily holds the 100 kev (no arcs on) for which i t  
was designed. However, i t  was discovered that 
the upper, high-voltage insulator shield becomes 
quite hot in a ring pattern over a 1-in. section of 
i ts surface. Since there is no such heating in 
the lower section, the insulator shields have 

2 ~ .  G. Kelley et al . ,  Thermonuclear Div. Semiann. 
Progr. R e p t .  Jan. 31, 1961, ORNL-3104, p 19. 

4 ~ .  G. Kelley and ?; B. Morgan, '*Space-Charge Neu- 
3 ~ .  G. Kel ley et al., Thennonuclear Div. Progr. R e p t .  tralized Ion Beams, Phys. Fluids 4(11), 1446-47 

Oct. 31, 1961, ORNL-3239, p 64. (1961). 
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been modified to make them identical to those on 
the bottom. 

Tests of electron iniection into the ion source 
of the accelerator have not been made as yet 
because the center coi l  failed. While waiting for a 
new one to be wound, the accelerator was installed 
on a vacuum test stand in order to achieve in- 
dependent operation from DCX-EPA. Reassembly 
of the accelerator with the new center coi l  i s  
complete, and tests should get under way again 
between May 15 and June 1, 1962. 

5.3 HOLLOW-CATHODE ARC ION SOURCE 

0. D. Matlock V. J. Meece 
W. L. Stirling 

neutralized-beam acce~erator.~ However, ful l  
exploration of the properties of this ion source 
has only recently been started. 

Figure 5.4 shows typical curves of the acceler- 
ating electrode current and the target current at 
low accelerating voltages. The currents are the 
total hydrogen-ion output; analysis of the beam is 
not possible i n  the present apparatus. At an 
accelerating voltage of 16 kev over an accelerating 
gap of t 6  in., the target current reached 250 ma, 
while the current to the accelerating electrode 
peaked at about 8 to 9 kev and fel l  to a value of 
430 ma at 16 kev. Upon reducing the arc current 
to 10 amp, keeping the gas flow constant and the 
accelerating potential constant at 16 kev (not 
shown on curve), the target current rose to 300 ma 

A hollow-cathode arc discharge (Fig. 5.3) was 5~hennonuc lear  D i v .  Progr. Rept. Oct.  31, 1961, 
developed for use as an ion source in the 100-kev ORNL-3239, p 67. 
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and the accelerating electrode current fe l l  to 
140 ma. 

In order to extend the range of the applied ac- 
celerating voltage, a new shielded enclosure 
(electron dump) was designed for the source. 
Voltages up to 37 kev have been held during 
tests with no arc. However, output-current limita- 
tions with the present high-voltage supply tem- 
porarily stalled further operational tests with the 
arc on. These tests w i l l  cover a comprehensive 
study of the ion-source performance with variation 
of the arc parameters. 

5.4 NEUTRAL SOURCE DEVELOPMENT 

R. L. Knight 0.0. Matlock 
H. C.Hoy W. L. Stirling 

The-experimental o ~ p r a t u s  is  being assembled 
i n  order to ut i l ize the.dhol4ow-cathode arc dis- 
charge in a neutral-beam ~ o w c ~ . ~  f igure--5.5 is  
on assembly drawing of this .source. ,Both the 
ion-source arc and the neutralizing or converter 
arc are .hol low-cathode discharges mounted coaxi- 
ally in  a solenoiddrl .field of 3000.gauss. 

Below about 40-kev ipn energy, the .neutrals 
w i l l  be produced (1) by charge transfer to the 
newral gas background in tlte. Luclver~e~ ulc 

chamber and f2) &y dissociption of molecular 
ions in the converter arc. Above 40 k e ~ , ~  the 
principal neutral .productian--yi44 be by di ssoci- 
at*. In  either case, the neutral population 
produced w i l l  be subjected-to losses bcaurse of 
reionizu+ion of the neutrals. T%ere is  then an 
opiikum length for the converter arc, which i s  
dependent upon the c+oss sections' for the pro- 
duction and loss of the neutrals. Conridering 
these cross sedions as dissociation and ioni- 
zation, respectively, the length X may be shown 
to be 

where 

ne = .electrori density in  converter arc, 

ad = dissociation cross section, 

Qi =.ionization c r w s  section. 

I n  the ion energy range up to 50 kev, the con- 
verter arc length is in  the magnitude of inches, a 
condition very easily satisfied. 

A number of desirable features are inherent in a 
neutral-beam source of this kind: (1) The type of 
converter arc discharge (all gases and carbon 
equally practicable) as well as the interaction 
distance X may be easily varied with no adverse 

- - 

6 ~ h i s  report, sec 5.3. 



effect on other systems to which the neutral-beam of the neutrals i s  aided by the converter-arc 
source is connected. (2) Neutral-beam col limation geometry. (3) The longitudinal magnetic f ie ld 
should be very good. Col limation i s  achieved by w i l l  simplify pumping any ions coming through the 
the confinement of the undissociated ion beam converter-arc exit. These ions follow the f ie ld  
along the magnetic field. In addition, collimation lines and may be readily removed. 
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6. Theory and Computation 

6.1 ON A MI'NIMUM PRINCIPLE FOR STABILITY only the distribution but  also, separately, the 
electric and magnetic fields. Then the system 

T. K. Fowler composed of the 4 inearized Vlasov equation 
together with the two curl equations of Maxwell 

Three new features have emerged from con- takes the form 

tinued study of the well-known criterion, a kind of  
minimum principle, that i t  i s  sufficient for stabil i ty 
that there exist  a posit ive constant of motion 
quadratic in perturbations.' 'Fut differently, it i s  
sufficient that there exist  a time-independent, 
posit ive definite Hermitian operator whose ex- Here $ i s  a column vector whose components are 
pectation values over solutions of the linearized digtribution and field perturbations. The term M  
Vlasov equation are constant i n  time. It has been i s  a matrix of linear integro-differential operators. 

w 
-= M * .  
at 

noted previously1 that an operator H +  i s  sueh a Maxwell's divergence equations may be included 
constant if, for example, multiplying the Vlasov merely as in i t ia l  conditions, since solutions of 
equation by some operator yields the form Eq. (3) satisfying them ini t ia l ly do so for a l l  time. 

Now, as a sufficient condition for stabil i ty one 
H + ( a / / a r )  + A /  -= n , may seelc a multiplier of E l .  ( 3 )  yictlrling the form 

where A i s  anti-Hermitian. Using Eq. (I), stabil i ty [Eq. ('I1 

was proved for a l l  equilibrium distributions of the + 
form 2. I f  f i s  the distribution perturbation and E and 

Here, E i s  the single-particle energy, V(x) being a 
static potential representing gravitation and/or an 
equilibrium electric field. Inasmuch as the instan- 
taneous particle phase-space distribution alone 
was assumed to represent the plasma, effects of 
retardation in  the propagation of fields derived 
from the distribution had to be neglected in the 
proof. l 

New results are: 
1. Retardation need not be neglected i n  proving 

the stabil i ty of fo satisfying Eq. (2 )  i f  the instan- 
taneous description of the plasma includes not 

IT. K. Fowler, P h y s .  F l u i d s  4 ,  1393 (1961); 5, 249 
(1962); and Thermonuclear Div.  Progr. Rept. Oct. 31. 
1961, ORNL-3239, p 75. 

fi are the f ie ld perturbations, the constant H +  
corresponding to equilibria satisfying Eq. (2) has 
expectation values 

For a Maxwell distribution, f0 = exp ( - € I T ) ,  the 
term in  addition to the field-energy term turns out 
to  be the quadratic term of an expansion of -TS = 

T J f In f d?t d 3  about fo. The term H +  i s  the free 
energy, a sum of internal energy, U ,  and -TS with 
terms higher than second order neglected, con- 
sistent with linearizing the Vlasov equation. The 
linear terms i n  U - TS have cancelled, leaving a 
quadratic form, as i n  the derivation of this con- 
stant in the small m / e  l imit by Kruskal and 



 berma an,' and by ~ r u b n i k o v . ~  I f  a linearized 

co l l i s ion  term i s  added to  the Vlasov equation, 

H +  in Eq. (4) becomes monotonically damping i n  

time, and i ts  posit ive definiteness s t i l l  ensures 

stabil i ty. With or without col l isions, the fact that 

for a Maxwellian /0, perturbations i n  free energy, 

given by Eq. (4), are always posi t ive implies that 

the total  plasma free energy is minimal at  equi l i -  

brium, thus sotisfying a thermodynamic stabi l i ty  

requirement. Note that the perturbation i n  free 

energy may be identif ied wi th what Buneman has 

called "rf energy.lt4 

3. A method for seeking quadratic constants o f  

motion, whether or not they be posit ive definite, 

derives from the fo l lowing theorem: Given any 

convenient scalar product defining o representotion, 

a time-independent operotor, H ,  which i s  Hermition 

in that product, has constant expectotion values 

over solutions of Eq. (3) i f  ond only i f  HM i s  ant i -  

Hermitian in the same product. In quantum 

mechanics, where A4 = iN, % being the Hamiltonian 

which i s  always taken Hermition in the products 

employed, th is  rule reduces to the familiur require- 

ment that constants of motion must commute wi th 

g. T o  prove the above theorem, take 

being the Hermitian coniugate. I f  HA4 is  anti- 

Hermition, the right side vanishes, and (tab,  HI,^') i s  

constant. I f  H i s  a constant of motion so that the 

rigl i t  side vonishes for a l l  $I, the operutor i n  

brockets i s  ident ical ly  zero, and HM i s  anti- 

Hermitian. 

6.2 SECONDARY PLASMA PHENOMENA 

T. K. Fowler 

A simple mechanism implying enhanced energy 

transfer to electrons i n  DCX-1 is offered as a t  

. least a part ia l  explanation for the fol lowing 

qualitatively similar experimental observations. 

'M. D. Kruskol  ond C. R. Oberrnon, P h y s .  Fluids  1, 
275 (1 958). 

3 ~ .  A. Trubnikov, P h y s .  F lu ids  5, 184 (1962). 

4 ~ e e  0. Bunemones ar t ic le  i n  Radiat ion and  lVaves in 
P l a s m a s ,  M. Mitchener, ed., Stanford Un ivers i ty  Press, 
1961. 

In the electron cyclotron heating experiment 

(PTF), the plasma density generally increases 

abruptly when the neutral pressure exceeds a 

c r i t i ca l  value, Po, around lo-' mm H ~ . '  In DCX-1 
and calutron beams, the emerging slow ion current 

reflecting the rate o f  ionization o f  neutrals tends 

to increase abruptly when the pressure exceeds a 

c r i t i ca l  value comparable to  P o  above. A possible 

explanation i n  both cases is the accumulation o f  

slow ions if  P > P o  . 
We make two assumptions: First, let  the 

electron temperature exceed the ionization thresh- 

old. Second, assume that slow ions resul t ing from 

ionization events escape only by dr i f t ing  out o f  the 

plasma a t  thermal speed. That is, ions receive 

negligible energy by col l is ions (satisf ied i n  the 

above experiments), and electr ic  f ie lds which 

might accelerate the ions are confined t o  the 

plasma surface. Then, the slow-ion l i fet ime, 3, 
i s  determined by the plasma dimensions, about the 

sa-me in  a l l  the experiments (a few centimeters). 

With these assumptions, i t  fol lows that slow ions 

accumulate when the mean free time between 

ionizations, 7;:, i s  less than 3, and their density 

grows unt i l  the accompanying electrons (hot, by 

assumption) burn out the neutral populotion 

suf f ic ient ly to  increase 7;. to equal 3. Once a 

cr i t i ca l  pressure i s  reached, the average neutral 

density inside the plasma remoins f ixed as the 

pressure outside i s  increosed further, and the slow- 

ion density makes up the difference. The term 7;. 
corresponding to P o  agrees pretty wel l  w i th  3 
e q ~ ~ a l  to the 100-psec dr i f t  times for thermal ions 

across the plasmas. . 

One interesting predict ion for PTF,  not yet  

verif ied experimentally, is  that the 

potential changes sign at  Po, going from a modest 

negative volue at  lower pressures, where the 

cyclotron-heated electrons govern the density, to  a 

large posi t ive value o t  higher pressures, where 

slow ions accumulate and hold in hot electrons 

electrostatical ly. No such sign change would 

occur i n  the other experiments, since a primary 

beam of fast ions dominates the low-pressure 

s i  tuotion. 

The fact that i t  has been necessary to  ossume 

the electrons to be hot enough to ionize neutrals 

has interesting implications for DCX-1 ond 

' ~ h e r m o n u c l e a r  Div.  Progr. Rept .  O c t .  3 1 ,  1'961, 
ORNL-3239, p 18. 



calutrons. In neither case does i t  seem possible 

for suf f ic ient ly high electron temperatures to  be 

achieved merely by col l is ions wi th the fast  ion 

beams. Presumably, co l lec t ive  phenomena, pos- 

s i  b ly  associated wi th  previously observed r f  

noise, i s  responsible. A high electron temperature 

i s  consistent w i th  plasma potential measurements 

i n  DCX-1.6 

6.3 ION DENSITY VS INJECTION CURRENT 
IN DCX-2 

T. K. Fowler Mozel le Rankin 

The "5-curve" relution between DCX-2 molecular 

ion injection current and the trapped atomic ion 

density achieved has been recalculated, s t i l l  

along the l ines of the work o f  ~ i m o n , '  but with 

charge-exchange and ionization cross sections 

properly averaged over ion and electron energy 

distr ibutions. It had been feared that, because of 

7 ~ .  Simon, J .  Nuclear  Energy:  Part C ,  P lasma . 
P h y s i c s  3, 235 (1961) .  ' 

the rapid increase in  the charge-exchange cross 

section with decrkasing ion energy, knergy loss 

from ions to  cold electrons would ,markedly in- 

crease the upper c r i t i ca l  current, f U C ,  required to 

reach burnout' in OGRA-ty pe operation. However, 

as can be seen from the new result, taking ion 

energy losses into account (Fig. 6.1), f U C  i s  

l i t t l e  affected. Th is  can probably be attributed to  

a somewhat smaller energy transfer rate to  the 

actual electron distr ibution than to a Maxwell ion 

and t o  the fact  that electrons are heated suf- 

f ic ient ly to help ionize neutrals. Sample ion and 

electron distr ibutions near burnout are given i n  

Fig. 6.2. 
The principal consequence of the :efinements in 

the calculation of the S curve i s  that the lower 

c r i t i ca l  current l L C  marking the lower bend in  

the curve now almost coincides wi th fUc.  Thus 

in i t ia l ,  supplemental dissociation o f  molecular 

ions by an arc, useful only between f u c  and f L C  
to provide a better " in i t ia l  condition" once tho 

arc is  turned, off, would seem to be of l imited 

importance.. 

The energy distr ibutions are obtained from the 

code, discussed previously,8 which solves coupled 

Fokker-Planck equations for ions and electrons. 
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A curve neglect ing ion energy loss is given for ,corn- Normolizot ion is  orbitrory. Upper energy sca le  is for 

parison. electrons and lower is  for ions. 



Both equations contain loss terms and mono- 

energetic source terms, representing the in ject ion 

of hot ions and the release o f  co ld  electrons i n  the 

ionization o f  neutrals. The ion-loss term includes 

loss by charge exchange wi th  neutrals. Both 

ion- and electron-loss terms include scattering out 

of mirrors. We take an energydependent effective 

mirror ratio that depends on the average electro- 

stat ic  potential drop through the ~ l a s m a .  This 

potential drop i s  a consequence o f  difference 

in rates of ion and electron escape when ion- 

scattering losses begin to dominate. The potential 

. drop i s  determined along wi th  the energy distr i -  

butions. A t  present, the scattering-loss terms 

have the form P E - ~ ' ~ ,  where P, always <1, con- 

tains the effective mirror ratio. The loss term is 

being revised as suggested by Rosenbluth et  a l S 9  

6.4 CROSSED-STREAM INSTABILITY 

The fol lowing i s  t l ~ e  abstract of a paper that 

has been sent for ~ u b l i c a t i o n  i n  the Bulletin of the 
American Phys ica l  Society .  

We consider a beam of  energetic ions moving 

perpendiculor to  o magnetic f ield, through a back- 

ground pl'asmo. w e  show that an instabi l i ty  exists 

which i s  similar to the familiar two-stream 

instabi l i ty .  I t  dif fers from i t  i n  that the electron 

motion is essential ly paral lel t o  the mognetic 

f ie ld  and, hence, perpendicular to the direction of 
ion streaming. When the ion paths close on 

themselves and the electrons are cold, we recover 

previous results." Our present work includes the 

ef fect  of electron temperature. A nonzero electron 

temperature increases the instabil i ty. 
. . .  

6.5 ELECTRON CAPTURE I N  FAST ' 

COLLISIONS 
- ,  

6.5.1 Capture by 'Fast Protons froin Posi t ive Ions 
. . 

from posi t ive ions. The first-order solution 

(Coulomb-Born approximation), i s  examined in  

detai l  for capture to  the ground state of ions o f  

charge Z,, mass M2 from the ground s t a t e  of 

hydrogen-like posit ive ions of charge Z1, masshll. 

It i s  shown that, except at  very low impact 

energies, th is approximation reduces to  the wel l -  

known Brinkmann-Kramers result. Cross sections 

for proton impact on ions of some representative 

l igh t  elements are tabulated. 

6.6 DCX-1 POTENTIAL-DISTRIBUTION CODE 

Mozelle Rankin 

An IBM 7090 code for solving Poisson's equation 

i n  cyl indr ical  coordinates was written and i s  being 

used in col laboration wi th G. R. Haste's experi- 

mental studies of plasma potential. The code now 

uses a toroidal charge of uniform density; however, 

the density may be given as any function of r and 

z. Boundary values of the potential @ on the . 
radial surface and ends ore lef t  free as input 

parometers. 
3 %  

Poisson's equation, 
1 ' l  

i s  written as the difference equation: , _ I .  . "  -.,' 

The fo l lowing i s  the abstract of a paper 

that has been submitted for publication in the 

Proceedings of the Royal Society  of London 
(Section A). 

The formal theory of scattering i s  employed in  

order to  .derive an expression for the matrix 
- .  

element for- electron capture by posit ive ions 

9 ~ e e  G. Bing and J. E. Roberts, Phys .  Fluids 4, 
1039 (1961). 

1 0 ~ o n s v l t a n t ,  University of Tennessee. 

"P.  Burt and E. G. Hqrris, Phys. Fluids 4, 1412 
(1961). 

12consultant from Royal  Holloway College, Uni- 
versity College of London, London, England. 



that the arbitrary boundary o f  the charge density \ LENGTH: 2in. 
(00 INNER RADIUS: 2.9in. - 

and the grid l ines coincide. 
LINER DIMENSIONS 

With the boundary values o f  and the addit ional RADIUS: 44 in. 

a l  
-. 80 - 

condit ions - = 0 and - " 1  = O ,  Eq.(2) 
z=o d r  ,=o * 60 

specif ies a system of  n x m l inear' equations i n  

n x m unknowns. From a practical '  viewpoint, a 4 o 

grid suf f ic ient ly f ine to obtain re l iable solutions 

could not often be found in a machine wi th  32,000 20 

storage capacity i f  the entire (n x m)' matrix had 0 M--- 

to be stored. Fortunately, each equation contains 0 2 , 3 4 5 6 7 0 9  

where k. (j = 1, . . . n) and h i  (i = 1, . .. m) are - UNCLASSIFIED 
7 ORNL-LR-OWG 68992A 

the selected gr id points in the z and r directions, 140 

o r ~ l y  f i ve  unknowns, and we have a band matrix of z (in.) 
width (2n + 1). A SHARE subroutine, Le4F, has 

respectively. Unequal spacing of grid points is  

a l lowed and, i n  fact, is  usual ly necessary in order 

been used to  solve th is band matrix equation. 

With grids o f  23 x 24 (T x 2). points, solutions 

which appear to  be independent o f  the grid choice 

PLASMA DIMENSIONS - 
THICKNESS: 0.75in. 

have been found. 

In a l l  cases thus far, has been. set a t  zero a l l  

along the boundary, and p has been set equal . to 

l o 7  particles/cm3. (The potential scales l inearly 

wi th p.) Cases have been run.wi th both. the charge 

dimensions and the l iner dimensions as. parameters. 

Typ ica l  results are shown in Figs. 6.3 and 6.4. 
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Fig. 6.4. Axial  Variation of Potential. 

6.7 CODE FOR STUDYING STABILITY OF 
1 PLASMA COLUMNS I N  A MAGNETIC 

F I E L D  

A method for investigating the stabi l i ty  o f  

inhomogeneous pldsmas has been developed ' 
which consists of reducir~g the Vlasov equation to 

an integral equation.of the form 

where p i s  the charge-density perturbation. 

The .kernel ~ ( l t , ? " ;  p )  contains the distr ibution 

function f o  describing the equil ibrium plasma and 

depends also on a parameter p ar is ing from the 

Laplace transform in  time. The condit ion for 

instabi l i ty  i s  .that solutions to ,the above equation 

exist  for parameters p whose real bart  i s  positive. 

The distr ibution function f o  can be written as a 

function of the constants o f  motion i n  equilibrium.. 

For plasmas in a uniform magnetic field, a con- 

siderable simplif ication occurs i f  f o  depends only 

on the fo l lowing three constants: 

RADIUS (in.) 1 3 ~ e u t r o n  Physics Division. 

1 4 ~ .  K .  ~ o w l e r , '  Plasma Stabil i ty  Analys i s  Ernplo in 
Fig.  6.3. Radial Variation of  Potential. Equilibrium Constants  o /  Motion, ORNL-3123 .  (1&1f  



The constant magnetic f ie ld  i s  in  the z-direction, 

and r, el and v l ,  4 are the polar coordinates in  the 

x, y, and v x ,  v planes, respectively. The cyclotron 
Y 

frequency i s  denoted by a .  Such distr ibutions 

have r dependence but no dependence on z and 8. 
Then eigenfunctions of K p  have as z and 8 
dependence ius t  e i k z z e i 1 8 ,  and the integral equo- 

t ion can be reduced t o  the fo l lowing one-dimen- 

sional equotion: 

The evaluation of the kernel K  involves four 

quadrat"res ond is  i n  general very d i f f i cu l t .  I t  can 

be writ ten in  the form: 

di? = vI dvld$ dv,  , 

J f o  P + i k z  vZ dlo , J f o  I F ]  = i l  - -+ zk - ,  
J p  8 v, dv, J v ,  

y  = J x 2  + r2 - 2xr sin 4 

x  - r sin 
cos I/J = 

Y 

T cos 4 
s in  I,// = - 

Y 

r O =  4 x 2  + y 2  - 2xy cos ( o t  - $1 

where K ,  ( x )  and l 1 ( x )  are the usual modified 
Bessel functions. The summation is  over the two 

species o f  the plasma. 

A code was writ ten for the IBM 7090 computer 

that calculates the kernel I< and then f inds the 

eigenvalues p of the integral equation above. 15 
As a part icular example distr ibution, we consider: 

2 
2 "2 f O a  e - a P 8 -  bvl --. 

D 

- a r  2 
The corresponding charge density i s  a e 

where a=  ( a o / 2 )  ( 1  - a / 2 b ) .  

6.8 CALCULATION OF ELECTRON 

TRAJECTORIES I N  THE DOUBLE-FOLD ED-CUSP 

"ELMO" 

Mozelle Rankin R. J. Kerr 

A calculation of electron traiectories i n  the 

double-folded-cusp magnetic f ie ld  (Fig. 6 .5 )  i s  

being made. The purpose is  to  del ineate the 

adiabatic and nonadiabatic regions of th is f ie ld  

and to  study the effects of the impressed radio- 

frequency e l e c t r o m ~ ~ n a t i c  f ie ld  on the part ic le 

t ransi t  times. Solid l ines in  Fig. 6.5 are f ie ld  

lines, and dotted l ines are field-strength contours. 

The l ine  a t  850 gauss i s  the resonance surface 

for the present "Elmo" radio-frequency heating 

f ie ld  of 2.4 ' k ~ c .  Therefore, an electron must 

spend some time i n  th is  region i n  order t o  be 

greatly offected by the osc i l la t ing  f ield. 

Figure 6.6 i s  an R ,  Z p lo t  of a portion o f  the 

trajectory of part ic le No. 1 ,  whose i n i t i a l  con- 
d i t ions of motion are given by Table 6.1 .  Though 

only two ref lect ions are shown, th is  port ic le has 

been fol lowed through f i vc  ref lections thus far, 

wi th no apparent increase i n  energy paral le l  to 
the f ie ld  lines. The integration step is  neces- 

sar i ly  of the order of 0.01 nanosecond, and thus 

orbits cannot be fol lowed for a very long time. 

The maximum cyclotron radius for th is part ic le i s  

4.6 mm, and the minimum radius of curvature for 
the f ie ld  l ine it i s  on i s  about 4.5 cm. Therefore, 

the part ic le and f ie ld  interaction i s  expected to  be . 

adiabiatic, accordirig t o  a cri terion due t o  

H. ~ r a d .  ' 
Par t ic le  No. 2, whose i n i t i a l  condit ions appear 

in  Table 6.1,  i s  shown by Fig. 6.7. Th is  part ic le 

is  scattered by the field, i s  ref lected twice, and 

' 'written by R. Edwards of the Central Data Process- 
ing Group of ORGDP. 

1 6 ~ .  Grad, Containment in C u s p e d  Plasma S y s t e m s ,  
NY 0-9496 (Mar. 30, 1961). 



Fig. 6.5. Double-Folded Cusp in Elmo, Showing Field Lines (Solid) and Field-Strength Contours (Dotted). 
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Fig.  6.6. Par t ic le  Orbits in the 'aElmo'e Cusp. Fig. 6.7. Par t ic le  Orbits in the "Elmo" Cusp. 

Port icle 1. Port icle 2. 

T a b l e  6.1.  I n i t i a l  C o n d i t i o n s  o f  M o t i o n  o f  P a r t i c l e s  i n  E l m o  F i e l d  

9 Resonance frequency = 2.4 x 10 cps 

R 8 Z 6 i i E Time 

' (in.) (radians) (in.) (in./vsec) (rodions/vsec) (in./vsec) (kev)  (sec) 

then appears to be escaping along a cusp line, 

but i s  f inal ly  ref lected cgain near /? = 3.5 in., 

Z = 3.8 in., and returns toward f i e l d .  center. 
Further studies on th is  part ic le w i l l  be made. No 

ef fect  of the radio-frequency f ie ld is  discernable 

on these two particles, since they are near the 

resonance zones for an extremely short time. 

These orbit calculat ions were made w i th  IBM 

7090 computer code TILDA, l 7  modified to  include 

electr ic  f ie ld forces in  the equations of motion. 

The use of th is code is  l imi ted to c i rc les of con- 

vergence which exclude any co i l  o f  the system; 

hence, i t  i s  not suited for calculations near the 

cusp lines between coi ls. A t  present, provisions 

ore being made in  the code for other less re- 

st r ic t ive though perhaps slower methods o f  magnetic 

f ie ld  colculation. When th is has been completed, 

other part ic les w i l l  be studied in  order to  de- 

termine the ef fect  of i n i t i a l  condit ions of posi t ion 

' and  veloci ty  on part ic le- f ie ld interaction. 

1 7 ~ .  R. North ond C. E. Porker, Thermonuclear Div .  
Progr. Rept.  Oct.  3 1 ,  1961,  O R N  L-3239, pp 77-78. 



7. Magnetics 

7.1 AUXIL IARY CURVES FOR RAPID DESIGN 
O F  MAGNET COILS 

C. E. Parkdr J. E. Simpkins 

The fo l lowing .,short report i s  based on wcl l -  

known properties of magnet coi1.s. I t  seems, how- 
ever, that  pract ical  design work - especial ly when 

approximate parameters are needed qu ick ly  - can 

be somewhat s impl i f ied by the use o f  the nor- 

ma l i zed curves described below. 

.The attached graph (Fig. 7.,1) can be used . to  

eas i ly  f ind the maximum f i e l d  strength i n  the 

center of a magnet c o i l  having a rectangular 

UNCLASSIFIED 
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Fig.  7.1. Normalized Curves for Finding Coi l  Pa-  

rameters. 

cross section and a homogeneous current density, 

when the fo l lowing data are known: (1) inside 

radius, all i n  centimeters; ( 2 )  wire length, I, i n  
centimeters; (3) turn density, n, i n  turns per 

,square centimeter; and (4) when different values 

are assumed for a, the ra t io  of outside to  inside 
diameter. 

These curves are based on the fo l lowing re- 
lations: ' For any. assumed a, the rat io of co i l  

length 2b t o  co i l  inside diameter 2a1  is: 

w i th  

Then the f lux density a t  the co i l  center is: 

wi th 

' w .  F .  Gauster and C. E. Parker, "Some Concepts 
for the Design of Superconducting Solenoids," pp 3;13 
in Proceedings o /  the International Conlerence on H z  h 
Magnetic Fields,  Cambridge, Mass., Nov. 1-4, 199;. 
M I T  Press and Wiley, New York, 1962. 



The family of curves shows the dependence of 

B ~ / K ~  on a for dif ferent values of K Optimum 

values of Bc/K2 can be seen. Under certain con- 

dit ions i t  i s  advisable to  use nonoptimum values 
of a i n  order to  sat is fy special conditions, for 

instance, to  restr ic t  the outside radius of a su- 
perconducting co i l  because of l imi tat ions of the 

Dewar dimensions. By means of these curves, the 

variat ion of B c  for dif ferent parameter values can 

be iudged easily. 

The value of B,,, (maximum f lux  density, occur- 
r ing i n  the co i l  midplane a t  a distance al) can 

be found by: . . 

~ I )  , I .  . 
Th is  f lux density i s  necessary for f inding the 
I I 

quenching characterist ic" of a superconducting 

coi l .  The parameter k i s  a function of a and P, 
and a useful graph of k i s  shown e ~ s e w h e r e . ~  

On the graph, the two dotted l ines show the 

functions l / (a2  - 1) and 10/(a2 - I), respectively, 

which permit the calculat ion of /3 by mul t ip ly ing 
by Kl, and K 1/10, respectively. 

The auxi l iary curves ore useful for the design 

of ,conventional and superconducting magnet coi  Is, 

as shown in  examples 1 and 2. 
Example 1. - T o  calculate a water-cooled co i l  

wi th a, = 3.75 in. (9.53 cm), powered by a 9860- 
amp, 679-v motor-generator set, using a hol low 

tubular copper conductor 0.565 in. square and 

having a 0.3-in.-diam hole: 

For proper resistance to  match the power supply, 

the conductor length must be 1800 ft (5.5 x l o4  
cm). A l lowing for insulation, the turn density 

rr i s  0.436 turn/cm2. 

and 

From the so l id  curves, the greatest f i e l d  obtain- 

able i s  B ~ / K ~  = 1.7, occurring at a =  3.48. From 

th i s  a, the lower dotted curve gives @/K1 = 0.091. 
Thus the ideal  characterist ics of the c o i l  are: 

2 ~ .  W. Boom and R .  S. Livingston, "supercondu;ting 
Solenoids," to  be published in the Proceedings of the 
Institute of Radio Engineers. 

a= 3.48, 

/3 = 0.091(23.2) = 2.1 1, 
B c  = 1.7(5.15 x lo4)  = 87,500 gauss. 

The actual co i l  would be somewhat different, 

due t o  the fact  that the dimensions of the co i l  

cross section cannot be varied smoothly, but only 

in  steps corresponding to  integral numbers o f  

turns. Another condit ion for water-cooled c o i l s  

i s  the necessi ty for using appropriate numbers o f  

water paths. 

Example 2. - For  a superconducting coil, you 

are given the fo l lowing parameters: a l  = 2 cm; 
n = 800 turns/cm2; I = 3 x 10' cm; I = 15 amp. 

The problem i s  t o  f ind  the maximum al lowable 

f ield. Th i s  can be done as fol lows: 

Bc opt 
= 3.02 x l o 4  x 0.95 = 28,700 gauss , 

a = 4 . 8 c m ,  b = 3 . 1 4 c m 1  
opt 

K = 1.07 , BA, = 30,700 gauss . 

I f  a i s  assumed to be 2.0 (a2 = 4 cm), then 

b = 4.97 cm , 

trc = 3.02 x l o 4  x 0.85 = 25,700 gauss , 

K = 1.021 . 

I t  ihou ld  be we l l  understood that  the optimum 
f lux  density a t  the co i l  center i s  calculated for 
an assumed value of I. I f  a "short-sample ex- 

1 1  
perirnent would be decisive for the actual co i l  

performance, then Eq. (5) and the short-sample 

quenching characterist ic together would be sig- 

f i c ien t  to  determine the value of the c r i t i ca l  c o i l  

current Ic. 



7.2 RECENT DEVELOPMENTAL WORK ON 

DIRECT-CURRENT MAGNET COILS 

R. L. Brown J. N. Luton, Jr. 

7.2.1 A n  80-kilogauss Magnet Faci. l i ty 

A design of .  magnet co i l s  consist ing of "pan- 

cakes" with' mu l t ip le  woter paths (described 

prkv ious ly )3 '  has  been extensively used i n  th is  

laboratory. It seems, ' however, to  be desirable 
t o  improve the re l i ab i l i t y  o f  these solenoids; 

therefore, careful ly planned engineering tests w i l l  
be made wi th a new 80-ki logauss magnet fac i l i t y  

wh ich  can be eas i ly  adapted t o  t h i s  purpose. 

T h i s  fac i l i t y  consists of a two-coil  vert ical- 

a x i s  magnet' about 22 in. long, wi th a 7-in. bore 
and a 24-in. outer diameter. The axia l  gap be- 

tween the co i ls  may be varied, g iv ing w i th  6.8 Mw 
a central f ie ld o f  86 k i logauss a t  zero gap t o  78 

k i logauss w i th  a spacing of 1.3 in. With a gap 

of 0.6 in., the homogeneity of the f ie ld  (82.5 

ki logauss) i s  good - a t  a distance of 2 in. from 

the center the f i e l d  strength decreoses by 0.1% i n  

the midpl'dne and by 0.2% on the axis. Sight ports 
can be provided a t  any desired locations around 

the gap-spacer plate. Current and cool ing water 
are being supplied through the floor, leaving the 

top platform and a l l  sides free for easy access 
and auxi l iary apparatus. Th is  'magnet w i l l  be a 

f lex ib le  device for research i n  superconductivity 

and for other experiment01 work. 

I n i t i a l l y  the 80-ki logauss c o i l  ossembly w i l l  be 

used for engineering studies aimed a t  obtaining 
re l iab le  data for designs for water-cooled coi ls. 

Besides mechanical and electr ical  routine tests, 

the fo l lowing unique tes t  procedure can be car- 
r ied  out here: Since the two coil; exert an oxia l  

force of 250 tons on the gap spacer, and since 
there i s  a strong magnetic f i e l d  at th is  place, 

there i s  an except ional ly  good opportunity to  

simultaneously expose any new type of pancake 

co i l  t o  mechanical forces and magnetic fields. 

Furthermore, such a tes t  con be made wi th  cur- 

rent  and water f l ow  through the test coi ls .  These 
tes t  condit ions are far superior to  stressing a 

nonenergized .pancake c o i l  i n  a hydraulic press. 
Some goals of these tes ts  w i l l  be: (1) to  develop 

3~hermonuclenr Project Semiann. Progr. R e p t .  July 
31, 19GO. ORNL-3011, p 23. 

more re l iable "crossovers" (connections between 

the two halves of a (2) to  investigate 

the e las t ic  and nonelastic deformation of 

co i ls  under stress and therewith the performance 
of the electr ical  insulat ion material; finally, (3) 

to  judge the merits of "breathingu co i ls  vs r ig id ly  

potted coi ls. 

Special care was taken to  ensure reliability of 

the co i l  assembly. The conductors were mochined 

a t  the crossovers in  on effort to el iminate shearing 

action on the insulation, and a l l  interior io in ts  

were eliminated. The conductors were completely 

wrapped wi th  Dacron-Fi berglas "stage B" poly- 

ester impregnated tape, and i n  addit ion a Mylor- 
f i sh  paper sandwich wos i r~serted between a l l  
odiocent conductors. The individual pancakes 

were vacuum impregnoted and baked, but they 

were not r ig id ly ioined together. I f  a faul t  occurs 
in  one pancake, the entire c o i l  w i l l  not  be lost, 

since the damaged pancake may be eas i ly  re- 

placed. The outer surface of the. coi Is  w i l l  be 

covered wi th a strippable cocooning, material i n  

order t o  prevent the entrance of foreign particles, 
which might cause shorts. 

7.2.2 Flexible-Cable Solenoid 

For a neutral-beam experiment4 a magnetic f i e l d  

i s  required w i th  a shape that  can be produced 
only by a co i l  that has nonuniform current density 

(part ial ly negative). Cast  and t ime estimates 
based on the use o f  pancok'es of hol low copper 
tubing showed that  a convention01 . solut ion was 

not feasible i n  t h i s  case. Therefore a method 

for a fast  and re lat ively cheap construction o f  

magnet co i l s  was required. Accordingly, tests 

were made w i th  a conductor consist ing of o bare, 

stranded welding cable inside a water hose, 

which not only contains the cool ing wa te r '  but  

a lso provides electr ical  insulation. When t h i s  

conductor i s  bent, i t s  cross section changes from 
circular t o  e l l ip t ical ,  but water f low i s  s t i l l  

maintained. Radial  forces can be held by banded 

s lats a t  the outer surface o f  the coi l .  With t h i s  
k ind of f lex ib le  c a b l e a  co i l  was designed which 

provides the desired f ie ld  shape mentioned above. 
The co i l  cross 'section and axia l  f ie ld  shape are 

shown i n  Fig. 7.2. 

4 ~ l ~ i s  report, sec 5.4. 



Z ,AX IAL  DISTANCE (in.) 

Fig.  7.2. Cable  Coi l  for Neutral-Beam Experiment. 

The construction described. above has severe 

limitations, compared wi th  the construction o f  

conventional co i ls  - neither a h igh current density 

nor a good packing factor i s  obtainable. If only 

f ields below about 6 ki logauss are required, and 

i f  inef f ic ient  use of power can be tolerated, how- 

ever, th is  design offers several advantages. Both 

the water hose and the welding cable are standard 

items, quickly avai lable i n  many sizes. This, 

combined wi th the fact that a very f lex ib le  con- 

ductor i s  easy t o  work with, means that such a 
co i l  can be provided in  a much shorter time than 

a conventional one. Further, the conductor can 

be easi ly  wound into co i l s  that have nonuniform 

current densit ies and irregular cross sections, 

and, f inal ly, the f lex ib le  cable can be salvaged 

ond reused. 

7.3 CALCULATION OF AXIAL FORCES IN 
MAGNETIC COIL SYSTEMS 

J. N. Luton, Jr. P. A. Thompson 

The method for calculat ing the axia l  electro- 

magnetic forces between a pair of rotationally 

symmetrical coaxial co i ls  previously discussed 5 

has s ince then been subiected to extended com- 

puter studies. The essence of t h i s  approximate 

method i s  the replacement of one of the co i ls  by 

a .certain number of d iscrete loops, each carrying 

a current such that N I  remains the same as for 

P. A. Thompson, ~ h e & z o n u c l e a r  Semiann. Progr. 
Rept. Jan.  31, 1961.. ORNL-3104, p 113. 



the or ig inal  coi l ,  then summing I x B forces on 
the loops, the rad ia l  component of B from the 

other c o i l  a t  the posi t ion of each loop being ob- 

ta ined i n  any convenient manner. As  a conse- 

quence of the rotat ional  symmetry of the system, 

the problem reduces i t se l f  to  one of determining 

the shape and s ize  of the areas i n  the co i l  cross 

sect ion t o  be replaced by the loops. 

Order-of-magnitude resul ts or better can be ob- 

to ined i n  almost a l l  cases by simply replacing 
one of the co i l s  by a s ingle loop located a t  the  
centroid o f  i t s  cross section. The studies carried 

out on the ISM 7090 computer indicate that rapid 

convergence t o  the proper force i s  obtained when 
the replacement area i s  as nearly square as pos- 

s i b le  and that very good accuracy always resul ts 

when the dimension of these squares i s  less than 

a tenth of the inside radius of the co i l  i n  question. 
The value o f  the proper force was recently veri- 

f ied6 by the completely independent method in- 

vo lv ing  the derivative of mutual inductance, which 

i s  being included i n  Garrett's comprehensive 
magnetic f ie ld  code based on zonal  harmonic^.^ 

Fo l lowing these studies, the IBM 7090 codes 
were modif ied for pract ical  application, calcu- 

lat ing B r  of the second co i l  according t o  an early 
version o f  the zonal harmonics code i f  the co i l  
separation were suff icient, otherwise by the 

e l l i p t i ca l  integral code.8 Subsequently, t h i s  

force code was used for Elmo and the Zero Gra- 

d ient  Facility, both o f  which contain o suff i-  

c ien t ly  small number o f  co i l s  that the resultant 

forces were obtained by desk-calculator summa- 
t ion. However, when an invest igat ion of forces 

in  the Long Solenoid (which consists of 17 coi ls) 

was requested, it became obvious that a computer 

summation was needed. 

Using th is force code, the forces F*. between 
' I  

every pair  of co i l s  of the Long  Solenoid were cal- 

culated for an arbitrory current l o .  The axia l  

6 ~ r i v a t e  communication from M. W .  Garrett. 

7h4. \V. Garrett, Computer  Program Us ing  Zonal  Har- 
m o n i c s ,  to appear as an O R N L  report. 

8 ~ .  Rankin, Thermonuclear  Pro jec t  Semiann. Rep t .  
J a n .  31,  1959, ORNL-2693,  p 11. Incidentally, these 
studies indicate that the same rule-of-thumb of loops 
replacing squares no larger than a tenth the inside 
radius i s  appl icable to the e l l i p t i c a l  integral  code. 

force between co i ls  i and j for any current l i  and 

I .  then i s  given by 
1 

t t  t 
F..  = l i  I .  F.., 

' I  1 ' I  

where I : =  l i / l O ,  and I :  I = \ . / I o .  I 

If a plane between two co i ls  i s  considered to 

d iv ide  the c o i l  system in to  two sections, then 

the force which must be held by the structural 
members cut by th is  plane i s  just  the tota l  mag- 

net ic  force between the two sections, being the 

sum of the indiv idual  forces between each co i l  

o f  one section and every co i l  of the other. Thus, 
the force across the gap between co i l s  m and 

m + 1 is: 

where the co i ls  i n  the system are consecutively 
labeled 1 through N. Att ract ive forces resul t  

when the I * ' S  are of the same sign (i.e., currents 

are in  the same direction), and repulsive forces 

when they are o f  opposite sign. Pos i t i ve  values 

of f m ,  m + l  then indicate net  compression of the 
gap structural members and negative values 

tension. 

A computer code was writ ten t o  evaluate Eq. 
(2) and, i n  addition, s ince most of the coi ls  of 

the Long Solenoid are identical, to calculate 
the complete F*. matrix from the minimum number 

' I  
of dif ferent values. The code was then employed 
t o  calculate a l l  the gap forces for the original 

system as designed9 and for many possible cases 

i n  which currents i n  some co i l s  are reversed. 

These latter cases were requested i n  order t o  

study the feas ib i l i t y  for certain orc experiments 
of producing a magnetic f ie ld  which reverses i t s  

ax ia l  direction. As  a safeguard, since the Long , 

Solenoid does not include mechanical members 

for restraining large, expansive axia l  forces, the 

main restr ic t ion on possible solutions was that 

any repulsive forces between co i ls  be small. A 

summary of the cases considered and the results 
obtained are given i n  Table 7.1 and Fig. 7.3, 

respectively. 

9 ~ .  N. Luton, Jr., Long So leno id  T e c h n i c a l  blemo 
No.  1 ,  p 7 (July 7, 1960). 

' O ~ o r  details, see Long So leno id  T e c h n i c a l  Memo 
No.  3 .  (Feb. 26, 1962). 



Tab le  7.1. Summary of Coses Considered 

Force  i n  C r i t i ca l  D is tance from 
C o i l  Connect ions 

Pos i t i ve  Reversed Negat ive F ie ld -Reversa l  Po in t  
Case No. o f  No. o f  No' O f  Currant Current 'center ' m a r  Numbers Represent to Center L i n e  o f  

Number Reversed Buffer  Pos i t i ve  
(amp) (amp) 

(k i logouss) (k i logouss) Tens ion  
, Neorest  Sight Port  

Co i l s  Co i l s  Co i  Is ( tons) (in.) 

---- -- - --- 

A 3 0 14 4840 505 2.1 14 0 N o  f i e l d  reversa l  

A 2 3 0 14 484,3 2290 - 2.0 14 - 4.58 + 3.1 

C 1 0 16 4275 2630 . 4.3 12 0 N o  f i e l d  reversa l  

No f i e l d  reverso l  

- 3.0 

No f i e l d  reverso l  

N o  f i e l d  reversa l  

N o  f i e l d  reverso l  

N o  f i e l d  reverso l  

N o  f i e l d  reverso l  

+ 1.3 

- 0.7 

+ 1.9 

Acc identa l  9 0 8 3000 3000 -8.1 7.6 - 5.18 0.0 

a ~ a p  between the pos i t i ve  and negat ive sections of t he  solenoid. 

b ~ e n e r o t o r  overloaded 7%. 

C ~ o t  motched to generator. 
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currents i n  same direction, 8570 amp. 11. C o i l s  4 through 12 reversed, 3000 amp i n  a l l  co i l s  (case accidental). 

Note: Numbers for structural forces are based on the assumption that a l l  forces are zero when the system i s  no t  

energized. Present t i e  rods are ra ted ot 8.25 tons, total. 



8. Vacuum Systems, Techniques, and Material Studies 

R. E. Clausing ' R. A. strehlow2 

J. D. ~ e d m a n ~  0. C. Yonts 

8.1 METAL-FILM PUMPING 

Data from the large-scale getter pump tes t3  were 

obtained without the advantage t o  be derived from 

baking the deposit ion surfaces. The apparatus in  

i t s  present modif ication includes a bakable inner 

l iner and addit ional ion gages, as shown i n  Fig. 

8.1. Ion gage G i s  used t o  dctermine the f lux of 

part icles n (as defined in  ref 3) rebounding from 
g 

t he ,  walls. lor) gage T i s  used to determine the 

total f lux of part icles n f  onto the wall .  (The 

quantity n f  includes both gas molecules coming 

d i rec t ly  from the gas source and those rebounding 

from the inside wa l l  of the liner.) These two f lux 

, measurements can be used by t h e ~ l ~ s e l v c s  or to- 

gether w i th  the measured gos admission rate to  

determine accurately the st icking fraction for 

selected gaseous species incident on the f i lms 

previously deposited on the l iner wall .  

The new inner liner can be baked lo 400°C or 

cooled t o  liquid-nitrogen temperatures. The liner 

can be separated from the outer vacuum by either 
a liquid-nitrogen-cooled baf f le or a Zeol i te- f i l led 

trap. The conductance of the trap or baf f le is  less 
than 100 l iters/sec. During evaporation the pres- 

: . sure i s  commonly i n  the high 10"* t o  middle 

torr ranges, wi th the base pressurk aftkr 

f i lm preparation orlly s l ight ly  lower (2 x lo-'' t o  

5 x torr), depending upon the l iner tempera- 

ture, the nature of the film, and other factors. The 
size of the system, general characteristics, and 

performance are similar to  those of the inner liner 

of DCX-1. 

' ~ e t a l s  and Ceramics Division.  

2 ~ e a c t o r  Cherni stry' Division.  

3 ~ .  E. Normand el al., Thermonuclear Div. Progr. 
Rept .  Oct. 31. 1961, ORNL-3239,  pp 85 e f  seq.  
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Fig.  8.1. Large-Scale Getter Pump T e s t  wi.th Bakable 

Liner. 

Titanium f i lms deposited on the baked inner 

liner in high vacuum (5 x torr) whi le holding 

the liner at liquid-nitrogen temperaturc have con- 

siderably greater sorption rates for hydrogen than 

those deposited onto an unbaked surface at 5 x 
l o -*  torr. Figure 8.2 compares previous data 
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RATE OF TITANIUM DISPOSITION WAS - 4 X otoms/cm2. sec 

A238 6 x I O ' ~ - ? X  4 0 ' ~  oloms/cm2.sec 

Fig .  8.2. Sorption of Hydrogen on F i lms Formed and Used a t  -195OC. 

wi th  data ~ L t u i r l e d  ~ir ider the present conditions. the difference (nt - n ) i s  standardized by being 
g 

No explanation i s  offered for the improved results set equal t o  n a  (calculated from the measured 

at th is  time. leak). Values of a may also be calculated satis- 

The lower base pressures now attained permit factor i ly  from the formula used previously. The 
measurements to  be made wi th smaller gas-admis- new method, however, compensates for changing 
sion rates and al low careful measurement of the ion-gage calibration and maintains the important 
changes i n  the st ick ing fraction during the forma- 
t ion  of the f i rst  layers of adsorbed gas. Pre- 
l iminary analysis of the data indicates that the 
st ick ing fraction decreases only s l ight ly unt i l  a 
monolayer of hydrogen i s  formed. The sorption 
rate for hydrogen on thcse deposits decreases 
l inear ly as increasing amounts of gas are adsorbed 
beyond about 5 x 1015 atoms/cm2 when the de- 
posi t  i s  at 1 iquid-nitrogen temperature. 

It appears that accurate values for thc st ick ing 
fraction can be obtained from the equation 

advantage of providing increasing accuracy as a 
approaches unity. 

A recheck of the data for the sorption of nitrogen 
onto t i tanium fi lms formed during the measurement 
by continuous deposit ion onto a substrate at  
liquid-nitrogen temperature revealed that the l imi t -  
ing rat io of gas leak rate to  t i tanium evaporation 
rate i s  0.5 instead of 1.0 as reported p r e v i ~ u s l y . ~  
Since the shape of the curve remains the same, 
the data given i n  Fig. 8.7, p 91 o f  ORNL-3239 
can be corrected by mult iplying the nitrogen-to- 
t i tanium ra t io  by 0.5. 

[which i s  based on Eq. (4) in ref  31, where n f  and The topography of vapor-deposited t i tanium fi lms 

ng are determined from ion gage measurements. i s  shown in  the electron-photomicrographs of Fig. 

The gages are calibrated against each other, and 8.3. There appears t o  be o qualitat ive correlation 



Fig. 8.3. Electron Photonvitrographs Showing fhe Topography of Titanium Films Prepared at Various Tempere- 

turss and Pws~uteo. (a) 10% 5 x torr; (6) lo%, 2 x torr of helium; (c) - 1 9 5 ' ~ ~  5 x 10 '~  (4 
-193%~ 2 x low3 torr of helium. The substrates were NaC1; the titanium deposition rates were 5 x 10~~.o farnr  - 1 see em-2; the films were shadowed with palladium before exposure to high pressure and are shown at 3408OX. 
(a )  and fb) were 10-min titanium evaporations; [c) and (4 are I-hr titanium evaporations. 

between the surface area of these films and their 8.2 VACUUM INSTRUMENTATION 
pumping capabilities. The init ial sticking fractions 
for hydrogen on these types of films are: (a), 0.05; 8.2.1 Nude Ionization Gage Calibration 

(b ) ,  0.19; (c) 0.24; and (d) ,  0.85. Electron diffrac- 
Work on the calibration of nude or envelopeless 

tion studies of the crystallite sizes indicate that 
ion gages continued, using a relatively oil-free 

in the deposits made in the presence of helium, 
either the crystal lattice is very badly distorted or 

vacuum system. These studies are described in a 

each of the particles shown in the photomicro- 
recent report.4 A Veeco RG-75 gage tube was 

graphs is  made of many smaller ones. That is to 
say, the size of the shown in the photo- 
micrographs is  too large to cause the observed 4 ~ .  D. Redmon and R. A. Strehlow, ORNL TM-115, 
broadening of the diffraction lines. Feb. 15, 1962. 



modif ied so that operating characteristics for sev- 
eral modes of assembly could be determined. The 
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in  ionization may be larger. 

nude gage was tested with and without a screen 
3 2 

surrounding the gage elements and, in some cases, - 
a 

with a shield around the screen to ensure that the g 2 8  
wall potential was at ground. m 

Figure 8.4 shows the collector current vs col- 24 

lector voltage for the nude gage with and without 
C 

$ 2 0  
a screen. The presence of a screen reduces the 5 
sensitivity of the gage _to changes in collector 16 

voltage. The effect of screen voltage on collector I 12 

8.2.2 Low-Emission Calibration Results 

current was examined for two potentials: floating _I 
-1 

(25 v positive, with respect t o  ground) and at 
ground. There was a small difference between the 
two modes of operation shown i n  Fig. 8.5 - in the 
direction which indicates that at less positive 

0 

Studies of ion gage sensitivity as a function of 
emission current show that the sensitivity for an 
enveloped gage ( in pa pa- ' p - I )  is constant down 
to 7.5 x pa emission current and is  equal to 
10.0 rf: 0.7, with somewhat more experimental scat- 
ter in the range of emission currents less than 
50 pa. Ai e a ~ i s s i u ~ ~ s  of 6.5 and 6.0 pa the sensl- 
t iv i t ies are 5.1 and 3.5 respectively. Nude gages 

SCREEN AND SHIELD AT GROUND 

0 SCREEN AND SHIELD ABSENT 

screen potentials the electron path length resulting -90  -60 -30 o 30 

I I I I 

I, = toma  

- 0 SCREEN AT GROUND 

SCREEN FLOL\TING 

4- 
PRESSURt 4.8 x W6 ton 

=SO -60 -30 0 3 0  

COLLECTOR VOLTAGE WlTH RESPECT TO GROUND 

.I 

?- 

Fig. 8.4. Collector Current vs Collector Voltage for 

Nude Gage with Screen and Shield. 

COLLECTOR VOLTAGE WlTH RESIJLCT TO GROUND 

Fig. 8.5. Collector Current vs Collector Voltage. 

operated with a shielding screen at 0 v and at +30 v 
with respect to ground have high sensitivities in 
this low-emission range identical to those for a 
tubulated gage. When the screen is  allowed to 
float (at above filament potential), the sensitivity 
I H  the Iew-em~ss~on range slowly drops and reaches 
10 only below 10-pa emission. A grounded screen 
appears necessary in order to maintain reasonable 
constancy of gage sensitivity with emission for 
nude gages. 

8.2.3 Current Mapping in  a Bayard Gage 

With the use of i~ mobile collector probe $ in. 
long (as shown in  Fig. 8.6), the ion current in a 
nude gage was monitored as a function of position 
of the collector. The nude gage was operated 
with and without a screen surrounding the gage 
elements. The presence of the screen (at a float- 
ing potential of about +30 v with respect to 
ground) had the effect of making the ion current 
much less sensitive to collector location and 
orientation and also appeared to minimize oscilla- 
tions which were observed for some modes of op- 
eration. The differences in current readings in  
the grid region for the normal collector position 
are shown in Fig. 8.7 and approximately indicate 
that for a screen at a potential of +30 v, the lack 
of a screen resulted in pressure readings which 





UNCUBFIED CEC residual-gas analyzer which was operating 
ORNL-LR-DWG 69585 with a sensitivity of about 2 x 1 0 ' ~  torr. 

Octoil and Convoil introduced methane, ethane, 
and ethylene in distinctly observable amounts. 
For a system at a pressure of 2 x 1 0 ' ~  torr, the 
partial pressure of the methane above the pump 
was about 3 to 4 x torr. For Octoil there 

0 WITHOUT SCREEN 

PRESSURE-2 x 4 0 - ~  torr 

POSITION OF COLLECTOR TIP FROM GLASS WSE (in,) 

Fig. 8.7. Ion Current for Normal Collector Position 

for Zero Collector Potential. 

were too low by about a factor of 3. Some other 
collector positions inside the grid differed from 
each other by factors of 10 in  the absence of a 
screen, but by no more than a factor of 2 with a 
screen. 

8.3 DIFFl.lSlON PUMPS 

8.3.1 Decomposition of Diffusion-Pump Oils 

Operational tests of thermal decomposition were 
made for three diffusion-pump oils: Octoil (di-2- 
ethylhexylphthalate), Convoi 1-20 (a mixed hydro- 
carbon), and 0s-124 (a mixed pentaphenylpoly- 
ether). The equilibrium gases over an operating 
fractionating diffusion pump containing these oi ls 
were allowed to  enter a test dome monitored by a 

was a noticeably greater amount of mass 28 than 
for Convoil, presumably due to CO derived from 
the thermal decomposition of the ester linkage. 
The same test with OS-124 yielded no detectable 
introduction of any mass monitored. This finding 
is in  agreement with work reported earlier. 3 0 5  

8.4 MATERIALS STUDIES 

8.4.1 Bombardment of Titanium by 
Energetic Particles 

The work reported in the previous progress re- 
port3 on the uptake of deuterium by titanium 
bombarded by energetic deuterons left unanswered 
the question of the fraction of deuterium which 
the titanium absorbed from the background gas. A 
hnmhardment of titanium by energetic ~ e +  ions 
was carried out with the target exposed IU UII 

atmosphere of deuterium. No increase in  target 
weight was found. Indeed, the normal sputtering 
ratio for titanium bombarded by helium was ob- 
served ( R  = 0.014). 

5 ~ e a c t o r  Cbern. Div. Ann. Progr. Rept. May 4, 1962, 
ORNL-3262, pp 199-205. 



9. Design and Engineering: Notes 

9.1 CONSIDERATIONS OF BLANKETS FOR 8. Compatibi l i ty o f  the blanket wi th magnetic re- 

THERMONUCLEAR REACTORS quirements; small e lectr ical  loss. 

C. J. Barton R. A. strehlowl 9. Vapor pressure of the chemicals used in the 

blanket (should be low at the operating tem- 

A survey has been made of proposed blanket perature). 

assemblies for thermonuclear reactors. ' Although 10. Minimum induced radioactivity. 

many uncertainties exist  regarding the design of a 

successful thermonuclear reactor, the fact remains 

that some fraction of the energy of thermonuclear 

neutrons must be removed or recovered as heat. 

Th is  consideration alone makes necessary the 

presence of a heat recovery or removal blanket 

surrounding the reactor, hut the reproduction of 

t r i t ium i s  an equally necessary function of the 

blanket for o deuteri um-tritium fueled (D-T) reactor. 

Since design detai ls'  of a power device are not 

now delineable, i t  seemed advisable to  consider 

i n  some detai l  only the two principal functions 

which a blanket assembly w i l l  probably be called 

upon to  perform (heat transfer and t r i t ium breeding) 

and t o  discuss factors which are pertinent t o  the 

fulf i l lment of these obiectives. Included among 

the factors which pertain to  the choice of a suit- 

able breeding and heat removal blanket are the 

following: 

1. Provision for neutron multiplication. 

2. Moderation of neutrons to  low energy and 

their absorption i n  3Li6. 

3. Small parasit ic neutron capture. 

4. Absorption of secondary gamma rays. 

5. Extraction of heat at useful temperatures. 

6. Recovery of tritium. 

7. Stabil i ty and chemical compatibility. 

11. Minimum thickness. 

Of the blanket materials considered i n  the report,' 

L i F - B e F 2  mixtures appear most readily capable of 

satisfying the requirements currently considered. 

9.2 "LIFE" TESTS ON WATER-COOLED 
COPPER CONDUCTORS 

J. Lewin  

Tests have been run to  determine whether there 

are any time l imitations on the use of water-cooled 

copper conductors operating ot high current densi- 

ties, heat fluxes, and temperatures. Oxidation of 

the copper, wi th consequent formation of a surface 

layer having poor thermal conductivity, .was 

thought l i ke ly  to  occur. The result ing effect, 

anticipated i n  the tests, was a gradual r ise  i n  

copper temperoture at constant heat flux. No such 

r ise  occurred in a conductor that wos tested for 

periods up to  420 hr, so long as demineralized 

water was used as coolant. Th is  effect was 

independent of the concentration of dissolved 

oxygen in  the water. 

In addition, resistance to  water flow through the 

conductor was surveyed, as was the difference i n  

heat-transfer performance between demineral ized 

water and process water. Finally, the val id i ty of 

a burnout heat f lux3 was verif ied at one operating 

point for the conductor used in  the tests. 

l ~ e a c t o r  Chemistry Division. 
3 ~ .  C. Gunther, "Photographic Study of Surface 

2 ~ .  J. Barton and R. A. Strehlow, Blankets for Boili;p Heat Tronsfer to Water With Forced Convec- 
Thermonuclear Reactors, ORNL-3258 (May 1962). tion, Trans. ASME, p 115 (February 1951). 



A length o f  3/16-in.-square "OFHC" copper 

tubing, 0.12 in. i n  inner diameter, was used t o  
transmit direct current at densit ies of over 200,000 
amp/in. 2, under various cooling-water f low rates 

(see Figs. 9.1 and 9.2). The tube was insulated 

from ambient temper at ure, and iron-constantan 

thermocouples were used t o  meas,ure temperature 

at several points along the outside surface. The 
difference between copper temperature at the 

entrance and at  the hottest po in t '  downstream, 

divided. by the square of the current, was plotted 

against running t ime i n  hours, as shown i n  Fig.  9.2. 

A l l  the tests except 2D (see Table 9.1) were 

run i n  the nucleate boi l ing region of heat transfer, 

w i th  copper temperatures exceeding saturation by 

WATER IN - 

an amount designated as "AT wal l  boil." The 

subcooling of the bulk water at the ex i t  i s  desig- 
nated by "AT bulk s.c." 

A t  the end of test 4C the f low was decreased to  

a point that corresponded to  burnout by Gunther's 

correlation: ( q / A )  burnout = 0.0135 voS5 AT bulk 
S.C. (ref 31. After about 1 hr of operation the tube 

burned out, and the test was shut down by the 
automatic pressure:monitoring system. 

Tests B, lC, and 2C were made wi th demineral- 

ized water that had .an oxygen content of about 

8 ppm and a pH of 7.3. Tests 3C and 4C were 

made wi th  water having a dissolved oxygen con- 

tent of 1.1 ppm And pH's of 7.0 and 6.2 respec- 

t ively. 

UNCLASSIFIED 
OHNL-LA-UWG 69566 

3h6 in. H 

'/32 in. RADIUS 
in. 

A-A - - 

WATER OUT + 

THERMOCOUPLE 
F I  ( ( 0 0  % = 3.55 gpm) 

F ig .  9.1. Cross Section of Copper Conductor and Test Setup. 



Test  D was made wi th  ."process water." (potable 

water) which had an oxygen content of 10.8 ppm 

and a pH of 7.63. 

Other condit ions for each test  are shown i n  
Table 9.1. 

It was possible t o  create a steady "disastrous" 

r i se  of copper temperature.only in  the case of test  

D, using process water, and th is occurred only i n  

the nucleate bo i l ing  region and not under sub- 
cooled wa l l  condit ions as in test  2D. 

o 10 20 30 40 50 60 70 80 90 100 IIO 120 I t  appears that i t  i s  ent i re ly feasible, from the 
TIME (hr) heat transfer standpoint, to  operate water-cooled 

copper conductors in  the nucleate boi l ing region 

Fig .  9.2. Copper Temperoture R i s e  per Uni t  l 2  vs  using demineralized water a t  pH 7 without incurring 

Time.  the gradual temperature r ises predicted by Griess 

Table  9.1. T e s t  Conditions for Heat-Transfer  Studies of Hol low Copper Conductors 

T e s t  Number 

Current, amp 4500 6250 7100 6850 5550 4400 3070 

Current density, omp/in. 209,200 290,560 330,080 318,456 258,020 201,556 142,800 

H e a t  flux, Btu hr - '  f t -2  . 1.08 x lo6  1.86 x lo6 2.51 x lo6 2.09 x lo6  1.68 x lo6  1.01 x lo6 0.42 x lo6  

F l o w  velocity, fps 27.5 55 75 6 1 35 28 27.5 . 

Maximum copper tempera- 284 30 2 30 2 320 330 644 302;,:. 
ture, OF 

Bulk woter out let  tem- 160 160 155 170 220 187 105 

perature, OF 

Bulk outlet subcooling, 90 9 1 133 83 5 1 87 171 
O F  

Wall-temperature super- 34 5 1 14 67 59 370 -19 t o  0 

heat, OF 

Duration of test, hr 126 207 49 11 153 95 175 

T o t a l  time on tube, hr 126 20 7 256 267 420 9 5 270 

Dissolved  oxygen content, 5.5 to 8.4 8.0 8.0 1. I? 1.1 10.8 10.8 

PP"' 

Tota l  solids content, ppm -2 '"2 '"2 1.9 1.9 80 80 

Tota l  hardness, ppm < 1 < 1 < 1 < 1 < 1 87.5 87.5 

Specific resist iv i ty,  8.9 x l o 6  4.'2 x lo6 4.2 x lo6 7.5 x lo6  7.5 x l o 6  6 x l o 3  6 x lo3  ' 

ohm-cm 

pH 7.3 7.3 7.1 7.0 6.2 7.5 7.5 



et al. for aluminum (ref 4). The burnout predic- 

t ions  of ~ u n t h e r , ~  also oppear to  be applicable 

for t he  tubing used here. 

, The inner surfaces o f  as-received tubing and the 
tubes of tests B and C were inspected metallo- 

graphically, and the formotion of copper oxide was 

about 0.0005 in. thick, maximum, but was evident 

only i n  spots. The oxidation was overshadowed 

by the effects of erosion. Th is  was manifested 
through the appearance of characteristic craters' 

along the entire half of the tube exbmined. The 
craters were fa i r ly  uniform in  depth - 0.00075 to  

0.0018 in. At t h e  maximum depth, th is indicates 

an erosion rate of about 4.5 x in./hr for the 
rather high veloci t ies used in test C. 

The arrangement and instal lat ion of the test  

equipment, as wel l  as other assistance and guid- 

4 ~ .  C .  Griess e l  nl . ,  E//ect of Heat Flux on the Cor- ance, were provided by members of the Engineering 

rosion o /  Aluminum b y  Water, ORNL-3230 (Dec.5,1961). Science Group. 



10. Design and Engineering: Service Report 

J. F. Potts, Jr. 

The ac t iv i t ies  of the Engineering Services Group 

are generally reported incidental ly wi th the re- 

search efforts of other groups of the Thermonuclear 

Division. The group executes or coordinates engi- 

neering design, shop fabrication, building opera- 

tions, and maintenance. In addition, during the 

current interval, the group engaged in  a number of 

testing act iv i t ies in order to  reinforce choices o f  
materials and methods i n  design. 

Design act iv i t ies are summarized as fol lows: 

Jobs on hand 11-1-61 on which work 22  

had not started 

N e w  iobs received 179 

Tota l  jobs 20  1 

Jobs completed 166 

Jobs i n  progress 15 

Backlog of iobs, 4-30-62 20  

Tota l  drawings completed for period 236 

(docs not incluJa report and sl ide 

drawings) 

Overtime (draftsmen, man-day s) 11  

During th i s  interval the design act iv i ty '  was 
largely concentrated on support for f ie ld changes 

and additions to  DCX-1, DCX-2, and Cyclotron 

Heating Projects, as wel l  as on new diagnostic 
apparatus for these and basic research efforts. 

Since a peak of maior construction ac t iv i ty  has 
passed, a smaller amount of engineering was done 

by outside agents. 

Shop fabrication for the period i s  summarized as 

fol lows: 

Jobs requiring 16 man-hours or less 3 7 6  

Jobs requiring 16 to  1200 man-hours 369  

Jobs over 1200 man-hours 1 

Jobs of miscellaneous character i n  209  

plating, carpenter, electr ical ,  and 

millwright shops 

Shop manpower (averagcd .weekly)  26.4 

Under a continuing program, improvements i n  the 

quali ty and re l iab i l i t y  of the demineralized cooling 
water system were realized. Water conductivity i s  

routinely i n  the range 5 to  8 x lo6 ohm-cm, solids 
less than 2 ppm, dissolved oxygen less than 2 ppm. 

A method of safely interlocking and monitoring the 

high-current dc distr ibution system i s  nearing com- 
pletion. In addition t o  other advantages, th is  w i l l  
help us maintain f lex ib i l i t y  of operation i n  the face 

of scheduled plant-load demands. 
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