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In trod uc tion 
A. H. Snell  

I 

1 .  
I 

In t h e  l a s t  of t h e s e  reports we enthused over a 
theoretical  guideline tha t  sugges ted  how injection- 
accumulation experiments might b e  directed with 
a possibil i ty of simultaneous hydromagnetic and 
microstability. T h e  ind ica t ions  appeared to u s  
to be  more clear-cut than have  been usua l  i n  the 
field of controlled fusion. T h e  rec ipe  (T. K. 
Fowler), succ inc t ly  s ta ted ,  is: 

1. U s e  a magnetic well. 
2. End and wall  mirror ra t ios  should  b e  3 for a @ 

of 0.3, but t h i s  c a n  b e  reduced for lower /3. 
3. In jec t  with an  energy spread  of a t  l e a s t  60% of 

the  mean energy. 
< 4. T e  = 0.3 Ti .  

5. Tli = 2 ‘rii. 
< 

6. Radial  size of plasma is determined by des i red  
density:  R / p i  > (opi/wci)4/3; thus  for ni = 

1013, w p i / o ) c i  = 30, and plasma “diameter” 
should exceed about  100 Larmor diameters.  

7. Length of plasma is determined by des i red  
dens i ty ;  for example, for ni  = length 
should b e  l e s s  than 100  Larmor radii. 

In our l a s t  report, a fusion reactor based  upon 
600-kev injection, and ca lcu la ted  a s  an  example, 
turned out  to b e  a gigantic thing, and one  looked 
for laboratory-scale experiments tha t  could t e s t  
t he  recipe (or some fea tures  of i t )  in a modest and 
controllable way. We have found s u c h  a regime in 
low-energy neutral injection (well below 1 0  kev)  
in apparatus of approachable s i z e ,  and doubt less  
experimentation of th i s  kind will  a l s o  b e  s ta r ted  
in other laboratories - laboratories which indeed 
a r e  of themselves  aware of the  in te res t  i n  t h i s  
regime. 

Meanwhile, from our own group, an  added impetus 
h a s  a r i sen  because  t h e  DCX-1 experimenters have 
diagnosed the  microinstability tha t  causes the  loss 
of 90% of their  trapped 300-kev protons under 
s teady-s ta te  conditions as the  nega t ive  m a s s  

instabizity. Deta i l s  of th i s  d iagnos is  a r e  given 
in ex tenso  in Sect. 1 of t h i s  report, and w e  an- 
nounced the  finding a t  t he  Culham Conference l a s t  
September. T h e  added in te res t  a r i s e s  because  the  
magnetic wells,  already widely recognized a s  suc -  
ces s fu l  hydromagnetic s tab i l izers ,  should  also b e  
e f fec t ive  in controll ing t h e  nega t ive  m a s s  micro- 
instabil i ty,  particularly i f  the  field gradients 
extend in to the  center. Indeed, t h e  Culham Con- 
fe rence  reports from the ALICE and PHOENIX I1 
experiments showed radio-frequency s i g n a l s  i n  
many r e spec t s  l i ke  those  of DCX-1, and the  appli- 
ca t ion  of t he  magnetic we l l s  appeared to  c a u s e  
a t  l e a s t  a modification of the  s igna l s .  I t  is cer- 
tainly too early to draw broad conclus ions  from 
the  comparisons; perhaps, indeed, o n e  n e e d s  to  
consider further t h e  nature of t he  nega t ive  m a s s  
ins tab i l i ty  in configurations in  which the  gyro- 
frequency loses i t s  unique value, a s  i t  does  in  
magnetic wells. In ALICE and PHOENIX 11, the  
radio-frequency s i g n a l s  did not, after all, disap- 
pear completely.’ 

T h e  proposal of a low-energy injection experi- 
ment to t e s t  t he  Fowler recipe requires a t  l e a s t  
three phases  of development work. One is the  
development of the  low-energy Ho * beams under 
good control a s  to current and divergence; for our 
s u c c e s s  in th i s  direction, see Sect. 6. A second  
is the  introduction of energy spread;  one  method 
for doing th i s  h a s  been evolved a t  low beam cur- 
ren ts  and is described in  Sect,  5.2 ( s e e  espec ia l ly  
Fig. 5.3). T h e  third is the development of de tec tors  
that  c a n  register Ho par t ic les  i n  t h e  difficult  

‘I endeavor here to present t he  si tuation a s  i t  ap- 
peared a t  the  closing da te  of th i s  report. The dis- 
c losure  that ALICE may a l so  exhibit the negative m a s s  
instabil i ty in the octupole Ioffe field did not come until 
a few days  later. Much remains to be  clarified, but 
the interplay between DCX-1, ALICE, and PHOENIX I1 
is gratifying and can  hardly fail  to be  illuminating. 

vii 
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energy range of a very few kilovolts; w e  have 
s ta r ted  on t h i s  and descr ibe  preliminary r e su l t s  i n  
Sect. 5.4. 

T h e  further question a r i ses :  what  about  trapping 
and  s tab i l i ty  in the  flat-field case, such  as  we 
have  in DCX-2? P r e s e n t  fee l ing  in the  DCX-2 
group is that t he  DCX-2 phenomena have  ye t  t o  
b e  related to those  of DCX-1. T h e  work of the 
p a s t  s i x  months h a s  added to our knowledge of the  
performance of DCX-2 under the  conditions of 
trapping by d issoc ia t ion  on the  background gas  
and trapping by hydrogen a rc  d issoc ia t ion ;  t hese  
experimental resu l t s  c a n  now b e  compared with 
the  older da t a  on lithium-arc trapping. Although 
DCX-2 h a s  undergone a period of unusually seve re  
operational troubles, t he  new resu l t s  that  appear 
in Sect. 2 include: (1) a n  observation tha t  because  
of the  interplay between r a t e  of energy spread and 
charge-exchange c r o s s  sec t ions ,  a regime e x i s t s  
around a pressure  of 7 x lo-’ torr tha t  g ives  a 
somewhat higher fast-proton dens i ty  than resu l t s  
a t  lower pressures  (10- torr); (2) the  directional 
(pitch-angle) distribution of the  emerging charge- 
exchange neut ra l s  obtained with g a s  d issoc ia t ion  
l a c k s  t h e  cent ra l  peak tha t  ind ica tes ,  when the 
lithium a rc  is used, tha t  under magnetic field 
adjustment for maximum dens i ty  t h e  majority of 
the  f a s t  ions,  and simultaneously t h e  more ener- 
getic ions,  have  essent ia l ly  no longitudinal veloc- 
i ty  (in fact, the  whole pitch-angle s i tua t ion  requires 
more study);  ( 3 )  t h e  radio-frequency spectrum 
emitted by t h e  trapped protons c a n  contain a multi- 
tude of harmonics (up to t h e  100th) of the  proton 
cyclotron frequency, thus  providing a complement 
in t h e  ions  to the  rich harmonic spec t r a  tha t  have  
been known for s eve ra l  yea r s  in t h e  e lec t rons  of 
magnetically confined plasma. T h e  peak e lec t r ic  
radiation f ie lds  c a n  amount to 100  v/cm or more. 
Another accomplishment c lose ly  re la ted  to DCX-2 
is the  production of H, beams of greater intensity 
than w e  had previously achieved (Sect. 6); we 
should  soon b e  ab le  to double or tr iple t h e  input 

Our exper ience  in the  s tab i l i ty  of t h e  electron- 
cyclotron plasmas in s imple  mirror configurations 
h a s  for some time d i rec ted  our attention to the  
matter of s tab i l iza t ion  by co ld  plasma, or  “line 
tying.” We fee l  tha t  more should b e  known about 
th i s :  for example, how much cold plasma is needed, 
to what beta-values can  i t  b e  exploited,  and to  
what ex ten t  can  it b e  combined with other stabil i-  
zation schemes?  Section 7.2 conta ins  a shor t  

+ 

to DCX-2. 

theoretical  d i scuss ion ,  and  in  Sect. 7.3 we de- 
s c r i b e  how t h e  old E P A  appara tus  h a s  been modi- 
fied into an  experiment somewhat bafflingly ca l l ed  
INTEREM, where three  mirror regions a r e  used  in  
l ine ,  t he  outer two serv ing  as regions for the  
generation of co ld  plasma which is used to s tab i -  
lize the  plasma in  the  cent ra l  region, thus  per- 
mitting a much lower neutral  p re s su re  in t h e  cent ra l  
region. So far, t he  central-region pressure  h a s  
been forced down to a tenth of t ha t  previously 
required for s t a b l e  electron-cyclotron p lasmas ;  we 
hope to go further. T h e  injection of 20-kev Ho  
atoms, originally s ta r ted  for d iagnos t ic  purposes,  
h a s  yielded trapped fast-ion dens i t i e s  of over 
3 x l o 7  c m - 3  within the  hot-electron medium, s o  
INTEREM may quickly develop into a competit ive 
injection-accumulation experiment. T h e  fast-ion 
decay  cu rves  show both a rapid and  a s low com- 
ponent; t h e s e  must b e  s tud ied  further. Meanwhile, 
other electron-cyclotron plasma work inc ludes  a 
s tudy  of t h e  energy groups in  the  8-mm hea t ing  
experiment ELMO (with the  observation tha t  elec- 
trons can  b e  hea ted  to the  l imit  s e t  by their radia- 
tion cool ing  rate), and t h e  observation in  the  old 
PTF apparatus that two types  of in s t ab i l i t i e s  can  
b e  instigated: the  f lu te  and the  mirror. P re s su re  
and magnetic field manipulations c a n  favor either 
t he  one  or  t he  other, o r  neither. T h i s  may be  the  
f i r s t  experimental recognition of the  mirror in- 
s tab i l i ty  . 

In t h e  matter of turbulent hea t ing  by beam-plasma 
interaction, w e  descr ibe  i n  Sect. 4.1 probe and 
power measurements t ha t  i nd ica t e  t h e  following 
s i tua t ion  in  Burnout V: (1) as  much as 10% of the  
input power can  go in to  hea t ing  the  ions ;  (2) the 
ions a r e  mostly in a population with a temperature 
(lab sys tem)  of 550 e v  and  a dens i ty  i n  the  10” 
to 10” omw3 range; ( 3 )  t h e  electron temperature 
is low; (4) a few of the  ions  (equivalent density 
about l o 6  cmP3) a r e  hea ted  to temperatures above 
100 kev; (5) the  core  of t he  d i scha rge  is strongly 
nega t ive  in potential, so  there  is f ie rce  E x H 
rotation; (6) with deuterium there  is a neutron 
source of about lo’ sec-’ in  t h e  region of the  
midplane between mirror coils. In Sect. 4.2 we 
show tha t  i n  t h e  hot-electron version of t h e  “mode 
11” reflex discharge,  with o n e  or two sources  s e t  
off a x i s  in a la rge  mirror configuration, t he  elec- 
tron dens i ty  in t h e  annular “blanket” about 18 in. 
in diameter and 3 or  4 ft long  h a s  been increased  
by the methods of laboratory b lack  a r t  to about 
10’ electrons/cm3. T h i s  is becoming interesting, 

. 
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and attempts will b e  made to inc rease  the  density 
s t i l l  further. 

Two continuing s tud ie s  of radial  loss of plasma 
from the  hydrogen vacuum a r c s  show that (1) when 
the  field shape  is changed so a s  to  provide a radial 
minimum B t he  loss is reduced but not eliminated 
(Sect. 4.7), and (2) in the uniform field of the Long 
Solenoid, the “fluting” is of such  f ine  structure 
a s  to b e  better described a s  a sur face  turbulence 
of random nature (Sect. 4.8). 

In the  field of  magnet ics  w e  note  refinements 
in magnetic field ca lcu la t ions  and co i l  arrange- 
ments (Sects. 8.1 and 8.2), the  development of 
small ,  high-power-density “expendable” co i l s  
(Sect. 8.3), and an iron magnet tha t  inexpensively 
g ives  a magnetic well of the  “baseba l l  seam” 
type (Sect. 8.4). T h e  study of wavel ike flux pene- 
tration into superconduct ing cylinders and the  flux 
jumps tha t  resu l t  from the  penetration is pursued 
theoretically and experimentally in Sect. 8.5. In 
other experiments t he  miniature Hal l  probes tha t  
we have  developed have  been invaluable in reveal- 
i n g  t h e  flux distribution through the  superconduct- 
i ng  material; their resolving power is il lustrated in 

Figs.  8.24 and 8.25, where ripple shows,  a r i s ing  
from individual layers  or windings in  a smal l  
superconduct ing coil  wound with 10-mil Nb-Zr. 
An attempt is made in Sect. 8.5.4 to  develop a 
macroscopic  theory for the  behavior of type I11 
superconductors  on the  bas i s  of t he  “pinning” of 
flux l ines ,  but t he  resu l t s  so far a r e  regarded by 
the  author a s  somewhat inconclusive.  

T h e  matter of tritium penetration and inventory 
in the  wa l l s  of a hypothetical  fusion reactor is 
d i scussed  further in Sect. 9. The  conclus ions  
of both a l i terature survey and some experimental 
work a re  that there will  probably be  no ser ious  
problem here. Vacuum notes  d i scussed  the  periodic 
pressure  “bl ips” tha t  come from dry elastomer 
O-rings in vacuum sys tems (Sect. 9.3), and the 
control by cooling of t he  vapor s t reaming tha t  can  
falsify absolu te  pressure  measurements made with 
conventional McLeod gages  (Sect. 9.6). T h e  
research contributions of t h i s  progress report 
conclude with some sputtering y i e lds  for 30-kev Dt 
ions  (Sect. 9.7) that sugges t  tha t  copper  may some- 
t imes b e  an unfavorable choice  for a sur face  to  b e  
subjec ted  to bombardment. 
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Abstracts 

1. INJECTION AND ACCUMULATION: 
SINGLE-PASS EXPERIMENTS (DCX-1) 

The  ax ia l  osc i l la t ion  amplitudes and t h e  energy 
spread  of trapped protons were deliberately in- 
c reased  in a t tempts  to s t ab i l i ze  the  ins tab i l i ty  
driving proton losses to permit t he  accumulation of 
higher dens i t ies .  The  threshold dens i ty  for t h i s  
instabil i ty could b e  increased  by nearly two orders 
of magnitude by t h e s e  techniques.  However, the  
maximum thresholds remained below the  dens i ty  a t  
which proton l o s s e s  occur,  and the limiting plasma 
dens i ty ,  1 to  2 x 10' was  not increased  
significantly.  A number of experiments relating 
directly to  the  problem of mode assignment for t he  
instabil i ty were performed. T h e s e  experiments in- 
cluded s t u d i e s  of threshold variations with energy 
spread ,  with changes  in the  distribution of trapped 
protons in radial  osc i l la t ion  amplitude, and with 
changes in t h e  shape  of t h e  magnetic field. Some 
instabil i ty growth-time measurements were also 
made. T h e  resu l t s  of the  experiments a re  in  agree- 
ment with the  theory of t h e  negative mass ins ta -  
bility. Progress  in ana ly t ic  calculation of orbits 
and orbit frequencies and resu l t s  of in jec t ing  into 
mode I and mode I1 discharges  a re  also reported. 

2. INJECTION AND ACCUMULATION: 
MU L T I  PL  E- PASS EXPERIMENTS (DCX-2) 

Experiments have been carried out i n  which we 
studied the  plasma properties with hydrogen arc 
d issoc ia t ion  and hydrogen and  nitrogen gas  d i s -  
soc ia t ion .  T h e  dens i t i e s  obtained vary, depending 
on the  conditions,  from 1 x l o 8  ions/cm3 to seve ra l  
t imes l o 9  ions/cm3, somewhat lower than those  
obtained with t h e  lithium a rc  dissociation. The  
h ighes t  dens i t ies  are obtained with the  hydrogen 
a rc  used  as  a d issoc ia tor  desp i t e  the  fact  that  the  
pressure could not be  reduced in  t h e s e  experiments 
'below - 2 . 5  x torr. In the  c a s e  of g a s  d i s -  

soc ia t ion ,  a quantitative u s e  of the energy ana lyzer  
da ta  h a s  been made to  determine directly the  
trapped proton dens i ty ,  and the  resu l t s  agree  with 
t h e  usua l  measurements us ing  the  integral  of the  
charge-exchange flux following beam turnoff. I t  
appears  that  in the  case of gas  d issoc ia t ion ,  the  
ev idence  sugges t s  fairly good accountabili ty of 
the  injected beam from the  charge-exchange flux a t  
equilibrium. Surprisingly, the  trapped dens i ty  i s  
observed to  r i s e  to a peak a s  the  pressure  i s  in- 
c reased  and then falls a t  p ressures  above 2 x lo- '  
torr. T h i s  behavior is shown to b e  due  to  varia- 
t ions in the energy spread  a s  a result  of the  pres- 
e n c e  of the  microinstability. T h e  intensification of 
the  instabil i ty c a u s e s ,  in some c a s e s ,  ac tua l ly  a 
s igni f icant  improvement of containment time a s  a 
result  of the  average  energy increase .  T h i s  i s  not 
to s a y  that t he  instabil i ty i s  des i rab le ,  but merely 
ind ica tes  i t s  p resence  i s  not catastrophic.  

Studies of t h e  pitch-angle distribution in g a s  
breakup were made. In certain in s t ances  no cent ra l  
peak was  observed. T h e  interpretation of t h e s e  
resu l t s  in terms of what limitations for the dens i ty  
may be  expected i s  s t i l l  ambiguous. Radio-fre- 
quency measurements were made with improved 
calibrated probes which show e lec t r ic  f ie lds  a t  t h e  
probes in  e x c e s s  of 100 v/cm for some  of the  
harmonics. T h e  variation of the  behavior of the  
harmonic spec t r a  as  a function of g a s  pressure  
and energe t ic  particle density is a l so  described. 

3. ELECTRON-CY CLOTRON HEATING 

T h e  E P A  Faci l i ty ,  as  d i scussed  in  Sect.  3.1, 
h a s  been modified ex tens ive ly  and will henceforth 
be  ca l led  INTEREM for Injection of Neutrals and 
- Trapping on an  Electron _Resonance Environmental 
- Medium. T h e  injected 20-kev neutral  beam current 
h a s  increased  in magnitude. As  a result  of t h e s e  
improvements, the  dens i ty  of 20-kev ions  trapped 
in the e lec t roncyclo t ron  plasma h a s  increased  to 
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- 3  x l o ’  ions/cm3. Hot-ion ins tab i l i t i es  have not 
been yet observed in the  presence  of the  environ- 
mental plasma medium. T h e  neutral  beam h a s  also 
been used  to  measure t h e  cold-ion density in the  
environmental plasma. 

A description of the  2-kw, 8-mm continuous-wave 
microwave source  used to  form the  electron-cyclo- 
tron plasma in  the  ELMO Fac i l i t y  i s  given in  
Sect. 3.2. Experimental  r e su l t s  show tha t  t he  
multicomponent plasma might have  a s  many as four 
rather d i s t inc t  energy groups. The  resu l t s  of some 
density and temperature measurements us ing  brems- 
strahlung d iagnos t ics ,  neutron in tens i t ies ,  diamag- 
ne t ic  measurements,  and ax ia l  currents a r e  pre- 
sented. 

A s  described in Sect.  3.3,  two types  of instabil i-  
t i e s  c a n  be  induced in  a hot-electron plasma 
produced by electron-cyclotron hea t ing  in a magnetic 
mirror. One type resu l t s  i n  radial  loss of particles 
ac ross  magnetic field l i nes  and appears  to b e  due 
to the  growth of flutes.  T h e  other resu l t s  primarily 
in loss a long  magnetic field l i nes  and appears to 
b e  due to the mirror instabil i ty.  Both types  a r e  ac- 
companied by radio-frequency osc i l la t ions  and re- 
s u l t  in the  loss, per event ,  of -10% of the  energy 
stored in t h e  plasma. 

4. PLASMA PHYSICS 

Ion and electron temperatures and dens i t ies  a re  
being measured in  the  burnout experiments.  T h e  
power density of Burnout V h a s  been increased. 
Deuterons up  to 170 kev  have  been analyzed, and 
corresponding neutron f luxes  from wall reactions 
have been observed. Probe  measurements of the  
plasma in Burnout V sugges t  tha t  t he  ion tempera- 
ture i s  about 0.5 kev, tha t  t he  ion dens i ty  is greater 
than 10” and is probably about 3 x 10” 

that the electron temperature is about 100 
ev ,  and that s t rong  radial  e lec t r ic  f ie lds  e x i s t  in 
t he  device.  

A wide-angle optical  system h a s  been used  to  
study t h e  light emitted from t h e  plasma of Burnout 
V. As  expected, in mode I1 operation, the  central  
a r c  is observed to f ade  and i s  replaced by a dim 
glow throughout the  en t i re  plasma container. In 
Burnout IV de ta i led  investigation of t he  spec t ra l  
light distribution us ing  both spectrographs and  
fi l ters is being made. 

Development of hot-electron plasmas continues.  
In an  annular s h e l l  trapped between magnetic mir- 

rors, two feed arcs operating simultaneously con- 
tr ibute t o  an  electron dens i ty  of 10”  and 
temperature of 100 ev. Elec t rons  of 100 kev a t  5 x 
10’ density are found on both the  ins ide  and 
outs ide  of the  she l l .  

Ionic sound wave s t u d i e s  have been continued, 
and have verified that y ,  t h e  ad iaba t ic  compres- 
s ion  coefficient for t he  plasma e lec t rons ,  is unity, 
a s  is expected on theoretical  grounds. An electron- 
emitt ing hot probe h a s  been found to be  a super- 
s ens i t i ve  ion-wave detector,  apparently because  
the  ion wave perturbs a s p a c e c h a r g e  shea th  sur- 
rounding the probe. 

A simple model h a s  been used  to predict which 
g a s e s  in cylindrical  d i scharge  tubes  tend to produce 
moving s t r ia t ions  and which do  not. T h o s e  tha t  
tend to produce moving s t r ia t ions  have  electron- 
atom sca t te r ing  cross sec t ions  increas ing  with in- 
c r eas ing  electron energy, and conversely.  A study 
of Langmuir probes shows  tha t  in smal l ,  qu iescent  
plasma sys t ems  of low dens i ty ,  Langmuir probes 
a r e  not a lways  sa t i s fac tory .  In t h e s e  sys t ems ,  
Langmuir probes c a n  be  supplemented by a simple 
“decay” technique for dens i ty  measurements. 
Calcu la t ions  for t he  momentum probe (magnetic 
analyzer) for plasma s t u d i e s  have  been extended 
to include the e f fec ts  of e l ec t r i c  potentials placed 
on t h e  probe. 

S tudies  of the  macroscopic cross-field mass  
motion (fluting) from the  hydrogen a rc  have con- 
t inued i n  a modified magnetic field geometry. T h e  
addition of a pair  of coils in s ide  the  main mirror 
co i l  pair  enab le s  u s  to produce a field with a 
radial minimum on the  ax is .  For the  la rges t  
depth of th i s  magnetic well ,  correlated s i g n a l s  
which may b e  identified as f lu tes  s t i l l  appear ,  
although their  radial  velocity is reduced, per- 
haps  by a n  order of magnitude. T h e  radial  dens i ty  
profile is also narrowed. 

F l u t e s  have also been observed in  the  plasma, 
produced apparently by a s t reaming interaction 
(turbulent heating), i n  the  uniform field of be ta  
tank D, u s ing  the  PIG-configuration plasma source .  
T h e  observed f lu te  ve loc i t ies ,  of t he  order of 
-2 x l o 6  cm/sec ,  a r e  somewhat higher than a r e  
observed in t h e  gas a r c  facil i ty.  A t  large radii 
t h e s e  f lu tes  cannot be  observed, but f luctuations 
in the  ion current appear  which may b e  interpreted 
a s  a rigid rotation of the  plasma body a t  a fre- 
quency with a period of 2 psec .  

Axially correlated irregularit ies at l e a s t  40 in. 
long  were found on the  hydrogen a r c  column i n  
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t he  long solenoid.  T h e  number of fluctuations 
registered per s econd  inc reases  sharp ly  with a r c  
current. Inasmuch as the correlated s t ruc ture  is 
sma l l  i n  rad ia l  and  azimuthal extent,  the behavior 
is thought t o  resemble a turbulence rather than 
gross  hydromagnetic f lu tes  i n  the  usua l  u sage  of 
t he  term. 

In calutron beam work during th i s  period, the  
C a t  beam p a s s i n g  through a homogeneous mag- 
ne t i c  field h a s  been studied. T h e  d is turbance  
which perturbs the  beam and gives r i se  to a 
la rge  beam imperfection appears  t o  be a s soc ia t ed  
with the  depth of t he  posit ive potential  well .  

Further spec t roscop ic  s t u d i e s  of t he  energe t ic  
carbon a r c  sugges t  for the  f i r s t  time a poss ib l e  
leve l ing  off of the  hea t ing  mechanism in very 
long, magnetically confined carbon arcs .  T h e  
hea t ing  p rocess  appears  also to depend on the  
concentration of C ’. T h e  excitation-heating 
mechanism is subs tan t ia ted  further by a quas i -  
resonance  intermediate s t ep ,  which predic t s  a 
fairly low col l i s iona l  energy for the  maximum in 
the  c r o s s  sec t ion  of the  hea t ing  s tep .  A firmer 
understanding of the  l ine  intensity anomal ies  h a s  
been obtained. A crude es t imate  of 1 .0  for “ln A” 
h a s  been made in  terms of the  a r c  res i s t iv i ty  and  
may b e  compared with the  conventional theoreti- 
c a l  va lue  of 8.6 v s  the  revised theoretical  value 
of 1.4. The concepts  of “ignition” and  “burning 
temperature” a r e  d i scussed  briefly. 

5. ATOMIC AND MOLECULAR CROSS SECTIONS 

Measurements have been made to confirm the 
ex i s t ence  of s t a b l e  e lec t ronic  exc i ted  s t a t e s  of 
H,, similar t o  those  found in H and  H,. Capture 
in to  repulsive leve ls  of H ,  dominates the  elec- 
tron capture  process ,  but the capture  in to  a l l  
l eve l s  is a n  order of magnitude less than ex- 
pected. 

T h e  parameters influencing the  charge-transfer 
conversion of monoenergetic protons into energy- 
d ispersed  neutral  particle beams have  been in- 
ves t iga ted .  A 50-kev proton beam w a s  p a s s e d  
through a n  argon g a s  ce l l  composed of 11 insu- 
la ted  e lec t rodes  arranged to provide a l inear 
dece lera t ing  field. Application of a 40-kv retard- 
ing  field resulted in a nearly f la t  energy distri-  
bution with a 40% conversion efficiency of inc ident  
protons to neutrals.  Fifty-kiloelectron-volt H 
par t ic les  incident on the  gas  ce l l  exhibited 45% 
conversion. 

t 

Engineering modifications have dec reased  the  
measured no i se  width of the  s i l i con  su r face  bar- 
rier for measuring low-energy protons. A mini- 
mum no i se  width of 2.75 kev  h a s  been obtained. 
T h e  pulse  spectrum of 6-kev protons w a s  resolv- 
ab le  with the  present  geometry. Resolvable  pulse  
spec t r a  were also obtained for 10-kev H e t  and  
15-kev N +  ions.  

T h e  f a s t  time response  of a barium t i t ana te  
c rys ta l  h a s  been determined for a pulsed 300-kev 
H o  beam. At low power leve ls  w/cm) the  
s h a p e  of the  output s igna l  pu lse  from the  c rys t a l  
was  differentiated; however, as  the  input power 
increased ,  the  time response  of the  c rys t a l  was  
the same  a s  that of t he  beam. 

6. HIGH-CURRENT ION-BEAM PRODUCTION 
AND INJECTION 

Development of ion sources  and fac i l i t i es  for 
extracting, focusing, and  handling ion beams for 
direct  application in to  present thermonuclear 
dev ices  and potential  application into future 
dev ices  h a s  continued to be  our major effort. 
In tense  direct-current hydrogen ion beams,  e i ther  
atomic or molecular, a r e  now ava i lab le  over a n  
energy range of 4 to 600 kev with to ta l  beams 
of from 200 m a  to 1 amp. T h e  fraction of the  
total  beam usab le  for various experiments is 
indicated by imposing various degrees  of col- 
limation. 

7. PLASMA THEORY AND COMPUTATION 

A concentrated effort has  been made to  obtain 
a comparison between theory and experiment i n  
two important ins tances :  the low-density ins ta -  
bility in DCX-1 and the  flutelike ins tab i l i t i es  
which c a n  b e  exc i ted  in the  PTF machine. T h e  
importance of t hese  particular cases s t ems  from 
the  general  ques t ions  they bear upon: t he  domain 
of re levance  of negative-mass instabil i ty theory, 
and the  broad question of finite length and cold- 
plasma ef fec ts  respectively.  

In a qui te  s epa ra t e  a rea ,  the  long-range program 
to  obtain a complete theoretical  description of 
plasma transport  phenomena h a s  progressed to 
a most important point. T h e  formulas derived 
earlier t o  descr ibe  “anomalous” diffusion r a t e s  
due to spec i f ied  fluctuation spec t ra  have  been 
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s tudied  from seve ra l  viewpoints. Work now in 
progress is aimed at  predicting the  fluctuation 
spectrum to be  expec ted  on the  b a s i s  of the  
nonlinear development of plasma ins tab i l i t i es .  
Th i s  information would then permit a general  
diffusion calculation, which might give answers  
t o  the  ques t ion  of what  l eve l s  of ins tab i l i ty  a r e  
tolerable in a fusion plasma. 

8. MAGNETICS AND SUPERCONDUCTIVITY 

For various plasma phys ics  experiments t he  
generation of magnetic f ie lds  with extended zones  
of high homogeneity is of great interest .  In 
other cases the  uniformity of t he  ax ia l  f ield gra- 
dient may b e  important. In all t h e s e  cases co i l  
sys tems with good Fabry fac tors  and small vol- 
ume fac tors  a re ,  of course ,  desirable.  Because  
of the  great number of independent var iab les  
(coil dimensions,  d i s t ances  between co i l s ,  etc.) ,  
i t  is very difficult  to find optimum solu t ions .  
Calculation methods recently developed here have 
been refined and adapted for th i s  purpose. The  
resu l t s  a r e  surprisingly good and prove tha t  t he  
probability of finding, a t  random, favorable solu- 
t ions is very small. 

An appropriate way to  represent t h e s e  f ie lds  
graphically is to trace cons  tant-vector-magnitude 
curves.  It i s  more e f fec t ive  to u s e  the  new 
concept  of “ to ta l  vector error contours.” T h e s e  
two graphical methods a r e  applied to  a s tudy  of 
the field configurations of the  new large-volume 
magnet co i l  sys t ems  “C” and “D,” which a r e  
being built  for our magnet laboratory. 

Other t a sks  of magnetic field production for 
thermonuclear research  encounter cons iderable  
technological difficult ies:  f i r s t ,  the  generation 
of high f ie lds  in small volumes (for i n s t ance  in 
the bores of mirror coils) with the  additional 
condition of disturbing by mechanical construc- 
tion parts t he  surrounding plasma as l i t t l e  a s  
possible.  Two different new des igns  which try 
to so lve  th i s  problem a r e  described. Both showed 
promising preliminary t e s t  results.  

A second problem i s  the  generation of “magnetic 
wel ls”  with nonzero field minima. Air-core co i l  
des igns  a r e  difficult  because  of the  necessa ry  
high current dens i t i e s  i n  the  windings. Recently,  
for th i s  purpose a n  iron-core des ign  was  developed 
here which needs  only low power dens i t i e s  i n  
the coils, a l lows  s imple  changing of the mirror 

ratio,  and permits ample access to the  plasma 
volume. 

T h e  work on superconductivity at  t he  Thermo- 
nuclear Division is guided by our opinion tha t  
for the  s u c c e s s f u l  development of superconduct- 
ing,  large-volume, high-field magnets of various 
s h a p e s  (coils, Ioffe bars ,  etc.), a better under- 
s tanding  of t he  re levant  phys ica l  properties of 
t he  high-field superconductors is necessary .  

Thus  a program w a s  init iated a few yea r s  ago 
which t r ies  to reach th i s  goal by following simul- 
taneously seve ra l  experimental  approaches: mag- 
ne t ic  moment measurements,  field scann ing  with 
micro Hal l  probes,  flux jump and flux c reep  inves-  
t igations,  and the  measurement of c r i t i ca l  cur- 
ren ts  under greatly diversified experimental  con- 
d i t ions .  

T h i s  report desc r ibes  recent resu l t s  on micro 
Hal l  probe measurements on Nb-25% Zr  cylin- 
de r s  and co i l s ,  and investigations on the  field 
distributions in  hard-superconducting cy l inders  
with ad iaba t ic  f ie ld  change. A note on the  macro- 
s c o p i c  theory of superconductors of the  second  
and third kind t r ies  t o  clarify the  b a s i c  theo- 
re t ica l  concepts .  

9. VACUUM STUDIES, SPUTTERING, 
ADSORPTION, AND DIFFUSION 

OF GASES IN METALS 

Further consideration of tritium inventory prob- 
l e m s  i n  a thermonuclear reactor h a s  been made. 
The  da ta  found in  the  l i terature have been ana-  
lyzed  and show tha t  tritium inventory control 
is as soc ia t ed  with the  primary fac tors ,  tempera- 
ture, metal  c l ean l ines s  and purity, and bom- 
barding flux of energe t ic  atoms or ions.  An 
experimental s tudy  w a s  conducted us ing  low- 
energy bombardment in  a glow discharge ;  t he  
s tudy  yielded resu l t s  i n  agreement with the  de- 
ta i led  l i terature s tudy .  

P a r t  of the  continuing s tud ie s  of vacuum s y s -  
tems and  components included a s tudy  of t he  
periodic pressure  burs t s  frequently observed in  
vacuum sys t ems .  In the  particular sys t em used  
for t h i s  s tudy ,  the  g a s e s  were identified with 
water and carbon dioxide effusing from the  pump 
flange e las tomer  gaske t  and not a i r  or back- 
ground g a s e s  in  the  vacuum sys tem.  Oil  trans- 
port i n  vacuum s y s t e m s  w a s  previously found 
to  b e  by a su r face  transport  p rocess  for a mixed 
hydrocarbon oil. The  resu l t s  of a s tudy  us ing  
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a high-mass-resolution mass analyzer  on the mo- 
bility of a t r is i loxane oi l  could be interpreted 
most simply by assuming a vapor-phase trans- 
port mechanism. The  subjec t  of transport  mech- 
anisms of high-molecular-weight materials is s t i l l  
moot. 

Measurements with a refrigerated McLeod gage 
indicate  that  the “Hg vapor pumping effect” can  
b e  eliminated by immersing the gage in a region 

where the ambient temperature is -15OC. Cal i -  
bration of a commercial capaci t ive differential 
manometer was made to  determine the usefu lness  
of s u c h  a gage for a pressure s tandard in  measur- 
i n g  condensable  vapors.  

Sputtering rat ios  have been measured for 30-kev 
D ions  on tungsten,  molybdenum, copper,  and 
316 s t a i n l e s s  steel. Sputtering ratios range from 
0.03 for copper to  0.007 for the s t a i n l e s s  s t ee l .  

t 
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1. Injection and Accumulation: 
Single-Pass Experiments (DCX-1) 

J .  L. Dunlap 
R. S. Edwards 
G. R. H a s t e '  
L. A. Massengill  
C. E. Nielseri2 

1.1 INTRODUCTION 

The  previous report4 reviewed the information 
accumulated concerning microinstability-driven 
proton losses and microinstability-generated rf 
s i g n a l s  from the  DCX-1 plasma. It also descr ibed  
the  resu l t s  achieved by applying two different 
techniques  aimed a t  s tab i l iza t ion  by deliberately 
decreas ing  the anisotropy of the  trapped proton 
distribution. 

Work during the present report period h a s  been 
almost equally divided between experiments with 
other s tab i l iza t ion  techniques and s t u d i e s  directly 
relating to the  problem of mode ass ignment  for the 
principal proton-loss instahil i ty.  In the  first  
category a re  the de l ibera te  introductions of in- 
c r eased  proton ax ia l  osc i l la t ion  amplitudes (Sect. 
1 .2)  and of proton energy spread  induced by 
s tochas t ica l ly  driven cyclotron d e e  s t ruc tures  
and by modulation of the  molecular-beam energy 
(Sect. 1.3). The  dens i ty  threshold for observation 
of the  instabil i ty was  quite insens i t ive  to  the  
de l ibera te  introduction of ax ia l  osc i l la t ions ,  bu t  
i t  could be increased  from 3 x IOs c m - 3  t o  3 x 10'  
c m - 3  by energy spread. Energy sp reads  introduced 
by these  techniques were not particularly effective 
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2Consultant from Ohio S ta te  University. 
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in increas ing  the  limiting plasma dens i ty  of 1 to  
2 x l o 8  ~ m - ~ .  Spreading by the  cyclotron drives 
decreased  th i s  dens i ty ,  and u s e  of beam energy 
modulation increased  the  dens i ty  by only a factor 
of 2. 

Experiments directly relating to  mode assignment 
a re  described in  Sect.  1.4 in which a re  introduced 
measurements of growth t imes for the  instabil i ty,  
threshold measurements for different proton d is -  
tr ibutions in radial  oscil lation amplitude, meas- 
urements of the  frequency of t he  1 = 1 uns tab le  
mode as a function of the  minimum radial  osc i l -  
lation amplitude of the injected proton distribution, 
and s tud ie s  of threshold changes  with energy 
spread  for different magnetic field gradients.  That  
the resu l t s  of t hese  experiments and o thers  ex- 
amining the  response  of threshold to energy sp read  
a re  in  good quantitative agreement with theore t ica l  
predictions of nega t ive  mass instabil i ty is demon- 
s t ra ted  in  Sect.  1.5. 

Some attempts have been undertaken to  gener- 
alize negative mass  theory t o  treat  par t ic les  s tored  
in  decidedly nonuniform magnetic f ie lds .  One 
difficulty encountered was  tha t  gyrofrequency is 
not well  defined in s u c h  fields.  Section 1.6 def ines  
some frequencies b y  which orbits i n  general  c a n  
b e  characterized and reports recent progress in 
ana ly t ic  calculation of orbits and orbit frequencies.  

Section 1.7 desc r ibes  injection into mode I and 
mode I1 d ischarges  operated in DCX-1. T h e  
resu l t s  indicated that any  burned-out volume 
as soc ia t ed  with mode I1 was  too small t o  provide 
significant sh ie ld ing  of the 300-kev proton plasma 
formed by injection. 

. 
1 
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Finally,  Sect.  1.8 is an  appendix which g ives  
principal features of a negat ive  mass theory usefu l  
i n  interpreting some of the  experimental  resu l t s .  

1.2 DELIBERATE INTRODUCTION OF 
PROTON AXIAL OSCILLATION AMPLITUDES 

t With the  standard injection trajectory, the  H, 
beam is in  the  median plane,  and the  ratio of 
T , / T , ,  for init ially trapped protons is approxi- 
mately 100, so the  ax ia l  osc i l la t ion  amplitude of 
injected protons is qui te  small (9, t o  in.). A 
convenient way to  inc rease  th i s  amplitude is to  
employ e lec t ros ta t ic  deflection of the  molecular 
beam jus t  prior t o  its ent rance  into the  main 
vacuum v e s s e l  to deflect  t h e  beam from the  median 
plane. 

Thresholds for onse t  of the  proton-loss ins ta -  
bil i ty (the gyrofrequency mode of ear l ie r  reports4) 
were measured for various d isp lacements  of t he  
molecular beam from the  median plane. T h e  maxi- 
mum displacement reduced t h e  anisotropy ratio 
to about 4, and gave average proton ax ia l  oscil- 
lation amplitudes of 4 to 5 in .  Threshold was  
determined from the  appearance  of rf s igna l s  
during plasma accumulation, and the  cent ra l  
density a t  threshold was  measured in the  usua l  
way from charge-exchange loss s igna l s .  

T h e  threshold density was  quite insens i t ive  
to the variations of trapped proton distribution. 
Since the  charge-exchange de tec tors  were not 
collimated and no attempt was  made to  correct the  
cent ra l  dens i ty  es t imate  for changes in the  ax ia l  
distribution of t h e  trapped plasma, threshold 
changes  by smal l  fac tors  (2 or 3) may have been 
present. However, t he  s tab i l iz ing  e f fec ts  of the 
ax ia l  osc i l la t ions  introduced a re  s t i l l  smal l  in 
comparison with the  e f f ec t s  of radial osc i l la -  
t ions.  p 6  

Since no significant degree  of s tab i l iza t ion  was  
obtained for t he  ava i lab le  range of trajectory 
sh i f t s  from the median plane,  such  trajectory 
variations were not further examined. 

5Thermonuclear Div. Serniann. Progr. R e p t .  A p r .  30, 

6This report, sect .  1.4.2. 
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1.3 DELIBERATE INTRODUCTION OF 
PROTON ENERGY SPREAD 

1.3.1 Cyclotron Drives 

Cyclotron s t ruc tures  mounted within the  plasma 
chamber have been used  to  inc rease  the  energy 
spread  of the  trapped protons. TWO s u c h  s t ruc-  
tures were employed, one  su i t ed  for operation a t  
t he  third harmonic of the  proton cyclotron frequency 
and one  for operation at the  fundamental. Both 
s t ruc tures  permitted a plasma rad ius  of 9 in. 
Approximately s tochas t i c  acce lera t ions  were 
des i red .  Fo r  th i s  reason, in each  case the  driving 
poten t ia l s  were obtained by amplifying the output 
of no i se  generators fi l tered for a p a s s  band of 
1 to  2 M c  about the  appropriate harmonic, which 
was  tha t  for 300-kev protons on the  equilibrium 
(circular) orbit. 

A diagram of the third-harmonic d e e  s t ruc ture  
is given as  Fig .  1.1. At th i s  frequency both driven 
and pass ive  e lements  were necessary .  A s  shown 
in F ig .  1.2, only the  driven element was  required 
for the  fundamental structure s ince  the  grounded 
wa l l s  of the plasma chamber then served  as a 
dummy dee .  The  s i d e  wa l l s  of the  third-harmonic 
s t ruc ture  restricted the  ax ia l  extent of the  plasma 
t o  2 = k l ? $  in. The  fundamental s t ruc ture  allowed 
the  normal ax ia l  ex ten t ,  2 = t6?$  in .  
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full  width a t  half  maximum (at 300 kev), and the  
measured distributions sometimes were only s l igh t ly  
broader than th i s .  As a result ,  only AE values  
above about 1 0  to 15 kev  full width a t  half maxi- 
mum were determined by direct  measurement. 
Lower va lues  were determined by extrapolation of 
measured A E  v s  d e e  voltage curves  to lower d e e  
voltages.  

With first-harmonic drive, threshold w a s  deter-  
mined by appearance of rf s igna l s  during the  period 
of plasma accumulation, and i n  s t eady  s t a t e  by 
ad jus t ing  the injected beam current and cyclotron 
drive to define the  stable-unstable boundary. 
Resul t s  were identical .  With third-harmonic drive, 
t he  determinations were limited to s t eady  s t a t e .  

Th i s  work was  done with the  s tandard  molecular- 
beam trajectory. I t  involved s tud ie s  of two d i s -  
t inc t ly  different plasma s i tua t ions .  We cons ider  
first  those  s tud ie s  of plasmas es tab l i shed  by 
Lorentz d issoc ia t ion  and in i t ia l ly  instabil i ty- 
limited to  dens i t i e s  of 1 t o  2 x lo8 cm-3 for the  
fundamental structure and t o  somewhat lower 
dens i t i e s  for t he  third-harmonic s t ruc ture  (because 
of ax ia l  expansion and l o s s  to the  s i d e  walls) .  
The  application of d e e  voltage in  th i s  s i tua t ion  
resulted in dec rease  of plasma dens i ty .  The  
additional plasma losses are  apparently radial ,  
driven by the cyclotron fields.  

Despi te  the  failure of th i s  technique to relax 
the  dens i ty  limitation imposed by the  microinsta- 
b i l i t i es ,  useful information w a s  gained when the  
technique was  applied to lower-density plasmas 
es tab l i shed  by g a s  d issoc ia t ion .  Charge exchange 
is the  only proton loss mechanism for t h e s e  plas- 
mas. They  could b e  s tab i l ized  by the  energy 
spread  without introducing other losses. Figure  
1.3 g ives  typical resu l t s  i n  the  form of the  to ta l  
number of protons trapped a t  threshold a s  a func- 
t ion of the  proton energy spread. T h e  da ta  points 
for fundamental and third-harmonic d e e  s t ruc tures  
are es sen t i a l ly  identical .  The  l ine  fit shows  that 
the threshold var ies  approximately as  the  squa re  of 
the  energy spread .  That  t he  resu l t s  a r e  i n  quanti- 
t a t ive  agreement with theory for the  nega t ive  mass 
ins tab i l i ty  will  b e  demonstrated i n  Sec t .  1.5. 

The  maximum ordinate value for the  da t a  of 
Fig.  1.3 corresponds to a cent ra l  fast-proton 
dens i ty  of 3 x lo7 An extrapolation of the  
da t a  t o  a dens i ty  of 3 x l o 9  indica tes  tha t  a n  
energy spread  equal  t o  the  injected energy (300 
kev) would be  required for s tab i l iza t ion .  S ince  
the  orbit changes a s soc ia t ed  with t h e  cyclotron 
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The  experiments involved measurements of the  
ins tab i l i ty  rf s igna l s  (their a b s e n c e  denoted 
stabil i ty),  t he  charge-exchange loss currents (to 
determine the  to ta l  number and dens i ty  of trapped 
protons), and the  energy distribution of trapped 
protons (to determine the  energy spread).  An 
e lec t ros ta t ic  probe was  usua l ly  used .  With the  
third-harmonic drive, a low-pass fi l ter  i n  the  
s igna l  lead  from the  rf probe allowed detection 
of  ins tab i l i ty  s i g n a l s  from the  first  and second 
harmonics even  with d e e  voltage applied.  With 
the  fundamental drive, observation of the  rf s igna l  
w a s  somewhat more difficult. A gat ing  circuit  
was  arranged to very quickly reduce the  d e e  
vol tage  to a low leve l ,  and t h e  second harmonic 
ins tab i l i ty  s igna l  was  examined through a band-pass 
filter immediately after the ga t e  w a s  applied.  The  
absence  of the  ins tab i l i ty  s igna l  at tha t  time was  
taken  as  ev idence  of s tab i l iza t ion .  

The  energy distributions were determined i n  
s t e a d y  s t a t e  by the  usua l  technique, measuring 
the  distribution of e scap ing  charge-exchange 
neut ra l s  with a surface-barrier de tec tor  i n  the  
median plane and then, when required, correcting 
for the  energy dependence of the  electron-capture 
c r o s s  sec t ion  in  order t o  obtain the  proton d is -  
tribution. The resolutions of the seve ra l  de tec tors  
employed in th i s  work varied from 12 t o  18 kev  
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F ig .  1.3. Threshold Population os a Function of Pro- 

ton Energy Spread Introduced by Use of Cyclotron Struc- 

tures. Standard beam trajectory and f ield,  8- in.  plasma 

radius, and charge-exchange decoy t ime (7) of 50 msec. 

The maximum threshold density is 3 x 10 cm- . 7 3  

fields resulted in proton l o s s e s  to  the radial  
wal l s  a t  values of dee  voltage not much higher 
than those  required to  s t ab i l i ze  3 x l o 7  ~ m - ~ ,  
such  spreads ,  in practice,  could not b e  approached 
by th i s  technique. 

Other features of t h i s  experiment a re  of in te res t .  
The  indications of s tab i l iza t ion  from the rf s igna l s  
were sharply defined, and the dee  voltages required 
for stabil ization could therefore b e  accurately 
fixed (to within *lo%). For a given s e t  of operat- 
ing  conditions,  the c r i t i ca l  voltage was  the same 
whether the stable-unstable boundary was  ap- 
proached from the uns tab le  region (gradually in- 
c reas ing  the  dee  voltage) or from the s t ab le  region 
(decreasing the  d e e  voltage). In each  c a s e ,  the 
energy spread required for s tab i l iza t ion  was  
somewhat larger than that charac te r i s t ic  of the 
unstable plasma. 

The data of Fig.  1.3 were obtained with a plasma 
lifetime of 50 msec. One logical question is 
whether the energy spread required to s t ab i l i ze  
a particular density is independent of r. W e  have  
examined the measured energy spreads  and the 
dee  voltages required t o  s t ab i l i ze  a dens i ty  of 
1 x lo7 for r values over the  range 0.25 to  

0.001 sec. The energy resolution problem and 
difficult ies with high count ing ra tes  confined 
meaningful direct  measurements  of t he  energy 
spread to  about one-half t h i s  range, tha t  a t  longer 
lifetimes. The  resu l t s  were cons is ten t  with a 
constant energy spread, but they did not exclude 
some s l igh t  r dependence.  Such a dependence is 
sugges ted  by t h e  variation of c r i t i ca l  dee  voltage 
with T (Fig. 1.4), for V varies less rapidly than 
the 7- dependence anticipated for spreading by 
s tochas t i c  co l l i s ions .  

1.3.2 Modulation of the Molecular-Beam Energy 

A 60-cycle modulation of the  energy (normally 
600 kev) of the molecular-ion beam was  introduced 
by adding a transformer secondary in series with 
the high-voltage connection to  the acce lera tor  
tube. In these  experiments t he  unperturbed 600-kev 
trajectory was  the standard trajectory, which is 
i n  the  median plane. The beam channel  is not 
magnetically sh ie lded ,  and modulation of beam 
energy resu l t s  in an osc i l la t ing  displacement  of 
the beam trajectory. The  beam remains in the  
median plane, but beam turnaround (the point of 
c l o s e s t  approach of beam to  magnetic ax i s )  oscil-  
l a t e s  about the usua l  3.25-in. value. The  require- 
ment that the beam pass  through the  plasma cham- 
ber restricted the  modulation to  + 3 0  kev. 

With the  maximum modulation, the  microinsta- 
bility-limited dens i ty  was  increased  by a factor 
of 2 ,  but plasma of t h i s  dens i ty  was  not s tab i l ized .  
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F ig .  1.4. D e e  Potential  Required to  Stabi l ize  F ixed 

Densi ty  Plasma a s  a Function of Charge-Exchange De-  

cay Time. Standard beam trojectory and f ield,  third- 

harmonic dee structure, and central  fast-proton density 
of opproximately 1 x 10 7 3  cm- . 
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Threshold s tud ie s  with g a s  d issoc ia t ion  and a 
r of 50 msec (chosen for comparison with the  da t a  
of F ig .  1.3) showed tha t  the  maximum modulation 
would s tab i l ize  to  dens i t i e s  of 1 x l o 7  ~ m - ~ .  
Threshold dens i ty  aga in  varied a s  the  square  of 
t h e  measured energy spread ,  as in  the  cyclotron 
experiments.  There was ,  however, considerably 
more sca t t e r  i n  these  da t a  points, and the  thresh- 
old v s  energy spread  curve  was  sh i f ted  about a 
factor of 2 to  higher A E .  

T h e  results of the  energy modulation experiments 
a re  not directly comparable with resu l t s  of the  
cyclotron experiments. Interpretation of t he  former 
is considerably complicated by the  f ac t  tha t  the  
technique combines,  i n  a complex fashion, energy 
spread  and orbit displacement.  Tha t  t he  variation 
of threshold with (AE)'  is common to both tech- 
niques is regarded as significant.  That  higher 
energy sp reads  a re  required to s t ab i l i ze  by energy 
modulation is regarded to b e  a n  indication that the  
portion of the  proton distribution determining sta- 
bil i ty does  not require, and d o e s  not have ,  the  to t a l  
measured spread .  T h i s  interpretation is yuite rea- 
sonable  in  terms of the  negative mass ins tab i l i ty  
(Sect. 1.5), for properties of the  more ordered 
portion of the  trapped proton distribution then 
determine s tab i l i ty ,  and with the orbit and energy 
coupling provided by modulation, t h i s  portion could 
have significantly less energy spread  than that 
measured for the  total  plasma. 

1.4 OTHER E X P E R I M E N T S  R E L A T I N G  T O  
I N S T A B I L I T Y  MODE ASSIGNMENT 

W e  have already presented cons iderable  da ta  
relating directly to the  problem of theoretical  
mode assignment for t h e  principal proton-loss 
instabil i ty:  the  gyrofrequency mode4 of ins tab i l i ty  
descr ibed  in  ear l ie r  reports. Some fea tures  of the  
rf spec t ra ,  the  fac t  that  threshold hot-ion dens i t i e s  
a re  as  low as  3 x IO5 and t h e  pronounced 
s tab i l iz ing  effect of increas ing  proton radial  oscil- 
lation amplitudes were all reviewed in the  previous 
r e p ~ r t . ~  In the  present report we have already 
descr ibed  the lack  of threshold sens i t iv i ty  to some 
changes in proton ax ia l  osc i l la t ion  amplitudes 
(Sect.  1.2) and threshold sens i t iv i ty  to  energy 
spread  (Sect. 1.3). 

In th i s  sec t ion  we introduce additional experi- 
mental da ta  which were obtained spec i f ica l ly  for 
comparison with theory. Section 1.4.1 descr ibes  

measurements of growth t imes  for t he  ins tab i l i ty ;  
Sect.  1.4.2 g ives  threshold measurements for a 
number of proton distributions in radial  osc i l la t ion  
amplitude; and Sect. 1.4.3 d i s c u s s e s  measurements 
of the  frequency of rf s i g n a l s  from the  1 = 1 mode 
as a function of the  minimum radial  osc i l la t ion  
amplitude of t h e  injected proton distribution. 
T h e s e  experiments were all performed in  the  
standard two-coil magnetic field. Section 1.4.4 
desc r ibes  s tab i l iza t ion  b y  energy sp read  in  two 
other field configurations. 

1.4.1 Measurements of Instabil i ty Growth Times 

T h e  idea l  plasma for t hese  measurements would 
b e  one which could b e  es tab l i shed  ins tan taneous ly  
a t  t = 0 with a known, controllable plasma dens i ty  
that remains cons tan t  during the  in i t ia l  phases  of 
the  instabil i ty buildup. In prac t ice  the  idea l  was  
approximated by injecting a molecular-beam pu l se  
of controllable duration. T h i s  duration was  made 
as  shor t  as would allow appearance  of rf s igna l s  
from the  instabil i ty.  T h e  experiments were con- 
ducted with gas  d issoc ia t ion  and the  standard 
molecular-beam trajectory. Radio-frequency s igna l s  
a t  the first  and  second harmonics were de tec ted  
by us ing  an  e lec t ros ta t ic  probe and band-pass 
fi l ters.  

Figure 1.5 is an example of rf s i g n a l s  with 
the  shor tes t  beam pulse  that would cons is ten t ly  
allow observation of an  instabil i ty s igna l .  Only 
the  2 = 1 mode appeared, and i t  developed above 
no i se  leve l  after the  H, beam had been shu t  off. 
T h e  t i m e  scale for growth of the  ins tab i l i ty  t o  
maximum amplitude was  very shor t  compared with 
the  exponential  decay  time (7 msec)  for charge- 
exchange loss of the  trapped proton dens i ty ;  for 
t he  t i m e  duration of in te res t ,  the  dens i ty  was  
e s sen t i a l ly  constant.  

T h e  beam pulse  was  gradually lengthened until  
t he  1 = 2 mode appeared (Fig.  1.6). The  dens i ty  
threshold for I = 2 is obviously the  greater, and 
s i n c e  1 = 2 was  observed before I = 1, the  growth 
time for I = 2 is the  shorter. 

The  to ta l  numbers of protons trapped under t h e s e  
conditions were determined from measurements of 
the  charge-exchange neutrals.  The  average  va lues  
from repeated measurements were 1.45 x l o 9  for 
2 = 1 only and 1.85 x lo9 for f = 1 and I = 2 modes. 
Individual measurements registered +15% fluc- 
tuations about t he  average, in part due  to  ripple 
on the  incoming beam current. 

t 
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Measurements of the  growth t imes were facili- 
tated by simultaneously recording the  rf s igna l s  
on a second osc i l loscope  operated with higher 
sens i t iv i ty  and fas te r  sweep  speed  than that 
employed for Figs. 1.5 and 1.6. T h e  four c l eanes t  
growths for e a c h  s e t  of operating conditions were 
se l ec t ed  for de ta i led  ana lys i s .  Semilog p lo ts  of 
t h e  amplitude buildup above  no i se  were usually 
reasonably l inear (F igs .  1.7 and 1.8). T h e  average 
growth t ime for 1 = 1 only was  40 p e e .  The  
average t imes with both 1 = 1 and 1 = 2 observed 
were 50 p e e  for I = 1 and 13 p e e  for I = 2. Fluc- 
tuations of roughly 50% about t hese  averages  a re  
believed to  b e  primarily the  result  of fluctuations 
in  beam current and some high-frequency ripple of 
the  600-kev accelerator power supply. 

PHOTO 81282 
0.28 msec 

4 k 0 . 5  msec 

Fig.  1.5. I n s t a b i l i t y  r f  Signals for  an Injected Beam 

Pu lse  of 0.28 msec. 1.45-ma H2+, 7 %  7 msec, standard 

t ra jectory and f ie ld.  

PHOTO 81283 
0.35 rnsec 

--c/ 1 - 0 . 5  msec 

Fig. 1.6. I n s t a b i l i t y  r f  Signals far an  Injected Beam 

1.45-ma H2 , 7 =  7 msec, standard 
t 

Pulse of 0.35 msec. 

t ra jectory and f ie ld.  
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1.4.2 Threshold Measurements for Dif ferent  
Distributions in Radial  Osci l lat ion Amplitude 

W e  first  want to make c l ea r  how we a r e  ab le  to  
control t he  distribution in  radial  osc i l la t ion  ampli- 
tude. F igure  1.9 will  remind the  reader of the  
s tandard  molecular-beam trajectory. T h e  point of 
c l o s e s t  approach of beam to a x i s  is ca l l ed  beam 
turnaround. With th i s  standard trajectory, t he  
turnaround radius is equal  to the  proton equilibrium 
orbit  radius.  T h i s  trajectory produces t h e  most 
ordered init ial  proton distribution, tha t  is, the  one 
charac te r ized  by the  la rges t  fraction of protons 
with very smal l  radial  osc i l la t ion  amplitudes.  One 
control on the proton distribution is the  beam 
trajectory i t se l f .  Shifting the  turnaround radius 
e i ther  i n s ide  or ou ts ide  of the  equilibrium orbit 
i nc reases  the  minimum value of radial  osc i l la t ion  
amplitude. In some experiments we have used  a 
second control in the  form of a 0.1-in.-diam rod 
perpendicular t o  the  median plane and movable in  
radius. The  plasma radius,  and therefore the  
maximum permitted radial  osc i l la t ion  amplitude, is 
controlled b y  the  posit ion of th i s  obstruction. 

Figure 1.10 shows,  as a function of canonica l  
angular momentum, some general  fea tures  of radial  
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Fig.  1.10. Properties of Proton Orbits as Functions 

of Proton Canonical  Angular Momentum and Molecular 

Beam Trajectory.  For 600-kev H2' injection, standard 

trajectory and f ie ld,  gas dissociation. 

motion of 300-kev protons in  the  median plane. 
T h e  e f fec ts  of the  two ava i lab le  controls can  be 
described i n  a more quantitative fashion by ref- 
e rence  to th i s  figure. 

The  uppermost curve shows  the  radial  l imits of 
t he  proton orbits. Fo r  negative va lues  of momentum 
t h e  orbits link the magnetic ax is ;  for posit ive 
va lues  they d o  not. For  the most nega t ive  va lue  
of momentum, the orbit i s  the  equilibrium orbit, 
a c i rc le  of 3.25 in. radius which appears  as a 
point on the curve. A s  momentum is increased ,  t he  
protons p recess  with increas ing  radial  osc i l la t ion  
amplitude. T h e  l imits of radial  osc i l la t ion  a re  
given by the  two branches of the  uppermost curve,  
and the  normalized amplitude of radial osc i l la t ion  
is given by the  second curve. 

The  injected distribution depends on the  molec- 
ular-beam trajectory. In particular the minimum 
momentum of the  distribution is tha t  of protons 
formed a t  beam turnaround. The relation between 
t h e  va lues  of minimum momentum and turnaround 
radius is given by the  scale a t  the bottom of 
the  figure. 

The  lowes t  curve shows the injected proton 
momentum distribution calculated for t h e  standard 
600-kev H,' t rajectory (turnaround a t  3 .25  in. 
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with beam linking the  axis). A l ine  trajectory and 
gas  d issoc ia t ion  were assumed.  

In the  context of Fig.  1.10, we now s t a t e  more 
precisely the e f f ec t s  of the  two controls on the  
init ially trapped proton distribution. Shifting the  
beam turnaround from the  usua l  location sh i f t s  the  
minimum momentum of the  distribution to  higher 
values and therefore inc reases  the  minimum value 
of radial osc i l la t ion  amplitude. Reducing the  
plasma radius (normally 8 t o  9 in.) a c t s  as  a 
similar control on the  other end  of t he  momentum 
distribution and reduces the  maximum radial  oscil- 
lation amplitude. U s e  of t h e s e  cont ro ls  a l lows  one 
t o  measure threshold properties of various d is -  
tr ibutions in radial  osc i l la t ion  amplitude. W e  now 
proceed to d i scuss ions  of s u c h  measurements,  
which have  been of th ree  general  types .  

1. Normal beam turnaround a n d  plasma rad ius  
varied. T h e s e  experiments,  l ike  those  to follow, 
were conducted with g a s  d issoc ia t ion .  The  b a s i c  
procedure was  to  ad jus t  the  beam trajectory and 
then to measure the  to ta l  number of protons trapped 
at threshold as a function of the  posit ion of the  
radial obstruction. Threshold was  determined by 
cu t t ing  on the  H,' beam and recording the  rf probe 
s igna l  and the  charge-exchange loss current from 
the  plasma. The  instabil i ty s igna l  appeared above 
noise  a t  a t i m e  interval At after injection was  
started.  The trapped population a t  threshold was  
evaluated from At, the  magnitude of the  s teady-  
s t a t e  charge-exchange current,  and the  charge- 
exchange decay  time, or, al ternatively,  from the 
decay  time and the  magnitude of t h e  charge- 
exchange current a t  At. 

Resul t s  typical of t hese  experiments a re  shown 
in  Fig.  1.11. The  symmetry about R = 0 and the  
near symmetry about t he  R = 3.25 in. va lues  a re  
readily understood. T h e  loca t ions  of the  minimum 
threshold va lues  a re  the  points neares t  R = 3.25  
in. T h e s e  points a r e  threshold va lues  for proton 
distributions with very sma l l  radial  osc i l la t ions  
about the  circular equilibrium orbit. The maximum 
threshold va lues  occur for t he  most unrestricted 
proton distribution, that  which is obtained with 
the  normal plasma radius.  

One experimental observation, that  t he  value 
of At does  not  vary with the  posit ion of the  radial  
obstruction, is of particular significance.  For t h i s  
observation ind ica tes  that  the  smal l  group of 
protons near equilibrium orbit, common t o  a l l  of 
the uns tab le  distributions,  determines threshold 
even in the presence  of a much larger population 
of protons with less ordered orbits.  

We define t h e  s tandard  plasma distribution as 
tha t  distribution e s t ab l i shed  us ing  the  normal 
plasma radius (8 in.) and the standard beam tra- 
jectory.  T h e  s tab i l i ty  properties of th i s  s tandard  
distribution a r e  therefore those of a toroidal 
distribution a t  its core. Th i s  toroidal distribution 
is iso la ted  when the  plasma radius is as close t o  
t h e  Ht equilibrium orbit radius (3.25 in.) a s  will  
al low the  ins tab i l i ty  to develop. 

The toroidal distribution h a s  a major diameter 
equal  to the  Ht equilibrium orbit diameter and a 
minor diameter of approximately 1 cm. From ex-  
trapolation of energy spread  da ta  obtained as  
descr ibed  in  Sect.  1.3.1, the  energy spread  of 
protons within th i s  torus is 4 kev, which is also 
one-half the es t imated  ripple of the  600-kev 
molecular beam supply.  Experimental  deter-  
minations of threshold l ine  dens i ty  for t he  toroidal 
distribution produce va lues  of 6 t o  16 x l o5  ener- 
ge t i c  protons/cm. The threshold population of 
the  toroidal distribution relative to that of t he  
s tandard  distribution is the  ratio of the  minimum 
to  maximum ordinate va lues  of curves  l ike  F ig .  
1.11. Careful determinations of th i s  ratio show 
tha t  the  toroidal distribution conta ins  2 to 3% of 
the  population of t he  s tandard  distribution. 

ORNL-DWG 65-10563 
zX1o9 

J 0 I In W 

e 
p lo9 

t 
n w 5  
a a 
U n + 

,- 

(NORTH) 
2 0 2 4 

RADIAL4POSITION OF PLASMA OBSTRUCTION (in.) 
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2. Normal plasma radius and beam turnaround 
varied. In t h e s e  experiments t he  normal plasma 
rad ius  of 8 in. was  maintained, so  the  posit ive 
cutoff of the in jec ted  canonica l  angular momentum 
distribution was  constant.  The  quantity varied 
was  the  minimum momentum of the  distribution - 
hence  the  minimum value of radial  osc i l la t ion  
amplitude. 

The  s tab i l iz ing  e f f ec t s  of increas ing  the  minimum 
value of radial  osc i l la t ion  amplitude were de- 
sc r ibed  i n  the  previous report.’ There threshold 
w a s  given as a function of turnaround radius,  
which w a s  loca ted  by u s e  of a movable target 
for the  molecular-ion beam. 

W e  have repeated these  experiments with the  
more prec ise  determinations of the  minimum 
momentum of the  in jec ted  distribution that were 
permitted by u s e  of the  movable radial  obstruction. 
The  beam was  first  ad jus ted ,  and then the  ob- 
struction was  gradually inser ted  in to  t h e  plasma 
while the  charge-exchange current from the  plasma 
w a s  being observed. Disappearance  of de tec tab le  
charge-exchange current defined the  outer radial  
limit of osc i l la t ion  for t he  minimum momentum 
group (see Fig.  1.10). T h e  obstruction was  ad- 
vanced further toward the  a x i s  un t i l  charge- 
exchange  current w a s  aga in  de tec ted ,  thus  a l s o  
defining the  inner radial  limit. When interpreted 
in  terms of the  proton orbit  properties of F ig .  1.10, 
t he  two limits gave ident ica l  va lues  of momentum. 

F igure  1.12 shows the  variation of threshold with 
minimum momentum value of the  in jec ted  proton 
distribution as obtained i n  two different runs. 
Both runs involved determining the  momentum 
va lue  by the  technique j u s t  described. The  solid- 
l i ne  curve  of Fig.  1.13 is t h e  l ine fi t ted t o  the  
d a t a  of Fig. 1.12, but here threshold is given as 
a function of radial  osc i l la t ion  amplitude of the  
protons with minimum momentum. 

3. Both plasma radius and beam turnaround 
varied. W e  realized that t he  in jec ted  distributions 
involved in the  s tud ie s  j u s t  descr ibed  were not the  
b e s t  available for direct  comparison with theory. 
Fo r  t h i s  reason we performed another s e r i e s  of 
experiments us ing  both controls on the  trapped 
distribution. The resu l t s  a r e  shown by the  broken- 
l i ne  curve of Fig.  1.13. For each  point the  beam 
turnaround was  changed t o  set the minimum value 
of oscil lation amplitude, and then the  plasma 
radius was  reduced to  give the  smal les t  maximum 
value of osc i l la t ion  amplitude that would permit 
t he  instabil i ty.  Th i s  adjustment w a s  s u c h  tha t  

t he  spread  in  radial  osc i l la t ion  amplitude of the  
trapped distribution a t  each  point was  typically 
one-third to  one-half of an  X ax i s  division. The  
dotted-line curve  therefore g ives  thresholds for 
narrow distributions in radial osc i l la t ion  ampli- 
tude. 

In paragraph 1 above, we reported that the  thresh-  
old properties of t h e  s tandard  distribution were 
those  of the  toroidal core; tha t  is, that A t  remains 
cons tan t  with increas ing  plasma radius. Similar 
measurements of A t  as  a function of plasma rad ius  
have been made with beam trajectories correspond- 
ing  to  va lues  of about 0.3 and 0.6 on the  a b s c i s s a  
of Fig.  1.13. For  these  trajectories the  addition 
of less-ordered protons exer t s  a s tab i l iz ing  influ- 
ence ,  and At i nc reases  as  the  radius is increased  
to  the normal value. The  change of A t  i s  responsi-  
b le  for the  difference in  s h a p e s  of the curves  of 
Fig. 1.13. 

- 5  z -5 .1 -5 .0  -4.9 -4.8 -4.7 ( x r o - 4 5 )  

MINIMUM pa VALUE ( g  crn ‘ /sec~ 

Fig.  1.12. Threshold Population os a Function of the 

Minimum Canonical Angular Momentum ( P o )  of the In- 

iected Proton Distribution. Minimum Po controlled by 

changing beam turnaround radius. Standard f ield,  fixed 

plasma radius of 8 in. 
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t ro l l ed  by changing beam turnaround radius. Sol id- l ine 

curve i s  data of Fig.  1.12.  F o r  dot ted- l ine  curve, maxi -  

mum o s c i l l a t i o n  ompl i tude wos reduced by contro l  o f  

plasma radius. 

1.4.3 Measurements of 2 = 1 Mode Frequency 

W e  have investigated the sens i t iv i ty  of the 
1 = 1 mode frequency t o  changes  in beam turnaround 
radius when operating with a plasma radius of 
8 in. High-pressure g a s  d issoc ia t ion  was  used in 
order to  eliminate the  upward excursions of mode 
frequency previously described. The  frequency 
range from 14  to  15 M c  was  examined with a 
spectrum analyzer.  The  resolution was  such  tha t  
changes  of 0.05 M c  could b e  detected.  

The  gyrofrequency for protons on equilibrium 
orbit is 14.6 Mc. Th i s  was  the  mode frequency 
for the standard beam trajectory. A s  t he  trajectory 
was  a l te red ,  the only frequency change noted 
was  a sh i f t  to  14.55 Mc for t he  most d i sp laced  
trajectory (0.6 on the  a b s c i s s a  of F ig .  1.13). 

7Thermonucfear Div. Semiann. Progr. R e p t .  Oct. 31 ,  
1964,  ORNL-3760, sect. 1.2, p. 4. 

1.4.4 Threshold Changes with Energy Spread 

in Other F i e l d  Configurations 

The negative mass  ins tab i l i ty  is sens i t i ve  to 
variation of the  magnetic field index n ,  where 

and the  parameters a re  evaluated a t  the  equilibrium 
orbit. For th i s  reason some experiments  were 
performed to  inves t iga te  threshold sens i t iv i ty  t o  
changes  in n. The arrangement of magnetic field 
co i l s  was  altered by  spac ing  the mirror co i l s  
further apart  (coil  cen ters  a t  2 = 19% in. rather 
than the usua l  1 5 t  in.)  and adding additional 
mirror co i l s  c l o s e  to the  median p lane  (coil cen te r s  
a t  2 = 3 in.). The  two s e t s  of mirror co i l s  were 
powered by  sepa ra t e  generators.  
beam target and diagnostic probes were a l s o  
relocated. 

Two values of field index have been  used in 
th i s  revised geometry, n = 0.019 and 0.060. The  
corresponding mirror ratios were 1.7 and 2.6. In 
each  c a s e  the field magnitude was  adjusted for 
the  usua l  3.25-in. equilibrium orbit radius. By 
way of comparison, the  standard field index and 
mirror ratio are 0.09 and 2.0 respectively.  

Difficult ies with H, beam control allowed 
meaningful comparisons only for H, beam tra- 
jec tor ies  which approached the  a x i s  to  a point 
of tangency a t  the  equilibrium orbit radius. T h e  
e f fec ts  of changing the  molecular trajectory there- 
fore were not investigated,  and the  s t u d i e s  were 
confined to measurements of threshold changes  
with energy spread and with plasma radius for 
the two values of field index. 

Energy spread was  controlled by  u s e  of the  
third-harmonic dee  s t ruc ture  descr ibed in Sect. 
1.3.1. The  observed variations of threshold are 
shown in Fig. 1.14. T h e  change  of field index 
has  a definite e f fec t  on threshold, with the  lower 
field index producing the  lower thresholds.  Both 
curves  show threshold varying approximately as  
( A E ) ' ,  as was  the case in the  similar experiments  
descr ibed in Sec ts .  1.3.1 and 1.3.2. 

Figure 1.15 shows the response  of threshold t o  
plasma radius for the  two va lues  of field index. 
The experiment was equivalent to  tha t  descr ibed  
in Sect.  1.4.2 (paragraph l ) ,  and the  parameter 
A t  defined there is aga in  of interest .  For  each  
value of field index, A t  was  nearly cons tan t ,  and 

t The  ex i t  H, 

t 

t 



11 

ORNL-DWG 65-42970 

4 6 0  4 2 
PROTON ENERGY SPREAD, FWHM (keV)  

40 

Fig.  1.14. Threshold Population as a Function of 

Proton Energy Spread for Di f ferent  Values of F i e l d  

Index. Stondard trajectories, third-harmonic dee struc- 

ture, 7 =  50 msec. 

so we aga in  conclude  that a toroidal distribution 
of protons near  equilibrium orbit  determines thresh- 
old.  Fo r  e a c h  value of field index, the  population 
of the  toroidal distribution was  2% of the  popu- 
lation of the appropriate “standard” plasma distri-  
bution. Over most of the  range of plasma radius,  
a comparison of t he  two curves  of Fig.  1.15 indi- 
c a t e s  th resholds  lower by about a factor of 2 i n  
the  case of the  lower field index. We feel that t he  
co inc idence  of the  curves  for R = 2 to 3 in.  is the  
result  of some experimental  difficult ies tha t  a rose  
as  da ta  were being obtained in  th i s  region with 
n = 0.019. We be l i eve  that more accura te  da t a  
would show a cons tan t  displacement of the  two 
curves .  

1.5 COMPARISONS OF E X P E R I M E N T A L  D A T A  
AND N E G A T I V E  MASS THEORY 

The general  ques t ion  of theoretical  mode a s s ign -  
ment for the  gyrofrequency mode of ins tab i l i ty  was  
considered i n  some de ta i l  i n  t he  previous report.4 
Primarily on the  b a s i s  of t he  low dens i ty  thresh- 
old obtained with normal operation of the  facil i ty,  
i t  was  judged tha t  t he  ins tab i l i ty  was  probably 
negative mass ,  although drift cyclotron with 

ORNL- DWG 65- 42974 
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Fig. 1.15. Threshold Population as o Function of 

Radia l  Posit ion of a Plasma Obstruction for Di f ferent  

Values of Field Index. Standard trajectories, 7 = 5 0  
msec. N o  plosmo is  trapped wi th  the obstruction a t  

3.25 in. 

k,, f 0 also seemed a possibil i ty.  Here we make 
quantitative comparisons of experimental da t a  
with predictions of negative m a s s  theory and 
aga in  examine the  poss ib i l i ty  of drift-cyclotron 
instabil i ty.  T h e  resu l t s  strengthen our conclus ion  
that the  correct mode assignment is indeed  neg- 
a t ive  mass. 

A theory of nega t ive  mass  ins tab i l i ty  in DCX-1 
is presented i n  Sect.  7.1 of th i s  report. There  i t  
is shown that energy spread, radial  osc i l la t ions ,  
and ax ia l  osc i l la t ions  exer t  s tab i l iz ing  influences.  
T h e  relative importance of these  s tab i l iz ing  terms 
can  b e  eva lua ted  from the  s tab i l i ty  cri terion of 
Sect.  7.1. 

We first  consider experiments i n  which w e  c a n  
a sc r ibe  the  ins tab i l i ty  threshold to  the  toroidal 
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distribution tha t  c o n s i s t s  of protons on near- 
equilibrium orbits. T h e s e  experiments are those  
which involve injecting with t h e  standard beam 
trajectory. For  the  standard field index, the  
experiments include measurements of the threshold 
population and growth t imes of the unperturbed 
distribution, and measurements of threshold popu- 
lation a s  a function of energy spread. For  the  two 
other values of field index, they include measure- 
ments of relative threshold population a s  a function 
of energy spread. 

Using the  negative mass  s tab i l i ty  criterion of 
Sect. 7.1 and subs t i tu t ing  su i tab le  parameters for 
the toroidal distribution ( A E  2 4 kev, A d  = A 8  2 
0.5 c m )  shows that energy spread dominates by 
significant factors (5 to 1 0  for AE = 4 kev). The  
resu l t s  of Sect. 7 . 1  then reduce to  those obtained 
earlier by T. K. Fowler,’ who considered an  
accelerator-l ike version of negative mass theory 
with stabil ization by energy spread. The  calcu- 
lation was  not given external distribution, and for 
t h i s  reason the e s sen t i a l  features are presented 
in Sect.  1.8. 

We consider now the  threshold dens i ty  of the 
unperturbed toroidal distribution and compare the  
value from the  s tab i l i ty  criterion, Eq.  ( l . l l ) ,  with 
the experimental va lues  (6 to  16 x l o 5  c m - ’  from 
Sect. 1.4.2, paragraph 1). The  appropriate param- 
e t e r s  for u se  in the equation a re  n = 0.09, AE = 

4 kev, y 1  = 6.5, and E, = 300 kev. F rom theory 
the threshold l ine  dens i ty  is 7 x l o5  cm-’ for t h i s  
distribution, in reasonable  agreement with the  
experimental values.  Th i s  l ine  dens i ty  corre- 
sponds  to a volume dens i ty  of about 4 x I O 5  

We next treat  t he  growth ra te  measurements, 
using Eq. (1.12). For T~ we take  40  psec ,  the 
average  value from experiment (Sect. 1.4.1), and 
for N o ,  we take 7 x lo5 cm-’, the  value from the  
preceding calculation. Treating N as t h e  unknown 
y ie lds  N = 1.2  x l o6  cm-’, corresponding t o  a 
toroidal distribution population of 6.3 x 10’ fas t  
protons. Comparison with experiment is made by 
noting that the ratio of the  toroidal population to  
the  population of the  standard distribution (1.45 x 
l o9  from Sect.  1.4.1) is 4.4%. Th i s  value lies 
somewhat ou ts ide  the  experimentally determined 
range for t h i s  population ratio, 2 to 3%, but in 
view of the uncertainties i n  a s s ign ing  and us ing  
distribution function parameters,  the  agreement of 

’ Present  address:  General Atomic, La Jolla,  Calif .  

experiment and theory is good. Some features of 
the experiment (7’ values  vary over a 2:l  range, 
( ) did not dec rease  as expected in going from 
0.28- t o  0.35-msec beam hold-on t imes,  and the  
ra t io  7 2 / ~  is only half t h e  expected) probably 
reflect fluctuations in the  values of N and N o l .  

The resu l t s  of the  energy spread  experiments 
(Fig.  1.3) a re  in  c l o s e  quantitative agreement 
with the s tab i l i ty  cri terion for negative mass i f  
we u s e  the  measured full-width-at-half-maximum 
energy spread  for A E  and 6% of the total  population 
for the  population of the  uns tab le  core.  The  6% 
value a l s o  lies somewhat ou ts ide  the experi- 
mentally determined range, but the  agreement of 
experiment and theory is s t i l l  considered good. 

The  variations of field index produced resu l t s  
(Fig.  1.14) tha t  a re  a l s o  in  agreement with negative 
mass  theory. The  experiment (Sect. 1.4.4) showed 
that the  threshold populations of the toroidal 
distributions relative to  those  of the  “standard” 
distributions were t h e  same (2%) for field index 
va lues  of 0.019 and 0.060. From the  s tab i l i ty  
criterion i t  then follows that the  observed thresh- 
olds for the  “standard” distributions should,  for 
negative mass, vary a s  the product (field index) 
(AE)’. Figure 1.16 shows tha t  the experimental 
data behave nearly in  th i s  fashion. Somewhat 

ORNL-DWG 65-12972 
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Index as a Funct ion of Proton Energy Spread Squared 

for Dif ferent  Values of F i e l d  Index. Experimental data 

are those of Fig.  1.14. Agreement with theory is indi- 
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better da ta ,  l ike  F ig .  1.15, a re  des i rab le ,  for t he  
two curves  should  have been  d isp laced  by a factor 
of 3, t he  ratio of the  field index va lues .  

W e  now turn t o  those  experiments which involved 
displacement of t h e  molecular ion trajectory so 
as to inc rease  ax ia l  or radial  oscil lation ampli- 
tudes .  The  observation that threshold is relatively 
insens i t ive  to increas ing  average  ax ia l  osc i l la t ion  
amplitude cannot b e  subjec ted  to  c r i t i ca l  theoreti- 
cal comparison. Such a compar ison .  requires 
knowledge of t he  proton distributions in  both ax ia l  
and radial osc i l la t ion  amplitudes, and t h e s e  
distributions are not wel l  defined i n  the  experi-  
ment. However, t he  observation does  not appear  
t o  b e  incons is ten t  with nega t ive  mass theory. 
T h e  work involving radial  osc i l la t ions  a lone  is 
more definitive. Section 7.1 shows  tha t  the  s tab i -  
l izing effect  of radial  osc i l la t ions  and the  variation 
of mode frequency with these  osc i l la t ions  a r e  in  
reasonable agreement with negative mass  theory. 

Having shown tha t  t h e  observed threshold prop- 
e r t i e s  of th i s  ins tab i l i ty  a re  very similar to those  
indicated by negat ive  mass  theory, we wi sh  to  
examine further the  poss ib i l i ty  t ha t  some ins tab i l -  
i t y  other than negat ive  m a s s  might ac tua l ly  b e  
involved. An ear l ie r  d i scuss ion4  led to  the  con- 
clusion tha t  t he  low observed threshold dens i ty  
for the  standard plasma distribution (about 4 x 
IO5 was  cons i s t en t  with nega t ive  mass and 
possibly some k,, f 0 modes of drift-cyclotron 
instabil i ty.  T h e  la t te r  possibil i ty could not 
posit ively b e  ruled out on general  grounds, s u c h  
as theore t ica l  threshold dens i ty  higher than the  
observed (with co ld  but not zero-temperature 
e lec t rons  t h e  growth ra te  does  not vanish for 
ape < w C i  but only d e c r e a s e s  rapidly),’ or ax ia l  
wavelengths of growing waves too la rge  to ex i s t  
within t h e  plasma chamber. However, t he  resu l t s  
of Harris’ ind ica te  that t he  threshold c a n  b e  
reduced to the  low experimentally observed va lues  
(wPe = toci) only in  the  presence  of la rge  sh i f t  
of uns tab le  mode frequency away from oci. No 
s u c h  sh i f t  is observed i n  these  experiments. From 
th is  consideration and the  demonstrated agreement 
with negative mass theory, we conclude tha t  
nega t ive  mass i s  t he  correct mode assignment.  

Since the  experimental da t a  justifying mode 
assignment were obtained for spec i f i c  operating 
conditions and a limited dens i ty  range, we next 

’E. G. Harris, CLM-R32 (1963). 

ant ic ipa te  and  attempt to  answer two b a s i c  ques-  
t ions  regarding the  generali ty of t he  assignment.  

Question 1: T h e  experiments relating d i rec t ly  
to  mode ass ignment  concern properties of the  
ins tab i l i ty  a t  or near threshold. Granted tha t  t h e s e  
properties a r e  those  of nega t ive  mass ,  what a r e  
the  grounds for assuming tha t  the ins tab i l i ty  is 
s t i l l  nega t ive  mass at higher dens i t ies  i n  s t e a d y  
s t a t e ?  T h e  experiments demonstrated control of 
threshold t o  dens i t i e s  of 2 t o  3 x lo’ in  
agreement with nega t ive  mass theory. T h e  ques t ion  
therefore concerns  the  nonlinear development of 
the  ins tab i l i ty  a t  dens i t i e s  up t o  t he  l imiting 
value,  1 to  2 x l o 8  Since the  theory is a 
linear approximation and accura te  only for in i t ia l  
development of the  ins tab i l i ty ,  our argument is 
necessa r i ly  quali tative.  Essen t i a l ly ,  it is that 
once threshold is exceeded ,  t he  measurable prop- 
e r t ies  of the  ins tab i l i ty  d o  not appear to change 
in a n y  b a s i c  fashion a s  the  dens i ty  is increased. 
The  rf s igna l s  i nc rease  i n  amplitude but  are 
otherwise relatively unchanged. Furthermore even  
a t  t he  h ighes t  ava i lab le  dens i t ies ,  during plasma 
decay  following c e s s a t i o n  of injection, the s igna l s  
d i sappear  in a smal l  fraction of a charge-exchange 
decay  time. Despi te  t he  s tab i l i ty  of s u c h  decaying  
p lasmas ,  for s eve ra l  decay  t imes the dens i ty  c a n  
remain above  t h e  va lue  in i t ia l ly  required for 
ins tab i l i ty  growth. The s teady-s ta te  ins tab i l i ty  i s  
therefore not t o  b e  attributed t o  a s imple  density 
threshold in  terms of e i ther  i ons  or e lec t rons .  
Instead i t  is due  to  spec i f ic  features of the  an iso-  
tropic ion distribution, such  a s  is the  case for 
negative m a s s .  

Question 2: T h e  mode assignment experiments 
were performed with g a s  d issoc ia t ion ,  but ins tab i l -  
ity-driven losses a r e  observed only with Lorentz 
d issoc ia t ion .  How does  one  justify the  posit ion 
that t h e  threshold s tud ie s  were s tud ie s  of the  
“proton-loss instabil i ty”? In our previous de ta i led  
s tud ie s  we have  observed no b a s i c  differences 
i n  properties of the  gyrofrequency mode with 
Lorentz d issoc ia t ion  as compared with g a s  d is -  
soc ia t ion .  T h e  la t te r  was  chosen  for t hese  ex- 
periments purely as a matter of convenience.  

1.6 ORBITS AND ORBIT FREQUENCIES 

C. E. Nielsen 

In nonuniform magnetic f ie lds ,  s u c h  as the  mirror 
field, or mirror plus multipole, gyrofrequency is 
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not well defined. I t  is never the less  des i rab le ,  both 
for understanding of experimentally observed 

we see that the  following re la t ions  hold: 

frequencies and for u s e  in theoretical  s tab i l i ty  a = y + $ ,  
analys is ,  to define, i f  poss ib le ,  frequencies by 
which orbits in general  can  be  characterized, and 
t o  determine the  va lues  of t h e s e  frequencies.  W e  
here attempt such  definit ions and report recent 
progress in analytic ca lcu la t ion  of orbits and orbit 
frequencies. Since nearly centered orbits in the 
mirror field are fairly wel l  descr ibed  by betatron 
orbit theory, we d i s c u s s  eccent r ic  orbits, about 
which betatron theory g ives  no information. 

The  s imples t  eccent r ic  orbit in an axisymmetric 
mirror is the one traversed by  a particle confined 
to the median plane. The  particle in th i s  orbit 
o sc i l l a t e s  radially and drifts  on the average in 
azimuth. Its radial motion is perfectly periodic 
and is therefore characterized by a well-defined 
radial frequency. I t s  azimuthal motion is not in 
general  periodic, s i n c e  most median-plane orbits 
do  not c l o s e  after drift through 2 7 ~  in azimuthal 
angle  q5, but i t  may be  characterized by a mean 
drift rate. 

dr = d s  c o s  y , 

d s  
dq5 = - r s i n  y . (1.4) 

It is convenient  t o  develop a description in 
terms of the parameter y partly because  y is known 
to  increase  by 2 n  during one radial  osc i l la t ion  
period whereas  the more usua l  variables r, 4 ,  and 
t change  by amounts unknown in advance.  Elimina- 
tion of dq5, d s ,  and d a  from Eqs .  (1.1) through 
(1.4) l eaves  the  relation 

dr dr 
- s i n  y + d y  cos y =- , 
r a 

(1.5) 

which in tegra tes  t o  
When we cons ider  the more general orbit with 

oscil lation in the z direction superimposed on r2  r2  r dr 
radial  and azimuthal motion, we see tha t  none of 
the three components of motion is periodic. We 
then characterize the motion by  the three mean 
frequencies of radial osc i l la t ion ,  ax ia l  oscil lation, Th i s  equation expres ses  the  equivalent of con- 
and azimuthal drift,  defined in each  case by servation of canonical angular momentum in an 
averages  over a sufficiently long time. The  same axisymmetric field.  
description may b e  applied a l s o  to  orbits in the 
mirror plus multipole field,  providing the  averaging 
time is chosen  appropriately. 

] r l  =I., .(.> . 
r s i n  y 

The procedure for ca lcu la t ing  orbits and frequen- ORNL-DWG 65-12973 

cies will be  i l lustrated by ana lys i s  of a median- I 

,’ 

plane eccent r ic  orbit i n  an axisymmetric mirror. 
Since a curve is everywhere charac te r ized  by a 
local radius of curvature, the  orbit followed by a 
particle s ta r t ing  with given in i t ia l  conditions may 
be  traced out by ass igning  to  i t  the radius of 
curvature appropriate to each  point. 

L-pp-..ppr 1 J Let  a be  the  local radius of curvature; i t  is a 
Le t  

b e  polar coordinates and define angles  
From the figure 

function only of r in an axisymmetric field.  
r and 
a and y a s  shown in F ig .  1.17. 

Fig.  1.17. Orbit Curve of Charged Part ic le  in Mog- 

netic F ie ld ,  Showing Def in i t ions of Several Parameters. 
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Dynamical l aws  and the  charac te r i s t ics  of the  
field a re  added to the  preceding purely geometrical 
relations in  the  evaluation of a(r): 

Let B(r) b e  of the  form 

i n  which a. is the radius of the  orbit of a particle 
of speed  vo  in field B o ,  l /ao qBo/mcvo,  and 
write 

The  dimensionless variable r/ao is of order unity 
for orbits to b e  considered, and e r 2 / a i  << 1, so  
that a solution to first  order in E will  b e  adequate.  

It is convenient to choose  r l  in Eq. (1.5) as the  
radius where y = 0 and d+/ds = 0. The  lower 
limit of the  integral, which corresponds to the  
canonica l  angular momentum, is then denoted 
b y  p. With th i s  choice ,  Eqs .  (1.5) and (1.6) combine 
to  give 

P 
- - =  0 .  (1.7) 

a OV 

The  E term in th i s  equation is small, s o  that the  
equation can  be  so lved  for r by a s u c c e s s i v e  
approximation procedure. For  the zero-order ap- 
proximation, s e t  e = 0: 

T h i s  solution descr ibes  a circle,  of radius a. 

when v = vo ,  tangent t o  r a t  r l .  

To obtain a result  t o  first  order i n  E ,  put the  
zero-order go into the  equation as the  coefficient 
of E .  The  first-order result  is 

( r  \ ( I )  - v s i n  y + &in2 y + h ( l  - t / , E g i )  
- _ -  

\a,) vo 1 - k E g 2  
0 

T h i s  descr ibes  the radial  dependence r( l ) (y)  of 
the  orbit, on the  approximation tha t  radius of 
curvature h a s  the  value derived from the field a t  
the  same  y on t h e  circular orbit r(O)(y) having 
the  same  canonica l  momentum. 

Radial  period is obtained by us ing  r(y) from 
Eq. (1.8) t o  eva lua te  dr i n  Eq.  (1.3) i n  terms 
of y .  As already noted, y i nc reases  by 2 n  i n  
one radial  cyc le ,  and the  corresponding time is 
7 = l / v  ds. Correct t o  first order i n  E ,  Eq. (1.8) 
may b e  simplified by expansion to  give 

When th is  expression is differentiated, divided 
by v cos y ,  simplified by consideration of the  
fac t  tha t  terms with value antisymmetric about 
71 will  contribute nothing to the  integral ,  and 
integrated from 0 to  27r the  result  is: 

VO 
0 - - .  

w 

To check  th i s  result  i t  may b e  s e e n  tha t  as 
v -f 0 the orbit frequency reduces to  ju s t  the  value 
appropriate t o  the  field a t  r = r l .  According to  
th i s  first-order calculation, orbit radial  frequency 
dec reases  linearly both with energy and with 
canonica l  momentum. 

In a similar fashion azimuthal drift is obtained 
by us ing  ds and r i n  terms of y in Eq. (1.4). The 
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calculation g ives  for drift ang le  A$ per radial  s ame  indicated ion gage  pressure  i n  the  plasma 
oscil lation cyc le  chamber, operation with the  a r c s  yielded increased  

trapping fractions.  The ev idence  was  most c l e a r  
with the  beam trajectory d isp laced  to  the  center  
of the  a r c  column (displaced t o  axis);  t he  trapping 
enhancement then ranged from 10 t o  100%. No  

( l * l o )  

Thus ,  t o  first  order i n  E, drift angle  per radial  
cyc le  depends only upon energy and  is independent 
of canonica l  momentum. I t  follows that a t  a given 
energy, drift frequency changes  in  the  same way 
a s  radial  frequency with change in  canonica l  
momentum. 

I t  is poss ib le  to generalize th i s  method of orbit 
ana lys i s  in terms of differential  geometry to  
problems involving e l ec t ros t a t i c  or gravitational 
potentials and to  some three-dimensional orbits.  
A s  one example of a three-dimensional problem, 
the form and frequency of a centered periodic 
orbit i n  a mirror plus quadrupole field have  been 
ca lcu la ted .  I t  may perhaps b e  feas ib le  to  dea l  
a l s o  with eccent r ic  orbits i n  multipole f ie lds  and 
with orbits characterized by ax ia l  osc i l la t ions .  

1.7 INJECTION INTO MODE I AND 
MODE II DISCHARGES’ O 

We have  studied the  charge-exchange s igna l s  
from plasmas  es tab l i shed  by high-energy molecular 
ion injection into mode I and mode I1 discharges  
operated a long  the a x i s  of the  DCX-1 facil i ty.  
The a r c  reflectors were mounted ou t s ide  the  mirror 
coils. The pressure differential  required for mode 
I1 was  es tab l i shed  by b leeding  deuterium gas into 
the plasma chamber and i so la t ing  th i s  chamber 
from the reflectors by restricting orifices a t  the  
coil throats.  The input power for mode I1 operation 
was  from 20 to 50 kw and the  neutral  g a s  pressures  
were typically 2 t o  5 x l o w 4  torr (plasma chamber) 
and 1 to  2 x lo-’ torr (reflector region). For  mode 
I the va lues  were approximately 5 kw and 5 x IOm4 
torr. The injected beams employed were 600- 
kev  H,’ and 400-kev H,’ on the  standard beam 
trajectory (turnaround a t  R = 3.25 in.), and 600-kev 
H,’ with turnaround a t  the  magnetic ax is .  

The  experimental observa t ions  differ in de ta i l ,  
but both a rc s  appeared to contribute to  d i s soc ia -  
tion. In comparison with g a s  d issoc ia t ion  a t  the  

*‘With I. Alexeff and R. V. Neidigh. 

def in i te  conclusion was  reached a s  to  the size 
of the  “burned-out” region poss ib ly  a s soc ia t ed  
with mode 11. I t  w a s  not poss ib le  to i so l a t e  t he  
effects of burnout on fast proton lifetime from the  
effects of the  gross pumping ac t ion  d isp layed  by 
both d ischarges .  If present,  t he  burned-out region 
w a s  sma l l  compared with the orbits of the  trapped 
energe t ic  protons (orbit diameter of 6 in.). 

Additional experiments of th i s  nature a re  planned. 

1.8 CALCULATION OF THE 
NEGATIVE MASS INSTABILITY FOR DCX-I  

We outline the  e s s e n t i a l  fea tures  of a negat ive  
mass  theory’ which is concerned with s tab i l iz ing  
e f f ec t s  of energy spread  on ins tab i l i ty  a r i s ing  in  
the  accelerator-l ike portion of the  proton distri-  
bution formed i n  DCX-1 during operation with the  
s tandard  beam trajectory. T h e  theory ignores 
poss ib l e  s tab i l iz ing  e f f ec t s  of ax ia l  and of radial  
osc i l la t ion  amplitudes.  

The  work of a n  original paper12  on negat ive  
mass ins tab i l i ty  in  acce lera tors  is c lose ly  fol- 
lowed, A torus of charged par t ic les  of major 
radius R and minor radius a is considered. The  
ratio a/R is taken to  b e  smal l ,  so  the  ions  approxi- 
mately execute  c losed  circular orbits of rad ius  
R.  The  ion ring is neutralized in equilibrium by 
a uniform negative background of co ld  e lec t rons .  
Being unable to move a c r o s s  the  field,  t h e s e  
e lec t rons  have  no azimuthal motion and a re  treated 
as fixed. The  ion charge is distributed uniformly 
in  c r o s s  sec t ion .  The  equilibrium phase  s p a c e  
distribution is assumed to  b e  symmetric i n  +, the  
azimuthal angle,  and squa re  in  p ,  t he  azimuthal 
momentum. The distribution i n  p h a s  width 2W, 
and is centered a t  p,, t h e  momentum of an  ion 
with equilibrium orbit radius equa l  to the major 

By T. K. Fowler. A complete description of the 
calculation w a s  given in an internal report, July 1961. 

”C. E. Nielsen, A. M. Sess le r ,  and K. R. Symon, 
“Longitudinal Ins tab i l i t i es  in In tense  Rela t iv i s t ic  
Beams, ’’ International Conference on High Energy 
Accelerators and Instrumentation, CERN, 1959. 

11 

. 
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radius R. The s tab i l i ty  of the  distribution for 
small perturbations i n  azimuth is examined by the  
usua l  techniques.  T h e  fact  tha t  t h e  torus of 
charge  is not shielded f rom i t se l f  is taken into 
account,  and in th i s  way the  calculation of the  
space-charge e lec t r ic  field depar t s  from the 
method of ref. 12. 

U s e  of the  above assumpt ions  resu l t s  in  a 
s tab i l i ty  criterion, 

(1.11) 

where 

2nRN = to ta l  number of ions  i n  the  torus ( N  is 
a l ine  density),  

q = elementary charge,  

n = field index  = -r /B(dB/dr)  evalua ted  at  
equilibrium orbit radius R ,  

E o  = energy of i ons  with equilibrium orbit 
rad ius  R,  

h E  = energy spread  of ions  i n  the torus ,  

s i n  q5 s in  1q5 d+ 

2 = harmonic number, 

and c g s  uni t s  a r e  employed. 
The  ins tab i l i ty  growth time is given by 

MR 

2q(nMy, )1 /2  ( N  - N o l ) * / 2  
r -  1 -  , (1.12) 

where 

R = equilibrium orbit radius of ions  with energy 

Eo,  
M = mass of ion, 

n(AE)’ 
= threshold l ine dens i ty  for lth N o ,  = 

8 q 2 y f E ~  mode. 
For DCX-1, t he  appropriate va lues  of y 1  a re  

y 1  = 6.5 ( a t  A E  = 4 kev), y 1  = 6.0 (20 kev), y 2  = 
5.6 (4 kev), and y 2  = 4.6 (20 kev). 

c 

i 



2. Injection and Accumulation: 
M u  I tip le-Pass Experiments (DCX-2) 

P. R. Bel l  G. G. Kelley T. F. Rayburn 
J. S. Culver N. H. Laza r  R. F. Stratton 
R. C. Davis  J. F. Lyon C. W. Wright 
S. M. Decamp 0. B. Morgan A. J. Wyrick 
J. C. Eze l l  

2.1 TRAPPED PLASMA DENSITY AND ENERGY 

During a considerable portion of th i s  report 
period, DCX-2 was  shu t  down for major repairs of 
two types :  replacement of a mirror coil and major 
c leaning  of t h e  vacuum sys tem.  One of t h e  major 
d i f f icu l t ies  a s soc ia t ed  with attempting to improve 
the  vacuum sys tem h a s  been the  observation of a 
l a rge  peak in  t h e  mass spectrometer a t  mass 18, 
interpreted as water. T h i s  peak, in general, 
represents  50 to 80% of t h e  total  residual g a s  of 
t h e  machine a t  b a s e  pressures .  Effort h a s  been 
expended in leak  checking  water l ines ,  etc.,  t o  
ensure  that this water peak is not due  to s m a l l  
l eaks .  In addition, we init iated some experiments 
us ing  liquid-nitrogen cooling on la rge  su r faces  of 
the  connec t ing  cones  between the  main l iner  and 
t h e  mirror coil l iner sec t ions .  T h i s  resulted i n  a 
s ign i f icant  pressure  reduction. W e  have, there- 
fore, made modifications in  t h e  l iner to enab le  u s  
to  apply liquid nitrogen to the  en t i re  l iner,  if i t  
appears  des i rab le  after cleaning. 

T h e  da ta  obtained with g a s  d issoc ia t ion  have  
been analyzed in greater detail ,  and as  a result  
certain a s p e c t s  of the plasma behavior have  be- 
come clearer. We have used  both t h e  integral  of 
the  charge-exchange flux after t h e  beam is turned 
off and t h e  counting rate as a function of energy 
in t h e  s i l i con  barrier detector with t h e  beam on to 
determine the  density of the  plasma in the  mid- 
plane.  In both cases one  must  make a correction 
for the fac t  that  t h e  detector samples  only a smal l  
fraction of t he  total  neutral  current emitted from 

the  plasma. T h e  relation for ion density,  u s ing  
t h e  geometrical  correction for t h e  foil  neutral  
detector,  h a s  been given previously’*2 and is 

where S I c x  dt is measured, R ,  is the d i s t ance  
from t h e  detector to t h e  ax i s  of DCX-2, L is t h e  
plasma length, and A e f f  ( the  e f fec t ive  detector 
a rea )  is two-thirds of t h e  foil a r ea  b e c a u s e  of t h e  
attenuation of t he  neut ra l s  i n  the  copper support  
grid. T h e  term F is t h e  e f fec t ive  transmission of 
t h e  foil and  is approximately $ for typical energy 
distributions,  and r is the  mean plasma radius. 
In genera l  w e  t ake  r as  15 cm, although w e  
recognize that the average plasma rad ius  probably 
var ies  to some  exten t  with plasma behavior. In 
us ing  t h i s  equation w e  a s sume  azimuthal symmetry 
in  t h e  emiss ion  of t h e  charge-exchange current 
and also as sume  tha t  t h e  plasma is effectively 
long  compared to the  length of t h e  detector. I t  
must further be  remembered tha t  t h i s  method of 
determining dens i ty  is independent of any  e s t ima te  
of t h e  l ifetime of t h e  plasma; i t  re l ies  i n s t ead  on 
a d i r ec t  measurement of t h e  co l lec t ion  of all 
par t ic les  that  were present  a t  t he  in s t an t  of beam 

P 

P 

‘Thermonuclear Div. Semiann. Progr. Rept.  Apr. 

2Conference on Plasma Physics and Controlled Nu- 
30. 1964, ORNL-3652, p. 28. 

clear Fusion Research, Culham, CN-21/112 (1965). 
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turnoff. T o  the  extent  tha t  some of the par t ic les  
in t h e  plasma are not  l o s t  by charge exchange, 
t h i s  method is a n  underestimate of the density.  
The  t ime dependence of t h e  current following beam 
turnoff may not b e  directly related to the  charge- 
exchange l i fe t ime with t h e  beam on, s i n c e  the 
properties of t h e  plasma with the beam on and the 
beam off may, in  fact, be  qui te  dissimilar.  

From the  value of the charge-exchange neutral  
f lux to the  energy analyzer,  we can similarly de- 
termine the  densi ty  from a geometrical correction, 
although in this  c a s e  the  charge-exchange c r o s s  
sec t ion  a l so  enters. In our more recent  experi- 
ments we have  been using 5 -pwide  slits with 20- 
p pinholes.  Before t h e  detector is assembled, the 
s l i t s  and pinholes a re  carefully examined using a 
high-power t ravel ing microscope; the edges  of the 
pinholes are s e e n  to b e  qui te  sharp,  and the  s l i t  
edges  a re  qui te  parallel. Other errors in dimen- 
s i o n s  and alignment can b e  shown to introduce 
only small uncertaint ies  in  the measurements. 
T h e  densi ty  may b e  shown to b e  given by 

n + = ( 8R,L 6s ----)J= dE , 

"ODCXV 

where w is the  slit width, d is the hole  diameter, 
6 is the  total  s canned  angle,  s is the spac ing  
between the s l i t  and hole, l / n o a c x v  is t h e  charge- 
exchange lifetime for given energy par t ic les ,  and 
no  is the  densi ty  of charge-exchange centers .  A s  
we h a v e  mentioned in  the  pas t ,  vCx is a strongly 
energy-dependent function which is qui te  different 
in  both its energy dependence and absolute  magni- 
tude for hydrogen and nitrogen. In order to make 
u s e  of t h e  energy-analyzer information, it is neces-  
s a r y  to know both t h e  absolute  number of charge- 
exchange centers  and t h e  ratio of hydrogen to  
other g a s e s  ins ide  t h e  liner. In the past '  we  have  
found tha t  with lithium-arc dissociat ion t h e  densi ty  
of charge-exchange centers  in  the  cold plasma may 
exceed the neutral-particle densi ty  determined 
from t h e  ion gage reading by as much as an order 
of magnitude, presumably b e c a u s e  of the  presence  
of unstripped ions. Nevertheless,  in  t h e s e  experi- 
ments with g a s  dissociat ion we have  assumed that  
the  neutral-particle densi ty  contributes all the 
charge-exchange centers .  We have used a mass  
analyzer  to determine t h e  ratio of hydrogen to  
other gases .  In calculat ing the  densi ty  from the 
energy-analyzer information, we have  separated 
out  t h e  hydrogen fraction and lumped a l l  t h e  other  

g a s e s  with nitrogen and used the nitrogen c r o s s  
sect ion.  T h e  assumption that  no is determined 
by the  pressure  was shown to b e  just i f ied by the 
dissociat ion current t o  the  detector.  T h i s  current 
is related to t h e  beam current and t h e  dissociat ion 
mean f ree  path, l / noad ,  by a geometric factor. 
T h e  currents  observed with g a s  d issoc ia t ion  
agree  very well  with the  assumption that no  is 
given by the neutral-particle density.  

T h e  resu l t s  of t h e  experiment to determine 
densi ty  a s  a function of total neutral-particle 
densi ty  a r e  shown in Fig.  2.1. At t h e s e  relatively 
low plasma densi t ies ,  i f  n o  were of cons tan t  
s p e c i e s ,  then from part ic le  balance the  density 
would b e  independent of pressure.  That  is, the 
breakup fraction for small breakup percentages is 
given by noad c, where ad is the  d issoc ia t ion  
c r o s s  sec t ion  and is the path length of t h e  beam 
through the  plasma region. Assuming that  l o s s e s  
a re  a l l  by charge exchange, t h e  l o s s  rate is a l s o  
proportional t o  no. T h e  densi ty ,  which is given 
by 

would b e  expected to  b e  independent of no. The 
peak observed a t  high pressures  is most l ikely 

P.108) ORNL-DWG 66-1"" 

10'0 10" 40'2 
NEUTRAL PARTICLE DENSITY 

Fig .  2.1. Average Energetic-Ion Dens i ty  a s  a Func- 

tion of Neutral -Part ic le Dens i ty  for Pressure Ra ised  

wi th  Hydrogen Gas (Solid Curve) and Nitrogen Gas 

(Dashed Curve). Data are for density determined by 

both the to ta l  charge col lected after  beam turnoff and 

the anolysis of the energy spectra. 

. 
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caused  by o n e  of two phenomena: e i ther  t h e  
energet ic  ions have a lower loss ra te  per neutral  
par t ic le  at the  higher pressures  or there  a r e  en- 
hanced l o s s e s  a t  the lower pressures .  A third 
possibi l i ty  is that  the  injection rate  per neutral  
par t ic le  is increased a t  higher pressures ,  but 
there is no evidence for th i s  possibility. 

I t  appears  that the  f i rs t  possibi l i ty  is the  case .  
The  total  charge-exchange flux to the  wal ls  with 
the beam on may b e  obtained most eas i ly  by inte- 
grating the  energy spectrum of t h e  neutral  flux. 
When this  value is compared with the d issoc ia ted  
current given by 

the resul t  shown in Fig.  2.2 is obtained, the  varia- 
tion being accomplished by changing no. T h e  line- 
arity of the curve ind ica tes  that i f  extraneous losses 
exis t ,  they are proportionately the same at low 
and high pressures.  T h e  values  of no and ffd were 
sui tably chosen from the rat ios  of hydrogen to 
other  g a s e s  in the same  way as for the densi ty  
determinations shown in Fig. 2.1. 

The  increased density a t  the higher pressures  
a r i s e s  a s  a resul t  of t h e  effectively lowercharge-  
exchange c r o s s  sec t ion  at t h e s e  pressures  due to  
the change in  the energy spectrum and the  relat ive 
increase  of hydrogen in the gas.  T h i s  is shown in 
Table  2.1 and in  Fig.  2.3. T h e  values  (1/0,,v) 
a r e  given for t h e  points  in  F igs .  2.1 and 2.2 a t  
the various pressures .  I t  must b e  noted tha t  the 
values  given for ( l / a C x v )  and 7 are  optimistic,  
that is to s a y ,  too large. I t  may be remembered 
tha t  t h e  average is obtained from the energy- 
analyzer  da ta  and is defined by 

T h e  integral  of the  current from the  lowes t  signifi- 
c a n t  energy, s a y  1 0  kev, to the minimum energy 
measured, Emin, is not negligible and may amount 
to more than half t h e  total current, while there  is 
not expected to be a la rge  contribution to the 
numerator in  th i s  range. Improvements in  the 
energy analyzer are  needed to properly es tab l i sh  
the magnitude of these integrals. The  energy 
spreads  which are shown in T a b l e  2.1 are clear ly  
related to the  microinstabil i ty which is obviously 

present.  The  radio-frequency spectrum as a func- 
tion of pressure observed on e lec t ros ta t ic  probes 
will b e  descr ibed below. T h e  energy spread ob- 
served even at the lowest  pressures  is about twice 
the  spectrum width typically observed in  DCX-1, 
when the microinstabil i ty is intense.  It may b e  fair  
t o  say ,  therefore, that t h e  presence  of a micro- 
instabi l i ty  d o e s  not necessar i ly  resul t  in  enhanced 
l o s s e s  of par t ic les  contained in a mirror geometry. 
I t  must be pointed out, however, that had the 
par t ic les  remained a t  300 kev, that  is, had the 
microinstabil i ty not been present,  the  loss rate  
per par t ic le  would, in  fact ,  have  been lower for 
a l l  t h e s e  c a s e s .  We see no a priori necessi ty ,  
however, tha t  t h e  average c r o s s  sec t ion  b e  raised 
by t h e  microinstability. T h e  va lues  of l/a,,v for 
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T a b l e  2.1. Results of  Analysis of  Energy-Analyzer Data for Gas Dissociat ion and for 

Hydrogen-Arc Dissociat ion Observed on 5-14-65 

Inverse Mean Inverse L o s s  M e  an 
Average Energy Loss Rate  Rate  per Neutral Integral of Lifetime 

Ion Gage of Trapped per Neutral Par t ic le  of Ions Counting Rate of Ions 

Plasma, Par t ic le ,  Of 300 kev, Above 106 kev, Above 
Picture Pressure,  Par t ic le  

No. P Density, 

"0 (kev) (&) (&)300 k e v  J116 k e v  ICx T c x  (cmV3) 

- 
E 106 kev, 

- (torrs) 

(msec) (cm /sec 1- (cm /sec )- 

B-11 8.6 X lo-' 0.73 X 10" 

B-9 1.9 x 2.04 x 10" 

B-12 2.3 x 2,68 x 10" 

B-13 5.15 x 7.15 x 10" 

B-9 5.3 X 7.41 X 1 0 l 1  

B-14 1.3 X 1.97 X lo1' 
B-16 1.7 x 2.61 X 10" 

B-15 4.6 X 7.25 X 10" 

Ebza 5.3 x 10-6 7.4 x 10" 

B-3a 8.2 X 11.7 X 10" 

334 

365 

330 

434 

3 80 

950 

988 

585 

53 9 

618 

6.0 x 10' 

9.9 x lo8  
1.4 x i o 9  
2.8 x i o 9  
2.9 x i o 9  
1.1 x 1010 

1.2 x 1o'O 

6.3 x l o 9  

2.39 x l o 9  
2.98 x io9 

1.39 x 10' 

2.47 x io9 
2.9 x lo9  
5.7 x io9  
6.0 x i o 9  
1.0 x 1 o ' O  

1.0 x 1o'O 

6.0 x io9 
6.0 x i o 9  

1.3 x 10" 

46.2 

76.5 

215 

267 

408 

492 

719 

63 1 

965 

8.3 

8.8 

5.3 

3.4 

3.9 

5.3 

4.6 

0.87 

3.2 

2.6 

aHydrogen-arc dissociation. 

300-kev particles,  taking into account  properly 
t h e  ratio of hydrogen to other gases ,  a r e  a l s o  
shown for the various cases in Tab le  2.1. 

I t  is perhaps somewhat illuminating to examine 
t h e  change  in  energy spectrum of the  contained 
par t ic les  as  t h e  pressure  is increased. F igure  
2.4 shows  the  spec t r a  a t  four different pressures ,  
each  cu rve  determined by a su i t ab le  charge-ex- 
change  c r o s s  sec t ion  us ing  the  appropriate per- 
cen tage  of hydrogen and other gases .  I t  is inter- 
e s t i n g  tha t  a group of par t ic les  above  300 kev  
may b e  identified which appears  to spread  drastic- 
a l ly  with energy and tha t  t h e  group a t  300  kev  h a s  
a somewhat smaller and independent spread. In 
t h e  pas t  with a rc  d issoc ia t ion  t h i s  behavior was  
assoc ia ted  with two groups of par t ic les ,  one  with 
pitch angles  close to zero  degrees  and the  other 
with pitch angles  close to the  injected beam angle. 
A perpendicular-slit s c a n  taken near t he  h ighes t  
density of particles,  however, does  not show a 
la rge  central  peak under t h e s e  conditions. Th i s  
spectrum, however, is weighted very heavily by t h e  
current of low-energy particles.  Scans  taken under 
other conditions of g a s  d issoc ia t ion ,  but with 
se lec ted  energy intervals,  showed tha t  t h e  higher- 
energy groups show a tendency to peak a t  lower 
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Fig .  2.3. Inverse of the Loss  Rate per Neutral  Par t ic le  

Averaged over the Energy Spectrum of Emitted Part ic les,  

(l/Ocxv), as  a Funct ion of Pressure. A l s o  shown is  

the value for l/Ccxv for part ic les of 300 kev for the 

appropriate mixture of hydrogen and nitrogen a t  these 

pressures. The  variation wi th  pressure is  at tr ibuted 

to changes in  composition and to changes i n  the energy 

spectrum of the contained protons. 
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zero counts. 

the figures. 
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T a b l e  2.2. Results of  Ana lys is  of  Data for Hydrogen-Arc Dissociat ion a t  Two ln iected Beam Currents 

Injected Beam 

Current, 
Dissociated 

Current 

(ma) 

Inverse Average Inverse Loss Rate  
Loss Rate  per 

Neutral 
Particle,  (a 

(cm3/sec)-' 

per Neutral 
Par t ic les  for Ions 

of 300 kev, 

(&)300 k e v  

Mean Energy 
of Trapped 

Plasma, 
E 
- 

(kev) 

Integral of Charge- 
Exchange Current, 

Average 
Density, 

n +  

( ~ m - ~ )  

- 

2.4 2.1 3.0 x i o 9  -6.5 x i o 9  439 77.1 6.7 x 10' 

26.6 23.1 7.0 x io9 - 6.5 x . 1 0 ~  772 601 1.2 x io9  

pitch ang le s  (see below). A quantitative de ta i led  
s tudy  of th i s  phenomenon must s t i l l  b e  carried out. 

Experimental da t a  were also taken with nitrogen 
bled in to  t h e  l iner  to r a i s e  t h e  pressure,  with the  
beam current t he  same as  in  the  hydrogen g a s  
f eed  experiments. T h e  dens i t i e s  obtained from 
t h e s e  da t a  a re  also shown in Fig. 2.1. The  
dens i ty  a t  high pressure  f a l l s  off somewhat less 
rapidly than t h e  hydrogen bleed da ta ,  but a density 
peak implying a n  inc rease  in ( l /ccxv)  over 
that  a t  t h e  b a s e  pressure  was  observed. 

T h e  hydrogen a rc  h a s  been operated under condi- 
t i ons  similar to those  when t h e  g a s  d issoc ia t ion  
d a t a  were taken, and a meaningful comparison of 
average  lifetime, charge-exchange current, and 
dens i ty  may b e  made between the  two cases. 

T h e  dens i t i e s  determined from the  energy ana- 
lyzer,  3.7 and 4.9 x l o g  ions/cm3, a re  somewhat 
higher than t h e  va lues  result ing from the  neutral  
flux after beam turnoff, 0.9 and 1.2 x l o g  ions/cm3. 
One error which may ar i se ,  although purely specu- 
la t ive ,  is connected with t h e  high count r a t e  i n  
th i s  case. A possibil i ty of pu l se  pileup distor- 
tion of t h e  energy spectrum a t  high energ ies  would 
resu l t  in an error which might make a significant 
difference in the  value / (~c, /~c,v)dE as  a result  
of t h e  extreme energy dependence of ucx. T h e  
total current, however, should b e  unaffected,  and  
t h e  va lue  obtained f i t s  well  with the  g a s  breakup 
da ta  (Fig.  2.2). T h e  density is a t  least a factor 
of 4 higher than t h e  g a s  breakup da ta  a t  t he  same  
pressure ,  and the  charge-exchange current is 3.4 
times a s  great. 

At a la te r  d a t e  the  a rc  was  run and the  dens i ty  
determined for injected molecular beam currents 
of 2.5 and 26.6 ma. T h e  d issoc ia t ion  percentage  

w a s  87%. T h e  dens i t ies  determined by t h e  two 
methods were in  good agreement for t h e  h ighes t  
va lue  (1.2 x l o 9  ions/cm3); but a t  t h e  lower 
current t he  foil detector clearly exhibited dif- 
f icu l t ies  from cold plasma current, and the  energy- 
ana lyzer  d a t a  yielded t h e  only reliable figure 
(6.7 x l o 7  ions/cm3). T h e s e  da t a  show tha t  t he  
dens i ty  is increas ing  more rapidly than l inearly 
with current as a result  of t he  increased  l ifetime 
(higher mean energy) in the  case of higher current. 
T h e  r e su l t s  of t h e  ana lys i s  a r e  shown in  Tab le  
2.2. 

2.2 PITCH ANGLE DISTRIBUTIONS 

A s  described previously, scanning  in ang le  
a long  the  magnetic field ax is ,  with the  5-p col- 
l imating s l i t  of the  energy-sensitive s i l i con  bar- 
rier detector oriented perpendicular to the  direc- 
tion of t h e  scan ,  y i e lds  the  pitch angle  distribution 
of t h e  charge-exchange neutral flux. If only 
par t ic les  within a certain energy range a r e  counted 
during the  scan ,  then the  pitch angle  distribution 
of t h e  trapped protons in that energy interval is 
obtained. Two types  of pitch angle  distributions 
have been observed. The  m o r e  common (shown in  
Fig.  2.5), observed a t  high dens i t ies  with both 
arc and g a s  dissociation, h a s  a central  peak of 
high-energy protons with small ax ia l  energ ies  and 
two symmetrically positioned s i d e  lobes  of lower- 
energy protons with ax ia l  energies c l o s e  to the  
va lue  a t  injection. T h e s e  two sepa ra t e  groups of 

3Thermonuc1ear Div. Serniann. Progr. Rept.  Oct. 3 1 ,  
1964, ORNL-3760, p. 17. 
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F ig.  2.5. Perpendiculor-Sl i t  Scans of the Charge-Exchange Current Above 75 kev as Seen from Por t  P o s i t i o n  4-4 

for Hydrogen Gas D issoc ia t ion .  (a) Gas  pressure, 2.65 x torr; ( b )  2.45 x torr. (F ig .  2.1 i n  ORNL-3472 
i s  a key to port locat ions;  pos i t i on  4-4 meons r ing  4, pos i t i on  4, etc.) 
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F ig.  2.6. Perpend icu lo r -S l i t  Scans of the Charge-Exchange Current Above 75 kev  os Seen from Por t  P o s i t i o n  4-4 
for Hydrogen Gas D issoc io t ion .  (a) Gas pressure, 1.8 x torr; ( b )  1.7 x torr. T h i s  i s  the second k ind  o f  

p i tch-ang le  d i s t r i bu t i on  d iscussed in the text. 
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energet ic  protons have previously been d i scussed  
in  In this  type of distribution the  central  
peak contains  the  majority of t he  energetic protons. 

T h e  second  kind of pitch angle  distribution 
(shown in Fig. 2.6), observed only with g a s  dis-  
sociat ion,  l a c k s  this  central  peak, although i t  is 
as soc ia t ed  with the  highest  densi ty  of trapped 
protons observed with gas  dissociation. Figure 
2.6b is the  pitch angle  current distribution o b  
tained a t  t he  peak of the n +  v s  no curve in Fig.  

41bid., pp. 17-20. 
5Therrnonuclear Div. Semiann. Progr. Rept .  Apr. 30,  

1965, ORNL-3836, pp. 27-29. 

2.1. In both figures the plasma was obtained by 
dissociat ion on hydrogen gas .  T h e  s a m e  types 
of distribution a r e  obtained for gas  p re s su res  a 
factor of 10 apart. Note, however, that  t h e  pres- 
s u r e s  (and presumably the  cold plasma dens i t i e s )  
are approximately the  same  for Fig. 2.5a and Fig. 
2.6a and a l s o  for Fig. 2.5b and Fig.  2.6b although 
the  pitch angle  distributions a re  qui te  different. 
It may b e  that small  differences in the magnetic 
field s h a p e  c a u s e  this  difference, although the 
da t a  in Fig. 2.5a and in Fig.  2.7, taken the  same 
day (and presumably a t  t he  same  f ie ld  shape )  
and a factor of 20 apart  in pressure,  a l s o  exhibit  
this  difference. It is unclear what c a u s e s  the  two 
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Fig.  2.7. Energy-Resolved P i t c h  Ang le  D is t r ibu t ions  of the Trapped Protons Obtained by Hydrogen Gas D i s -  

The re la t i ve  ve r t i ca l  s t o l e s  are soc ia t ion  o s  Seen from Por t  P o s i t i o n  4-4. 

shown on the ind iv idua l  p ic tu res  i n  counts per second. 

The gas pressure was 5.5 x torr. 
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F ig .  2.8. Ax ia l  Energy Component of the Side Lobe  

Peaks for Dif ferent  Tota l  Proton Energies. 

types  of p i tch  angle  distributions,  and further 
s tudy  is needed to clarify th i s  point. 

F igu res  2.5 and 2.6 give the pitch angle  dis- 
tribution of t h e  total  charge-exchange current 
and hence  a r e  heavily weighted by t h e  lower- 
energy particles.  Energy-resolved pitch angle  
s c a n s  for t h e  type of pitch angle  distribution 
exhibit ing a central  peak h a v e  been d i scussed  
previously. Energy-resolved pitch angle  s c a n s  
for t h e  type  without a central  peak a r e  shown in  
Fig. 2.7. Note that t h e  lack  of a central  peak 
pe r s i s t s  up to the  h ighes t  energy range examined, 
and in t h i s  region t h e  energetic protons do not 
s e e m  to b e  trapped by t h e  s l igh t  depress ion  of 
the  magnetic field in t h e  cent ra l  region a s  occurs  
in t h e  other type of pitch angle  distribution. T h e  
s igni f icance  and dens i ty  l imitations,  i f  any, which 
may resu l t  i n  t h e s e  two apparently different cases 
a r e  s t i l l  to b e  determined. 

T h e  ax ia l  component of t h e  energy correspond- 
i n g  to t h e  peak of the  s i d e  lobes  i n  Fig.  2.7 c a n  
b e  obtained from t h e  to ta l  energy and the  peak 
pitch angle. T h e  result  of th i s  calculation is 
shown in  Fig. 2.8. I t  is s e e n  tha t  except  for t h e  
lowes t  energy interval t h e  ax ia l  energy is approxi- 

6Thermonuclear Div. Semiann. Progr. R e p t .  Oct. 31.  
1964, ORNL-3760, p. 20. 

mately cons tan t  a t  1.5 kev. T h e  pitch ang le  of 
injected H, beam was  not measured; but i f  t he  
270-kev d issoc ia t ion  protons a r e  assumed to h a v e  
an ax ia l  energy of 1.5 kev ,  a pitch ang le  of 4 . 3 O ,  
a not unreasonable  value, is obtained. T h i s  same 
result  was  also obtained for t h e  other type of 
pitch ang le  distribution. 

t 

2.3 RADIO-FREQUENCY MEASUREMENTS 

T h e  improved radio-frequency probes descr ibed  
in  t h e  previous semiannual report' h a v e  been 
examined and found to b e  f r ee  from spur ious  
resonances ,  a t  least to 1000 Mc; there  is evidence  
tha t  there  a r e  no  resonances  to seve ra l  thousand 
megacycles.  T h e  sens i t iv i ty  of t h e s e  probes h a s  
been  measured by expos ing  them to e l ec t r i c  
fields.  T h e  de tec t ion  sens i t iv i ty  of shor t  e lec t r ic  
probes should inc rease  linearly with frequency 
until  t h e  capac i t ive  r eac t ance  becomes equal  to 
t h e  load  impedance. In th i s  case th i s  should  
occur a t  about 3000 Mc. A calibration curve  for 
one  of these  probes is shown in Fig.  2.9. 

Some of the  spec t r a  from DCX-2 have  been cor- 
rected to show t h e  apparent e lec t r ic  field strength 
s e e n  a t  t h e  chamber wall for a number of t h e  
harmonics (see Figs .  2.10 to 2.12). S ince  there  
is a smal l  amount of cold plasma a t  t h e  wall ,  t h e  
ac tua l  e lec t r ic  field ou t s ide  the  plasma would 
l ike ly  b e  somewhat different. T h e  e lec t r ic  f ie lds  

'Thermonuclear Div. Semiann. Progr. R e p t .  A p r .  30, 
1 9 6 5 ,  ORNL-3836. p. 22. 

ORNL-DWG 66-332R 
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F i g .  2.9. Radio-Frequency Probe Response to an 

E lec t r ic  F i e l d  of 1 v/cm, Measured as  a Funct ion of 

Frequency. 
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Fig.  2.10. Radio-Frequency E l e c t r i c  F i e l d  In tens i ty  at  the L i n e r  Wall i n  DCX-2 w i t h  NO A r c  and w i t h  Hydrogen 

These f i e l d  values represent roughly the maximum in tens i ty  o t  each frequency Gas Added t o  A d j u s t  the Pressure. 

dur ing an  exposure of several  seconds. 

torr.  

torr.  

( a )  Gage pressure, 1.4 x 
( b )  Gage pressure, 5 . 4 ~  
(c)  Gage pressure, 1.35 x 

No l i nes  were v i s i b l e  above the th i rd  proton cyc lo t ron  hormonic. 

The l ines  were l o s t  i n  no ise  above the 22d proton cyc lo t ron  harmonic. 

torr. L i n e s  were v i s i b l e  bu t  poor ly reso lved beyond the 32d proton c y c l o t r o n  

hormoni c. 

(d) Gage pressure, 4.5 x torr. The l ines  were hard to reso lve  beyond the 50th proton cyc lo t ron  hormonic. 

a re  s e e n  to b e  rather large. The  s t ronges t  l i ne  
(fundamental) of the lowest-pressure g a s  breakup 
spectrum was  200 v/cm, and similar f ie lds  were 
found for t h e  second  or third harmonics for hydro- 
gen arc  spectra.  At t he  h ighes t  g a s  pressure  for 
H, g a s  breakup t h e  most i n t ense  l ine  (second 
harmonic) was  125 v/cm, whi le  for gas  breakup 
with nitrogen, the l ine  in t ens i t i e s  a r e  considerably 
lower (second harmonic, 3.5 v/cm). T h e  va lues  
quoted correspond to peak e lec t r ic  fields;  each  
l i n e  f luc tua tes  strongly,  and average va lues  a re  
lower by 10 db  or more. 

Pe rhaps  the  most notable feature of t h e  radio- 
frequency spectrum when the  plasma resu l t s  from 
gas breakup is that t he  spectrum extends  to higher 
frequencies for higher g a s  pressure.  At  high pres- 
s u r e s  t h e  spectrum c lose ly  resembles  tha t  result-  
i n g  with an a rc  in  t h e  machine excep t  for t h e  near  
a b s e n c e  of all t he  odd proton harmonics. A c lose r  
examination shows that as t h e  p re s su re  is in- 
c r eased ,  t he  spectrum grows toward higher fre- 
quencies ;  then with further i nc rease  of p re s su re  
t h e  odd proton harmonics and molecular-ion har- 
monics dec rease  in amplitude. T h e  even  proton 
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harmonics reach  a maximum intensity and remain 
approximately cons t an t  a t  t he  higher pressures .  

With high resolution the  s i d e s  of the  l i n e s  
a r e  observed to  b e  s t ra ight  on a semilog plot to a 
good approximation, t ha t  is, the  in tens i ty  f a l l s  
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Fig ,  2.11. Average Radio-Frequency E lec t r ic  F i e l d  

Intensity a t  the L i n e r  Wall in  DCX-2 wi th  N o  Arc and 

with Nitrogen G a s  Added to Adjust  the Pressure. The  

gage pressure is 1.6 x torr. The two crosses ore 

peak electr ic  f ie lds (see F ig .  2.10) at a pressure of 

7.1 x torr. 

off exponentially on either s i d e  of t h e  peak. When 
the  inverse  of t h e  squa re  root of t h e  s lope  of t h i s  
falloff is plotted vs  harmonic number, straight-line 
re la t ionships  a re  obtained. F igure  2.13a shows  
th i s  a t  two different hydrogen g a s  pressures .  
F igure  2.13h gjves t h e  s a m e  p lo t  with nitrogen 
g a s  added, and  Fig. 2.13c, with a hydrogen arc. 
Usually the l ines  a r e  not simple. The re  a re  two 
or  more components with different amplitudes and 
widths and  sometimes different frequencies as 
well. Where the  in t ens i t i e s  of two components 
were comparable, they were both measured, and 
t h e  graph shows  two points.  In Fig. 2.13h (nitrogen 
gas) a s t e p  appears;  t he  l i n e s  at lower frequency 
(below t h e  s t e p )  a r e  one  component, and t h e  l i n e s  
a t  higher frequency a r e  t h e  o ther  component. 
Similarly, with t h e  hydrogen a r c  (Fig.  2 . 1 3 ~ )  
two components appear in severa l  cases. 

2.4 CHARGE-EXCHANGE CROSS SECTIONS 
ABOVE 1 Mev 

A knowledge of the  charge-exchange c r o s s  sec- 
t ions  in  H, and N, for protons with ene rg ie s  up  to 
2.5 Mev is needed in obtaining t h e  trapped proton 
energy distribution from the  charge-exchange- 
current energy spectrum. An analy t ic  fit to the  
experimental  da t a  of Barnett8 in  H, and  N, for 
proton energ ies  below 1 Mev had previously 
been obtained, 0 and t h i s  had been used  to  

8C. F. Barnett, J. A. Ray, and J. C. Thompson, 
Atomic and Molecular Collision Cross Sections of 
Interest in Controlled Thermonuclear Research, ORNL- 
3113(rev.) (August 1964). 

gThermonuclear Div. Semiann. Progr. Rept.  Oct. 3 1 ,  
1964 .  ORNL-3760. p. 21. 

"Thermonuclear Div. Semiann. Progr. Rept.  Apr. 30 ,  
1964, ORNL-3652, p. 30. 

PROTON CYCLOTRON HARMONIC NUMBER 

Fig.  2.12. Peak  Radio-Frequency E lec t r ic  F i e l d  Intensity a t  the L iner  Wall in DCX-2 wi th  a Hydrogen Arc 

torr, and the hot-ion density Used  to Enhance D issoc ia t ion  o f  the Molecular  Ian Beam. 

i s  2 x i o 9  crn-3. 

Gage pressure i s  5 x 
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F i g .  2.13. Var ia t ion of Proton Cyclotron Harmonic L i n e  Prof i le  wi th  Harmonic Number. The l ine  intensity f a l l s  

exponentiol iy w i t h  frequency about the l ine  center. 

( a )  
( b )  Nitrogen gas was added to ra ise  the pressure to 1 . 6 ~  torr. No orc. 

( c )  Hydrogen orc used to enhance d issociat ion of the molecular ion beom. 

Hydrogen gos was added to ra ise  the pressure to 6 x torr and 1 x lo-' torr. N o  arc.  

ext rapola te  h i s  charge-exchange da ta  above  1 
M e V .  T h e  accuracy  of t h i s  extrapolation c a n  now 
b e  demonstrated by comparing i t  with some recent 
da t a  by Pyle.  l 1  T h i s  comparison is shown i n  Figs.  
2.14 and 2.15. Fo r  protons in N, (Fig. 2.14) the  
ana ly t ic  extrapolation is a n  exceptionally good 
fit to P y l e ' s  da ta ,  even at the  lower energies.  
T h e  extrapolation dev ia t e s  significantly from h i s  
experimental da t a  only a t  energ ies  above 2.5 M e V ,  

energ ies  higher than t h o s e  of par t ic les  w e  h a v e  
measured. T h e  l a rges t  discrepancy occur s  a t  
2.5 Mev and is of t h e  order of 25%. For  protons 
in H, (Fig. 2.15) the  ana ly t ic  extrapolation is 
again q u i t e  good, with a difference of 20% at  2.5 
M e V ,  the  la rges t  discrepancy with Py le ' s  da t a  
( l e s s  than 50%) occurring a t  850 kev. 

2.5 TRANSVERSE FIELD MEASUREMENTS 
IN THE INJECTION DUCT 

We have found that with full magnetic field in  
DCX-2, a t  certain se t t i ngs  of the  dip coil it was  
impossible to s t ee r  t h e  molecular-ion beam so as 

to avoid s t r ik ing  t h e  in s ide  of the  injection duct 
tube  near  i t s  lower end. T h e  duc t  was  des igned  
to b e  compensated under the  nominal flat-field 
conditions (12 kilogauss central  field, 1.5% dip), 
and under t h e s e  conditions the  Hiperco w a s  operated 
a t  i t s  nominal saturation flux density. S ince  
small variations in t h e  current in t h e  nearby d ip  
coil make la rge  changes in the  longitudinal com- 
ponent  of t h e  flux in the Hiperco, saturation w a s  
suspec ted .  

A sys t ema t i c  study of the  field component i n  
t h e  injection duct perpendicular to i t s  a x i s  h a s  
shown a s igni f icant  field penetration tha t  var ies  
with t h e  current i n  the  dip coil and with the  
cent ra l  flat-field value, as  shown i n  Fig.  2.16. 
T h e  10.2- and 11.4-kilogauss va lues  a re  85 and 
95%, respectively,  of the  12.0-kilogauss flat- 
field value.  T h e  first  4 in. of the  duc t  length is 
required to produce t h e  main dec rease  in  t h e  field,  
d u e  to t h e  difficulty in sh ie ld ing  t h e  t ip of the  
duct; after tha t  the field d e c r e a s e s  much more 

"K. H. Berkner e t  al . ,  Phys. Rev. 140A. 729 (1965). 
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Fig.  2.14. Charge-Exchange Cross Section v s  Energy 

for Protons in  N2. T h e  curve is a n  ana ly t ic  f i t  to 

Barnett's data given b y  Uc, = 1.73 x 10-l' [fi ( E 3  + 
6.46 1 0 ~ 1 1 -  l .  

s lowly with d i s t ance  upward into the duct. For 
the  s a m e  dip current (1300 amp) the  field a t  4 in. 
i n s ide  t h e  duc t  is 0.36, 1.6, and 3.3% of the  
external f ield for 10.2-, 11.4-, and 12.0-kilogauss 
flat-field va lues  respectively.  Note that decreas- 
i n g  the  flat-field va lue  by 5 or 15% changes  the  
field penetration by about a factor of 2 or 10, 
respectively,  indicating saturation. At the  11.4- 
k i logauss  se t t ing  the  field penetration is toler- 
able,  and a t  10.2 k i logauss  i t  is negligible. 

Changing t h e  dip current a t  a fixed central  
field va lue  a l so  changes  the  field penetration, 
but to a lesser extent. Increasing the  dip current 
dec reases  the field penetration a t  each of the  
central  field sett ings.  Th i s  is important at the 

Fig .  2.15. Charge-Exchange Crass  Section v s  Energy 

for Protons in  H2.  T h e  curve is a n  ana ly t ic  f i t  to 

Barnett's data given by  u = 8.32 x E [ ( E  + c x  
l O O I 5  ( E 2  + 625)I-l. 

12.0-kilogauss central  f ield se t t ing ,  where the  
t ransverse  field in the injection duct is com- 
paratively large over a long length of the duc t  
and significantly a f fec ts  the  injection of the  H, + 

beam. Thus  in  t h e  pas t ,  varying the  dip co i l  
current to optimize the  trapped plasma dens i ty  
affected both the injected current and the  trapped 
protons. One  effect  could not be  separa ted  from 
the  other without a l s o  measuring the  in jec ted  
current v s  dip current. 

A s  a resu l t  of t hese  measurements  we now 
opera te  with a central  f ield of 11.4 k i logauss  and 
an acce lera t ion  voltage of 540 kv, so  tha t  the 
molecular-ion orbits are unchanged. 
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Fig .  2.16. Transverse F i e l d  in  the Inject ion Duct  

vs Distance Inside the Duct  for 10.2, 11.4, and 12.0 
kilogauss. Central  f i e ld  settings and di f ferent  dip c o i l  

currents are indicated. 
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3. Electron-Cyclotron Heating 

3.1 1 N J E C T l O N  OF N E U T R A L S  A N D  T R A P P I N G  
O N  A N  E L E C T R O N  RESONANCE 

E N V I R O N M E N T A L  MEDIUM 
( I N T E R E M )  

W. B. Ard 
M. C. Becker '  
R. A. Dandl' 
H. 0. Eason  
A. C. England 
G. M. H a a s  

H. C. Hoy 
R. L. Knight 
N. H. L a z a r  
R. L. L ivesey  
0. D. Matlock 
M. W. McGuffin 

3.1.1 Introduction 

T h e  E P A  magnetic geometry h a s  been modified 
to a three-region system. T h e  facil i ty will hence- 
forth b e  ca l l ed  INTEREM. T h e  injected 20-kev 
neutral beam h a s  been increased  to approximately 
60 ma equivalent. As a resu l t  of t h e s e  changes  
t h e  dens i ty  and l ifetime of the  20-kev protons 
trapped by t h e  electron-cyclotron plasma (ECP)  
have  significantly increased. Hot-ion ins tab i l i t i es  
have  as yet not been observed i n  t h e  p re sence  of 
t h e  E C P  environmental medium. However, more 
sens i t i ve  methods for t h e  detection of ion cyclo- 
tron ac t iv i ty  a r e  be ing  devised. Data  from th is  
experiment h a v e  been interpreted to g ive  t h e  cold- 
ion dens i ty  of the  ECP. Further measures  a r e  
be ing  taken to dec rease  the  neutral p ressure  i n  
the  region of the trapped 20-kev protons. 

3.1.2 Neutral-Beam Injection Studies 

Modifications. - T h e  20-kev energetic neutral 
beam, described in t h e  l a s t  three semiannual 
reports, h a s  been used  for continuing proton- 

'Instrumentation and Controls Division. 

'Thermonuclear Div. Semiann. Progr. Rept.  Apr. 30, 
1964, ORNL-3652, sect .  7.5; Thermonuclear Div. 
Semiann. Progr. Rept.  Oct .  31 ,  1964. ORNL-3760, sect .  
3.1.3; Thermonuclear Div. Semiann. Progr. Rept.  Apr. 
30,  1965, ORNL-3836, sect .  3.1.2. 

trapping s tud ie s  in  t h e  E C P  in t h e  INTEREM 
Facili ty.  At t h e  present  t ime up to 60 ma equiva- 
l en t  of 20-kev neut ra l s  h a v e  been in jec ted  into the 
E C P  with t h e  prospect of considerably more cur- 
rent i n  t h e  near  future. 

Two major changes  took p l ace  during t h e  period 
of t h i s  report. T h e  f i r s t  was  to rep lace  t h e  old 
3:l mirror coils with a pair  of coils ident ica l  to 
the  DCX-1 outboard coils. Along with th i s  change  
t h e  cav i ty  w a s  modified to inc rease  the  mirror 
throat diameter. T h e  new coils were ins ta l led  with 
a separa t ion  appropriate to g ive  a 2:l mirror ratio. 

T h i s  f i r s t  change  resulted in  immediate improve- 
ment. T h e  decay  time of the  protons trapped in  t h e  
E C P  inc reased  to -100 p e c  from t h e  previously 
reported 50 psec. 

Figure  3.1 shows  t h e  midplane of INTEREM in  
a schemat ic  view. Shown a r e  t h e  ion source ,  ac- 
celerator,  and 20-ft.-long drift tube for beam neu- 
tralization. Also  shown a r e  the  cavi ty ,  detector 
mounts, vacuum tank, and pump manifolds. A 
trapped equilibrium orbit  i n  a 2-kilogauss field is 
also shown (although the centered orbit  is non- 
typical). Normally, t he  field is higher than t h i s  
and the  orbit  is correspondingly reduced. 

T h e  second  major change  w a s  t h e  extension of 
t h e  microwave cavi ty  and magnetic field in  t h e  
ax ia l  direction. T h i s  change involved p lac ing  the  
EPA outboard coils a t  t he  ends  of t h e  INTEREM 
Faci l i ty ,  adding  vacuum extens ions ,  and adding  
two cavi ty  end sec t ions  to the  ex is t ing  cavity.  
F igure  3.2 shows  a schemat ic  longitudinal view 
of t h e  fac i l i ty  a s  i t  now exis t s .  Typical zones  of 
cons tan t  IB( over which electron-cyclotron resonant 
hea t ing  occurs  a re  shown as  dotted l ines.  

T h e  purpose of t h i s  change  is to provide g a s  
feed into t h e  e n d s  of t h e  machine as shown in  t h e  
figure. T h e  g a s  feed produces co ld  plasma in the  
outboard cavi ty  sec t ions  which then can  flow into 
t h e  center  sec t ion  to provide a trapping medium 
for t h e  20-kev neutral  beam. T h i s  also removes 

32  
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Fig. 3.1. Schematic Cross Section of  the Midplane of the INTEREM F a c i l i t y .  Twenty-kev neut ra ls  are trapped 

The s i z e  o f  a trapped proton o r b i t  i s  between magnet ic mirror c o i l s  by ion iza t ion  i n  an electron cyclotron plosma. 

shown, b u t  o f  course there i s  no preference for t rapping on a centered orbit .  

t h e  g a s  sou rces  from t h e  center cav i ty  so tha t  
more efficient ionization of the  gas  c a n  t ake  p l ace  
and less neutral g a s  will appear i n  t h e  center  
sec t ion ,  which he lps  to inc rease  t h e  charge-ex- 
change lifetime of the  trapped protons. 

An obvious d isadvantage  of t h i s  arrangement is 
tha t  i t  reduces  the  microwave power density through- 
ou t  t h e  cavi ty  volume and hence  reduces t h e  E C P  
density.  T h i s  effect h a s  occurred, but i t  is ex- 
pec ted  tha t  more power will  b e  ins ta l led  i n  the  
near  future. Even so, i t  may b e  necessa ry  to de- 
c r e a s e  the  radial  cav i ty  dimension in  order to 
r a i s e  t h e  spec i f ic  microwave power and dec rease  
t h e  vacuum conductance between the  three regions. 

F igure  3.2 shows tha t  microwave power is fed 
to all th ree  sec t ions  of the  cavity,  but most of 
the  da t a  presented here were obtained when power 
was  applied to the center  sec t ion  only. Only t h e  
l a t e s t  experiments involved microwave power feed  
to t h e  end sec t ions ;  the  preliminary resu l t s  a r e  
d i scussed  in  Sect. 3.1.4. 

Analytical Treatment o f  20-kev Proton Density 
Buildup and Decay. - In th i s  s ec t ion  we d i s c u s s  
the  mechanism by which we gain and lose 20- 
kev ions. Neutral a toms entering t h e  E C P  may 
become ions  by a number of processes .  F i r s t ,  
s i n c e  t h e  E C P  h a s  a higher density of cold ions  
than cold neutrals,  charge-exchange trapping of 

I .  

. 
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Fig. 3.2. Schematic Longitudinal V i e w  of  the INTEREM Faci l i ty .  T h e  microwave cavi ty  i s  350 cm from end to 

end, 55 cm in diameter in the coil  throats, and 92 cm in diameter between coils.  

the  20-kev neut ra l s  on the  cold ions  is a signifi- 
can t  process.3 Second, the  cold ions  may a l s o  
ionize the  incoming neutrals.  At 20 kev the  c r o s s  
sec t ion  for both of t hese  p rocesses  is uii = 7 x 10- 
~ m ~ / a t o m . ~  Third, cold neut ra l s  which remain in 
the E C P  may ionize the  incoming 20-kev neutrals. 
The  cross sec t ion  for th i s  process  is cool = 7 x 
lo-- 1 7  ~ m ~ / a t o m . ~  Next, the cold electrons (-100 
ev) in the  plasma may ionize  the  incoming neutrals. 
T h e  c r o s s  sec t ion  for t h i s  process  is uie = 7 x 
IO-' '  crn2/atom.'j 

The  only loss is charge exchange, and the  c r o s s  
sec t ion  is ul0 = 6 x cm2/atom.' Combining 

-L 

3This process was first suggested to US by J. R. 
McNally, Jr. 

4Atomic and Molecular Collision Cross Sections of 
Interest  in Controlled Thermonuclear Research, ORNL- 
3113 (rev.), p. 61 (Aug. 1964). 

51bid., p. 60. 
'Ibid., p. 133. 
71bid., p. 60. 

t hese  p rocesses  we have  for t h e  ra te  of change  of 
20-kev proton density,  n+, i n  the  ECP: 

2 = !$ (.,uii + n i u o  + ne5ie >.-- n 0 'n + u l o v o .  
0 

Here n i  is the  neutral dens i ty  in s ide  t h e  plasma,  
nc is the cold-ion density,  ne is the  cold-electron 
dens i ty  (= nc), L is the path length in the  trapping 
region, I ,  is the  beam current, V is the  hot-ion 
volume, and v o  is the  velocity of a 20-kev atom or 
ion. 

T I  

At s teady  s t a t e  we have: 

n + = - -  
v o  

In prac t ice  n i u o l  and neuieve/vo a r e  both small, 
so  tha t  we may neglec t  them here. Hence,  w e  have  
approximately 

Tu n 
n +  = (const)+ I o  . 

" 0  
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T h e  important point t o  b e  emphasized is tha t  the  
hot-ion dens i ty  is proportional to injected beam 
current, is also proportional t o  the  cold-ion dens i ty  
which provides the  trapping, and is inversely pro- 
portional t o  the  neutral density in s ide  the  ECP 
which c a u s e s  t h e  charge-exchange loss. T h e  
pa ths  to higher hot-proton dens i ty  are: increased  
beam current I , ,  increased  cold-ion density nc 
(by increas ing  the  microwave power per unit  volume), 
and/or dec rease  of the  neutral  density no' (by more 
efficient ax ia l  p ressure  differential). 

In the  future i t  may b e  poss ib le  to u t i l i ze  inverse  
cascad ing  a s  described by Hi skes8  to inc rease  
the  e f fec t ive  beam current. T h e  process  would 
involve exc i t ing  a reasonable  fraction of incoming 
neutrals to perhaps the n = 6 atomic level. Upon 
entering t h e  cold-ion plasma, inverse  cascad ing  
might occur in  such  a way that s t a t e s  up to n = 18 
may b e  appreciably populated. Even in the  weak 
field normally used, Lorentz ionization can  occur 
for t h e s e  highly exc i ted  s t a t e s  and additional 
trapping may ensue. 

Density and L i f e t i m e  of 20-kev Trapped Protons. 
- A beam pulser  a l lows  t h e  b e a m  to b e  turned 
on and  off repetitively whi le  t he  microwave power 
is on or off continuously. T h e  measured beam 
turnoff t ime is 6 p e c .  T h e  de tec tors  measure 
a neutral current, I ,  and a current decay  time, 7, 

due  to charge  exchange. T h e  product 17 for a 
directional detector is proportional t o  the  dens i ty  
of trapped protons, n+, s i n c e  K I r / V  = n+. Here 
we a s sume  tha t  t he  average  volume, V ,  s e e n  by the  
detector,  is fixed and that charge exchange is the  
only loss process.  T h e  cons tan t  K inc ludes  the 
geometric effects.  

T h e  ratio of I 7  measured with the  ECP to 1 7  
measured with gas trapping only should b e  a meas- 
ure of t h e  ratio of the  trapped proton dens i ty  with 
ECP to that with gas.  T h i s  again a s sumes  tha t  
t h e  volume occupied by trapped protons does  not 
change. T h i s  assumption h a s  not ye t  been checked 
in de ta i l ,  but there is evidence  to t h e  e f fec t  that  
i t  is correct. 

T h e  decay  curves  taken with microwave power 
on a r e  ac tua l ly  not s imple  exponentials.  A typical 
curve exhib i t s  two l inear  s lopes  when plotted 
semilogarithmically. When the  init ial  e-folding 
time is -100 psec ,  t h e  second,  longer e-folding 
t i m e  is -1 msec  or more. T h e  1 7  product of the  

8J. R. Hiskes, Phys. Rev.  Letters 10, 102 (1963). 

second s l o p e  is generally as la rge  or larger than 
the  in i t ia l  f a s t  1r product. 

Although there  is the  remote poss ib i l i ty  of a n  
instrumental  effect ,  for example, perhaps simul- 
taneous  irradiation of the  de tec tors  by ultraviolet  
light, x rays ,  and protons y i e lds  spurious resu l t s ,  
never the less ,  t h e  dominant poss ib i l i ty  is tha t  the 
two-component e f fec t  is real. T h e  longer-lived 
component then might a r i s e  from: (1) protons com- 
ing  from a highly ionized region of the machine 
where t h e  charge-exchange l ifetime is lengthened, 
or  (2) protons which have undergone energy spread, 
so that a t  their  new mean energy t h e  e f fec t ive  
charge-exchange c r o s s  sec t ion  is smaller.  T h e s e  
two poss ib i l i t i es  a r e  being investigated.  

F igure  3.3 shows  the  17 product for 20-kev pro- 
tons  as  a function of t he  cent ra l  gage  pressure  

ORNL-DWG 66-339 

0 
0 I 2 3 4 

CENTER GAGE PRESSURE ( t o r r s )  

Fig. 3.3. P l o t  o f  I 7  for a Detector vs Gage Pressure 

for Gas Trapp ing  and ECP Tropping. T h i s  curve i s  for 

20-kev neutral  in ject ion.  The quant i ty Bo refers to the 

a x i a l  m idp lane f ie ld.  T h e  f i e l d  r a t i o s  are for  respec- 

t i ve ly :  ( 1 )  Bv (2) maximum inboard mi r ro r  field, (3) 
minimum outer region field, and (4) maximum outboard 

mirror f ield. I i s  the current to the detector, and 7 i s  

the decay per iod for the fas t  component o f  the decay 

curve. 



36 

with and without microwave power. Only the  1r 
product of t he  init ial  fast decay  is plotted. Be- 
c a u s e  of t h e  g a s  feed from t h e  ends ,  t h e  minimum 
center gas  pressure  a t  which the  E C P  can  b e  made 
s t ab le  h a s  been reduced from the  previous operat- 
i ng  pressure  near  torr (with a single-section 
cavity) t o  3 x torr. T h e  1r product with 40  
kw of microwave power generally inc reases  as the  
pressure is lowered. 
torr the  decay  t ime (fast  component) is in  e x c e s s  
of 100 psec.  

T h e  1r product with g a s  trapping is approxi- 
mately independent of g a s  pressure,  as  i t  should  
be. Some variation with pressure  is observed, bu t  
th i s  may b e  instrumental. T h i s  is espec ia l ly  true 
of the  dropoff of the  1r product a t  high pressures ,  
which is probably caused  by t h e  orbit p recess ion  
period being longer than the  charge-exchange time. 
Hence, many of the  captured protons charge  ex- 
change before they precess  into the  region viewed 
by t h e  collimated detectors.  However, t he  drop- 
off of t h e  1r product a t  low pressures  may well  b e  
ev idence  of an  instabil i ty in th i s  pressure  region. 

In t h e  g a s  trapping case the dens i ty  of trapped 
protons can  b e  calculated,  providing a convenient 
detector calibration. T h e  ca lcu la ted  hot-proton 
density is n+ = IoL~o , , /Vvo f f lo ,  and measured 
effect  is n +  = K’Ir ,  where I is the  neutral detector 
current and r is detector current decay time. Then 
K ’  re la tes  t he  de tec tor  geometry to the  density.  
Thus  K‘ = n+  (ca lcu la ted) / l r  (measured). T h i s  
K ’  then should  b e  cor rec t  for both gas trapping and 
E C P  trapping. 

Since both ool and cl0 a r e  wel l  known, reason- 
ab le  assumptions about t he  volume of trapped 
protons and the  length of the  trapping path give 
the  resu l t ing  n+ = 3.6 x l o6  protons/cm3 for g a s  
trapping. When trapping on t h e  E C P ,  t h e  1r prod- 
uc t  is roughly an  order of magnitude greater and 
n+  = 3 x 10’ protons/cm3. 

F igure  3.4 is a plot of l / r  v s  pressure  both 
with and without the  microwave plasma. T h e s e  
da t a  ind ica te  charge  exchange to b e  due  to the  
hydrogen gas let into the sys t em rather than to 
residual impurities, which would b e  manifest  by 
nonlinear 1/r plots. 

F igure  3.5 shows  t h e  1r product for two de tec tors  
as  a function of microwave power. The  1r products 
a re  s e e n  to inc rease  more rapidly than l inearly 
with power, ind ica t ing  tha t  increased  microwave 
power inc reases  t h e  ratio of nC/n i  and thereby 
inc reases  the  hot-proton density.  T h e  detector 

At a pressure  of 3 x 

,-L 

which is looking a t  t he  equilibrium orbit  s h o w s  a 
bigger i nc rease  with power, h in t ing  tha t  t h e  interior 
is becoming better sh ie lded  a s  the power is in- 
creased. 

F igure  3.6 is a plot of 1r product v s  equivalent 
beam current. T h e  plot of Ir is linear with cur- 
rent within t h e  accuracy  of t h e  measurement. T h i s  
would s e e m  to indica te  t h e  absence  of density- 
limiting mechanisms in  that t he  1r product does  
not s a tu ra t e  with increased  beam current. 

Density and L i fe t ime of 40-kev Trapped Protons. 
- Figure  3.7 shows  t h e  1r product for 40-kev 
protons as  a function of t h e  central  gage  pres- 
su re  with and without microwave power. A s  
with t h e  20-kev protons, the  1r product is about 
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an order of magnitude larger with 40 kw of micro- 
wave power a t  the  lowest  pressures.  

Again t h e  g a s  trapping 1r product should be 
independent of the  gage pressure. The  variation 
s e e n  may b e  due  to the c a u s e s  mentioned for 20- 
kev protons, that is, precession e f fec ts  a t  high 
pressures  and a poss ib le  ins tab i l i ty  a t  low pres- 
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sures.  Because  of t h e  changes  in  energy and 
beam current, a given 17  product does  not corre- 
spond to the  same trapped density a t  20 kev and 40 
kev. With gas  trapping the  maximum 1r product 
corresponds to a density of 8 x l o 5  protons/cm3. 
With 40 kw microwave power the  maximum density 
of trapped protons is 7 x l o 6  protons/cm3. 

Figure 3.8 is a plot of 1/7 v s  pressure  for the  
40-kev protons with and without microwave power. 
Again i t  shows the  two curves  to b e  l inear and to  
extrapolate through zero. 

The  experiment is obviously not i dea l  with 40- 
kev injection. T h e  proton orbits a r e  qui te  large,  
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and hence  the  E C P  th ickness  is no longer suf- 
f ic ien t  to provide a good blanket e f fec t  for shield- 
i ng  aga ins t  neutral  gas.  T h e  experiment w a s  per- 
formed to measure t h e  charge-exchange decay  time 
and 1r product a t  another energy as  a cons is tency  
check. 

3.1.3 Cold-Ion Density 

We have  also been ab le  to indirectly measure 
the  cold-ion density. T h e  measurement g ives  the  
cold-ion dens i ty  a c r o s s  t h e  midplane weighted in  
an  unknown way by t h e  trapped 20-kev proton 
density,  which peaks  near t he  axis.  

T h e  calculation is as follows. T h e  neutral  
charge-exchange current to t h e  detector with the  
E C P  is given by 

where K ,  inc ludes  geometric fac tors  and t h e  input 
beam current. All other quant i t ies  a r e  as previously 
defined. 

For g a s  trapping at  the  same  external pressure,  
the  neutral  current t o  the  detector is given by 

where t h e  quant i t ies  a r e  as before but now no is 
the  neutral-gas density as  determined from a vacuum 
gage  reading. 

Combining Eqs .  (1) and (2), w e  have, after some 
algebra,  

/ 

change current f e c a y  t imes with g a s  trapping and 
E C P  trapping respectively.  

Thus ,  it is poss ib le  to ca l ibra te  the  detector a t  
a given pressure  and  then, u s ing  the  17's obtained 
with t h e  E C P  present,  ca l cu la t e  t he  cold-ion 
dens i ty  in  t h e  ECP. Unfortunately, t h i s  procedure 
does  not work well a t  high pressures ,  s i n c e  Eq. 
(2) is not  cor rec t  above 1 x l o w 5  torr, probably 
because  of the  precess iona l  e f fec ts  mentioned in  
Sect. 3.1.2. At higher pressures  a comparison 
is made between the  detector currents and decay  
t imes with microwave power on a t  two different 
pressures .  Since nc is known a t  one  pressure,  a 
relation giving nc a t  another pressure  can  b e  found. 

F igure  3.9 shows  t h e  variation of nc with gage 
pressure.  I t  is s e e n  tha t  t he  dens i ty  d o e s  not  r i s e  
linearly with pressure,  which means tha t  t he  g a s  
is less efficiently ionized a t  high pressures .  T h i s  
accounts  for t h e  dec rease  in  1r with microwave 
power a t  high pressures.  B e c a u s e  of t h e  r easons  
mentioned above, no great precision is claimed for 
the  va lues  plotted. 

T h e  cold-plasma dens i ty  h a s  also been ca lcu-  
l a t ed  as  a function of power. T h e  ca lcu la t ion  
shows tha t  nc i nc reases  approximately l inearly 
with power up to  25 kw and apparently f a s t e r  than 
l inear above  25  kw. 

While there is no good way to compare t h i s  de- 
termination of t h e  cold-plasma dens i ty  with older 
da ta ,  there is reason to be l ieve  that t he  dens i ty  
is lower now than i t  w a s  prior t o  the  ins ta l la t ion  
of t h e  cavi ty  end sec t ions  and the  ex terna l  f ield 
coils. T h e  ratio of decay  time with and without 

Here we have  used  the  fac t  tha t  " ; / n o  = r 
7Ecp, where r a s  and rEcp a r e  the  charge-ex- gas 
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No great  accurocy i s  claimed, a s  this represents a 

sampling across the midplane weighted b y  the trapped 

20-kev proton distribution, which i s  maximum near the 

axis. All  terms are a s  defined previously. 

power was  higher then than i t  is now, making 
evident t h e  need for higher spec i f i c  microwave 
power. Compensating t h i s  effect (in single-region 
sys tem)  was  t h e  fact tha t  the  external neutral  
p ressure  could not be  lowered below about 1 x 10- 
torr, and hence  the  overall  effect  i n  terms of 
neutral  p ressure  reduction w a s  not as good. It is 
reasonable  to expec t  tha t  more microwave power 
in  the  larger cavity will resu l t  in higher cold- 
plasma dens i ty  and lower neutral-gas density. 

3.1.4 Operation with Power in End Cavities 

During the  la t te r  part  of t h e  period of t h i s  report, 
microwave “plumbing” w a s  added so that some 
power could b e  fed directly in to  the  end cavi t ies .  
T h i s  is shown schematically in  Fig. 3.2. One of 
t h e  klystrons was  used  to feed both end cav i t i e s  
with a maximum power of 7 kw continuous wave 
in  each  end. 

T h e  purpose of th i s  modification was  to u t i l i ze  
t h e  microwave power more effectively in  order t o  
ge t  more complete ionization of the  g a s  fed into 
the  ends .  Only a shor t  period of operating ex- 
per ience  was  gained before difficult ies were ex- 
perienced with t h e  vacuum. Apparently, a s  a re- 
s u l t  of s eve ra l  abrupt vacuum failures,  a cons iderable  
amount of pump oil had coated the  interior of the  
microwave cavity.  Because  of the  efficient u s e  

of the  microwave power, t he  input deuterium g a s  
feed could b e  reduced significantly and the E C P  
was  supplying i t se l f  with gas from t h e  pump oil 

varnish” on the  cavity interior. 
Beam injection s t u d i e s  were continued down to 

cent ra l  gage  pressures  of 1.6 x torr. When 
t h e  outgass ing  from the  wall w a s  not large, the  
usua l  two-component decays  were s e e n  at beam 
turnoff. T h e  short-decay e-folding time was  as 
long  as 200 psec,  and t h e  e-folding time of t he  t a i l  
was  severa l  milliseconds. However, when condi- 
t ions  were such  tha t  the  input g a s  feed w a s  cu t  
off completely, t h e  E C P  would e s t ab l i sh  i t se l f  on 
the  mater ia l s  which were sputtered or which were 
otherwise removed from t h e  cavity wall, necess i t a t -  
ing  t h e  interruption of t he  experiment. T h e  short- 
component e-folding t imes did reach 300 psec.  For 
these  short-component decays ,  t he  17 product w a s  
= 15 times larger than tha t  obtained with deuterium 
g a s  trapping. When the  “varnish plasma” w a s  
present,  t he  vacuum gage reading apparently bore 
no relation to the  ac tua l  pressure  in  the cavi ty  
because  of t h e  high partial p ressure  of condens- 
ables.  T h e  l ight from the  E C P  in the  cavi ty  
changed from t h e  charac te r i s t ic  blue-pink of a 
deuterium-fed plasma to a blue-white for t h e  
varnish plasma. 

T h e  appara tus  h a s  now been dismantled for 
cleaning. 

11 

3.2 E L E C T R O N - C Y C L O T R O N  H E A T I N G  
E X P E R I M E N T S  I N  T H E  ELMO F A C I L I T Y  
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M. C. Becker’ 
R. A. Dandlg 
H. 0. Eason 

A. C. England 
G. M. H a a s  
R. L. L ivesey  
M. W. McGuffin 

3.2.1 Introduction 

Since t h e  l a s t  semiannual report t he  microwave 
power sou rce  and assoc ia ted  apparatus h a v e  been 
sufficiently refined to allow routine operation of 
t h e  &mm electron-cyclotron plasma i n  ELMO. 
T h e  technica l  de ta i l s  of the  microwave complex 
cons t i tu te  the  f i r s t  part of this report. 

Experiments with t h e  8-mm electron-cyclotron 
plasma have centered around the two extremes of 
plasma operation occurring a t  t he  l imi t s  (in th i s  

91nstrumentation and Controls Division. 
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apparatus) of magnetic mirror ratio and ax ia l  res- 
onant  hea t ing  zone  position. When the  hea t ing  
zone  is nea r  t h e  mirror maximum and when the 
mirror ratio is relatively low (approximately 1.6:1), 
t he  hot-electron temperature is less than 3 0  kev. 
When the  mirror ratio is higher (approximately 3:l) 
and when the  hea t ing  zones  a r e  nearer the  mid- 
plane, a very energe t ic  electron g a s  can  b e  formed, 
and some  de ta i l s  of the  most  energe t ic  component 
of th i s  plasma a r e  described l a t e r  on. 

Depending on cold-plasma dens i ty  ( a s  controlled 
by varying neutral  gas dens i ty)  and axial  hea t ing  
zone  position, gross ins tab i l i t i es  can  occur in  the  
afterglow in either t h e  very high or  relatively low 
electron temperature cases. In the  low-temperature 
case as  many as four d is t inc t  ins tab i l i t i es ,  each  
involving a fair fraction of t he  total  energy, have  
been observed diamagnetically in  t h e  afterglow. 
T h e  time separa t ion  of t h e s e  energy dumps is in 
the  neighborhood of 200 psec.  In the  high-tempera- 
ture case o n e  to three energy dumps have  been 
observed in  the  afterglow. T h e  time separation 
of t h e s e  events  is of the  order of 52 sec. Experi- 
ments permitting more de ta i led  ana lys i s  of these 
plasma conditions will b e  undertaken in t h e  near 
future. 

However, it is encouraging to no te  tha t  the lower- 
temperature hot-electron g a s  might b e  formed a t  
sufficiently high density to permit extension of 
t h e  environmental plasma injection program (de- 
scribed in  Sect. 3.1) to stronger magnetic f ie lds  
and higher energetic-proton dens i t ies .  Detailed 
s tud ie s  of this regime a re  in  progress.  T h e  very 
energetic hot-electron gas case is interesting for 
the  mechanisms that provide the  heating. 

3.2.2 Description of the ELMO Experimental 
Faci I ity 

T h e  ELMO Faci l i ty  ( a s  shown in  Fig. 3.10) h a s  
been operated a s  a variable-ratio magnetic mirror 
device  for short-wavelength electron-cyclotron 
hea t ing  s tud ie s  during th i s  report period. The  
phys ica l  configuration of th i s  facil i ty h a s  been 
reported previously. ' * ' '  Variable mirror ratio is 
achieved by adding, i n  s e l ec t ed  proportions, the  
uniform f ie ld  produced by a pair  of Helmholtz coils 

(maximum midplane field "7 k i logauss)  to the  
field produced by a pair  of 3.2:l  ratio mirror coils 
(maximum midplane f ie ld  "6 k i logauss)  p laced  on  
the  same coordinates.  Th i s  arrangement permits 
operation at any mirror ratio between 1.6:l and 3:l 
with a 12.6-kilogauss electron-cyclotron resonance  
field present  in the  mirror regions. 

T h e  microwave power source  supply ing  t h e  ELMO 
Fac i l i t y  c o n s i s t s  of two type  WJ-282 traveling- 
wave-tube (TWT) oscil lators,  each  having  a con- 
tinuous-wave power output capabi l i ty  of 1000 w a t  
a frequency of 35.7 +_ 0.2 gigahertz. To minimize 
waveguide losses, t h e s e  tubes  a re  loca ted  as  
close as poss ib l e  to t h e  ELMO Faci l i ty .  T h e  
la rge  fringing field from the  Helmholtz coils re- 
quired tha t  t h e  tubes  b e  magnetically sh ie lded  to  
prevent defocusing of t h e  electron beams and  con- 
sequen t  damage to t h e  tubes. T h e  outputs of the  
tubes  a r e  fed  to t h e  cavi ty  through individual WR- 
2 8  (dominant-mode) waveguides matched to the  
cavity with s idewal l  hybrid junctions. l 2  N o  inter- 
connection e x i s t s  between the  outputs of the  tubes  
except  for a smal l  amount of mutual coupling 
through t h e  cavity. Half-wavelength bery l l ia  
ceramic waveguide windows obtained from the  
tube  manufacturer a r e  used  to gain entry to the 
vacuum sys tem.  T h e  output waveguides  a r e  water 
cooled and pressurized to 15 p s i g  with dry nitrogen. 
Usual principles of good high-power prac t ice  a r e  
observed with regard to c leanl iness ,  alignment and  
contac t  of mating flanges,  component se lec t ion ,  
etc., i n  order to minimize the  poss ib i l i ty  of wave- 
guide a r c s  which could destroy the  osc i l la tor  tubes. 
Multihole s idewal l  directional couplers  a r e  used  
to sample power output and reflected power due to 
load mismatch or waveguide arcs. 

Exis t ing  high-voltage power supp l i e s  were used  
to meet t h e  2 5  kv a t  0.4 amp beam requirements 
of t h e  WJ-282 osc i l la tor  tubes.  However, s i n c e  
beam voltage control offers t h e  only ex terna l  
control over power output, ex t ens ive  addi t ions  and  
modifications were required in order t o  meet the  
following operational and fault-protection consider- 
a t  ion s. 

1. Thermal considerations in  the  de l i ca t e  coupled- 
cavi ty  s t ruc tures  of the  tubes  required that t he  
beam vol tage  b e  removed within a few micro- 
s econds  in  t h e  event  of an  internal a r c  to the  

"Thermonuclear Div .  Semiann. Progr. Rept. Oct. 31, 

"Thermonuclear Div .  Semiann. Progr. Rept. Apr. 30, 
1964. ORNL-3760, sect. 3.2.1. 

1965, ORNL-3836. sect. 3.2. 
"Thermonuclear D i v .  Semiann. Progr. Rept. Oct. 31,  

1963, ORNL-3564, sect. 3.1.2, pp. 30-31. 
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Fig.  3.10. Schematic of the ELMO Fac i l i ty .  

structure or excess ive  defocusing of the  electron 
beam. 
Protection of the  output waveguide window i n  
the  event  of a waveguide a rc  or  excess ive  load 
mismatch requires removal of the  output power 
within a few microseconds after such  a fault  
occurs.  
P l a sma  decay  measurements require f a s t  turn- 
off of the microwave power when des i red ,  with 
minimum time required to restore normal opera- 
tion for expedient performance of a s e r i e s  of 
such  measurements. 

All of the  preceding considerations point t o  the  
need for a f a s t  switch or  crowbar on the  output of 
the  beam supply capable  of removing beam voltage 
from t h e  tube within a few microseconds upon 
s e n s i n g  a fault or receipt of an external command. 
T h e s e  requirements were met by the  sys tem shown 
in  the  block diagram of Fig. 3.11. 

A type 893 triode vacuum tube  driven by a d c  
amplifier is used  a s  a high-voltage swi tch  i n  the  
nega t ive  output lead  of the  supply to d isconnec t  
t h e  supply from the  oscil lator tube. Input t o  th i s  
amplifier is telemetered from ground by a radio- 
frequency link, with the  transmitter operated a t  
ground potential  and t h e  receiver a t  nega t ive  high 
voltage. 

T h e  893 triode is normally conducting when the 
rf transmitter is operating and is cut  off rapidly 
upon loss of t h e  rf signal.  T h e  transmitter is 
turned off by operation of any one  of the  three 
flip-flops. An auxiliary circuit  i n  the  receiver 
provides la tch ing  action to render i t  inoperative 
subsequent  to high-voltage turnoff and thus  to  
prevent operation from spurious s igna ls .  Signals 
ac tua t ing  t h e  flip-flops a re  derived from a manually 
operated switch,  from a resistor through which 
body current of the  TWT flows, and from a wave- 
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Fig.  3.11. Block Diagram of  Protect ive and Control System Used with TWT Power Supply. 

guide c rys t a l  mount connected to the  s i d e  arm of 
a reverse-power directional coupler i n  the  output 
waveguide. Manual control of the  893 grid b i a s  
through a control with an  insu la ted  shaf t  provides 
fine adjustment of the  beam voltage and permits 
smooth, rapid restoration of beam voltage after a 
turnoff operation. T h e  flip-flop r e se t  c i rcu i t s  and 
the  latching circuit  i n  t he  receiver a r e  interlocked 
with t h i s  manual control to prevent sudden, in- 
advertent application of high voltage to the  TWT. 

An auxiliary triggered spark gap is connected 
ac ross  t h e  TWT to d ischarge  the  residual capaci-  
t ance  (approximately 0.01 pf) to ground of the  high- 
voltage cab le s  and hea ter  supply. T h i s  triggered 
spark gap opera tes  simultaneously with the  open- 
i n g  of t he  vacuum tube switch.  Tota l  decay  time 
for the  high voltage us ing  t h i s  turnoff system is 
about 5 p e c  after receipt of a signal.  Operation 
h a s  been very satisfactory,  and, due  to t h e  small 
amount of energy d iss ipa ted  in crowbar operation, 
no difficulty with spurious s igna l s  h a s  been en- 
countered. 

T h e  microwave cavi ty  or plasma chamber used  
for most of the  short-wavelength hea t ing  s t u d i e s  
during t h i s  period h a s  been of conventional water- 
cooled perforated copper construction with t ight 
metall ic jo in ts .  T h e  diameter i n  t h e  cent ra l  region 
w a s  1 2  in. Short s ec t ions  on either end, of 6>2-in. 
diameter, extended in to  t h e  mirror throats, giving 
a cavi ty  volume of 25  l i ters.  A 4-in.-diam cavi ty  
of s t a i n l e s s  s t e e l  and perforated copper construc- 
tion h a s  recently been ins ta l led  for t he  purpose of 
a t ta in ing  increased  microwave power dens i ty  with 
t h e  ava i lab le  2-kw input power. It a l s o  provides 
an  increased  speed  of response  for d+/dt measure- 
ments due  to the  reduction in shunting e f fec t  of 
t he  thin s t a i n l e s s  steel walls.  

Operation of t h e  35.7-gigahertz power sou rce  h a s  
been much more difficult than operation of the  lower- 
frequency sources  previously used  for electron- 
cyclotron heating. T h e s e  operational problems 
a re  due  to t h e  extreme sens i t iv i ty  of osc i l l a to r s  
of th i s  type  to smal l  changes  in  load  impedance, 
their highly nonlinear beam voltage vs  power out- 
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put  charac te r i s t ic ,  and the  lack  of availabil i ty of 
su i t ab le  ferrite dev ices  for load i so la t ion  a t  th i s  
power and frequency range. T h e s e  problems are  
compounded by the  fac t  that  two tubes  a re  being 
used, s i n c e  the  output of a given tube is affected 
by the  small  coupling to the  other tube through 
the  mutual impedance of the  cavity. T h i s  mutual 
impedance includes,  of course,  the  e f fec t  of the  
plasma, which is in  turn dependent upon microwave 
power a s  well  as magnetic and gas-feed parameters. 

T h e  ne t  result  is that power output does  not vary 
smoothly with beam voltage except  within very 
narrow l imi ts  determined by the  combination of 
many parameters. Outs ide  t h e s e  l imits t he  power 
output may fluctuate wildly due  to  “moding” of 
t h e  osc i l la tors  with a period determined by the  
plasma time constants.  A useful operational 
monitor, in addition to  t h e  usua l  microwave noise  
and pressure  indicators,  h a s  been a dual-beam 
osc i l l o scope  d isp lay  of s igna l s  proportional t o  
the  output power amplitudes of the  two osc i l la tors .  
T h e s e  s igna l s  a re  derived from crys ta l s  and for- 
ward-pow er directional couplers in the  output 
waveguides.  In operation the  beam voltages,  g a s  
feed  to the  plasma, and the  magnetic field are 
varied slightly about t he  desired va lues  until  a 
combination is found which produces a s t ab le  
microwave power input together with s t a b l e  plasma 
conditions. Once a s t a b l e  s e t  of operating condi- 
t ions is found, t h e s e  conditions can  generally b e  
reproduced for s u c c e s s i v e  decay  measurements 
without difficulty. 

3.2.3 Plasma Characteristics 

In t h e  plasma formed in the  ELMO Faci l i ty  with 
t h e  &mm microwave, four rather d i s t inc t  energy 
groups of electrons have been identified. For  the  
purpose of d i scuss ion ,  these groups sha l l  b e  
labeled 1 to 4 in order of increas ing  temperature 
or mean energy. 

T h e  f i r s t  group (1) i s  a very low-energy plasma, 
termed t h e  “cold” plasma. Th i s  plasma was  
studied by means of b iased  probes loca ted  out- 
s i d e  t h e  ends  of the  cavity. T h e  ax ia l  current 
probes used  had a 3.18-mm ho le  and were b i a sed  
to  + 4 5  v. T h e s e  probes were located about 2.5 c m  
p a s t  the  end  of the  cavity,  placing them about 
2 5  c m  from the  center of the  cavity. Maximum 
currents of 10 to 15 m a  were observed t o  decay  
with a 7 of approximately 80 to 100 pec .  T h e s e  
current measurements ind ica te  a maximum cold  

plasma dens i ty  in the  neighborhood of lO’*/cc. 
No direct  measurement of t h e  electron energ ies  
in the  “cold” plasma have been made, but i t  c an  
b e  argued tha t  t h e s e  energ ies  a r e  rather low. 
By us ing  an  array of probes,  i t  i s  found that t he  
cold plasma is fairly uniform over the volume. If 
one  assumes that  t h e  cold plasma fills most of 
the  volume and tha t  a subs tan t ia l  part  of t h e  power 
(2 kw) goes  in to  the  co ld  plasma, then conserva- 
tion of energy per unit  t ime requires tha t  t h e  
electron temperature be  of the  order of a f ew t ens  
of ev. 

Information on t h e  second  and third groups was  
obtained by measuring the  bremsstrahlung spectrum 
from t h e  plasma. Figure 3.12 shows the  x-ray 
collimator as i t  was  used  for t he  group 3 measure- 
ments. Fo r  the  low-energy (group 2) measurements 
a vacuum pipe was  connected from the  machine 
through t h e  collimator, and a 1 in. x 3 mm NaI 
c rys ta l  with a 5-mil beryllium window was  mounted 
in  t h e  vacuum chamber along with the  photomulti- 
plier. P e a k  widths for t h i s  sys tem were approxi- 
mately 8 kev. F igure  3.13 shows a typical spectrum 
in which there is a d is t inc t  low-energy group 
superimposed on the  spectrum of a high-energy 
group. A good dea l  of difficulty is encountered 
in  t h e s e  measurements because  of the  backsca t te r  
from t h e  aluminum windows due to illumination by 
the  cavi ty  ends.  T h e s e  low-energy measurements 
ind ica te  temperatures of 15 to 30 kev with den- 
s i t i e s  up  to approximately 5 x IO”/cc. X-ray 
pinhole photographs have  been made, and no high- 
density plasma of small volume h a s  been observed, 
implying tha t  t h i s  plasma f i l l s  a s igni f icant  portion 
of the  cavity.  

Group 3 was  analyzed with the  collimator shown, 
but with the  3 x 3 in. NaI crystal .  Two spec t r a  for 
two different mirror ratios a r e  shown in  Fig.  3.14. 
In t h e  upper case (No. 1 )  the  “temperature” is 
approximately 400 kev  with a density of 6.2 x 
10’o /cc ,  and i n  case No. 7 the  “temperature” is 
also 400 kev  but with a density of 6.8 x lO”/cc. 
T h e  bremsstrahlung ca lcu la t ions  were made us ing  
nonrelativist ic equations and assuming isotropy. 
It is believed that t h e  energetic plasma is rather 
anisotropic and hence  t h e  above assumpt ions  
produce some error. Calculations have  shown that 
the  re la t iv i s t ic  effect  is small ,  but no ca lcu la t ions  
have been made on the  e f fec t  of anisotropy. In 
addition, i t  was  assumed tha t  no ions  of Z > 1 were 
present  i n  the  plasma. 
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Figure  3.15 shows  how the  electron density 
(400-kev group), neutron intensity,  and  s tored  
energy varied with mirror ratio for a fixed ax ia l  
posit ion of t h e  resonant constant-B surface.  A s  
c a n  b e  seen ,  there is a def in i te  relation between 
density,  neutron intensity,  and s tored  energy, and 
these  a re  strongly dependent on  mirror ratio. The  
same s o r t  of phenomenon is observed with changes  
in t h e  ax ia l  posit ion of the  resonant constant-B 
sur face  for a fixed mirror ratio. 

Information on group 4 is obtained by studying 
the  neutron intensity and the  change of in tens i ty  
with t i m e  after the microwave power is turned off. 
T h e  neutrons were de tec ted  us ing  a high-pressure 
3He proportional counter surrounded by a paraffin 
pig. T h e  s igna l  from the  counter was  fed into a 
400-channel analyzer operating in  the  multiscaler 
mode with 10 msec/channel. F igure  3.16 shows  
the  neutron in tens i ty  as  a function of time after 
t he  microwave power is swi tched  off. It is found 
for th i s  case tha t  the  neutron intensity dropped to 
9, in approximately 0.2 sec. 

Previous  experiments with plasmas c rea ted  by 
electron-cyclotron hea t ing  at  3 cm have  shown' 
tha t  t h e  bulk of t h e  neutron production i n  t h e s e  
plasmas is due  primarily to Coulomb or  electro- 
d i ssoc ia t ion  of deuterium by high-energy e lec t rons  
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13W. B. Ard et at., Phys.  Rev.  Letters 10, 87 (1963). 
Fig. 3.13. Low-Energy X-Ray Spectrum. B o o  is  the 

magnetic f ie ld  on ax is  midway between mirror coils.  
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(i.e., e + d + 2.2 Mev + e + n + p ) .  T h e  c r o s s  
sec t ion  for th i s  reaction h a s  been ca lcu la ted  by 
Soper' based  on the  formulas of Guth and Mullin. l S  

For  t h e  neutron production, the total reaction 
ra te  per unit  volume may b e  written as 

For  t h e  case of Coulomb d issoc ia t ion  of neut ra l s  
by re la t iv i s t ic  e lec t rons  (v * c), t he  reaction r a t e  
may b e  written in terms of energy approximately 
as 

T h e  reaction ra te  as  a function of t ime may then 
be written a s  

For  radiation cooling the  energy of an electron 
as a function of t ime ( sec )  i n  a magnetic field B 
(gauss)  is given by 

If one  a s s u m e s  a n  init ial  distribution in energy 
a t  time t = 0, then the  relative intensity a s  a func- 
tion of time may b e  calculated as  

T h e  re la t ive  intensity a t  0.2 sec for severa l  dis-  
tributions in two different magnetic fields h a s  been 
ca lcu la ted ,  and the resu l t s  a r e  shown in  Tab le  
3.1. For  t h e  da t a  of Fig.  3.16 with a B o o  of 6.8 
k i logauss ,  the  relative intensity a t  0.2 sec i s  0.5. 

14ThermonucJear Div. Semiann. Progr. Rept. Oct. 31,  

" E .  Guth and C. J. Mullin. Phys. Rev.  76. 239 (1949). 
Fig.  3.14. High-Energy X-Ray Spectrum. T w o  dif-  1962, ORNL-3392, sect .  6.6. 

ferent mirror r a t i o s  were used. 
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A comparison of t he  experimental va lue  with those  
of Tab le  3.1 indica tes  that  the  velocity distribu- 
tion is peaked in the  neighborhood of 6 M e V .  Figure 
3.17 shows the  experimental points of Fig. 3.16 
plotted a long  with the  ca lcu la ted  curve for a 6- 
Mev monoenergetic group in a 6-kilogauss magnetic 
field. T h i s  agreement is reasonably good out to 
times of 0.4 and 0.5 sec. Beyond 0.5 sec the 
experimental decay  is fas te r  than that calculated.  
T h i s  difference could b e  due  t o  t h e  diamagnetic 
effect. For  th i s  case t h e  measured stored energy 
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t ion  c o o l i n g  o f  6-Mev electrons. 
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was  approximately 18 j.  However, s i n c e  no meas- 
urement of t h e  volume occupied by t h e  ener- 
ge t i c  electron plasma is available,  t h e  magnitude 
of AB cannot  b e  calculated.  T h e  va lue  of AB as 
a function o f  volume for th i s  case is AB 2 (340/Y) 
gauss ,  where V is the  volume in  liters. A s  time 
inc reases  a f te r  turnoff, A B  dec reases  and the  
energy loss rate increases .  T h e  fac t  t ha t  t h e  ob- 
se rved  decay  can  be accounted for by having  the  
par t ic les  i n  a field of the  order of 6 k i logauss  
implies t ha t  they a re  located near  t h e  midplane 
and tha t  E , / E , ,  >> 1. Using a 6-Mev monoener- 
getic distribution and assuming a volume, one  can  
ca l cu la t e  t h e  electron density.  T h e  density is 
given approximately as (2 x l O I 3 / V )  ~ m - ~ .  T h e  
radial  distribution of t h e s e  Mev electrons was  in- 
ves t iga ted  by inser t ing  a radial skimmer into the  
plasma. T h e  neutron intensity as a function of 

T a b l e  3.1. Relat ive  Neutron Intensity for 

Several Distributions 

I (0 .2) /1(0)  
Distribution 

5 kilogauss 6 kilogauss 

Maxwellian (T = 500 kev) 0.31 0.18 

Rectangular (E,,,  = 6 MeV) 0.3 6 0.25 

Triangular (Emax = 6 MeV) 0.38 0.18 

Monoenergetic (E = 6 MeV) 0.60 0.46 
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Fig. 3.18. Relat ive  Neutron Intensity a s  a Function 

o f  Radial  Skimmer Position. 

skimmer posit ion is shown i n  Fig. 3.18 and indi- 
c a t e s  t ha t  the  Mev e lec t rons  a r e  distributed fairly 
uniformly over t h e  midplane. 

Measurements of t h e  s tored  energy and decay  
t imes for t h e  8-mm plasma indica te  that a larger 
fraction of the  applied power is going into the  hot 
plasma as compared to the  fraction for t he  3-cm 
plasmas. N o  apparent dens i ty  l i m i t s  with power 
have been observed, and i t  is believed tha t  t h e  
present  power per unit  volume is too smal l  t o  
achieve  cutoff dens i t ies .  Since i t  is imposs ib le  
to inc rease  t h e  available power, experiments a re  
being pursued in  a smaller cavity i n  order t o  s tudy  
the  e f fec t  of increased  power dens i ty  on t h e  plasma 
density . 

3.3 ELECTRON-CYCLOTRON HEATING 
EXPERIMENTS IN THE PHYSICS TEST 

FACILITY (PTF) 

W. B. Ard 
M. C. Becker16 
R. A. Dandl16 
H. 0. Eason 

A. C. England 
G. M. Haas  
R, L. L ivesey  
M. W. McGuffin 

R. F. Stetson17 

3.3.1 Instability Studies 

Hot-electron plasmas produced in magnetic mirrors 
by radiation a t  t h e  electron cyclotron frequency 
have been found to b e  uns tab le  under certain con- 
dit ions.  ’ T h e  ev idence  indicating the presence  
of instabil i ty in th i s  plasma was  the  observation 
of la rge  bu r s t s  of x rays accompanied by sudden 
dec reases  in  stored plasma energy. Recent  in- 
ves t iga t ions  of the  plasma in the  Phys ic s  Test 
Fac i l i ty  ( P T F )  device  have shown tha t  t hese  x-ray 
burs t s  a r e  due  to two different types  of electron 
losses. In one  type of l o s s  t he  electrons c r o s s  
t h e  magnetic field l ines  and s t r ike  the  wall  on the  
midplane of the mirror field. In t h e  other type of 
l o s s  t h e  e lec t rons  l eave  t h e  plasma along the  
magnetic f ie ld  lines. 

Under typical operating conditions,  the hot- 
electron component of the  plasma in  the  PTF 
dev ice  h a s  t h e  following properties. The to ta l  

%strumentation and Controls Division. 

7Research Participant from Florida Atlantic Univer- 
sity, Boca Raton, Florida. 

18R. A. Dandl e t  af., Nuc1. Fusion 4, 344 (1964). 
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energy s tored  in  the plasma is 9 j. The  average  
electron energy is from 50 to 100 kev. T h e  plasma 
volume is about 4 x lo3  cc. Th i s  g ives  a dens i ty  
of from 1.5 to 3 x lO"/cc and a ,8 of 0.06. The 
plasma is maintained by a continuous feed of 
neutral g a s  into the  region occupied by the  plasma 
and continuous feed of microwave energy into the  
same  region. The  pressure  ou t s ide  the  plasma is 
typically about  lo-' torr. The re  is therefore a 
background dens i ty  of much cooler  e lec t rons  a lways  
present  in the  plasma. T h e  dens i ty  of cooler 
e lec t rons  is estimated t o  b e  about t he  same  as 
that of t he  hot electrons. T h i s  es t imate  is based  
on t h e  current co l lec ted  by probes outs ide  t h e  
magnetic mirrors. 

Shown in  Fig. 3.19 is t h e  arrangement of various 
probes for investigating ins tab i l i t i es .  F a s t  elec- 
trons lo s t  along field l i n e s  a r e  de tec ted  by s i l icon  
so la r  c e l l s  p laced  outs ide  t h e  mirrors. The four 

so l a r  cells a r e  posit ioned on  field l i nes  tha t  come 
through holes  in the  end  of t h e  l iner a t  0, 1 ,  2, and 
3 in. from the  magnetic ax is .  T h e  cells a re  sh ie lded  
from the  plasma by thin aluminum foils. S ince  
s igna l s  were observed from the  so la r  cells only 
when they were p laced  a long  the  field l i nes  that 
came through a ho le  in  the  liner, i t  was  determined 
tha t  t h e  s igna l s  were due  to f a s t  e lec t rons  and 
not due  to x rays. T h e  cells were operated short- 
circuited to g ive  a current output proportional to 
the inc ident  flux. The response  t ime of the cells 
operated in th i s  way is less than 1 psec. 

A collimated x-ray detector was  used  to de tec t  
x rays from e lec t rons  s t r ik ing  the  l iner  in the  
mirror region. T h e  response  time of t h e  x-ray de- 
tector w a s  0.02 psec.  An rf pickup loop was  
placed j u s t  i n s ide  the  l iner on the  midplane in 
order to look for osc i l la t ions  a t  very high fre- 
quency. Lower-frequency osc i l la t ions  could be  
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Fig.  3.19. Diagram of  Phys ics  T e s t  Faci l i ty ,  Showing Locat ion of  Detectors Used for Instabi l i ty  Studies. 

Solid l ines are f lux  lines; dashed l ines are l ines o f  constant E .  



49 

. 

detec ted  by the  current probe loca ted  j u s t  ou ts ide  
the  mirror. T h e  stored plasma energy was  measured 
with a diamagnetic 100p. '~  Since t h e  loop was  
wound around t h e  copper liner, i t s  response  t i m e  
w a s  much too long to follow the  change in  energy 
during an  instabil i ty.  However, the  response  time 
was  considerably shorter than the  plasma buildup 
t ime so tha t  t he  total energy lo s t  during the  in- 
s tab i l i ty  could b e  measured qui te  accurately. T h e  
t imes involved were a s  follows: duration of in- 
s t ab i l i t y  - severa l  microseconds; response  time 
of diamagnetic loop - 10 msec; plasma buildup 
t ime - around 100 msec. 

During one  type of instabil i ty,  t he  so la r  ce l l s  
de tec ted  bursts of energetic e lec t rons  tha t  l a s t ed  
for about 2 to 10 psec .  All four of the  c e l l s  gave  
s igna l s  at t he  same time; however, variations in 
s igna l  leve l  during t h e  burs t s  were not well cor- 
related among t h e  de tec tors  loca ted  on different 
field l ines ,  although the  beginnings and e n d s  of 
t h e  s igna l s  from the  cells were well correlated. 
During t h e  t ime that t h e  so la r  cells indicated a 
l a rge  flux of energe t ic  e lec t rons  out the mirror, 
t h e  current probe showed a dec rease  of plasma 
current ou t  t h e  mirrors. Radiation was  de tec ted  
on t h e  rf loop during t h e  bursts.  T h e  radiation w a s  
in a frequency band about  50 Mc wide, cen tered  
a t  5.3 kMc. T h i s  frequency is half t he  frequency 
of t h e  microwave power sou rce  used  to h e a t  t he  
plasma. F igures  3.20 and 3.21 show typical re- 
s p o n s e s  of t h e  so la r  cell (upper t r aces )  and the  
microwave receiver (lower t races)  during an in- 
stabil i ty.  T h e  large variation in output from the  
receiver is mostly d u e  to the  frequency of the  
osc i l la t ion  drifting out of t he  bandwidth of the  
receiver. In order to determine whether or not t he  
5.3-kMc osc i l la t ion  was  a plasma resonance  driven 
by t h e  microwave source,  t he  source  was  turned 
off as soon as the electron burst  could b e  detected.  
T h e  source  could b e  turned off less than 0.5 p s e c  
after t h e  burst  started.  T h e  result  w a s  tha t  t he  
bu r s t s  continued for s eve ra l  microseconds and the  
5.3-kMc radiation also continued. There  was  ap- 
parently no change in  either t he  intensity or the  
spec t ra l  character of the  rf with or without t he  
microwave source  on. While th i s  shows  that the  
osc i l la t ion  is not j u s t  a parametric amplification 
of the  applied microwave radiation, it does  not 

19W. B, Ard et at., Compt. Rend. Conf.  Intern. Phe- 

nomenes Zonisation Gaz,  6 e ,  Paris, 1963 Iv, 7 5  (1964). 

rule out  t h e  possibil i ty that the  osc i l la t ion  is 
triggered by the  presence  of the  applied microwave 
power. 

T h e  average  time interval between the  bu r s t s  
could b e  made arbitrarily long. T h i s  time was  
e s sen t i a l ly  determined by the  magnitude of the  
s t a t i c  magnetic field intensity.  In fact ,  if t he  
field were s e t  below a cr i t ica l  value, no bu r s t s  
were observed. 

T h e  f ac t  tha t  t he  instabil i ty is influenced by 
the  magnitude of t h e  magnetic field s u g g e s t s  that  
t he  important parameter is the  location in  the  

Fig.  3.20. Response o f  the Solar C e l l  and the Micro- 

wave Receiver  During lnstabi l i ty.  Upper trace: solar 

ce l l  signal. Lower  trace: microwave receiver  output 

with tuning at 5300 Mc. Sweep rate: 2 psec/cm. 

F ig .  3.21. Response of  the Solar C e l l  and the Micro- 

wave Receiver  During Instabil i ty.  Upper trace: solar 

cel I signal. Lower  trace: microwave receiver output 

with tuning a t  5300 Mc. Sweep rate: 2 psec/cm. 
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mirror field of the  region where the  electron cyclo- 
tron frequency is resonant with the  microwave 
power source.  T h e  onse t  of the  instabil i ty occurred 
when t h e  minimum field in  the  mirror, Bo,  was  0.8 
times t h e  resonant field, Br. If we a s sume  that 
e lec t rons  gain energy from the  microwave source  
only when they are in  resonance  and that they gain 
energy only t ransverse  to t h e  magnetic field,  
then the  ratio E,/E,, is determined by t h e  ratio 
Br /Bo .  Elec t rons  whose turning poin ts  in the  
mirror a r e  a t  a field less than Br do  not gain energy 
until they sca t t e r  enough to have their turning 
points i n  the  resonant region. Electrons whose 
turning points lie a t  f ie lds  larger than Br gain 
t ransverse  energy until their  turning point is a t  

B r .  T h i s  assumption seems  reasonable  if, for 
t hose  e lec t rons  that t raverse  t h e  resonant region, 
( T / d t )  from interaction with the  microwave field 
is larger than (dTT/dt) from scattering. If the  
contained energetic e lec t rons  turn a t  B < Br,  then 
we have t h e  relation 

A s  Bo is increased, (El/EI,)min inc reases  
rapidly. T h e  f ac t  tha t  t he  instabil i ty s e t s  in a s  
B o  is increased  therefore sugges t s  tha t  the  in- 
stabil i ty is due  to temperature anisotropy. T h e  
finite /3 of t h e  plasma further sugges t s  t h e  “mirror 
instability.”’ T h e  condition for th i s  ins tab i l i ty  
in an infinite plasma is given by 

For  B r / B o  = 1.25, (EL/E,I)min is 4. T h i s  g ives  
a cri t ical  p of 0.17. T h i s  is about 3 times the 
observed p. However, t h e  average  E,/E,, might 
be  considerably larger than 4. T h e  result  of t h i s  
instabil i ty would b e  a magnetic compression of the  
plasma toward the  midplane of t h e  mirror. While 
the  plasma is compressed, t he  co ld  plasma cur- 
rent out t h e  mirror should b e  very small. A s  
t h e  plasma sur face  moves toward the midplane, 
t he  oscil lation frequency of t h e  electrons between 
their turning points in the  mirror field result ing 
from t h e  instabil i ty would r i s e  rapidly. We pro- 
p o s e  that when t h i s  frequency reaches  oC/2 ,  the  
motion of t h e  e lec t rons  between the  mirror is 

~~ 

’OH. P. Furth, Phys. Fluids 6, 48 (1963). 

coupled to t h e  t ransverse  motion of t h e  electron 
a t  t h e  cyclotron frequency. A modulation of the  
compression field a t  t h e  cyclotron frequency would 
couple  in th i s  way. (It is analogous to the  case 
of a weight supported by a s t r ing  hanging from a 
vertically osc i l la t ing  rod. T h e  s t r ing  will oscil- 
l a t e  i f  t h e  natural  frequency of the  s t r ing  is half 
t he  frequency of t h e  rod.) T h e  result  of t h i s  type 
of osc i l la t ion  is to convert  t ransverse  electron 
energy to parallel  energy. Th i s  could account  for 
t h e  observed enhanced loss of e lec t rons  through 
t h e  mirrors. T h e  compression field co l l apses  due 
to t h e  dec rease  i n  t ransverse  energy and the  in- 
c r e a s e  in  t h e  parallel  pressure.  However, t he  
total t ransverse  energy lost during t h e  instabil i ty 
is never more than about 10% of the  total  trans- 
ve r se  energy. T h i s  measurement is made by meas- 
uring the  to ta l  change in  the  magnetic moment of 
the  plasma. We have  not determined what fraction 
of t h i s  loss is due  to actual particle loss and 
what fraction is due  to increased  parallel  energy 
of t h e  remaining plasma. T h e  nea rness  of t he  
frequency of t h e  observed osc i l la t ion  to one-half 
t h e  klystron frequency is probably accounted for 
by some phas ing  of electrons in their  Larmor orbits 
by the  microwave field. T h e s e  “phased” e lec t rons  
would then very l ikely determine the frequency a t  
which osc i l la t ion  would s t a r t  to grow. 

A second type  of ins tab i l i ty  observed appea r s  
to b e  the  s a m e  a s  one  observed by P o s t  and Pe rk ins  
in a hot-electron plasma. ’’ * 2 2  T h i s  ins tab i l i ty  
is charac te r ized  by a loss of energetic e lec t rons  
to  t h e  wal l  a t  t he  midplane of the  field. T h e  
e lec t rons  tha t  s t r ike  the  wal l  a r e  de tec ted  by look- 
i n g  at t h e  wal l  with a collimated x-ray detector. 
T h e  drift  velocity of t h e  e lec t rons  a c r o s s  t h e  field 
l i n e s  is much smaller than their  p recess iona l  
velocity due  to the  gradient in the  magnetic field,  
In fact ,  a scraper  ex tending  about an  inch inward 
from the  l iner  in te rcepts  all the  e lec t rons  tha t  
a r e  l o s t  radially from the  plasma. Osc i l la t ing  
e lec t r ic  f i e lds  a r e  observed when the  plasma is 
sub jec t  to t h i s  instabil i ty.  Osc i l la t ions  have 
been observed with frequencies from 3 Mc up to 
about 30 Mc. The  osc i l la t ions  l a s t  for a f ew 
microseconds and may recur severa l  t imes within 
a period of about 50 p e c .  Frequencies  around 1 0  

21R. F. Post and W. A. Perkins, Phys. Rev. Letters 

22W. A. Perkins and R. F. Post, Phys. Fluids 6. 
6,  85 (1961). 

1537 (1963). 

. 
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M c  seem to b e  most prevalent. Burs t s  of x r ays  
from the  scraper  usually accompany these  osc i l la -  
tions. In fac t ,  t h e  x-ray intensity from the  scraper 
c a n  b e  modulated a t  t he  s a m e  frequency as the  
e lec t r ic  field fluctuations. F igure  3.22 is a photo- 
graph of the  output from the  x-ray detector and 
the  s igna l  from an e lec t ros ta t ic  probe j u s t  ou ts ide  
o n e  of the  magnetic mirrors. The  sur face  of the  
plasma is apparently rippled, and the variations 
in  x-ray in tens i ty  a re  due  to the  precess ion  of the  
ripples around the  magnetic axis.  T h e  frequency 
of precess ion  around the  magnetic ax i s  is 1 Mc 
for a 100-kev electron. S ince  frequencies of 
severa l  megacycles  a re  prevalent, modes with 
m > 1 predominate. 

T h i s  instabil i ty can  b e  suppressed  by increas- 
i n g  the  neutral  gas  pressure  in the  region of the  
plasma. T h i s  sugges t s  tha t  t he  instabil i ty is sup- 
pressed  by increas ing  the  conductivity of t h e  
plasma to the  copper end wal l s  of the  vacuum 
liner. T h i s  behavior also ag rees  with Post’s 
observations,  and we, too, be l ieve  th i s  to b e  a 
flute instabil i ty.  

If the neutral  g a s  pressure  is low enough and 
t h e  ratio B r / B o  is small  enough, t he  plasma is 
subjec t  to both types  of instabil i ty and  both types  
a r e  observed to occur more or less a t  random. 

Fig. 3.22. Output from X-Roy Detector  and Signal 

from Electrostat ic  Probe Just  Outside One of  the 

Magnetic Mirrors. Upper trace: current probe r f  signal. 

Lower trace: x-ray detector signal. Sweep rate: 0.2 
psec/cm. 

I 



4. Plasma Physics 

Igor Alexeff R. V. Neidigh 
W. D. Jones  

W. L. Stirling 
W. F. P e e d  

4.1 BE AM- PLASMA IN TE RACT I ON 
EXPERIMENTS 

4.1.1 Burnout V 

T h e  experimental work on  Burnout V (Fig. 4.1) 
h a s  been i n  three ca tegor ies :  (1) modification of 
the  equipment for t h e  purpose of increas ing  t h e  
power dens i ty  in t h e  electron beam, (2) observations 
and experiments t o  determine t h e  efficiency with 
which ions  a re  heated, and (3) probe measurements 
t o  determine temperature and density. T h e  three  
ca tegor ies  will  b e  d i s c u s s e d  i n  order. 

Equipment Modif ication. - We define power 
dens i ty  as  t h e  output of t h e  electron beam power 
supply divided by t h e  electron beam volume 
between points of maximum magnetic field strength. 
W e  have been unable t o  re ta in  i n  the  larger dev ices  
the  power dens i ty  of 1 kw/cm3 observed in  Burnout 
I.' W e  find t h e  power dens i ty  is l e s s ,  though t h e  
power input is greater. T h e  power dens i ty  in 
Burnout IV was  400 w/cm3. T h e  power dens i ty  i n  
Burnout V is now about 300 w/cm3 with 3/4-in.-diam 
mirror throats. Tab le  4.1 g ives  e a c h  s t e p  from 
Burnout I through Burnout V. 

We have  nearly tripled t h e  power dens i ty  in  
Burnout V by reducing the s i z e  of t h e  orifice i n  t h e  
mirrors. At e a c h  s t e p  we have  been limited by in- 
c r eased  g a s  pressure  i n  t h e  region of the  end 
e lec t rodes ,  accompanied by difficulty in holding 
b i a s  voltage on the  filament and a r i s e  i n  impurity 
spec t r a  in  t h e  plasma. Space  a t  t h e  ends  h a s  
a lways  been limited because  we have used  ex is t ing  

'Thermonuclear Div. Semiann. Progr. Rept. Oct. 31, 
1964,  ORNL-3760, sect .  4.1, p. 30. 
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Fig.  4.1. Burnout V. The beam volume has been 

reduced t o  200 cm3 by reducing the  diameter  o f  the 

corbon ori f ices in  the mirror throats to /4 in. 3 

calutron-type vacuum sys t ems  sandwiched between 
magnet po le  p ieces .  We bel ieve  that some addi- 
t ional volume and increased  pumping speed  i n  t h i s  
region will  permit improvement i n  t h e  beam power 
density. 

Observations and Experiments. - T h e  s u c c e s s  of 
a beam-plasma interaction (turbulent heating) ex-  
periment, s u c h  as Burnout V, may b e  measured by 
the  efficiency with which energy is transferred from 
t h e  electron beam t o  t h e  ions. T h e  following 
observa t ions  ind ica te  tha t  up to 10% of t h e  energy 
in  t h e  beam g o e s  in to  heating ions  i n  Burnout V 
and tha t  perhaps  as much as  0.2% is i n  i o n s  over 
1 0 0  kev. 

T h e  first information comes from power measure- 
ments. We have  previously reported tha t  8.7% of 
the  beam power w a s  d iss ipa ted  in  t h e  midplane 
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T a b l e  41. Power Density in  Burnout I Through Burnout V 

. 

i 

Orifice Diameter Power Input Volume Power Density 

( i n )  (kw) (cm3) (w /cm 3 ,  Burnout 

1 1.000 1.0 1000 4 I 

3.5 5 700 1 
4 I1 

7.0 18 4 00 
111 58 

7.0 18 400 IV % 
1 50 450 110 

1 75 320 235 v' 
3 60  2 00 3 00 

v 3  4 

sec t ion  of the  liner.' T h i s  was determined from 
cooling water flow to  that portion of the liner and 
i t s  change i n  temperature,  and is a crude measure- 
ment, probably less than the  t rue value. We have 
repeatedly observed the power diss ipated i n  the  
midplane sec t ion  of t h e  l iner  t o  increase  with in- 
c reased  magnetic field, Dissipat ion of up to  10% 
of the  input beam power h a s  been observed. 

A water-cooled probe (about 1 in.' of surface)  
w a s  inser ted into t h e  plasma in  the midplane 
region, a s  shown in t h e  ske tch  on Fig. 4.2. 
Power measured from the cooling water flow ra te  
and temperature change is given on t h e  graph for 
different posi t ions of the  probe as  a function of 
magnetic f ie ld  strength.  Note that the power to  
the probe increases  with increased magnetic field 
t o  a s  much as 1 kw per square inch of probe 
surface.  T h e  beam power did not change signifi- 
cant ly  over th i s  range in  magnetic field strength.  
I t  appears  tha t  turbulent heating is more effect ive 
at higher magnetic f ie lds  in  th i s  device.  

We find the  liner sur face  near the midplane 
severely sputtered. A plug and collar from midplane 
ports in  the  liner are shown in Fig. 4.3. T h e  top 
surface of the  plug (left) was  originally machined 

'Thermonuclear Div. Semiann. Progr. Rept. Apr. 30, 
1965, ORNL-3836, sect .  4.1, p. 36. 

ORNL-DWG 66-346 

1 0 0 0  

900 

800 

700 

5 600 
Y 

LL 
w 5 5 0 0  

m 
LL 400 a 

w 
0 

300 

200 

1 0 0  

0 
10 15 20 25 

MIDPLANE FIELD STRENGTH (kilogauss) 

Fig. 4.2. Probe Power vs Magnetic F i e l d  Strength. 

T h e  curves are for different probe posit ions a s  indicated 

in the  sketch. 
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Fig. 4.3. Ion Sputtering. T h e  upper surfaces o f  the  l iner  port  p lug  ( l e f t )  and port  co l l a r  ( r ight)  were o r ig ino l l y  

machined smooth and polished. The deeply sputtered trough across the p l u g  co inc ides  w i th  the  midplane in te rsec-  

tion. T h e  co l l a r  shows sputter ing over a l l  the area exposed to the plasma ins ide  the l iner. 

smooth and polished. After some hours of u s e  the  
midplane intersect ion can  b e  clearly s e e n  on t h e  
sputtered surface. The  collar (right) is similarly 
sputtered on the  unprotected portion which extended 
ins ide  t h e  liner. 

attempted t o  identify the  ions  by their  
sputtering rate. Publ i shed  calutron-type da ta3  for 
deuterons in  the  9-to-44-kv range (Fig. 4.4) gave  
sputtering ra tes  a s  great a s  0.06 copper atom 
sputtered per incident deuteron. We observe 
sputtering ra tes  a s  great a s  0.1. Lack  of infor- 
mation below 9 kv and impurity sputtering could 
account for t h e  difference. 

Neutron production is a measure of deuteron 
energy. When a deuterium plasma is formed in 
Burnout V, neutrons can  a r i s e  from D-D react ions 

We 

30. C .  Yonts et al . ,  J. A p p l .  Phys. 31, 447 (1960). 

ORNL-DWG 66-347 

DEUTERON ENERGY (kev) 

Fig. 4.4. Sputtering Rat io  vs  Deuteron Energy. 

in  t h e  occluded g a s  on t h e  metal surfaces.  We 
suspec t  three principal sources.  The  two end 
electrodes a r e  seve ra l  kilovolts negative with 
respect  t o  ground, and can  accelerate  ions  into 



55 

themselves.  T h e  midplane portion of t h e  l iner is a t  
ground potential, and  i o n s  must c r o s s  t h e  magnetic 
field t o  s t r ike  its surface. Therefore, neutrons 
from the  midplane region a re  assumed to ind ica te  
turbulent heating of ions  to energ ies  greater than  
t h e  threshold of our detection system, which h a s  
de tec ted  neutrons from a deuteron current of 1 m a  
at 6 kv on a water-cooled copper target. 

Our detection system (described i n  t h e  previous 
semiannual  report') on t h e  Burnout V experiment 
u s e s  directional BF, counters. A source  strength 
of 6 x l o 5  neutrons/sec was  assigned. Further 
refinement of t h e  counter technique h a s  reduced 
t h i s  number to  2.4 x l o5 .  Additional confirmation 
of t he  neutron source  strength of t h e  midplane 
region h a s  been obtained from nuclear t rack  plates.  
Analys is  of t h e  recoil  proton t r acks  (Fig. 4.5) 
found i n  a p l a t e  p laced  on the  midplane but ou ts ide  
t h e  l iner and t h e  almost complete absence  of 
t r acks  on a similarly located p l a t e  exposed t o  only 
neutron sources  p laced  a t  the  posit ions of the  end 
e lec t rodes  yielded a source  strength for the  mid- 
p lane  region of 6.6 x l o 4  neutrons/sec.  

Magnetic and  e lec t ros ta t ic  ana lys i s  of e scap ing  
ions  g ives  additional verification. A small hole  
i n  t h e  l iner  a t  t h e  midplane (Fig. 4.6) permitted a 

pencil" of ions  t o  p a s s  through for analysis.  T h e  
ions ,  still in  t h e  focusing field of t h e  magnetic 
midplane, were d isp laced  parallel  t o  t h e  magnetic 
ax i s  by a n  added e lec t ros ta t ic  field. An Moo3 
p la t e  w a s  used  to  loca t e  t h e  ion  paths. '  Both 
energy and charge-to-mass ratio may b e  determined. 
In one  experiment a current of lo- '  amp a t  t h e  80 
to 120 kv posit ion was  measured directly. 

The  marks left on the  Moo3 p la t e s  by t h e  
deuterons a r e  somewhat diffuse. Therefore, t h e  
mass number could not b e  resolved more accura te ly  
than  from 0.8 to 39. If mass 2 is assumed (only 
m a s s  2 makes t h e  blue mark on t h e  MOO, plate),  t h e  
energy var ies  f rom 1 4  to 170  kev. 

T h e  analyzed beam ( lo- '  amp, Faraday cup  
measurement) was  coll imated by two apertures of 
0.02 c m 2  ( t6- in . -d iam holes). Assuming tha t  t h e  
ions  a re  random but restricted t o  t h e  two degrees  
of freedom of t h e  midplane and that t h e  analyzer 
a c c e p t s  only 2 9  then  t h e  flux dens i ty  is about 
3 x l o x 4  hot i ons  cm- '  s ec - ' ,  or a dens i ty  of 
l o 6  om-, for 100-kev deuterons (the approximate 
energy required for collection i n  t h e  Faraday cup). 
T h e  i o n s  a r e  well focused i n  t h e  midplane and have  
sputtered a groove in s ide  t h e  l iner marking t h e  

< <  

T a b l e  4.2. Summary of the Neutron Source 

Experiments 

~ _ _ _ _ _ _ ~ ~  

Midplane Neutron Source 

Experiment Strength 
(neutrons/sec) 

BF counters 2.4 x 105 3 

6.6 X l o 4  Nuclear track p l a t e s  

Ion flux measurement - i o 5  

liner-midplane intersection. T h e  approximate 
deeply sputtered a rea  is 20 c m 2 .  T h e  to ta l  current 
is then 1 ma, assuming uniform current density 
over t h i s  area. 

T h e  neutron yield for 100-kev deuterons striking 
a water-cooled copper target which h a s  occluded 
deuterium is not accurately known and, indeed, 
var ies  with t h e  experiment. J. F. Lyon h a s  
ca lcu la ted  (DCX-2 Technica l  Memo No. 119) a n  
expected yield for 600-kev deuterons on copper 
f rom published da ta4  on zirconium target material. 
T h e  expected yield is 26 neutrons steradian- '  
microcoulomb-'. If t h e  yield is reduced by a 
factor of 3 (the D-D reaction c ros s  sec t ion  is 
smaller by a factor of 3) for 100-kev deuterons and 
the  approximate a rea  is 20 cm2 ,  then  t h e  neutron 
source  strength i n  Burnout V should b e  about l o 5  
neutrons/sec,  i n  fair agreement with t h e  other 
observations (Table 4.2). It now seems reasonable  
that t h e  neutrons which appear t o  come from t h e  
midplane region of Burnout V really do  so, and 
that they c a n  b e  due  to reactions of something l i ke  
100-kev deuterons with t h e  occluded gas i n  t h e  
walls. T h e  power in t h e  estimated to ta l  wall  
current of 1 m a  i n  t h i s  energy range is 1 0 0  w, or 
about 0.2% of the  beam power. 

Probe Measurements. - Recently so l id  probes of 
various kinds have  been used  in plasma d iagnos t ic  
efforts in  Burnout V. Since only a few preliminary 
experiments have been  done, t h e  following resu l t s  
and es t imates  a re  tentative: 

1. Electron temperature measurements have  been  
made only for t h e  first  2 in. of penetration into t h e  
plasma. T h e  es t imates  for Te range from 50 to  

4J. B. Marion and J. L. Fowler, eds., F a s t  Neutron 
Phys ic s ,  Pa r t  I ,  chap. 111, A, Interscience,  New York, 
1960. 
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200 ev. N o  clear-cut variation with rad ius  of t h e  
plasma h a s  been observed, nor, on the  b a s i s  of one  
mode I experiment, is there  appreciable difference 
i n  electron temperature between mode I and mode 11. 

2. No  es t imate  h a s  been made for mode I, but t h e  
ion  temperature in  mode I1 is es t imated  to b e  
approximately 550 ev. 

3. A lower limit o n  ion dens i ty  for mode 11, 
based  on ion  saturation current and estimated probe 
co l lec t ion  area,  is estimated t o  b e  approximately 
10" t h i s  being an  order of magnitude larger 
than  tha t  es t imated  for mode I. T h e  dens i ty  seems 
to dec rease  rather slowly with radius. A dens i ty  
of approximately 3 x 10" is indicated,  how- 
ever,  if one interprets a rather strong, coherent rf 
s igna l  observed near  250 Mc a s  t h e  ion plasma 
frequency. 
4. In addition to t h e  above-noted rf s igna l  at 

250 Mc, two other rather well-defined frequencies,  
at approximately 4 and 8 Mc, were observed. (The  
ca lcu la ted  ion  cyclotron frequency a t  t h e  midplane 
was  20 Mc.) 

5. T h e  floating probe potential  for both mode I 
and mode I1 is pos i t ive  and  inc reases  monotonically 
(from -50 v t o  -150 v for mode 11; from -0  v to 
-20  v for mode I) from t h e  outer edge  of t h e  plasma 
toward t h e  center  for t h e  first  2 in. For  mode 11, 
however, a t  - 2  '/4 in. from t h e  l iner ( -  1 '/2 in. from 
t h e  machine ax i s )  t he  potential  suddenly reverses.  
At t h i s  depth of penetration the  exac t  posit ion of 
t h e  probe becomes very cri t ical .  By careful ad- 
justment of t h e  probe posit ion a negative d c  
potential  of severa l  hundred vol t s  c a n  b e  observed. 
Further penetration of t h e  probe into the  plasma by 
only a small fraction of a n  inch ,  however, perturbs 
t h e  plasma so  violently that t h e  a rc  is extinguished. 
J u s t  prior to t h e  extinction of the  a rc  t h e  floating 
potential  of the  probe appears  t o  go extremely 
negative,  but t h i s  is not certain because  of t h e  
rapid irreversible t rans ien t  behavior of t h e  system. 
In any case, i t  would appear tha t  l a rge  radial 
e l ec t r i c  f ie lds  a re  present  i n  mode 11. Unfortunately, 
f loating probe potential  measurements of mode I 
have not yet been made farther i n  than  2 in. from 
the  outer edge  of the  plasma. 

6. Observation of t h e  ion  saturation current t o  a 
probe centrally loca ted  a t  t h e  midplane, but having 
limited ax ia l  motion, indicated tha t  t h e  plasma 
density is cons tan t  along the  a x i s  for a t  l e a s t  
'4 in. on either s i d e  of t h e  midplane. 

-f 

1 
5/8 in. 

Previous  exper ience  had sugges ted  that i t  would 
probably b e  necessa ry  t o  u t i l i ze  water cooling i n  
order t o  prevent rapid deterioration of t h e  probes by 
the  energetic plasma. Therefore, t h e  first probe 
work w a s  done us ing  water-cooled copper probes,  
and, indeed, rather rapid abrasive action at t h e  
t i p s  of t h e  probes was  found. It was  soon found, 
however, tha t  small cylindrical  probes made of 
carbon could b e  used  without appreciable ill 
e f f ec t s  from t h e  plasma, even  without water 
cooling. Thus ,  with the  exception of power probe 
measurements and some beginning Langmuir probe 
measurements,  most of t h e  probe work h a s  been 
done using non-water-cooled carbon probes. All 
measurements were made i n  deuterium plasmas. 

Water-cooled Probes .  - Figure 4.7 shows  two of 
t h e  water-cooled probes,  as well as  t h e  manner i n  
which they were used. All water-cooled-probe 
measurements were made on the  midplane. T h e  
larger probe w a s  used first; however, ca lcu la t ions  
of t h e  ion  flux t o  t h e  probe v s  the  neutral par t ic le  

COOLING 
WATER I------------'>) 1 

(0) '/8 in. 

INNER L I N E R  (ANODE)  

PROBE 
P L A S M A  

POWER fi* - 
- SUPPLY $ ) I  2000 I ohms 

& A  - -  

( b )  

Fig. 4.7. Use of a Water-cooled Probe a s  a Plasma 

Diagnostic Instrument. ( a )  Two o f  the probes used; 

( b )  schematic showing how the probe was used a s  a 

Langmuir probe. 
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flux into t h e  machine showed that approximately 
10% of t h e  input neutrals were appearing as ions  
on t h e  probe. T h u s  t h e  larger probe w a s  probably 
appreciably perturbing t h e  plasma. Unfortunately, 
when t h e  smal le r  probe w a s  used, t h e  degree of 
perturbation of t h e  plasma w a s  not appreciably de- 
creased. In view of t h e  observed rapid abras ive  
effect of t h e  plasma on t h e  probe, primarily a t  t h e  
t ip end, t h e  smaller probe is probably about as 
small as is prac t ica l  for a water-cooled probe. 

Previous  work h a s  ind ica ted  that t h e  ion  motion 
in  t h e  midplane of the  burnout machines i s  primarily 
Larmor motion with relatively little ax ia l  motion. 
Therefore the  e f fec t ive  co l lec t ing  a rea  of t h e  
probes h a s  been taken  as t h e  projected a rea  of t h e  
probes in  the  direction of t h e  circulating bombarding 
particles.  T h e  p lane  of t h e  smaller probes w a s  
oriented perpendicular to the  machine ax i s  so that  
t h e  projected a rea  of t h e  en t i re  probe was  the, 
s ame  as  tha t  of only t h e  upper half of t h e  probe. 
T h u s  ( s e e  upper diagram, Fig. 4.7) t h e  projected 
a rea  of t h e  smaller probe w a s  only one-fifth that of 
the  larger probe. S ince  t h e  abras ive  ac t ion  of t h e  
plasma h a s  been noted only on t h e  upper t i p  end of 
t h e  probes,  however, t h e  projected a reas  may b e  
much larger than t h e  ac tua l  co l lec t ing  areas. T h u s  
t h e  ca lcu la ted  dens i t i e s  may b e  an  order of 
magnitude too  low, and t h e  dens i ty  gradient may b e  
greater than  it would appear to be. T h e  dens i ty  
ca lcu la t ions  were made us ing  t h e  express ion  by 
Guthrie and Wakerling for ion  sa tura t ion  current t o  
a cylindrical  probe i n  a s t rong  magnetic field: 

n +  = 
A e  

where n is t h e  ion saturation 
current t o  t h e  probe, A is t h e  co l lec t ing  a rea  of 
the  probe, e is the  electron charge,  m t  is t h e  ion  
mass ,  k is Boltzmann's cons tan t ,  and Te is t h e  
electron temperature. 

F igure  4.8 shows  two s e t s  of da t a  taken  simul- 
taneously us ing  t h e  smaller probe. T h e  power 
measurements were made calorimetrically. Only 
one  such  run h a s  been made. At the  t ime of t h i s  
run, a n  effort w a s  made t o  make a similar run for 
mode I operation, but t h e  cooling-water flow ra te  

is t h e  ion  dens i ty ,  J 

5A. Guthrie and R. K. Wakerling, The  Charac te r i s t ics  
of Elec t r ica l  Discharges in Magnetic F ie lds ,  chap. 2 ,  
McGraw-Hill, New York, 1949. 
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4.8. Power Probe and Langmuir Probe Measure- 

ments in Burnout V, U s i n g  a Water-Cooled Probe. 

was  too  large t o  allow t h e  smal l  temperature 
changes  in  t h e  cooling water to b e  seen. B a s e d  
on t h e  observed temperature changes  for mode I1 
and t h e  smal les t  temperature change  which could 
b e  reasonably observed on  the  thermometers u sed ,  
however, one  c a n  es t imate  a n  upper limit of about 
10 w to the  probe during mode I operation. 

T h e  es t imates  of ion  temperature a re  based  on 
information contained i n  both s e t s  of da t a  of Fig. 
4.8. T h e  first  es t imate  is based  on a n  extrapolation 
of t h e  power data:  It is noted tha t  for t h e  power 
da t a  there  is a relatively la rge  sec t ion  of t h e  
potential  range over which t h e  power var ies  fairly 
linearly. T h e  assumption is made tha t ,  as a first  
approximation, t h i s  s ec t ion  of t h e  curve  c a n  b e  
extrapolated l inearly to  zero  power. Doing th i s ,  
zero  power is s e e n  t o  occur at a probe voltage of 
approximately +750 v. A second  assumption is 
made that t he  extrapolated zero  power t o  t h e  probe 
occurs  when the  probe is biased  pos i t ive ly  with 
r e spec t  t o  t h e  plasma by a n  amount approximately 
equa l  to the  vol tage  equivalent of t h e  ion  tempera- 
ture. Therefore, i f  we know the  p l a sma  poten t ia l ,  
w e  c a n  obta in  t h e  ion  temperature. So far we have 
not been  ab le  to  see e lec t ron  current sa tura t ion  
occur,  so  tha t  w e  cannot ob ta in  t h e  plasma poten t ia l  
directly from our probe characterist ic.  We can ,  
however, probably make a fairly good es t imate  from 
t h e  observed data. Referring to Fig. 4.8, i t  is 
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s e e n  that t h e  electron current t o  t h e  probe is in- 
c r eas ing  qui te  rapidly with pos i t ive  voltage. From 
phys ica l  considerations t h i s  i nc rease  cannot con- 
t inue  for long. Therefore, t h e  es t imate  is made 
tha t  t h e  plasma potential  must b e  near +200 v. 
T h i s  gives,  then, a n  ion temperature of about 
550 ev. 

T h e  second es t imate  of ion  temperature is b a s e d  
on a calculation involving the  power to  t h e  probe 
and  t h e  net number of charged par t ic les  t o  t h e  
probe, both under ion  sa tura t ion  current conditions. 
T h e  relationship used  w a s  

-- - 
P = n v A E  , (2 ) 

where P is t h e  power measured to t h e  probe, ii is 
t h e  average dens i ty  of charged par t ic les  striking 
t h e  probe surface,  V i s  t h e  average  velocity of t h e  
incoming par t ic les ,  A is t h e  co l lec t ing  sur face  of 
t h e  probe, and E is t h e  average  energy posses sed  
by e a c h  incoming charged particle and g iven  t o  
t h e  probe upon being collected.  Under t h e  con- 
d i t ions  of ion  sa tura t ion  current to t h e  probe, t h e  
product of t h e  first  th ree  terms on t h e  right-hand 
s i d e  of Eq. (2) is simply equal  t o  t h e  ion  saturation 
current J ,  i n  milliamperes, s ay ,  t imes  t h e  number 
of charged par t ic les  required t o  give a current of 
1 ma for 1 sec. If J ,  is in  milliamperes, then  for 
ion  saturation conditions,  Eq. (2) c a n  b e  written as  

- 
P ,  = J,E x 6.25 x 1015 , ( 3 )  

where P,  is t h e  power t o  t h e  probe at t h e  ion  
sa tura t ion  current. From Fig. 4.8 it is s e e n  tha t  
J ,  2 120  m a  and P ,  - 100 w. Using t h e s e  va lues  
i n  Eq. ( 3 )  and making su i t ab le  conversions,  we 
obtain E 2 850 ev. From Fig. 4.8, ion saturation 
is observed to  occur when the  probe is about 100 v 
negat ive  re la t ive  t o  ground, or,  i n  other words, 
when approximately 300 v negative with respec t  t o  
t h e  plasma. T h u s  each  ion  co l lec ted  by t h e  probe 
is acce lera ted  through a potential  of about 300 v. 
When the  300 e v  given to the  ions  e lec t ros ta t i -  
ca l ly  is subt rac ted  from the  thermally observed 
ion mean energy of 850 ev ,  the ca lcu la ted  va lue  
is in remarkably good agreement with the  value 
of 550 e v  obtained above  by the  extrapolation 
procedure. Any power sou rces  to  t h e  probe not 
included in t h e  ca lcu la t ion ,  such  as neutral 
current, recombination, and sputtered copper, 
would, i f  considered, lower t h e  ca lcu la ted  value of 
E. 

% 

- 

T h e  usua l  cri terion - tha t  t h e  voltage equiva len t  
of t h e  electron temperature is equal  t o  tha t  
voltage change on t h e  Langmuir probe required t o  
change t h e  electron current t o  t h e  probe by one  
e-fold - was  used  t o  obta in  t h e  electron temperature 
from t h e  Langmuir probe characterist ics.  S ince  
t h e  s imple  free-fall theory of Langmuir d o e s  not 
apply to probe measurements i n  strong magnetic 
fields,  t he  va lues  obtained may not b e  very 
meaningful. In  t h o s e  cases where only very l i t t l e  
of t h e  electron-current part of t h e  Langmuir probe 
charac te r i s t ic  could b e  obtained, Te w a s  obtained 
b y  sampling only t h e  high-energy t a i l  of t h e  
electron distribution, as shown in  Fig. 4.8. For  
the  smaller probe t h e  resu l t s  obtained i n  t h i s  
manner agreed with t h o s e  obtained i n  t h e  more 
conventional manner (using a semilog plot), when a 
comparison could b e  made. Fo r  t h e  larger probe, 
however, t he  more conventional technique gave  
somewhat higher va lues  of T, . 

From fear of vaporizing a water-filled l i ne  in t h e  
vacuum sys tem the  water-cooled probes were never 
inser ted  into t h e  plasma more than  2 in. It w a s  
found that t h e  floating potential  of t h e s e  probes i n  
both mode I and mode I1 was  pos i t ive  and inc reased  
monotonically from t h e  edge  of the  plasma towards  
the  center. Using the  carbon probes d i s c u s s e d  
below, however, i t  w a s  found tha t  i n  mode I1 (no 
carbon probe measurements were made i n  mode I) 
t h e  polarity of t h e  floating potential  was  reversed 
beyond the  2 '4-h position. T h i s  la t te r  observation 
is i n  quali tative agreement with t h e  resu l t s  of some 
previous work6 which indicated tha t  t he  center  of 
t h e  plasma, a t  l ea s t ,  is near t h e  ca thode  potential ,  
tha t  i s ,  near -20 kv. In any event,  a very s t rong  
radial  e lec t r ic  field seems t o  b e  present  i n  
Burnout V. 

Carbon Probes. - Non-water-cooled cylindrical  
carbon rods, 4 in. long and '18 in. i n  diameter, have  
been  used  t o  look for coherent rf emiss ion  from t h e  
plasma, to inves t iga te  t h e  ax ia l  dependence of 
plasma dens i ty  i n  t h e  vicinity of t h e  midplane, t o  
look at t h e  probe floating potential, and t o  look for 
correlations of any macroscopic activity occurring 

'Igor Alexeff, R. V. Neidigh, and W. F. Peed ,  Therrno- 
nuclear Div. Serniann. Progr. Rept. Oct. 31, 1964, 
ORNL-3760, p. 30; I. Alexeff e t  af., paper t o  be  published 
in the Proceedings of the Culham Conference, Sept. 
6-10, 1965, held a t  Abingdon, Berks., England, Paper  
CN-21/102 (this will  be a n  International Atomic Energy 
Agency publication and probably will  appear as a 
supplement to Nucfear Fusion). 
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in  the  plasma. Unfortunately, t h e  entire 4-cm length 
of all t h e s e  probes was  ac t ive ,  so that some of t h e  
measurements were not a s  definit ive as might b e  
desired. In future experiments all of the  probe 
except  a s m a l l  known sec t ion  will b e  well shielded. 

The  lead-in wire of the  probe used t o  look for 
coherent rf emission of the  plasma was  electro- 
s ta t ica l ly  shielded from the  probe b a s e  t o  the  
oscil loscope. A Tektronix 519 osc i l loscope  w a s  
operated i n  the  s ingle-sweep mode t o  monitor 
s igna l s  de tec ted  by the  probe. In the  range of t h e  
osc i l loscope  (dc to  1000 Mc), only three coherent 
modes were found: a t  approximately 250, 8, and 
4 Mc. Since t h e  high-frequency mode is much 
higher than the  calculated ion cyclotron frequency 
( -20  Mc) and is much lower than  t h e  ca lcu la ted  
e lec t ron  cyclotron frequency or t he  electron plasma 
frequency for a reasonable density,  t h i s  mode is 
tentatively interpreted a s  t he  ion plasma frequency. 
T h i s  implies, then, a plasma density of approxi- 
mately 3 x 1012  ~ m - ~ .  

The  probe used  t o  inves t iga te  t h e  axial  de- 
pendence of t he  plasma dens i ty  in  the  neighborhood 
of the midplane was  on a rotatable conducting 
lead-in rod located a t  t he  midplane, and was  
mounted approximately '4 in. off the  ax is  of the  
rod. In th i s  manner the  probe could, by rotating 
the  lead-in rod, b e  used t o  sample  the  plasma along 
the  machine ax i s  for a d i s t ance  of approximately 
1 in. centered about t h e  midplane. With t h e  probe 
b iased  to  co l lec t  only ions ,  it  was  found that for a 
given depth of penetration in to  the  plasma there 
was  l i t t l e  o r  no variation i n  the  ion saturation 
current t o  the  probe, thus  indicating tha t  t h e  
plasma density was  approximately independent of 
ax ia l  position for a t  l e a s t  '6 in. on both s i d e s  of 
t he  midplane. T h i s  result  was  mildly surprising, 
s ince  the  sputtering pattern on the  inner l iner wall 
h a s  a lways  shown tha t  most of t he  sputtering 
occurs  in  a 1- to  2-cm-wide ring a t  the midplane. 

T h e  average d c  potential  assumed by a floating 
(actually grounded by t h e  standard internal 1- 
megohm osc i l loscope  resistor) probe located at t h e  
midplane was  monitored on an  osc i l loscope ,  a s  a 
function of t h e  depth of penetration of t he  probe 
into the  plasma. As  was  noted above, a t  least in  
mode 11, t he  probe ind ica tes  tha t  a la rge  radial 
electric field e x i s t s  i n  the  plasma, primarily in  
the  f i r s t  l1l2 in. from the  machine axis. Variation 
of the  magnetic field seemed t o  produce l i t t l e  or no 
effect  on the  c r i t i ca l  depth in  the  plasma a t  which 
the  probe floating potential  reversed polarity. 

Two floating (grounded through 1-megohm re- 
s i s tors ) ,  e lec t ros ta t ica l ly  shielded probes, loca ted  
on t h e  midplane but separa ted  some 10  t o  15 c m  in 
azimuth, have been used  to  make correlation 
s tud ie s  in the  plasma. As  ye t ,  however, no con- 
c lus ive  resu l t s  have  been obtained. 

4.1.2 An Optical  System for Studying the 
L ight  in  Burnout V 

Igor Alexeff 

The  s tudy  of the  light emitted from t h e  in s ide  of 
Burnout V is difficult, because  the  observer must 
look into a cylindrical  chamber 7 in. in diameter 
through a long pipe only 2 in. i n  diameter, and 
therefore c a n  see only a small  part of t h e  plasma 
volume. 

T o  obtain a better view of the  plasma, t h e  wide- 
angle  viewing system shown in Fig. 4.9 was  
constructed.  In th i s  sys tem,  a pinhole image of 
t he  plasma is projected onto a field l e n s  system 
formed of three convex lenses .  T h e  field l e n s  
sys tem then projects t he  image of t h e  plasma 
through the  viewing pipe t o  t h e  observer. T h e  
diaphragm with the  pinhole a l s o  s e r v e s  t o  protect 
t h e  l e n s  sys tem from sputtered material. T h e  
l e n s e s  need not b e  achromatic, and in  t h i s  c a s e  
were obtained from simple hand magnifiers. 

Experimental t e s t s  of t h e  sys tem reveal tha t  i t  
works quite well  and projects back almost a wall- 
to-wall image of t h e  plasma. Small ob jec ts  loca ted  
ins ide  t h e  plasma container a re  s e e n  easily.  

Photographs of the  Burnout V plasma i n  both 
mode I and mode I1 operation are shown in  Fig. 
4.10. T h e  circular object i n  t h e  center  of each  
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MODE I MODE I1 
F i g .  4.10. T h e  Plasma in  Burnout V. Mode I :  sharply defined column; bright center - dim elsewhere; IO-kw 

power input. Mode 11: poorly defined column; generol i l lumination rather uniform; 50-kw power input. 

image is a plug fi l l ing a hole 2 in. in diameter on 
the  s i d e  of t he  plasma container opposite t he  wide- 
angle  viewing system. 

4.1.3 Spectroscopy of Burnout I V  

W. B. Pardo7 R. V. Neidigh 
W. F. Peed  

The  distribution of spec t ra l  light from a helium 
plasma described in  t h e  preceding semiannual  
report' is being investigated i n  more detail .  A set 
of narrow-band interference fi l ters,  typically 5 A full 
width a t  half maximum with peak transmission of 
30 to  50%, h a s  been  secured. Six l i nes  of t h e  
neutral spectrum, three  each  of the  tr iplet  and of 
the  s ing le t  series, a s  well a s  two l ines  of t he  
singly ionized spectrum, can  now b e  observed. 
Cross  sec t ions  for excitation of each  of t h e s e  
l ines ,  by a l l  p rocesses ,  for monoenergetic e lec t rons  
interacting with helium g a s  are ava i lab le  from 
published literature. 

Experimentally, t he  plasma is probed l ine  by 
l i ne  with an  optical  scanning assembly cons is t ing  

7Consultant, University of Miami, Coral Gables,  

'I. Alexeff e t  a f . ,  Thermonuclear Div. Semiann. Progr. 

'R. M. St. John, F. L. Miller, and C. C. Lin,  Phys.  

F1 or ida . 
Rept. Apr. 30, 1965, ORNL-3836, p. 36. 

Rev. 134, A888-97 (1964). 

of a lens ,  a filter, a slit, and a multiplier phototube 
mechanically constrained so tha t  a diametrical  
sec t ion  on the  midplane is examined. 

In general ,  for any excitation process ,  

In t h i s  equation, Z x i j  is t h e  total  monochromatic 

intensity emitted by t h e  plasma i n  t h e  zone of 
observation; C ,  is a constant involving only 
geometric factors,  such  a s  the  so l id  angle of t h e  
viewing system; c2 is a constant involving only 
wavelength-dependent factors,  such  as filter 
response  and multiplier phototube sens i t iv i ty ;  ne is 
the  number of electrons per unit volume; n o  is t h e  
number of neutral target atoms; 0.. is the  to ta l  
c r o s s  sec t ion  which resu l t s  in emission of energy 
X for all processes ,  including direct  excitation t o  
the  i th  s t a t e  a s  well as excitation to  higher s t a t e s  
which cascade  so a s  to  contribute to  t h e  population 
of t he  i th  s t a t e  (this c ros s  sec t ion  i s ,  of course,  a 
function of electron velocity distribution); ve is 
the  electron velocity distribution, which for t he  
purpose of t h i s  experiment must b e  assumed. 

A complete s e t  of experimental da t a  for each  
l ine ,  a s  well a s  necessary  calibration data,  have  
been  taken, and the  first evaluation is being made 
at present. No f i rm resu l t s  a r e  available,  but a 
striking difference e x i s t s  between t h e  spa t i a l  
intensity distribution in the  d ischarge  of t h e  

11 
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h = 5015 33P --f z3S (a  metastable  s t a t e )  and t h o s e  
of the  other neutral l ines ;  t he  intensity distribution 
of t he  h = 4686 ion l ine  4lP + 4lS is a l s o  gross ly  
different. 

It is expected tha t  t h i s  experiment will  give 
information regarding electron density,  ion density,  
and electron temperature. 

4.1.4 Hot-Electron Plasma Blanket 

V. J. Meece W. L. Stirling 

Introduction. - The  electron plasma blanket ex-  
periment produces a t  least two separa te  electron 
distributions from a reflex or mode I1 discharge.  
One is a relatively cool distribution having a 
temperature of about 100 ev. The second is a hot 
or x-ray-producing distribution of about 100 kev. 
These  two distributions comprise a plasma blanket 
or annulus  about the  magnetic a x i s  with the  100-ev 
electrons concentrated in the  approximately 2-in.- 
thick,  visible annulus  center.  The  100-kev elec- 
trons a re  distributed both radially inward and 
outward from the  cent ra l  region. Experiments in 
which paddles a re  projected into the  annulus  show 
tha t  one or more p a s s e s  through the  primary d i s -  
charge a re  necessa ry  before the  e lec t rons  a re  
elevated in to  the hot distribution. The  100-ev 
e lec t rons  a re  a lways  present in the annulus.  

Arc Electrode Modifications. - Two major modi- 
f ications have been  made on the  original electrode 
configurations. ' '  Gas  is now fed into the  d is -  
charge from both the  anode, as before, and the  
anticathode. Between 60  and 90% of t h e  gas  is 
fed in to  the  anticathode, depending upon operating 
conditions. Feeding  g a s  in to  the anticathode has  
the des i rab le  effect of increas ing  the electron 
density and improving the  operational s tab i l i ty  of 
the discharge and the  annulus.  

Another important development h a s  been the  
positioning of a sh ie ld  between the anode and 
the cathode in order to  eliminate the d c  power 
lo s ses  which c a u s e  rapid and seve re  erosion of 
the  anode. T h e  sh ie ld  opera tes  a t  cathode poten- 
tial. Proper operation of the  d ischarge  is sens i t i ve  
to the  exac t  location of the  sh ie ld ,  which is a 
'I1 ,-in.-thick, water-cooled copper p la te  with a 

"Thermonuclear Div. Semiann. Progr. Rept .  Apr. 30, 
1965, ORNL-3836, p. 40. 

2 ,-in. hole in to  which the  cathode filament 
projects.  Optimum conditions a re  achieved when 
the '/,-in.-OD cathode is positioned with its e m i t -  
t ing sur face  flush with that s i d e  of the sh ie ld  
facing the  anode. If t he  emitt ing sur face  of t he  
cathode projects through the  aperture in the  sh i e ld  
more than 1 / 3 *  in., the electron density in  the  
annulus  decreases .  If t he  cathode is placed behind 
the  sh ie ld ,  a strong focusing of the back-bombard- 
ing ions  resu l t s ,  which des t roys  the  ca thode  within 
about  '/2 hr. Under proper operating conditions,  the  
cathode l a s t s  through 20 to 30 hr of operating time. 

A second arc has  been  operated in  conjunction 
with the first .  The  e lec t rodes  of the  second arc  
a re  d isp laced  radially 6 in.  from the  magnetic 
ax i s ,  l ike  the  f i rs t .  However, the  two arcs are 
azimuthally 180" apart .  T h e  two a rc s  may be  
operated s imultaneously or separa te ly .  In e i ther  
c a s e  the  background pressure  is about 3 x 
torr. Figure 4.11 shows  a schemat ic  of the ap- 
paratus with both arcs in place.  In addition, 
the  figure shows an inner l iner which will  b e  used  
for a r c  pumping and diffusion experiments.  

There is a n  outer l iner in the  vacuum chamber 
(not labeled in  Fig.  4.11) which c a n  b e  cooled 
with liquid nitrogen. The  outer l iner is perforated, 
and s i n c e  it completely enc loses  the electron 
plasma annulus,  the  cooling se rves  as a n  effective 
cold trap for pump-oil vapors, e tc .  Electron 
dens i ty  h a s  been  increased  by  a factor of 2 to  
3 with nitrogen cooling. However, it is necessary  
to increase  g a s  flow a l i t t le;  otherwise,  t he  power 
delivered to  the  anticathode exceeds  the  present 
cooling rate, thereby caus ing  the anticathode 
to  m e l t .  Gage background pressure  (gage located 
between pump and nitrogen-cooled liner) remains 
a t  about 3 x loe5  torr. 

The  present limitation on electron dens i ty  is 
due to  failure of the  anticathode. The  electron 
dens i ty  inc reases  rapidly with increas ing  a rc  
voltage or decreas ing  g a s  feed. In e i ther  case 
the  failure of the  anticathode determines the  
applied voltage and g a s  feed rate. An an t ica thode  
with five times the  power d iss ipa t ion  presently 
ava i lab le  is being constructed.  

Temperature and Density Measurements. - Tem- 
perature and dens i ty  of the electron plasma have 
been measured by a combination of four different 
methods: (1) x-ray energy distribution and total  
energy emitted,  (2) Langmuir probe, (3) power 
probe, and (4) microwave cutoff experiment. The  
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x-ray measurements were previously described. 
The hot-electron distribution is measured t o  have 
a temperature of about  100 kev  a t  a dens i ty  be-  
tween 10' and l o 9  T h e  low-energy-electron 
distribution h a s  been inves t iga ted  only with the 
probes and microwaves, s i n c e  no x rays a re  de- 
tected on the  sc in t i l l a t ion  spectrometer when a 
paddle experiment removes t h e  hot e lec t ron  d is -  
tribution. 

Tab le  4.3 shows t h e  resu l t s  of a typ ica l  run 
taken from a Langmuir probe posit ioned in the  
throat of the  mirror co i l  on t h e  an t ica thode  end. 
T h i s  probe sees t h e  plasma flowing out through the  
mirror. A cold (background) plasma of 1.9 x 10" 

T a b l e  4.3. Hot -Electron Plasma Blanket  

Measurements in the Mirror with a Langmuir Probe 

1. Background plasma: 

n 

Te = 2.5 ev . 
= 1.9 x 10" cmU3 , 

Basic  Equation Used for Resul ts  Below: 

dN 

dt 
_-  - NeNgove , ffve =: c o n s t a n t .  

2. Tota l  ionizing electrons in blanket 

a t  t = 0: 
n = 1 0 ' ~ c m - ~ .  

3 .  X-ray-emitting electrons (measurements 

i ons  tha t  e s c a p e  radially, and  thus  y i e lds  too  
low a va lue  for the  density.  Using a n  a rea  equa l  
t o  t h e  to ta l  sur face  a rea  of the  plasma, t he  dens i ty  
is found to b e  about  l o ' *  

In part  3 of Tab le  4.3, a ca lcu la t ion  h a s  been  
made for a long-lived component of the ion sa t -  
uration current. T h i s  w a s  done by extrapolating 
the  long-lived component back to zero  time. T h e  
ion sa tura t ion  current a t  t = 0 then y ie lds  t h e  
electron dens i ty  of 5 x 10' S ince  t h e  decay  
of th i s  distribution matched t h e  x-ray decay  af te r  
a r c  turnoff, and s i n c e  the  electron dens i ty  ag rees  
within a factor of 3 with tha t  from the  x-ray energy 
ca lcu la t ion ,  it is assumed tha t  t h e  long-lived 
e lec t ron  group inferred from part 3 is the  x-ray- 
emitt ing group. 

F igure  4.12 shows  three curves  related to  the  
posit ion of the  power probe relative to t h e  annulus.  
Curve 1 s h o w s  t h e  power, measured calorimetri- 
ca l ly ,  delivered to  the  probe i n  a radial  c r o s s  
sec t ion  at midplane. Both a r c s  were on, and t h e  
probe intercepted the  annulus a t  90' from e i ther  
arc.  Curve 2 shows  the  ion sa tura t ion  current 
streaming o u t  t he  mirror i n  a flux tube of the  
annulus 180° from the  power probe. T h e  current 

ORNL-DWG 66-354 
DESIGNATION ORDINATE 

1 A N N U L U S  PROFILE RELATIVE POWER 

2 ION CURRENT m i l l i a m p e r e s  
3 A X-RAY INTENSITY RELATIVE INTENSITY 

extrapolated to  t = 0): 

n = 5 x 10' c m p 3 .  

c m p 3  and 2.5 e v  is present.  A l so  present  a r e  the  
hot and  warm distributions mentioned above. T h e  
dens i t ies  of t h e  la t te r  two a r e  inferred from the  
ion saturation current to t h e  probe. At s t eady  20 

s t a t e  there  is equilibrium between production of 
ions ,  proportional to (DV) for ionization, and  t h e  
loss of ions ,  proportional t o  j x A ,  where j is 
ion current per unit a r ea  to  the  probe and  A is 
area  of plasma. In a previous report, ' '  i t  was  
assumed that all ions move longitudinally through 
an a rea  equa l  t o  the  c ross -sec t iona l  a r ea  of the  0 

annulus.  T h i s  assumption d o e s  not account  for 30 28 26 24 22 20 
PROBE RADIAL POSITION I N  %-in. STEPS FROM AXIS  

"W. L. Stirling e t  a J . ,  "Development of a Hot-Electron 
Plasma Blanket," to be  published in the Journal of 
Nuc Jear Energy, Part  C. 

Fig. 4.12. Measurements on Plasma Annulus with 

Power Probe. 
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probe traversed the  en t i re  radial  ex ten t  of the  
annulus.  The  ion sa tura t ion  current behavior 
shows tha t  t he  presence  of the  power probe lowers 
the  electron dens i ty  of the  annulus by about 30%. 
Curve 3 shows  the  dec rease  of x-ray intensity 
(x rays  originating i n  t h e  plasma annulus) a s  the  
power probe is inserted into t h e  annulus.  

In a typ ica l  run, the  peak power delivered t o  
the  probe is between 600 and 900 w per square  
centimeter of probe area.  A dens i ty  measurement 
of th i s  non-x-ray-producing electron distribution 
may b e  found from the  express ion  

nem2VB 
Power = ~ 

4eB2 
VI I 

i n  which ne is t h e  e lec t ron  dens i ty ,  m is t h e  elec- 
tron mass, e is t h e  e lec t ronic  charge,  V B  is t h e  
magnetic field gradient,  B is the  magnetic field 
strength,  and vl is t h e  electron perpendicular 
velocity. T h i s  express ion  a s sumes  tha t  t he  elec- 
trons drift  i n  the  magnetic field gradient with a 
drift velocity proportional to vf and that t he  energy 
delivered to the  probe per electron is proportional 
to v;. TO ca lcu la t e  ne ,  an independent measure- 
ment of vL must b e  made. One s u c h  measurement 
is the  ca lcu la ted  va lue  of 0.3 msec for t he  decay  
time of the  ion  saturation current to t h e  Langmuir 
probe (Table  4.3, part  2), assuming that t he  decay  
time is t h e  relaxation time for sca t te r ing  the  
trapped e lec t rons  in to  t h e  mirror loss cone. In th i s  
manner the  e lec t ron  dens i ty  is estimated a t  about 
10" a t  the  maximum power posit ion of the  
probe, fall ing to about 10' in  a d i s t ance  of 

in. on e i ther  s ide .  
A probe charac te r i s t ic  was  run on the  power 

probe when positioned at point 23 in Fig.  4.12. 
T h e  charac te r i s t ic  yielded an  electron temperature 
of 100 e v  and a dens i ty  of 2 x 10" ~ m - ~ .  The  
density figure is in  agreement with tha t  determined 
from power considerations,  although the  tempera- 
ture of 100 e v  y ie lds  an  electron dens i ty  of 1 0 l 4  
when inserted in  Eq. (1). 

Observation of the  plasma annulus shows  that 
t he  power probe sweeps  out one  en t i re  quadrant 
of the  annulus.  Thus  the  effective a rea  of the  
probe is not t he  geometrical  c ros s  sec t ion  (probe 
length t imes probe width), but is probe length 
t imes  annulus (or machine) length. T h e  power 
per unit a rea  is now reduced by a factor of 200, 
and thus  a vI given by a n  electron temperature of 

100 e v  y ie lds  a n  electron dens i ty  of l o1 '  ~ m - ~ .  
If one cons iders  t he  decay  of the  ion saturation 

current t o  b e  limited b y  the  time required for ion 
drift out of t he  mirrors, t he  decay  t i m e  is dependent 
on ion temperature rather than electron temperature. 
For a n  ion  temperature of 1 ev ,  the  t rans i t  time 
is about  0.15 msec ,  which is in  good agreement 
with the  measured va lue  of 0.3 msec. 

A microwave cutoff experiment h a s  b e e n  ins ta l led  
in  the  apparatus.  Preliminary resu l t s  show tha t  
t he  dens i ty  is of the  order of 10" through 
a plasma th ickness  of 1 cm.  Thus three independ- 
e n t  measurements - power, probe charac te r i s t ic ,  
and microwave cutoff - give  a dens i ty  va lue  of 
the  order of 10" ~ m - ~ .  

A summary of most of t he  operational modes is 
shown in  Tab le  4.4. The l a s t  semiannual report" 
was  concerned with single-arc operation with the  
?*-in.-ID anode a t  2200 gauss .  A subsequent  
report ' d i s c u s s e s  the  single-arc operation with 
the  5/,,-in.-diam anode. A s  i l lustrated i n  Table  
4.4, very la rge  inc reases  i n  hot-electron dens i ty  
were achieved with smal l  changes in  the  anode  
structure.  Operation at  2200 gauss  and relatively 
low arc  voltage w a s  characterized by the  condition 

V P ' / '  
( 2 )  - = cons tan t  , 

B 

where V is t h e  acce lera t ing  voltage, P is the  
operating pressure ,  and B is the  magnetic field 
strength.  Th i s  express ion  s t a t e s  a condition on 
the  emitted x-ray in tens i ty .  For a given g a s  flow, 
or operating pressure,  t he  voltage and magnetic 
field both could b e  optimized for maximum x-ray 
in tens i ty .  A plot of V P 1 / 2 / B  vs  x-ray intensity 
(where the  optimum values  for V ,  B, and P a r e  
chosen for e a c h  operating point) yielded the  resu l t  
that  V P ' / ' / B  was  a cons tan t  independent of x-ray 
intensity,  o r  hot-electron density.  

It is in te res t ing  to compare th i s  express ion  with 
the  one for the  maximum linear growth rate for a n  
interaction between a beam electron wave and a 
plasma cyclotron wave: 

"Thermonuclear D i v .  Semiann. Progr.  Rept .  Apr.  30,  
1965, ORNL-3836, p. 40. 



T a b l e  4.4 Operational Character is t ics  

Inside Diameter 
of Anode 

Power Input a Electron Density (cmP3) Temperature (kev) F ie ld  Remarks 

(in.) (gauss)  Kilovolts Amperes Hot Warm Hot Warm 

?? 
5/16 

2200 

<goo 

1600 

4500 ,l 

2200 

1600 

800 

Single Arc 

7 0.5 - l o 5  

7 0.5 

23 0.8 

-10' 

- l o 8  

'20 1 - i o 5  

~~ 

- 50 VP'"/B = cons tan t  

- 10'2 --loo 
Minimum B and maximum V 

Minimum P and maximum V 

Double Arc  

7 1.5 < l o 5  50  NO gainb over s ing le  a rc  

23 0.8 -5 x 108 "2 x 1 0 l 2  100 0.1 x 5 (10) gainb over s ing le  a rc  

23 0.7 "-5 x 108 '"4 x 10'2 100 x (40) gain' over s ing le  a rc  

aThe  power inputs l i s t ed  for double-arc operation are for each  arc. 
bGain refers t o  the gain in hot-electron density. 

. b . 



where ab is t h e  plasma frequency in  the  beam, 
w p  is t h e  plasma frequency i n  the plasma, wc is 
t h e  electron gyrofrequency, and 8 is the  angle  
between the  direction of propagation and the  
magnetic field. L e t  u s  compare th i s  express ion  
with (2), remembering tha t  B is proportional t o  
wc.  If t he  plasma dens i ty  is proportional t o  the  
neutral dens i ty ,  a reasonable  assumption, P1 /2 

will  b e  proportional t o  up. T h e  variation of beam 
dens i ty  with applied voltage i n  a reflex d ischarge  
is not known. For V t o  b e  proportional t o  ab, 
the  beam dens i ty ,  nb, must b e  proportional to V 2 .  
(For space-charge-limited current emiss ion ,  nb 
is proportional t o  V . )  Thus ,  t he  experimental 
resu l t s  a t  2200-gauss operation sugges t  that  the  
instabil i ty respons ib le  for electron hea t ing  may 
b e  an  interaction between beam cyclotron and 
plasma cyclotron. 

Double-arc operation h a s  been a t t rac t ive  for 
the  small-inner-diameter-anode, high-arc-power op- 
e ra t ing  conditions. The  warm-electron dens i t i e s  
given in  Table  4.4 a re  those  inferred from probe 
measurements of ion sa tura t ion  current. Fo r  double- 
a r c  operation a t  1600 gauss ,  two va lues  for gain 
a re  given; they differ because  a s ingle  a rc  c a n  b e  
operated in  e i ther  of two ways. When both a rc s  
a r e  operating, i t  is necessa ry  to  feed g a s  into 
both a rcs .  Thus  double-arc operation can  be  
compared with single-arc operation with g a s  fed 
in to  both a rc s  (the va lue  in parentheses) ,  or com- 
pared with s ing le-arc  operation with g a s  fed only 
t o  the  s ing le  operating arc. The  latter single-arc 
operation y ie lds  higher dens i t ies ,  because  of 
t he  lower g a s  loading of the  system. I t  is not 
c lear  why s u c h  la rge  gain factors are observed. 
Assuming tha t  t he  hot e lec t rons  a re  heated s to -  
chas t i ca l ly  upon pass ing  through the  main d is -  
charge  column each  revolution around the  annulus,  
two arcs would a t  most double the  number of 
drifting e lec t rons  and double t h e  number oi  p a s s e s  
through the  acce lera t ing  fields e a c h  revolution. 
Thus ,  two a r c s  would inc rease  the  dens i ty  by no  
more than 2(2)'". 

On one  occas ion ,  the  double-arc high-density 
mode was  operated at  2100 gauss .  At present 
t h i s  type of operation is difficult, but it is believed 
that t h e  new high-power-dissipation an t ica thodes  
will  fac i l i t a te  achiev ing  s t ab le  operating condi- 
t ions  at higher magnetic fields.  
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4.2 F U R T H E R  S T U D Y  OF IONIC SOUND WAVES 

Igor Alexeff W. D. Jones  

Not a grea t  dea l  of work h a s  been done on ion ic  
sound waves during the  period covered by t h i s  
report. We have made preliminary measurements 
of g a s  damping of the  waves and have  found a 
new, more sens i t i ve  detector of t h e  waves .  We 
have  also reconfirmed some of our previous re- 
su l t s .  Fo r  example, we have  reinvestigated the  
va lue  of the  ad iaba t ic  compression coefficient,  y ,  
of the  plasma electron g a s  and have  reconfirmed 
that t h e  valve of y is unity.14 Recently we have 
presented a general  summary of the  r e su l t s  of our 
study of t he  properties of ion ic  sound waves  a t  
an  international conference,  ' t he  proceedings of 
which a re  to b e  published. 

4.2.1 Gas Damping 

The g a s  damping w a s  s tudied  under conditions 
similar t o  those  previously described. ' In t h e s e  
experiments,  however, the  usua l  f la t  d i sk  emitter 
probe was  replaced by a spher ica l  one 2 .5  cm in  
diameter. T h e  probe arrangement is shown s c h e -  
matically i n  F ig .  4.13. For  e a c h  background g a s  
pressure (measurements have been made only i n  
xenon) a s e r i e s  of photographs was  taken  of t h e  
detector probe response for various separa t ions  of 
the  emitter and detector probes.  From t h e s e  
photographs we could not only measure the  relative 
amplitudes of t he  received ion wave s igna l s ,  but 
we could also determine the  wave velocity and 
the  combined th ickness  of the  probe s h e a t h s  in  a 
manner descr ibed  previously. ' 

Since the  emitter probe is spherical ,  i t  behaves  
l ike a point source  for ion waves ,  so  that t he  
dec rease  in ion wave s igna l  due to geometry obeys  
a l / r 2  dependence, where (see Fig.  4.13) r is the  

l3Igor Alexeff and W. D. Jones,  Thermonuclear Div. 
Semiann. Progr. Rept.  Apr. 30,  1965, ORNL-3836, p. 45; 
Bull. Am. Phys .  S O C .  10, 509 (1965), papers GH9 and 
GH10. 

141gor Alexeff and W. D. Jones,  Phys.  Rev .  Le t te rs  
15, 286 (1965). 
"W. D. Jones  and Igor Alexeff, Seventh International 

Conference on Phenomena in Ionized Gases ,  Belgrade, 
Yugoslavia, Aug. 22-27, 1965, paper 4.4.2.(7) (to be 
published in the Proceedings). 
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Fig. 4.13. Probe Arrangement for Making Gas Domp- 

ing Measurements. 

dis tance  from the  point source  to  the  point a t  
which the  wave amplitude is measured. Therefore 
the  “geometrical damping” of the ion waves  c a n  
b e  taken into consideration eas i ly .  The technique 
used  here was  multiplication of the measured 
value of e a c h  amplitude by i t s  corresponding 
rz.  It was  then  assumed tha t  any  amplitude de- 
c rease  remaining af te r  t h i s  correction for l / r 2  
losses was  due  t o  g a s  damping. 

Figure 4.14 shows some typica l  resu l t s .  Here 
the  measured ion-wave-signal amplitudes,  corrected 
for l / r z  losses, have been plotted aga ins t  r’, t he  
ac tua l  propagation d i s t ance  in the  g a s  for ion  
waves emitted and de tec ted  a t  the shea th  e d g e s  
(see Fig. 4.13). I t  is s e e n  from the  figure tha t  
after l / r 2  losses have been  taken in to  consider- 
ation there remains a damping having an  e-folding 
d is tance  of approximately 8 cm.  In determining 
r from the  known separa t ion  d of the  two probes, 
it was  assumed tha t  t he  two probe s h e a t h s  were 
of equa l  th ickness .  Th i s  assumption, even  if  
incorrect,  does  not introduce se r ious  error as  long 
as d is somewhat larger than the  total  shea th  
th ickness  (w 1 cm for the  da t a  of Fig.  4.14). No 
s u c h  assumption w a s  required to determine r ’ ,  
s ince  i t  was the  combined s h e a t h  th ickness  which 
had t o  b e  considered. 

If the  above damping is assumed to  b e  due to  
ion-neutral co l l i s ions ,  the  observed damping c a n  
b e  compared with tha t  expec ted  theoretically.’  
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Fig. 4.14. Gas Damping o f  Ionic Sound Waves Prop- 

agating i n  a Weakly Ionized Xenon Plasma. 

For  the  case of w real  and k complex (“space 
damping”), i t  was  found tha t  the  damping factor 
was  given by1  

For k r ea l  and w complex (“time damping”), t he  
damping factor was  given by16 

d.f. = e x p  (-2 f )  

In t h e s e  equat ions  vc is t h e  ion-neutral co l l i s ion  
frequency, w is the  ion-wave angular frequency, 
v,, is the  wave phase  velocity for wc << o, and x 
and t a r e  the  wave propagation d i s t ance  and 
propagation t ime respectively.  From the  two 
equat ions  it is s e e n  that t he  s p a c e  damping is 
dependent upon wave frequency, whereas  the  time 
damping is not. A point t o  note,  however, is that 
for vc << o t he  two damping equat ions  become 

. 

equal.  On t h e  o ther ’hand,  for vc >> w t he  s p a c e  
damping becomes insignificant compared with the  
time damping. In our experiments,  the  lowes t  w 

161gor Alexeff and W. D. Jones, Thermonuclear Div. 
Semiam. Progr. Rept. A W .  30, 1964, O R N L ~ ~ ~ ,  p. 56.  
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I 

present i n  the  pu l se  was  la rge  compared with 
vc, so  the  two damping equat ions  a re  similar. 

If we a s sume  that only time damping is present,  
we c a n  write 

. 

or 

VC In A = -- x + cons t  , 
2% 

(4) 

where A is t h e  ion-wave s igna l  a t  time t and A ,  
is the  amplitude at t = 0. Replacing vc by 1.23 x 
lO4p,I6 where p is i n  p Hg, and v, by the  experi- 
mentally determined va lue  of 9 x lo4 cm/sec, 
we obtain 

P 

14.6 
l n A = - -  x + cons t  . (5) 

Thus ,  from the  s lope  of a plot of In A v s  x, we 
c a n  obtain t h e  background g a s  pressure p from the  
relation 

where (In A , ,  x 2 )  and (In A , ,  x,) a re  arbitrary 
points on the  experimental  curve. For the  resu l t s  
shown in  F ig .  4.14, Eq. (6) gives a pressure of 
approximately 2 p Hg. The  reading of the  system 
vacuum pressure  gage  was  approximately 1 ,Y Hg; 
however, t h i s  is an uncertain region for o u r  gage ,  
so  the  recorded pressure  reading may b e  somewhat 
i n  error. Thus,  
b e  in  agreement 
ments. 

4.2.2 A 

experiment and theory seem to  
for t hese  preliminary measure- 

New Ion-Wave Detector 

If the  large flat  de tec tor  probe shown i n  Fig.  
4.13 is replaced b y  a shor t  thin wire which can  
b e  heated t o  incandescence ,  a n  interesting phe- 
nomenon is observed. With no heating current 
pas s ing  through the  wire, t he  wire behaves as  a n  
ordinary ion-wave detector.  If, however, the wire 

I 

Fig.  4.15. Enhanced Sensitivity of an Emitt ing Probe 

(Upper Trace; 1 v/cm) over a Nonemitting Probe (Middle 

Trace;  0.05 v/cm) for Detect ion of Ionic Sound Waves 

Generated by Step-Function Driving Voltages (Bottom 

Trace; Negat ive  Step a t  0 p e c  and P o s i t i v e  Step a t  

250 psec). Sweep speed = 50 psec/cm. Note  that 

whereas the  emitting probe i s  much more sensit ive to 

the ion-wove signals (ot "100 and 3 5 0 p s e c )  i ts  sen- 

s i t iv i ty  for the directly coupled signals (at  " 0  and 250 
p e c )  i s  apparently not enhanced. 

is heated to  the  electron-emitting point, i t s  s ens i -  
t ivity a s  an  ion-wave detector is greatly enhanced. 
The  inc rease  in  s igna l  amplitude with the  probe 
i n  the  emitt ing condition over that  i n  the  non- 
emitting condition is observed to  b e  about a factor 
of 40. The  two upper t races  i n  F ig .  4 .15  show 
typically the  relative sens i t iv i ty  of the  detector 
i n  the  emitt ing and nonemitting conditions for ion 
waves generated b y  step-function driving vol tages  
(bottom trace).  Much of the  noise s e e n  on the  
upper t race  originated i n  the  filament current 
transformer, although some of the  observed in- 
c r e a s e  i n  no i se  seems to  b e  inherent i n  the  emit- 
t ing  probe. 

ionic sound 
waves were propagated directly between the  anode 
and the  hot cathode. At that time it w a s  postulated 
that the  ca thode  was  ac t ing  as a de tec tor  by 
having i t s  space-charge  shea th  perturbed by the  
arriving ion wave, thus  giving r i se  t o  a large 

In our ear l ie r  time-of-flight work, 

"Igor Alexeff and W. D. Jones ,  Thermonuclear D i v .  
Semiann. Pro&. R e p t . A p r .  30, 1963, ORNL-3472, p. 45; 
Compt. Rend. Conf .  Zntern. Phenomenes Zonisation Gaz, 
6e ,  Paris, 1963, vol. 111, p. VI 36.  

c 
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momentary increase  in  e lec t ron  emission. Although 
further work will  b e  necessary  to  demonstrate  t h i s  
conclusively,  the preliminary behavior of th i s  new 
hot-cathode detector sugges t s  tha t  the original 
hypothesis may be correct. 

4.3 MOVING STRIATIONS PRODUCED BY A 
SIMPLE THERMAL INSTABI LlTY 

Igor Alexeff 

One of the  more interesting unsolved problems 
in physics is the  nature of moving s t r ia t ions  in 
cylindrical  d i scharge  tubes.  
we described an  equation tha t  predicts the velocity 
of t h i s  wavel ike phenomenon. In th i s  report, we 
d i scuss  a poss ib le  driving mechanism for the  
s t r ia t ions .  

One c lue  t o  the  source  of moving s t r ia t ions  is 
tha t  they tend to occur  only in  cer ta in  g a s e s  - for 
example, argon, krypton, and xenon. Other gases  - 
for example, mercury vapor and cesium vapor - 
are remarkably striation free. If one s tud ie s  the  
two s e t s  of gases ,  one  finds tha t  for the  first  s e t ,  
t he  sca t te r ing  c r o s s  sec t ion  for e lec t rons  on g a s  
atoms is a rapidly increasing function of energy 
in the  region of in te res t ,  while for the second 
s e t ,  i t  is a decreasing function of energy. That  
th i s  sca t te r ing  c ros s  sec t ion  variation with elec- 
tron energy c a n  c a u s e  ins tab i l i ty  or s tab i l i ty  is 
eas i ly  understood if  one  cons iders  the production 
and l o s s  of heat i n  a loca l  sec t ion  of the  d is -  
charge tube. 

The production of hea t  per unit  volume is given 
by j2/ue,  where j is the  current dens i ty  (a cons tan t  
in a discharge tube which is generally fed through 
a series resistor) and ue is the  electrical conduc- 
tivity. The  value of ue can  b e  written a s  e2n /  
2mevNas, where e is the electron charge,  n is 
the electron density,  me is the  electron mass ,  v is 
the mean electron velocity,  N is the  neutral g a s  
density,  and us is t h e  electron-atom sca t te r ing  
c ros s  s e c t i o n . l g  Thus ,  if us i nc reases  rapidly 
with electron energy, the hotter a hot spot  in the  
discharge tube, the  more power will  b e  d iss ipa ted  
in that spot .  Conversely,  the cooler the spot ,  
the less power will  b e  d iss ipa ted  there. Thus,  

In previous work, 

181gor Alexeff and W. D. Jones,  Thermonuclear Div. 
Semiann. Progr. Rept.  Apr. 30, 1964, ORNL-3652, p. 56. 

"G. Joos,  Theoretical  Phys ic s ,  2d ed., pp. 445-47, 
Hafner, New York, 1950. 

T o b l e  4.5. T h e  E x i s t e n c e  of the Thermal Instabi l i ty  

in Various Gases 

Average Electron Stabil i ty Striation 

Gas Temperature (ev) Prediction Production 
~ 

He 3 Stable Difficult 

Ne 1 Indefinite E a s y  

AI 1 Unstable E a s y  
Kr 1 Unstable Easy  

Xe 1 Unstable Easy  
Hg 1 Stable Difficult 

cs 0.2 Stable Not observed 

the  fact  tha t  us i nc reases  rapidly with energy 
sugges t s  tha t  a n  ins tab i l i ty  can  result .  

The  ins tab i l i ty  i s  enhanced i f  one cons iders  
t h e  effect of thermal conduction of the e lec t rons  
from the hot spot  to  cooler parts of the tube.  The  
thermal conductivity uT is given by knv/2Nus, 
where k is Boltzmann's cons tan t  and the  other 
quant i t ies  a re  defined a b o v e . l g  We see that if 
us i nc reases  rapidly with electron energy (a 
condition which has  been shown t o  c a u s e  more 
hea t  to b e  depos i ted  i n  a hot spot), then the  
thermal conductivity decreases, and a hot spot  
tends to  become i so la ted  from the cooler regions 
of the d ischarge  tube.  Thus ,  the variation of 
thermal conductivity with temperature enhances  
the  thermal instabil i ty.  

Of course ,  i f  us dec reases  with increas ing  
electron energy, the  above arguments can  b e  
inverted,  and a s t a b l e  discharge is then predicted. 
The  predictions of t he  above ins tab i l i ty  model are 
compared with the  resu l t s  of many experiments,  
described in  the  l i terature,  i n  Tab le  4.5, and 
reasonable  agreement is found. 

4.4 SIZE RESTRICTION ON LANGMUIR PROBES 

Igor Alexeff W. D. Jones  

A s  a consequence  of the s tud ie s  of the  ionic 
sound wave velocity,  described previously, ' O - '  

"Igor Alexeff and W. D. Jones ,  Thermonuclear Div. 
Semiann. Progr. Rept.  Apr. 30, 1965, ORNL-3836, sect .  
4.2, p, 45. 

"Igor Alexeff and W. D. Jones ,  Phys .  Rev. Le t te rs  
15, 286 (1965). 
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we carefully s tud ied  the  Langmuir probe as a tool 
for measuring e lec t ron  temperature. We found tha t  
Langmuir probes having a la rge  a rea  gave  r e su l t s  
that  d i sagreed  both with the  ion-wave velocity 
measurements and  with what was  expected. For  
example,  t he  large probes indicated that t he  
plasma potential  corresponded to  anode potential ,  
although logically one  expec t s  the  plasma poten- 
tial t o  b e  seve ra l  vo l t s  more posit ive than anode  
potential .  

The  d iscrepancy  is resolved i f  one remembers 
that the  plasma i n  the  d ischarge  tubes  is remark- 
ab ly  no i se  free.  Therefore,  t he  plasma e lec t rons  
thermalize a t  the  very s l o w  rate given by co l l i s ion  
processes .  Consequently,  Langmuir probes used  
to measure the  e lec t ron  temperature must b e  qui te  
smal l  i n  a rea ,  or else they drain away the  plasma 
e lec t rons  so  rapidly tha t  t he  equilibrium energy 
distribution is distorted.  The  c r i t i ca l  size of 
the  probe c a n  b e  computed from the  following 
inequality.  The  probe current i (e lec t rons /sec)  
must b e  much lower ( say  by a factor of 10) than 
n V / r ,  where n is the  electron density i n  the  
d ischarge  tube,  V is the  volume of the  tube,  and 
Tis the  relaxation t i m e z z  for the  plasma e lec t rons .  

4.5 PLASMA DECAY TECHNIQUE FOR 
MEASURING PLASMA DENSITY IN 

DISCHARGE TUBES 

Igor Alexeff J .  Lohr 

A s  d i scussed  in the  preceding sec t ion ,  a Lang- 
muir probe cannot  b e  too large,  or i t  will  drain 
away the  plasma e lec t rons  so  rapidly tha t  t he  
equilibrium distribution of p l a s m a  e lec t rons  will 
b e  distorted.  However, i n  d i scharge  tubes  of 
smal l  volume (a few l i te rs )  and low dens i ty  (10’ 
or lower), the Langmuir probe cannot b e  too  small, 
or i t s  phys ica l  dimensions will  become smaller 
than the Debye radius.  Under th i s  operating 
restriction, t he  charac te r i s t ic  Langmuir probe 
curve is not obtained, and va lues  of electron 
temperature and dens i ty  a r e  difficult t o  obtain. 

To measure dens i ty  i n  the  low-density regime 
where Langmuir probes a r e  unsatisfactory,  a 
plasma decay  technique was  developed. In th i s  

“Lyman Spitzer, Jr., Phys i c s  of Ful ly  Ionized Gases ,  
2d ed., p. 131, Interscience,  New York, 1962. 

technique, a negatively b iased  p la te  a t  the  wall 
of a spher ica l  d i scharge  tube co l lec ts  the  ions  
that flow radially.  To make a measurement, t he  
power supply  t o  the  d ischarge  tube is turned off, 
and the  total  number of ions ,  N ,  reaching the  p la te  
from the decaying plasma is measured. Knowing 
the  a rea  of the ion collector,  a ,  the  average  ion 
dens i ty ,  ii, i n  the  tube is e a s i l y  s e e n  to  b e  Ti = 

AN/aV,  where A i s  t he  a rea  of the  wall  and V is 
the  volume of the  d ischarge  tube. From T i ,  the 
dens i ty  of ions  a t  any point in the  tube is e a s i l y  
found if t he  relative dens i ty  profile is known. T h e  
relative dens i ty  profile can  b e  computed theoreti- 
ca l ly ,  found experimentally by measurements of 
ion saturation current t o  a Langmuir probe, or 
extrapolated to  low plasma dens i t ies  from meas- 
urements made a t  high plasma dens i t i e s  by ordinary 
Langmuir probe techniques.  

In th i s  plasma decay  technique, ion recombina- 
tion losses a re  not expected t o  be  se r ious  for g a s  
pressures  below severa l  millimeters of mercury. 
T h e  technique is qui te  similar t o  the  “plasma 
sweeper” method used  earlier i n  a magnetic 
field.  

4.6 SIMPLE MOMENTUM PROBE FOR PLASMA 
STUDIES, PART 1 1 ~ ~  

Igor Alexeff D. Montgomery’ 
W. D. Jones  Mozelle Rankin 

4.6.1 Introduction 

Theore t ica l  work on the  momentum probez5  h a s  
continued. In t h e s e  ca lcu la t ions ,  we inves t iga te  
what happens i f  both t h e  e lec t r ic  field and the  
magnetic field surrounding a current-collecting 
wire a r e  varied. T h e  r e su l t s  a r e  quite interesting, 
although not derived in a completely cons is ten t  
manner. 

z3M. J. Mulcahy and J. J. Lennon, Proc. Phys .  SOC. 
(London) 80, 626 (1962). 

241g0r Alexeff and R. V. Neidigh, Eng.  Aspec ts  
Magnetohydrodyn., Proc.  Symp., 3rd, Rochester,  N . Y . ,  
1962, p. 141 (1964). 

z51g0r Alexeff, W. D. Jones, D. Montgomery, and 
Mozelle Rankin, Thermonuclear Div. Semiann. Progr. 
Rept. Oct. 31, 1964, ORNL-3760, p. 36. 

z6Consultant, State University of Iowa, Iowa City. 
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T h e  momentum probez5  is simply a bare  wire 
placed in t h e  plasma. When a high current is 
passed  through the  wire, it  is surrounded by a 
magnetic field that t e n d s  to deflect  charged 
par t ic les  away from the  wire, as  shown in  Fig. 
4.16. T h e  current of charged par t ic les  reaching 
t h e  wire as a function of magnetic field g ives  
information about t h e  momentum distribution of 
t h e  charged particles.  Thus the  information ob- 
tained differs from tha t  of t h e  Langmuir probe, 
which s tud ie s  the  energy distribution of the  
charged particles. 

When combined with e lec t ros ta t ic  biasing, t h e  
momentum probe becomes a very versa t i le  tool. 
Fo r  example, a posit ive b i a s  on  t h e  probe sup- 
p r e s s e s  secondary electron emiss ion ,  yet t h e  
magnetic ana lys i s  s t i l l  c a n  b e  performed, Thus ,  
t he  probe possibly c a n  b e  used  while incandescent 
in,  for example, a cesium mach ine Iz7  or c a n  b e  
used  in the  presence  of an  energe t ic  high photon 
flux. 

4.6.2 Theoret ica I D i s c u s s  ion 

T h e  b a s i c  equation governing t h e  magnetic be- 
havior of the  momentum probe c a n  b e  written as 
follows: 

mvc 

erw In (rc/rw) 
B =  ( 1) 

Here B is the  magnetic field (gauss )  a t  the  sur face  
of the  probe required jus t  t o  prevent t hecha rged  
particle from reaching t h e  probe, m is t h e  mass  of 
the  particle (g), and v is the  velocity of the  par- 
t i c le  (cm/sec). We have  assumed that t he  particle 
init ially is directed normally toward t h e  wire, and 
that there is zero e lec t ros ta t ic  potential on  t h e  
wire. The cons tan t  c is the  speed  of light (cm/ 
sec), e is the  charge of t he  particle (esu),  rw  is 
the  radius of the  wire (cm), and rc is the  e f fec t ive  
range of the  magnetic field (cm) d i scussed  below. 
Note how the  magnetic field given by Eq. (1) 
depends on t h e  product of mv, that  i s ,  on the  
momentum of the  particle. 

T h e  range rc of the  magnetic field under vacuum 
conditions corresponds t o  tha t  d i s tance  from the  

probe a t  which the  magnetic field drops off fas te r  
than  t h e  r- dependence of a s t ra ight  wire. If t h e  
probe is a wire loop, rc is about twice  the  loop 
radius.  Beyond th is  d i s t ance  the  magnetic field 
begins t o  drop with the  r-’  dependence of a dipole. 

In a plasma, t h e  va lue  of rc c a n  b e  modified 
drastically.  A magnetic field s t rong  enough t o  
deflect  i so la ted  e lec t rons  may not b e  strong enough 
to def lec t  ions, s i n c e  the  ions  may have  much more 
momentum. Therefore, t he  ions  drag  e lec t rons  
with them a c r o s s  the  magnetic field, as  was  
pointed out t o  u s  by J. L. Tuck of Los Alamos.28 
Experimentally, as is shown below, we find tha t  
r corresponds to t h e  Debye d i s t ance .  T h i s  occurs  
because  a t  approximately one  Debye d i s t ance  from 
t h e  wire the  restriction that t h e  plasma b e  electri-  
ca l ly  neutral  b reaks  down, and the  e lec t rons  must 
force their  way a c r o s s  t h i s  narrow gap without 
he lp  from the  ions. 

T h e  s imple  equation, Eq. (l), g ives  remarkably 
good order-of-magnitude resu l t s  when applied t o  
plasma measurements. If v is assumed t o  b e  
equal  to (2kTem-1)1’2, where k is Boltzmann’s 
cons tan t ,  T e  is t h e  e lec t ron  temperature, and m 
is t h e  electron mass ,  Eq. (1) is found to g ive  
approximately t h e  va lue  of magnetic field required 
to reduce  t h e  electron current t o  e-l of i t s  value 
at zero  field. 

However, to find a more accu ra t e  equation than  
Eq. (1): we must a s sume  that t h e  undisturbed 
charged par t ic les  beyond t h e  magnetic field cut- 
off rc have  a Maxwellian distribution and a r e  
moving i n  random directions.  W e  must then so lve  
for t he  flux of par t ic les  reaching t h e  wire. W e  
have  been ab le  to  so lve  th i s  problem for arbitrary 
magnetic f ie lds  and arbitrary e lec t ros ta t ic  poten- 
t i a l s  on t h e  wire. Unfortunately, t h e  so lu t ions  
cannot  b e  obtained in  ana ly t ic  form,  but must b e  
found by digital  computer. We do not have suffi- 
c i en t  s p a c e  here t o  d i s c u s s  the  mathematical  de- 
t a i l s  of the  solution. However, t he  result ing b a s i c  
equation is shown below: 

27L. Enriques and F. Magistrelli,  Rev. Sci. Instr. 

28Private communication, 1964. 

35, 1708 (1964). 
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where 

a = -2 

J Y  * + 2 ~ z  - A' + AC 
- 

B 
P =  

q = - 4 - 2 A z  + A ' -  AC , 

B = (rC/rw)' - 1 , 
' m e  [V(rc)  - V(r ) 1 

C =  
[ ( e / c )  Bwrw In (rc/rw)l ,,/me ' 

In th i s  equation, t he  integrals  are evaluated over 
all regions where the  radicals  i n  t he  l imits  a r e  
real. T h e  variable i is the  received current (esu), 
r is the cutoff radius of t he  magnetic field (cm), 
I is the length of t he  probe (cm), no  is the  un- 
perturbed electron densi ty  (cm-3), e is the  elec- 
tron charge (esu), k is Boltzmann's constant  
(ergs/'K), T e  is the  electron temperature (OK), 
rn is the  electron mass  (g), c is the  speed  of l ight 
(cm/sec), B w  is the  magnetic field a t  t he  surface 
of the  wire (gauss), rw is t h e  radius of t he  wire 
(cm), and V and V a re  the  plasma potential  

beyond rc  and the  potential  on  the  wire, re- 
spect ively (statvolts). If t h e  magnetic field is 
allowed to  go to  zero, and i f  t h e  constant  B is 

( r c )  ( r w )  

CHARGED PARTICLE 
IS REPELLED 

ORNL- DWG 64- 11764 

X ,+MAGNETIC FIELD 

W 

Fig. 4.16. P r i n c i p l e  of Momentum Probe. A w i re  

carry ing o la rge  current de f lec ts  charged par t i c les  away 

from the wire. 

s m a l l  (which corresponds to  the  shea th  being 
small compared with the  wire radius), a limiting 
procedure shows that t h e  tr iple integral  yields  the  
classical Langmuir probe curve. 
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Fig. 4.17. Computed Momentum Probe Response. The 
var iobles are as  fo l lows: j i s  electron current densi ty 

(amp/crn ), n o  i s  electron densi ty ( ~ m - ~ ) ,  e i s  the 

electron charge (coulombs), k i s  Boltzmann's constant 

(ergs/ev), T e  i s  electron temperature (ev), rn i s  the 

electron mass (g), c i s  the speed o f  l i g h t  (crn/sec), Bw 
i s  the magnet ic f i e l d  at t h e  surface o f  the w i re  (gauss), 

r i s  the radius of the w i r e  (crn), and r i s  the ef fec- 

t i v e  range (cm) o f  the magnet ic f i e l d  measured from the 

center o f  the  wire. 
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Computer so lu t ions  for two different magnetic- 
field cutoff d i s t ances  are shown in Fig. 4.17. In 
th i s  case we have assumed tha t  t he  probe is a t  
plasma potential. The  current dens i ty  of charged 
par t ic les  t o  the  probe, in reduced units,  is plotted 
as a function of magnetic field,  a l s o  in reduced 
units. The  surprising feature of the  two reduced 
curves is that they almost coincide.  T h e  curve 
r /rw = 1.05 corresponds t o  a magnetic she l l  ex- 
tending only 5% further than t h e  radius of the  
wire - in other words, t o  t h e  case of plane ge- 
ometry. The  curve rc/rw = 100 corresponds to  
cylindrical  geometry. Thus  the  momentum probe 
essent ia l ly  h a s  only one  free variable,  the  re- 
duced magnetic field A .  We a l s o  computed s i x  
other curves having rc/rw between the  above ex- 
treme values,  and all the  resultant curves fell be- 
tween those  given in Fig. 4.17. 

Curves showing the  momentum probe’s magnetic 
analysis,  when b iased  t o  various e lec t ros ta t ic  

ORNL-DWG 65-8629A 
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Fig. 4.18. Momentum Analysis  Holding the Electro- 

static Potent ia l  Constant. T h e  reduced voriables A,B,C 
ore those used in Eq. (2). Here, r = l . l r w .  T h e  re- 

duced current i s  the integral of Eq. (2) not multipl ied 

by the constant a. B = 0.21. 

potentials,  are given in  Fig. 4.18. Note tha t  
when the  probe is b iased  strongly posit ive (to pre- 
vent secondary electron emission, for example), the  
magnetic field is s t i l l  ab le  to  perform a good 
ana lys i s .  To derive these  curves we have  made 
the  assumption that both t h e  e lec t r ic  and the  mag- 
netic fields act  over a d i s tance  of only one Debye 
length. Th i s  assumption should b e  checked both 
by experiment and perhaps by a more complete, 
self-consistent theory. However, we feel that the 
curves  in Fig. 4.18 probably do  show the general 
behavior of the  momentum probe. 

Curves showing the  e lec t ros ta t ic  ana lys i s  of t he  
momentum probe for various cons tan t  va lues  of 
magnetic field are given in Fig. 4.19. Note how 
the  curves  approach those  of a conventional 
Langmuir prove as the magnetic field is decreased 
toward zero. 
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Fig. 4.19. Energy Analysis  Holding the Magnetic 

F i e l d  Constant. T h e  reduced voriobles A,B,C ore those 

used in  Eq. (2). Note thot as the magnetic f ie ld  goes 

toward zero, the  curves approach the Longmuir probe 

form. Here, r = l . lrw. T h e  reduced current i s  the 

integral of  Eq. (2) not mul t ip l ied by the constant a. 
B = 0.21. 
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4.7 E X P E R I M E N T S  IN LOW-FREQU ENCY 
I N S T A B I L I T I E S  IN C O L D  PLASMAS 

4.7.1 Gas Arc Fac i l i ty  

H. C. Hoy N. H. Laza r  
T. H. Rayburn 

Studies of the  macroscopic cross-field m a s s  
motion (“fluting”) from t h e  hydrogen a rc  have  
continued. As  was  descr ibed  previously, probe 
s i g n a l s  of either ion or electron current or f loating 
potential  show nearly exac t  de ta i led  correlations 
when probes are d i sp l aced  axially along a flux 
l i ne  some d i s t ance  radially from t h e  arc column. 
When t h e  probes a re  d i sp l aced  either radially or 
azimuthally, t h e  correlation becomes less exac t ,  
although a c lear  time de lay  is evident which may 
b e  related to  the  velocity of t h e  flute, T h e  in- 
e x a c t n e s s  of correlation of de ta i l  and the  non- 
reproducibility i n  t h e  pu l se  s h a p e  from pu l se  to 
pulse ,  as well a s  between time-related pulses ,  
point t o  a turbulent nature of t h e  f lu te  rather than 
t o  a plasma clump moving in  a rigid, coherent 
manner. Despi te  t h i s  apparent turbulence, t h e  
width of t he  flute, as  determined from the  time for 
t he  pu l se  to fall  and the  velocity,  is not much 
different at 5 c m  from what it is a t  2 c m  - i n  some 
cases with a variation by factor of 10 i n  velocity. 
T h i s  behavior i s  s t i l l  not understood. 

T h e  gas a rc  facil i ty magnetic field h a s  been 
modified by the  addition of a coil pair  ins ide  t h e  
usua l  mirror pair i n  order t o  b e  ab le  to produce a 
radial  minimum in the  magnetic field on t h e  ax is .  
Prev ious  resu l t s  showed s u c h  a geometry may pro- 
d u c e  an  apparent s tab i l iz ing  effect on the  flutes.30 

29Thermonuclear Div. Semiann. Progr. Rept. Oct. 

30Thermonuclear Div. Semiann. Progr. Rept. Oct. 

31,  1963, ORNL-3564. p. 63. 

31, 1964, ORNL-3760, p. 49. 

T h e  magnetic field from the  coil sys t em was  
measured (Fig.  4.20) and is in  agreement with t h e  
ca lcu la t ions  carried out for u s  by Mozelle Rankin. 
In  l i ne  with our concep t s  of the  “{dZ/B” stabil i-  
zation of the  a rc  in t h e  earlier experiments,  t h e  
va lues  of 1 dl V B / B 2  were ca lcu la ted  for t he  
s imple  mirror and for severa l  va lues  of t h e  booster 
coil currents. T h e  r e su l t s  for t h e  highest-current 
case (minimum B )  i n  Fig.  4.20 a re  shown in  Fig.  
4.21 for t he  flux l i ne  through the  ca thode  (r = 
1 cm). It may b e  noted that with the  booster coils, 
{ dl V B / B  reaches  a va lue  greater t han  tha t  with 
a short  arc in a simple mirror (although there  re- 
main some smal l  negative-gradient regions) and 
t h e  absolu te  magnitude, if normalized to t h e  cent ra l  
f ield value,  is considerably larger than that with 
the  s imple  mirror. 

Experiments were carried out on t h e  midplane 
with t h e  same  type of probes used  earlier,  and 
f luc tua t ions  which c a n  only b e  interpreted as 
f lu tes  a r e  s e e n  a t  nearly all radii. 

When t h e  saturation ion current t o  t h e  probe w a s  
examined as a function of radius,  t h e  curves  shown 
in  Fig.  4.22 were obtained for various booster coil 
current se t t ings .  Fo r  each  field s h a p e  except  one, 
t h e  sa tura t ion  current fell exponentially with rad ius  
over more than a decade. When t h e  f ie ld  s h a p e  
(maximum booster co i l  current configuration) was  
held cons tan t  but t h e  to t a l  f ield was  reduced, t he  
da t a  no longer yielded an  exponential  radial  
profile (solid triangles). For  the  other cases, t h e  
e-folding length depended on  B o ,  t h e  midplane 
field, a s  T h i s  behavior differs from pre- 
v ious  results.  In s imple  mirror geometry an ex- 
ponential  profile was  observed but t he  e-folding 
length was  almost independent of t h e  midplane 
field magnitude.” It may b e  remarked tha t  t h e  
probe current a t  r = 2 c m  f a l l s  orders of 
magnitude when t h e  midplane field changes  by 
only a factor of 3. A similar behavior, as men- 
t ioned previously, is s e e n  when t h e  field s h a p e  i s  
held constant but t h e  anode is moved c lose r  t o  
t h e  cathode. It appears tha t  t he  radial  transport  
r a t e  i s  strongly a f fec ted  by t h e  field shape ,  even  
though t h e  f lu tes  a re  not entirely suppressed .  
Another a spec t  of th i s  behavior is s e e n  in  t h e  
radial  velocity of the  flutes. F igure  4.23 shows  
t h e  radial  velocity from time de lay  measurements 
between two probes d isp laced  radially by -3 mm. 
It is interesting t o  note the  rapid radial  motion of 
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plasma close t o  t h e  arc  core,  followed by a slow- 
ing down and then nearly constant  radial  velocity 
a t  larger radii. Data in  the  “minimum-B” geometry 
(IB = 3100 amp) could not be  analyzed a t  t he  
larger radii, because  a true coherence could not 
b e  establ ished.  If t he  extrapolated curve for 
velocity in t h i s  c a s e  is proper, t he  ratio of 
velocity t o  that in  t h e  simple mirror case is 10, 
although the field magnitude is only increased 
by a factor of 3. 

4.7.2 PIG Plasma Source in Beta Tank D 

C. W. Blue N. H. Laza r  
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Fig. 4.23. Rodiol Veloci ty  os o Function of  Radial  
3 Helium, 3.4 c m  /sec, 150 amp. Posit ion. 

uniform magnetic field in  be t a  tank D. T h e  energy 
of t he  ions  h a s  been shown to be  qui te  high in  
some cases. T h e  ion energy was  shown t o  de- 
pend, primarily, on the  r a t e  of g a s  feed into the  
cathode. T h e  energetic ions, up t o  seve ra l  hun- 
dred vo l t s  a t  t he  lowest g a s  feeds,  could not have  
been generated in the  anode region of t h e  source,  
because  their  Larmor diameters a re  too large. T h e  
p rocess  in  which they a r e  produced is considered 
t o  b e  related t o  a streaming instabi l i ty  of ener- 
get ic  e lectrons directed axial ly  through the  plasma 
drifting out of t he  anode aperature - in t he  fashion- 
ab le  jargon, through “turbulent heating.” 

T h e  densi ty  of plasma h a s  been measured a s  a 
function of radius outs ide the  main plasma column. 

T h e  plasma i s su ing  from the  PIG-type plasma 
source h a s  been examined in further detai l  in t he  

‘Thermonuclear D i v .  Serniann. Progr. R e p t .  Apr.  30, 
1964, ORNL-3652, p. 90. 
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. 
A s e r i e s  of concentric rings were b iased  negatively 
to ion saturation, and t h e  charge  co l lec ted  on each  
of the  rings after t h e  d ischarge  was  cu t  off w a s  
determined from t h e  integral  of t h e  ion current. 
If i t  is assumed that half t h e  current flows in  the  
direction of t h e  rings (placed a t  one  end of t h e  
tank volume), t h e  average dens i ty  a t  each  of t h e  
radial  pos i t ions  may b e  estimated. T h e  resu l t s  
a r e  shown in Fig. 4.24. For t h e s e  experiments, 
t h e  source  was  modified to  enab le  eas i e r  s ta r t ing  
and turnoff by changing t h e  ca thode  to  an  elec- 
trically hea ted  s t r ip  ins tead  of t h e  ion-bombard- 
ment-heated cylinder used  previously. 

In view of t h e  experience in the  GAF, where 
f lu tes  have been identified in the  halo of t h e  
deuterium a rcs ,  correlation experiments were 
undertaken to determine whether a similar be- 
havior is s e e n  with th i s  plasma. Data have  been 
taken, s o  far, with hydrogen g a s  flows of 0.07 
and 0.10 atm-cm3/sec. F luc tua t ions ,  much l ike  
those  s e e n  in  t h e  GAF, a re  observed. Typical 
pu l se s  a re  s e e n  in Fig. 4.253, when the  g a s  flow 
was  0.07 cm3/sec.  Correlation measurements be- 
tween probes d isp laced  azimuthally g ive  the  radial 
distribution of t h e  azimuthal velocity,  when the  
pair of probes is moved radially. When the  gas 
flow is increased, t h e  pu l ses  change character at 
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Fig. 4.24. Density v s  Radial  Posit ion far the Plasma 

Produced by PIG Geometry i n  Beta  T a n k  D. 
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Fig. 4.25. Ion Saturation Current to T w o  Probes Displaced Azimuthal ly  3.36 cm. Sweep speed, 1 psec/cm. 

These  

These  are  the repet i t ive 

(a) Radial  posit ion (r) = 2.54 cm from the plasma axis. 

are the “long pulses.” ( b )  Radial  posit ion (r) = 4.57 cm. 

pulses of Fig.  4.28. 

T h e  phase lag  i s  a measure of  azimuthal velocity. 

Again the phase lag  i s  apparent. 
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Feeds. The repet i t ive pulses a r e  typical of the ones 

seen in  Fig.  4.25b, whi le  the long pulses are typical ly  

indicated in  F ig .  4.25a. 

larger radii. T h i s  is i l lustrated in t h e  pulses  
shown in Fig.  4.25b. T h e  radial distribution 
shows that t h e s e  pulses ,  too, represent plasma 
rotating but not necessar i ly  fluting. T h e  azimuthal 
velocity increases  almost proportionally t o  radius; 
that  is, there appears  to  be a constant  angular 
frequency. C l o s e  to  the  arc  column, however, both 
types  of pu lses  are seen.  T h e  azimuthal veloci t ies  
determined from the  average time delay between 
pulses  are plotted in Fig.  4.26. T h e  long p u l s e s  
are characterized by those  shown in Fig. 4.25a, 
while the repetitive pulses  are similar to those  
shown in Fig. 4.258. 

4.8 HYDROGEN ARC FLUCTUATIONS 

J. E. Franc is  P, M, Jenkins  
P. R. Bel l  

The  strong fluctuations of the ion current to  a 
negatively biased Langmuir probe in  the column of 
a hydrogen vacuum a r c  have been s tudied for some 
time. The fluctuations of the  ion current t o  probes 
separated radially are considerably less well  
correlated in t i m e  for a long arc operating in  a 
uniform magnetic field than they a r e  for a short  a rc  
operating in  a 2 : l  mirror field geometry. 

In a n  attempt to  understand the nature of the 
fluctuations,  the  cumulative number of fluctua- 
t ions  v s  their pulse  amplitude was measured with 
a linear amplifier and discriminator. Some of the  
result ing distributions are  shown in  Fig. 4.27 for 
severa l  different d i s t a n c e s  of the  short, electri- 
ca l ly  shielded probe from the  arc  axis .  T h e  dis- 
tr ibutions a r e  quite good exponentials,  with a 
s low steepening of t h e  s lope  with increasing 
d is tance  from t h e  axis .  T h e  dis t r ibut ions and the  
s c o p e  t races  rather resemble white no ise  s igna ls  
as  s e e n  through a low-pass filter. 

At a given pulse  height, the counting rate of 
p u l s e s  larger than th i s  value was found to  have 
a l s o  a remarkably rapid increase with arc current, 
a s  shown in Fig.  4.28. 

Good correlation of the  fluctuations along a 
given magnetic flux l ine  h a s  been reported pre- 
viously by Gibbons and L a z a r 3 2  for an arc in a 
2:l magnetic mirror system. T h e s e  have a l s o  
been seen  for a uniform field. T h e  degree of t h i s  
correlation for probes separated axially by 40 in. 
in t h e  uniform field i s  shown by the x-y oscillogram 
of Fig. 4.29. Here the  c r o s s i n g  of the central  
graticule l ines  marks the  point of zero current t o  
both probes. It c a n  b e  s e e n  that the magnitude of 
t h e  fluctuation is comparable to  t h e  average value 
of the ion current. While the correlation is qui te  
good, it is clear  that it is far from perfect, but 
correlation is a s  good for the d ips  of current as 
it i s  for the peaks.  When one probe is moved 3 mm 
away from the correct field line (in azimuth) the  
correlation deteriorates,  a s  c a n  b e  s e e n  in  Fig.  

32R. A. Gibbons and N. H. Lazar,  Thermonuclear 
Div. Semiann. Progr. Rept. Oct. 31, 1964, ORNL-3760, 
p. 49; R. A. Gibbons, N. H. Lazar, and W. F. Peed, 
Thermonuclear D i v .  Semiann. Progr. Rept. A p r .  30, 
1964, ORNL-3652, p. 71. 
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Fig. 4.27. T h e  Number o f  Current Fluctuat ions 

Greater than the Indicated Height  vs Height  for Several 

Distances o f  the Probe from the Arc Axis.  

4.30. T h e  maximum fluctuation i s  s een  to  b e  
rather rarely larger than twice  the  average va lue  
of the  ion current. Using the  rough va lue  (-3 mm) 
of the radial correlation d i s t ance  ( s e e  below) 
we conclude that s ing le  fluctuations rarely in- 
volve more than -5% of the  ions  a t  a radial dis- 
t ance  of about 2 cm. 

T h e  radial velocity of t h e  f luc tua t ions  was  
measured by separating two probes radially a t  an 
ax ia l  spac ing  of 1 in. T h e  delayed correlation of 
t h e  fluctuations on t h e  two probes was  very hard 
to  see for radial  separa t ions  of more than 3 mm 
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and even  at t h i s  spac ing  w a s  considerably poorer 
than that s e e n  in  the  21 mirror geometry. T h i s  
va lue  of 3 mm could b e  considered a rough va lue  
for t he  radial  correlation distance.  From the  de- 
layed  correlations,  radial  ve loc i t ies  were found as 
large as 1.5 x lo5 cm/sec a t  2.5 c m  from the  
a rc  a x i s  and as small  as  3 x lo4  cm/sec a t  4 c m  
radius. T h e s e  a re  considerably lower ve loc i t ies  
t han  generally found in t h e  mirror geometry. In the  
mirror geometry, t he  d is turbances  not only moved 
radially but also rotated around t h e  ax is .  In t h e  
uniform field of the  long solenoid,  however, t h e  
maximum correlation for probes separa ted  a few 
millimeters is found when the  probes lie along t h e  
same radius. T h i s  implies no rotation of the  
fluctuations. 

T h e s e  experiments lead  t o  t h e  conclusion that 
t he  hydrogen arc  in a uniform magnetic field more 
c lose ly  resembles a turbulent rather t han  a fluting 
plasma. T h e  exponential  pu l se  height distribu- 
t ion  found and the  rapid loss of radial  correlation 
much more c lose ly  resemble a turbulent behavior 
rather than hydromagnetic flutes.  Also, t h e  rather 

c 
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Fig. 4.29. x-y Plot  o f  the Response of Two Langmuir 

Probes on the Same Flux L i n e  Separated by 40 in. in 

the Hydrogen Arc. 

small va lue  of -5% of t h e  ions  a t  a given radius 
tha t  a re  involved in one fluctuation would s e e m  
more su i tab le  as the size of a turbulence ce l l  
than as  that of a flute, which often involves or 
more of the  ions  in a plasma column. 

More accura te  correlation d i s t ances ,  both in 
radius and in azimuth, should b e  determined for 
t h e  hydrogen plasma, and the  dependence upon 
plasma density and arc current should g ive  a 
c learer  picture of turbulence in th i s  completely 
ionized and moderately hot plasma. 

4.9 BEAM STABILIZATION IN THE CALUTRON 

D. E. H a r r i s o n 3  E. D. Shipley 
0. C. Yon t s  

During t h i s  period the  Ca'  beam pass ing  through 
a homogeneous magnetic field h a s  been studied. 
T h e  experimental arrangement for studying the  
calutron beam i s  shown in F igs .  4.26 and 4.27 on 
p. 56 of the  preceding semiannual report.34 F igure  
4.31 shows how the  depth of the  posit ive potential  
well  at the  90° point depends on pressure.  T h e  

33Consultant, U.S. Naval Postgraduate School, 
Monterey, Calif. 

340. C. Yonts and E. D. Shipley, Thermonuclear 
Div .  Semiann. Pro&. Rept.  Apr. 30, 1965, ORNL-3836, 
p. 56. 

Fig.  4.30. x-y Plot  o f  the Response o f  Two Langmuir 

Probes N o t  on the Same F l u x  L i n e  Separoted by 40 in. 

in the Hydrogen Arc. 

minimum depth of 25 v occurs  at  a pressure  of 4 x 
torr, T h i s  point is used  as a reference in  

T a b l e  4.6, 
Ion loss  ra te  is the  current co l lec ted  by the  Fara- 

day  cup  for zero  stopping voltage. Beam imperfec- 
t ion  is defined as  t h e  ratio of t h e  to t a l  beam 
current to the beam current that  en ters  the  collector 
s l i t .  

ORNL-DWG 66-362 
60  I 

0 2 4 6 8 10 ( x  10-61 
PRESSURE ( t o r r )  

Fig. 4.31. Depth o f  Potential  Well v s  Pressure. 
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Table  4.6. Qual i tat ive Comparisons of Observed 

Operating Conditions 

Ion Loss  Rate  Pressure Depth of Pos i t ive  Beam 

Potential  Well Imperfection 

Higher Deeper Larger Larger 

Reference Reference Reference Reference 

Lower Deeper Larger Smaller 

T h e  disturbance which perturbs the  beam and 
g ives  rise t o  a large beam imperfection appears t o  
t o  b e  assoc ia ted  with the  depth of the  posit ive 
potential  well. T h e  problem posed by th i s  tab le  
c a n  b e  s ta ted  in severa l  ways; for example, i f ,  
as shown in the  top row, the  deeper  potential well 
is required t o  produce the larger ion l o s s  rate,  
then why is the  deeper potential  well required in 
the  bottom row? 

T h e  development of a computer program has  be- 
gun which will simulate various individual a s p e c t s  
of the  beam-plasma interaction in the  calutron. 
T h e  “foundation” potential  distribution h a s  been 
completed for a lune-shaped charge distribution 
for various wall configurations and plausible per- 
turbations. Work is in progress on a program which 
allows electrons t o  move in t h e  foundation po- 
tential  well. 

4.10 EXCITATION HEATING OF CARBON IONS 
BY ELECTRONS 

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

J. E. Francis,  Jr. 
P. M. Jenkins  

4.10.1 Introduction 

During th i s  report period we have  developed 
further confirmation for  the  excitation-heating 
model3’ suggested for heating carbon ions  t o  high 
temperatures (Ttl up t o  4 x lo6 O K )  in t h e  pres- 
ence  of cold electrons ( T -  = 40,000 O K ) .  The  
model proposed the  excitation of C 2 +  ions  t o  a 

35Thermonuclear Div .  Semiann.  Progr. R e p t .  Apr.  30, 
1965, ORNL-3836, sec t .  4.8, pp. 64-66. 

6.5-ev metastable  s t a t e  which becomes over- 
populated with respec t  t o  the  ground s ta te .  Th i s  
is followed by electron rearrangement co l l i s ions  
between pa i rs  of metastables,  resulting in each  
ion gaining 6.5 e v  on the  average per excitation- 
heating cycle. 

We have observed an  incipient leveling off of 
the  maximum ion temperature a t  Ttl = 4.3 x lo6 OK 

in very long a rc s  and have  applied the  adiabatic 
maximum rule, in terms of an intermediate near- 
resonance reaction, t o  predict an energy for the  
maximum c ross  sec t ion  in the  heating step.  Also, 
we have  obtained an improved understanding of t he  
degree of our ignorance in eva lua t ing  electron 
temperatures. Las t ly ,  an experimental value for 
“ln A” of 1.0 h a s  been measured in terms of t he  
res i s t iv i ty  of the  carbon arc and g ives  a crude 
check  with the  value of 1.4 predicted from our re- 
v i sed  energy transfer ra te  from hot ions to  cold 
e l e c t r o n ~ , ~ ’  as compared with the  va lue  of 8.6 
predicted by t h e  conventional form of In A. 

4.10.2 Experimental 

Figure 4.32 i l lus t ra tes  the  bril l iant carbon arc 
core and weaker halo as viewed through one  of t h e  
observation ports in the  long solenoid. T h e  Doppler 
broadening and s lan t  effects observed in a 5.45-m- 
long carbon arc  in a field of 8300/5500/8300/ 
5500/8300 gauss  (double mirror) a re  i l lustrated by 
Fig. 4.33. T h e  halo of Fig. 4.32 is about a s  
bright for C2’  h 4647 A spec t r a  a s  the  arc core  but 
g ives  TtI -75% as high as the  core  a t  5.25 m from 
the  anode. T h e  average ion orbit (d = 1.2 cm) is 
almost as large as the  cent ra l  arc core, which is 
only slightly larger than the  cathode (d = 1.9 cm). 
Tentatively,  we attr ibute the  reduction of average 
ion energy in the  halo t o  t h e  radial e lec t r ic  field 
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Fig. 4.32. Photograph o f  Short Section o f  Energetic Carbon Arc, Showing Halo Outside Main Arc Core. 

(-50 t o  100 v/cm) usually a s soc ia t ed  with the  arc 
cores.  For C2’ t h i s  would give a reduction of 
about 150 ev ,  a figure in rough agreement with 
the  observations.  N o  attempt was  made to com- 
pare the  reduction in ion “temperature” for C +  or 
C 3  ’, so confirmation of t h i s  interpretation awai t s  
further experiments. 

Figure 4.34 sugges t s  for t he  first  t ime a n  
incipient leveling off i n  the  ion temperature a t  
about Tt.L z 4.3 x l o 6  O K  i n  extremely long arcs. 
Although other c a u s e s  (such as s i z e  of the  ca thode  
and pressure damping) may poss ib ly  bring about 

such  a saturation, i t  will b e  pointed out in t h e  next 
s ec t ion  that t h e  excitation-heating process  is pre- 
dicted t o  attain a l imiting rate. The cooling e f fec ts  
of cold e lec t rons  eventually produce an  equilibrium 
with TtI = 100T-. N o  significant change in  ion 
temperature was  obtained with variation in  cathode 
size. 

Attempts were made to  vary the  C 2 +  population 
relative to  C3’. Figure  4.35 i l lus t ra tes  t he  effect  
on Doppler half-width and ion temperature as  a 
function of t h e  intensity of t h e  resonance  l i nes  of 
Cz’ and C3+. The  da ta  were obtained by varying 

. 
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CARBON ARC 
143 amp. 150 volts 

ORNL-OWG 65-5744 
I 
i o  --- 

20 crn FROM ANODE 

3/4-1n OD HOLLOW CATHODE (Cl 
2-10 OD SOLID ANODE (C) 
P - 2 x40-6 to r r  
5 -5p  SHPRT SLITS, JA82000 0, 

A 4 6 4 7  A (C I l l )  1 

525 crn FROM ANODE 

/ i  

C" (12) 4647.40 4650.25 4651.47 

Hgo (23) 2536.52 

Fig. 4.33. Spectrograms o f  B l u e  T r i p l e t  o f  C 2 +  i n  

T w e l f t h  Order of  Joco-Ebert  Spectrograph. Note  Doppler 

s lan t  e f fec t  i n  top spectrogroms ond marked Doppler 

broadening at great d is tances  from the  anode (other 

experiments have demonstrated that corbon ions  do no t  

hove to o r ig ina te  o t  anode). Arc condi t ions:  135 ornp, 

170 v, length 545 cm, 4 x  torr (center monifald), 

5500/8300 gauss as a double mirror, corbon electrodes. 
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Fig. 4.34. Observed L i n e  Widths and Assoc ia ted  Ion 

Temperoture o f  C2' Ions i n  5.7-m-long Carbon Arc 

Conf ined by Magnetic Field.  Ion temperature shows 

inc ip ien t  saturat ion at about 4.3 x l o 6  O K  i n  t h i s  arc. 
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Fig. 4.36. Long Solenoid F a c i l i t y  Used i n  Study o f  Magnetically Confined Arcs. Magnetic f ie ld  o f  8300 gauss 

requires 3000 amp from two 1 . 7 5 4 ~  dc generators. 

t h e  arc current from 120 to 250 amp and were 
taken  over a two-day period with various arc  re- 
s tar ts .  Although t h e  pressure a t  t h e  central  
manifold (see Fig. 4.36) was  approximately con- 
s t a n t  (-3 x torr) during the s e r i e s  of experi- 
ments, it is quite poss ib le  that  increased out- 
gass ing  at the  higher currents  caused  some cooling 
of the  ions. [Addition of methane (CH4) g a s  at 
t h e  cathode increased the  peak intensi ty  ra t io  
rather significantly (to 1.89) but at t h e  expense 
of the  ion temperature (1.2 x lo6  OK). In th i s  
experiment the  peak intensi ty  of C2' h 2296 A 
w a s  doubled, a s  was  the  manifold pressure.  T h e  
C3' h 1548 A total  l i n e  intensi ty  decreased by 
30% while the C2' h 977 A l ine  increased by only 
8%; t h e  control l ine C2+ h 2296 A a l s o  increased 
by only 8% as regards integrated intensity.] Thus,  

it is not abundantly clear tha t  the short  s e r i e s  of 
experiments giving Fig.  4.35 clar i f ied satis- 
factor i ly  the  importance of the  C2+ ion to the  
heat ing process  - it is probable that  the doubling 
of the  gage  pressure i n  the methane feed experi- 
ments resul ted in  a drast ic  cooling of the ions. 

A check  on the  constancy of the doublet  in- 
tens i ty  ra t io  of C3' A 1548-51 A, for the  a rc  
currents  of Fig.  4.35, gave a ratio of 1.98 (%%), 
v s  a theoret ical  ratio of 2.00. We concluded that  
self-absorption is relatively constant  and small 
with such  broad spectrum l ines;  that is, there  is 
but s l igh t  entrapment of resonance radiation in  
t h e  carbon arc  plasma, due primarily to the  pro- 
nounced Doppler broadening. 

In another series of experiments using t h e  
standard '/,-in.-diam cathode, a crude check  of 



“In A” was  made in  terms of t he  e lec t r ica l  re- 
s i s t iv i ty  relation of Spitzer. 3 6  T h e  resist ivity,  7,  
of the  carbon arc  is about 0.001 ohm-cm assuming 
t h e  arc cross-section area,  A ,  t o  b e  defined by the  
ca thode  a rea  ( the  smaller t h e  a rea  the  smaller is 
“In A”). Using the  spec t roscopica l ly  determined 
electron temperature of about 42,000°K, t h e  pre- 
dicted “ln A” is 1.0. The  uncertainty in A as 
well as in T -  and 7 make th i s  es t imate  rather 
approximate; however, our rev ised  express ion  for 
“In A 9 7 3 7  given is 1.4, v s  the  
conventional va lue  of 8.6. 

4.10.3 Quasi-Resonance Reaction Step 

T h e  excitation-heating process ,  previously 
sugges ted  as a mechanism for generating very 
energe t ic  i ons  in  t h e  magnetically confined car- 
bon arcs ,  would b e  enhanced by an  intermediate 
s t e p  which is near-resonance, that  is, t h e  excita- 
tion exchange s tep ,  

+ 0.28 e v  , (1) 

which is then followed by t h e  hea t ing  s t ep ,  

86 

C Z + ( l s ) +  C2+’(’PO) -C2’(1S)+ C q ’ s )  

+ 12.7 e v  . (2) 

By analogy with known atomic co l l i s ion  proc- 
e ~ s e s , ~ ~  the  maximum value  of the  c r o s s  sec t ion  
is expected to occur  at vrel  = 2b lAE/ /h  = 4.8 x 
lo6  cm/sec (Emax = 137 ev  or 34 e v  per par t ic le  
for near head-on co l l i s ions)  for impact parameter 
( b )  = 3.5 A and lAEl = 0.28 ev. Inclusion of 
polarization and partial  sc reening  ef fec ts  for t he  
coll iding ions  would b e  expec ted  to change AE 

36L. Spitzer, Physics  of Fully Ionized Gases ,  Inter- 

37ca ln  A” = In (1 + x)’ -2x/(1 + x), where x 2  

science,  New York, 1962. 

= 

b m a x  mv:/2~e ‘. 
J. B. Hasted and A. R. Lee. Proc. Phys. SOC. 79. 

702 (1962); see also J. B. Hasted, Physics  of Atomic 
Collisions, Butterworths, London, 1964. Hasted u s e s  
a 

3 8  

2b = 7 A based  on many experimental ca ses .  

slightly. A resonance  such  as  (1) c a n  be  likened 
t o  the  resonances  observed in the  formation of a 
compound nucleus  in  nuclear reactions,  whereas 
(2) c a n  b e  l ikened to  t h e  subsequent  decay  of a 
compound nucleus  v i a  a different exit  channel. 
Similar resonance-enhanced excitation-heating 
p rocesses  should b e  expec ted  for t he  isoelectronic 
s e r i e s  Be, B+, C2+,  N 3 + ,  04+, etc.; however,(l)  
t h e  increased  Coulomb barrier to  t he  reaction 
would b e  expec ted  to  inhibit t he  p rocess  for t he  
higher s e r i e s  members in  a r c s  having ions init ially 
at low energy, and (2) t h e  increased  \ A E \  for the  
higher s e r i e s  members would push the  maximum in 
t h e  c r o s s  sec t ion  t o  higher energ ies  (e.g., N 3 +  
would have  a predicted Emax  of -430 ev  or 108 e v  
per particle), t h u s  making i t  more difficult t o  ignite 
t he  excitation-heating process.  Thus ,  the  excita- 
tion-heating model, though s t i l l  conjectural ,  
ga ins  further c redence  as a resu l t  of t h i s  low- 
energy resonance. 

4.10.4 Metastable Col I is ions 

P r e ~ i o u s l y , ~ ~  we es t imated  t h e  c r o s s  sec t ion  for 
t he  reaction 

to b e  about 2 x 10- l 5  cmz in  order that  the  overall  
excitation-heating process  offset the  strong cool ing  
of ions  by the  cold electrons.  There  is some re- 
cen t  experimental ev idence  regarding co l l i s ions  
between pa i rs  of metastable helium atoms which, 
although the  end products differ, revea ls  a very 
la rge  cross sec t ion  for electron rearrangement. 

T h e  ionization of helium in the  coll ision of two 
mes tas tab le  helium atoms h a s  a n  estimated 5 v  

of 5 x lop8  cm3/sec according to T y n e ~ , ~ ’  tha t  is, 
He* + He* +He,** +He,’  + e (or He + He’ + e). 
T h e  c ross  sec t ion  for triplet-triplet deactivation 
co l l i s ions  h a s  also been determined4 as  10- l 4  

39Thermonuclear Div, Semiann. Progr. Rept. Apr. 30, 
1965, ORNL-3836, sect .  4.8, pp. 64-66. 

40A. R. Tynes, thesis, Oregon State University. 

41A. V. Phelps  and J. P. Molnar, Phys.  Rev. 89, 
Corvallis. 1964. 

1202 (1953). 

i 

- !  
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c m 2  at 300'K. Pakhomov and Fugo14' report a 
rate one-half a s  large at  77'K as that of P h e l p s  
and Molnar a t  300°K, thus indicat ing the  c ros s  
sec t ion  to  be essent ia l ly  the same. 

4.10.5 Electron Temperature Considerations 

Therc  is some large uncertainty i n  the ex- 
perimental choice of T - ,  s ince  C2'  spectra  
indicate  an exci ta t ion temperature of about 
30,000°K, whereas C 3 +  spec t ra  give about 
60,000°K (see Fig. 4.37). The actual  energy 
transfer rate from hot ions t o  cold electrons is 
proportional t o  An-,  which var ies  a s  T _ - 3 / 2  for a 
Maxwellian distribution; thus,  if T _  were 60,000°K 
the ion cooling rate would drop by about 35%; 
however, i f  T -  = 30,000'K the ion cooling rate 
would b e  66% larger. 

42P. L. Pakhomov and I. Y. Fugol,  Dokl.  Akad. 
Nauk SSSR 159, 59 (1964). 
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Fig.  4.37. Determination of  Electron Excitat ion Tem- 

perature of Energetic Carbon Arc for Spectral L i n e s  of 
C2'  and C3'. Open circles represent C2' lines; block 
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ORNL-DWG 66-365 

0 1 2 3 4  5 6 7 (X104) 
ELECTRON TEMPERATURE PK) 

Fig. 4.39. Re la t ive  Abundances Predicted by Saha 

Relat ion for Carbon Ions a s  a Function of  Electron Tem- 

perature for n e  = 1 0 ' ~  cmm3. 

Figure  4.38 i l lus t ra tes  some of the  low energy 
l eve l s  of C I11 (C") with pertinent radiative 
transit ions and their  computed transit ion proba- 
b i l i t i es  ( A  i n  s ec - I ) .  Note tha t  l eve l  2s  3d 'D is 
se lec t ive ly  depopulated by X 574 A a t  a rate 120 
t imes  that of the 5696 A l ine  which was  used in 
t h e  estimation of an electron excitation tempera- 
ture (see Fig.  4.37). T h e  2s 3p 3P0 l eve ls ,  on  the  
other hand, decay  only v ia  the  blue triplet group 
X 4647-51 A. Similarly, X 5802 A competes weakly 
with X 312 A in depopulating the  3p ' P o  l eve l s  of 
C IV (C"). If the  in t ens i t i e s  of X 5696 A and 
X 5802 A were increased  by appropriate fac tors  (up 
t o  120 and 3000 respectively) t o  give improved 
measures of the quasi-equilibrium population den- 
s i t y  of the upper l eve l s  involved, t he  electron ex- 
citation temperature would become only about 
18,000'K; however, somewhat smaller upward 
adjustments should also be  made for t he  inten- 
s i t i e s  of most of the higher transit ions as well. 
In addition, desp i t e  the gross  Doppler broadening, 
some compensations should b e  made for partial  
imprisonment of the highly allowed transit ions.  
T h e  observed ratio of t he  resonance  l i ne  of C 2 '  
(A 977 A, excitation potential  = 12.6 ev) t o  that 
of C3'  (A 1548 A, exci ta t ion  potential  = 8.0 ev), 
together with estimated exc i ta t ion  and reflectivity 
corrections,  give n2' > n3' and hence  a Saha 
temperature of the order of 25,000'K ( s e e  Fig. 
4.39). Obviously, the determination of the  e lec-  
tron temperature of optically thin plasmas by the  
in tens i t ies  of spec t ra l  l i nes  involving very highly 
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o f  impurities, history o f  carbon ions i n  the arc, scatter- 

ing losses, etc. 

exci ted  s t a t e s  merits a more rigorous evaluation 
than we have attempted here. 

F igure  4.38 also i l lus t ra tes  t he  rapid depopula- 
t ion  of t h e  2 s  3s S l eve l  v ia  X 538 A, which, 
along with the se l ec t ive  decay  of 2 s  3p 3P0  
l eve l s  v i a  X 4647-51 A only, may contribute t o  
the  las ing  properties of the  blue t r i ~ l e t . ~  

3 

4.10.6 Conjectures on Ignition of the 
Exc i t  a ti on-H eat i n g Mod e 

Figure  4.40 i l lus t ra tes  a schema  on t h e  estimated 
power transfer (per unit volume) between ions  and 
e lec t rons  in the  energe t ic  carbon a rc  as a function 
of ion temperature. T h e  e lec t ron  temperature is 
assumed cons tan t  a t  about 40,000°K. T h e  sum of 
t h e  contributions f rom the  curve  for e l a s t i c  
co l l i s ions  and tha t  for excitation hea t ing  (?2 n:Uv 
t imes  13 ev)  for heating ions  is se l ec t ed  t o  
in te rsec t  the loss curve  at 50 w/cm3 based  on  
e s t ima tes  given previously (n* = 3 x 1013 cm-3 
and E z 3 x cm3/sec).  3 9  T h e  maximum in  

43See R. A. McFarland, Appl .  Phys.  L e t t e r s  5, 91 
(1964). 

*' , 

. 
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t h e  excitation-heating curve  is s e t  a t  about 30 e v  
(see Sect. 4.10.3), and, s i n c e  ET frequently falls 
with v, t he  point (30 ev ,  53 w/cm3) is chosen for 
t h i s  maximum. 

Thus ,  we note  tha t  a carbon a rc  plasma, init ially 
of T e  = T ,  (say) 5 e v  and having a high dens i ty  
of metas tab les ,  will e s c a l a t e  in ion temperature, 
s i n c e  t h e  to ta l  heating ra te  for t h e  ions  exceeds  
t h e  loss r a t e  up t o  quite high ion temperatures. 
Eventually,  a n  equilibrium will b e  attained con- 
s i s t e n t  with the  average  res idence  t ime of ions  
i n  the  arc,  t h e  metas tab le  dens i ty  conditions,  t he  
impurity l eve l s ,  and the  exac t  energy transfer 
rates. 

We further note that,  in t h e  example i l lustrated,  
t h e  reaction becomes s t a b l e  a t  about 500 ev; that  
is, i f  t he  ions heat up too  much (1) they a r e  
cooled on the  co ld  e lec t rons  more efficiently and 

(2) t he  excitation-heating rate also d e c r e a s e s  - 
and v ice  ve r sa  - thus  maintaining a s t a b l e  oper- 
a t ing  point for t he  “burning temperature” of the  
reaction. 

A significant reduction in the density of meta- 
s t a b l e  carbon ions  i n  the a rc  plasma would lower 
t h e  excitation-heating ra te  such  that the  excitation- 
heating mode would b e  insufficient t o  “ignite” t h e  
ion heating p rocess  - thus ,  if n* drops by a factor 
of, s ay ,  5, the  excitation hea t ing  power dens i ty  
drops by 25, and if Fig.  4.40 were valid and not 
merely schemat ic  in t h e  region T ,  = 5 t o  10 ev, 
the  loss rate to cold e lec t rons  would exceed the  
to ta l  heating power and the  ions  could not e s c a l a t e  
t o  high energy. T h i s  interpretation of an “igni- 
t ion” condition may account for t he  lack  of 
energe t ic  nitrogen ions  i n  nitrogen a rc s  ( s e e  Sect. 
4.10.3). 

. 



5. Atomic and Molecular Cross Sections' 
C. F. Barnett  
D. A. Griffin 

5.1 EXCITED ELECTRONIC STATES 
OF HYDROGEN MOLECULES 

In the  previous semiannual report w e  descr ibed  
the  ex i s t ence  of highly exc i ted  e lec t ronic  states 
of H, as being analogous to the  hydrogen atom. 
T h e s e  s t a t e s  a r e  formed by the  e lec t ron  capture 
of H,  pas s ing  through a gaseous  medium. A 
s imple  picture c o n s i s t s  of a s ing le  high-quantum 
orbital  electron plus a n  H,' core.  T h i s  can  be  
shown theoretically i f  one s o l v e s  t h e  Schrodinger 
equation and neglec ts  the orbital  electron inter- 
ac t ion  with the  core electron; then the  solution 
reduces to  the  hydrogen atom solution, i n  which 
the orbital  electron radius var ies  as  n 2 ,  t he  
principal quantum number. 

T h i s  concept  led to the  prediction that H,', 
on pass ing  through a gas ,  would also capture  a n  
electron in  a similar manner. Previous  theoret- 
i ca l  investigations have  indicated tha t  H ,  is a 
tightly bound molecular ion forming a triangulai 
s t ruc ture  with a binding energy i n  e x c e s s  of 5 v. 
Also,  i t  is well  known that the  ground electronic 
s t a t e  of H ,  is a repulsive s t a t e  and therefore 
unstable.  Experimentally, the  procedure w a s  s i m -  
i lar  to that used  previously. A 50-kev H,'  ion 
beam from the accelerator w a s  p a s s e d  through a 
differentially pumped g a s  cell. Pa r t i c l e s  emerg- 
ing  from the co l l i s ion  chamber p a s s e d  through an  
e lec t ros ta t ic  field in which the  charged par t ic les  
were removed. The  neutrals were de tec ted  by a 
su i t ab le  energy-sensit ive detector.  

Both d issoc ia t ive  and capture  co l l i s ions  occurred 
in  the  gas  cell. T h e  H ,  par t ic le  d i ssoc ia ted  in  
either of two modes,  

(1) 

t 

t .  

t 

t H , +  + H,+ H,  + H O  + H, 

'AEC activity No. 05 07 04 01 0. 

M. 0. Krause 
J. A. Ray 

or 

H , + + H , + H , ~ + H + + H , .  (2) 

The H,' could capture an  electron in to  a stable 
exc i ted  s t a t e ,  

(3)  
t H , +  t H,- H,* + H, , 

or in to  a repulsive s t a t e  with the  subsequent  d i s -  
soc ia t ion  

H,* + H,' + H o  . (4) 

In reac t ions  (l), (2), and (4), internal potential  
energy is converted in to  k ine t ic  energy of the  
reaction fragments, giving r i s e  to  a divergence 
ang le  in  the  laboratory frame of reference. Both 
a proportional counter and a s i l i con  sur face-  
barrier detector were used  to  measure the  neutral  
components. T h e  en t rance  aperture of the  propor- 
t ional counter w a s  a vertical  slit 0.001 by 1 in. 
which w a s  used to s c a n  a c r o s s  the  beam. T h e  
pu l se  height or energy spectrum contained two 
groups of par t ic les  - t h e  Ho at one-third of the 
in i t ia l  H ,  energy (E,,), corresponding to reaction 
(l), and the  H,  par t ic les  of % E o ,  from reaction 
(2). In addition to these  two components of the  
neutral  beam, a small group of par t ic les  w a s  
found a t  full  energy. T h i s  group cons i s t ed  of 
any  s t a b l e  exc i ted  H,* formed from reaction (3) 
or  the  sum of H,' and H o  formed in  reaction (4). 
The H,' and Ho from repulsive states of H, and  
from sca t t e r ing  either in the  ver t ica l  direction 
of the  slit or i n  the  forward-backward direction 
will  a r r ive  a t  the detector i n  co inc idence ,  Thus ,  
there wi l l  b e  a summing of the  H,' and H o  energy, 
giving r i s e  to  an  equivalent pu l se  of full  energy. 

T h e  proportional counter was  replaced with a 
s i l i con  surface-barrier detector with a larger a rea l  

t 

90 . 
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exten t  s u c h  tha t  t he  fraction of par t ic les  found 
a t  full energy should inc rease  due  to the  larger 
summing co inc idences  of H,' and Ho  i n  reaction 

T h e  resu l t s  from t h e s e  experiments c a n  b e  sum- 
marized as  follows: (1) the  maximum fraction 
of H,  that  cap tures  an  electron in to  all s t a t e s  
w a s  less than 1%; (2) the  number of neutral  par- 
t i c l e s  with full E ,  was  a factor of 1 0  greater 
for the  s i l i con  detector than for t he  proportional 
counter,  indicating tha t  most of the  capture  col- 
l i s ions  are into repulsive s t a t e s ;  (3) i f  t he  as- 
sumption was  made tha t  H,* was  one-tenth of 
the  to ta l  neutral  yield with energy E,, then the  
H,* beam in tens i ty  w a s  too small t o  measure 
the  population of exc i ted  s t a t e s  by ionization in  
a n  e lec t r ic  field. T h e  fact tha t  less than 1% of 
the  H, par t ic les  capture an  electron w a s  sur- 
prising, s i n c e  both H +  and H,  readily undergo 
electron capture  co l l i s ions  a t  equivalent veloc- 
i t i e s .  T h e  present  da t a  seem to  ind ica te  tha t ,  
i f  any capture  co l l i s ions  t ake  p l ace  to s t a b l e  
e lec t ronic  l eve l s  of H,, then the  co l l i s ion  c r o s s  
sec t ion  is very small. Further experimental  evi-  
dence  must b e  accumulated to confirm the  hypoth- 
esis tha t  s t a b l e  exc i ted  s t a t e s  of H, ex i s t .  

(4). 

t 

+ 
+ 

5.2 ENERGY -DISPE RSED ATOMIC 
HYDROGEN BEAMS 

During the  p a s t  few yea r s  ev idence  h a s  been 
accumulating to ind ica te  tha t  s o m e  of the  micro- 
ins tab i l i t i es  observed in magnetic-mirror-confined 
plasmas could b e  avoided by in jec t ing  a n  energy- 
d ispersed  beam. ' Several techniques a r e  avail-  
a b l e  for producing beams with an  energy distri-  
bution; however, we chose  to inves t iga te  the  
parameters controll ing conversion of protons and 
H , +  into energe t ic  Ho  in a dece lera t ing  g a s  cell. 
Shown in  Fig.  5.1 is a schemat ic  diagram of 
the apparatus.  T h e  50-kev H t  beam from the  
acce lera tor  was  coll imated by an  0.008-in.-diam 
aperture.  T h e  g a s  cell cons i s t ed  of a n  ll-elec- 
trode s t ruc ture ,  which was  used  previously as  
a sec t ion  of a proton acce lera tor  tube. A linear 
dece lera t ing  field w a s  provided a c r o s s  the  gas 
cell by applying a posit ive 40-kv potential  t o  
t he  ex i t  e lec t rode  with a res i s t ive  divider net-  
work connecting the  other e lec t rodes .  Argon gas 

'For a t imely example ,  see sect. 1.3 of t h i s  report. 

w a s  admitted to  the  co l l i s ion  chamber. Ions were 
deflected from the  ex i t  beam by a t ransverse  
e l ec t r i c  field,  and the  energy spectrum of the  
neutral  par t ic les  w a s  de tec ted  by a proportional 
counter. S ince  counting techniques  were u s e d  
t o  measure the  energy spectrum, the  input  cur- 
rent to the  gas  cell w a s  restricted t o  less than 
l o 3  counts / sec ,  and  the  minimum proton ex i t  
energy was  restricted to 10 kev. 

T h e  conversion efficiency (the ra t io  of H o  to 
input H t )  is shown in F ig .  5.2 a s  a function of 
the  c e l l  pressure.  T h e  behavior of the  retarding- 
potential  cell was  similar to a s tandard  conver- 
s i o n  c e l l  in tha t  the  efficiency inc reased  a s  t h e  
pressure  increased. Equilibrium condi t ions ,  or 
a conversion efficiency of 4076, were obtained 
a t  a pressure  of approximately i o - ,  torr i n  a gas  
cell 74  c m  long. T h e  H o  energy distribution 
could be  changed by varying the  g a s  pressure  
or sh i f t ing  the  potential  distribution a c r o s s  the  
e lec t rodes .  In Fig.  5.3 is plotted the  energy 
distribution of a beam of H o  obtained from the  
50-kev proton beam in  argon gas .  P lo t t ed  is the  
counting rate per energy interval as a function 
of the  par t ic le  energy. Shown also for reference 
is the  energy spectrum obtained for a 50-kev 
proton beam, with no attempt made to  normalize 
the a rea  under the  curves.  T h i s  near-uniform 
distribution w a s  obtained for a g a s  cell pressure  
less than tha t  required for maximum conversion 
efficiency. Increas ing  the  g a s  c e l l  p re s su re  t o  
maximum conversion efficiency redistributed the 
par t ic le  energy, as  shown in  Fig.  5.4. T h e  peak 
occurring a t  10 kev  w a s  due partially to g a s  
s t reaming out the  ex i t  end of the g a s  cell, which 
increased  the  effective path length for the  low- 
energy ions before conversion to neutrals.  

T h e  scann ing  slit of the  proportional counter 
w a s  u s e d  to measure the  angular d ivergence  of 
the  neutral  beam. Th i s  divergence (defined a s  
the  width of the  beam to include more than 99% 
of the  particles) was  found to b e  3.5 mill iradians,  
or in more practical  application terms, a $,-in.- 
diam beam entering and leaving  a s imi la r  g a s  
cell would spread  to  % in.  diameter a t  6 f t  from 
the  en t rance  aperture. 

Some preliminary work with 50-kev H, ions 
incident on the  gas  cell aperture ind ica ted  a 
conversion efficiency of 45% a t  an  argon p res su re  
of 2 x l o p 4  torr and with the  same 40-kv retard- 
ing  potential .  T h i s  efficiency w a s  less than 
expec ted ,  but probably resu l t s  from inc reased  

+ .  
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Fig .  5.1. Schematic Diagram of Apparatus Used  to Produce an Energy-Dispersed Beam of Ho 

sca t te r ing  of particles in the low-energy region. 
Gas cell pressures  greater than 2 x torr 
yielded lower conversion efficiency. Shown in  
Fig. 5.5 is the  energy spectrum obtained for a 
50-kev H,  beam a t  a conversion efficiency of 
15%. The  smal l  fraction of neutrals in the  energy 
region 25  to  50 kev is due in  part to  the  electron- 
capture formation of H, neutrals.  Competing 
p rocesses  of electron capture and d issoc ia t ion  
resu l t  in a fi l l ing in of the energy distribution 
down to  thermal energ ies  with an  applied 40-kv 
retarding potential. For energ ies  less than 3 
kev the  proportional counter resolution w a s  not 
reliable; however, the  pileup of low-energy par- 
t i c l e s  was  real and not a resu l t  of counter noise.  
Increasing the  g a s  cell pressure  to  2 x torr 
partially deple tes  the low-energy spectrum due 
to  increased  particle sca t te r ing  at the  higher 
pressures.  T h e  divergence of t he  neutral  beam 
with H, 

Deceleration of a posit ive ion beam in  a g a s  
cell poses  a ser ious  problem, s i n c e  en t rance  
and ex i t  apertures act as aperture l enses .  If 
the dece lera t ing  field is made a function of dis- 
t ance  along the  beam a x i s  such  tha t  the  entrance 

t 

+ incident was  8.0 milliradians. 

F 
for 

0 1 2 3 4 5 6 7 8 9 1 0 ( ~ 1 0 - ~ 1  
CELL PRESSURE (mm) 

ig. 5.2. Conversion Ef f ic iency  of Argon Gas C e l l  

50-kev Protons. 

l ens  focal length is equal to the ex i t  l ens  focal 
length, then the  focusing e f fec ts  a t  the two ends  
will  cance l  out. The  necessary  condition is tha t  

where E(x) and V(x) a r e  the  ax ia l  f ield and poten- 
t ia l ,  respectively,  a t  a point x on the  ax is .  

ORNL-DWG 65-10410 
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Fig .  5.3. Energy Spectrum of Ho Produced from Inci-  

dent 50-kev H t  in  on Argon Gas C e l l  a t  L o w  Pressure. 
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Fig .  5.4. Energy Spectrum of Ho Produced from Inci- 

dent 50-kev H +  i n  an Argon Gas C e l l  Operating a t  o 

Pressure of Torr. 
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t 
Fig.  5.5. Energy Spectrum of Ho Produced by H q  in  

a Retarding-Potent ial  Argon Gas C e l l .  Between 25 
ond 50 kev there i s  a contribution from H20 formed by 

simple electron capture. 

T h e  solution of t h i s  s imple equation is the  well- 
known exponential ,  V(x) = ae-bx. A potential  
divider was  constructed such  tha t  a decreas ing  
exponential  potential  could be applied ac ross  the  
cell electrodes.  With the  exponential  potential  
drop the maximum conversion efficiency of 50- 
kev H t  decreased  to  less than 10%. The  appli-  
cation of the  exponential-type field is valid only 
for ions  entering and leaving a region with two 
apertures.  Neutrals formed in the  diverging sec- 
tion of t he  particle path in the gas  cell s t ruck  
the boundaries of the ex i t  aperture, thereby de- 
c reas ing  the conversion efficiency. W e  have  
concluded that l inear fields a r e  superior t o  ex- 
ponential f ields for the electrode geometry used  
in  these  experiments. 

With proper care  in choosing gas  cell parameters, 
it is feas ib l e  to  produce an  energy-dispersed neu- 
tral  beam for injection into a magnetic config- 
uration. Sti l l  unanswered a re  the e f fec ts  of large 
beam currents producing ionization and consequent  
breakdown in the gas  cell. 

5.3 MEASUREMENT OF KINETIC ENERGIES 
OF H t  AND Ho FOLLOWING DISSOCIATION 

OF H, BY ELECTRON IMPACT 

Several observations ind ica te  that the Franck-  
Condon principle may sometimes be violated in 

the d issoc ia t ion  of the H, molecule. To t e s t  
t h i s  poss ib le  deviation from the Franck-Condon 
principle, we have designed an appara tus  which 
will  allow measurement of the H t  and H o  recoil  
energ ies  and thus the H ,  dissoc ia t ion  energ ies  
for the following reactions: 

T h e  hydrogen molecule will b e  exc i ted  by elec- 
trons of energ ies  up to  seve ra l  kilo-electron vol t s ,  
and the  kinetic energy of the fragments wi l l  be 
determined by their flight time over a 5-cm dis- 
tance.  Fol lowing energy ana lys i s ,  the par t ic les  
will  be identified by mass  ana lys i s  in a 50-cm-long 
flight tube. In the  case of charged par t ic les  the  
experiment is straightforward; however, for neu- 
tral  par t ic les  a second ionization ( H o  -+ H t  af te r  
energy ana lys i s )  is necessary  to make m a s s  analy- 
sis and detection feasible.  

For  all energ ies  of the primary e lec t rons ,  except  
for e lec t rons  below about  50 ev ,  a l l  three reac- 
t ions take  p lace  according to the  partial  c r o s s  
sec t ions  of reactions (1) to  (3). T o  distinguish 
the reac t ions ,  the combined energy and m a s s  
ana lyzer  (Fig. 5.6) is operated in the following 
modes : 

1. Protons de tec ted  by electron multiplier PM I1 
in coincidence with protons de tec ted  by P M  I 
and with electron gun I1 off. Only protons of 
reaction (1) are  recorded. 

2. PM I1 in anticoincidence with PM I and gun I1 
off. Protons of reaction (2) a re  displayed. 

3. PM I1 in anticoincidence with PM I and gun I1 
on. Neutral hydrogen atoms of reaction (3), 
converted into H t  by electrons from gun 11, are 
measured. 

The  expec ted  low count rate for par t ic les  from 
reaction (3) makes i t  mandatory to opera te  the  
sys tem automatically. Briefly, the t i m e  interval 
from 0.8 to  20 psec  after pulsing electron gun I 
is scanned  randomly by triggering electron gun 11 

3R. Caudano et a t . ,  Ann. SOC. Sci .  Bruxelles 76(III), 
127 (1962); F. P. G. Valckx and P. Verveer, IVIntern .  
C o n f .  P h y s .  Electron. A & .  Collisions,  Quebec, 1965,  
333 (1965). 
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Fig .  5.6. Schematic Diagram of Time-of-Fl ight  Energy and Mass Analyzer.  

from a no i se  generator providing a whi te  s p e c -  
trum. Th i s  time interval corresponds to par t ic les  
with k ine t ic  energy from 20 to  0.3 ev. At  the  
moment of firing gun 11, t he  channel  advance of 
a pulse-height analyzer 's  memory core  s t a r t ed  by 
gun I is ha l ted  and prepared to s to re  a potential  
event,  namely, a s igna l  from PM 11, placed in 
de layed  co inc idence  with the  trigger s i g n a l  of 
gun 11. T h i s  procedure i s  repeated every 50 to 
100 psec ,  s o  tha t  f luctuations and drifts  i n  g a s  
pressure  and outputs of the  electron guns become 
immaterial. In particular,  any  protons produced 
from background g a s  in  the  ionization region of 
gun I1 will  be  distributed evenly  over a l l  channe l s  
of t he  memory core. T h e  mechanical fea tures  have 
been fabricated and assembled ,  and  the  elec- 
tronic components a r e  being put together. 

5.4 SILICON BARRIER DETECTORS 
FOR LOW-ENERGY PARTICLES 

Main emphasis  during th i s  period h a s  been placed 
on reducing the  no i se  leve l  of the  s i l i con  sur face-  
barrier detector and a s soc ia t ed  e lec t ronics .  T h e  
field-effect t rans is tor  preamplifier w a s  mounted 
in close proximity to  the  s i l i con  de tec tor ,  and 
both were cooled with liquid nitrogen. Engineering 
modifications in  the  detector and preamplifier 
mounting have  decreased  microphonic no i se  until  
the no i se  width a t  optimum temperatures and zero 
input capac i tance  is 1.48 kev in  s i l i con .  The  
de tec tor  pu l se  width (full width at  half maximum 
amplitude) is plotted a s  a function of the  pre- 
amplifier temperature in  F ig .  5.7. The  de tec tor  
temperature w a s  a lways  within a few degrees  of 
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the preamplifier temperature. Two determinations 
a re  plotted, 50- and 40-kev protons. Bes t  reso- 
lution was  obtained in the temperature range -100 

Shown in F ig .  5.8 are severa l  pulse-height spec -  
tra obtained from protons whose energ ies  varied 
between 10 and 40 kev. For  energ ies  less than 
10 kev, the pulse  spectrum was  shifted down in to  
e lec t ronic  noise  with a peak-to-valley ratio of 1 
for 7-kev protons. An inflection point was  s t i l l  
prominent in the pulse-height spec t r a  for 6-kev 
protons. By the u s e  of s imple noise  subtraction 
techniques ,  the  particle response  was  eas i ly  d is -  
t inguishable from the electronic noise  with the 
resolution remaining cons tan t  throughout the  
range of proton energies.  The  optimum peak 
width for protons was  2.75 kev, obtained when 
both the preamplifier and detector were a t  a tem- 
perature of approximately -120OC. T h e  output 
pulse height is shown a s  a function of proton 
energy in Fig. 5.9. The  reproducibility of the 
da t a  is about  that  shown by the sca t t e r  of the 
da ta  a t  20, 30, and 40  kev. The  best-fi t t ing 
straight l ine  through the  experimental da ta  indi- 
c a t e s  zero  output a t  a proton energy of 500 ev ,  
sugges t ing  tha t  th i s  value is the energy l o s s  in 

t o  -13OOC. 

20 kev 

the dead layer provided by the  gold layer and 
any region between the gold layer and the  deple- 
tion region in the si l icon. The  intercept can  be 
sh i f ted  a few hundred electron volts by a s l i gh t  
change in the  s lope  of the curve in F ig .  5.9. 
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Fig .  5.8. Energy Spectra of Sil icon Surface-Barrier Detector for Low-Energy Protons. 
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T o  determine if c rys ta l  channel ing  ex i s t ed  as  
the  protons pas sed  through the  gold layer,  the  
s i l i con  detector ax i s  w a s  rotated about t he  direc- 
tion of the  beam. One would expec t  that  a rotation 
of 1 to 2' would produce a not iceable  change in 
the posit ion of the  peak pulse  height if channel- 
ing  w a s  present.  N o  changes were de tec tab le  
in  the  peak pulse-height posit ion for 10-kev pro- 
tons as the  detector swept  through a n  ang le  of 
+3'. By rotating the  detector through larger 
angles ,  the energy l o s s  in the  gold foil  can  be  
determined by measuring the  d isp lacement  of the  
peak pulse  height as the effective th ickness  
inc reases  with decreas ing  angle  of incidence.  
T h e  average energy l o s s  in the  50-pg/cm2 gold 
foil was  190 ev. T h e s e  resu l t s  vividly i l lus -  
trate the  small energy loss of low-energy protons 
pas s ing  through metall ic foils.  

The  u s e  of s i l i con  barrier de tec tors  was  extended 
to  heavier particles.  The  peak width of the  de tec-  
tor for incident He' ions  as a function of the  
ion energy is shown in F ig .  5.10. T h e  resolution 
i s ,  and remains, approximately cons tan t  for helium 
ion energ ies  between 1 0  and  30 kev. The  output 
pu lse  height as  a function of energy i s  shown in 
Fig.  5.11. Extrapolation to zero  output ind ica tes  
no energy lo s t  by the  helium ions  pas s ing  through 
the foil ,  indicating aga in  that the  intercept does  
not accura te ly  determine the  energy l o s s  in the 
dead layer. . The  valley-to-peak ratio of the  pulse  
spec t ra  for 10-kev He' was  0.7. Measurements 
with N t  ions  resulted in resolution of pu l se s  
down to 15 kev, where the  valley-to-peak ratio 
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Fig.  5.10. P e a k  Width of H e  Ions as  a Funct ion of 

Energy. 

ORNL-DWG 66-371 
50 I 

i 

He+ ENERGY ( k e v )  

Fig.  5.11. Pulse-Height  L inear i ty  of Si l icon Surface- 
t 

Barrier Detector  Used  in Detect ing H e  Ions. 

w a s  0.9. Evidently,  thinner windows a r e  necessa ry  
if the  s i l i con  barrier detector i s  t o  b e  used  as  a 
heavy-particle detector.  

5.5 THERMAL DETECTORS 

Further work h a s  been done to  determine the  
f a s t  time response  of a BaTiO,  c rys t a l  to HD 
particles.  Barium t i tana te  i s  i n  the  c l a s s  of 
pyroelectric materials which undergo a spontane- 
ous polarization when hea t  is absorbed on one 

. 
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face of the c rys ta l .  Th i s  change in polarization 
g ives  r i s e  to  a polarization current whose magni- 
tude  is directly proportional to the  inc ident  radia- 
tion. A crys ta l  was  placed into DCX-l,  and 
300-kev H o  from the  plasma impinged on one  of 
i t s  faces. For  low input power of the  order l o p 4  
w/cm ’, the  c rys ta l  exhibited a nonlinear response  
in  tha t  the  s igna l  was  differentiated.  Increas ing  
the  power or the  number of par t ic les  s t r ik ing  the 
f ace  by a n  order of magnitude eliminated the  
differentiation, and the  output t i m e  response  of 
the  c rys t a l  followed the  pulsed beam. The  reason 
for t h i s  nonlinear behavior is unknown a t  present.  
T h e  measured response time of the  c rys ta l ,  s t i l l  
limited by the  amplifier, was  approximately 1 
msec .  S ince  BaTiO, i s  a l s o  p iezoe lec t r ic ,  the  
osc i l loscope  t race  exhib i t s  large microphonic 
noise  due  t o  mechanical vibration of the  machine. 

5.6 ATOMIC AND MOLECULAR PROCESSES 
INFORMATION CENTER 

In August t he  f i r s t  Information Center Bibliog- 
raphy w a s  i s s u e d  as AMPIC-1 (1963). T h i s  an- 
notated bibliography conta ins  re ferences  and  
titles for l i terature searched  during the year 
1963. In answer to numerous reques ts  for a l i s t -  
i ng  of sc i en t i f i c  personnel engaged in the  field 
of e lec t ronic  and  atomic co l l i s ion  phys ic s ,  an  
International Directory (AMPIC-2) h a s  been com- 
piled and published. T h e  second bibliography, 
AMPIC-3 (1964), h a s  been completed and is now 
be ing  printed. 

F i n a l  p lans  a re  materializing for the  f i r s t  of t he  
the  Information Center’s evaluation and reviews. 
T h e  topic wil l  b e  Zon-Atom Interchange Reac t ions  
and wi l l  be  published in  the  form of a monograph 
by a commercial publisher. T h e  following have  
consented  to b e  co-authors of t he  first mono- 
graph: Drs. Earl  W. McDaniel, Georgia Ins t i tu te  
of Technology; E. Ferguson, NBS Labora tor ies ,  
Boulder; L. Friedman, Brookhaven National Lab-  
oratory; and A. Dalgarno, Queen’s University,  
Bel fas t .  T h e s e  authors wi l l  b e  under cont rac t  
to the  Information Center t o  supply  the  review, 
a f te r  which the  Information Center wi l l  a c t  a s  
editor and intermediary with the  publishers.  P r e s -  
en t  p l ans  a r e  to  publish two monographs per year ,  
with the  next top ics  to be  Ionization a n d  Exci ta -  
tion by Heavy P a r t i c l e s  and P a r t i c l e  In te rac t ions  
with Elec t r i c  a n d  Magnetic Fields. 

Our journal s ea rch  h a s  been extended to inc lude  
73 journals and  5 abs t rac t  journals.  Most of the  
major journals have now been searched  back to  
1950 and  awai t  further review and c lass i f ica t ion .  
Our indexing or c lass i f ica t ion  scheme h a s  now 
progressed to  the  point at which we obtain ap- 
proximately 85% agreement among various m e m -  
be r s  of the  technica l  staff .  Our personnel h a s  
grown during th i s  report period to  include s i x  
university s c i e n t i s t s  under part-time contract  
and five members of the  Health P h y s i c s  Divi- 
s ion ,  spending  10 t o  20% of their  time on review- 
ing  and searching  the  literature. In addition, 
our own Division now h a s  four members engaged 
in  part-time ac t iv i t ies .  

A la rge  fraction of our time h a s  been spen t  on 
the s torage  and retrieval problem. Our present  
conceptual des ign  of the  system c a n  b e s t  b e  
summarized in  two parts:  part  I, t he  semiautomatic 
s t e p s  of printing bibliographies directly from a 
computer in a reproducible form, and part 11, 
the  computerized retrieval of information. Shown 
in  F ig .  5.12 is a flowsheet of t h e  various opera- 
t ions involved in the  s torage  and retrieval s y s -  
tem. T h e  l i terature is searched  by the  technica l  
s t a f f ,  and the  pertinent references a r e  keypunched 
directly onto computer cards.  The  ca rds  a r e  
sorted and printed out in the  form of a working 
bibliography. T h i s  printout is as s igned  to  spe -  
cialists who read the papers,  make preliminary 
eva lua t ions ,  index each  paper in to  i t s  proper 
c lass i f ica t ion ,  and note other needed information 
such  a s  reac tan ts ,  particle energy regions,  e t c .  
T h i s  information is punched onto the  original 
reference card ,  which is printed out i n  a form 
su i t ab le  for reproduction. Also,  the  information 
contained on the  cards  is transferred to magnetic 
tape  for retrieval by t i t l e  words or combination 
of terms, ca tegor ies ,  reac tan ts ,  authors,  or any  
combination of these.  

At  periodic in te rva ls ,  the  papers will  be  reas-  
s e s s e d  or reevaluated. References  containing 
useful da t a  wi l l  have  the  da t a  extracted from t h e  
graphs by automatic analog-to-digital convers ions .  
The  digital  output from th is  system will  be  p laced  
on magnetic t ape  and plotted out in  des i red  units.  
T h e s e  graphs and tabulations will  b e  fi led in  
hard copy with the  original paper t o  awa i t  t h e  
reviewer. 

One hundred references were used  in  a test run 
to  subs t an t i a t e  our i deas  on information storage.  
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All p h a s e s  of the operations were completed ex- paper will  be contained on many punched cards ,  
cep t  us ing  the card sor ter ;  this  s t e p  was  replaced with the f i r s t  card to  have a fixed field and the 
by manual methods. Our second t e s t s  c o n s i s t  subsequent  t ra i ler  cards  to have an open field. 
of 7000 punched cards  as a data  base.  Informa- A s p e c i a l  brush attachment added to the sor ter  
tion has  been entered on t h e s e  c a r d s ,  and we a r e  will al low u s  to sort by using only the f i r s t  card.  
delayed by the manufacturer in providing an at tach-  In the meantime, the program for information re- 
ment for the card sorter. The  data  in  e a c h  journal t r ieval  is being written. 



6. High-Current Ion-Beam Production and Injection 

R. C. Davis  G. G. Kelley R. F. Stratton 
R. R. Hall  0. B. Morgan G. M.  Babler '  

T h e  performance of the  in t ense  Ht beam facil i ty 
developed during t h e  previous report period h a s  
been inves t iga ted  in greater detail .  In Fig.  6.1, 
the  beam avai lab le  (main ta rge t  current) is indi- 
ca t ed  as  a function of energy for various aperture 
sizes and to ta l  beam currents.  T h e  aperture w a s  
loca ted  120  c m  from the  l ens ,  with t h e  beam f i r s t  
pass ing  through a 6-cm aperture located a t  30 cm 
and a 3-cm aperture a t  60 cm. T h e  reason for 
restricting t h e  total beam to less than the  maximum 
available,  900 ma a t  70 kev, w a s  thermal problems 
on t h e  particular ta rge ts  be ing  used  for t h e s e  d c  
beam conditions.  Bet te r  ta rge ts  could have  been 
built,  but for t he  presently proposed application 
of t h i s  device  th i s  information is very adequate.  
T h i s  device  is now being ins ta l led  on DCX-2 for 
in jec t ing  a beam at an ang le  such tha t  i t  will  j u s t  
p a s s  through one  of t h e  magnetic mirrors. From 
present  DCX-2 da ta  the re  is evidence  of in t ense  
e lec t r ic  f ie lds  a t  t h e  proton cyclotron frequency 
which a re  perpendicular to the  ax i s .  I t  is hoped 
that t h e s e  f ie lds  will produce enough energy 
spread  i n  t h e  in jec ted  proton beam to  trap a s ig-  
nificant fraction of it. T h e  des i red  in jec t ing  
energy will b e  70 kev  or  greater, and s i n c e  the  
necessary  beam collimation will  probably b e  less 
stringent than that imposed by t h e  3-cm aperture 
located a t  120  c m  i n  F ig .  6.1, hundreds of m i l l i -  
amperes of Ht i ons  should b e  ava i lab le  for in- 
j ection . 

A new vacuum system h a s  been  built  and in- 
s ta l led  on the  100-kv test s t and .  I t  was  des igned  

'Summer participant, University of Missouri. 

'Thermonuclear Div. Semiann. Progr. Rept.  April 30, 
1965, ORNL-3836, pp. 74-80. 

to provide a longer beam drift spa& and to  facil-  
i t a t e  more de ta i led  beam s tudies .  I t  h a s  t h e  
increased  pumping speed  needed for a 1-amp beam 
and neutral  beam work. T h e  new facil i ty,  F ig .  
6.2, a l lows  a beam drift s p a c e  of =240 e m .  T h e  
vacuum sys tem c o n s i s t s  of t h ree  PMC-4100 dif- 
fusion pumps charged with Sil icone 705 oil, Freon- 
cooled baf f les ,  and  a titanium filament evaporation 
sys tem used  to  supplement t h e  hydrogen pumping 
during various experiments. T h e  sys tem is not 
bakeab le  and now h a s  a b a s e  pressure  of =3 x 
i o - 7  torr. 

One  of t h e  b a s i c  problems with t h e  600-kev 
DCX-2 injector h a s  been the  limitation of t he  ion  
source  in  t h e  production of a la rge  percentage of 
H,' i o n s  i n  t h e  beam in  t h e  total  current range 
above  100 m a .  T h i s  is evident from the  fac t  that ,  
although 350 ma of a 600-kev hydrogen beam h a s  
been  obtained on t h e  test s tand ,  only 96  m a  
of t h i s  beam w a s  H2'. T h e  elimination of t h i s  
restriction h a s  been one  of t h e  major efforts of 
t h e  group during th i s  report period. T h e  goal w a s  
an ion source  that could b e  uti l ized at  t h e  600-kv 
terminal of our present  accelerator,  without a major 
modification, which would produce an in t ense  H Z t  
beam of sufficiently high quality to p a s s  through 
t h e  DCX-2 duct.3 I t  w a s  found that s imple  sca l ing  
of t h e  duoplasmatron ion source  d id  not  result  i n  
increased  molecular ion current.  During the  period 
in  which t h e  new 100-kv facil i ty w a s  being in- 
s ta l led ,  a temporary ion  source  experiment was  
used  to pursue  this problem. F i r s t ,  multiaperture 
d ischarges  were operated by us ing  a common 

3Thermonuclear Div .  Semiann. Progr. Rept.  April 30, 
1964, ORNL-3652, p. 86. 
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L e n s  as a Function o f  Beam Energy for Various Tota l  Extracted Currents. 

filament with individual apertures in  the  inter- 
mediate electrode and anode of a duoplasmatron. 
Stable operation of up  to seven  of t h e s e  d ischarges  
w a s  obtained using an all-copper ion source .4  
La te r  t h e s e  sou rces  were u s e d  on t h e  new 100-kv 
tes t  stand, where some improvement i n  H, pro- 
duction was  found (150 m a  from a to ta l  beam 
current of 300 ma). T h e  g a s  efficiency was  very 
poor, and beam extraction from th i s  source  in  a 
600-kv accelerator probably would not b e  feasible.  
There remains a good poss ib i l i ty  tha t  t h i s  sou rce  
would y ie ld  a des i rab le  plasma for a sys tem us ing  
an  expanded sur face  a rea  for ion extraction. 

T h e  temporary t e s t  s t and  w a s  a l s o  uti l ized i n  
an attempt to eva lua te  and study the  problem of 
molecular ion  production by using a spec t roscope  

t 

4Therrnonuclear Div. Semiann. Progr. R e p t .  April 30, 
1965,  ORNL-3836, p. 79. 

to monitor t he  ratio, R, of the  in t ens i t i e s  of t h e  
H,' 4634-A and H o  4340-A l i n e s  in t h e  d ischarge  
region as  a function of various sou rce  parameters.  
Tha t  t he  variation in the ratio of atomic to  molec- 
u la r  neut ra l s  had some correlation to t h e  problem 
was  es tab l i shed  by monitoring the  change  i n  t h i s  
ratio while varying some of t h e  source  parameters 
found cr i t ica l  i n  earlier experiments, where ac tua l  
ion extraction and ana lys i s  were performed. For  
example, F ig .  6.3 shows t h e  variation of R as a 
function of t he  source  a rc  current for t h e  same  
source  pressure  and for two intermediate e lec t rode  
to anode  spac ings  of a standard duoplasmatron. 
T h e s e  resu l t s  ag ree  quali tatively with t h o s e  
actually found by analyzing the  beam from t h i s  
t ype  of source.  T h i s  sys tem was  then used  t o  
eva lua te  attempts to vary the  recombination of 
H o  atoms by varying t h e  sur face  material  and 
temperature in the  c r i t i ca l  region of t h e  source .  
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Fig .  6.2. N e w  100-kv T e s t  Stand wi th  Increased Pumping Speed. 

T h e  ratio R was  found to depend very weakly on 100-kv t e s t  s tand .  T h i s  copper e lec t rode  w a s  
t h e s e  parameters, and in  la te r  checks  by beam placed after t h e  anode with p l ans  to vary i t  from 
ana lys is  from two of t h e s e  same  sources  the  same  anode  to ca thode  potential .  T h e  sys tem was  so 
negat ive  resu l t s  were discovered. uns t ab le  in t h e  low-pressure region, where molec- 

Variation of t h e  dens i ty  and energy of t h e  elec- ular ion production would b e  favored, that  i t  w a s  
trons in the  source  by incorporating a fourth elec- hard to eva lua te .  T h e  solution to t h i s  low-pressure 
trode i n  the  duoplasmatron w a s  tried on t h e  new uns tab le  operation w a s  t h e  incorporation of an  
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electrode arrangement l i ke  tha t  descr ibed  by 
Poroshin et 31.’ A simplified and scaled-down 
version of th i s  source ,  which could possibly b e  
referred t o  a s  a plasma-fed PIG source ,  i s  shown 
in  F ig .  6.4. T h e  source  was  simplified and re- 
duced in size primarily to adapt i t  for u s e  on the  
600-kv terminal of t h e  accelerator.  I t  is now ready 
for testing. A second version of th i s  source,  
which is incorporated into the  beam extraction and 
focusing system developed earlier for i n t ense  30- 
to 70-kev Ht beams, i s  shown i n  Fig.  6.5. T h e  
abil i ty of th i s  source  to produce in t ense  H,’beams 
is indicated by the  following preliminary resu l t s  
with t h e  100-kv t e s t  stand: 

Tota l  Beam Energy i 
2 H 2 +  (kev) Percent H 

(ma) 

172 1 3 5  60 78.5 
252 164 60 65 

T h i s  source  h a s  t h e  electrode aperture c r o s s  
sec t ions  reduced to 40% of those  used  b y  Poroshin 
and Coutant bu t  de l ivers  beams with s i m i l a r  H2’ 
y ie lds  a s  t h e  larger source  for to ta l  hydrogen ion 
currents u p  to 300 m a .  From the  fu l l - sca le  source,  
Poroshin and Coutant obtained =450  m a  of H,’ 
from a total beam of =800 m a .  I t  seems reason- 
ab le ,  therefore, that an ion  source  of t h i s  type 
can  produce the  current of H 2 +  i o n s  desired.  

’0. F. Poroshin and J. J. Coutant, Report No. 600, 
Physico-Technical Institute, USSR. Translated by 
Culham Translations Office, Ju ly  1964. (Present  ad- 
d re s s  of J. J. Coutant: Association Euratom-CEA, 
Fontenay-aux-Roses, France.)  
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Fig. 6.4. N e w  Ion Source Used for Producing Intense 
H2 t Ion Beams. 

However, a very important ques t ion  tha t  must b e  
answered is how much of t h i s  beam c a n  be  in jec ted  
through a DCX-2 type  duc t  with t h e  present  ac- 
celerator.  If t h i s  system i s  not satisfactory,  then 
more elaborate modifications of t h e  present  ac- 
celerator will  b e  considered. 

T h e  100-kv t e s t  s tand  h a s  also been used  t o  
eva lua te  t h e  sys tem shown in  F i g .  6.6, which 
inc ludes  the  modified source  described above and 
a beam extraction and focusing system similar t o  
that u s e d  at  Sukumi.’ T h e  resu l t s  ind ica te  that 
for t he  energy range of 30 to 70 kev, t h e  sys tem 
shown in F ig .  6 .5  produces an Ht beam with a 
higher current density than t h e  H,’ beam from 
t h e  system shown in F ig .  6.6. W e  a r e  aware ,  
however, that  there  are many parameter combina- 
t ions  that have not been tried in t h i s  preliminary 
work. In the  energy range of 4 to 20 kev  the  
system shown in F ig .  6 .6  s e e m s  to  b e  superior. 
Fo r  t h i s  low-energy range a well-collimated beam 
c a n  b e  produced by extracting a t  e leva ted  energ ies  
and then deaccelerating the  beam in  t h e  vicinity 
of the  auxiliary coil .  The  most c r i t i ca l  parameter 
is t h e  ampere turns in the  auxiliary co i l .  At t h e s e  
low energ ies  t h e  bes t  results have  been obtained 
using t h e  maximum ampere turns ava i l ab le  with 
the  sys tem.  T h e  resulting ax ia l  magnetic f ie ld  
is a l so  shown in Fig. 6.6. T h e  H Z t  beam avai lab le  
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+ Fig. 6.5. System Used for Producing Intense H q  Ion Beams in the Energy Range of 50 to 70 kev. 

f rom th i s  sys tem through a 2.5-cm aperture loca ted  ion source  described ear l ie r ,4  with the  except ion  
at a d i s t ance  of 1 2 0  c m  as a function of energy is tha t  t h e  b a s e  of t h e  anode plasma expansion “cup” 
shown in  F ig .  6.7. T h i s  is a well-collimated es- is composed of a cooled copper p l a t e  with thirty- 
sen t ia l ly  parallel  beam. one  3-mm apertures spaced  o n  3.5-mm centers .  

A second system built  for t he  generation of ion  There  a r e  two other e lec t rodes  composed of water- 
beams in t h e  energy range of 4 to 20 kev is shown cooled copper p l a t e s  with ident ica l  sets of 31 
in F ig .  6.8. T h i s  system u t i l i ze s  t h e  all-copper apertures.  T h e  e lec t rodes  a r e  all insu la ted  from 

8 
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ground potential  and can  therefore b e  operated a t  
a variety of e lec t r ica l  potentials.  One of t h e  most 
obvious,  interesting, and fruitful arrangements is 
to u t i l i ze  t h e  grids a s  a n  accel-decel neut ra l iz ing  
arrangement. Fo r  th i s  condition t h e  anode of 
cour se  is operated a t  t h e  des i red  pos i t ive  poten- 
t ial ,  t he  f i r s t  electrode a t  a nega t ive  potential  
(to act a s  a barrier for e lec t rons  trying t o  reach 
t h e  ion source  and inc rease  the  in i t ia l  extraction 
energy of the  ions), and t h e  second e lec t rode  i s  
operated a t  ground potential (which s h i e l d s  the  
beam region above  t h e  lens,  where neutralization 
is desired,  from the  nega t ive  potential  of the  
previous electrode).  T h i s  sys tem h a s  been oper- 
a t ed  over t he  energy range  of 4 to 24 kev  with a 
total  extracted hydrogen ion beam of 200 m a  under 
d c  conditions for severa l  hours  with no appreciable 
erosion of the copper grids. T h e  beam avai lab le  
from t h i s  sys tem a t  a d i s t ance  of 120 cm through 
a 5-cm aperture is shown in  Fig.  6.9 a s  a function 
of beam energy. Both of t h e  low-energy sys t ems  
described above  h a v e  only been eva lua ted  for 
short  periods of time. Each system is capab le  of 
generating hundreds of milliamperes of beam even  
at energ ies  of 5 to 20 kev. The re  a r e  numerous 
i d e a s  in hand which a re  l ike ly  to  produce be t te r  

resu l t s  than reported here.  T h e s e  s t u d i e s  will  
b e  pursued as t i m e  a l lows  and in accordance  with 
need in  the  thermonuclear program. 
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7.  Plasma Theory a n d  Computation 

7.1 NEGATIVE-MASS lNSTA8lLlTY IN DCX-1 

R. A. Dory 

Experiments described in t h i s  report’ have  
strengthened the  susp ic ion  that one of t he  very 
potent ins tab i l i t i es  in DCX-1 is the  negat ive-mass 
instabil i ty known from t h e  theory of circular ac- 
celerators.  T h e  following ca lcu la t ions  were 
undertaken in an  effort t o  provide theoretical  
predictions of certain of t h e  da ta .3  

T h e s e  resu l t s  are d iscussed:  (1) frequency and 
growth rates of the  uns tab le  mode, (2) proton 
density a t  threshold of t he  instabil i ty as a function 
of t h e  spread in proton energy and of t h e  spread  
in  radial betatron amplitudes. Agreement between 
theory and experiment is fairly good. 

T h e  calculation as it s t a n d s  does not apply t o  
the  case in  which the  radial  betatron amplitudes 
may be  large. As noted i n  ref. 1, the resu l t s  
are roughly correct in  tha t  case, provided o n e  
neglec ts  a l l  protons with “large” amplitude. T h e  
behavior of the  ambient neutralizing background 
or low-energy protons is neglected in t h e  ca lcu la-  
tion, a s  are the  dynamics of motion t ransverse  t o  
the  beam direction. 

T h e  present resu l t s  a r e  a syn thes i s  of resu l t s  
and ideas  from T. K. Fowler,  C .  E .  Nielsen, V. K. 

‘J. L. Dunlap e t  at. ,  sec t .  1, th is  report. 

’C. E. Nielsen, A. M. Sessler,  and K. R. Symon, 
Proc.  CERN Symp. High Energy Accelerators,  Geneva, 
1959. 

3These conclusions were presented in paper P13 a t  
the  1965 Annual Meeting of the  Division of P lasma 
Phys ics ,  American Phys ica l  Society, San Franc isco ,  
Calif.,  Nov. 8-11, 1965. 

Neil ,  K. R. Symon, and others.  D i scuss ions  with 
and preprints from R.  W. Landau were espec ia l ly  
useful and a re  gratefully acknowledged. 

T h e  negat ive-mass ins tab i l i ty  resu l t s  if par t ic les  
near a focused orbit (e.g. ,  t he  concentric circular 
orbit in t he  symmetry plane of a mirror machine) 
experience a decrease  in the  frequency of traversing 
the  orbit when their  energy is increased (as is 
true for nonrelativist ic par t ic les  in a mirror ma-  
chine). T h e  instabil i ty will disappear  because  of 
damping if  t he  sys tem is given a spread in  particle 
frequencies.  Such a spread r e su l t s  from spreading 
the  energy or betatron amplitudes, or from rela- 
t iv i s t i c  effects. 

We present here a heurist ic calculation of t h e  
threshold dens i ty  and osc i l la t ion  frequency at 
threshold. Detailed treatments verify t h e  resu l t s  
i n  c a s e s  where they may b e  carried through. 

A monoenergetic group of 2rrR ,N nonrelativist ic 
protons (energy E,, m a s s  M ,  charge  e )  is put 
uniformly into a circular orbit (radius R , ,  frequency 
0,) in t h e  symmetry plane of a mirror machine 
[field gradient index n - ( r / B Z )  - (dBz/dr)lr=R,]. 

A s t a t i c  neutralizing background is assumed.  uA 
perturbation a t  t h e  Zth harmonic of t h e  azimuthal 
angle  8 would give e lec t ros ta t ic  s igna l s  polarized 
in the  azimuthal direction a t  t h e  gyrofrequency 
0, of t h e  protons. T h e  s i g n a l s  would grow with 
charac te r i s t ic  r a t e4  

4This  paragraph paraphrases unpublished resu l t s  of 
T. K. Fowler (ORNL-CF-61-7-1, private communication, 
1961) obtained in modifying the  theory of ref. 2 to  
apply to DCX-1. See appendix to ref. 1. 
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where yf (equivalent t o  go of ref. 2) is given by5  

T h i s  instabil i ty is a charge-clustering phenomenon 
and will not occur if spread  is introduced into the  
angular s p e e d s  of t h e  par t ic les  so tha t  par t ic les  
will  not remain c lus te red  over a wavelength 2r / I  
for as long as  a growth t ime T of t h e  instabil i ty.  
T h u s  s tab i l i ty  resu l t s  if T A ~  > 2n/l  where w e  
interpret A i  as  half-width of t h e  spread. Fo r  
s tab i l i ty  then, one  needs  A6 > [Ne2nyf / ( l  - 
n)MR3"'. If Ad r e su l t s  only from a spread  AE 
i n  energy, w e  recover t h e  r e su l t s  of ref. 2. T h i s  
recovery motivates the  cho ice  of numerical fac tors  
i n  our argument, which is, in  e s s e n c e ,  j u s t  di- 
mensional ana lys i s .  

We now assume  that a further spread  in  angular 
speed  is introduced by giving the  par t ic les  a 
spread  in  radial  betatron amplitude p ,  and ca lcu la te  
a to ta l  spread  Ad as t h e  sum of ( (dk /dE)AEi  and 
\ ( d i / d d 2 ) A d 2 / ,  where d = p / R o .  

Since  t h e  ca lcu la t ion  is laborious,  t h e  de t a i l s  
a r e  omitted here. We find in agreement with resu l t s  
of Neil  and Landau6 that t h e  coefficient of Ad2  
is - \ (n - n ' ) w o ,  where 

T h i s  resu l t s  from a perturbation solution of t h e  
second-degree nonlinear radial  betatron osc i l la t ion  
equation. If one  wi shes  to  include. t h e  ax ia l  
betatron osc i l la t ions ,  t h e  spread  i n  A0 should b e  
augmented by /(di/&32)A621, where R,8 is t h e  
ax ia l  amplitude. T h e  coefficient of As2 tu rns  out 

'This is the only p lace  so far where the  beam thick- 
n e s s  2a must b e  taken into account. As function of 

a / R o ,  Y J  is only weakly varying in si tuations of inter- 
es t ;  for example, at  4 a / R o  2 10K3, lo-', lo-'  numerical 

quadrature y ie lds  y J  15, 11, 6. T h e  significance of 

Y is that i t  re la tes  the  8 component of t he  electrostatic 
field a t  one azimuth to the  perturbed charge density 

elsewhere in the beam when a density modulation 0~ 

exp if0 is introduced. T h e  value is infinite un le s s  

a is nonzero. 

28, 1965). 

J 

6R. W. Landau and V. K. Neil, UCRL-14406 (Sept. 

t o  b e  nwo/4,  about half t h e  radial  coefficient i n  
DCX-1, where n ' 2  -n. 

For  a stabil i ty criterion then we t ake  

+ ( ; n y  A d z ) ( :  A*')]' . ( 2 )  

T h e  wave frequency a t  threshold will  b e  t h e  mean 
angular speed  of t h e  beam. We assume  tha t  AE 
is even  about E,, so  tha t  t h e  wave frequency will  
b e  

I 1 - n ' ) A d 2  , (3) 

neglecting the  contribution of ax ia l  osc i l la t ions .  
In comparing theory with experiment, we cons ider  

f i r s t  t h e  wave frequency a t  threshold. In experi- 
ments '  where t h e  beam is limited radially s o  that 
Ad2 is small, t h e  relative sh i f t  i n  t h e  I = 1 wave 
frequency (o - w o ) / o o  w a s  found t o  b e  negative 
and very small. T h e  observed shift  and t h e  resolu- 
t ion  were both about a few ten ths  of a percent.  
Applying (3) for t h e  la rges t  A d Z  = 0.03 used  in  t h e  
experiment, one  f inds  a predicted sh i f t  of -0.2%, 
i n  reasonable  agreement. 

T h e  dependence of N upon AE is d i s c u s s e d  in  
de ta i l  i n  ref. 1 ,  where agreement aga in  is found: 
when t h e  AE term of ( 2 )  dominates,  N should  b e  
proportional t o  ( A E )  except for s l igh t  cor rec t ions  

F igure  7.1 shows  an  attempt to  fit Eq. (2) t o  
t h e  da t a  of Fig .  1.13 of ref. 1. For  t h i s  f i t ,  ref- 
e r ence  w a s  made to the  de ta i led  da t a  to determine 
t h e  displacement of t h e  radial  limiter, u sed  to 
def ine  Ad. T h e  energy spread  was  treated as a n  
ad jus tab le  parameter, with AE (full width) of 
4.5 kev giving t h e  reasonable  fi t  shown. T h i s  is 
in  good agreement with t h e  estimated experimental  
va lue  of 4 kev. T h e  va lues  of y1 used  were t h o s e  
appropriate t o  t h e  radial  beam width a t  t h e  point 
i n  question. T h e  uncertainty i n  a s s ign ing  distribu- 
tion function parameters ind ica tes  t ha t  t h e  theoret-  
ical points could b e  off at least a factor of 2. 

Substantial  agreement is s e e n  a t  t h e  left s i d e  of 
t h e  figure, but t h e  theoretical  points s eem t o  fall 
significantly low a t  t h e  right s ide .  T h i s  may b e  

of Y1. 
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F ig.  7.1. Comparison of Experimental and Theoret ical  

Threshold Proton Number. 

caused  by t h e  breakdown of t h e  accuracy  of t h e  
perturbation ca lcu la t ion  of t he  orbits. T h e  expan- 
s ion  parameter p/R,  is a s  la rge  as 0.3 at t h e  
rightmost point. A numerical t e s t  of t h i s  pos- 
s ib i l i ty  should b e  relatively e a s y  with ex is t ing  
orbit codes. 

7.2 COLD-PLASMA STABILIZATION 
OF DRIFT WAVES IN HOT-ELECTRON PLASMAS 

G. E. Gues t  C. 0. Beas l ey ,  J r .  

Observations by Ard et al.7 tha t  a co ld  back- 
ground plasma c a n  prevent t h e  occurrence of flute- 
l ike  ins tab i l i t i es  i n  hot-electron plasmas generated 
by electron cyclotron resonance  heating have  
motivated a calculation of t h e  s tab i l i ty  properties 
of a very s imple  model of s u c h  sys t ems ,  indicated 
by Fig .  7.2. T h e  hot-plasma region is assumed 
t o  have sharp  ax ia l  boundaries;  t h e  co ld  plasma 
extends  throughout t h e  length of t h e  conducting 
cavity,  which is s i tua ted  in  a s imple  magnetic 
mirror configuration. T h e  very important ques t ion  
of shea th  behavior a t  t h e  end p l a t e s  is not dea l t  
with here. Rather, we a s sume  that conduction 

’W. B. Ard, R. A. Dandl, and R. F. Stetson, “Obser- 
vation of a Mirror-Like Instabil i ty in a Hot-Electron 
Plasma,” Seventh Conference on Ionization Phenomena 
in Gases ,  Belgrade, Yugoslavia, August 22-27, I965 
(to be  published in the Proceedings). 

Fig. 7.2. Schematic Indication of the P lasma Model 

Calculated. 

to t h e  wa l l s  is large and tha t  t h e  impedance outs ide  
t h e  hot-plasma region is dominated by t h e  cold- 
plasma reactance.  T h e  s u c c e s s  of s tab i l i ty  cal- 
cu la t ions  for hot-ion plasmas in which no ax ia l  
f ie lds  a re  included’ sugges t s  tha t  i n  s u c h  cases 
either (1) t h e  shea th  is a b l e  t o  provide a boundary 
which prevents t he  plasma from see ing  the  chamber 
walls’  (under t h e s e  conditions,  t h e  present model 
is obviously inapplicable) or (2) t h e  dens i ty  of 
co ld  plasma is negligibly small .  

T h e  d ispers ive  properties of the  plasma media 
for e lec t ros ta t ic  waves a re  descr ibed  by d ie lec t r ic  
tensors ,  K(HOT) and K(COLD); Poisson’s  equation 
then becomes 

2 

v ‘ K ’ v + : o ,  (1) 

with so lu t ions  of t h e  form 

/ 

Here w e  have  assumed t h e  d ie lec t r ic  t enso r s  to 

‘See, for example, L. G. Kuo et at., Phys .  F lu ids  7, 
988 (1964); C. C. Damm e t  at., Phys .  F lu ids  8, 1472 
(1965). 

’F. F. Chen, Phys .  F lu ids  8, 752 (1965). 
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have  t h e  genera l  form 

T h e  fluctuating potential, must s a t i s fy  the  
following boundary conditions: (1) q5 = 0 a t  t h e  
end  wal l s ,  ( 2 )  + is continuous a c r o s s  t h e  hot-cold 

interface,  (3) D, = - E  K - is continuous a c r o s s  
3 3 J Z  

t h e  hot-cold interface.  
In order for nontrivial so lu t ions  q5 t o  ex i s t ,  t h e  

following dispersion relation must b e  sa t i s f ied :  

a+ 

x t anh  [kLLc  (3) 

or,  if k l L d m 3  << 1, as  is generally t h e  c a s e ,  

9 

From t h e  usua l  “finite Larmor rad ius  theory” of 
a cylindrical  plasma with smooth radial  dens i ty  
profile i n  a magnetic field with gentle curvature, l o  

one  finds 

0 .  2 

w c i  

K = I + -  ,-L PI 

2 
1 1  

w(w - n2/1wCi)  2 2(n--1) w .  

* (5) 
2 n = l  n! 2 2  w .  w 2  - n wci 
C I  

Here R;’ = l( l /No) (dN,/dr)l, X = kjp,?/2,  pi is 

t h e  average  ion gyroradius; v and v a re  t h e  g e  

J. D. Jukes, Phys .  Fluids 7, 1468 (1964). 10 

precess iona l  drift s p e e d s  of t h e  ions  and e lec t rons ,  
respectively,  in t h e  inhomogeneous magnetic field.  
W e  consider waves  s u c h  tha t  

for i ons  and electrons.  Hence, e-’Io(A) = 1 ,  where 
I ,  is the  Bessel function of zeroth order. T h e  
cold plasma is taken t o  b e  entirely reactive; tha t  
is, 

W 2  

(6)  
P e  

w 2  
K (COLD) ,-L = 1 - - = - - .  P e  

3 3  
w L  W‘ 

If t he  hot-electron precess ion  frequency w = 

v / R  << w c i ,  one  c a n  neglect t h e  summation g e  P 
i n  K ~ ~ ( H O T )  and obtain a s imple  cubic  d ispers ion  
relation. T h e  corresponding s tab i l i ty  boundary is 
descr ibed  by the  relation 

g e  

Here N c  and N, a re  t h e  plasma dens i t i e s  i n  t h e  
cold and hot regions respectively.  If loge = mci ,  
one  must retain t h e  ion gyrofrequency resonances ,  
and t h e  dispersion relation becomes a higher-order 
polynomial equation. 

We have obtained numerical so lu t ions  for experi- 
mental parameters typical of the  PTF machine. 
Stabil i ty boundaries a r e  shown in F ig .  7.3,  together 
with curves  indicating parameters a t  which t h e  
l inear growth ra tes  of t h e  uns tab le  waves h a v e  
reached 10% of t h e  ion gyrofrequency. Also  shown 
a re  two straight l i nes  indicating t h e  domain thought 
to charac te r ize  t h e  PTF plasma when i t  is near 
threshold for t h e  appearance of the  f lu te l ike  modes. 
Fo r  T e  >, 50 kev, one sees that t h e  plasma is 
predicted to  b e  uns tab le  to  waves  near t h e  fourth 
(as well as eighth and ninth) harmonic of t h e  
precess ion  frequency. From t h e  usua l  coupled 
mode approximation, one  c a n  derive an  approximate 
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Fig.  7.3. Stability Boundaries for Experimental 

Parameters Representotive of the PTF Mochine neor 

Threshold for Appearance of  F l u t e l i k e  Instabi l i t ies.  

description of t h e  s tab i l i ty  boundary shown in  
F ig .  7.3: i f  l o g e A  oci, 

1 - 1 ( 2 0 c i / 2 w g e )  (1  + d 2  2 - 1 )  

( W c i / 2 O g e )  - 1 

T h e  domain of applicabili ty of t h i s  model is under 
continuing study. 

7.3 NONLINEAR PLASMA PHENOMENA 
FROM A QUANTUM-MECHANICAL 

POINT OF VIEW 

E. G.  Harris" 

We claim t h e  following advantages  for treating 
nonlinear phenomena quantum mechanically. (1) 

"Consultant from the Universi ty  of Tennessee. 

It is conceptually simple.  One v iews  t h e  plasma 
as  an  assembly of weakly interacting par t ic les  
(e lec t rons  and ions)  and quasi-particles;  that  i s ,  
co l lec t ive  osc i l la t ions  s u c h  as  plasma osc i l la t ions  
(plasmons) and ion sound waves  (phonons). (2) 
T h e  ca lcu la t ions  a re  straightforward. Once one  
knows the  interaction Hamiltonian for a process,  
then t h e  usua l  formulas of quantum-mechanical 
perturbation theory c a n  be  applied to  ca l cu la t e  
transit ion ra tes .  We have  inves t iga ted  a number 
of p rocesses  by t h e s e  methods which were previously 
inves t iga ted  by classical methods. Our investiga- 
t ion of t h e  wave-vector s p a c e  instabil i ty of Vedenov 
and Rudakov" h a s  led  to some  new resu l t s .  In 
t h i s  instabil i ty,  energy is transferred from plasma 
osc i l la t ions  to  ion sound waves.  A report on t h i s  
part of our work h a s  been published. l 3  We a r e  
currently extending our ca lcu la t ions  to  inc lude  
nonlinear phenomena in  a plasma in  a magnetic 
field. 

7.4 DIFFUSION ACROSS A MAGNETIC FIELD 

Owen Eldridge'  ' 
In a previous report t he  diffusion coef f ic ien ts  

of a plasma were ca lcu la ted  from the  orb i t s  of t e s t  
par t ic les  i n  a cons tan t  magnetic field and a fluc- 
tuating e l ec t r i c  field.  T h e  coef f ic ien ts  for both 
velocity and s p a t i a l  diffusion were ca lcu la ted  in  
terms of an  arbitrary spectrum of e lec t ros ta t ic  
osc i l la t ions  in  t h e  plasma. T h e  same diffusion 
equation h a s  now been derived from t h e  more 
abs t rac t  kinetic theory in  which o n e  desc r ibes  
t h e  interaction in  terms of the  correlation function 
for pa i r s  of particles.  T h e  diffusion coef f ic ien ts  
a r e  exac t ly  t h e  same as  those  ca lcu la ted  from 
t h e  simpler model. 

T h e  calculation he lps  to  clarify two ques t ions .  
F i r s t ,  t h e  spa t i a l  diffusion coefficient is divergent 
and an  arbitrary cutoff must b e  used  for one  of 
t h e  integrals.  T h i s  divergence is related t o  t h e  
absence  of Landau damping for e lec t ros ta t ic  waves  
propagating perpendicular t o  t h e  magnetic field. 

"A. 

'?'E. G. Harris, ORNL-3871 (November 1965). 

14E. 

A. Vedenov and L. I. Rudakov, Soviet Phys.  
"Doklady" (English Transl.) 9, 1073 (1965). 

G. Harr i s  and 0. C. Eldridge, Thermonuclear 
Div. Semiann. Progr. Rept. Oct. 31, 1964, ORNL-3760, 
p. 74. 
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T h e  k ine t ic  theory model shows  that the cutoff 
d i s t ance  should b e  a t  about t h e  Debye length. 
Second, t h e  contributions t o  t h e  diffusion of 
e lec t rons  come from all t h e  s p e c i e s  of par t ic les  
present  i n  t h e  plasma. T h i s  is qui te  different 
from col l i s iona l  diffusion, where one  finds tha t  
only t h e  ions  contribute to electron diffusion. 

7.5 CODE FOR DCX-2 REOPTIMIZATION 

C. E. Parker 

Several  yea r s  ago were ava i lab le  t o  
optimize a coil sys tem for maximum homogeneity 
over a given interval. T h e s e  c o d e s  were used  
ex tens ive ly  i n  t h e  des ign  work for E P B  and DCX-2. 
However, s i n c e  both codes  were written for t h e  
ORACLE (machine language), they a r e  no longer 
relevant s i n c e  t h e  ORACLE w a s  dismantled in  
February 1963. 

Recently,  in te res t  h a s  a r i sen  i n  the u s e  of 
DCX-2 with mirror ra t ios  other than t h e  s tandard  
va lue  of 3.3. Since  our optimization c o d e s  were 
obsole te ,  a new FORTRAN code  was  written. It 
u sed  t h e  same  mathematical method previously 
described. ' 

T h e  sum of squa res  of t h e  deviations over a 
given ax ia l  length were minimized, or  i n  equation 
form 

where 

B Z ( Z )  is t h e  ac tua l  f ield a t  any point produced by 
t h e  winding, and B o  is t h e  fixed field des i red  
along t h e  ax is .  

"G. R. North and M. Rankin, Thermonuclear Div. 
Semiann. Progr. Rept. July 31, 1960, ORNL-3011, p. 83. 

16D. L. Coffey and J. E. Simpkins, Thermonuclear 
Div. Semiann. Progr. Rept. Jan. 31, 1961, ORNL-3104, 
p. 99. 
17D. L. Coffey, W. F. Gauster, and J. E. Simpkins, 

Thermonuclear Div. Semiann. Progr. Rept. July 31, 
1960, ORNL-3011, p. 80. 

Equation (1) c a n  b e  differentiated with respec t  
t o  the  variable current dens i t ies ,  yielding a s e t  
of l inear equat ions  which c a n  b e  so lved  for the  
desired va lues .  

T h e  code  is somewhat versa t i le  in tha t  t h e  
integration interval is variable as well  as the  
order of t h e  Gaussian numerical integration. T h e  
magnetic field va lues  were ca lcu la ted  us ing  the 
code  described by M. W. Garrett. 

7.6 USE OF POLYHOOK AS A SUSROUTINE 
IN THE DETERMINATION OF COMPLEX 

ROOTS OF A POLYNOMIAL 

C. 0. Beas l ey ,  Jr .  

In an attempt t o  eva lua te  numerically t h e  complex 
roots of a seventh-degree polynomial, i n  order t o  
determine s tab i l i ty  boundaries for f lu te l ike  ins ta -  
b i l i t i es  i n  a hot-electron plasma, l' t h e  CO-OP2o 
subroutines POLYHOOK or POLYHK a t  t imes  
fa i led  t o  converge. A more su i t ab le  CO-OP pro- 
gram, POLYHOOK, was  ava i lab le  as  a sepa ra t e  
program. However, t he  usefu lness  of t h i s  as a 
program w a s  not nearly so great as i t s  u se fu lness  
as a subroutine.  T h e  program POLYHOOK w a s  
then  converted into a subroutine POLYHOOK for 
u s e  o n  any CDC 1604 computer. 

Advantages of t h e  subroutine over other complex 
polynomial root-finding subrout ines  a re :  

1. Variable error bounds t o  t h e  coef f ic ien ts  of t h e  
polynomial may b e  given. 

2. Lower bound on  magnitude of t h e  lead ing  
coefficient . 

3. Starting va lues  may b e  varied. 

4. Choice of s ingle  or double precision. 

5. C lus t e r s  of roots a r e  identified. 

6. Many d iagnos t ics  a r e  built in to  t h e  program. 

A writeup of t h e  program is avai lab le  through 
t h e  Mathematics Division. 

18M. W. Garrett, An El l ip t ic  Integral Computer Package  
for Magnetic Fields, Forces,  and Mutual Inductances  
of Axisymmetric Systems, and  a Versati le Line-Tracing 
Routine, ORNL-3575 (April 1965). 

"See sect. 7.2, t h i s  report. 

2oCO-OP is the CDC 1604 User's Organization. 



8. Magnetics and 

8.1 MAGNETIC SYSTEMS GENERATING 
FIELDS OR AXIAL FIELD GRADIENTS 
OF HIGH UNIFORMITY. CONTOURS OF 
CONSTANT VECTOR MAGNITUDE AND 

OF TOTAL VECTOR ERROR 

M. W. Garrett’  

T h e  following d iscuss ion  ex tends  previous work ’ 
on t h e  error contours of axially symmetric sys tems.  
T h e  restriction t o  errors of even  order l imits its 
validity t o  sys tems with a p lane  of symmetry or 
of antisymmetry through t h e  origin. It appl ies  
equally to sys t ems  for which t h e  axial  f ield com- 
ponent BZ or t h e  ax ia l  gradient d B Z / d z  is uniform 
near t h e  origin, s i n c e  t h e s e  two quantit ies a r e  
Laplac ian  s c a l a r s  that  may b e  described by two 
homologous zonal harmonic s e r i e s .  T h e  order of 
each  field s e r i e s  term is incremented by 1 in  t h e  
gradient s e r i e s .  Po la r  f ield coordinates a re  r, 8; 
cylindrical  coordinates a re  z, p.  References  to  t h e  
‘‘D s y s t e m ”  and t o  figures “below” refer t o  the  
next following paper. 

Uniform-gradient sys t ems  do  not seem to have  
been described in  detail .  Ideally,  in such  a s y s -  
t e m  B Z / z  = -2Bp/p  is independent of t h e  co-  
ordinates.  T h a t  i s ,  B Z  is proportional t o  z and 
is cons tan t  over any t ransverse  plane,  B is 
proportional t o  p and is cons tan t  over any coaxia l  
cylinder, while t he  tangent of t h e  resultant vector 
8 is everywhere -5’ t imes  t h e  tangent of the  polar 
angle. 

Fo r  any pair of axially symmetric e lements  with 
a geometrical p lane  of symmetry, there  is a unique 
“Helmholtz” axial  spac ing  for most-uniform field 

P 

‘Consultant, Swarthmore College. 
’M. W. Garrett, J .  A p p l .  Phys.  22, 1091-1107 (1952). 

Includes references to earlier l i terature and shows B 
error plots for  five types  of field or gradient systems. 

z 

Su pe  rcond uctivity 

and a “Maxwell” spac ing  (with opposed currents) 
for most-uniform axia l  gradient. T h e  c r o s s  sec t ion  
is arbitrary and need not b e  rectangular. Fo r  a 
pair of f ie ld  loops  of radius a,  z = +0.5a ( P i  = 0), 
while for gradient loops  z = * 0 . 5 p  a ( P i  = 0). 
T h e  dominant error for a sys tem of either type  is 
of t h e  fourth order. T h e  B Z  or d B Z / d z  contours a r e  
mapped i n  Fig. 3 of ref. 2 and, for 1% only,  in 
F i g s .  8.3 and 8 .4  of t h i s  report. T h e  la t te r  f igures 
include the  e f fec t  of higher orders,  but t h e  dif- 
ference is scarce ly  perceptible.  T h e  Helmholtz 
spac ing  is also correct for a coil pair with opposed 
currents which is t o  produce t h e  s t ronges t  pos- 
s i b l e  gradient a t  t he  origin, regard less  of uniformity. 
T h e  error of s u c h  a c u s p  sys tem is of second 
order. 

When t h e  fourth-order coil pair is pulled apart  
s l igh t ly  from t h e  Helmholtz or Maxwell position, 
t he  l imits for moderate error a re  extended near t he  
a x i s  and compressed near t h e  midplane. T h i s  
occurs  because  t h e  second-order error (dominant 
near t he  origin) and the  fourth-order e r ror  (which 
t a k e s  over a t  moderate d i s t ances )  cance l  each  
other partially on t h e  ax i s  but reinforce in  t h e  
midplane. T h e  reinforcement of errors is more 
dras t ic  at an  intermediate polar angle,  e spec ia l ly  
in  t h e  case of small errors, for which sepa ra t e  
end regions may actually b e  pinched off from t h e  
cent ra l  region of tolerable error. In t h i s  “prolate” 
field,  two new singular points appear on t h e  ax is .  
T h e s e  a r e  s a d d l e  points,  at which t h e  f ie ld  or 
gradient error p a s s e s  through an  ax ia l  (not a n  
absolu te )  maximum. Algebraic de t a i l s  appear i n  
ref. 2, where B Z  error contours a r e  plotted in  F ig .  
5. T h e  prolate field h a s  been widely misunder- 
s tood3  and sometimes misused. U s e  of t h e  D 
coils t o  generate s u c h  a field would b e  easy .  

3See, for example, F. R. Crownfield, Jr., Rev. Sci.  
Znstr. 35, 240 (1964). 
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T h e  “oblate” field is more interesting, and the  
D c o i l s  will b e  pushed together initially from t h e  
Helmholtz posit ion to  produce it.  Here the second 
and fourth orders reinforce each  other on the  ax is ,  
with partial mutual cancel la t ion in  the  midplane 
and a severe  pinch at  large polar angles  in  the  
case of s m a l l  errors. Reference 2 contains  an  
algebraic ana lys i s  that  will not b e  repeated here,  
with a s e t  of B, contours (Fig. 6) that are  nearly 
ident ical  with those  of F ig .  8.5 of th i s  report out 
t o  a radius of perhaps 5 in., where s ixth and higher 
orders  begin to  dis tor t  t h e  l ines .  

In the  oblate  field t h e  error topology near the  
a x i s  is qui te  similar t o  that of the pure fourth- 
order c a s e ,  but a c i rcular  singularity appears  in  
the midplane, a t  which B Z  h a s  a maximum value 
and the  two s h e e t s  of the  B, contour intersect  at 
right angles .  T h i s  is indicated in F ig .  8.5 but 
is s e e n  more clear ly  in  F ig .  6 of ref. 2. 

At the  singularity J B Z / J p  = 0, Laplace’s  equa- 

tion in  B, reduces to  d 2 B Z / J z 2  = - d 2 B Z / J p 2 .  
T h u s  t h e  circle is t h e  ax is  of a torus with nearly 
circular sec t ion  in  which the  field is homog2neous 
to  the  second order, a property that h a s  been used 
in  a precision measurement of e /m  for electrons 
following a c i rcular  orbit. 

T h e  s ingular  circle h a s  also the property tha t  
if the  coi l  pair is used with opposed currents a s  
the  primary of a Rayleigh current balance,  t h e  
c i rc le  def ines  the  b e s t  posit ion for the mean turn 
of the  secondary. T h e  condition dB,/Jp = 0 holds  
for e a c h  co i l  separately,  while J B  /Jz = dBz/dp, 
s i n c e  curl 6 = 0. Therefore,  with antisymmetric 
currents  B is insens i t ive  to  small z displacements  
of the  secondary. But B determines the  force on 

P 
the  secondary coi l .  

T h e  following d iscuss ion  r e fe r s  explicit ly to t h e  
errors of field sys tems.  By making three changes ,  
it may b e  applied in  i t s  ent i re ty  to  gradient s y s -  
tems: read everywhere dBz/dz for BZ, dB,/dp for 
Bp, and grad B, for the  field vector 6 = - grad V . 

T h e  departure of t h e  vector f ie ld  6 ( z ,  p) f rom an  
idea l  match to  the  field at the  origin (identified by 
subscr ipt  0) may  b e  defined in  severa l  ways.  Most 
often it h a s  been measured, as in  ref. 2, by the  
s c a l a r  ratio ABz/Bzo .  Recent ly  161, the  magnitude 
of to ta l  f ie ld ,  h a s  sometimes been  used in  place 
of B,, a s  in  F i g s .  8.1 and 8.5 of t h i s  report. Now 
6 differs from BZ only in  the addition of B, in  

P 

P 

quadrature; Bp is zero a t  the  origin. Moreover, the 
t e r m  of order e in  the  zonal harmonic series for 
the  error AB,(., 0) contains  r e  Pe(6), while that 
for the  error Bp(r, 0) contains  re s i n  8 P;(O)/(e  + 1); 
t h e s e  two functions of t h e  polar angle  8 are 
multiplied by t h e  s a m e  error coefficient T h e  
range of magnitudes of ei ther  function is f rom 0 to  
(roughly) +d<. It follows that  for all va lues  of 
r such  that  the  range of magnitudes of ABz/Bzo is 
small ,  the  range of B is equally small. Therefore  
the  neglect of B would c a u s e  only a second-order 
error (cosine error) in  161, which means that  in  
uniform-field sys t ems  the  error contours of ABz and 
of lABl are  nearly indistinguishable.  A s  far out 
as the  10% contour,  in  a field whose dominant 
order of error is e ,  the  difference between the  
polar radii of t h e  two sets is of the order of (2e ) -  
%. Farther  from the  origin, a s  the  errors increase,  
the  two s e t s  diverge rapidly and eventually assume 
total ly  different forms. 

P 

P 

Both the  preceding s e t s  of error contours ef-  
fectively ignore the  B error. They def ine an  
experimental  working s p a c e  of complicated shape ,  
with conical  extensions in which t h e  unsuspected 
B error may c a u s e  trouble. It is therefore proposed 
as more conservat ive,  and for some appl icat ions 
more s ignif icant ,  t o  measure the  inhomogeneity by 
the  magnitude of the  “total  vector error” ( 6  - 6 0 \ ,  
or more simply I A 6  1 .  Sets  of error contours defined 
in  th i s  new way are  shown in F i g s .  8 .2  to  8.4 and 
8.6. They are the  t races  of relatively s imple 
c losed  sur faces  of revolution, replacing t h e  multiple 
s h e e t s  of the B,contours. Such sur faces  are a refine- 
ment of the “error spheroids” of ref. 2. Though 
they require two field components, they are actual ly  
eas ie r  t o  calculate ,  s i n c e  t h e  forward extrapolation 
of trial points  on the  simpler c losed  curves  is 
more precise .  

P 

P 

In a field with the  pure order of error e ,  e a c h  
Bz contour c o n s i s t s  of 2e s h e e t s ,  asymptotic a t  
infinity to e/2 double c o n e s  of zero error.’ T h e  
minimum polar radius is always on the ax is ,  while 
t h e  largest  of t h e  secondary minima lies i n  the  
midplane. T h e  algebraic s ign of the  error a l te rna tes  
from shee t  t o  shee t .  In sys t ems  of t h e  most familiar 
types ,  the  ax ia l  s h e e t  carries the  minus s ign ,  but 
there  is another general  family of uniform-field 
sys t ems  with error s i g n s  reversed. 

4Michael Ference,  A. E. Shaw, and R. J. Stephenson, 
Rev. S c i .  Instr. 11, 57-62 (1940). ’See ref. 2, end of p. 1104, (PmIn systems.  
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A s  s ta ted  above, B is proportional t o  P 

re s i n  8 PL(8) , 

while B, is proportional to  re Pe(8). Each  B p  
contour h a s  again 2e  shee t s ,  but one zero-error cone  
always reduces to the  ax i s  (half-angle zero), while 
another is t h e  midplane (half-angle 7 ~ / 2 ) .  T h e  
paraxial error shee t  h a s  here the  plus s ign .  Now 
i t  can  b e  shown tha t  t h e  contours of pBp and of 

B,, l ike  those  of t h e  flux function pA and t h e  
sca la r  potential  V ,  intersect orthogonally. Also, 
the  polar angles  at which Pe(8) is zero are t h o s e  
a t  which s i n 2  8 Pn’(6) is a maximum, and conversely.  
Neither statement holds exac t ly  when BP rep laces  
pBp or when s i n  8 PL(8) rep laces  s i n 2  8 PL(8). 
Nevertheless,  they a re  c l o s e  enough for a rough 

P 
interpretation of t h e  ac tua l  calculated B, and B 
curves,  an  example of which appears in F ig .  8.3, 
with its gradient homolog in F ig .  8.4. T h e s e  are 
the  1% contours only, with fourth order dominant. 

It is not hard t o  see tha t  the  c losed  sur faces  of 
constant total  vector error IA61 must b e  inscribed 
in t h e  complete s e t  of BZ and B contours. As t h e  
curve is traced from the  ax i s  t o  the  midplane, t he  
error vector AB, of constant magnitude, ro ta tes  
through an angle 7ie/2, that  is, a t  an  average rate 
that is e t imes that of t he  radius vector and i n  
the  opposite s e n s e .  T h i s  c a n  b e  s e e n  by considering 
the  position of t he  error vector a t  t he  five points 
of tangency in F ig .  8.3,  with due  regard t o  t h e  
s igns  of t he  BZ and B errors,  and generalizing 
the  result  to  order e.  

It may b e  of in te res t  tha t  in the  analogous two- 
dimensional uniform field or gradient sys t ems  of 
order e with general infinite cylindrical  geometry, 
the  functions Pe(8) and s i n  8 PA(@ are  replaced 
by c o s  e8 and s i n  eo, t he  Bx and B contours are 
hyperbolic cylinders of identical  shape ,  and the  

1 AB 1 contours a re  true circular cylinders.  
Figure 8.6 g ives  essent ia l ly  t h e  IABI contours 

of mixed second and fourth orders (oblate case) ,  
s ince  only minor distortion is contributed by t h e  
s ix th  and higher orders.  It shows perhaps more 
clearly than does  F ig .  8.5 t h e  pinching off, for 
small  errors, of a separa te  region above t h e  f i r s t  
singular c i rc le  where the  error reaches  i t s  maximum. 
It shows a l s o  a second singular circle farther out, 
where the  error is zero. Here t h e  nearby contours 
a re  almost exac t  tori, but t he  field variation is 
rapid (of first order). 

In F ig .  8.7 t h e  radii of t h e  two singular c i r c l e s  
are plotted against  t h e  mean ax ia l  coordinate 

P 

P 

Y 

(upper absc i s sa )  of a s ing le  D coi l ,  with origin a t  
t h e  Helmholtz position. T h e  cu rves  a re  defined 
by the  respective conditions dB,/dp = 0 and 
BZ(z ,  p )  = Bz(z ,  0 ) ,  which hold separa te ly  for each  
coil .  

A complete s ing le  contour of B,, B p ,  l A 6 \ ,  or 
their  gradient homologs, taking account of orders 
2 through 32, c a n  b e  ca lcu la ted  i n  about 1 sec by 
a new subroutine of t he  zonal harmonic computer 
package that h a s  been descr ibed ear l ie r .6  T o  

d B p / d z  (here the  two remaining types  of gradient 
contour a re  excluded) requires about 15 sec, using 
a recent addition to  the  previously reported e l l ip t ic  
integral  package.7 In th i s  case i t  may a l s o  be  
e lec ted  t o  write t he  da t a  on magnetic t ape  for 
machine plotting. Agreement between t h e  two 
methods of calculation is exact.  In t h e  case of 
Fig .  8.3,  t he  contours for \AB1 were machine 
plotted, using e l l ip t ic  integrals,  while t hose  for 
BZ and B were added by hand from t h e  zonal 

P 
harmonic calculation. 

compute a s ing le  contour of B,, B p ,  \ A B \ ,  or 

8.2 F IELD PROPERTIES 
OF THE LARGE-VOLUME WATER-COOLED 

MAGNET COIL SYSTEMS “C” AND “D” 

J. N. Luton, J r .  

8.2.1 Progress on the Eighth-Order 
Field Coil 

Two large-volume co i l s  to b e  ins ta l led  in the  
magnet laboratory are presently under construction. 
T h e  first  of t hese ,  an eighth-order power-optimized 
solenoid ca l led  C-1, h a s  been descr ibed previously. 
In th i s  design an  extremely homogeneous field is 
generated by a s e t  of adjacent pancake co i l s  
whose current density var ies  with ax ia l  position. 
T h e  ac tua l  current distribution differs s l igh t ly  

6M. W. Garrett, Computer Programs Using Zonal 
Harmonics for  Magnetic Proper t ies  of Current Systems 
with Special  Reference to the IBM-7090, ORNL-3318 
(November 1962); Thennonuclear Div. Semiann. Progr. 
Rept. Oct. 31, 1964, ORNL-3760, pp. 87-89. 

7M. W. Garrett, An El l ip t ic  Integral Computer Package  
for Magnetic F ie lds ,  Forces ,  and  Mutual Inductances  of 
Axisymmetric Systems, and a Versati le Line-Tracing 
Routine, ORNL-3575 (April 1965). 

‘We gratefully acknowledge the  contribution of A. R. 
Jenkins of the Mathematics Division of ORNL, who 
wrote the plotting subroutine for th i s  package. 

9Themonuclear  Div. Semiann. Progr. Rept. Oct.  31, 
1964, ORNL-3760, pp. 80-87. 
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from t h e  idea l  because  t h e  conductor c r o s s  sec t ion  
is not negligibly small compared t o  t h e  coil cross 
sec t ion  and because  w e  restricted t h e  numbers of 
turns in the  pancakes  t o  integral  values.  Therefore  
t h e  ca lcu la ted  field (Fig.  8.17 of the  c i ted  refer- 
ence)  a l s o  var ies  from the  idea l  eighth-order case .  
It h a s  s i n c e  been found tha t  t h e  field shape  may 
b e  made almost exac t ly  eighth order by the  addition 
of low-current shunts  in parallel  with 2 only of the  
19 pancakes.  

F igure  8.1 is the  ca lcu la ted  field tha t  resu l t s  
when 1.3% current shun t s  a re  placed ac ross  pan- 
c a k e s  2 and 2'. T h i s  figure shows contours of 
151, tha t  is, at all points on  a given contour the  
magnitude of t h e  flux density B h a s  t h e  same 
value. Within a sphere  of 4 in. radius the  field 
strength magnitude var ies  less than 0.01% from 
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Fig.  8.2. Contours of C-1 wi th  Shunts. 
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. I  
i t s  value Bo a t  the  center of the  coil. In F ig .  
8.2, the  quantity that  is held constant  is \ A B \ ,  
the  magnitude of the  “total  vector error” 6 - Bo, 
where Bo is t h e  field at the  center  of the  co i l  
system. T h e  concept  of total  vector error is 
d iscussed  in Sect. 8 .1 ,  and reference should b e  
made to  that  sec t ion  for fuller understanding of t h e  
figures and da ta  of t h i s  sect ion.  T h e  contours 
of F ig .  8.2 are much simpler than those  of F ig .  
8.1, and for some  purposes they may b e  more 
significant. 

8.2.2 A Versat i le ,  Large-Volume 
Coi l  Arrangement 

T h e  second large-volume coi l  assembly under 
construction for instal la t ion in  t h e  magnet laboratory 
c o n s i s t s  of a pair of ident ical  (“D”) c o i l s  having 

uniform current densi ty ,  a common vert ical  ax is ,  
and a var iable  gap between them. T h e  bore will  b e  
approximately 26 in. long, and its usable  diameter 
will b e  about 13 in. for t h e  aiding c a s e ,  but, 
b e c a u s e  of t h e  necess i ty  of a mechanical support 
s leeve ,  only 11 in. for t h e  c u s p  arrangement. With 
a power consumption of 6.4 Mw the  assembly will 
generate  a homogeneous field of 63.4 ki logauss  
when the  c o i l s  are separated by a 1.5-in. gap and 
are  connected to  produce mutually aiding f ie lds .  
However, the  electr ical  l e a d s  and mechanical 
supports  are  designed t o  permit operation a l s o  
with opposing currents.  T h e  resul t ing c u s p  con- 
figuration will  provide high field gradients,  large 
radial f ie lds ,  and, with proper c o i l  spacing,  a large 
region of uniform field gradient,  all of which are  
expected to  prove valuable  in  future serv ice .  

ORNL-DWG 6 6 - 6 3  

. 
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Fig.  8.3. Contours of BZ, B p ,  and \ A B \  for the D C o i l s  a t  T h e i r  Helmholtz Spacing. 
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At their  Helmholtz (uniform field) spac ing ,  t he  
D co i l s  produce a field as described by t h e  IAsl 
contours of F ig .  8.3. T h e  1% B, and B p  error 
curves  a re  drawn on the  same figure t o  show more 
c lear ly  the  relationship between the  three s e t s  of 
contours.  Figure 8.4 is t h e  analogous figure for 
t h e  Maxwell (uniform gradient) position. T h e  

symbol A cons is ten t ly  ind ica tes  t he  va lue  of a 
function minus i t s  va lue  a t  t he  origin. 

T h e  co i l s  wi l l  be  operated init ially a t  a spac ing  
s l igh t ly  less than the  Helmholtz spac ing  in  order 
to  obtain a more uniform field over t he  c r o s s  
sec t ion  of a torus centered in the  midplane. Large-  
diameter superconducting co i l s  of small  c r o s s  
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sec t ion  will  be  t e s t ed  with the i r  windings i n  t h i s  
toroidal region of maximum uniformity. T h e  Is\ 
contours of F ig .  8.5 show, by their  increas ing  
separation, midplane regions of greater homogeneity 
around t h e  point r = 0 and the c i rc le  r = 3.4 in. 
Therefore th i s  arrangement of a 1.5-in. gap  between 
the  coils would be  su i tab le  for producing an ex- 
tremely uniform field over t h e  windings of a sample 
coil of only 6.8 in. mean diameter. F igure  8.6 
descr ibes  the  same field configuration by means of 
\ A B ]  contours and emphasizes  not only t h e  singular 
point at which t h e  field is maximum and t h e  homo- 
geneity is bes t ,  but also a singularity a t  larger 
radius a t  which \ A B \  = 0 and t h e  homogeneity is 
poor. T h e  rad ius  of t h e s e  two singular circles is 
shown as  a function of t h e  coil spac ing  i n  F ig .  
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c .- 
- 4  
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8.7. It can  b e  s e e n  tha t  for sample coils with 
longer radii t h e  appropriate gap is smaller. 

When t h e  coils a re  operated with their  f i e lds  
aiding, t h e  magnetic force t ends  to pull t h e  coils 
together, and t h i s  force c a n  b e  withstood by a flat 
Micarta p la te  between the  coils. At zero  gap t h e  
to ta l  force is 480 tons,  but t h e  average pressure  
is only 1100 ps i ,  wel l  within t h e  compressive 
strength of Micarta. T h e  th ickness  of t h e  space r  
p l a t e  determines t h e  gap length,  and provision is 
made to  vary t h e  gap by replacing t h e  plate.  Radia l  
access t o  t h e  magnetic volume c a n  b e  had through 
s i x  ho le s  i n  the  space r  plate,  except  when t h e  
gap is small  enough to make s u c h  ho le s  impractical. 
When t h e  coils a re  energized with opposed cur- 
rents,  a n  ax ia l  force of t h e  same magnitude t ends  

ORNL-DWG 66-623 
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Fig.  8.5. 161 Contours of the D C o i l s  w i th  Central  Gap of 1.5 in. 



121 

to  repel the  co i l s ,  and the  containment of the 
forces  presents  a more difficult problem. Strain 
gages  will  b e  mounted to  determine t h e  s t r e s s  and 
deflection in  the  structural members and the  coi l  
in  order t o  prove the  soundness  of the  mechanical 
system. 

Merely by replacing short  e lectr ical  l eads  and 
inser t ing a structural  s l e e v e  in  the  bore, the cur- 
rents  in  the  D c o i l s  may b e  changed from aiding 

. 

to opposing. T h e  conversion from one gap length 
to  another is only s l ight ly  more inconvenient i f  
the  desired gap is 2 2  in. or l e s s .  Although not 
now contemplated, larger coi l  spacings,  such  a s  
the  one  required for the Maxwell posit ion,  would 
b e  possible  by making cer ta in  structural modifica- 
tions. In view of the versatility of the system, 
i t  seems of interest  to  note briefly i t s  field prop- 
e r t ies  in  each  of severa l  configurations. For  

.?(in.) 

Fig.  8.6. Contours of the D Coils wi th  Central  Gap of 1.5 in. 
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INWARD AXIAL DISPLACEMENT OF A COIL FROM ITS HELMHOLTZ POSITION (In.) 
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Fig .  8.7. p-Coordinate of Fi rs t  and Second Singular Points:  d B Z / d p =  0, and B Z  = Bo. 

computational purposes the  current densi ty  is 
fixed at 16,790 amp/in.', and the  dimensions of a 
coil a r e  taken as: inner diameter,  2 a ,  = 13.1 in.; 
outer diameter, 35.6 in.; and length, 12.7 in. T h e  
winding depth is therefore 11.25 in., the  mean 
diameter is 24.35 in., and the  volume factor v of 
the co i l  pair is 77.8, where t h e  total  volume V of 
coi l  windings is given by V = "a;. T h e  da ta  given 
below and in  Tab le  8.1 are  due to  M. W. Garrett. l o  

When comparisons are made below between the  D 
c o i l s  and other coi l  sys tems,  t h e s e  s y s t e m s  may 
have optimal s i z e  and (rectangular) shape ,  but 
are  a lways considered to  have  uniform current 
density and to  have the  same  power and inner 
radius as the D co i l s .  

Zero Gap. - Moving the c o i l s  together g ives  a 
system which is almost completely dominated by 
the  second-order term. A s  shown in T a b l e  8.1 
the  error limits are small ;  however, the  central  

l o p  . rivate communication. 

field (Fabry factor) is 99% of the maximum obtain- 
ab le  with a second-order coil. 

Oblate Posit ion.  - T h i s  is here considered to  
b e  the  "normal" posit ion of t h e  co i l s .  T h e  center  
spac ing  is 96% of tha t  of the  Helmholtz c a s e ,  
making Bo somewhat (2.9%) greater. T h e  field 
in  the midplane rises to a maximum of 1.00194B0 
a t  a radius  of 3.427 in. and then fa l l s ,  reaching 
Bo again at  p = 4.632 in. 

Helmholtz Case.  - T h e  field s t rength is down 
to 90% of the  maximum obtainable with a s ing le  
co i l ,  but the  error limits are  greatly increased.  
T h e  maximum field given by any fourth-order 
co i l  pair is only 2% greater than that  of th i s  case. 

Maximum Gradient. - T h e  Helmholtz posit ion 
with opposing currents gives  t h e  maximum on- 
ax is  value of the  gradient dBz/dz that  can  b e  
obtained with t h e  co i l s .  T h e  value l i s ted  i n  
T a b l e  8.1 is 30% more than for the  Maxwell case 
and 89% of that given by c o i l s  optimally shaped 
for the  purpose. T h e  axial  field reaches a peak 
of 33.25 kilogauss a t  9.38 in. from the midplane. 

. 

. 
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T a b l e  8.1. Character is t ics  of Same D-Coi l  Configurations 

0.1% Error Limitsa  1% Error Limitsa  d B Z / d Z  Coil Spacing 

(in.) Currents 

Aiding (+) *I3 (in.) (in.) at  the Center 
Center to F a c e  to or  Opposing (-) (kilogauss) of the Midplane 

(kilo gau ss / in .  ) 

Condition 

Axial Equatorial  Axial Equatorial  Center F a c e  

Zero gap 12.7 0 + 67.9 0 1.36 1.94 4.30 6.14 

Oblate 14.2 1.5 + 63.4 0 2.48 3.90 6.80 11.40 

Helmholtz 14.777 2.077 + 61.66 0 4.72 5.76 8.77 9.55 

Maximum 
gradient 14.777 2.077 - 0 6.02 0.44 0.60 1.40 2.0 

Maxwell 23.214 10.514 - 0 4.59 3.19 4.05 5.72 7.15 

aIn order to more nearly characterize a working volume, the dimensions given are equivalent to “diameters” rather than “radii” and are twice the 

corresponding values  read from Figs .  8.3 to 8.6. 

c-.. 
h) 
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Maxwell Case. - T h e  gradient is only 68% of the  
maximum obtainable,  but is 92% of the  maximum 
poss ib le  by means of a fourth-order co i l  pair. T h e  
axial  field peaks  a t  39.88 kilogauss a t  z = 12.4 in. 

8.3 SMALL-VOLUME, HIGH-FIELD 
MAGNET C O I L S  

R. V. Neidigh J. G. Harris 
J. N. Luton, Jr. 

P l a smas  of interest  to  t he  thermonuclear program 
have usually required magnetic volumes of a t  
l e a s t  a l i ter .  However, some recent in te res t  i n  
collision-dominated p lasmas  may permit useful 
experiments i n  much smaller volumes, perhaps 
those  of a few cubic  centimeters.  T h e  corresponding 
reduction in the  s i z e  of t he  magnet co i l s  opens  
new poss ib i l i t i es  i n  their design. For  example, 
direct-current cryogenic co i l s  become economically 
feas ib le  in a larger number of cases. For  both 
cryogenic and room-temperature co i l s ,  t he  u s e  of 
much shorter coolant pa ths  and higher coolant 
ve loc i t ies  makes poss ib le  higher power dens i t ies  
and greater magnetic field strengths.  F ina l ly ,  
the  reduced cos t  of the  smaller c o i l s  will permit 
frequent alteration and rapid replacement of the  
co i l s ,  and t h e  experiment should profit f rom greater 
flexibility and less downtime. 

As t he  size of a coil is reduced, t he  c ros s -  
sec t iona l  area of its conductor must also be  re- 
duced, particularly i f  t he  same power supply is t o  
be  used, When the  conductor size reaches  a lower 
limit, s a y  T16 by T16 in. (or t h e  current dens i ty  
reaches  an upper limit), it becomes necessary  t o  
abandon the  often-used scheme ' ' of an  internally 
cooled conductor with water flow along t h e  ax i s  
of the conductor and to rep lace  i t  with a cooling 
scheme more su i ted  to  very high current dens i t i e s  
and fabrication in the  s m a l l e r  sizes. T h e  fol- 
lowing sec t ions  descr ibe  two such  arrangements, 
with a few preliminary t e s t  da ta  obtained from 
prototypes. Although life t e s t s 1 2  have  not yet 
been  extensively run, nor t he  co i l s  well perfected, 
the  early da ta  have been  sufficiently encouraging 
t o  warrant continuation of the  work. 

"Thermonuclear Div. Semiann. Progr. Rept. Oct. 31, 

' 2Because  of the occurrence of water-insulator- 
conductor interfaces, i t  is felt tha t  coil  life may be  
more limited than with co i l s  wound from hollow tubular 
conductors. 

1963, ORNL-3564, pp. 121-25. 

8.3.1 Solid-Wire Pancake Coil (with Coolant 
F l o w  Perpendicular to the Coil Axis) 

R. V. Neidigh J. G. Harris 

Figure 8.8 shows a winding and cooling scheme 
espec ia l ly  applicable for smal l  c o i l s  with restricted 
s p a c e  a t  t he  ends .  T h e  two-layer pancake is 
wound from a s ing le  length of insu la ted  solid 
conductor, potted i n  epoxy, and then machined 
on both s i d e s  t o  provide better cooling by exposing 
the  bare copper directly t o  the  coolant.  Pure  
copper h a s  a tendency t o  smear during machining. 
T o  prevent t h i s  effect from producing turn-to-turn 
shor t s ,  t h e  path traced by t h e  cutt ing tool in going 
from one  turn to  the  other was  made relatively 
long, both by us ing  conductors  with generously 
rounded corners and by moving the  cutt ing tool in 
circles having the  same ax i s  as t h e  pancake.  T h e  
latter procedure is eas i ly  carried out in a la the  
and provides for an attack angle  of t he  tool aga ins t  
t he  turn-to-turn insulation which is a s  small as 

ORNL-DWG-66-626 

Fig. 8.8. Schemotic Diogrom of Solid Conductor 
Pancake. 
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t h e  pitch angle  of t h e  conductor spiral .  No dif- 
f icu l t ies  have been experienced with shor t s  thus  
far. Figure 8.9 is a photograph of o n e  of t h e  
pancakes ready for addition of t h e  flow divertors 
and instal la t ion into a coil. 

T h e  test pancake of F i g s .  8.8 and 8.9 was  
operated by R. L. Brown for 11 hr at a copper 
current densi ty  of 107,000 amp/in. (12 kw/in. 3), 

producing 9.6 ki logauss  in  a coil throat of in. 
Assuming the  coil des ign  will  permit a s p a c e  
factor of 0.5, th i s  would provide 60 ka/ in .2  over 
t h e  ent i re  c r o s s  sec t ion  of t h e  co i l  winding, more 
than twice  t h e  current densi ty  of t h e  Burnout V or 
DCX-1 coi ls .  After t h e  operating charac te r i s t ics  
of t h e  pancake were determined, its current was  
increased until failure occurred. T h e  pancake 
fai led ei ther  by shorting to  t h e  case or by local 
overheating and melting of t h e  conductor, not 
under a ceramic flow director, but at t h e  point 

Fig. 8.9. Solid Conductor Pancake. 

where t h e  conductor c r o s s e s  over from one  sp i ra l  
to t h e  other. As c a n  b e  s e e n  in F igs .  8.8 and 8.9, 
t h e  pancake was  oriented so that  t h e  crossover  
was  downstream from t h e  tube pass ing  through 
t h e  bore of t h e  pancake. I t  w a s  t h u s  in  t h e  region 
where vort ices  would be expected to be continually 
formed and diss ipated,  with a resul tant  lowering 
of cool ing effect iveness .  

T h e  condi t ions at which burnout occurred were, 
approximately: 

Total current, amp 1700 

Copper current density, amp/in. 182,000 

Magnetic field in the throat, kilogauss 16.3 

43.5 3 Conductor power density, kw/in. 

Water flow, gpm 10 

Water temperature rise, OC 7 

An operational coil would b e  expected to  b e  
composed of severa l  pancakes s tacked  together,  
with t h e  ceramic flow directors then serving also 
as separators  t o  maintain the  proper gap between 
adjacent  pancakes.  A test assembly of two pan- 
c a k e s  is now being built to determine what fiew 
diff icul t ies  might b e  introduced by t h e  addition 
and s imultaneous operation of other pancakes.  

8.3.2 Ribbon Coil (with Axial Coolant Flow) 

J. N. Luton, Jr. 

One method of manufacturing magnet coils of 
moderate power densi ty  is to wind an  insulated 
conducting ribbon into a spiral  and to cool  t h e  
conductor only at  i t s  edges ,  T h e  method h a s  been  
adapted to high current dens i t ies  by commencing 
with a bare  ribbon and inserting, during the  winding, 
a s e r i e s  of insulated r ibs  between turns. l 3  Cooling 
water is then forced parallel to t h e  co i l  ax is ,  
through t h e  gaps  between t h e  spacer  ribs. T h e  
r ibs  themselves  a re  aligned along radii, so tha t  
the  radial forces c a n  be carried outward to  a sup-  
porting metal ring. T h e  design requires high- 
purity cooling water and careful handwork for t h e  
inser t ing of hundreds t o  thousands of spacer  r ibs ,  
and h a s  not been much used. T h e  co i l  descr ibed 

13H. H. Kolm, Proceedings of Symposium on Magnetic 
Field Design in Thermonuclear Research, ORNL-2745, 
pp. 41-43 (Sept. 23, 1959). See also photograph on the 
frontispiece of High Magnetic Fields (Kolm, Lax, Bitter, 
Mills), MIT Press and Wiley, 1962. 
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herein makes axial ly  cooled ribbon co i l s  more 
pract ical  by eliminating the  spacer  r ibs  and making 
the  winding of t h e  coil as s imple as in  t h e  c a s e  
of edge-cooled ribbon coils. 

T h e  new arrangement is wound from a copper 
ribbon which is smooth on one  s i d e  and h a s  s m a l l  
grooves in  t h e  other  to serve  as coolant passages .  
T h e  “teeth” between t h e  coolant p a s s a g e s  are  
made much wider than t h e  p a s s a g e s  themselves ,  
so  that they c a n  transmit forces  radially outward 
regardless  of their alignment. A s  a resul t ,  t h e  
grooves can  b e  equally spaced,  and so c a n  b e  
preformed in  t h e  ribbon before t h e  winding of t h e  
coil is commenced. 

Rather than attempt to machine shal low grooves 
across  a thin copper ribbon, we  c h o s e  to build a 
machine to form t h e  channels  by rolling. T h e  
rollers a r e  about 4 in. in  diameter and 10 in. long, 
one having rounded r ibs  0.0165 k 0.0005 in. high 
and the  other being smooth but barrel-shaped to  
compensate for t h e  bending of t h e  rol lers  during 
operation. T h e  rolling machine, designed by H. L .  
Watts, h a s  been tried out, and produces ribbons 

of high quality. T h e  water p a s s a g e s  a re  uniform 
and have  extremely smooth wal l s ,  their  e n d s  are 
free of burrs and other flow obstruct ions,  and t h e  
whole ribbon is stronger as a resul t  of the  work 
hardening. T h e  back s i d e  of t h e  ribbon does  
show s o m e  wav iness  and some sur face  polishing 
under t h e  coolant passages ,  d u e  to  t h e  11% elonga- 
t ion of t h e  ribbon during rolling. Figure 8.10 
shows  conductor s amples  rolled from ).z x 0.035 in. 
copper s t r ip  which had previously been  annealed 
and acid cleaned.  

Figure 8.11 is an exploded view of the  f i r s t .  
test coil. Cooling water flows from one  of the  
round t u b e s  into t h e  s p a c e  between t h e  co i l  and 
t h e  Luci te  end flange, axial ly  through t h e  coil, 
and out through the  other end header  and tube. 
T h e  water tubes  a r e  soldered to  t h e  c a s e ,  as is 
t h e  outer end  of t h e  ribbon, so tha t  they c a n  serve  
as  o n e  e lec t r ica l  terminal. T h e  inner end of t h e  
ribbon is soldered to t h e  central  rod, which s e r v e s  
a s  the  other terminal. In multicoil  sys t ems  t h e  
coil might require end  restraints ,  and supporting 
spokes  were added to  t h e  end f langes to  see i f  

Fig.  8.10. Sample Ribbon Conductor, Showing Coolant Passages. 

. 



Fig. 8.11. Exploded View of F i rst  Ribbon Coil. 

they caused  unacceptably s e v e r e  blockage of 
water paths.  Figure 8.12 is an  end view of the  
assembled coi l ,  with a light source behind it 
to accentuate  t h e  coolant channels .  Note tha t  
t h e  teeth,  being 2 %  t imes as wide as t h e  grooves, 
never tend to co l lapse  a radially adjacent  groove 
by bearing on it only, but rather span  the  groove 
and p r e s s  on adjacent  teeth.  It c a n  also b e  s e e n  
that  the Luci te  spokes  are not wide enough to 
block thermally (azimuthally) adjacent  water 
channels .  

In order to s a v e  radial  and axial  space ,  the  
f i rs t  test coil had only one  entrance and o n e  exi t  
tube,  and the  Luci te  end spokes,  which determine 
t h e  header depth, were only 0.2 in. thick. The re  
was thus reason to bel ieve that the  flow distribu- 
t ion would be poor, and qual i ta t ive tests confirmed 
it: When a s l u g  of dye was  inser ted in  the inlet 
tube, a vortex pattern was  e a s i l y  vis ible  in  each  

sec tor  of the  inlet header,  except  in  t h e  s e c t o r s  
traversed by a diameter drawn through t h e  entrance 
and exi t  headers;  and t h e  dye at  t h e  centers  of 
t h e s e  vort ices  remained for a relatively long period 
after other par ts  of t h e  header were swept  c lean.  
T h e  quest ion still remained as to whether t h e  
cooling degradation due  to  the  vort ices  was  worse 
than tha t  d u e  to t h e  blockage of p a s s a g e s  by t h e  
Luci te  spokes.  T h i s  question was answered, for 
o n e  flow, by rais ing the  co i l  current until fa i lure  
occurred. Overheating, arcing, and conductor 
melting occurred in  t h e  central  portion of t h e  
sec tor  between the  spokes,  while the  conductor 
portions directly under the  spokes  were not damaged. 
At failure, the current w a s  1570 amp, t h e  flow w a s  
7.9 gpm, and the  bulk water temperature r i s e  w a s  
15OC. 

T h e  coil case was  then fitted with larger inlet  
and outlet tubes,  four each  symmetrically spaced ,  

. 
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SPACER SPOKE 

Fig. 8.12. End View of F i r s t  Ribbon Coil. 

and a second ribbon w a s  wound on t h e  central  rod. 
T h e  water flow increased to 55 gpm a t  t h e  pres- 
s u r e s  used with t h e  f i rs t  coil, showing t h e  tubes  
had been t h e  major flow restriction in  t h e  original 
arrangement. Dye pat terns  suggested that large 
vort ices  were eliminated. T h e  co i l  was  then run 
for 52 hr at 1000 amp and 50 gpm, without not iceable  
change in  its res i s tance  or appearance.  T h e  cur- 
rent was  la ter  ra ised to t h e  l imi t  of the  power 
supply,  without damage to t h e  coil. T h e  operating 
conditions14 at th i s  point were as l i s ted  in  T a b l e  
8.2. Provis ion is being made to  connect  t h e  coil 
to a larger power supply in  t h e  magnet laboratory. 

8.4 IRON-CORE ELECTROMAGNET 
PRODUCING A MAGNETIC WELL 

WITH NONZERO MINIMUM 
FOR PLASMA CONFINEMENT 

I. Alexeff 

Note: T h i s  development is d i s c u s s e d  in  t h e  
Magnetics Section of th i s  publication for ease of 
reference. 

14We gratefully acknowledge the contributions of 
0. M. Thomas of the General Engineering and Construc- 
tion Division of ORNL, who ran the t e s t s  on both coils.  
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T a b l e  8.2. Parameters and T e s t  Conditions of Second Ribbon Coil 

Conductor width and length 

Conductor th ickness  

Coolant channels 

Insulation 

Total  current 

Maximum current density in the  copper 

Minimum current density in the  copper 

Overall current density in the winding 

Coil voltage 

Power 

Water flow 

Pressure  drop between end headers  

Total  pressure drop 

Surface cooling rate 

Inner diameter of winding 

Outer diameter of winding 

Number of turns 

Calculated central  field 

y2 in. x 26.75 ft  

0.0435 in. at  teeth, 0.0293 in. a t  web 

0.042 in. wide; 0.0142 in. deep; 
on 0.165-in. cen ters  

$- by 0.005-in. Mylar ribbon 

2220 amp 

151,500 amp/in.’ 

102,100 amp/in. ’ 
91,500 amp/in. ‘ 
29.5 v 

65 kw 

84 gpm 

22.1 p s i  

90  ps i  

1277 w/in.’ 

0.31 in. 

5.39 in. 

43.4 

27.1 k i logauss  

A b a s i c  problem in t h e  magnetic confinement of 
a d e n s e  plasma for nuclear fusion purposes  is t h e  
tendency of the  plasma to  migrate toward regions 
of lower magnetic field strength.  In a conventional 

magnetic mirror” system, the  magnetic field 
decreases  radially from the  ax is  of the  machine, 
and the  resul t  is that  “f lutes ,”  or projections,  
from the  confined plasma move radially and are  
los t  on the  wa11.15 T h e s e  f lutes  can  lead t o  
ser ious  plasma l o s s e s .  

One technique for preventing plasma l o s s e s  v ia  
f lutes  is to p lace  t h e  plasma ins ide  a “magnetic 
wel l ,”  in  which t h e  absolute  value of the  magnetic 
field i n c r e a s e s  in every direction from the  center .  
However, single-particle orbit theory shows tha t  
s u c h  a well  must have  a nonzero minimum in  t h e  
magnetic field i f  excess ive  plasma losses are 
to b e  avoided. ’ An experimental  demonstration of 
t h e  effect iveness  of such  a magnetic well  h a s  been 
given by Gott et al., ’ and theoretical  d i scuss ions  
of coi l  configurations producing such  magnetic 
wel l s  have been given by Furth,  ’ 
and Larkin. ‘O 

( <  

Andreoletti, 

A difficulty in  t h e  design of air-core coils for 
such  magnetic wel ls  is that for s t rong magnetic 
f ie lds ,  very high power dens i t ies  must b e  maintained 
in  the co i l s .  T h e  high power dens i t ies  lead  not 
only to  e x c e s s i v e  power consumption but a l s o  
produce diff icul t ies  in keeping the co i l s  intact .  

One way of avoiding a high power densi ty  is 
to u s e  an iron-core electromagnet. T h e  magneto- 
motive force is produced in a region far from t h e  
plasma by large c o i l s  using a more moderate power 
densi ty  and operating at a higher efficiency. T h e  
magnetic flux is conveyed to  the  region of in te res t  

”D. 

‘%bid., p. 268. 
I7Yu. V. Gott, M. S. Ioffe, and V. G. Telkovsky, 

Nucl. Fusion, 1962 suppl, Pa r t  3, 1045-47 (1963) (in 
Russian). 

18H. P. Furth, Phys.  Rev. Letters 11 ,  308 (1963). 

19J. Andreoletti, Compt. Rend. 257, 1235 (1963) (in 
French). 

’OF. M. Larkin, CLM-R-37 (June 1964) (unpublished). 

J. Rose  and M. Clark, Jr., Plasmas  and Con- 
trolled Fusion, p. 264, Wiley, New York, 1961. 
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v ia  iron flux conductors. T h e  magnetic well is 
then constructed by means of properly shaped 
pole pieces.  

Init ial  experiments with magnetic-well-type 
magnetic fields at ORNL revealed t h e  power dif- 
f icu l t ies  caused  by t h e  appropriate electromagnets. 
Therefore, a t  t he  suggestion of R. V. Neidigh, 
s tud ie s  of iron-core magnets were undertaken, 
and a hybrid iron-air-core magnet was  developed 
by P. A. Thompson. 2 2  In th i s  report is d i scussed  
a magnet that is purely an iron-core device.  

An experimental model of t he  iron-core electro- 
magnet tha t  produces a magnetic well with a 
nonzero minimum is shown in  F ig .  8.13, and a 

ske tch  of t h e  pole p i eces  with typical l i nes  of 
t h e  magnetic field is shown in Fig.  8.14. A s  
shown in Fig.  8.14, t h i s  particular pole-piece 
configuration produces a field corresponding to 
tha t  of a quadrupole Ioffe machine. However, 
higher-order multipole sys t ems  obviously c a n  b e  
produced in  an  analogous manner. In high-flux 
magnets t he  pole p i eces  would b e  fed with iron 
flux conductors of la rge  c ros s  section. 

21Thennonuclear Div. Semiann. Progr. Rept. Oct. 31, 

22Thennonuclear Div. Semiann. Progr. Rept. Apr. 30, 
1963, ORNL-3564, p. 44. 

1964, OFWL-3652, P. 125. 

Fig.  8.13. T e s t  Electromagnet. The volume enc losed i s  3 in. i n  diameter. The po le  pieces ore made of i ron  
4 in. w ide  by 112 in. th ick .  Each po le  p iece  has o 3-in. semic i rc le  cu t  out from i t s  end. The po le  pieces ore p laced 

a t  r i gh t  angles t o  each other and enc lose  a spher ica l  volume 3 in. i n  diameter. Each po le  piece i s  equipped w i t h  

two c i rcu la r  i ron  shims 2 in. i n  diameter by 112 in. th ick.  The shims are s lo t ted  t o  permit  adjustment re la t i ve  t o  

the  po le  pieces. 

. 
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Fig.  8.14. Ar t is t *s  Conception of an Iron-Core Magnet 

with Ideal  P o l e  Pieces ( L i g h t  L i n e s )  and T y p i c a l  L i n e s  

of the Magnetic F i e l d  (Dark L ines) .  

Extens ive  t e s t s  were made on the  magnet shown 
in F ig .  8.13. For  one  particular se t t ing  of the  
pole-piece shims, sys temat ic  magnetic probing 
showed tha t  a magnetic well was  present in the  
center  which increased in all directions by more 
than a factor of 3.5. By swinging t h e  adjustable 
shim p ieces  in or out from t h i s  position, t h e  mirror 
ratio increased or decreased  respectively.  T h e  
region available for co i l  windings in  such  a device  
a s  t he  one shown is obviously much larger than 
tha t  available t o  an  air-core co i l  producing an 
equivalent field. T h e  equivalent air-core coi l  
would correspond in s i z e  t o  the  gap between the  
pole p ieces  a t  their  c loses t  approach, and thus  
t h e  co i l  would look l ike  the  seam of a tennis  ball .  
T h u s  t h i s  iron-core magnet produces a magnetic 
field s imi l a r  t o  that  produced by t h e  air-core co i l  
in ref. 19. 

In summary, t he  advantages of t he  iron-core 
magnet over t h e  air-core coil a re  as follows: 

1. T h e  iron-core magnet is much more eas i ly  
fabricated,  due t o  lower power dens i ty  in  t h e  
co i l s .  

T h e  iron-core magnet h a s  much less power 
consumption for a given field over a given 
volume. 

T h e  mirror ratio is eas i ly  changed by swinging 
t h e  pole-piece sh ims  in or out. 

Random a c c e s s  t o  t h e  plasma volume is avail-  
ab le  by simply drilling holes  through t h e  iron. 
(Note that t h e  experimental model h a s  large 
ho le s  in the  pole p ieces . )  

T h e  d isadvantages  of such  an iron-core magnet 
are t h e  following: 

1. T h e  maximum magnetic field a t  t h e  sur face  
of t he  pole p i eces  is limited to  about 24 kilo- 
gauss ,  due  to  saturation of t he  iron (Permalloy). 
At t h e  point of minimum B t he  magnetic field 
is limited t o  about 24 k i logauss  i m, where 
m is the  maximum mirror ratio. T h e  va lue  of 
24 ki logauss  + m holds only for an idea l  mag- 
net and may b e  lower in practice.  

2. T h e  e s c a p e  route of plasma being lo s t  along 
l i nes  of magnetic force is blocked by the  iron 
pole p ieces .  

Since the  fabrication of such  nonzero magnetic 
wel l s  using iron-core magnets is not difficult, 
t hese  iron-core magnets may b e  of u s e  in t e s t  
devices  designed t o  study the  confinement of 
plasma. 

T h e  author appreciates the  he lp  of John M. Lohr 
in performing t h e  magnetic measurements; of W. F. 
Gauster,  W. D. Jones ,  and R. V. Neidigh for helpful 
d i scuss ions ;  and of J. G. Harris, who constructed 
t h e  experimental apparatus.  

8.5 RECENT WORK ON SUPERCONDUCTIVITY 
AT THE THERMONUCLEAR DIVISION 

8.5.1 Guidelines of the Working Program 

W. F. Gauster 

T h e  research and developmental work in super- 
conductivity a t  t he  Thermonuclear Division is 
motivated by the  attempt t o  produce magnetic 
f ie lds  without ohmic l o s s e s  for thermonuclear 
research facilities. T h i s  t a sk  would become of 
greatest  importance as soon a s  a breakthrough in 
research might open the  engineering field of con- 
trolled thermonuclear power production. Another 
des i rab le  application of l o s s l e s s  magnetic field 
production is t h e  proton sh ie ld ing  of s p a c e  vehic les .  
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Thus ,  work on superconductivity in t h i s  Division 
is sponsored by the  Thermonuclear Branch of t h e  
AEC and by the  George C.  Marshall Space F l ight  
Center  of NASA. 

W e  believe tha t  t he  development of superconduct- 
ing, large-volume, high-field magnets, espec ia l ly  
for nonaxisymmetric f ie lds  (for ins tance  B-minimum 
fields or noncircular sh ie ld ing  magnets) c a n  b e  
considerably facil i tated if  t he  relevant phys ica l  
properties of t he  high-field superconductors a re  
better understood. From th i s  unifying point of 
view, the  motivation of t he  rather greatly diversified 
working program, which h a s  been under way here 
during the  l a s t  few years ,  c a n  b e  better understood: 

1. 

2. 

3. 

4. 

Micro Hall  probes with high resolution for 
scanning magnetic f ie lds  have  been s u c c e s s -  
fully developed. 2 3  

T h e s e  micro Hall probes a re  being employed 
to  s c a n  the  magnetic f ie lds  in gaps of high- 
field superconductor cylinders in longitudinal 
f ie lds  in  order t o  determine the  flux dens i ty  
distribution. Similar measurements are being 
made in t h e  midplane gap of high-field super- 
conductor solenoids.  2 4  

Magnetic moment measurements on high-field 
superconductors have  been performed here with 
a ba l l i s t ic  method. 2 5  Furthermore, we developed 
vibrating magnetometers, which are working 
satisfactorily s i n c e  lock-in amplifiers have  
been used. However, simpler arrangements 
for magnetic moment measurements which employ 
mechanical or electronic flux integration a l s o  
will be  used  here  i n  t h e  near future. 

F lux  jump measurements were made on s m a l l  
superconduct ing co i l s  and on (solid and hollow) 
cy l inders .27  It is hoped tha t  espec ia l ly  t h e  
second group of experiments will eventually 
greatly contribute t o  t h e  understanding of the  
performance of the  high-field superconductors. 
Experiments covering t h e  range of isothermal 
t o  adiabatic field change  are under way. 

23Thermonuclear Div. Semiann. Progr. Rept. Apr.  30,  

24See sect. 8.5.3 of th i s  report. 
25Thermonuclear Div. Semiann. Progr. Rept. Oct. 31, 

1965, ORNL-3836, p. 97. 

1963, ORNL-3564, p. 118. 
26Thermonuclear Div. Semiann. Progr. Rept. Oct. 31, 

1964, ORNL-3760, p. 91. 
27Thermonuclear Div. Semiann. Progr. Rept. Apr. 30, 

1965, ORNL-3836, p. 103; and sect. 8.5.2 of this  report. 

5.  Theore t ica l  work on the  macroscopic  theory 
of superconductors  of t he  second and third 
kind is being done which represents  a most 
des i rab le  backing of our previously mentioned 
experimental work. 

6. Our magnet laboratory provides an almost unique 
possibil i ty of making t e s t s  on superconduct ing 
winding elements  in large-volume, high-intensity 
f ie lds .  2 9  T h e s e  tests include the  measurement 
of c r i t i ca l  currents under largely diversified 
experimental conditions and were recently ex- 
tended to  flux c reep  measurements, which are 
of great importance for t he  understanding of 
t h e  performance of “s tab i l ized”  superconduct- 
ing magnets. 30 

T h e  following sec t ions  report on those  phases  
of our superconductivity research  program in which 
noteworthy progress h a s  been  achieved recently.  

8.5.2 F i e l d  Distributions in Hard Superconducting 
Cylinders with Adiabatic F i e l d  Change 

W. F. Gauster  H. A. Ullmaier 

Introduction. - In the  previous semiannual  report 
experiments with hollow and so l id  cold-worked 
Nb-25% Zr cylinders were described. 3 1  Subse- 
quently, i t  was  poss ib le  to  develop t h e  following 
theoretical  approach, which allows an  account ing 
for t h e s e  experimental resu l t s  with fair  accuracy. 

If a longitudinal f ield around a hard supercon- 
ducting cylinder is adiabatically raised, flux 
penetrates.  T h e  d is tance  [of  t he  flux front [i.e., 
t h e  sur face  ins ide  the  cylinder which sepa ra t e s  
t he  regions with (“wave”) and without flux] from 
t h e  cylinder sur face  is a time-dependent function 

T h e  d is tance  of a point i n s ide  t h e  wave from t h e  
wave front is x. Of course,  x 5 c.  T h e  distribu- 
tion of any quantity, s a y  the  flux dens i ty  B ,  ins ide  
the  wave is in general a function of x and of t he  
time t ,  

4( t> .  

B = B(x, t ) .  

28See sect. 8.5.4 of this  report. 

29Thermonuclear Div. Semiann. Progr. Rept. Oct. 31, 
1963, ORNL-3564, p. 105. 
30K. R. Efferson, ORNL-TM-1266 (prepared for George 

C. Marshall Space Fl ight  Center, NASA, Government 
Order No. H-76798), p. 2 (September 1965). 

‘H. A. Ullmaier, Thermonuclear Div. Semiann. Progr. 
Rept. Apr. 30, 1965, ORNL-3836, p. 103. 
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T h e  speed  of t h e  flux front is32 

T h e  change of flux will  induce a n  electromotive 
force. T h e  e lec t r ic  field strength E on t h e  sur face  
of a cylinder with t h e  radius r is 

d 4  2nrE = - - . 
dt 

Since  E h a s  t h e  same direction as t h e  sh ie ld ing  
current dens i ty  J d , 3 3  an  energy per unit  volume 
of 

J d  
dW = - E J ,  dt = - d 4  ( 2 )  2nr 

is d iss ipa ted .  T h i s  l e a d s  to  a temperature r i s e  
dT.  Under ad iaba t ic  conditions 

J d  
- d+ = c(T ,  B )  dT , 
2nr 

(3) 

where c ( T ,  B )  is t h e  spec i f ic  hea t  i n  t h e  super- 
conducting s t a t e  at t h e  temperature T and t h e  
field B. 

Another b a s i c  relation is Maxwell’s equation, 

V x H = J + D ,  

which reduces  for t h e  one-dimensional cylindrical  
geometry, and when D is neglected,  t o  

JH 
J = - .  

ax 

T h i s  current dens i ty  J c a n  only b e  identified with 
t h e  d iss ipa t ive  current density J ,  if a definit ion 
of t h e  field strength H is used  which holds  for t he  
( <  macroscopic” description of superconductors 
as  s e t  forth in  Sect.  8.5.4. If we employ t h e  “ s e m i -  
microscopic” description for not too h igh34 flux 
dens i t i e s  B ,  w e  c a n  simply write 

B = poH f 

32See a l so  S. L. Wipf and M. S. Lubell, Phys. Let t e r s  

3 3 J d  is the dissipative current density ( see  sec t .  

8.5.4). 

34A. M. Clogston et al., Phys. Rev. Le t t e r s  9 ,  262 
(1962); A. M. Clogston, Phys. Rev. Le t t e r s  9 ,  266 
(1962); and B. S. Chandrasekhar, A p p l .  Phys. Let t e r s  
1, 7 (1962). 

16, 103 (1965). 
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and therefore 

T h e  current density determined i n  t h i s  way i s ,  
however, not t he  d iss ipa t ive  current dens i ty  J ,  
as used  in  Eqs. ( 2 )  and (3). To identify J with J ,  
might lead  t o  appreciable d iscrepancies ,  e spec ia l ly  
for f ie lds  near t h e  lower c r i t i ca l  field strength 

Hc 1. 
Furthermore, it must b e  pointed out that  i n  t h e  

following ca lcu la t ions  t h e  flux dens i ty  B is sup-  
posed to  b e  continuous a t  t h e  sur face  of t h e  super- 
conducting cylinder; tha t  i s ,  London sur face  cur- 
ren ts  a r e  neglected.  An appreciable error might 
result ,  espec ia l ly  for low va lues  of t h e  ex terna l  
field. Nevertheless,  for t h e  t ime being, we will 
disregard t h e s e  f ac t s  in order t o  b e  ab le  t o  deve lop  
a s imple  ca lcu la t ion  method which a l lows  checking, 
with fair approximation, t he  experimental resu l t s .  
Additional b a s i c  experiments a re  under way, with 
t h e  goal t o  understand more fully t h e  performance 
of hard superconducting cy l inders  i n  changing 
longitudinal f ie lds .  

Field Distribution in a Semi-Infinite Slab. - 
F i r s t  we consider a hard-superconducting s e m i -  
infinite s l a b  (r *a) with zero  init ial  conditions 
( the  whole material i n  “virgin s t a t e , ”  i .e. ,  B = 0 
and T = T o ) .  T h e  following step-by-step method 
could b e  used  for determining t h e  distributions of 
B, T ,  and J .  T h e  des igna t ions  in  F ig .  8.15a a r e  
self-explanatory. Fo r  the  wave front 

is constant.  Therefore (for sufficiently s m a l l  s) 

B , ,  = B , ,  = B 3 2  = . . . = p o s J b o  

T h e  flux inc rease  per unit length (in t h e  z direction) 
is 

From Eq. (3)  

and therefore 

J 2 1  = J  3 2  = J  43 = . . . = J ( T 2 1 , B 2 1 ) .  (8) 



134 

ORNL- DWG 65-8965R 

I IT 
- 
I X 

‘1 ‘2 ‘3 ‘4 ‘ 5  ‘1 ‘d t 4 ‘k  ‘ k +  1 

Fig. 8.15. Step-by-step Calculat ion of the B Distribution in o Semi-Infinite Slab. 

Fina l ly  

B Z 0  = B 3 1  = B 4 2  = . . . = B z l  + pOsJz1 . (9) 

T h e  succeeding  va lues  of flux inc rease  t o  b e  
substi tuted in  Eq. (3) c a n  b e  eas i ly  determined; 
see Eq. (10). T h i s  ca lcu la t ion  procedure, which 
can  b e  continued in a similar way, shows  tha t  for 
t he  case of a semi-infinite s l a b  t h e  distributions 
of B, T ,  and J i n s ide  t h e  wave move along with 
the  wave; tha t  is, B ,  T ,  and J a re  functions of x 
only. 

In t h i s  ca lcu la t ion  i t  h a s  been assumed tha t  t h e  
gradient dB/ax  of the  flux density distribution in 
Eq. (4) does  not depend on t h e  r a t e  of r i s e  dB/dt  
of the  flux density,  tha t  is, J ( T ,  B )  represents  t h e  
c r i t i ca l - s ta te  current density.  A more exac t  cal- 
culation should consider t h e  dynamic behavior of 
moving fluxoids, which might b e  appreciably in- 
fluenced by t h e  temperature gradient too. 

It would b e  poss ib l e  t o  write a computer code  
based  on Eqs .  (4) to (9). In t h e  spec ia l  case of a 
s l ab  t h e  distributions c a n  b e  expressed  in  a c losed  
form i f  we replace t h e  general  express ion  c(T, B )  
i n  Eq. (3 )  by Eq. (14). Then  w e  c a n  proceed as 
follows: 

T h e  
flux increase  + k + l , z  - 4k,l is the  difference be- 

We consider t he  wave posit ions tk, t,,,. 

tween the  a r e a s  bounded by the  curve segments  
k + 1 and k .  Therefore ( s e e  F ig .  8.15b), 

Going to  t h e  limit s --t dx ,  Eq. (3 )  (for t h e  case 
of a semi-infinite s l ab ,  2 n r  must b e  omitted) and 
Eq. (10) yield 

1 aB 
J dd)= J B  d x = -  - B dx 

P o  ax 

B 

PO 

- _  - dB = c ( T )  dT . (11) 

Therefore for any d i s t ance  x i n s ide  t h e  wave t h e  
relation 

B 2  
- = f c ( T ) d T  
2P0 T o  

is valid. T h i s  equation applied to  t h e  sur face  of 
the  superconducting s l a b  is t h e  flux jump condition 
given by Wipf and Lubell .  3 2  

In order t o  determine t h e  functions B(x ) ,  T ( x ) ,  
and J ( x ) ,  we make the  following assumpt ions :  
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1. In t h e  range of in te res t  t he  c r i t i ca l  temperature 
T c a n  b e  approximated by 

T c = T  c o  - b B ,  (13) 

where T c o  is the  c r i t i ca l  temperature at B = 0.35  
2. T h e  spec i f i c  hea t  c for Nb-Zr will  b e  approxi- 

mated by 

c = k T 4 .  (14) 

For  Nb-25% Zr ,  k = 4.65 jou les  m-' (see 
ref. 36). Equation 14  is a numerical f i t  of experi-  
mental resu l t s  and s e e m s  t o  contradict  t h e  T3  
law of t h e  l a t t i ce  spec i f ic  heat.  In fact ,  for super- 
conducting Nb,Sn, t he  spec i f ic  hea t  follows c lose ly  
t h e  expression 

c = K T 3 ,  

where K = 25.5 jou les  m-' (see ref. 37). 
It must b e  considered tha t  t h e s e  measurements 
have  been made in  zero  fields.  The re  might be  
a n  appreciable influence of t h e  flux density.  

3. T h e  expression 

Tc - T 
B ) = J b o  ~ f (B )  (15) 

T c  - T o  

is considered to b e  a sufficiently good approxima- 
tion. In t h i s  respec t  two more b a s i c  experiments 
a r e  needed. It should again b e  emphasized tha t  
J ( T ,  B )  represents t h e  c r i t i ca l  va lue  of t h e  current 
dens i ty  due  t o  flux c reep  which cons iders  only 
approximately the  ac tua l  dynamic performance. 

T h e  term f ( B )  is a constant i f  t h e  model of C .  P. 
Bean  and H. London is used .  Fo r  Kim's model 

4. T h e  ex terna l  f ield is ra i sed  rapidly enough t o  
b e  almost adiabatic,  but slowly compared with t h e  
electromagnetic diffusion time. 3 8  

Considering Eqs .  (13) t o  (15), we obtain 

Tco  - T o  - bB 1 
dx =- 

p o J b o  T c o  - bB - [ (5B2 /2kp0)  + T o ]  5 1 / 5  

dB 
x-. 

f(b) 

W e  integrated t h i s  equation for various forms of 
f ( B )  and T o  = 4.2OK (Fig .  8.16). If t h e  external 
field is very slowly ra i sed ,  t h e  isothermal wave 
front (Fig. 8.16, curve a )  results.  In F ig .  8.17 
isothermal (solid l ines)  and ad iaba t ic  (dotted 
l ines)  flux distributions a re  compared. 

Equation (12) holds  only i f  t h e  wave front d o e s  
not hit  a boundary before t h e  flux jump condition 
h a s  been reached. Fo r  T = Tc,  t h e  current dens i ty  
J becomes zero  and therefore C$ approaches co. 
Keeping t h i s  fact  i n  mind t h e  following condition 
for t h e  temperature dependence of B (the ex terna l  
flux dens i ty  where flux jump occurs) is obtained 
from Eq. (17): 

F J  

T h i s  dependence is represented in  F ig .  8.18. 
va lues  ca lcu la ted  

by Eq. (18) a re  about 15% higher than t h e  measured 
values.  A careful theoretical  check  and some  
pertinent new bas i c  experiments a r e  under way. 

F i e l d  Distribution in Cylinders. - For  super -  
conducting cy l inders  t h e  distributions of t h e  quan- 
t i t i e s  B, T ,  and J a re  not functions of x a lone  and 
therefore do not move undistorted with t h e  flux 
wave. We have developed a numerical integration 
method similar t o  that described previously for t h e  
semi-infinite s lab .  It is based  on Eqs .  (3) and 
(13) t o  (16). By means of a computer program, 
flux density distributions similar to tha t  shown in  
F ig .  8.17 have been determined. 

If t he  wave reaches  t h e  ax i s  of a so l id ,  or t he  
inner sur face  of a hollow cylinder,  t h e  computation 
procedure must b e  modified. Small arbitrary s t e p s  
of B on t h e  inner boundary are assumed which 
lead  t o  +, T, and J va lues  in a similar way as 
described above. It is also poss ib le  to  cons ider  

Experiments show that t he  B 
F J  

35Equation 13  is in good agreement with the Bardeen- 
Ginzburg relation H c ,  = Hc2(0)(1 - T/Tc) ( l  + T / T c ) - ' ,  
which h a s  been tes ted  experimentally for several  c a s e s ;  

s e e  S. H. Goedemoed et al., Phys ica  30, 18 (1964) and 

B. S. Chandrasekhar et al., Phys .  Le t t e r s  5, 18 (1963). 

36El Bindari and M. M. Litvak, J.  A p p l .  Phys .  34, 
2913 (1963). 

37L. Vieland and A. W. Wicklund, RCA Technica l  
Report AFML-TR-65-169, p. 17 (June 1965). 

,'Y. B. Kim, C. F. Hempstead, and A. R. Strnad, 
Phys .  Rev. Le t t e r s  13, 794 (1964). 

. 
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init ially trapped fields.  F igure  8.19 shows  t h e  
flux distribution in a hollow cylinder with previ- 
ous ly  isothermally trapped flux. T h e  shaded a reas  
ind ica te  the  ad iaba t ic  flux changes .  Additional 
computer resu l t s  compared with experimental d a t a  
will b e  published later.  
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Fig .  8.16. Magnetic Waves in a Slab of Nb-25% Z r .  
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f i g .  8.17. F lux Distribution for Isothermal and Adi- 

abat ic F i e l d  Changes in  Nb-25% Zr .  

T h e  following final remark seems to b e  important. 
If t h e  s h a p e  of t h e  magnetic wave penetrating t h e  
superconducting cylinder h a s  been ca lcu la ted ,  it 
is poss ib le  t o  verify experimentally t h e s e  resu l t s  
i n  various ways: For ins tance ,  by measuring t h e  
c r i t i ca l  external f ield strength H FJ; by oscillo- 
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Fig.  8.18. Dependence of B F J  on the Bath Temper- 
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graphing t h e  vol tage  induced in  a pickup co i l ;  arrangement outs ide  t h e  Dewar (range 30 min/ 
and, i n  case of a hollow cylinder, by observing t h e  
t ime dependence of the  internal f ield strength Magnetic field measurements were made in  the  
H ' ( t )  upon the  external f ie ld  strength H ( t ) .  Pres -  gap between the  two ha lves  of a cold-worked 
en t ly  s u c h  experiments a re  being done here. Nb-25% Zr cylinder i n  a longitudinal f ield and 

in a slit in t h e  midplane of a superconducting 

sweep t o  '/z min/sweep). 

magnet coil. 
Micro H a l l  Probe Measurements on a Cylinder. - 

Fie ld  distributions in  a cold-worked Nb-25% Zr 

8.5.3 Micro H a l l  Probe Measurements on Nb-25% 
Zr Cylinders and 

W. F. Gauster 
D. L. Coffey 

K. R. Efferson 
J. E. Simpkins 

Introduction. - An important d iagnos t ic  method 
is t h e  measurement of t h e  spa t i a l  magnetic field 
distributions around superconductors. For  in- 
s t ance ,  W. Meissner et al.  used for t h i s  purpose 
ba l l i s t ic  coils 1.5 mm wide, 1 mm thick,  and 10 mm 
long.40 Recently,  H. T. Coffey employed a micro 
Hall  probe cons i s t ing  of a bismuth Hall  cross 
vacuum depos i ted  onto a mica subs t ra te  with an 
ac t ive  a rea  of 0.1 mm s i d e  length.41 In our 
laboratory a new type of micro Hall  probe h a s  been 
developed which h a s  t h e  following significant 
data:  

Material Indium arsenide  

Cover Sil icon monoxide 

Substrate Mica 

Sensit ive area, mm 

Tota l  thickness,  mm 0.03 

Sensitivity. v / ampgauss  

Impedance, ohms 2000 

0.002 2 

Linearity 5% of full s c a l e  to  

50  kilogauss 

rod have been investigated in  longitudinal mag- 
ne t ic  f ie lds  a t  4.2'K. T h e  sample w a s  a 4k-in.- 
long, 0.26-in.-diam solid cylinder which had been 
sp l i t  into two equal  p i eces  by cu t t ing  perpendicu- 
la r  to the  longitudinal axis.  T h e  cylinder w a s  
then mounted in  such  a way that t he  gap between 
the  two ha lves  w a s  0.004 in. T h e  posit ion of t h e  
probe is determined e lec t r ica l ly  so  tha t  f ield 
magnitude v s  posit ion c a n  be  plotted on an X-Y 
recorder. 

T h e  field in  a cylinder without a gap  is, of 
course,  different from tha t  measured with our 
arrangement. Since t h e  ratio of gap width (0.004 
in.) to rod diameter (0.26 in.) is very small, a 
field disturbance c a n  b e  expected only near t he  
cylinder surface.  Th i s  zone  is, however, of 
spec ia l  in te res t ,  and  ca lcu la t ions  and additional 
experiments a re  being made to  estimate t h e  possi-  
b l e  influence of t h e  gap disturbance. T h e  follow- 
ing  measurement resu l t s  have not been corrected 
for fringe effects.  

Some charac te r i s t ic  f ield measurements a re  
represented in Fig.  8.21. In order t o  determine 
exac t ly  the  location of the  outs ide  su r face  of t he  
cylinder,  two open Nb-Zr single-layer windings 
(Fig.  8.20, S I  and S2) were arranged which pro- 
duced f ie ld  s p i k e s  a t  a measured d i s t ance  from 

Indium arsenide  proved to b e  less temperature the cylinder surface (spikes in F ig*  8-21). BY 
sensitive than indium antimonide. Figure 8-20 
shows  the  probe-positioning device.  T h e  subs t r a t e  
of the  Hall  element c a n  b e  rotated about a x i s  A. 
T h e  s w e e p  speed  is adjus tab le  through a gear 

means of a bifilar hea te r  winding, t he  sample was  

ORNL-DWG 65-40639R 

/SAMPLE H A L L  PROBE, 

39Work partly sponsored by the George C. Marshall 
Space Flight Center, NASA, under Government Orders 
H-71484 and H-76798. See  sec ts .  V-A and -B of ORNL- 
TM-1266 covering the  period June 1 to August 1, 
1965. 

40W. Meissner and Fr. Heidenreich, Physik.  2. 37, 
449 (1936). 

'H. T. Coffey, Westinghouse Research  Memo 65-1JO- 
CRYOA-MI (Apr. 15, 1965). 

J. E. Simpkins, Thermonuclear Div. Serniann. Progr. 
Rep t ,  A p t .  30, 1965, ORNL-3836, p. 97. 

Fig .  8.20. Scanning of Superconducting Cy l inder  

(Experimental  Arrangement). 
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Fig .  8.21. Change in  F l u x  Distr ibut ion in  the Gap 

of an Nb-25% Z r  Cyl inder with External  F ie ld .  Curve 

A,  w i th  5-kilogauss external field; B, w i t h  5-kilogauss 

internal and 10-kilogauss external  (see text); C,  10- 
kilogauss internal and 14-kilogauss external. The  dips 

are introduced for re la t ive  location of cylinder and 

microprobe. 

driven normal in zero  external field, and after 
cooling of the  sample t h e  external f ield w a s  
was  raised to  5 k i logauss  (Fig.  8.21A). Keeping 
th i s  external f ield cons tan t  the  sample was  again 
hea ted  and cooled so t ha t  the  field of 5 k i logauss  
penetrated the  en t i re  sample.  When increas ing  
the  external f ield t o  10 kilogauss,  curve B was  
obtained. Finally,  curve  C shows  the  flux dis- 
tribution with an  ex terna l  field of 14 k i logauss  
after flux penetration at 10 k i logauss  due  t o  
heating. Probably due  t o  t h e  intermediate heating, 
the  relatively la rge  final field of 14 k i logauss  
could b e  achieved without obvious flux jumping. 
As to  b e  expected, from Kim’s formula, 

n 
J = - ,  

B + B o  

t he  loca l  current dens i ty  J dec reases  with in- 
c reas ing  B. T h e  numerical va lues  of the  current 
density as ca lcu la ted  from these measurements 
are in the  same order of magnitude found by other 
authors. 

T h i s  field scann ing  method is also convenient 
for studying flux jumps in hard superconducting 
cylinders.  F igure  8.22 shows  the following ex- 
ample: F i r s t ,  t h e  sample was  heated and cooled 
in an  external field of -1.5 k i logauss  (curve A). 
After raising the  external field t o  +4 kilogauss,  
t he  flux distribution B was  obtained. Lowering 

the  external f ield t o  zero  yielded the distribution 
curve C. T h e  distribution is far from axisymmetric. 
Furthermore, when lowering the  external f ield from 
+4 k i logauss  to  zero  t h e  field distribution ins ide  a 
certain zone  remained unaffected. 

T h e  occurrence of flux jumping when ra i s ing  t h e  
field from a negat ive  t o  posit ive va lue  might b e  
explained by t h e  concept  of the  “annihilation 
ins tab i l i ty”  sugges ted  by Beas l ey  e t  al. and 
recently by W i ~ c h r n e y e r . ~  

T h e s e  flux distribution measurements will  b e  
continued. 

Micro H a l l  Probe Measurements on a Sample  
Coil. - An experimental arrangement permits t h e  
sweeping of a m i c r o  Hal l  probe through a small 
(0.013-in.) s l i t  in t he  midplane of a superconduct- 
ing  coil .  T h e  s l i t  width is approximately one wire 
diameter. T h i s  coil h a s  0.375 in. ins ide  and 
1.375 in. ou ts ide  diameter and i s  1 in. long; t he  
winding c o n s i s t s  of 2740 turns of 10-mil Nb-25% 
Zr wire with copper cladding of 1 mil radial  thick- 
n e s s ,  F ie ld  measurements have  been made with 
the  Hall  probe connected either directly t o  a n  X-Y 
recorder or with an  amplifier between t h e  probe 
and t h e  recorder. 

Examinations t o  d a t e  have  included only t h e  
self-fields generated by the  superconducting coil. 
La te r  experiments will  be  made with superimposed 
external f ields.  

.) 

43M. R. Beasley e t  af.. Phys.  Rev. 137, A1205 (1965). 
44C. R. Wischmeyer, Phys. Letters  18, 100 (1965). 
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Fig. 8.22. F l u x  Jumps in  an Nb-25% Zr Cylinder 

Obtained wi th  L o w  Internal F ie lds .  



139 

T h e  midplane field of a nonsuperconducting 
(e.g., copper) co i l  with dimensions and turns 
equal  t o  that of the superconducting coil is shown 
in Fig. 8.23, curve A. T h e  effect  of a 0.013-in. 
gap between sec t ions  is indicated by curve  B. 
T h i s  curve is the  s ta r t ing  point for t he  ana lys i s  
of the  effects of t h e  diamagnetic currents i n  the  
superconducting coil. 

In a superconducting coil it c a n  be  expected tha t  
t h e  diamagnetic behavior of the  wire will distort  
t h e  field. As t h e  current is increased]  flux pene- 
tration of the  wire resu l t s ,  and the  field distribu- 
t ions  approach more c lose ly  that of a nonsuper- 
conducting coil .  T h i s  e f fec t  is apparent in Fig.  
8.24. T h e  influence of t h e  diamagnetic currents 
i s  s e e n  in t h e  s h a p e  of t he  field within the  wind- 
ing and the  bore of t h e  coil. In order t o  s tudy  
field s h a p e  a t  low currents in more de ta i l ,  an  
additional amplifier between the  micro Hall  probe 
and the  recorder h a s  been  used. T h e  field shape  
recorded is shown in  Fig. 8.25. T h e  coil current 
is 2 amp, and t h e  ca lcu la ted  maximum self-field 
in  a corresponding nonsuperconducting co i l  i s  
2084 gauss .  An appreciable deviation of the  field 
shape  of the  superconducting co i l  from that of the  
corresponding nonsuperconducting co i l  c a n  b e  
seen .  In an (infinitely) long superconducting coil ,  
the  coarse-grained average  midplane field is iden- 

ORNL-DWG 6 5 - 1 0 0 4 0 A R  
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F ig .  8.23. Calculated Midplane F i e l d  of a Nonsuper- 

conducting Coi l .  The co i l  ax is  i s  at  the left.  
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Fig.  8.24. V i rg in  Coi l .  Midplane f ie ld scan (with 

transport currents from 2 to 30 amp).  

t i ca l  with that of a nonsuperconducting 
For  a shor t  superconducting co i l ,  however, t he  
diamagnetic currents c a u s e  first  a rapid drop in  
field in tens i ty  as one  proceeds from t h e  in s ide  
toward the  outs ide  surface.  Thereafter t h e  field 
gradient is s m a l l e r  than tha t  in the  nonsuper- 
conducting coil (Fig. 8.25). T h i s  observation 
i s  i n  accordance with t h e  fact  that t h e  self-in- 
duc tance  of a superconducting co i l  is smal le r  
than that of the  same  coil in normal s ta te .46  

In F igs .  8.24 and 8.25, spa t i a l  field ripples a re  
c lear ly  evident. Thei r  number is approximately 
one-half of the  number of layers.  Visua l  examina- 
tion of t he  winding end  p l anes  of a similarly 
wound coil shows  that a l te rna te  layers  a re  gen- 
e ra l ly  d isp laced  axially one-half of one  wire 

45B. S. Chandrasekhar, W. F. Gauster, and J. K. 

46H. T. Coffey et  af., J. A p p l .  Phys.  36, 128 (1965). 
Hulm, A p p f .  Phys.  Letters  2(11). 228-29 (1963). 

Fig. 8 (p. 135). 

. 
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diameter. A more thorough investigation of t h e s e  
ripple f ie lds  is planned. 

F igure  8.26 shows  t h e  remanent f ie lds  with 
zero  applied current after success ive ly  energizing 
the  coil to  2, 4, 6,  10, 20, and 30 amp. Magnetic 
moment measurements on bundles of 0.0 10-in. 
Nb-25% Zr wi re s47  showed that a field of about 
5 k i logauss  is necessary  to  reach maximum mag- 
netization. T h i s  corresponds to the  observation on  
the  superconducting coil tha t  for f ie lds  of 5 kilo- 
g a u s s  or more, t he  remanent magnetization (i.e., 
the  field after raising and lowering the  transport 
current) reaches  maximum values.  In accordance 
with t h i s  result, Fig.  8.26 shows  tha t  maximum 
remanent f ie lds  a re  trapped over a radial  d i s t ance  
where t h e  maximum transport  current f ield h a s  
reached or exceeded about 5 kilogauss.  T h i s  
seems to  explain the  change of t he  s h a p e  of the  
remanent field from a nearly triangular form to an  
almost rectangular shape .  

T h e  remanent f ie lds  shown i n  Fig. 8.26 were ob- 
tained after reaching a maximum transport current 

- 

- 

- 
- 
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Fig .  8.25. C o i l  Midplane Se l f -F ie ld  w i th  2-amp Trans- 

port Current, Showing Ef fec t  of Diamagnetism in  the 

Superconducting Windings a s  Compared wi th  the C a l -  

culated F i e l d  Distr ibut ion for a Copper Co i l .  
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Fig.  8.26. Remanent F i e l d s  Without Quenching Tran- 

s i t  i ons. 

field without occurrence of a normal transit ion 
(quenching). Other measurements were made to  
inves t iga te  the  remanent f i e lds  after quenching 
(Fig. 8.27). T h e  quenching cur ren ts  were between 
30 and 44 amp; irregular training e f f ec t s  have  been 
observed. It was ,  however, not poss ib l e  to  corre- 
l a t e  remanent f ie lds  preceding or following t h e  
quenching process  with the  numerical va lues  of 
the  quenching currents concerned (see cases A 
and B, and C and D in  Fig. 8.27). T h e  obvious 
reason for t h i s  fact  is that t he  remanent field in  
the  midplane is not sufficient t o  charac te r ize  the  
overall  s t a t e  of the  superconducting coil between 
s u c c e s s i v e  quenchings. After reaching thermal 
equilibrium, diamagnetic currents trapped in other 
par t s  of the  winding might have  dec i s ive  influence. 

T h e s e  micro Hall  probe measurements i n  t h e  
coil midplane complement t h e  inves t iga t ions  of 
Aron and others,  who s tudied  the  ax ia l  f ie lds  of 
superconducting coils.48 Attempts t o  measure 
the  diamagnetic current distribution in  t h e  en t i re  
winding of a superconducting coil have  been made 
with ba l l i s t ic   method^.^ However, t h e s e  r e su l t s  
d o  not fully agree  with the  micro Hal l  probe 
measurements described above. 

8.5.4 A N o t e  on the Macroscopic Theory 
of Superconductors o f  the Second and Third Kind 

H. W. Koppe 

Introduction. - It seems tha t  an  agreement h a s  
been reached tha t  type 111 superconductors are in 
general  type I1 superconductors i n  which the  flux 
l i nes  a re  prevented, by some “pinning” mech- 
anism, from moving freely. T h e  agreement i s ,  
however, a t  p resent  not complete concerning the  
formulas which should b e  used  t o  desc r ibe  the  
ac tua l  behavior of type 111 superconductors.  

In t h i s  paper we sha l l  try to clarify t h i s  si tua- 
t ion by separa t ing  those  fea tures  of t h e  problem 
which c a n  b e  dea l t  with by thermodynamical con- 
s idera t ions  from t h o s e  where spec ia l  assumpt ions  

47D.  C. Hopkins and W. F. Gauster, Thermonuclear 
Div. Semiann. Progr. Rept. Oct. 31, 1963,  ORNL-3564, 
p. 118. 

48Pau l  R. Aron, Magnetization and a Superconducting 
Solenoid, UCRL-10854 (June 5, 1963); see a l s o  A. C. 
Anderson and R. J. Sarwinski, Rev.  Sci.  Instr. 34, 298 
(1963). 

49B. Taquet, J .  Appf .  Phys. 36, 3250 (1965). 
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about the  behavior of the  pinning mechanism a r e  
necessary .  We s h a l l  a i m  a t  macroscopic descrip- 
tion analogous t o  t h e  description of “thick” 
superconductors a s  absolu te  diamagnetics.  ’ 
T h i s  means tha t  we d o  not t ake  into considera- 
tion the  s p e c i a l  e f f ec t s  which play a role in sur- 
face layers  of t h e  order of c m  (e.g., mirror 
forces on flux l ines)  and that London sh ie ld ing  
currents will appear as  sur face  currents. There  is 
already a vas t  amount of l i terature on the  subjec t ;  
we should l i ke  to refer to t h e  comprehensive l i s t  
of references given by Lowell.’ ’ 

It turns out tha t  much depends on the  definition 
of t he  current dens i ty  J and the  magnetic field H .  
Whereas the  magnetic induction 8 i s  defined in  a 
completely unambiguous way, the  definition of J 
and H is, in electrodynamics,  partly a matter of 
convention (and convenience). We s h a l l  find i t  
useful to define H as t h e  derivative of the  field 
energy with respec t  t o  B: 

df 
H = -  

d B  

and 

dJ, = curl  H . (2) 

”See, e.g., Shoenberg, Superconductivity, p. 13, 

5 1  
Cambridge, New York, 1960. 

J. Lowell, Cryogenics 5, 185 (1965). 

One should keep in mind that t he  various poss ib l e  
definit ions of J differ only by t h e  curl  of a 
magnetization and lead to  the same va lue  of the  
to ta l  current through a wire. Furthermore, all 
equat ions  a re  now really equations for 8 and a re  
qui te  independent of any abbreviations one  intro- 
duces  along the  way. 

In t h e  following w e  sha l l  f irst  treat  t he  (‘two- 
dimensional” case, where the  magnetic field and 
the  flux l i nes  a r e  in  the  z direction and depend 
only on x and y .  In th i s  case we c a n  treat  t h e  
flux l i nes  as  a two-dimensional g a s  and obtain 
all resu l t s  in a quite straightforward way. T h e s e  
resu l t s  can  b e  generalized; however, as  explained 
later,  t h e  general  s i tua t ion  might well  b e  much 
more complex. 

T y p e  II Superconductors. - L e t  u s  cons ider  a 
cylindrical  superconductor ins ide  a coil .  T h e  
current through t h e  coil determines t h e  magnetic 
field H e  outs ide  t h e  superconductor. If we bring 
one  flux l ine  carrying a unit flux +o = W e c  = 

2 x l o p 7  gauss/cm2 into the  superconductor, we 
need a cer ta in  amount, A f ,  of free energy. Since 
t h e  flux l i nes  repel each  other, Af will  depend on 
t h e  dens i ty  n of the  flux l i nes  already present.  
T h e  f ree  energy of unit a rea  i s  therefore n Af(n). 
Since t h e  average  magnetic induction B = n$o is 
proportional t o  the  dens i ty  of flux l ines ,  i t  i s  
convenient t o  expres s  everything in terms of B 
ins tead  of n ,  and to  write n A f ( n )  = f ( B ) .  

. 
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T h e  equilibrium va lue  of B i s  determined by t h e  
minimum of 

G = F - +He = J f  ( B )  d o  - He J B  d o  , 

and th i s  l eads  to  

af 
- = H e .  
dB 

(3 )  

T h i s  equation permits t h e  determination of B as a 
function of H e ,  once  f ( B )  is known. On t h e  other 
hand, one c a n  u s e  (3) to determine f ( B )  from 
magnetization curves  determined experimentally. 
If we plot H e  v s  B we c a n  integrate (3) and obtain 

f ( B )  = I,” H e ( B )  dB . (4) 

Figure 8.28 shows a typica l  plot of H e  v s  B.  T h e  
curve s t a r t s  horizontally with a va lue  Hcl  a t  B = 0 
and then goes  over rather sharply into an  almost 
straight line: 

1 

e a  H =- B + Hr (approx) , (5) 

a -  1 
H r  =- H c z  a 

which c u t s  t h e  l i ne  H e  = B a t  t h e  upper c r i t i ca l  
f ield H e  = H C 2 .  For thermodynamical reasons ,  
t he  shaded  a rea  in Fig. 8.28 must b e  equa l  t o  
‘/HZ = f n  - f s ,  t h e  difference of f r ee  energy be- 
tween normal and  superconducting material. 

From (5) and (4) we obtain 

where, owing to the  fact  that (5) does  not hold for 
small va lues  of B ,  C is ,  s t r ic t ly  speaking, a func- 
tion of B ,  which, however, goes  rather quickly 
t o  a constant.  In many cases it will b e  a suffi- 
c i en t  approximation to u s e  (6) with cons tan t  c. 

52According to the GLAG theory, we would have  a =  
(2 .3W2 - 0.18)/(2.36K2 - 1.18). It seems t o  be ad- 
visable  t o  introduce some spec ia l  let ter for th i s  fre- 

quently occurring constant. 

One should keep  in  mind tha t  t h i s  l eads  t o  in- 
correct resu l t s  for very small B. 

We s h a l l  now reinterpret Eq. (3) by considering 
the  flux l i nes  as a two-dimensional g a s  of dens i ty  
B ,  which c a n  d is t r ibu te  i tself  over the  two p h a s e s  
“superconductor” and “vacuum.” It is more 
convenient t o  consider a s i tua t ion  where the  super- 
conducting cylinder is not in a co i l ,  but ins ide  a 
hole of another superconductor, s o  that the  to ta l  
flux q5 is conserved (Fig. 8.29). T h e  term A is 
the  c r o s s  sec t ion  of the  superconducting cylinder, 
and A .  is the  c r o s s  sec t ion  of the  vacuum. If one  
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I remembers that the  free energy of the  “B gas”  in 
vacuum is f o  = B 2 / 2 ,  we have to  minimize 

F = A f ( B )  + A. fo(Bo) 

under t h e  condition 

Abrikosov structure,  whereas  (9) expres ses  the  
macroscopic point of view. T h i s  difference be- 
comes very important i n  connection with the  
definition of the  current. If we write t h e  first  
Maxwell’s equation i n  the  form 

(7b)  4 = A B  + A o B o  = const.  

Introducing a Lagrangian multiplier x ( the  chemi- 
c a l  potential), we obtain 

In (8a)we have made u s e  of the  fact  that  i n  vacuum 
B = H .  If we eliminate x between (8a)  and (8b) w e  
come, of course ,  back t o  (3) .  Never the less ,  there 
is a cons iderable  conceptual difference between 
( 3 )  and (8): Whereas in (3 )  we re la te  the  magnetic 
induction in s ide  the superconductor t o  a va lue  
H e  of the  magnetic field in  a quite different place,  
Eqs.  (8) a re  local in  the  s e n s e  that they s t a t e  
that  the  chemical potential  X is cons tan t  and tha t  
we have  different “concentrations” in different 
phases  because  the  relations between the  con- 
centration and the  chemical potential  a re  different. 
T h i s  shift  of emphasis  is important s i n c e  i t  c a n  
b e  generalized for nonequilibrium s t a t e s .  

F rom (8b) we see tha t  in vacuo the  chemical 
potential  x is equa l  t o  the  magnetic field strength.  
Up to  now we did not u s e  the  concept  of the  
magnetic f ie ld  strength H i n s ide  t h e  superconduct- 
ing cylinder. If we def ine  t h i s  by 

def  df 
H =  - ,  

dB (9) 

then the  condition for equilibrium becomes simply 

H = const.  (10 )  

Since superconductors have  magnetic permea- 
b i l i t i es  which a re  very close to 1, one  could, of 
course ,  i n s i s t  that  H = B ,  contrary to (9). 

However, i n  t h i s  case one  had t o  t a k e  into 
account the  rapid variations of B ins ide  the  

then the  current density J defined by t h i s  equa- 
tion is an  average  of the  loca l  currents,  and  there- 
fore in a certain way the  true current density.  On 
the  other hand, we can  define a current dens i ty  
1, 

d + J ,  = curl  H . (12 )  

The  difference between (11) and (12) i s  s e e n ,  i f  
we consider the  l o s s  for the  conservation of f ree  
energy in the  usua l  way. Then we obtain from (11): 

a i  1 
- (- DE + - B z )  + JE + div [ E  x B ]  = 0 , 
af 2 2PO 

and from (12): 

a f  a [ ’ D E  2 + f ( B ) ]  + J ,  E 

T h e  second equation conta ins  the  time derivative 
of t he  correct dens i ty  of free energy, and there- 
fore J d E  c a n  b e  identified as a d iss ipa ted  heat.  
Therefore we call J d  t he  d iss ipa t ive  current. As 
far as the  macroscopic point of view i s  concerned, 
we need only to take  into account the d iss ipa t ive  
current, s ince  (12) is the  natural  definition of t h e  
current. T h i s  h a s  the  advantage tha t  all t he  
familiar formulas of electrodynamics remain valid. 

W e  can ,  however, sp l i t  J into two parts:  

Then J ,  does  not produce any Joule’s  hea t  and 
behaves l i ke  an ordinary London current. 

There  is one  point that one should keep  in 
mind: One can  treat the  flux l i nes  to a la rge  
extent as a two-dimensional gas  with dens i ty  B 
and chemical potential  H ;  but, whereas  in  an 
ordinary gas t h e  density c cannot b e  nega t ive  and 
t h e  chemical potential  goes  to --a3 for c + 0 
(owing t o  a n  entropy term of t he  term c log c in  
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f ) ,  B c a n  b e  pos i t ive  or negative and H is un- 
defined for B = 0. T h i s  does  not lead  to  any 
difficult ies as far a s  equilibrium is concerned, 
but t h i s  point h a s  to b e  taken up again when non- 
equilibrium s t a t e s  a re  considered. 

Forces on F l u x  L i n e s .  - If w e  cons ider  t he  
flux l i nes  as a two-dimensional gas with a dens i ty  
B and a dens i ty  of free energy f ,  we c a n  derive t h e  
pressure p from the  well-known formula 

df 

dB 
p - - .  B - f = H B - f .  

T h e  force per unit a r ea  on the  flux l i nes  is there- 
fore’ 

k = grad p = -B grad H . (16) 

T h e  force on a s i n g l e  flux l ine  is obtained by 
dividing through the  dens i ty s4  

B 
k s  = -- grad H = -grad IHI . 

IBI 

One c a n  derive t h e s e  formulas in the  following 
way: Suppose the  flux l i ne  a t  point r i s  d i sp laced  
by 6s(r). Then the  conservation of flux l i nes  
gives 

6B + div B 6s = 0 . (18) 

On the  other hand, t he  to ta l  change in energy i s  

6 u =  f f d O  = J H  6B dO = - J H  div ( B  6s) dO 

= r6s B grad H dO . 
But 6u must b e  equal  t o  t h e  work done aga ins t  
the  forces: 

6~ = -6s k do , 

and s i n c e  th i s  must hold for arbitrary as, we ob- 
ta in  (16), and from (16) our old condition for 
equilibrium: H = const.  

T h e  following points should b e  noted: 

1. T h e  relation B grad H = grad p follows from 
(15) under t h e  assumption tha t  f does  not 
explicit ly depend on r, so that ,  although t h e  
chemical potential  s t a y s  cons tan t  over t h e  
boundary between the  superconductor and t h e  
vacuum, t h e  pressure  is discontinuous and 
smaller in t h e  superconductor. 

2. As  we pointed out above, H and a fortiori grad 
H is undefined for H < H, , .  T h i s  of cour se  
d o e s  not matter, s i n c e  then B i s  zero, and an 
arbitrary force  ac t ing  on  a nonexistent f lux 
l i ne  does  not produce any phys ica l  e f fec ts .  

Pinning in  T y p e  I l l  Superconductors. - T h e  
properties of hard superconductors c a n  b e  de- 
sc r ibed ,  if one a s sumes  tha t  t h e  flux l i nes  a re  
“pinned” and c a n  move only if t h e  force exerted 
on  them exceeds  a certain c r i t i ca l  value. S ince  
t h e  force per flux l ine ,  grad H ,  h a s  t h e  dimen- 
s i o n s  of a current, t h i s  cons tan t  is generally 
ca l l ed  the  c r i t i ca l  current J , ,  and one  h a s  thus  
the  condition 

\grad  HI 5 J ,  ( B ,  T )  . (19) 

If one remembers tha t  \g rad  HI = \ cur l  HI = J d ,  t h i s  
can  b e  read as 

A s  indicated,  J is a function of B and T .  Various 
models proposed so far vary with respec t  t o  the  
functional dependence on B. T h e  s imples t  assump- 
tion (which should  b e  good for small B )  is to 
a s sume  that Jc is constant.  T h e  s t i l l  simpler 
model of H. London a s sumes  that H c  0; that is, 
d f / d B  = H = B. expec ted  
that J ,  dec reases  with increas ing  B.  T h e  s imples t  
Ansatz would b e  

It i s ,  however, t o  b e  

Jc 0 Bc I,=- B, + B 

If one in se r t s  t h i s  into (20) one obta ins  

J ,  - (B, + B )  = cons t  , 

53Note that a l l  vector operations are in two dimen- 
s ions  and  that B and H are to b e  treated a s  scalars.  

’4Since B is in reality only proportional to the den- 
s i ty  of flux l ines,  th i s  is really the  force per mole. 
The  force per l ine is obtained by multiplying with 
l/$o, which p lays  here the role of Loschmidt’s number. 

which i s  t he  relation of Anderson and Kim. 
T h i s  is not quite satisfying, s i n c e  one  should 

expec t  tha t  J ,  van i shes  for B = H,,. It is tempt- 
ing  t o  make the  following conjecture:  Since t h e  

8 

* 

. 

. 



145 

pinning is probably due  t o  t h e  fact  that  there a re  
small  normally conducting regions in t h e  mate- 
rial  and that t he  flux l i nes  l i ke  to  thread through 
t h e s e  regions, one  could assume that t he  pinning 
force is approximately proportional t o  the  differ- 
e n c e  in free energy between normally conducting 
and superconducting material a t  a given B:  

1 
J,  = cons t  - B 2  + - H,‘ - f ( B ) ]  . (22) [: 2 

Using t h e  approximate formulas (5) and (6), we 
would obtain 

Here y and y a  should b e  fairly independent of 
temperature, For small B t h i s  again g ives  the  
Anderson-Kim relation with B o  = H c 2 / 2 .  This ,  
however, is quite wrong, s i n c e  experimentally 
B o  is in general  a few percent of H c  2, so tha t  
J ,  dec reases  much fas te r  with increas ing  B. A 
poss ib l e  explanation might b e  that at very low 
dens i t i e s  there a r e  enough pinning cen te r s  
ava i lab le  s o  tha t  t he  pinning force per a rea  i s  
proportional t o  t h e  density;  whereas  at high 
dens i t i e s  only part of the  flux l i nes  a re  pinned, 
so that finally t h e  pinning force per area is in- 
dependent of the  density.  Combining th i s  with 
the  formula above, we would obtain 

( H c 2  - B I 2  
J, = Y B + B o  

I 

where y and B o  are  more or less geometrical 
fac tors  which should not depend on T .  

If one  wants  t o  ca l cu la t e  t he  distribution of B 
i n s ide  a hard superconductor, one  h a s  of cour se  
to know f ( B ) .  Then i t  is generally assumed that 
t h e  superconductor is in c r i t i ca l  s t a t e  as long  
as B + 0. In t he  case of a half-space x > 0, where 
the  field pene t ra tes  from t h e  left,  (19) would give 

dH 
- = -J,(B) f o r B > O .  
dx 

T h i s  c a n  b e  integrated by separation: 

= a - x .  [ $) 

The  cons tan t  of integration h a s  to  b e  obtained 
from su i t ab le  boundary conditions a t  x = 0. T h e  
condition generally used  is that H is continuous 
a t  the  sur face ,  which means that B a t t a ins  t h e  
equilibrium va lue  a t  t he  boundary. T h i s  assump- 
tion is, however, not absolutely necessary .  From 
an  analogy with the  theory of diffusion i t  would b e  
poss ib l e  that t he  sur face  i tself  a c t s  as a f in i te  
barrier, and tha t  there could b e  a jump in H on t h e  
surface.  Another possibil i ty which h a s  t o  be  taken  
very ser ious ly  and which makes a l l  ca lcu la t ions  
based  on s imple  geometries somewhat doubtful 
would be  that flux l i nes  can  only en ter  t he  super- 
conductor a t  certain “activation cen te r s”  on t h e  
surface.  T h i s  would of course  mean that t he  
ac tua l  s i tua t ion  would be much more complicated 
than t h e  s imple  overall  geometry of the  problem 
would sugges t .  

If one in se r t s  H as a function of B in Eq. (19), 
one obta ins  

J 
grad B = 2 

dH/dB = J,‘ 

a formulation quite frequently used  in current 
literature. T h e  va lue  J, differs of course  from 
J C  by the  factor dH/dB,  which, for va lues  of B 
which a r e  not too smal l ,  is a cons tan t  not too 
much different from unity. There  are,  however, 
two r easons  why the  u s e  of (25) is somewhat 
dangerous: (1) As w a s  pointed out above, t he  
hea t  d i ss ipa ted  is E curl  H and not E cur l  8. 
(2) Since H depends on B and T ,  Eqs. (19) and 
(25), respectively,  a r e  no longer equivalent in 
t h e  case of a gradient of temperature. In t h i s  
case, according to  (17), t he  force on a flux l ine  
would b e  

dH dH dB dH dT 

dx ( d B  )Tz - (dT)8 dx k = _ - = _  - . (26) 

It is not necessary  that (26) give the  correct ex- 
press ion  for the  force on a flux l ine  in  the  pres- 
ence  of a gradient of temperature, s i n c e  there  
could b e  a thermodiffusion force proportional 
t o  grad T I  which would not have been obtained 
by t h e  argument leading to  (17). However, on 
account of t h e  Onsager relations,  s u c h  a force 
should lead  t o  a heat flow at T = cons t  if B var ies ,  
and th i s  i s  rather unlikely. 

Since dH/dT is negative,  t h i s  means tha t  the  
flux l i nes  tend t o  move toward p l aces  of higher 
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temperature. (The reason for th i s  is, of course,  
that  by doing so they s a v e  on energy needed to  
produce the  normally conducting core.) 

Generalization to  Three Dimensions. - So far 
we have  only considered s i tua t ions  where a l l  
flux l i nes  are parallel  t o  the  z direction and a l l  
quantit ies depend only on x and y .  Then we could 
descr ibe  the  sys tem of flux l i nes  simply by t h e  
average magnetic induction B. 

In a rea l i s t ic  three-dimensional case we could 
b e  faced with different s i tua t ions :  

1. T h e  flux l i nes  are no longer straight,  but a t  
l e a s t  a l l  t h e  l ines  in the  neighborhood of a 
point have  the  same direction. In th i s  case 
the  system of flux l i nes  could again b e  de- 
scribed by an  average induction B. 

2. Suppose we have  a type I1 superconducting 
wire and first  p a s s  a current 1 through i t  and 
swi tch  it off again. Then we are  left with a 
system of circular flux l i nes  within the  wire. 
Then we swi tch  on a longitudinal magnetic 
field which p r e s s e s  in  flux l i nes  which a re  
parallel  t o  t h e  wire and have therefore a 
direction which i s  perpendicular t o  those  al- 
ready present.  It is difficult t o  s a y  what 
would happen in  t h i s  case, but t h e  experiment 
might well  lead t o  some sor t  of “flux spa-  
ghetti,” where the  flux l i nes  are highly dis- 
ordered. 

Since a theoretical  treatment of case 2 seems to  
b e  rather hopeless ,  we sha l l  only consider case 1 
(bearing well in mind that t h i s  might render a l l  t he  
following derivations somewhat hypothetical). 
Then we c a n  descr ibe  the  si tuation by giving the  
magnetic induction 8. T h e  next thing we need i s  
t h e  dependence of t he  dens i ty  of free energy f on 
B .  Since we c a n  a s sume  tha t  t he  superconductor 
is isotropic, t he  f ree  energy c a n  only depend on 
lBl and must b e  therefore t h e  same reaction f ( B )  
considered above. 

Assuming th i s ,  w e  need t h e  conditions for 
equilibrium of a sof t  type I1 superconductor. An 
obvious generalization of the  condition H = cons t  
would b e  

div 8 = 0 , (27a) 

Th i s  means tha t  we simply t rea t  t he  supercon- 
ductor as a diamagnetic subs tance .  Equations 

(27) a re  known t o  have a unique solution under 
adequate boundary conditions.  As an  example, 
we c a n  u s e  them t o  ca lcu la te  the  magnetization 
of a superconducting sphere  (see Sect. 8.6). 

Unhappily, t h i s  conjecture is not a necessa ry  
consequence of the  condition that t he  forces  on 
the  flux l i nes  vanish. 

It is eas i ly  s e e n  that t h e  generalization of 
(18) is 

6B + curl  [ B  x as] = 0 .  (28) 

[If one a s sumes  that B h a s  only a z component and 
6s is in  the  x-y plane, then (18) and (28) become 
identical.] From th i s  one obta ins  as t h e  force on 
t h e  volume element 

K = - B  x curl  H .  ( 29) 

T h i s  of cour se  is no longer the  gradient of a 
pressure  (i t  is the  divergence of t he  Maxwell 
tensor),  T h e  force on unit length of a s ing le  
flux l ine  i s  then 

K s  = -B x curl  H / [ B (  . 
From (29) we obtain as the  conditions for equilib- 
rium 

B x curl  H = 0 . (30b) 

It is obvious that any solution of (27) automat- 
ica l ly  s a t i s f i e s  (30), but i t  is not immediately 
obvious that t he  opposite is true. From (30) w e  
only obtain the  condition tha t  curl  H is parallel  
to B, and th i s  condition c a n  indeed b e  sa t i s f ied  
with a nonvanishing curl  H, as is s e e n  from the  
following example, where X is an arbitrary func- 
t ion of x: 

B = H  = O ,  

B = H = COS [ X ( X ) ]  , 

B Z  = H Z  = s i n  [X(x)] . 

x x  

Y Y  

T h e  s i tua t ion  is somewhat puzzling for t h e  
following reason: It is well known tha t  Eqs. (27) 
have a unique solution for any f in i te  supercon- 
duc t ing  region (e.g., a sphere)  if t he  behavior of 

I 

b 
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H for / r /  4 M is given. T h i s  solution is auto- 
matically a so lu t ion  of (30). Does th i s  ind ica te  
tha t  t h e  solution of (30)  is not unique? One could, 
for ins tance ,  cons ider  a superconductor with ro- 
tational symmetry in a magnetic field parallel  to 
t he  ax i s  of rotation. If one looks for a solution of 
(30)  which h a s  the  full symmetry, namely, where 
the  components B and H a re  zero, one f inds  tha t  
curl  H is perpendicular t o  B, and that (30b) im- 
p l i e s  (27b). It is, however, known tha t  in non- 
linear problems the  minimal solution must not 
necessar i ly  have  t h e  m a x i m a l  poss ib le  symmetry 
( a  striking example is the  minimal sur face  ins ide  
a cube, which h a s  no cubic  symmetry). 

Things  a re  s t i l l  much worse if  we turn to  type 
I11 superconductors. T h e  pinning condition would 
b e  

Th i s ,  and div B = 0 a re  two equat ions  for t he  
three components of B ,  so  that t he  problem is 
underdetermined un le s s  t h e  number of components 
of B c a n  b e  reduced by symmetry pos tu la tes .  
That  such  poss ib i l i t i e s  a r e  rather dubious is seen 
from the  following example: If one cons iders  a 
type I11 superconducting ell ipsoid with i t s  a x i s  
parallel  t o  t he  magnetic field, t he  condition of 
cri t icali ty is sufficient to derive the  symmetrical 
solution. A s  soon as  we tilt t h i s  ell ipsoid very 
slightly,  we a re  not only faced with a much more 
difficult mathematical  problem, but w e  simply 
have  no longer enough equations.  However, s i n c e  
the  probability tha t  an  e l l ipso id  is not s l igh t ly  
t i l t ed  is zero, we have never enough equations,  
which of course  means that even  in the  case of a 
well-aligned e l l ipso id  there  w a s  no justif ication 
for t he  assumption tha t  t he  magnetic field would 
have cylindrical  symmetry. 

Since t h e  two-dimensional theory considered in 
t h e  f i r s t  part of th i s  paper was  based  on symmetry 
arguments, i t  is sub jec t  t o  the  same doubts; 
s t r ic t ly  speak ing  there  e x i s t s  no  s imple  s t a t i c  
macroscopic theory of type  I1 and type  I11 super- 
conductors,  and i t  is in principle necessary  to 
cons ider  t he  equat ions  of motion for t he  flux l i nes ,  
which sha l l  b e  treated in a subsequent  report. 

Magnetization of a Sphere. - It is 
e a s y  t o  ca l cu la t e  t he  magnetization of a type  I1 
sphere,  assuming tha t  t h e  Eqs.  (27) hold. We 
merely need t o  repeat t h e  well-known calcula- 
t ions  for t he  diamagnetic sphere  of radius R. We 

Appendix 1. 

assume  that for r > R ,  t he  field is given by the  
superposit ion of a cons tan t  field H ,  and a dipole 
field: 

m r 2  - 3(mr)r 

r 5  
H = B = H , +  r > R , (38)  

whereas  in s ide  t h e  sphe re  w e  have cons tan t  
va lues  B i  and H i  respectively.  We have  to  fulfill 
t h e  conditions that t h e  normal components of B 
and the  tangential  components of H a re  con- 
t inuous a t  r = R ,  and th i s  is the  case i f  

m 

R 
-Bi + Ho = 2 -3 (39)  

m 

R 3  
H .  - H o c -  . 

Eliminating m from t h e s e  two equations,  we obtain 

3H, = 2Hi + Bi . ( 4  1) 

From t h i s  we obtain the  magnetic induction B i  
ins ide  the  sphere  if we know H i  as a function of 
B i . 5 5  

W e  c a n  u s e  the  formulas (39)  and (40)  to find 
a s imple  connection between measurements made 
with a sphe re  and measurements made with a 
cylinder. W e  f i r s t  observe  tha t  (on account of t h e  
continuity of the  tangential  components of H )  H i  is 
simply t h e  magnetic field on the equator of t h e  
sphere,  so tha t  the  relation between H i  and B i  
for a sphe re  should b e  t h e  same  as  between 
H Adding (39)  to (40 )  we 
obtain 

and B .  for a cylinder. 

m 

“ R  
H .  - B .  = 3 7 .  

Experimentally one  measures  a quantity D = 

c a m ,  where c is an  unknown (or badly known) 
factor, which depends on  t h e  experimental setup. 
However, for sufficiently small H ,  H i  is less than 

H c l ,  and therefore B = 0 and m/R3 = H,/2. If 
one  therefore p lo ts  D vs  H ,  i n  s u c h  a way that 

5 5 A s  a point of interest ,  we note that for the  rela- 
t ions (39) and (40) to hold, i t  is not necessary  that the 
four vectors involved are  parallel, s o  tha t  even for an  
anisotropic material the  sphere s t i l l  h a s  a cons tan t  
factor of demagnetization. 
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the  init ial  s l o p e  i s  D = 5 . H , ,  one  h a s  in  fac t  
a plot of H i  - B i  v s  H,. From this one  obtains 
according to  (40) a plot of H i  - B v s  H i ,  if one 
sh i f t s  every point t o  the  right by an  amount which 
is one-third of i t s  ordinate, and the  curve obtained 
in t h i s  way should be the  magnetization curve of 
a cylinder of t he  same material. F igure  8.30 
shows the  resu l t s  one  had to  expec t  if t he  magneti- 
zation curve  would cons i s t  of two straight l ines.  
Experimental r e su l t s  look rather different, as is 
shown in  Fig.  8.31 by a typical example.56 One 
sees tha t  a direct  comparison is not poss ib l e  
s i n c e  with the  same material t he  cylinder is more 
irreversible than  t h e  sphere. An in te res t ing  fea- 
ture which is a t  p resent  not yet understood is tha t  
the  curve obtained by t h e  reduction given above  
does  not drop perpendicularly from i t s  maximum 
as i t  should. ( A s  long  as t h e  magnetization in- 
s i d e  t h e  sphere  is so small tha t  t he  flux l i nes  
“do not touch,” i t  should behave exac t ly  l ike  a 
type  I sphere  in the  intermediate s t a t e ,  and the  
magnetization should be  determined by H i  = H ,  

Freezing In of Flux.  - As we have  
s e e n  above, t he  relation between H and B is i n  a 
good approximation given by 

2 

Appendix 2. 

1 a - 1  

a a 
H = - B + -  H c 2  (43 1 

where a is generally not too different from 1. If w e  
would (as is frequently done) write t he  c r i t i ca l  
condition as 

d B  
- = J : ,  
d x  

then, as long as T is cons tan t ,  t h i s  would b e  
ident ica l  with (43) if one  puts  J Z  = aJ,, so  that 
a s ide  from a numerical factor close to 1 the  wrong 
express ion  for t he  force on t h e  flux l i nes  would 
s t i l l  l ead  to  correct results.  T h e  s i tua t ion  is, 
however, radically different, if T is not cons tan t ,  
s i n c e  in  th i s  case we have to  t ake  into account 
that  H depends on T v ia  H,,. 

A s  a n  i l lustration we consider a s lab ,  which is 
originally a t  a temperature T 1  and a field H 1  > 

H c 2 ( T 1 ) .  It is therefore in  the  normal state, and 
B = H Now w e  suppose  tha t  it is cooled down 

1’ 
homogeneously t o  a temperature T 2  s u c h  tha t  
H c z ( T 2 )  > H 1 .  If we a s sume  that t h e  cool ing  
occurs  quickly enough so  tha t  t he  flux l i nes  do  
not move, then t h e  magnetic field strength must 
change to  

T h i s  will  l ead  t o  a certain leakage  of flux along 
the  boundary; t h e  flux in  the  interior, however, 
shall remain trapped a t  i t s  original value,  s i n c e  
in the  interim H = cons t ,  and therefore there  is no 
force on t h e  flux l ines.  

T h i s  example does  show tha t  i t  is not necessary  
that t he  condition \ d H / d x \  = J, is fulfilled every- 
where in the  superconductor. 

ORNL-DWG 66-630 

Fig.  8.30. Theoret ica l  Relat ion Between Magnetiza- 

tion of Sphere and Cylinder (Simplif ied H - B  Relat ion) .  

ORNL-DWG 66-631 
I 

56From S. Sekula and R. H. Kernohan, t o  be pub- 
lished. 

Fig. 8.31. Experimental Magnet izat ion Curves of 

Sphere and Wires. 
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9. Vacuum Studies, Sputtering, Adsorption, 

1 

. 

and Diffusion of Gases in Metals 

9.1 THE INTERACTION OF TRITIUM 
WITH THERMONUCLEAR REACTOR 

MATERIALS - SUMMARY OF A 
LITERATURE STUDY 

S. S. Kirs l i s ’  

Fo r  a thermonuclear reactor to b e  feas ib le ,  t he  
holdup of tritium in  t h e  metal  of t h e  containment 
v e s s e l  (Mo o r  W) and of t he  ion  sources  (a l loys  
of Ni or  Fe) must not exceed amounts which would 
result  in e x c e s s i v e  tritium inventory and decay 
lo s ses .  Although t h e  equilibrium solubili ty of 
hydrogen at low p res su res  is low in t h e s e  meta ls ,  
t he  same metals can  b e  cathodically “surcharged” 
with hydrogen to amounts of the  order of 100 
cm3/g at NTP,  in  some cases caus ing  b l i s te r ing  
and cracking of t h e  metal. In order to b e  a b l e  to  
judge more c lear ly  whether t h e  metal  in a reactor 
under bombardment by energetic tritium atoms 
might b e  surcharged with tritium in a somewhat 
similar way, a l i terature s tudy  of t he  various 
sur face  and interior diffusion p rocesses  involved 
h a s  been made and will b e  published separa te ly .  

T h e  s tudy  w a s  organized around a model of t he  
tritium-metal interaction. T h e  50- to 100-kev trit- 
ium atoms may b e  expected to  pene t ra te  t he  metal  
t o  their  range depth of 1 to 2 x c m .  They 
a re  then assumed to diffuse inward and also back 
to  t h e  en t rance  sur face  according to normal dif- 
fusion laws .  If there is no appreciable barrier t o  
their  eg res s  a t  t h e  surface,  t h e  concentration of 
tritium atoms jus t  i n s ide  t h e  metal will b e  low 
or  zero.  In t h i s  case, the  s teady-s ta te  concen- 
tration of tritium in the  metal  will have  a peak a t  
the range depth and fall t o  low va lues  a t  t he  
bombarded sur face  and at t h e  far sur face  of the  

‘Reactor Chemistry Division. 

metal (if a tritium sink is maintained he re  also). 
T h e  average  concentration in the metaI would b e  
about half t h e  peak concentration. In t h e  case 
of a barrier for tritium e g r e s s  from the  bombarded 
surface,  t h e  whole steady-state curve  would cor- 
respondingly r i s e  to higher tritium concentrations.  
T h e  fac tors  determining t h e  peak concentration 
of tritium a re  the  atom flux to the  metal ,  t h e  dif- 
fusion cons tan t  of tritium in the  metal ,  and the  
boundary condition for t h e  degass ing  of t h e  bom- 
barded metal  surface.  

Information on hydrogen diffusion i n  t h e  me ta l s  
of in te res t  was  derived mainly from published 
permeability and solubili ty s tud ie s .  Fo r  informa- 
tion on the  degass ing  boundary condition, t h e  
l i terature relevant to t h e  meta ls  of in t e re s t  w a s  
searched  in t h e  f ie lds  of chemisorption and de-  
sorption, catal y si s, hydrogen e lec t rode  behavior,  
and hydrogen atom recombination. Other pertinent 
information, derived from t h e  field of ion bombard- 
ment, concerned sputtering of metal su r faces  and 
saturation of meta ls  by proton or  deuteron bom- 
bardment. 

T h e  conclus ions  of the  l i terature study a r e  as 
follows : 

1. 

2. 

3.  

Hydrogen is eas i ly  degassed  at  low p res su res  
and moderate temperatures even  from meta ls  
( such  as W) on which t h e  chemisorption h e a t s  
are high. 

Cathodic surcharging depends on a poisoning 
of t h e  metal sur face  for hydrogen atom recom- 
bination. In a gaseous  environment on c l ean  
metals,  hydrogen atom recombination i s  rapid. 

Diffusion r a t e s  for hydrogen in  Mo a t  600 t o  
800°C are sufficiently rapid t o  deliver injected 
atoms rapidly back to  t h e  bombarded sur face ,  
thus  maintaining a very low (and from a practi- 
cal viewpoint negligible) concentration of hy- 

149 



150 

4 

drogen in the  metal. The  same  i s  expec ted  to  
b e  true for tritium. If t he  hydrogen concentra- 
t ion will indeed be  as  low a s  es t imated  from 
the  s imple  diffusion model, i t  should c a u s e  no 
hydrogen embrittlement problems. S ince  t h e  
diffusion cons tan ts  for Ni and  Fe a r e  much 
higher than those  of Mo, high internal H con-  
cent ra t ions  a re  not expected even a t  much lower 
temperatures. 

Some recent work on deuteron bombardment of 
meta ls  ind ica tes  higher concentrations of deu- 
terium jus t  i n s ide  t h e  metal sur face  than pre- 
dicted by the  simple model. Some evidence  
ind ica tes  that  t h i s  may b e  t h e  effect  of su r face  
contamination on t h e  metal. 

9.2 HYDROGEN SURCHARGING OF 
MOLYBDENUM IN A GLOW DISCHARGE 

D. M. Richardson'  R. A. Strehlow' 

A study of hydrogen occlusion by a molybdenum 
ca thode  in a glow discharge h a s  been conducted. 
The  principal objective of t h i s  work was  to assess 
the  s igni f icance  of hydrogen surcharging to design 
considerations for thermonuclear reactors.  In i t ia l  
s tud ie s  had indicated a poss ib l e  hydrogen content 
of one  or m o r e  atmospheric cubic  centimeters per 
cubic  centimeter of metal after bombardment in  a 
discharge.  Even though t h i s  concentration of hy- 
drogen is l e s s  than 0.1 at .  76, i t  could present 
se r ious  problems to t h e  reactor des igner  if t h i s  
concentration of tritium were present in a la rge  
part of a reactor assembly. T h e  work descr ibed  
here and the  l i terature study summarized i n  Sect. 
9.1, however, have  led to t h e  conclusion that at 
e leva ted  temperatures occlusion of hydrogen is not 
large. At lower temperatures i t  appears  that  sur- 
face contamination can  markedly impede t h e  re- 
combination of hydrogen during even  low-energy 
bombardment and thus  yield very high hydrogen 
concentrations.  

For t h e s e  s tud ies ,  a 45-cm length of molybdenum 
wire, 1 mm i n  diameter, was  used  a s  a ca thode  in  
a cylindrical  tank with a volume of 200 l i t e rs .  T h e  
ends  of t he  tank were e lec t r ica l ly  sh ie lded  with 
shee t  Teflon. T h e  center of t h e  tank was  connected 
to  a vacuum system through a 6-in. i so la t ion  ga te  
va lve  and a ga te  valve with a smal l  orifice which 
had a speed  of 2 x t h e  speed  of t h e  vacuum 
sys tem manifold. Th i s  allowed a s teady  introduc- 
tion of hydrogen g a s  through a palladium leak  to  

t h e  glow discharge  chamber a t  a pressure  of lo - '  
t o  1 torr with continuous mass ana lys i s  of t h e  
effluent g a s  from th i s  chamber. T h e  g a s  during 
t h e  usua l  d i scharge  contained not more than o n e  
part per thousand non-hydrogen impurity. 

For  t h e  usua l  low-temperature d ischarge ,  t h e  
conditions were a s  follows: 

0.35 3 Wire volume, cm 
Wire area (apparent), cm' 14 
Pressure ,  torrs 0.25 
Discharge current, ma 10 
Discharge time, min 20 
Applied voltage to cathode, v 500 

T h e  to ta l  bombardment was  12  amp-sec,  or about 
1 to  3 atm-cm3 of hydrogen gas .  After we had 
opened t h e  orifice va lve  and pumped down to  a pres- 
s u r e  about 1 x l o M 7  torr, t he  wire was  heated to  
redness.  Mass spectrometric and ion-gage observa- 
t ions  were made of t h e  hydrogen evolved by t h e  
degass ing  process .  P re s su re  r i s e s  of a s  much a s  
6 x torr were observed during t h e  4 - sec  de- 
gas s ing  procedure. Since t h e  system pumping 
speed  for hydrogen was  about 1000 l i t e r s / sec ,  t h i s  
pressure  r i s e  corresponded to about 2 atm-cm3 of 
hydrogen. 

Stringent cleaning of t h e  wire and ion bombard- 
ment of t h e  chamber wa l l s  fo r  s eve ra l  hours fol- 
lowed by a repetition of t h e  d ischarge  led to a 
va lue  of only 0.017 atm-cm3. Continued repeti-  
t ions of t h e  discharge-degas cyc le  led to increas-  
ing  amounts of hydrogen be ing  occluded. S ince  
the  wire w a s  not heated past  1000°C, a gradual 
i nc rease  in sur face  contamination could have  been 
respons ib le  for t he  very high va lues .  

Several  attempts were made to  u s e  th i s  technique 
a t  higher current dens i t ies  (and consequent  higher 
temperatures). Several attempts were made, during 
which t h e  wire was  independently hea ted ,  to de-  
termine t h e  hydrogen occluded during a usua l  d i s -  
charge.  None of t h e s e  attempts led  to  de tec tab le  
hydrogen being subsequently evolved. 

It appears  tha t  c lean  molybdenum su r faces  or  
hot su r f aces  during low-energy bombardment do  
not occ lude  large amounts of hydrogen. 

9.3  PERIODIC PRESSURE BURSTS IN A 
HIGH-VACUUM SYSTEM 

D. M .  Richardson'  R. A. Strehlow' 

One of t he  confusing phenomena common to  many 
high-vacuum sys t ems  i s  that  of a blip or  sma l l  

?r 
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pressure burst  which may b e  of a magnitude from 
severa l  t e n s  of microtorrs down to fluctuations of 
a few nanotorrs. T h e  period of t h e s e  b l ips  may 
vary by less than a few percent for many hours 
and might have  a frequency ranging from one  per 
second to one  in 5 min. T h e  fac t  that  t h e s e  burs t s  
a r e  rarely s e e n  in  metal-gasketed sys t ems  l eads  
one  to  suspec t  elastomer gaske ts .  In t h e  particular 
sys tem used  in th i s  s tudy  a mass  spectrometer 
correlation was  made between various mass peaks  
and t h e  ionization gage  bursts.  T h e  magnitude of 
t h e  blip was  about 2 x lo-' with a frequency of 
about 30 sec with no liquid-nitrogen cooling. After 
study of seve ra l  mass peaks ,  we found that almost 
all of t he  pressure burst  was  water with perhaps 
5% being carbon monoxide. No a i r  (oxygen or 
nitrogen) appeared t o  b e  present as part of t h e  
pressure  burst. Th i s  w a s  surprising, s i n c e  i t  w a s  
fairly e a s y  t o  imagine l i t t l e  a i r  bubbles tortuously 
squeez ing  around and under a rubber gaske t .  

By se l ec t ive  heating of t h e  various f langes  the  
pump flange was  found t o  b e  t h e  principal culprit .  
(The  frequency inc reases  markedly for only a few 
degrees  temperature increase . )  T h e  presence  of 
o i l  is t h e  distinguishing feature of t h i s  f lange. 

It seemed that t h e  g a s  consti tuting t h e  burs t  
either w a s  background gas  which d isso lved  in  the  
o i l  or had evolved from t h e  elastomer O-ring. Sev- 
eral  changes of background g a s  composition were 
made with no effect  on t h e  blip composition. 
Helium was  then used  around t h e  O-ring. Within a 
few hours helium was  present i n  t h e  bu r s t s  t o  an 
extent of about 10%. It appears  tha t  permeation 
through the  O-ring is indeed the  dominant g a s  load 
for t h e  pressure  burs t s .  

Similar conclus ions  have  been reported recently 
i n  t h e  l i terature.  

9.4 MASS-SPECTROMETRIC STUDIES OF THE 
E F F E C T O F  LONG-TERMCOLDTRAP 

OPERATION ON BASE PRESSURE 
COMPOSITION 

J .  D. Redman' R. A. Strehlow' 

Using t h e  Bendix time-of-flight spectrometer,  a 
study was  made of t h e  long-term c leanup of water 
vapor and t h e  various la rge  mass s p e c i e s  t o  264 

*U. R. Bance and E. H. Harden, Vacuum 15, 437 
(1965). 

mass units. Of particular in te res t  w a s  t h e  behavior 
observed for m a s s  number 240, which i s  presumed 
to b e  a principal peak from t h e  DC-705 pump o i l  
(a pentaphenyl-trimethyl-trisiloxane) used  in the  
spectrometer. Within s i x  days  after cooling t h e  
trap, t h e  magnitude of th i s  peak dec reased  from a 
partial  pressure of about 5 x lo-' '  torr t o  a va lue  
of about 6 x lo-"  torr (uncorrected). The  pres- 
su re  indicated by ion  gage  fell  from 4.6 to  2.2 x 

After t h e  t e s t  w a s  
concluded, t h e  t rap  was  allowed t o  warm and t h e  
mass 240 peak increased  quite rapidly t o  very near  
t h e  original value.  Water vapor shows  a d is t inc t ly  
different performance in  that after t h e  t rap  w a s  
warmed t h e  water partial  p ressure  (always t h e  
dominant s p e c i e s )  did not return t o  as high a va lue  
as i t  had init ially.  

A vapor transport mechanism of t h i s  oil  might be  
respons ib le  for t h e  apparent speed  of transport ,  
contrary t o  t h e  findings for t h e  mixed hydrocarbon 
o i l  s tud ied  previously. The  water behavior i s  com- 
monly observed and presents  no unusual  a spec t s .  

torr during t h i s  period. 

9.5 ANALYSIS OF DCX-2 LINER MATERIAL 
AND COMPARISON WITH UNUSED 

PANEL SECTIONS 

R. A. Strehlow' C. F. Harrison3 

Samples of t h e  DCX-2 liner, after severa l  yea r s  
of u s e ,  were obtained and submitted for g a s  analy- 
s i s ,  metallographic study, and spectrochemical 
study. Standards for t h e  g a s  ana lys i s  and metal- 
lographic s tudy  were obtained from a sec t ion  of 
unused panel material. Resul t s  f rom t h e  g a s  analy- 
sis indica ted  no great difference in  g a s  content 
between t h e  l iner and unused panel material. The  
oxygen content of three standard samples  ranged 
f rom 1 4  to 24  ppm and of four liner samples  from 
12 to 16 ppm. Hydrogen and nitrogen a n a l y s e s  
were for a l l  samples  reported as  less than 1 and 
less than 5 ppm respectively.  Spectrochemical 
ana lys i s  of material which had been exposed t o  
the  plasma and some which had not showed slight 
differences principally in that t h e  former had a 
larger amount of iron, chromium, and manganese 
than the  latter.  Metallographic resu l t s  showed no 
marked differences in  the  internal structure of t he  
l iner sample compared with a sample of a new 
panel.  

3Analytical  Chemistry Division. 
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ORNL-DWG 66-383 9.6 ABSOLUTE PRESSURE MEASUREMENTS 
WITH THE MCLEOD GAGE 

H. B. Gilbody4 

In t h e  course  of making absolu te  atomic c ross -  
sec t ion  measurements i t  is frequently necessary  to 
measure t h e  absolu te  pressure  of g a s e s  in  t h e  
range t o  IO-' torr. In t h e  pas t  ex tens ive  
u s e  h a s  been made of the  McLeod gage  a s  a pres- 
su re  standard.  Several workers s have  recently 
called attention to la rge  errors a s soc ia t ed  with 
the  normal u s e  of McLeod gages.  In  t h e  McLeod 
gage  a s t eady  stream of mercury flows between the  
gage  and  t h e  co ld  t rap  used  to  isolate t h e  mercury 
gage  from the  vacuum system. With t h i s  vapor flow 
through t h e  connecting tubing, t he  gage  a c t s  as  a 
pump and t h e  pressure i s  reduced i n  t h e  gage. T h e  
magnitude of t h e  pressure  difference depends on 
t h e  diffusion coefficient of t h e  g a s  in H g  vapor, 
ambient temperature, tubing diameter,  and t h e  g a s  
pressure.  T h e  correction formula given in  t h e  
l i terature '  is a s  follows: 

T 
= 0.905R P(Hg) - , p(r-1) In 

p(McLeod) D l 2  

where R i s  tube  radius,  P is vapor pressure  of Hg 
at  T, T i s  absolu te  temperature, D,, i s  diffusion 
coefficient,  One of t h e  s imples t  methods of elimi- 
nating t h i s  difficulty is to  dec rease  t h e  tempera- 
ture of t h e  mercury until  i t s  vapor pressure  i s  
negligible. To provide u s  with a pressure  standard 
we have  conducted a s e r i e s  of measurements by 
placing t h e  McLeod gage  i n  a household deep- 
f reeze  unit i n  which t h e  ambient temperature was  
-15OC. The  McLeod gage  reading was  then  com- 
pared t o  a capac i t ive  differential  manometer mar- 
keted under t h e  trade name Baratron. T h i s  gage  
presumably i s  calibrated absolu te ly  and su f fe r s  
from none of t h e  i l l  e f fec ts  of t h e  McLeod. In addi- 

4Summer visitor. P re sen t  address :  University of 
London. 

5H. Ishi i  and K. Nakayama, Trans. N a t l .  Vacuum 
Symp., 8th,  1961, vol. I ,  519 (1962); Ch. Meinke and  G. 
Reich, Vacuum-Technik 1 1 ,  86 (1962). 

BARATRON PRESSURE (torr) 

Fig. 9.1. Pressure Corrections Appl ied to a M c L e a d  

Gage as a Function of the System Pressure - Argon Gas 

at 25OC. 

tion, t he  Baratron would b e  usefu l  as a pressure- 
measuring standard for some of t h e  hydrocarbon 
g a s e s  and water vapor in which w e  are measuring 
the  e lec t ron  capture cross sec t ion  by protons. 

Typica l  corrections applied t o  t h e  McLeod gage  
a re  shown in  Fig.  9.1, in which AP/P is plotted 
a s  a function of t h e  pressure  reading of t h e  Baratron 
gage. T h e  ratio AP/P is defined as  t h e  difference 
in  McLeod gage  pressure  readings a t  25OC and 
-15OC divided by t h e  pressure  reading a t  -15'C. 
T h e  correction i s  grea tes t  a t  low pressure ,  and 
for argon i t  is 56%, fall ing to  less than 20% 
for pressures  greater than l o d 3  torr. As t h e  
atomic mass of t h e  g a s  inc reases ,  t h e  corrections 
become larger; whereas  for light g a s e s  such  a s  
hydrogen, t h e  corrections become negligible,  being 
only 2%, which is within t h e  reading accuracy  of 
t h e  gage. For pressures  less than torr, t h e  
Baratron is nonlinear, and inves t iga t ions  a r e  under 
way t o  determine t h e  source  of t h i s  nonlinearity. 

9.7 SPUTTERING YIELDS WITH 30-kev D+ IONS 

0. C. Yonts  J .  P. Wood H. L. Huff6 

Some sputtering determinations with D +  ions  were 
T h e s e  were made made during th i s  report period. 

6Y-12.  
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under t h e  same conditions and restrictions as  those  
reported previously. ' Bombardments were carried 
out with 30-kev ions  a t  current dens i ty  of 15 
ma/cm2. T h i s  is sufficient current dens i ty  t o  keep  
sur face  layers  removed a t  t h e  operating pressure  
of 2 x mm.' Tab le  9.1 shows  t h e  r e su l t s  of 
t h i s  series. 

70. C. Yonts, C. E. Normand, and D. E. Harrison, 

'0. C. Yonts and D. E. Harrison, J. A p p l .  Phys. 31,  
J .  A p p t .  Phys. 31, 447 (1960). 

1583 (1960). 

t 
Table 9.1. Sputtering Y i e l d s  wi th  30-kev D Ions 

Ion Sputtering Ratio, 
Yield Target  Energy Atoms Out 

Ions In (mg/amp-hr) (kev) 

W 28 0.0080 60 

Mo 30 0.010 37 

cu 3 0  0.029 69  

316 s t a in l e s s  30 0.0071 18 
s t e e l  



10. Design and Engineering: Service Report 

J. F. P o t t s ,  J r .  

T h e  resu l t s  of t he  Engineering Serv ices  Group 
are  generally reported incidentally with those  of 
the  research groups of t h e  Thermonuclear Division. 
The  Group executes  or coordinates engineering de- 
sign, shop  fabrication, building operations,  and 
maintenance for t h e  Division. 

Design ac t iv i t ies  for t h i s  reporting period a re  
summarized as  follows: 

Jobs on hand 5-1-65 on which work had not 9 

started 

New jobs received 155 

Tota l  jobs  164 

Jobs completed 152 

Jobs  in progress 8 

Backlog of jobs 10-31-65 4 

Tota l  drawings completed for period (does not 262 
include drawings for s l i des ,  reports,  etc.)  

Shop fabrication for t h i s  reporting period is s u m -  
marized as  follows: 

Machine Shops 

Completed jobs  requiring 16 man-hours or less 

Completed jobs  requiring 17 to  1200 man-hours 

Completed jobs requiring over 1200 man-hours 

Completed jobs  of miscellaneous character 
(in plating, carpenter, electrical ,  g lass ,  
lead, etc. ,  shops)  

Outside contractors 

Number of jobs  in progress 

Average manpower per week 

Electromagnet Fabr icat ion 

Completed jobs 

Number of jobs  in progress 

Average manpower (per week) 

2 05 

236 

5 

21 

0 

39  

20.8 

5 

6 

6 . 5  
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