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lntrod uction 

A. H. Snell 

. 

In pas t  Introductions, we have s t ressed  the  at- 
t ract iveness  of s teady-s ta te  injection-accumulation 
i n  a magnetic well ,  with due  regard to the  reduction 
of energy sources  tha t  c a n  drive instabi l i t ies  and 
with acknowledgment a l so  of t h e  dimensions re- 
quired of the plasma, in  terms of Larmor radii, to  
inhibit  the  growth of instabi l i ty  waves.  T h i s  same 
theme h a s  been pursued during the past  half year,  
and the related act ivi t ies  appear in various forms 
in the following pages. For  example, in  the  theo- 
retical  sect ion (Chap. 8),  a d iscuss ion  is given 
not only of well depths  tha t  a r e  required t o  sup- 
press  the  universal ,  drift-cyclotron, and flute modes 
(in summary), but also of the  convect ive and non- 
convective character  of velocity-space modes, with 
the conclusion that the Harris and low-density 
loss-cone modes can  become dangerously non- 
convective unless  Landau damping is invoked to 
inhibit the growth. T h i s  would require e lectrons 
with T e  - Ti, and from a practical  point of view 
i t  revives the old Oak Ridge concept  of neutral  
injection into an  electron-cyclotron target plasma, 
which h a s  t h e  advantage also of a particularly 
high rate  of trapping. Line-tying by means of co ld  
plasma a t  relatively low dens i ty  also may have an  
important s tabi l iz ing effect ,  although i t  ra i ses  
the specter  of t h e  two-component plasma, and t h i s  
i n  turn calls for a study of how widely separated 
the  two components must be i n  order t o  make t h e  
energy conten ts  sufficiently different to be dan- 
gerous (Sect. 8.4). While d iscuss ing  our theo- 
retical  act ivi t ies ,  o n e  c a n  point also t o  the  growing 
interest  of the theoretical  group in nonlinear 
phenomena, a s  exemplified by t h e  quantum-mechan- 
ica l  treatment for several  a s p e c t s  as supplied i n  
Sect.  8.5.  

Experimentally, progress  toward the  optimized, 
open-ended injection-accumulation sys tems is t o  
b e  s e e n  especial ly  in  t h e  ion source and neutral  

beam development and in  the  planning for DCX-3. 
The  progress in  the  former is exemplified i n  F ig .  
7.5, which shows the energy spread of 40 to  60% 
introduced into an Ho beam centered a t  40 keV, 
under good collimation and, as  the  integral  under 
the curve shows,  with a very respectable  H o  cur- 
rent. W e  have been pleased t o  share  this  beam 
technology with our s i s te r  laboratories.  So far as 
DCX-3 is concerned, the  copper ribbon co i l  concept  
h a s  been developed to the configuration of Fig.  4 .3  
(see also Sec t .  9.1), but  the  superconducting con- 
cept  using niobium-titanium cable  (Fig.  4 .5)  looks 
better, and the choice h a s  now been made in favor 
of the  superconductors. Our hope is tha t  by fl i t t ing 
about the margins of experimental s tabi l i ty ,  DCX-3 
may give us  scal ing information as t o  the s i z e  and 
shape  of a device  which might b e  s tab le  a t  much 
higher densi t ies .  

As  for c losed sys tems,  we join others  in interest  
in the  toroidal multipoles a s  init iated a t  General 
Atomic and Wisconsin, to the  extent of a small  
experiment on a levitated toroidal quadrupole 
(Sect. 5.10). Here i t  has  been shown that two 
coaxial  coplanar copper rings c a n  b e  levi ta ted and 
held s tab ly  for t imes sufficiently long for experi-  
ments that  c a n  extend plasma duration interestingly 
beyond the  support-limited sys tems,  The  field 
strengths of nearly 2000 G i n  t h e  ini t ia l  model a r e  
also sufficient to promise a good regime for ex- 
perimentation, after a moderate s c a l i n g  into a 
larger system. 

In DCX-1.5, neutral  injection h a s  been carried 
out in  a system with parameters c lose ly  approxi- 
mating those  of the old ALICE I without multipole 
field. Somewhat to  the  astonishment of t h e  ex- 
perimentalists,  dens i t ies  rose to  more than 10 
times those of ALICE I (Fig.  1.5); apparently some 
subt le  difference e x i s t s  that  may b e  associated 
with the  proximity of e n d  wal l s ,  for the resu l t s  

vii  
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can  perhaps be accounted for by a combination 
of line-tying and finite Larmor orbit stabil ization, 
a s  suggested a year ago by Guest and Beasley. 
In DCX-2, the sharp peaks  i n  the dissociation 
neutrals a s  s e e n  when the  detector was  swept 
through an angle have been accounted for on a 
geometrical bas i s  (Sect. 2.2), and the molecular 
ion beam is now s e e n  to follow its path a s  per 
single-particle-orbit calculations.  Technological 
improvements have reduced the  background pres- 
sure in DCX-2 by a factor of 10, and the fast-ion 
density is now 5 x l o9  when a deuterium 
arc  is used for dissociation. After the 540-keV 
H; injected beam is cut off, the  plasma decays  
from a density of about l o 9  with occasional 
intermittent ins tab i l i t i es  signalized by burs t s  of 
radio-frequency activity. The  behavior sugges t s  
a velocity-space instabil i ty;  because  the c l a s s i c a l  
loss rate of low-energy ions ,  by charge exchange 
and scattering, is much greater than the corre- 
sponding ra te  for t he  fas te r  ions ,  a gap is produced 
in  the velocity spectrum and is spasmodically 
filled from the  high-energy population. Low-energy 
ions sp i t  out longitudinally during the  rf burst. 
In sp i t e  of all th i s ,  the net number of ions lost  
seems to be a small fraction of t he  total ,  as ex- 
emplified by the  smal lness  of the s t e p s  in integral  
decay curves such  a s  those  of F ig .  2.4.  Because  
of i t s  s i ze ,  and particularly i t s  length, DCX-2 
would s e e m  to  offer an  opportunity for “afterglow” 
studies that might yield de ta i led  information on 
wave-particle ins tab i l i t i es  in  multicomponent 
plasmas. 

In the work on  beam-plasma interactions,  we see 
in Sect. 5.1 tha t  the  electron-heated Burnout V 
experiment h a s  D-D reactions taking place within 
its plasma. In a restricted way, we can  therefore 
claim to  have the  first  steady-state fusion plasma 
in  a laboratory apparatus. Whether the reactions 
are produced from the main body of plasma (density 
5 x IO’*, Ti ‘v ‘/2 t o  1 keV) or by the  known high- 
energy group of deuterons that circulate trochoi- 
dally through the potential well a t  the  ax is  is 
not known. Also unknown are the  single-particle 
containment properties of the  system, so that a 
lot of understanding h a s  to be  achieved before we 
can  realist ically appraise the  future for this kind 
of plasma heating. 

Section 5.2 shows that ions can  be heated to 
200 eV in the self-generated plasma created by a 

small  electron beam, when the electron beam is 
modulated at a frequency in the neighborhood of 
the ion plasma frequency. The  heating takes  place 
in a pressure range ju s t  above 2.6 x l o v 4  torr, 
and with hydrogen the  H+ ions predominantly are 
heated rather than the H; ions .  Several models 
are available to offer an  explanation of the  mech- 
anism, but more work will be  required in  order t o  
see which model is actually in  effect. T h i s  small 
experiment, however, may lead to a significant 
attack on the  heating problem, showing as it does  
that a penetrating electron beam c a n  produce pro- 
nounced heating. 

In “pure” plasma phys ics  we note a double- 
edged observation of ion Landau damping i n  two 
simple,  complementary experiments. The damping 
occurs when there is an overlap between the 
particle thermal ve loc i t ies  and the phase  velocity 
of an  ion sound wave. In one  experiment (Sect. 5.3) 
the  ion thermal distribution is held fixed, and the  
overlap is controlled by varying t h e  wave velocity 
through adjustment of T e .  In the other experiment 
(Sect. 5.4) the waves are unchanged, and the 
overlap is induced by the  modification in the 
thermal velocity spread by introducing a light 
contaminant into a heavy gas .  
In the  s tud ies  of superconductivity (Sect. 9), a 

network treatment is given to a id  in the  under- 
standing of t h e  division of current between the 
superconductor and its surrounding copper matrix, 
when the superconductor is in  the  r e s i s t ance le s s  
or t h e  flux-flow s t a t e ,  and with and without mag- 
netoresistance.  Experimentally, the magnetic field 
is found to have a strong effect upon t h e  transverse 
conductance across  the indium-soldered junction 
between the  superconductor and the copper. Th i s  
effect is not yet fully understood. 

Some elegant new aspec t s  of classical atomic 
phys ics  are described in  Sect.  6. The  first  con- 
cerns  the  Rydberg states of H,, that  i s ,  the states 
of H ,  in which one electron is highly exc i ted  about 
the <Iz’, e) core, so  the si tuation approximates the  
hydrogen atom. One sidelight of th i s  is that a 
process  akin t o  internal conversion is poss ib le ;  
if  the  core h a s  sufficient excitation energy (vibra- 
tional-rotational, for example) t o  exceed the  energy 
required to  remove the d is tan t  electron, the  radia- 
t ion less  transit ion c a n  take p lace ,  and the prob- 
abil i ty is high compared with the  nuclear case 
because  the overlap of the volumes concerned is 
greater. 

. 
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In Sect .  6.2 further s tud ies  of t h e  numerically 
resolved secondary electron peaks  have demon- 
strated t h e  P o i s s o n  distribution of secondary- 
electron yield - a resul t  tha t  to many may not 
seem earth-shaking, but for which contrary evi-  
dence  h a s  appeared in  t h e  l i terature.  The  present 
conclusion is strengthened by t h e  novelty and 
clari ty of the  data  (Fig.  6.3). With t h e s e  da ta ,  one 
c a n  evaluate  t h e  absolute  efficiency of secondary 
electron detectors  of atoms and ions  i n  t h e  difficult 
energy range below 1 keV (Fig. 6.11). The  Cross- 
Section Group presents  a l s o  useful  new curves for 

charge-exchange cross sec t ions  of H o  and Hf i n  
various g a s e s  that a re  l ikely contaminants in  
vacuum sys tems,  extending the  resu l t s  to 2.5 MeV. 
In an extension of t h e  electron exchange concept ,  
multiple-electron transfer h a s  been measured in 
argon, the resul ts  being given in  Fig.  6.22 i n  terms 
re1 ati  ve to s i n  gl e-el  ec t  ron trans fer. 

The  valuable work of our engineers ,  mathema- 
t ic ians ,  and administrative staff  h a s  continued to  
be indispensable, and is not forgotten even if by 
nature it does  not explicit ly appear i n  the  technical  
report. 

. 
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Abstracts 

1. INJECTION AND ACCUMULATION: 
NEUTRAL I NJ ECTl ON EXPERIMENTS 

(DCX-1.5) 

In these  experiments 15-keV hydrogen atoms are  
formed and injected into the magnetic mirror field 
of the  DCX-1 facility. The  principal motivation is 
the development of the neutral injector, the beam 
injection and burial l ines ,  a vacuum system, and 
spec ia l  diagnostic equipment which will be re- 
quired for the DCX-3 facility. The  energetic neu- 
t ra ls  a re  formed from 30-keV H, within a magnesium 
vapor cell, and up to 40 mA (equivalent) of these  
neutrals have been injected. The  Lorentz trapping 
fraction is 1.2 x and hot-ion lifetimes of 
80 msec for an  18-mA beam and 160 m s e c  for a 
7-mA beam have been recorded. Central  hot-ion 
dens i t ies  of 4 x 10’ cm-3 have been obtained, 
apparently not limited by flute instabil i ty.  A com- 
parison with da ta  from the ALICE facil i ty sugges ts  
that  the absence  of this  limitation may be the re- 
su l t  of cold-plasma effects. Properties of the 
magnesium vapor cell and of an energy analyzer 
for low-energy charge-exchange neutrals a re  a l s o  
described. 

i 

2. INJECTION AND ACCUMULATION: 
MULTIPLE-PASS EXPERIMENTS 

(DCX-2) 

Progress  is reported in three a reas :  improved 
understanding of injected beam properties, s tud ies  
of regimes of increased plasma dens i ty ,  and im- 
provements in energy analyzer d iagnos t ics  and in 
vacuum. 

The  d is t inc t  peaks s e e n  previously in the pitch- 
angle s c a n  of the  molecular-ion beam are cons is -  
tent with calculated single-particle orbits for the 
turns the beam makes from the injector to the 
detector. 

Plasma dens i t ies  obtained with hydrogen- or deu- 
terium-arc dissociation are an  order of magnitude 
higher than those  attained with g a s  d issoc ia t ion .  
At these  high dens i t ies  (up t o  5 x l o 9  hot pro- 
t o n s , ’ ~ ~ ~ ~ ~ ) ,  bursts of rf appear even  during decay 
of the plasma. Accompanying t h e s e  burs t s  are 
small but discernibly increased charge-exchange 
lo s ses .  These  correlations are related to  the 
velocity distribution of the  trapped particles.  

At the lower dens i t ies  obtained with gas  dis- 
sociation, the radial distribution of the  plasma 
potential has  been measured. A much improved 
energy analyzer is described, and finally the method 
for obtaining good vacuums in the  presence  of 
large hydrogen-gas throughput is given. 

3. ELECTRON-CYCLOTRON HEATING 

The INTEREM facil i ty is being modified to ac- 
commodate a higher intensity 20-keV neutral beam. 
Spectral s tud ie s  in the  INTEREM ECH plasma 
sugges t  the formation of the f a s t  “Franck-Condon” 
neutrals (NO) when N, is used a s  a support gas.  
The  ELMO facil i ty has been operated in  the double- 
folded cusp, mirror, and “stuffed” folded cusp  
magnetic configuration. Macroscopic plasma in- 
s tab i l i t i es  a re  evident, even when the plasma is 
created and contained in  the positive-gradient 
magnetic field of the  folded cusp .  

4. INJECTION AND ACCUMULATION: NEUTRAL 
INJECTION INTO MINIMUM / B J  

(DCX-3 MAGNET DESIGN) 

T h e  DCX-3 program is a study of stabil i ty prop- 
e r t i e s  of a plasma formed by injection of energetic 
neutral atoms into a minimum lBI trap. The  init ial  
experiments in  this  program will uti l ize Lorentz 
trapping a mirror-quadrupole field. Two des igns  

xi 
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of the  magnetic bottle a re  reviewed. Both are 
steady-state rather than pulsed sys t ems ,  and in  
each  the maximum central  field value is 20 kG. 
One u s e s  co i l s  formed of copper ribbon, water 
cooled, and energized by conventional motor-gen- 
erator sets. T h e  other u s e s  superconducting coi ls .  
At present the superconducting system appears  
the more desirable.  

5. PLASMA PHYSICS 

In beam-plasma interactions in Burnout V a 
source of energetic tr i tons and protons h a s  been 
localized to the plasma volume. T h e  reaction rate  
of these  D-D products is consis tent  with the pre- 
viously measured plasma ion temperature, densi ty ,  
and volume. Measurements were made using detec- 
tion of tr i tons on cel lulose nitrate and of protons 
by both scinti l lat ion and nuclear emulsion tech- 
nique s . 

Ion heating has  been observed in another elec- 
tron-beam-plasma interaction. In order to  have 
energetic ions,  in th i s  c a s e ,  the electron beam 
must be modulated a t  frequencies near the ion 
plasma frequency (which is a l s o  c l o s e  to the lower 
hybrid frequency). T h e  beam is injected axially 
into a 550-G magnetic mirror field and crea tes  a 
density near 109/cm3. The  energetic charge-ex- 
changed ions are reionized and analyzed; the 
maximum variations avai lable  did not permit ion 
energies  greater than 200 eV. 

Using the “electron temperature converter,” stud- 
ies were made of the velocity dependence of ionic 
sound waves on electron temperature and of the 
electron temperature dependence of Landau damping 
of ionic sound waves. T h e  addition of helium ions 
to a xenon plasma verified the prediction of Landau 
damping of ionic sound waves by ions  in yet  
another way. 

A theoretical  treatment shows that  in a cold 
plasma, externally imposed osci l la t ing electric 
f ie lds  exci te  transverse electromagnetic waves 
which propagate perpendicular to  i t .  

The  density of the intermediate energy group 
(2-keV electrons) in the  hot electron blanket ex- 
periment h a s  been increased t o  5 x 10l1 
by simultaneous u s e  of two radially displaced elec- 
tron beams. But when the central  magnet field 
was increased by a factor of 3.5 the  plasma den- 
si ty decreased by a factor of 5 .  

Additional da ta  on the vacuum ultraviolet  absorp- 
tion method for ana lys i s  of ion dens i t ies  in  en- 
ergetic carbon a r c s  are  presented. Higher arc 
currents increase the concentration of C3’ and 
probably reduce the activity of the excitation- 
heating process  involving Cz + and C2 ’*, thus  ex- 
plaining the reduced ion temperatures in higher 
current arcs.  Mass spectrometric ana lys i s  of carbon 
ions in  the peripheral region of the  arc supports t h e  
absorption measurements of IC” and C3’ a s  the 
most prominent ion spec ies .  T h e  near-resonance 
nature of the intermediate reaction s t e p ,  CZt* 
C2+* + C2“ + C2’ + 0.29 eV, is d i scussed  in  
t e r m s  of the Massey-Hasted adiabat ic  maximum 
criterion and in terms of the iso-electror’  ,IC se- 
quence Be,  B ’, Cz +, N 3  ’, and O4 ’. 

A facil i ty is nearing completion which wil l  permit 
measurement of the  radiation from a magnetically 
supported high-density a rc  a t  high pressures .  T h i s  
measurement will  allow quant i ta t ive a s s e s s m e n t  
of the feasibil i ty of using g a s  confinement to con- 
ta in  energetic plasmas. 

T h e  u s e  of the  inductive end wal l s  suggested 
by Briggs and Neil for suppressing the  negative- 
m a s s  instabi l i ty  h a s  not proven to b e  effective i n  
reducing the calutron instabil i ty.  

Studies  of the plasma confinement properties of 
a toroidal multipole configuration have s tar ted.  
T o  avoid plasma l o s s e s  on hangers ,  magnetic 
levitation of the  internal conducting hoops is re- 
quired. A small-scale model h a s  successful ly  
demonstrated levitation of two coplanar concentric 
conducting hoops (a quadrupole). P e a k  f ie lds  were 
2 kG, and useful t i m e s  avai lable  for plasma con- 
tainment were 8 msec .  

6. ATOMIC AND MOLECULAR CROSS SECTIONS 

The problem of the ex i s t ence  of highly exci ted 
Rydberg s t a t e s  in H, molecules h a s  been formu- 
lated rigorously, and computer solut ions a r e  being 
sought for autoionizing transit ion rates for such  
s t a t e s .  Predictions were made that  the Rydberg 
s t a t e s  of HD, because  of its dipole moment, would 
decay faster  than those of H,, which p o s s e s s e s  
only a quadrupole moment. T h i s  hypothesis  h a s  
been confirmed by observing the  population of 
s t a t e s  n > 11 for both HD and H,. 

Analyses  have been made of the statistics of 
secondary electron emission from heavy par t ic les  
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impinging on metal surfaces .  Single par t ic les  
striking a surface will produce groups of 0, 1 ,  
2, . . . , n electrons with a certain probability P,. 
T h e s e  electrons are  postaccelerated and counted 
by a high-resolution s i l icon  barrier detector.  The  
pulse  spectrum yields  the frequency of electrons 
in each  n group. T h e  probability distribution, 
P,, h a s  been found to  be a character is t ic  Po i s son  
distribution, P(,) = e - Y y n / n ! .  Application of 
this ana lys i s  t o  the measurement of low-energy 
neutral par t ic les  yields  information which deter- 
mines the absolute  efficiency of par t ic le  detection. 
For a counting system of a n  AgMg surface and a 
s i l icon barrier detector,  the detect ion efficiency 
was 77% for Ho  a t  500 eV and rose monotonically 
t o  a plateau of 100% a t  an incident energy of 2 keV. 
Using these  same techniques,  the average second- 
ary emission coefficient has  been determined for 
H', Ho,  and N o  particles on Cu and AgMg in the 
energy range 500 e V  to 50 keV. Measurements 
have also been made for the secondary emission 
coefficient for a copper s ing le  crystal ,  and values  
have been obtained for the reflection coefficient 
of H o  and electrons from metal surfaces .  

Charge-transfer cross sec t ions  of hydrogen par- 
t i c les  (H', Ho> have been made in  H,, He, Ar, N,, 
0,, CO, CO,, H,O, CH,, and C,H, target gases .  
The  energy range was 100  to  2500 keV. Also,  
s tud ies  have been made of nonresonant charge 
transfer of one t o  five electrons for multiply charged 
rare-gas ions in their own gases .  Differential 
c ross  sec t ions  of these  p rocesses  are reported in 
the energy range 0.4 t o  2.2 keV times the charge 
of the primary ion. 

7. HIGH-CURRENT BEAM PRODUCTION 
AND INJECTION 

A 20-keV beam of neutral hydrogen atoms has  
been produced by the dissociat ion and neutraliza- 
tion of a 40-keV H,' beam by means of a magnesium 
vapor cell developed and built  by the  DCX-1 group. 
The  four-electrode H ,  ion source  and t h e  recently 
develop,ed 100-kV non-PIG accelerator  column 
described previously were used t o  produce the 
beam. T h e  H, beam was  passed  through the  neu- 
tralizer and a sys t em of apertures which s imulate  
the  DCX-3 and INTEREM geometries. Equivalent 
currents of 102 and 222 mA of 20-keV Ho  have 
been produced in these  geometries respectively.  

t 

t 

Beam profile measurements have been made of 

T h e s e  measurements show that the current densi ty  
is sharply peaked on a x i s  when the beam is focused 
t o  produce maximum current, even through a re- 
lat ively large aperture. The  maximum current den- 

163 m A / c m 2  for 20-keV Ho a t  a d i s tance  of 117 c m  
from the magnetic lens.  

both the 40-keV H, + and the 20-keV Ho beams. 

s i ty  measured was 121 mA/cm2 for 40-keV H, + and 

8. PLASMA THEORY AND COMPUTATION 

In th i s  report we present brief reviews of a reas  
of l inear s tabi l i ty  theory which a re  relevant t o  
open-ended magnetic traps and of the present 
work in nonlinear theories of plasma phenomena. 
Resu l t s  from the linear ana lys i s  emphasize the  
importance of magnetic wel ls  and Landau damping: 
magnetic wel ls  are  expected t o  s tab i l ize  a l l  low- 
frequency modes (W << wCi) ,  and Landau damping 
may s tab i l ize  many of t h e  high-frequency velocity- 
s p a c e  instabi l i t ies .  Attention is then focused on 
those modes not rigorously subject  t o  t h e s e  two 
constraints.  Some preliminary d i scuss ion  is given 
for two such  modes, the drift-cyclotron instabi l i ty  
and f lutel ike gyrofrequency modes in plasmas 
with dis t inct  groups of fas t  ions intermixed with 
colder ion populations. Recent progress in the 
discrimination between convective and noncon- 
vective instabi l i t ies  adds more  emphasis  to  the 
necessi ty  of the  Landau damping constraint .  The  
review of the present work on nonlinear phenomena 
summarizes the c l a s s e s  of elementary plasma ex- 
c i ta t ions for which quasi-linear equat ions have 
been obtained. T h e  treatment of plasma phenomena 
in quantum-mechanical formalism is broadend 
beyond i t s  earlier s ta tus .  

9. MAGNETICS AND SUPERCONDUCTIVITY 

A s  was previously reported, development work 
is being done on "ribbon coils." T h i s  design is 
intended to  be used when restricted s p a c e  c a l l s  
for magnet co i l s  with very high current densi t ies .  
In general ,  a n  arrangement with water flow paral le l  
to  the  coi l  a x i s  is appropriate; however, for elon- 
gated co i l s  such  a s  would be employed for Ioffe 
bar systems,  water flow along the ribbon proved t o  
be preferable. A study is being made of how t h e s e  
two types of water-cooled ribbon coils would be 
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used in a conceptual des ign  of the DCX-3 facil i ty.  
However, s ince  the power requirement would be 
very high (23 MW), a superconducting magnet coil 
system was chosen for DCX-3. Nevertheless,  for 
other Bmin magnet sys tems a des ign  uti l izing 
ribbon coils might be a better alternative.  

The  physical properties of “compound conduc- 
tors” are important in the  design of “s tab i l ized”  
superconducting magnet coils. A compound con- 
ductor cons i s t s  of superconducting wires or ribbons 
in c lose  electrical and thermal contact with non- 
superconducting metallic material, the so-called 
“stabil izer.” The  performance of a compound con- 
ductor depends upon whether the superconductor is 
in the  nonresist ive or in  the flux flow s t a t e .  Both 
c a s e s  are considered here in a detailed study. It 
is shown that in the first  case the  compound con- 
ductor can  be  replaced by a simple equivalent 
network. In the second case an application of Kim’s 
flux flow equation l eads  t o  a physical understanding 
of the  often used phenomenological concept of the 
“overflow” of current from the  superconductor t o  
the stabil izer.  Furthermore, t he  nonlinear heat 
transfer from the compound conductor t o  the sur- 
rounding liquid helium is considered. Numerical 
examples i l lustrate the new approach to under- 
standing the performance of compound conductors. 
Finally,  a brief report on nonstabil ized super- 
conductors is presented. 

The previously mentioned performance of com- 
pound conductors depends,  of course ,  on the mag- 
netoresistance of the stabil izer.  Since the  stabil izer 
and the copper-clad superconductor are intercon- 
nected by indium soldering, i t  was  expected tha t  
the transverse conductance k between supercon- 
ductor and s tab i l izer  might be  almost independent 
of the  magnetic field. Our experiments clearly 
showed, however, a strong field dependence of k. 
This  surprising and important fac t  deserves  further 
investigation. 

Several attempts have been made t o  develop a 
theory of the  current-carrying capacity of a hard 
superconducting wire founded on the  bas i c  prop- 
e r t ies  of superconductors of the third kind. Such 
a theory would allow one to  predict the  critical 
current f rom da ta  obtained by a magnetization ex- 
periment performed with a cylindrical  sample in  a 
longitudinal magnetic field. In th i s  report H. W. 
Koppe presents such  a theoretical  criterion for 
the current-carrying capacity of a hard supercon- 
ducting wire restricted to  the  case of zero  external 

field. He shows that the critical current is deter- 
mined by the  fact  that the radius of a circular field 
l ine ins ide  the wire cannot be smaller than a cer- 
tain cr i t ical  length. Koppe der ives  a simple equa- 
tion for the  value of th i s  minimum radius. It de- 
pends on  bas i c  properties of the hard superconductor 
which c a n  be determined by magnetization ex- 
periments. With Nb-25% Zr samples ,  magnetization 
and critical current experiments were made. The  
data obtained were in excellent agreement with 
Koppe’s theory. 

Furthermore, we made oscil lographic a c  meas- 
urements on hard superconductors. The  shape  of 
the voltage-time curves c a n  be  explained by con- 
sidering in  a n  appropriate way a cer ta in  cr i t ical  
sur face  current and the  magnitude of t he  pinning 
forces ac t ing  on  the vortices in the  type 111 super- 
conductor. The  surface currents can  be observed 
with external f ie lds  up to H c ,  > H c 2 ,  whereas the  
bulk cr i t ical  currents become zero a t  the upper 
critical field H c 2 .  The  va lues  of t he  critical sur- 
face currents and of the cr i t ical  bulk current density 
obtained with these  a c  measurements a re  in good 
agreement with the  resu l t s  of static measurements. 
Finally,  i t  is shown how the  pinning force per 
unit volume and the pinning force ac t ing  on a 
s ingle  vortex l ine  can  be expressed  as a function 
of the  vortex l ine  density. 

Improvements in  the wel l  depth for a n  iron-core 
minimum B are reported. 

10. VACUUM STUDIES 

Chemical ana lys i s  of the  DCX-2 vacuum system 
using residual gas  m a s s  spec t ra  was performed in 
de ta i l  for one day’s operation. Experimental d i s -  
t inction between four types  of impurity s p e c i e s  
was made. These  four groups of impurity gases  
are c lass i f ied  on the bas i s  of their origin: 
1. extraneous s p e c i e s  assoc ia ted  with the mass 

2. “base”  pressure impurities, 

spectrometer, 

3. contaminants i n  the bleed-gas manifold, 

4. gases  generated during ion beam injection. 

Water was found t o  be the principal member of 
the second and third c l a s s e s  l is ted,  while s eve ra l  
low-molecular-weight hydrocarbons were found t o  
be generated during beam injection. A s tudy  of 
m a s s  discrimination in the spectrometer is described 

. 
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which permitted the  improvement in the  quantita- resul ts  followed chemisorption kinetics.  In a fourth 
t ive ana lys i s  of these  data.  s tudy a white sol id  decomposition product of 

In other research a n  attempt w a s  made to s tudy  a s i l icone  diffusion pump fluid was  identified. A 
the  kinet ics  of water sorption on s t a i n l e s s  s t e e l  deposi t  of t h i s  material had impaired t h e  pump’s 
at exposure pressures  less than torr. T h e  speed.  

c 

c 
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1. lniection and Accumulation: 

Neut ra l  Injection Experiments (DCX-1.5) 
R. J .  Colchin H. Postma 
J .  L. Dunlap 
R. S. Edwards 
L. A. Massengill 

R. G. Reinhardt 
W.  J .  Schill  
E .  R. Wells 

1.1 INTRODUCTION 1.2 APPARATUS 

As noted i n  the l a s t  report,' the investigations 
involving injection of 600-keV H + into the DCX-1 
magnetic mirror trap were essent ia l ly  terminated 
a t  the  end of the  previous report period. W e  have 
retained the option of 600-keV H z +  injection in  
anticipation of some experiments to attempt 
stabil ization of the negative-mass instabil i ty by 
inductive end wal ls ,  a s  suggested by Briggs and 
Neil.' However, most of our recent work h a s  been 
directed toward a new facil i ty,  cal led DCX-3, in 
which the  plasma will  be formed by Lorentz 
ionization of energet ic  neutrals  in a mirror- 
quadrupole trap. 

Development of the neutral  injector,  the beam 
injection and burial  l ines ,  a n  adequate  vacuum 
system, and spec ia l  diagnost ic  equipment for the  
DCX-3 is in  progress.  Much of th i s  development 
uti l izes neutral  injection into the magnetic mirror 
trap of the DCX-1 facil i ty.  (We have dubbed t h i s  
interim facil i ty DCX-1.5.) In the  sec t ions  that  
follow, we descr ibe th i s  work and also some 
properties of the  plasma formed in  the  trap. 

Design s t u d i e s  re la t ing to  the DCX-3 magnetic 
bottle are  reviewed in  Sect.  4. 

1.2.1 General Description of the DCX-1.5 F a c i l i t y  

A schematic layout of the facil i ty is given as 
Fig. 1.1. The  neutral  beam is produced in  a 
magnesium neutralizing cell by conversion of 
30-keV H,' into 15-keV Ho.  T h e  ion source and 
magnesium cell were developed as a cooperative 
venture with the Ion Source and Accelerator Group. 
Detai ls  of t h e s e  components and resul ts  of their  
t es t  s tand operation a r e  given in  Sect. 7. 

T h e  beam is transported in the  beam tube through 
several  s t a g e s  of differential  pumping until it 
enters  the  liner. T h e  l a s t  defining aperture is 
1.5 in.  in diameter and is located 20 in. from the  
mirror coil a x i s  and 53 in. from the  magnesium 
cell .  After pass ing  through the  l iner,  the  beam 
impinges upon a n  inclined target provided with a 
calorimetric monitor. Neutral beams of 40 mA 
(equivalent) have been injected.  

T h e  l iner itself is a right circular cylinder 
12 in. in  diameter, mounted with i t s  ax is  vertical  
and perpendicular t o  the  a x i s  of the  mirror coil 
system. The  l iner  wal l s  act as the radial limiter 
for the plasma. A s  usual ,  the  l iner is cooled with 
liquid nitrogen, and titanium getter pumping on 
liquid-nitrogen-cooled sur faces  is provided for the  
interior as wel l  as  for the  guard vacuum region. 

T h e  midplane magnetic field in  the Plasma 
region is given by B = B o  (1 - ar'), where 
a = 6.5 cm-2 '  For the experiments re- 

'Thermonuclear Div. Semiann. Progr. R e p t .  Apr. 30, 

'R. J. Brig@ and v. K. Neil, J. Nucl. Energy: Pt.  C 
8, 255 (1966). Th i s  paper is concerned with relativist ic 
beams, but i n  private communications the authors have  
pointed out how the same general ideas  can  be applied 
to nonreIativist ic beams. 

1966, ORNL-3989, P. 1. 

ported here, B o  was  10 kG. 
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Fig .  1.1. Schematic Outline of the DCX-1.5 F a c i l i t y .  T h e  cut i s  in the median plane of the mirror coi l  system. 

The  magnetic f ie ld  i s  normal to the paper. 

The diagnostics presently employ an rf probe, a 
secondary electron emission detector for charge- 
exchange neutrals,  and an energy analyzer. T h e  
locations are shown in F ig .  1.1. The  rf probe 
is the standard crown probe developed in earlier 
DCX-1 efforts. 

The  secondary emission detector (SED), which 
extends 2 in. i n  the direction of the magnetic 
ax i s ,  forms secondar ies  a t  a copper surface and 
was operated with sufficient b ias  to give saturation 
current of secondary electrons.  The  detector and 
associated electronics have a time constant of 
less than 100 psec.  The  detector was  calibrated 
during a high-pressure helium gas  run in DCX-1.5. 
The  major assumption involved in  the calibration 
procedure is that a plasma volume of 2.8 l i ters  
(from a right circular cylinder of r = 15 cm and 
L = 4 cm) is an  appropriate one over which to 
average. 

A description of the energy analyzer is given in  
the following sec t ion .  

3Thermonuclear Div. Serniann. Progr. Rept .  Oct. 31, 
1963, ORNL-3564, PP. 1-2. 

1.2.2 Energy Analyzer 

In cooperation with the  Tennelec  Instrument 
Company,4 an energy analyzer system has  been 
developed for u se  a t  the low energies of interest  
in neutral injection experiments. Here we descr ibe  
this  system and indica te  i t s  performance figures. 

The  system features a s i l icon  surface-barrier 
detector mounted with a preamplifier s tage  in a 
copper probe head tha t  can  be  cooled to  low tem- 
peratures by a “cold finger” immersed i n  liquid 
nitrogen. Two different de tec tors ,  both obtained 
from the Nuclear Diode C ~ m p a n y , ~  have been e m -  
ployed, one  with an ac t ive  area of 20 m m 2  (3 p F  
capacitance) and one with an  active area of 5 m m 2  
(0.75 pF).  Both detectors were of the ceramic ring 
mount type with a depletion depth of 700 p and a 
gold sur face  layer  thickness of approximately 100 
A. The  preamplifier s t age  u s e s  a s ingle  field-effect 
transistor; i t  was designed by the Tennelec 
Instrument Company to  replace the four-transistor 

4140 East Division Road, Oak Ridge, Tenn. 37830. 
51640 Old Deerfield Road, Highland Park, Ill., their  

model RH 6-20. 

. 
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input sect ion of their  TC-130 preamplifier. The  
s ignal  lead from the  probe head connects  to  an  
otherwise standard TC-130 preamplifier, which in 
turn is connected through a Tennelec  TC-200 
linear amplifier t o  a multichannel analyzer. The  
probe head incorporates a variable aperture arrange- 
ment that  a l lows adjustment of counting rate under 
operating vacuum conditions.  

System checks  with a proton beam at energies  to 
40 keV were made i n  cooperation with the Cross  
Section Group, With the  20-mm2 detector the s y s -  
t e m  was  useful down to 9 keV. In the range 10 to  
40 keV the response w a s  l inear ,  and the  resolution 
was  about 3 keV full  width a t  half maximum 
(FWHM). Similar checks  with the  S a m 2  detector 
resulted in  usable  spec t ra  down to  6 keV, with 
resolution of 2.6 keV FWHM a t  10 keV. 

1.3 EXPERIMENTAL RESULTS 

There have been the  usua l  problems which 
accompany major modifications of an  experimental 
facil i ty,  and s tudies  of the plasma formed in  the 
magnetic mirror t rap have begun only recently. 
The  resul ts ,  though preliminary, a r e  quite in- 
teresting. 

1.3.1 Vacuum 

We are  considerably encouraged at indications 
of high vacuum in the  plasma region, particularly 
in view of the  present  rudimentary beam disposal  
system. Plasma lifetimes have  been a s  long as 
80 msec for a n  18-mA neutral  beam and as  long a s  
160 msec for a 7-mA beam. T h e  latter figure 
implies a charge-exchange environment equivalent 
t o  a hydrogen background of 1.6 x torr. T h e s e  
resul ts  compare qui te  favorably with the perform- 
ances  of ALICE and of PHOENIX. 

From a technological point of view, i t  is im- 
portant to  gage whether streaming from the  
neutralizing cell was  the  limiting factor in de- 
termining t h e s e  l ifetimes.  T h e  T values  varied i n  
the  same s e n s e  as the  pressure indication from 
the ionization gage monitoring the  guard vacuum 
(there was  no l iner gage during these  runs); so  
our present da ta  indicate  that  this  limit h a s  not 
been reached, even  with the  magnesium cell 
operated a t  p ressures  high enough for equilibrium 
charge distribution. T h e  da ta  show no need a t  
th i s  time to incorporate paddles  or c ross  j e t s  to  
limit streaming. 
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Fig. 1.2. Energy Spectrum of Charge-Exchange N e u -  
t rals from the 15-keV Proton Plasma of DCX-1.5. Density,  

- 4  x 108 c m - 3 .  

1.3.2 Energy Analysis 

These  da ta  pertain t o  operation with fast-proton 
densi t ies  i n  the range (1-4) x l o 8  The  
energy spread indicated was  essent ia l ly  the 
resolution of the detector  (3  keV FWHM). A 
typical spectrum is shown as  Fig.  1.2. The  peak 
a t  higher energy is probably due  t o  s igna ls  from 
the  H,' formed from charge exchange of H 2 +  in 
the  magnesium cell. If so,  the  relative counting 
rates  indicate that th i s  component const i tutes  
only about 1% of the trapped plasma. 

1.3.3 Density Determinations 

These  determinations a re  based on the responses  
of the SED (the amplitude A and the  l / e  decay 
time T ) ,  these  responses  being interpreted in 
terms of the high-pressure g a s  calibration run 
described in Sect.  1.2.1. 

Figure 1.3 shows AT (proportional to  density) 
as  a function of 7 for runs with a fixed neutral  
beam current (13 mA) obtained with the magnesium 
conversion cell operated at a variety of tempera- 
tures and with a variety of H 2 +  currents. T h e  
value of T was varied by a controlled helium leak. 
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F ig .  1.3. A r  as  a Funct ion of T wi th  F i x e d  Neutral  

T h e  figure shows T regions dominated Beam Current. 

by gas and by Lorentz  trapping. 

The  curve shows a region at low r dominated by 
g a s  ionization and a region a t  high r dominated 
by Lorentz ionization. At r = 1 msec, calculat ions 
with the  appropriate c r o s s  sec t ions  yield a g a s  
trapping fraction of 1.2 x l o d 4 .  The  A r  product 
for 7 = 100 msec is higher by 100  times; so  the  
Lorentz trapping fraction is also 1.2 x In  
the Lorentz trapping regime, the two days '  da ta  fi t  
two l ines  (with the  same s lope ,  near 4 5 O )  more 
closely than a s i n g l e  l ine.  T h i s  behavior may 
simply be sca t te r  of da ta  points,  or i t  may be more 
significant,  possibly involving a density suppres- 
s ion by instabi l i t ies .  T h e  question will  b e  se t t led  
in  further work. T h e  behavior does  not seem t o  
result from cell operation a t  different temperatures 
(see Fig.  1.11 and the d iscuss ion  of Sect. 1.3.5). 

Figure 1.4 shows A r  as a function of 17, where 
I is the equivalent neutral  current. The  data  points 
a re  all those obtained i n  the  two runs and so 
include those given in  Fig.  1.3. The  fi t  to two 
45' l ines  is again shown. Figure 1.5 presents  the  
same data ,  but in  the  form n'(Zr). For  purposes 
of a later comparison, some resu l t s6  from the 

~ 

6C. C. Damm el a l . ,  Phys.  Rev.  Letters 13, 464 
(1964). 
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F ig .  1.5. Fast-Proton Dens i ty  as  a Funct ion of 17,  
Giving Comparisons of DCX-1.5 and AL ICE Data .  

ALICE neutral injection experiment a re  also in- 
cluded. The  most important feature of these  da ta  
is the absence  of densi ty  saturat ion a t  high 1r 
values  i n  DCX-1.5. 

s 
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1.3.4 RF Measurements 

High-frequency electrostat ic  s igna ls  were moni- 
tored during the experiments reported in Sect. 
1.3.3. Instabil i ty s igna ls  were observed only in an  
intermediate densi ty  range, approximately 5 x l o 6  
to  2.5 x l o 8  
changed within th i s  range, as is shown in Figs .  
1.6 and 1.7. At lower dens i t ies  they were of small  
amplitude and discontinuous,  in the s e n s e  that  
the oscil loscope displays were spiky with frequent 
returns to the base  l ine.  At higher densi t ies  there 
were transit ions t o  s igna ls  of much larger ampli- 
tude, initially discontinuous and then continuous. 
A s  shown in  Tab le  1.1, the density ranges for 
the character is t ic  high-frequency, e lectrostat ic  rf 
modes, as determined from measurements during 
both s teady s t a t e  and plasma buildup, overlapped 
t o  a considerable extent.  

T h e  character of the s i g n a l s ,  

T a b l e  1.1. RF Modes from High-Frequency 

E lec t ros ta t i c  Probe Data 

Mode Limits of Density Range 

A. Low density,  s tab le  

B. Low-level instabil i ty 

C. High-level instabil i ty 

0 5 n t  5 (1 X lo7)  
(5 X lo6)  =< n ' 5 (1 X 10') 

(1.5 x l o 7 )  i n t  5 (2.5 x lo8)  

D. High density,  s tab le  n + q 1  x 108)  

The behavior of the rf s igna ls  during plasma 
decay was  interesting. Radio frequency of the 
discontinuous types disappeared almost immedi- 
ately,  long before decay to the ini t ia l  threshold 
density.  That  of the continuous type decayed 
very gradually in  amplitude and pers is ted about a s  
long a s  there was detectable  plasma. There was 

PHOTO 85601 

T IME (50  msec/cm)- 

c 

c 

T I M E  (100 msec/cm)+ 

. 

Fig.  1.6. Charge-Exchange (SED) and High-Frequency E lec t ros ta t i c  R F  Signals D u r i n g  Per iods of Plasma Decay 

and Accumulat ion.  The plasma wos i n i t i a l l y  i n  steady state. The neutral  beam was then shut of f ,  the plosma 0 1 -  
lowed to decoy, and the beam was cut back on. In  the 
lower photograph the low- leve l  mode ex i s t s  between 5.5 ond 6.0 cm, and then there i s  a t rans i t ion  to  the h igh- leve l  

mode, i n i t i a l l y  d iscont inuous  and then cont inuous. 

The low- leve l  mode i s  i l l us t ra ted  i n  the upper photograph, 
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PHOTO 85602 

TIME (400 r n s e c / c r n ) - - t  

T IME (400 msec /cm) - - t  

F i g .  1.7. Charge-Exchange and High-Frequency E lec t ros ta t ic  R F  Signals During Periods of Plasma Decay  and 

In the upper photograph at 6.0 cm there i s  a transit ion to a high- level  continuous mode and then 

In the lower photograph the high- level  mode i s  discon- 
Accumulation. 

at 9.4 cm a transition to a high-frequency stable regime. 

tinuous. 

no transition to discontinuous rf during th i s  type 
of decay. Decays from the high-density s tab le  
regime remained s t a b l e  throughout the decay. 

Very recently, in addition t o  observations of 
high-frequency e lec t ros ta t ic  s igna ls ,  there have 
been brief examinations of magnetically polarized 
s ignals  and of low-frequency electrostat ic  s ignals .  
These  runs were confined t o  P ,> 1 x torr and 
n ,< 5 x lo7 ~ m - ~ .  T h e  da ta  indicate the presence,  
a t  various t imes,  of a t  l e a s t  four modes. Much 
more work is required in th i s  area,  and for the 
present we can  give only short  descriptions of 
these modes, In order of increasing plasma 
density,  they are as follows: 

1. Weak, burstlike magnetic s igna ls  associated 
with axial  currents (Iz); extremely weak 
corresponding high-frequency s igna ls  from the  
electrostat ic  probe; no observable low-frequency 
electrostat ic  s ignal .  

2. Strong, choppy magnetic s igna ls  associated 

with azimuthal currents (I,); strong correspond- 
ing high-frequency s i g n a l s  from the  electro- 
s ta t ic  probe; weak magnetic s igna ls  to the Iz 
probe, t h e s e  a mixture of corresponding and 
noncorresponding act ivi t ies ;  no observable 
low-frequency electrostat ic  signal.  

3. Like mode 2, but a l ternat ing with strong low- 
frequency e lec t ros ta t ic  osci l la t ions and usual ly  
very much reduced high-frequency (both I, and 
electrostat ic)  s igna ls .  The  relative amount of 
time spent  i n  t h e s e  al ternat ing modes is an  
extreme variable,  but one whose dependence 
upon other plasma properties is not yet  defined. 

4. Dominant low-frequency osci l la t ions and no 
observable high-frequency activity.  

Figure 1.8 shows examples of modes 1, 2, and 4 
measured during a s i n g l e  period of plasma accu- 
mulation. Our present da ta  indicate that mode 3 
rarely occurs during buildup, but instead is usual ly  
a characterist ic of s teady-state  density for a 
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F i g .  1.8. Iz Magnetic and Wide-Band Electrostat ic  

Signals During a Period of Plasma Accumulation. 

Parameters were P = 1.5 x torr, I = 40 m A  Ho, 
and T = 4 rnsec. T h e  long buildup t ime occasional ly  

registered by the charge-exchange detector, as  shown 

here, i s  not yet  ful ly  understood. 

PHOTO 85604 

I- 50 rnsec 

F ig .  1.9. Low-Frequency and Wide-Band Electrostat ic  

Signals During Steady State. Parameters were P = 1 x 
IO-* torr, I = 18 rnA Ho, and T = 10 msec. A 1-MHz 
low-pass f i l ter  in  the wide-band signal lead  provided the 

low-frequency signal . 

limited density range. Figure 1.9 shows mode 3 
in s teady s ta te .  In e a c h  case the dominant low- 
frequency osci l la t ion h a s  been at about 30 kHz, 
which is near the  calculated V B  precession 
frequency in  th i s  magnetic field.  

Only preliminary s t u d i e s  of the frequency 
distribution of the  high-frequency s igna ls  have 
been made. In addition to ion cyclotron harmonics 
(aci = 15 MHz), we  have occasional ly  observed 
strong s igna ls  a t  approximately 25 MHz. T h i s  
frequency was  also that of the ax ia l  instabil i ty 
mode for a 300-keV proton plasma in this  magnetic 
field. 

Present  data  a re  not complete enough to allow 
definite correlation of modes 1 to 4 ,  just  descr ibed,  
with modes B and C, introduced earlier i n  t h i s  
sect ion (Table  1.1). I t  does ,  however, seem 
reasonable to a s s o c i a t e  mode B with mode 1 and 
the discontinuous mode C with modes 2 and 3 .  
The principal quest ions regard the  properties of 
the magnetic and the low-frequency electrostat ic  
s igna ls  during the  continuous mode C and the 
high-density mode D, in  which no high-frequency 
electrostat ic  s i g n a l s  were observed. 

1.3.5 Magnesium C e l l  and Properties of the 
Neutral  Beam 

As previously noted, t h e s e  experiments made u s e  
of H obtained by conversion of H , ' in  a magnesium 
vapor cell. In t h i s  sec t ion  we consider the  ef- 
f iciency of th i s  conversion and the excited-state 
population of the neutral  beam as  functions of 
cell temperature (concentration of magnesium 
vapor). 

The  experiments included measurements of the  
neutral beam current produced as  a function of 
cell temperature with a constant  incident current 
of H,  . The  total  extracted current was  held 
constant a t  80 mA, and the equivalent neutral  
current was  monitored calorimetrically a t  the final 
beam target as the  cell temperature was  changed. 
Figure 1.10 shows the  resul ts .  The  time allowed 
between cell heater  adjustments was  not sufficient 
for a n  equilibrium temperature to  be establ ished.  
As a consequence the  curve obtained while lowering 
the temperature does  not coincide with that ob- 
tained while ra is ing the temperature. The general  
behavior of t h e s e  curves  is consis tent  with resul ts  
obtained by the  Ion Source and Accelerator Group 
with essent ia l ly  the  same source and neutralizing 
cell. 

During the course  of the  temperature variations,  
the level  of charge exchange from the plasma and 
the plasma lifetime were obtained by use  of the  
secondary emission detector.  Knowledge of th i s  
A 7  product and the  neutral  beam current yielded a 
value for the Lorentz  trapping fraction ( p  ) a t  
each  temperature. T h e  resu l t s ,  shown in  Fig. 1.11, 
indicate a trapping fraction of about 1.2 x 
independent of cell temperature over the range 
investigated,  which corresponds t o  a range of 1 t o  
18 p for the magnesium vapor pressure.  

t 

L 
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Oven temperature was controlled, and pressure was 

inferred from the recorded temperatures. 
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F i g .  1.11. Lorentz Trapping Fract ion as  a Funct ion 

of  Magnesium C e l l  Temperature and Inferred Vapor 

These  da ta  a re  the  f i rs t  we have s e e n  for H,' 
incident upon a magnesium cell. All other da ta  
available to u s  h a v e  involved u s e  of incident 
protons. 

By way of comparison, the  trapping fraction 
(1.2 x obtained here  is about seven  times 
that observed in the  ALICE mirror field with 
similar B magnitude, B gradients ,  and dimensions, 
but with a n  N 2  + H 2  conversion cell and incident 
proton beam. 

1.3.6 Comparisons with the ALICE Neutral  
I ni ec ti on F a c  i I i t y  

Superficially, the  parameters of t h e  DCX-1.5 
experiment a re  much l ike  those  of the ALICE 
multipole experiment6 when the  la t ter  was  operated 
as a simple mirror. A comparison of the  more 
obvious parameters of t h e s e  two experiments is 
given in  Table  1.2. 

The properties of the two p lasmas  a re ,  however, 
quite unlike in  that the  ALICE plasma was  flute 
limited to n = 3 x l o 7  whereas  that of 
DCX-1.5 i s ,  from present  evidence,  not limited at 
i t s  maximum densi ty  of 4 x l o 8  ~ m - ~ .  The  DCX- 
1.5 density figure is even  above that obtained by 
ALICE with multipole s tabi l izat ion (Fig. 1.5). 

T h e  enhanced s tabi l i ty  of t h e  DCX-1.5 plasma 
against  f lute  l o s s e s  is obviously a n  important 
feature of th i s  plasma. Stabil ization against  
f lutes  h a s  generally been attr ibuted t o  finite-orbit 
or cold-plasma ef fec ts .  From the  similari t ies in  
the more obvious parameters, one would suppose  
that finite-orbit e f fec ts  in  the  two plasmas a re  of 
similar magnitude. T h e  suggest ion then is that 
enhanced s tabi l i ty  in  DCX-1.5 may be due to  some 
feature of cold-plasma s tabi l izat ion that is qui te  

T a b l e  1.2. Parameters of the DCX-1.5 and 

ALICE Experiments 

ALICE Item DCX-1.5 

Plasma radius, c m  15 10-1 2 
Pressure. 
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different in the two plasmas.  One such feature 
appears to  be the proximity of the grounded end 
walls in the two faci l i t ies .  Those  of DCX-1.5 
are no further than 15 c m  from the midplane, while 
those of ALICE were rarely a s  c lose  as 40 cm.  

incorporates 
both finite-orbit and cold-plasma effects,  and th i s  
theory is being applied t o  determine the relative 
stabil i ty of the DCX-1.5 and ALICE configurations. 
Some experiments involving changes of end-wall 
locations and of the  magnetic-field intensity are 
planned to  invest igate  t h e s e  effects .  

The theory of Guest  and Beasley 

~~ ~ 

7G.  E. Guest and C. 0. Beasley, Jr., Phys .  F l u i d s  9 ,  
1798 (1966). 

1.4 SUMMARY 

The  init ial  s tud ies  of the DCX-1.5 plasma have 
produced encouraging and interesting results.  Up 
to  40 mA of 15-keV H o  h a s  been injected. The 
plasma lifetimes,  up t o  160  msec, are competitive 
with those of contemporary facil i t ies.  The 
Lorentz ionization fraction is 1.2 x for H o  
produced from incident H ,  '. Densi t ies  of 4 x l o 8  
~ m - ~  have been obtained. That  this  density is not 
limited by f lutes  sugges t s  s tabi l iz ing effects ,  
which are amenable to  further investigation. T h e  
final high-density s t a t e  is s tab le  against  osci l -  
lat ions which can be detected by high-frequency 
electrostat ic  probes. 



2. Injection a n d  Accumulation: 

Multiple-Pass Experiments (DCX-2) 

P. R.  Bel l  J .  E. Franc is  E. C .  Moore 
J .  S .  Culver C. F .  Harrison’ 0. B. Morgan2 
R. C. Davis  G. G. Kelley T .  F. Rayburn 
S. M .  Decamp N. H. Lazar  R. F .  Stratton 
J .  C .  E z e l l  J .  F. Lyon C.  W. Wright 

2.1 INTRODUCTION 

The peaks s e e n  in  the  pitch-angle s c a n  of t h e  
molecular-ion beam have been  explained. They 
are  cons is ten t  with calculated single-particle 
orbits for the  relatively few turns the beam makes 
from injector t o  the a x i a l  location of the  detector.  
Their  presence indicates  that  space-charge ef- 
fec ts  or  beam instabi l i t ies  produce a negligible 
effect  on the beam trajectory, a t  l e a s t  over the  
f i rs t  quarter of the  path length.  

Operation with hydrogen- or deuterium-arc d i s -  
sociat ion produces plasma dens i t ies  up to 5 x l o 9  
hot protons/cm3, a n  order of magnitude above 
that a t ta ined with g a s  dissociat ion.  The  densi ty ,  
in general ,  increases  a s  the pressure decreases  
(to 2 x torr). To obtain s t i l l  lower pres- 
sures ,  the  g a s  fed into the  a r c  must b e  reduced; 
this  produces changes  in  the a r c  and  prevents 
a n  accurate  s c a l i n g  t o  lower pressures .  Improved 
pumping s p e e d  should permit th i s  determination 
in future experiments. During the  plasma decay  
af ter  H ,  beam turnoff, rf emission is s e e n  a t  
these higher dens i t ies ,  although i t  was  not present  
a t  the lower dens i t ies  with g a s  dissociat ion.  
The rf is not continuous but appears  in bursts  

t 

‘Analytical Chemistry Division. 
2Present  address:  University of Wisconsin, Madison. 

with quiescent  intervals  of 100 t o  200 msec  dur- 
ing which the  plasma may b e  s tudied without evi-  
dent  instabi l i t ies .  The  bursts  a r e  accompanied 
by a smal l  additional charge-exchange loss rate ,  
apparently related t o  a n  energy redistribution of 
the trapped par t ic les .  This  rf mode is related 
to the  velocity distribution of the trapped par- 
t i c les ,  and a detai led theoretical  treatment of 
this  mode is reported i n  Sect .  8.4. From energy 
spec t ra  taken af ter  beam turnoff, i t  is est imated 
that t h e  change  in  spec t ra  produced by the ra te  
of energy degradation from sca t te r ing  by a r c  and 
cold plasma electrons is compensated by the  rate  
of charge exchange (which would have “hardened” 
the spec t ra  i n  the  absence  of that degradation). 

An accura te  determination of the energy s p e c -  
tra obtained at the  highest  dens i t ies  cannot  b e  
made until  a collimator penetration difficulty in 
the  neutral-particle spectrometer is repaired.  An 
energy ana lyzer  with resolution of 4.5 keV per- 
mits examination of protons down to  15 keV. 

Gridded probe measurements of cold plasma 
yield the radial  distribution of plasma potential  
as a function of pressure (in the  range 1.3 t o  
5 x torr) for g a s  dissociat ion.  Poten t ia l s  
up t o  800 V peaked on a x i s  and radial  e lec t r ic  
f ie lds  of 40 V/cm have been measured. Above 
3 x torr (above the  transit ion which removes 
the central-peak plasma), the potential  fa l l s  t o  
less than 50 V with considerably weaker e lec t r ic  
f ie lds .  

10 
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2.2 ANALYSIS OF THE MOLECULAR-ION 
BEAM TRAJECTORIES 

A persis tent  problem is that  of determining if 
all the neutral  par t ic les  s e e n  by the energy ana-  
lyzers  may b e  attributed t o  charge exchange. A 
definit ive answer h a s  not yet  been given, in part 
because  it had not been establ ished that  the 
molecular-beam location was restricted t o  s ingle-  
particle trajectories.  In fact ,  a s e r i e s  of peaks 
observed when scanning with a perpendicular 
s l i t  arrangement of the energy analyzer in that  
location which viewed mostly the M,’ beam gave 
rise t o  susp ic ions  that  the molecular beam might 
have been unstable  ( see  Fig.  2.1). Of course,  
it is important t o  determine i f  the  beam is s tab le  
or not and what the consequences of instabil i ty 
might be.  

The origin of t h e s e  peaks h a s  now definitely 
been establ ished a s  being a geometric property 
of single-particle orbits viewed by the highly 
collimated energy analyzer.  T o  see how this  
comes about,  i t  is informative t o  restrict  one’s 
attention t o  a uniform field injection geometry. 
In that  c a s e  the dis tance,  z ,  from the injector 
for a given pitch angle,  a ,  is given by 

z = (v  s i n  a)t  , (1 1 

where v is the ion velocity, and t is the time. 
Since the cyclotron frequency, oc, is constant  
in space ,  the phase angle,  +, of the particle in  
i t s  helix projected on the perpendicular plane is 

i with q50 the phase a t  the injector. One notes 
that the detector sees all trajectories from only 
a specif ic  phase location in the helix,  s a y  +d. 
Thus a l l  ions,  in order t o  be s e e n  a t  the detector,  
independent of the pitch angle,  a, travel a phase-  
angle  d is tance  

4d = 84 -t 27rn , 

where S+ is t h e  phase  angle between the  injection 
point and the observation angle,  and n is a n  in- 
teger. Thus one c a n  write the pitch angle  of the 
helix s e e n  by the detector a t  a particular z lo- 

3Thermonuclear D i v .  Semiann. Progr. Rept .  A p r .  30, 
1965, ORNL-3836, p. 30. 
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F ig .  2.1. Neutra l  P a r t i c l e  F l u x  v s  Angle with the  

Scanner Sl i t  Perpendicular to the Magnetic A x i s  at a 

P a i n t  15 in. from the Injector. T h e  peaks are associated 

with the molecular- ion beam. 

cation in the following form: 

w c  (2’- I s i n  ad> 
s i n  a d  = - (3) 

v n +  (8+/2n) ’ 

where I s i n  a d  represents the d is tance  from the 
detector ax ia l  position, z’, to the point of dis-  
sociat ion;  1 is the d is tance  from the detector to  
the observation point. In general, s i n c e  ad is 
a small  angle ,  I s i n  ad is s m a l l  compared to  the 
axial  d i s tance  between the detector and the in- 
jector.  Thus for a detector collimated t o  view 
only a small range in pitch angles ,  for axial  dis-  
t ances  where n is not too large,  only a very sma l l  
range of angles  in the beam will  b e  seen .  Other 
groups of angles  will be s e e n  when n changes 
by integral  amounts, and these  correspond to  the 
observed peaks.  In fact ,  the ratio of the angles  
of the peaks is given by 

n, + (64/277) s i n  a 2  2’- I s i n  a ,  a 2  

n 2  + (84/277) s i n  a ,  2’ -  1 s i n  a 2  al 
I_ - -- - 

In order t o  verify that these considerations are 
valid in the nonuniform field cases which actual ly  
ex is t ,  the orbits corresponding to  particles which 
produced the peaks and valleys s e e n  in F i g .  2 . 1  
were traced backward in t ime ,  and their  radial  
and azimuthal location a t  the posit ion of the in- 
jector (z = 42 in.)  was  determined. T h e  resul ts  
(Table 2.1) show that all the trajectories cor- 
responding to  the peaks originate plausibly a t  
the location of the injector because they are 
grouped c lose ly  in space ,  whereas the trajec- 
tories corresponding to  the valleys fall a lmost  
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T a b l e  2.1. P i tch  Angles (a)  and Radia l  Posit ion 

of  Beam H e l i x  a t  the Injector Ax ia l  Location 

[r(z = 42 in.)] Calculated from the Peaks and Va l leys  

Observed in F ig .  2.1 

Also shown are  the ax ia l  posit ions of the helix 
corresponding to  the same peaks  and valleys 

for the radial position of the  injector  [z(r= 9.30 in.)] 

a a r Z d 
(2 2 28 in.) (z = 42 in.) (z = 42 in . )  (r = 9.30 in.) 

(deg) (de g) (in.) (in.) 

5.43* 
3.82% 
2.84% 
2.20* 
1.70* 

4.68** 

3.41** 

2.52** 

1.76** 

9.20 9.30 
8.53 9.33 
8.07 9.34 
7.73 8.72 
7.56 8.37 

3.22 

3.53 

3.43 

5.93 

42.0 
42.1 
42.0 
42.3 
42.5 
39.9 
44.7 

40.1 
44.8 
40.0 
44.6 
38.8 
43.1 

* P e a k s  
* * V a l l e y s  

180' in phase away from the injector a t  the axial  
posit ion of the injector.  In other words, had one 
considered the trajectories of orbits with the pitch 
angles  given by the location of the valleys and 
s tar ted from the injector, one would find that  a t  
the z location of the detector one would simply 
not have s e e n  that  trajectory.  

Since the peaks,  corresponding t o  trajectories 
that  are not disturbed greatly, a re  still s e e n  be- 
yond the midplane, i t  appears  that  the molecular 
ions do  follow single-particle orbits over a t  least 
one-fourth of their path. There is no evidence 
other than some molecular-ion radio-frequency ob- 
servat ions that  the beam is unstable,  and no 
macroscopic changes in  the beam location from 
that expected have yet  been determined. How- 
ever,  the presence of a plasma potential may 
cause  sufficient precession of the beam upon its 
motion down the machine and back that  one can- 
not b e  sure  that  the entire molecular-ion orbit is 
that theoretically calculated,  taking the magnetic 
field alone. 

2.3 HYDROGEN-ARC DISSOCIATION 

In previous experiments using a hydrogen arc  
for dissociat ion of the molecular-ion beam, we 
could not get  the operating pressure below 4 x 
torr. We had found that  cylindrical  baffles around 
the anode and cathode reduced the pressure in 
the plasma region. T h e s e  s h i e l d s  caused  the 
gas  produced by neutralization of ions ejected 
from the a rc  t o  b e  reionized by scat ter ing into 
the arc column. Insufficient pumping in  the end 
regions,  however, still prevented lower-pressure 
operation because  of gas  streaming through the 
mirror throats into the plasma region. The  u s e  
of improved titanium evaporators operated at high 
evaporation ra tes  (-10 g/h, see Sect.  2.6) h a s  
brought the pressure down t o  1 .2  x torr with 
a hydrogen arc and to  4 x torr with a deu- 
terium arc .  T h e  arc  geometry is shown in  F ig .  2 .2 .  

A detai led s tudy of the plasma found h a s  been 
delayed by our recent discovery that the energy- 
sens i t ive  detectors  have relatively greater s e n -  
s i t ivi ty  a t  high energies  (see Sect .  2.4). T h i s  
faul t  is particularly troublesome in hydrogen-arc 
experiments because  the observed spectrum shows 
unusually large fractions of very energet ic  par- 
t i c les .  The  difficulty does not affect  the  foil 
detectors ,  and the plasma densi ty  obtained by 
integrating their current gives the densi ty  of plasma 
ions above 50 keV energy. The  maximum densi ty  
s o  far observed by the foil detectors  with H, a rc  
dissociat ion is -5 x l o 9  ions/cm3, assuming a 
plasma radius of 15 cm. Because  of the diffi- 
cu l t ies  with the collimation sys t em of the energy 
analyzers,  the  radial  distribution of the plasma 
is poorly known, and a more accura te  value of 
the densi ty  must awai t  future experiments.  

W e  had reported that  in  g a s  dissociat ion ex-  
periments, there was  no rf act ivi ty  in  the central-  
peak plasma after beam turnoff. Using a hydrogen 
arc  for dissociat ion,  we now see rf after beam 
turnoff for dens i t ies  greater than l o 9  ions/cm3 
in the hot plasma. T h e  rf occurs in  bursts  with 
intervals as  long as 0.1 to  0 .2  sec between bursts ,  
the pattern extending for a s  long a s  severa l  sec- 
onds after beam turnoff. T h e  rf burs t s  become 
more infrequent with time but more numerous a t  
a given time a s  the plasma densi ty  is increased.  

4P. R. Bell e t  a l . ,  P h y s .  Rev.  L e t t e r s  16,  1152 (1966); 
Thermonuclear Div. Semiann. Progr. Rept .  Apr. 30, 1966, 
ORNL-3989, p. 15. 
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Fig. 2.2. Section of  DCX-2 Showing Hydrogen-Arc Electrode Locat ions and New B a f f l e  and T i tanium Evaporator Arrangements. 
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( b )  
10 / 25 /66 
2 -7 
0 2 s e c / c r n  

Fig.  2.3. ( a )  Upper Trace I s  the Integral of  Charge- 

Exchange Neutra l  Current After Beam Turnoff; Integral 

Increases Downword a t  3.3 y lo-' ' Coulomb/Division. 

T h e  other traces ore brood-bond rodio frequency in  the 

range 0 to 17 Mc in rings 3, 4, ond 5 along the liner. 

R ing 4 is  ot the midplane. Pressure, 5 .2 x torr 

raised wi th  hydrogen; sweep speed, 0.2 sec/division. 

( b )  Upper T r a c e  I s  an Integral a s  in  ( a ) ;  the Lower  

T r a c e  i s  Hf Fundamental Detected by an RF Spectrom- 

eter from Midplane. Sweep speed, 0.2 sec/divisian. 

Note  change of slope in the integral curves in coincidence 

with rf bursts. 

Figure 2.3 shows the typical behavior. Also 
shown on the same  traces are  the  integrals of 
the current from one of the neutral detectors .  Cor- 
relation of the increased charge-exchange l o s s  
and the rf  burs t s  is apparent.  Another integral  
curve is plotted semilogarithmically in Fig.  2 .4 .  
Several interesting fac ts  c a n  be inferred from these  
resul ts .  F i r s t ,  s i n c e  the integral  of the charge- 
exchange current increases  more rapidly during 
a burst ,  energy mixing is throwing some particles 
to lower energies ,  where they are lost more rap- 
idly by charge exchange. Second, the fact  that  
the s lope of the integral  after the burst is not 
noticeably different from its value jus t  before 
sugges t s  that  only a small  fraction of the par- 
t ic les  in the machine is los t  during any one burst .  

A plausible explanation for the observed be- 
havior is that the instabil i ty depends on the 
energy distribution. A s  more and more low-energy 
particles a re  los t  through charge exchange,  a 
threshold is exceeded, and the result ing disturb- 

1 ' 9/27/66 2-2 I 1 
1 R4P8  I 

. 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
TIME (sec)  

Fig. 2.4. P l o t  of  F o i l  Detector Integral a t  DCX-2 
Midplane. T h e  heavy broken l ine  represents intervals 

of rf emission. Pressure, 2.5 x torr. 

ance  reestabl ishes  a s tab le  distribution. Hal l  
h a s  presented a theory for such  an instabi l i ty ,  
but we have not been a b l e  t o  es tab l i sh  a quan- 
t i ta t ive comparison. Further theoretical  s tud ies  
of interaction of two groups of par t ic les  of spec -  
ified energy distribution are in progress (see Sect .  
8.4). The  instabil i ty appears  to  reestabl ish equi-  
librium with only negligible par t ic le  l o s s .  Also,  
it is s e e n  that  there is not a s t rong dependence 
of threshold on densi ty ,  s i n c e  the rf occurs  af ter  
the plasma h a s  decayed to  only a small  fraction 
of the  beam-on value.  We are  encouraged, there- 
fore, t o  bel ieve that  the distribution is al tered 
in s teady s t a t e  by th i s  mechanism without limiting 
the  densi ty  that  c a n  b e  achieved. 

The  harmonic content of the radio frequency 
emitted during decay was considerably different 
from that  emitted during beam-on intervals .  F igu re  
2.5 shows the  spectra  for the two c a s e s .  The  
H f  fundamental is weaker than the second har- 
monic with beam on, but it is more in tense  than 

'L. S. Hall, W. Heckrotte, and T. Kammash ,  Phys .  
Rev. Letters 13, 603 (1964). 
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Fig. 2.6. R F  Harmonics Dur ing Plasma Decay. The  

upper trace i s  the gated f o i l  detector in tegra l ,  the middle 

trace is  the H+ fundamental, and the lower trace i s  the 

second harmonic - both as seen bv r f  spectrometers. - 
0 4 00 200 300 

MC 

Fig. 2.5. ( a )  R F  Spectrum Emi t ted  Dur ing Beam-on 

Intervals; ( b )  T h a t  Emi t ted i n  Beam-off I n te rva l s  Dur ing 

Plasma Decay. 

the second harmonic during decay. T h e  t ime  
behavior of the fundamental and  second harmonic 
is shown in Fig.  2.6. 

The rf bursts  during decay have a n  effect  upon 
the cold plasma streaming out along the field.  
A gridded probe (see Sect .  2 .5)  was  located in- 
s ide  the main mirror but a t  a mirror ratio of 1.1 
s o  that no high-energy ions reached i t .  The probe 
was adjusted t o  accep t  e lectrons and t o  reject  
ions with ax ia l  energy less than 290 eV. The 
response of th i s  probe is shown in F ig .  2.7.  
When the beam w a s  cut  off, the  electron current 
became small .  During the  decay,  there were short  
bursts of s igna l  coincident with rf bursts.  T h e s e  
represented ions of energy above the 290-V re- 
pelling potential  of the  second grid of the probe. 
T h e s e  ions a r e  being heated by the rf, producing 
instabil i ty or being ejected by i t  from a n  exis t ing 
warm ion population. 

Attempts t o  observe polarization of the  rf from 
the plasma by measurements a t  the liner wal l  
have produced poor resul ts  except  a t  very low 
plasma densi ty .  A short  dipole probe was  pre- 
pared to  measure inside the plasma. By pulsing 
the injected beam for only a short  time (-70 
msec), the probe temperature did not go above 
a red heat.  T h e  foi l  detector integrals were re- 

The pressure was 2.5 x torr, and 

was 0.1 sec/d iv is ion.  

the sweep speed 

PHOTO 85966 

9/19/66 2 - 2  
0 . 2  s e c / c m  
4 - 8  
3-3 
5 - 3  

1 - 4  9P 
4 . 9 - 2 . 5 x  10-6 to r r  

Fig. 2.7. "Warm" Ions Ejec ted  A x i a l l y  Dur ing RF 
Bursts. Upper three traces s imi lar  to  t he  upper three 

traces of  F ig .  2 .3a .  T h e  lower trace i s  the current to  

the co l l ec to r  of a gridded probe at +45 V behind a 

+ 2 9 0 - V  second grid. T h e  upward d i rect ion represents 

i on  co l lect ion,  and the downward d i rec t i on  represents 

e lect ron co l lect ion.  Note the ion co l l ec t i on  pulses 

co inc ident  w i t h  r f  bursts. 

duced to approximately half with the probe t ip  
- 3  in.  from the  plasma axis .  T h e  rf was  con- 
siderably more intense with the dipole a x i s  in 
the  azimuthal direction than in the direction of 
the field l ines ,  as was  expected. Figure 2.8 
shows the two responses .  A spectrum measured 
with a magnetic loop a t  the liner wal l  is shown 
for comparison. 

At the  lowest  pressures  the plasma decayed 
qui te  slowly (-0.25 to  0.5 sec time constant  af ter  
a short  period of more rapid decay),  and the  cold 
plasma and the  plasma of the arc  had a long time 
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Fig. 2.8. Radio-Frequency Spectra. (a )  Shows the 

response o f  a short  d ipo le  probe ins ide  the plasma at  

3 in. from the axis.  The d ipo le  i s  pointed along the  

azimuthal  d i rect ion.  ( b )  Shows the response of the  

same probe or iented a long the f i e l d  l ines.  ( c )  Shows 

the response o f  a magnet ic loop probe at  the l iner  wa l l .  

The "white" no ise  smear ending at  about 1500 Mc i s  

produced by the  D 2  arc. T h e  sharp cu to f f  i s  produced 

by o 1500-Mc low-pass f i l ter .  

t o  degrade the energy of the  trapped ions.  T o  
get an  est imate  of t h i s  effect, the  beam was  
operated 2 sec on and 20  sec off. T h e  energy 
analyzer was  switched on during the  beam-off in- 
terval .  The  spectrum was  tha t  of the  ion energ ies  
a t  the  time of their e s c a p e  by charge exchange. 
Th i s  spectrum should be the  same  as that  ob- 
tained during beam-on by correct ing the  neutral 
flux for the  charge-exchange c ross  sec t ion ,  if the  
e f fec ts  of energy degradation and energy spread-  
ing were negligible or compensated each  other. 
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Fig.  2.9. Energy Spectrum of P lasma Protons Dur ing  

Decay of the DCX-2 Plasma. (a) From 0 t o  15 sec af ter  

beam turnoff .  ( b )  From 2 to 15 sec of ter  beam turnoff.  

Figure 2 .9a  is the  spectrum obtained. Th i s  is 
qui te  s imilar  t o  the  beam-on spectrum usual ly  
obtained. It is not correct t o  suppose  that the  
e f fec ts  of both energy spreading and degradation 
a re  negligible, however, because  of the great 
similarity of F ig .  2.9b, which is a spectrum ob- 
tained in  the same  manner except  that the energy 
analyzer  w a s  switched on after a delay of 2 sec 
after beam-off. A greater number of decay cyc le s  
were of course  required. The  great similarity 
of both curves shows that the energy-spreading 

L 

i 
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process  must b e  unimportant during decay and 
that the  energy degradation process in  the arc 
and cold plasma must be  the  major factor deter-  
mining the energy distribution after beam turnoff. 
T h e  effect of charge exchange in hardening the  
spectrum must be  balanced by the softening ef- 
fect of energy degradation, s ince  a sor t  of equi- 
librium is reached. The  plasma decay times ob- 
served are  close to  those  expected due to charge 
exchange alone, showing that t he  energy deg- 
radation is not extremely rapid. 

2.4 ENERGY ANALYZER DEVELOPMENTS 

The highly collimated scanning  s i l icon  barrier 
detectors used to  measure the  distributions in 
energy, pitch angle ,  and radial position of the 
charge-exchange neutrals from the trapped ener- 
getic protons and the  direct  d i ssoc ia t ion  neutrals 
from the H 2' beam have been described previously. 
Their main limitation in analyzing these  energetic 
neutrals had been the relatively poor energy res- 
olution, -30 keV full  width a t  half maximum 
(FWHM) for the  complete analyzer system. Ex- 
cep t  for the sharp dissociation and charge-exchange 
peaks from the  H,' and H,' beams, the energy 
spectrum of the  energetic neutral flux does  not 
change significantly in 30 keV, and the smearing 
of the spectrum as  a result  of t h i s  lack  of res- 
olution was  not a ser ious  problem for proton ener- 
g ies  above -100 keV. However, t he  proton energy 
region below -80 keV could not b e  studied due  
to  detector noise,  and the distribution of lower- 
energy protons in  DCX-2 could not be  measured. 
For  this  reason, a high-resolution analyzer using 
a cryogenically cooled detector and preamplifier 
h a s  been constructed in  cooperation with ORTEC 
and used in  DCX-2. 

Figure 2.10 is a photograph of the assembled 
probe. T h e  rotating scanning head is vis ib le  in 
the *45O viewing aperture in the front circular 
copper plug tha t  s e a t s  in the inner vacuum liner. 
Figure 2.11a shows the spher ica l  scanning head 
with the attached so l id-s ta te  F E T  preamplifier. 
Figure 2.11b is an  exploded view of t h i s  a s -  
sembly showing the construction de ta i l s .  The  

6Thermonuclear Div .  Semiann. Progr. R e p t .  Oc t .  31 ,  
1963, ORNL-3564, s e c t .  2 . 2 ;  Thermonuclear Div .  Semi- 
ann. Progr. Rept .  Oct .  31, 1964, ORNL-3760, s e c t .  2.4. 
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F ig .  2.10. Assembled Cryogenic Energy Analyzer 

Probe. T h e  scanning head rotates *45' about i ts  

horizontal  ax is  whi le  viewing k45' i n  the perpendicular 

plane. T h e  orientation of the probe in the machine 

determines whether a perpendicular or paral le l  s l i t  scan 

i s  being made. 

scanning  assembly shown in F ig .  2.11a is en- 
c losed  in the  liquid-nitrogen-cooled copper box 
s e e n  behind the  front copper plug in F ig .  2.10. 
P lac ing  the so l id-s ta te  preamplifier adjacent t o  
the detector reduces the preamplifier input ca- 
pacitance and its assoc ia ted  noise.  Cooling the  
detector and preamplifier further reduces the noise.  

The  new analyzer with a detector a rea  of 50 mm2 
has  a n  energy resolution of 13 keV FWHM for 
40-keV protons a t  room temperature and 4.5 keV 
FWHM a t  l lS°K,  its optimum operating temper- 
ature. The  energy resolution is below 5 keV 
FWHM over a fairly wide operating range, from 
-95 to  -140°K, and protons down to -15 keV 
c a n  now b e  reliably analyzed. The  response  of 
the  detector to the 270-keV neutrals from dis -  
sociation is shown in Fig.  2.12. A fault  in the  
collimation required for reduction of the charge- 
exchange flux to the detector has  recently been  
recognized. As described previously, the  col- 
limation cons i s t s  of a narrow slit followed by a 
pinhole. T h e  pinhole typically is a 10-p-diam 
hole in  a platinum-iridium disk.  To reduce ana-  
lyzer vignetting, the central  portion of the  d isk  
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Fig.  2.11. Scanning Head Assembly. T h e  scanning head w i th  at tached so l id -s ta te  preampl i f ier  i s  shown i n  ( a ) .  
T h e  shaft  holds d i f fe ren t  s i ze  co l l ima t ing  pinholes, and the assembly rotates about the shaf t  axis. An exploded 

v iew o f  t h i s  assembly i s  shown i n  (b). From bottom l e f t  to top r igh t  can be seen the back of  the scanning head, 

the co l l imat ing  5- or 20-c~ op t i ca l  s l i t ,  the s t i ck  ho ld ing  lo-,  20-, ond 40-c~ pinholes,  the  c i r cu la r  s i l i c o n  barr ier  

detector, and the  FET preampl i f ier  w i th  at tached s igna l  and b ios  leads. The cab le  d r iver  i s  also shown at the top. 
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Fig.  2.12. Energy Spectrum of  the DCX-2 Plasma 

Showing D i s s o c i a t i o n  Neut ra l  Peak a t  270 keV. T h i s  

spectrum was made w i t h  the  improved energy analyzer 

and shows improved resolut ion.  Energy co l i  brot ion i s  

-40 keV per d iv is ion .  

was  made thinner. Th i s  thinner portion is pene- 
trated by protons above 1 MeV and was  sa t i s -  
factory when there were relatively few such  pro- 
tons.  Recently with hydrogen-arc d issoc ia t ion  
the  population of high-energy protons h a s  been  
greatly increased, and the  effect of the  pene- 
tration cannot be neglected. New arrangements 
a re  being prepared to eliminate this  difficulty. 
The  “thinned” collimators were first  used after 
April 13, 1964. Spectra with a rc  dissociation 

with mean ion energies above 1 MeV had been 
obtained with the  old thicker collimators. 

2.5 MEASUREMENTS OF THE COLD PLASMA 
WITH GRIDDED PROBES 

Gridded probe measurements of the  cold plasma 
have been made previously and are  d i scussed  in 
earlier semiannual reports. A grounded first  grid 
is used to  prevent disturbance of t h e  plasma by 
the probe potentials.  A second grid is strongly 
b iased  to repel ions  or e lec t rons  while the col- 
lector p la te  ob ta ins  a repulsion curve of the  re- 
maining s p e c i e s  a s  it is swept  through a range 
of voltages.  

Improved probe measurements were taken 20 to  
3 0  c m  axially beyond the hot-ion plasma a t  sev -  
e ra l  different radial  d i s t ances  from the a x i s  of 
the  machine during a g a s  d issoc ia t ion  run. Fig- 
ure 2.13 shows the  variation in average plasma 
potential a s  a function of radius for s eve ra l  dif- 
ferent pressures .  The  values of plasma potential  

7Thermonuclear D i v .  Serniann. Progr. R e p t .  Apr .  30, 
1964, ORNL-3652, s e c t .  2 . 2 . 2 .  

‘Thermonuclear D i v .  Serniann. Progr. R e p t .  Apr.  30,  
1963, ORNL-3472, p. 13; Thermonuclear D i v .  Semiann. 
Progr. R e p t .  Apr.  30, 1966, ORNL-3989, p. 26.  
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Fig. 2.13. P lasma Potent ia l  vs Radia l  Distance from 

Plasma A x i s  a t  Several Gas Pressures. T h e  plasma was 

produced by gas dissociation. 
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Fig.  2.14. Electron and Ian Saturation Currents a s  a 

Function of Radius. T h e  plasma w a s  produced by gas 

dissociation. 

shown have been corrected for a zero shift  in 
the negative direction by using the plasma po- 
ten t ia l  obtained from a hydrogen-arc plasma and 
assuming that t h i s  plasma potential is approxi- 
mately +5 V. The  c a u s e  of this  negative shif t  
in the gridded probe measurements is not fully 
understood. 

Figure 2.14 shows the variation in the ion and 
electron saturation currents a s  a function of d i s -  
tance from the ax i s  of the machine. The  large 
peak in  the electron current a t  +7?4 in.  is a t  the 
location of the inner face of the injector. T h i s  
effect is expected, s ince  the Larmor orbits of 
the “cold” ions  are large enough to  s t r ike  the 
injector, while the accompanying electrons have 
smal l  orbits and must leave along f lux- l ines .  
This  peak is present a t  a l l  p ressures  for which 

measurements have been made (from 1 . 6  x lo‘’ 
to 5.2 x torr). The  plasma potential in 
F ig .  2 .13 shows a peak a t  the ax is  and y ie lds  
radial  e lec t r ic  f ie lds  up to  40 V/cm at  the lowest 
pressure.  A t  pressures above that marking the 
transition from the central-peak plasma to  the 
side-lobe plasma (-3 x torr), the plasma 
potential and the radial  e lec t r ic  field a re  much 
reduced. 

2.6 IMPROVEMENTS IN VACUUM 
T ECHNO LOGY 

One purely technical problem which requires 
continual work is the improvement of the pres- 
sure in DCX-2. The  problem becomes aggravated 
in the presence  of a hydrogen arc  because  of 
the large throughput of hydrogen required to  oper- 
a t e  the a rc .  Measurements of pumping speed  using 
the original form of titanium evaporators were 
disappointingly low (* 10,000 l i t e r s / sec )  a t  these  
large throughputs. Several modifications of the 
DCX-2 pumping configuration have resulted in 
improving the  net pumping speed  in each  end to  
approximately 60,000 l i t e rs / sec ,  even in the pres- 
ence  of the large throughput expected from the 
hydrogen arc .  The  modifications include changes  
in the end l iner shown in F ig .  2.2, which incor- 
porates the u s e  of evaporators extended along 
the field l ines  in order to increase  the condensed 
titanium area .  Taking into account t‘he conductance 
into the evaporation region, the observed pumping 
speeds  are cons is ten t  with a s t ick ing  probability 
for hydrogen which is comparable to those  ob- 
tained by Claus ingg  at similarly high throughput. 
Measurements of the evaporation ra te  from these  
fi laments indicate that with acceptab le  values 
of the heater current, the evaporation ra te  reaches 
about v2 g/h per filament (the filament length 
is 12 in.). Th i s  corresponds to a gas  feed of 
0.6 x a toms/sec  or 0.035 cm3/sec of hy- 
drogen. Under these  conditions, in agreement 
with Clausing’s results,  we a re  ab le  to  maintain 
the high pumping speed  a t  the large g a s  through- 
puts.  Th i s  is illustrated in F ig .  2.15. It may 
be noted that a s  the throughput is increased, 
pumping speed  remains relatively constant a t  

‘R. E. Clausing, A LargeScale  Getter Pumping 
Using Vapor Deposited Potassium Fi lms ,  Experiment 

ORNL-32 17 (196 1). 



20 

ORNL-DWG 66-12859 

7- Fig. 1 Pumping Speed vs Throughput of Hydrogen 
for E ight  12-in. T i tanium Evaporation F i laments  in 

DCX-2. 

6 x l o 4  l i t e rs / sec  and then fa l l s  rapidly. Rais ing 
the evaporation rate by rais ing the heater current 
increases  the value of throughput a t  which the 
break occurs,  but only improves the pumping speed  
s l ight ly .  I t  now appears  that  the pressures  ob- 
served with the hydrogen arc  a re  limited primarily 
by g a s  flowing from the end regions through the 
isolation tubes (venturis) into the l iner,  and that  
by su i tab le  differential  pumping, i f  the  arc  con- 
t inues t o  run s tab ly ,  one may reasonably expect  
lower b a s e  pressures .  A s  reported in Sect .  2.3 
the b a s e  pressures  s o  far obtained are  1 .2  x 
torr in the presence of a hydrogen arc  fed a t  1 to 
2 atm cm3/sec. With a deuterium-fed arc  with 
s l ight ly  different geometry, the pressure was 
4 x lo-' torr with reduced gas  feed.  
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3.1 INJECTION OF NEUTRALS AND 
TRAPPINGON AN ELECTRON 
RESONANT ENVl RONMENTAL 

MEDIUM (INTEREM) 

W. B. Ard 
M. C. Becker' 
R. A. Dandl' 
H. 0. Eason 

A, C.  England 
G. M. Haas '  
R. L. Livesey 
0. D. Matlock 

M. W. McGuffin 

3.1.1 Modifications 

During a large portion of th i s  semiannual report 
period, the  INTEREM facil i ty h a s  been under- 
going modifications. In particular,  a new neutral 
beam is being added to  the facil i ty.  The  ion 
source for the  beam h a s  been brought considerably 
closer  t o  the facil i ty,  and the  beam will  enter the 
facil i ty from directly above the magnetic axis .  
T h e  new beam should provide about 250 m A  equiv- 
a lent  of 20-keV How 

T h e  ion source is being suppl ied by t h e  Ion 
Source and Accelerator Development Group under 
the direction of G. G. Kelley ( s e e  Sect.  7.1). T h e  
beam will  be neutralized by a magnesium cell 
prior to i t s  entrance into the  trapping region, as  in  
the  DCX-1.5 and the  proposed DCX-3 experiments. 
The  facil i ty is expected to  b e  in  operation within 
a few months. Figure 3.1 
of the completed facil i ty.  

shows a schematic  view 

'Instrumentation and Controls Division. 
'Present Address: T e x a s  A & M University, College 

Station. 

3.1.2 Impurities 

Some s tudies  wete made of the  contamination 
problem during th i s  report period. T h e  chief 
sources  of contamination that had been observed 
spectroscopical ly  during the  operation of t h e  elec- 
tron-cyclotron plasma (ECP) were copper and 
carbon. By the  simple expedient of evaporating a 
thin layer of aluminum over the ins ide  of the  mi- 
crowave cavity,  the copper contamination was  re- 
duced to a negligible amount. No aluminum con- 
tamination was  spectroscopical ly  observed in  the 
E C P  after t h e  evaporation. However, t h e  carbon 
contamination remained. It is believed that  very 
extensive modifications on the  vacuum system 
would have to b e  made t o  eliminate the carbon, 
s i n c e  it probably a r i s e s  from the  presence  of dif- 
fusion pump oil. 

3.1.3 Spectral Studies in INTEREM 

J. R. McNaIly, Jr. 
A.  C .  England 
M. W. McGuffin 

Earl ier ,3  some spectral  s t u d i e s  of He and N, 
feed g a s  to INTEREM revealed the  rapid increase  
i n  intensity of the  spectra  of higher states of ioni- 
zat ion a s  the  microwave power was  increased.  
Data  obtained s ince  that time on t h e  spectral  
intensity variations of N,', N,', and No with power 
a re  i l lustrated in  Fig.  3.2. 

T h e  spec t ra  of the  molecules N,' and N,' reach 
a saturat ion intensity quite rapidly, sugges t ing  

3Thermonuclear Div. Semiann. Progr. Rept .  A p r .  30, 
1966, ORNL-3989, p. 35. 
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HIGH-VOLTAGE SHIELD 4’ 

VACUUM MANIFOLD 
,‘\ 

MICROWAVE 
GENERATOR 

{- ION SOURCE 

rki i 

VACUUM TANK 

Fig. 3.1. Schematic V i e w  of the INTEREM Faci l i ty .  T h e  vaccum box i s  about 4 f t  square in  the  sect ion shown, 

and the magnetic f ie ld therein i s  directed normal to the paper. 

that  these  spec ie s  are exci ted and ionized pri- 
marily a t  the surface of the plasma. On the other 
hand, the spectrum of No (which is probably formed 
by a Franck-Condon electronic exci ta t ion of N: or 
N ,  to  repulsive electronic s t a t e s  which decay 
and produce fast No) continues t o  increase with 
very high power. T h e  Franck-Condon neutrals,  No, 
c a n  penetrate across  the magnetic field,  whereas 
the N t  cannot ( N t  also revealed a s a t ~ r a t i o n ) . ~  
Since the mean free path of the N o  due t o  i t s  

t 

higher velocity is probably long even a t  the  highest  
power levels ,  the spectrum of No is not expected to 
be grossly attenuated in  the  volume of the  plasma. 

T h u s  i t  appears  that  the NO’S represent Franck- 
Condon neutrals.  Such neutrals  would affect  ad- 
versely the “burnout” cri teria for plasmas; how- 
ever,  it should be noted that  the Franck-Condon 
fast-neutral  explanation may a l s o  represent a mech- 
anism for feeding cold nuclear fuel deep into a 
fusioning plasma. I 
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Fig .  3.2. Spectral Emission from a Nitrogen-Fed 

Plasma in the INTEREM F a c i l i t y  vs Microwave Power. 

N’, N2+, and N3+ not monitored i n  th is  series - see 

re f .  3 ,  F i g .  3 .6 .  

3.2 ELECTRON-CYCLOTRON HEATING 
EXPERIMENTS IN THE ELMO FACILITY 

W. B. Ard 
M. C. Becker’ 
R. A. Dandl’ 
H. 0. Eason  

A. C. England 
G. M. H a a s 2  
R. L. Livesey 
0. D. Matlock 

M .  W .  McGuffin 

During th i s  semiannual report period, ELMO was 
operated in  several  open-ended magnetic config- 
urations with electron-cyclotron plasmas heated 
by 3-cm microwave power. T h e  three magnetic 
configurations used were double-folded cusp,  
mirror, and “stuffed” folded cusp.  The f i rs t  two 
configurations have been described in previous 
reports. 4 * 5  The  “stuffed” cusp configuration was 

4Thermonuclear Div. Semiann. Progr. Rept .  Oct. 31, 

SThermonuclear Div. Semiann. Progr. Rept.  Apr. 30, 
1965,  ORNL-3908, sect .  3.2. 

1966, ORNL-3989, sect. 3.2. 

made by the addition of a current-carrying “stuffing 
bar” along the a x i s  of the  machine. 

T h e  microwave cavity used was  57 c m  in diam- 
eter,  51 c m  long, and extended into the ax ia l  and 
annular throat regions to  allow good pumping 
through perforated metal surfaces .  In t h e s e  regions,  
plasma was expected to l eave  the containment re- 
gion along field l ines.  A maximum of 5.1 kW of mi- 
crowave power was obtained from a Varian VA-848 
klystron amplifier operating a t  a frequency of 10.6 
GHz. The  experiment was diagnosed by a variety 
of slow and f a s t  particle probes (both axial  and 
radial), but experiments designed to analyze sev-  
eral  producible instabil i ty modes have not yet  
been performed. The principal observations to 
da te  have employed an  x-ray pinhole camera and 
the particle probes. 

Figure 3.3 shows a pinhole camera x-ray photo- 
graph obtained when the  facil i ty was  operated with 
a mirror magnetic field with a mirror ratio of 3.3:l. 
In this  and the following pictures the  a x i s  is hor- 
izontal  and the midplane is vertical .  T h e  inter- 
es t ing  features of th i s  photograph are a s  follows: 
(1) there is evidence of a contained plasma be- 
tween the mirrors, (2) there are l o s s e s  to  the  
mirror throats (the bright rings a t  a radius of 9 cm), 
and (3) there are l o s s e s  t o  the radial  wal l  of the 
cavity (radius 2 28  cm). T h e  bright s p o t s  near 
the  midplane were identified as s m a l l  projections 
on the interior of the  radial  wall. 

Some neutrons, probably from Coulomb dis- 
sociat ion of deuterium, a re  observed under these  
conditions, but the flux is severa l  orders of mag- 
nitude Iower than that  observed with 8-mm radiation. 

Figure 3.4 shows a pinhole camera x-ray photo- 
graph when the  facil i ty is operated a s  a double- 
folded cusp. T h e  heating zone is a c losed  surface 
with a radius and axial  width approximately the 
same a s  those of the contained plasma,  as s e e n  
in the photograph. 

T h e  large bright rings (radius 2 18 cm)  a re  the  
s i d e  wal l s  of the cavity where the field l ines  near 
the separatrix leave the plasma containment zone. 
T h e s e  bright rings represent plasma l o s s e s  out 
through the l ine  cusps.  T h e  photograph shows  a 
fairly uniform plasma fi l l ing the  region ins ide  t h e  
heating zone and with ((horns” extending into the  
l ine cusp  regions. A corresponding ‘(horn” out  
through the  axial  point cusp is not s e e n ,  probably 
because  of the  smaller thickness  of plasma along 
the chord from t h e  pinhole camera. 
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An unexpected result  from th i s  configuration is 
that no neutrons a re  observed when the plasma is 
fed with deuterium gas. X-ray spec t ra  taken show 
nox rays with energies exceeding 2 MeV. However, 
the absence  of an  energetic tail on the electron 
distribution may be  the result  of nonadiabatic 
l o s s e s  of the electrons of energy >2.2 MeV neces- 
sa ry  for this reaction. 

Another surprising feature of t h i s  configuration 
is the  ex is tence  of a n  instabil i ty tha t  c a u s e s  
ax ia l  plasma l o s s e s ,  correlated on severa l  ax ia l  
probes. T h i s  instabil i ty could be  suppressed  by 
increas ing  the  gas pressure,  provided the mag- 
netic-field strength had been so  increased as to  
remove by a l eas t  a factor of 2 t he  c losed  sur face  
for electron-cyclotron resonance from the  region 

c 

F ig .  3.3. P inhole  X - R a y  Photograph of the Plasma when ELMO I s  Operated as o Mirror. T h e  plasma i s  supplied 
with 3 k W  o f  microwave power. T h e  D g a s  pressure i s  3.0 x torr. 

2 
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of “bad” field curvature in  the cusps .  T h i s  in- 
s tabi l i ty  might therefore be a s soc ia t ed  with plasma 
i n  regions of bad field curvature in  the ring cusp 
regions communicating with plasma in  the main 
volume. 

Figure 3.5 shows a pinhole x-ray photograph 
with the stuffing bar on the a x i s  of the  machine 
but no current in the bar. T h e  magnetic field is 

approximately the same  a s  in the  previous picture. 
T h e  l o s s e s  out the  l ine  cusp  are  observed a s  
are l o s s e s  to  the bar. Losses on the bar are s e e n  
both a t  the  magnetic-field zero on the midplane, 
and axially out into the  point c u s p  regions. 

T h e  fact that  the  bar shows up a s  two bands of 
illumination a t  the top and bottom of the  bar rather 
than being illuminated uniformly is peculiar. We 

F i g .  3.4. Pinhole X -Ray  Photograph of the Plasma when ELMO Is Operated as a Fo lded  Cusp. T h e  plasma i s  
supplied with 3 kW of  microwave power at a D gas pressure of 2.0 x loe5 torr. 2 
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interpret th i s  limb brightening a s  being due t o  two T h e  to ta l  current in  the  
effects: (1) the  energet ic  e lectrons s t r iking the  bar is 65,000 A, which produces a minimum-B 
bar emit x radiation nonisotropically, and (2) the  magnetic wel l  near the bar. Another electron- 
chord length from the  camera through the  emitting resonance heating zone  is a l s o  created within a 
region is longest  near the  edges  of the  bar. few cent imeters  of the  bar. T h e  picture shows 

Th i s  picture is to b e  contrasted with the  fol- that  the  l o s s e s  t o  the  bar are reduced but not en- 
lowing picture, Fig. 3.6, i n  which the  current in tirely eliminated by the  presence  of the  bar field. 

the  stuffing bar is on. 

F i g .  3.5. Pinhole X-Ray Photograph of the Plasma when ELMO I s  Operated a s  a Fo lded  Cusp.  There  i s  a 

The  gos pressure i s  2.0 x 10’’ torr, and the plasma i s  supplied with 3 k W  nonenergized stuffing bar on the oxis. 

o f  microwove power. 
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On the  original photographs of F i g s .  3.5 and 
3.6, additional rings may be s e e n  concentric with 
the a x i s  and displaced on ei ther  s i d e  of the  mid- 
plane. T h e s e  rings are in the  approximate posit ion 
of mirror-like regions which are capable  of con- 
taining a small volume of energet ic  plasma. It 
is not understood, however, how t h i s  plasma con- 
tainment region is fil led,  s ince  i t  does  not inter- 
cept  a heating surface.  

Figure 3.7 is a pinhole x-ray photograph of the 
plasma with the cusp  f ie lds  increased,  but with 
the stuffing-bar field the same a s  in the  previous 
photograph. Again, l o s s e s  out the  l ine c u s p  
are s e e n ,  but, in addition, s eve re  l o s s e s  t o  the  
s tuff ing bar a r e  evident. T h e  l o s s e s  t o  the  bar 
may b e  of a nonadiabatic nature, s i n c e  the  field 
gradient is very s t e e p  near the bar. Some of the  
asymmetry s e e n  in the picture may b e  due t o  the 

F i g .  3.6. Pinhole X -Ray  Photograph of the Plasma when ELMO I s  Operated as a Folded Cusp with 

Bar Energized.  

pressure i s  2 . 2 ~  
In th is  case  the external f i e ld  coi l  currents are approximately the same as in  Fig. 3.5. 

torr, and the plasma i s  supplied with 2.7 kW of microwave power. 

the Stuffing 

T h e  D gas  2 
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bar a x i s  not being coincident with the magnetic regions, th i s  is understandable, s i n c e  the  bar 
a x i s  of the cusp field. Under the  conditions used field exer ts  negligible influence i n  this region. 
for th i s  photograph, there are  no instabi l i t ies  A s  i n  the  previous case, higher g a s  pressure still 
present.  s tab i l izes  t h e  plasma with t h e  stuffing-bar field 

Another observation is that  the  instabil i ty ob- on. 
served in the  c u s p  configuration is not affected T h e  faci l i ty  is presently shut  down due t o  a 
by the stuffing-bar field. If the  instabil i ty is as- mirror coi l  failure. 
sociated with particles near t h e  ring cusp  l o s s  

Fig.  3.7. Pinhole X-Ray Photograph of the Plasma when ELMO I s  Operated as a Folded Cusp with the Stuffing 

In th is  c a s e  the f la t  f i e ld  current i s  higher than in F ig .  3.6, so that the plasma radius i s  reduced. Bar Energized. 

T h e  plasma i s  supplied by 2.6 kW of microwave power at a gas pressure of 2.0 x torr. 
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D. L. Coffey 
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H. L .  Watts 

C. E. Parker 
J. F. P o t t s '  

4.1 INTRODUCTION 

T h e  DCX-3 program is an outgrowth of the  long 
theoretical  and experimental experience of ORNL 
in stabil i ty properties of plasma accumulated by 
energetic particle injection into open-ended mag- 
netic traps. T h e  bas ic  direction of the program 
was provided by T. K. Fowler 's  theoretical  iden- 
tification of free energy sources ,  and the cor- 
responding est imates  of the measures necessary t o  
reduce the associated levels  of instabil i ty t o  
tolerable l i m i t s  by sca l ing  of plasma dimensions 
and tailoring of velocity-space distributions. 
T h e  prime objective of this  program is conceived 
to  be the experimental t es t ing  of the  sca l ing  laws 
associated with instabi l i t ies  driven by diamagnetic 
current. 

Since Lorentz-force trapping in a low-pressure 
environment is t o  be employed, th i s  objective 
dictates  the u s e  of energetic neutral injection. A 
confining field of the  magnetic-well type was 
indicated for s tabi l i ty  against  low-frequency modes. 
For the first  experiments of th i s  program, a flexible 
field configuration is desired,  and a magnetic well 
of the  mirror-multipole configuration was  chosen. 
Consideration of the negative-mass instabil i ty 
dictated quadrupole windings, s i n c e  reversal  of 

'Now a t  Parma Technica l  Center, Electronics Divi- 

2T. K. Fowler, Phys .  Fluids 8, 459 (1964). 
sion, Union Carbide Corporation. 

Design) 

field gradient a t  small radius is more difficult 
t o  achieve with higher-ordered multipole windings. 

Developments in beam, vacuum, and diagnostic 
technology that are specif ical ly  oriented toward the  
DCX-3 experiments are described elsewhere (Sects. 
1 and 7). Here,  we will review the  s t a t u s  of the 
magnetic-bottle design. 

Before giving the de ta i l s  of the two designs that 
are being considered, we first  interject  some com- 
ments of a more general nature,  which in  part ex- 
plain the choice of these  designs.  T h e  desire  for 
a magnetic bottle of modest physical  s c a l e  requires 
operation with extremely high coil-current density.  
In terms of conventional, hollow, water-cooled 
copper conductors, t h e  design would then nec- 
essar i ly  involve small  conductor sizes and short 
cooling path lengths,  and one encounters very 
difficult design and construction problems in main- 
taining current connections in series but water 
connections in parallel. Contemporary facilities, 
ALICE and PHOENIX, operate with liquid-nitrogen- 
cooled copper coi ls .  In these,  f ield operation is 
pulsed, and the pulse length (a  few seconds )  is 
restricted by the allowable temperature rise of the 
copper. Steady-state operation of the  DCX-3 field 
is desired; hence t h e  designs being considered, 
one using coils of copper ribbon and one using 
superconducting co i l s ,  are even less conventional. 

In Sects.  4.2 and 4.3 we descr ibe the design 
employing ribbon co i l s  and that employing super- 
conducting co i l s  respectively. 

29 
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4.2 RIBBON COIL SYSTEM 

4.2.1 General Comments on Application 
of  Ribbon Coils 

Our interest  in th i s  approach was aroused by 
J .  N. Luton’s fabrication techniques3 and h a s  been 
sustained by h i s  success fu l  tests of several  ribbon 
coi ls .  - 

Luton’s original idea  was  t o  s ta r t  with a copper 
ribbon the width of the desired coi l  and long enough 
to  achieve the  required winding depth. Closely 
spaced grooves approximately 10  t o  1 2  m i l s  deep 
were then rolled t ransverse t o  the ribbon length on 
one surface.  T h e  coi l  is formed by laying a ribbon 
of insulation over t h e  copper and winding the two 
around a shaping mandrel. T h e  finished co i l  is 
supported against  axial  forces by insulated “wagon 
wheels” which bear against  the two coi l  faces  
perpendicular to  the co i l  a x i s 4  and is cooled by 
high-velocity water flowing between plenum cham- 
bers at these  same two faces .  There are a multitude 
of cooling paths ,  each only a s  long as the  ribbon 
is wide. 

Such co i l s  with t ransverse grooves are readily 
adaptable for u s e  a s  mirror coi ls .  Their only b a s i c  
fault seems to be the requirement of plenum cham- 
bers between the windings and the median plane. 
Under some circumstances t h e s e  chambers might 
protrude into t h e  plasma confinement volume. 

T h e  application of ribbon co i l s  in a quadrupole 
geometry is more difficult, primarily for two reasons.  
T h e  first  is a matter of the natural geometry of 
ribbon coi ls :  i t  is difficult to  conceive of winding 
such coi ls  s o  that t h e  individual coils of the 
quadrupole set are deformed from the  natural  planar 
geometry to  conform to a cylindrical  surface.  T h e  
la t ter  would be preferable, s ince  Ioffe “bars” 
would then b e  nearer the  mirror co i l  axis ,  and for 
a given number of ampere turns the  quadrupole field 
at points c l o s e  to  th i s  axis  would be stronger,  

T h e  second problem is that  the u s e  of ribbon 
co i l s  with transverse cooling grooves for the  quadru- 
pole s e t  would require a plenum chamber between 
the copper windings and the  mirror coi l  axis .  Thus  
the conductors would b e  even further from th is  ax is  

3Thermonuclear Div. Semiann. Progr. Rept.  Oct. 31, 

4ThermonucJear Div. Semiann. Progr. Rept.  Apr. 30, 

’sect. 9.1, th i s  report. 

1965, ORNL-3908, pp. 125-28. 

1966, ORNL-3989, pp. 110-13. 

and the  penetration of the quadrupole field further 
reduced. T h e  solution to  th i s  problem is t o  roll 
cooling grooves of considerably larger cross sec- 
tion parallel  to  the length of the ribbon and t o  
communicate to  t h e s e  grooves through the s i d e s  
perpendicular t o  the  plane of the  ribbon or in the  
planes of the  ribbons but from outs ide (rather than 
from the  plasma s ide)  of the quadrupole set. Either 
approach involves some difficult s t e p s  in  coil 
fabrication, as detailed in  Sect.  9.1. T h e  latter 
approach was chosen for the DCX-3 design. 

4.2.2 Coil and Electrical Parameters 

T h e  coi l  des igns  ut i l ize  copper ribbons of 0.028 x 
4 in. c r o s s  sect ion for the mirror coils and of 
0.036 x 4 in. and 0.036 x 3 in. c ross  sec t ions  for 
the  Ioffe coils. T h e  ribbons of the  Ioffe c o i l s  
have 0.125-in.-wide x 0.016-in.-deep longitudinal 
grooves and, t ransverse to t h e s e  grooves at  four 
points in each  turn, 2-in.-wide x 0.016-in.-deep 
grooves for connection of these  coolant paths  to 
the  water supply and return chambers. T h e  insula-  
tion between turns is 0.005 in.  thick. 

T h e  co i l  system is shown in Fig.  4.1 (median 
plane sect ion and longitudinal section). T h e  coil 
dimensions are  detailed in F ig .  9.1. T h e  electr ical  
parameters are summarized in T a b l e  4.1, and the 
proposed generator connections are shown in Fig.  
4.2. 

At full  power the mirror c o i l s  es tabl ish a 2 :  1 
magnetic mirror with a central  f ield value of 20 kG. 
In the median plane t h e  mir ror  field is c lose ly  
represented by B = B o ( l  - a r 2 )  for small  radius r, 
with a = 4.9 x 

At full power each  Ioffe coil generates  1.1 x l o6  
ampere turns and a compensation ratio6 (with full  
mirror field) of 1.5, which is probably enough to 
ensure proper behavior of precessional  drift sur- 
faces. 

Depending upon liner and diagnostic instal la t ion,  
the plasma radius would be 8 t o  1 0  cm.  With full 
power in both coil  s e t s  the magnetic well would 
extend t o  about half th i s  radius. 

cm-’. 

6Defined a s  the ratio of t he  quadrupole coil  current 
to that required to j u s t  compensate for the radial gradient 
of the mirror field a t  small  radius. 
7W. Bemste in  et at.,  P lasma Phys ic s  and  Controlled 

Nuclear Fus ion  Research, vol. 11, pp. 23-44, IAEA, 
Vienna, 1966. 

c 
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Ampere turns per coil  7.3 x lo5  1.12 X lo6  
Overall current density, 1.3 x lo5  7.5 X lo4 
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Fig. 4.1. Section V i e w s  of the Ribbon C o i l  System (Conductor Only). 
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v 
Fig.  4.2. Proposed Generator Connections for the 

Ribbon Coi l  System. 

1.0 io5 
(in 3-in. section) 

167 354 

2.85 4.37 

Voltage per coil, V 

Power per coil, MW 

4.2.3 Mechanical Design 

Figure 4.3 shows a pictorial view of t he  proposed 
mechanical structure.  T h e  construction is of s ta in-  
less steel, and metal seals are  used wherever pos- 
s ib le .  T h e  design allows reasonably convenient 
co i l  replacement and a l so  provides for complete 
removal of mirror co i l  c a n s  for liner installation. 
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Fig.  4.3. P ictor ia l  V i e w  of the Coi ls  and Mechanical Assembly of the Ribbon Coil System. 
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T h e  entire coil s t ructure  would be suspended 
within a vacuum tank from a large demountable lid. 
All utility and probe connections would b e  brought 
out  through th is  lid. T h i s  arrangement permits 
e a s y  installation of t h e  magnet structure and also 
allows a degree of flexibility in  t h e  alignment of 
t h e  magnet sys tem with respect  to a fixed horizontal  
beam line. 

T h e  magnetic forces  generated by the  coil s y s -  
tem have  been calculated,  and the  act ion of t h e s e  
forces  upon the  mechanical structure h a s  been 
analyzed. T h e  resultant force on individual coils 
is not extremely large,  but t h e  unbalances a r e  
such  that  local forces  a re  higher than the  resul tants  
would indicate.  For  example, the  direction of 
axial  force on a mirror coil changes  with azimuth, 
reversing four t imes,  s o  tha t  t h e  ax ia l  force on a 
s ingle  30° wedge of the  coil winding reaches a 
peak of 16,300 lb outward, even  though t h e  net  
force on the  whole winding is only 7500 l b  inward. 
Fortunately,  the  mechanical calculat ions indicate  
that the  structure pictured, with only s l ight  mod- 
if ications,  would b e  ab le  to withstand t h e  magnetic 
forces  even if t h e  coils themselves  a re  considered 
incapable of restraining any forces.  

4.2.4 Cooling System 

Under full  power t h e  coils will  consume 23 MW, 
and approximately 3000 gpm of demineralized cool- 
ing water at 190 p s i  supply pressure is required. 
T h e s e  figures c a n  b e  eas i ly  provided by t h e  gen- 
erator instal la t ions and t h e  cool ing system already 
in  use .  An additional filter to remove par t ic les  
down to 20-p size would b e  installed.  

T h e  coolant flow rate  through a s ingle  mirror coil 
is dictated by consideration of hea t  transfer as a 
function of flow velocity rather than by considera- 
tion of bulk heating; about 1000 gpm is required. 
T h i s  water is f i rs t  p a s s e d  through one coil and is 
then transferred from the  inner plenum of that coil 
to t h e  inner plenum of t h e  second coil. So t h e  
same water cools both mirror coils. T h e  transfer 
u t i l i zes  t h e  chambers that a re  formed beneath 
adjacent  s i d e s  of t h e  Ioffe coils. 

Bulk temperature r i se  of the  cooling water f ixes  
the flow in  the  Ioffe coils a t  about 500 gpm for 
each  coil and further requires that  the  cool ing 
paths  t race out only one-quarter of a turn. AS 
mentioned earlier,  communication t o  t h e  cool ing 

ORNL-DWG 66-12605 

Fig.  4.4. Water F l o w  Diagram Showing Cool ing Ar- 

rangement for the loffe Coi ls .  Here  the four c o i l s  are 

drawn a s  though they were in a single plane. 

paths  is made by means of channels  tha t  a r e  per- 
pendicular t o  t h e  cooling paths. Such channels  are  
provided at four points in each  turn, and t h e  ar- 
rangement of supply and return headers  required t o  
parallel  t h e  hydraulic pa ths  is shown in  F ig .  
Calculations, flow model t e s t s ,  and prototype 
t e s t s  show that  t h e s e  cooling arrangements 
adequate. 

4.3 SUPERCONDUCTING COIL SYSTEM 

4.4. 
coil 
a re  

In comparison with a system employing ribbon 
coils, t h e  u s e  of superconducting coils would in 
principle afford a number of advantages. Poss ib le  
confl ic ts  with the  operation of other faci l i t ies  
because  of generator schedul ing would be avoided; 
the  coil sys tem would provide a large cryopumping 
surface which should resul t  in lower b a s e  operating 
pressures;  s i n c e  power consumption is no  longer a 
limitation, a larger central  volume might b e  avail-  
able;  and t h e  prospects  for long-term successfu l  
operation of t h e  coils might b e  enhanced. For  
t h e s e  reasons  t h e  design of a superconducting coil 
system h a s  been pursued in  parallel  with t h e  ribbon 
coil design. 

To date ,  most of t h e  effort a long t h i s  l ine  h a s  
been devoted to computations and a n a l y s e s  of 
magnetic-field s t rengths  both within the  working 
volume and within the  coils themselves. T h e  
object of th i s  work h a s  been to provide a magnetic 
field within t h e  working volume which is su i tab le  
for t h e  proposed experiments, while at t h e  same  
t i m e  ensuring that  the  field s t rengths  within t h e  
coils are  low enough to permit u s e  of s tabi l ized 
conductors a t  t h e  required current densi t ies .  T h e  
coil system tha t  h a s  evolved from t h e s e  s t u d i e s  is 
shown i n  F ig .  4.5. T h e  design figures for overal l  
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Fig. 4.5. Section Views of the  Superconducting System (Conductor Only). 

current dens i t ies  are 7.3 x l o 4  A/in. for the mirror 
co i l s  and 6.8 x I O 4  A/in. * for t he  Ioffe coi ls .  T h e s e  
va lues ,  with the  mirror coils mounted for a 2 :  1 
mirror ratio, provide a cent ra l  field of 20 kG, a 
mirror field radial gradient parameter [ a  in B = 

Bo(l  - ar2) ]  of 0,0036 cm-2 ,  and a compensation 
ratio of 1.75. Maximum field in tens i t ies  a re  68 kG 
in the  mirror co i l  windings and 73  kG in the Ioffe 
co i l  windings. 

We anticipate the  u s e  of copper-stabilized niobium- 
titanium cable  for the  superconducting windings. 
Cable with su i tab le  magnetic properties appears 
t o  be  commercially available.  

The  electromagnetic forces generated by the 
windings have been calculated.  The  action of 
these  forces upon t h e  conductor is being analyzed. 
Some coi l  t e s t s  designed to  clarify this  area as 
well a s  to check  conductor performance a re  planned 
for the near future. 

In operation the superconducting system would 
be suspended within a vacuum tank whose interior 
walls are maintained at low temperature by liquid 

nitrogen. Two conceptual mechanical des igns  for 
the superconducting system have been completed. 
In one, each  of the  s i x  co i l s  is mounted within a 
separa te  vacuum-tight c a s e  which res t ra ins  the  
mechanical forces and a l so  s e r v e s  a s  the helium 
containment v e s s e l  for tha t  coil .  T h e  complete 
assembly is formed by bolting together t hese  s i x  
c a n s  along with other structural  members dictated 
by force considerations.  T h e  mirror coil locations 
can  be changed (not during operation) t o  obtain 
mirror ratios between 1.5 and 3.0. Since the  co i l  
cans  themselves ac t  a s  the  helium containment 
ves se l s ,  this  design has  the advantage of optimum 
experimental a c c e s s  but t he  disadvantage of being 
an  unconventional cryogenic system. The  assem- 
bly is surrounded by a radiation sh ie ld ,  possibly 
boiloff cooled. 

The  second design is structurally similar but 
cryogenically more conventional. T h e  Ioffe c o i l  
c a n s  are porous, and the  four are surrounded by a 
s ingle  helium containment ves se l .  T h e  mirror co i l  
cans  s t i l l  a c t  a s  separa te  helium vesse l s .  The  

L 
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. latter feature of the design is dictated by the 
requirement tha t  the c ros s  sec t ion  of the central  
volume in the median plane extend unobstructed 
through one end of the  system after some convenient 
partial  disassembly. In th i s  c a s e  the  disassembly 
is tha t  of removing a mirror coil and its can. T h e  
required access will be  necessary for installation 
of a liner t o  surround the  plasma region and pos- 
sibly for other operations as well. Th i s  feature of 
the  des ign  a l s o  allows change of mirror co i l  loca- 
t ions to obtain different mirror ratios.  

T h e  conceptual mechanical des igns  are now 
being considered in detail.  T h e  various cryogenic 
problems are also receiving attention. 

If the work in progress continues t o  indicate the 
feasibil i ty of t he  superconducting sys tem,  th i s  
system will be constructed for the  DCX-3 experi- 
ment. 
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5. Plasma Physics 

5.1 BEAM-PLASMA INTERACTION 
EXPERIMENTS 

I. Alexeff W. D. Jones  
W. Halchin R. V. Neidigh 

5.1.1 Introduction 

T h e  experiments result ing in turbulent heating 
of deuterium ions  by an electron beam have con- 
tinued in  the  Burnout IV and Burnout V devices. '  
In th i s  report period the  Burnout V device was 
modified by increasing the  l iner diameter a t  the 
midplane and by rotating the  magnetic ax is  within 
the  vacuum chamber so  as to u s e  the available 
space  more efficiently.  T h e  magnetic ax is  is now 
vertical  instead of horizontal. We had reported 
charged-particle track registration on ce l lu lose  
nitrate which was thought to be tr i tons,  a reaction 
product from the  plasma i n  the midplane liner 
region of Burnout V.' We have  now shown exper- 
imentally that 1-MeV tri tons are, indeed, above the  
track registration threshold, and therefore tr i tons 
from the D-D reaction are responsible for t h e  t racks  
we measure. On Burnout IV we have  used scint i l -  
lat ion detection t o  observe the 3-MeV protons f rom 
t h e  D-D reaction. A similar effort is in progress 
on Burnout V, but is requiring greater sophistica- 
tion in x-ray shielding. W e  are, of course,  en- 
deavoring to identify the  source  of the reaction 
products with the plasma. Wall reactions are quite 
common and present an annoying background, usu- 
ally masking the  s igna l  of interest .  Nuclear track 
plate detection of the  D-D protons h a s  apparently 
given the first  real evidence that some thermo- 
nuclear reactions are taking place in the plasma 
of this steady-state machine. 

'Thermonuclear Div. Semiann. Progr. Rept.  Apr. 30, 
1966, ORNL-3989, p. 43. 

5.1.2 Modifications 

Several improvements of the Burnout V apparatus 
have been made. The  rotation of the  magnetic a x i s  
t o  vertical  permits more s p a c e  outside the  mirrors. 
Pumping speed  in the  region is thereby increased, 
and the impurity flux from the end e lec t rodes  is 
reduced. T h e  size and shape  of the  end e lec t rodes  
can  now be optimized to reduce impurities and 
yet withstand the  ion bombardment and reflect  t he  
electron beam. Several variations a re  being tried. 
New access doors in the  face p la te  permit electrode 
changes  without removal of the  apparatus from the  
vacuum chamber. T h e  diameter of the  l iner was  
increased from 8 in. t o  14 in. over 4 in. of ax ia l  
length a t  the midplane to  reduce sputtering of i t s  
surface and thus to reduce impurities in the  plasma. 

5.1.3 Charged-Particle Track Registration 
on Cellulose Nitrate 

The  u s e  of polymers for the  detection of charged 
particles,  although a fairly recently developed 
technique, has  been explored extensively for heavy 
n ~ c l e i . ~ ~ ~  On the other hand, there is very little 
information available on track registration in  poly- 
mers by light nuclei, and we have  not found ref- 
e rences  on proton registration. In our application 
we needed to  show that the tracks made on ce l lu lose  
nitrate and described in the previous report were 
indeed tri tons as assumed. We did this  by exper- 
imentally investigating the track registration thresh- 
old for protons. C. F. Barnett made the apparatus 
available,  and h i s  co-workers did the  ac tua l  bom- 
bardment for us. 

'R. L. F le i sche r  e t  al . ,  Phys. Rev. 133, A1443 

3R. L. Fle ischer ,  P. B. Price,  and R. M. Walker, 
(1964). 

Sc ience  149, 383 (1965). 
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In our investigation we f i rs t  calculated t h e  energy 
l o s s  ra te  as a function of energy per nucleon by 
t h e  method of ref. 2. T h e  curve is shown in Fig.  
5.1. Note that i t  peaks at about 100 kV/nucleon. 
We then measured track registration with protons 
from 5 0  to 550 keV and also with deuterons and 
with alpha particles.  T h e  proton resul ts  a r e  shown 
i n  the photomicrographs of Fig.  5.2a. Note tha t  the  
t racks are most eas i ly  s e e n  at 550 keV. It should 
b e  remembered that for particle energy j u s t  above 
threshold the  damage will b e  etched away and a 
track recorded, but t h e  length of the  track, and 
therefore the ease with which i t  may b e  observed, 
increases  with energy. It becomes increasingly 
difficult  t o  detect  the  direction of the particle as 
the  energy is lowered. T h e  general direction of 
the impinging proton could barely be determined at 
110 keV. T h e  lowest energy a t  which a proton 
would produce any marks in t h e  cel lulose nitrate 
appeared to  be 55 keV. 

A one-to-one incident-particle-to-track registra- 
tion ratio seemingly was  observed down t o  110 
keV. However, occasionally some variation in the 
sensi t ivi ty  of t h e  cel lulose ni t ra te4 exis ted;  on 
some p la tes  we found a few small  a reas  void of 
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tracks. T h i s  was most common near the registra- 
tion threshold. 

Comparing experiment and theory’ on the  low- 
energy-per-nucleon s i d e  of the energy loss rate  
curve (see Fig.  5.1), the  threshold for track reg- 
istration in  cel lulose nitrate appears  to  u s  t o  be 
about 0.35 MeV mg” cm’. Unfortunately, we 
were not equipped t o  go higher in energy than 550 
keV for protons, and thus could not confirm t h i s  
value on the  high-energy s i d e  of t h e  curve. If t h e  
energy is so great that  dE/dx is below the thresh- 
old, t h e  particle will  still d o  etchable  damage at 
the end of its path, but t h e  damage will  b e  below 
the surface of the cel lulose nitrate and may not b e  
reached by the etchant.  Due t o  our upper energy 
limitation, we did not observe this. 

A s  expected, deuterons and alpha par t ic les  
having a calculated dE/dx above 0.35 MeV mg-’ 
c m z  were a l s o  found to  register t racks in  the  
ce l lu lose  nitrate ( s e e  Fig.  5 . 2 ~ ) .  Consis tent  

4The  ce l lu lose  nitrate was purchased from Almac 
Plas t ic ,  New York, specified Dupont Pyralin, 0.090 in. 
thick. 

ORNL-DWG 66-11905 
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PHOTO 85527R from the midplane region of Burnout IV. Their 
energy distribution is shown in Fig.  5.3. We could !-MeV 

PROTONS TRITONS ALPHAS 

Fig .  5.2. Track Registrat ion in Ce l lu lase  Nitrate.  

T h e  many tracks make the single event recognizable. 

(a) 550-, 330-, 110-keV protons. ( b )  1-MeV tritons. 

(c) 5-MeV,  1-MeV, 500 -keV alphas. T h e  longest alpha 

tracks are 5 p in length. T h e  cel lulose ni trate was 

etched with 5 N N a O H  far 2 h r  at room temperature. 

with the calculat ions,  we apparently have s e e n  
the t racks of 1-MeV tri tons from D-D fusion reac- 
t ions in Burnout V (see Fig.  5.2b). We should not 
have expected to  see tracks of the  other two pos- 
s ib le  candidates  from D-D reactions,  namely, 3- 
MeV protons and 0.8-MeV 3He2t, for the following 
reasons: for the energetic protons, as noted above, 
the etchable  damage would have been produced too 
far beneath the surface of the  cel lulose nitrate t o  
have  been reached by the etchant.  In the c a s e  of 
t h e  3He2t,  a 30-kG magnetic field should have 
made i t  impossible, geometrically, for these  reac- 
tion products to  have reached the cel lulose nitrate 
detector. 

In summary, we have found experimentally that  
the  light nuclei ,  including protons, can  produce 
etchable  damage in cel lulose nitrate. Comparison 
of our experimental resu l t s  with theory indicates  
that  cel lulose nitrate h a s  a threshold for track 
registration of about 0.35 MeV mg-’ cm2 .  Since 
th i s  threshold falls in the  range of energy l o s s  
ra te  for a t  l eas t  two of the reaction products of 
D-D fusion reactions,  this  provides a new diag- 
nost ic  tool for analysis  of the  many thermonuclear 
experiments now in progress. 

5.1.4 Scinti l lat ion Detection o f  D - D  Protons 

Protons from the D-D reaction can  be detected 
by scinti l lat ion methods i f  t h e  x-ray background is 
not too great. W e  have  observed %MeV protons 

not differentiate between plasma and wall reactions 
in  th i s  experiment, but the yield was  about that  
of a plasma a t  temperature Tion = 0.75 keV and 

density nion = 3 x 10” T h e  inse t  shows  
schematically how the  measurement was  made. 
T h e  Luci te  light pipe was necessary to keep t h e  
photomultiplier out of the strong magnetic field. 
T h e  analyzer was  calibrated with 5.5-MeV alpha 
par t ic les  from an 241Am source.  Apparently, x 
rays from the  plasma and wal ls  contribute to  t h e  
low-energy distribution s e e n  in the  display. In a 
similar experiment in Burnout V, where the electrons 
are considerably hotter, the  x-ray distribution com- 
pletely obscured the proton peak. 

5.1.5 Nuclear Emulsion Detection of D - D  Protons 

T h e  use  of nuclear track plates  to de tec t  protons 
is also made difficult by the  x-ray background 
which fogs the emulsion. But t h e  record is per- 
manent, and the  universal  acceptance of t h e  tech- 
nique made the  experiment enticing. Our se tup  is 
schematically shown in  Fig.  5.4. Notice tha t  t h e  
arrangement of the nuclear track plates  is such  
that  both plates  “see” the same area  of the  liner, 
but the upper plate  in the  drawing “sees” the  
plasma in  addition. Even though the  par t ic le  path 
length to  the  lower plate  is considerably shorter 
and the  plate  therefore sees a greater sol id  angle,  
the upper plate  had ten t i m e s  as many t racks per 
unit area as t h e  lower plate. 

The  reaction rate  within the  plasma may be 
expressed in  t e r m s  of density,  n ;  volume, V ;  and 
aov, the  velocity and cross-sect ion product aver- 
aged over a Maxwellian distribution. W e  wri te  
‘/4 n 2  ov V = number/sec of any one reaction 
product. If in Burnout V, n = 10l3  c m - 3 ,  V = 
100 cm3, and ( G J V ) ~ - ~  = 2 x lo-’’ cm3/sec a t  
kT - 1 keV, then there should be 5 x lo5 pro- 
tons/sec.  W e  es t imate  our geometrical factor to  b e  
about lo4. We should, therefore, record about 5 0  
tracks/sec.  T h e  yield from t h e  f i rs t  experiment 
using nuclear track plates  was one track every 36 
sec (down by more than lo3). A later experiment 
produced a yield f ive t imes greater. T h e  proton 
yield from Burnout IV, using scint i l la t ion detection, 
was about one  proton every 10 sec. Only the  tr i ton 
yield in Burnout V, recorded on the  ce l lu lose  
nitrate detector,  h a s  been as great a s  expected 
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Fig .  5.3. Proton Energy Distr ibut ion in Burnout IV. Cal ibrat ion was made with 5 .5 -MeV alpha par t ic les  from 

241Am. T h e  inset  schematically describes the scint i l lator  and i t s  locat ion in Burnout IV .  

from the temperature and density indicated by 
spectroscopic and probe measurements. It should 
be noted that DV is a very s t e e p  function of temper- 
ature in th i s  range and that the  yield a l so  varies 

as n2. We think that impurities have  caused  wide 
variations in temperature from run to  run, and only 
with the  greatest  of care  do we reach the  higher 
plasma temperature and density. 

c 
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F i g .  5.4. Nuclear Track  P l a t e  Locat ion  i n  Burnout V 
for Proton Detect ion.  Both upper and lower p la tes  

“see” the same portion of  l iner  wa l l .  T h e  upper p la te  

“sees” the plasma as wel l .  X-ray fogging i s  caused 

by fluorescence of  the cyl indrical  WOI I ,  the end walls, 

and the plasma. 

5.2 ION HEATING USING A MODULATED 
ELECTRON BEAM 

G. M. Haas’ 
W. B. Ard 
M. C. Becker6 
R. A. Dand16 

A. C. England 
R. L. Livesey  
0. D. Matlock 
M. W. McGuffin 

H. 0. Eason 

5.2.1 Introduction 

Previous experiments with the modulated elec- 
tron beam had produced strong oscil lations as- 
sociated with the  plasma ions.  T h e  resu l t s  in  th i s  
semiannual report es tab l i sh  tha t  ion heating does  
occur with the  presence of modulation on the  beam. 
The  sa l ien t  features of t h i s  heating a re  presented. 

’Present address:  T e x a s  A and M University, Col lege 
Station. 

61nstrumentation and Controls Division. 
’Themionuclear Div. Semiann. Progr. Rept.  Apr. 30, 

1966, ORNL-3989, p. 51. 

5.2.2 Description of Apparatus 

T h e  apparatus used in the  study of the  beam- 
plasma interaction of a modulated electron beam 
was described in the  last semiannual progress 
report.7 There  have  been severa l  changes and 
additions made s i n c e  that time. A measurement 
of the magnetic field showed the maximum BZ(O, 0) 
to be  550 G. A 100-W transmitter with a frequency 
range of 350 to  900 kHz was  constructed to allow 
modulation of the  beam, both at the  proton and 
molecular ion cyclotron frequencies. In order t o  
ascertain i f  energy was  being transferred to  the  
plasma ions ,  a gas  stripping cell and analyzing 
system was  constructed to look a t  the  charge- 
exchange neutrals from the  plasma. T h e  analyzing 
system cons i s t s  of a bending magnet for momentum 
analys is ,  a retarding potential energy analyzer, a 
Bendix electron multiplier to detect  the ions ,  and 
the  necessary  differential pumping. Figures 5.5 
and 5.6 show the  apparatus in its present form. 
T h i s  system of detecting ions h a s  severa l  limita- 
tions. F i r s t ,  the ionizing efficiency as a function 
of the  incident neutral particle energy is not known 
at low energies (i.e., up to  severa l  hundred electron 
volts); therefore it is not poss ib le  to  obtain the 
energy distribution of the  ions  i n  the  plasma. 
Second, s ince  the acceptance  angle  is small ,  
only those  ions with very little longitudinal 
velocity can enter the stripping cell. Thus ,  with- 
out scanning the neutral detector in angle,  only 
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F i g .  5.5. Schematic Diagram of the Modulated Electron 

Beam Experiment. 
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Fig.  5.6. Scale Drawing of the Modulated Electron Beam Experiment.  

the presence of energetic ions is measured, with 
no detailed information as  to  the spa t ia l  distribu- 
tion. 

Figure 5.7 (upper photograph) shows a typical 
rf envelope modulating t h e  gun and t h e  correspond- 
ing beam current; the lower photograph shows t h e  
current with the modulation off. T h e  grid is op- 
erated a t  zero bias ,  and the  rf voltage turns the  
beam off for a fraction of a c y c l e  which depends 
upon the modulation amplitude and applied ac- 
celerating voltage. 

5.2.3 Experimental Results 

Energetic Neutrals. - With the unmodulated beam, 
no s ignal  was observed on the neutral-particle 

detector for any of our conditions of beam current, 
beam voltage, pressure,  or magnetic field,  How- 
ever, when modulation was applied to the beam, 
energetic neutrals were detected.  T h e  output from 
the  electron multiplier a s  a function of the  analyz- 
ing magnetic current is shown in Fig.  5.8. Using 
the retarding potential  energy analyzer and knowing 
the  momentum, the  ions were found t o  be protons, 
and the energy ax is  is labeled for proton energy. 
T h e  peak energy occurs at 200 eV. Due to the 
variation with energy of the efficiency of the 
stripping cell superimposed on the ta i l  of the ion 
distribution, changes in  the energy distribution in 
the plasma will only affect the flux out of the  
stripping cell and will not appreciably affect the 
ion energy distribution out of the cell. The  cutoff 
at approximately 30 eV is due to  t h e  minimum 
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Fig .  5.8. Ion Current Out of the Gas Stripping Cell 
as a Function of the Analyzer Magnet Current. 

neutral  energy required t o  produce ionization by 
coll ision in the cell. T h e  peak current for a 
modulation frequency of 850 kHz is 1 x lo-' ' A,  
with the pressure in the  stripping cell adjusted for 
the  maximum ion current. T h e  gain of the electron 
multiplier was  between l o 6  and lo7, giving a 
counting rate  of between 600 and 60 part ic les /sec.  
T h e  resolution for the analyzer  sys t em was  70 eV 
full  width a t  half maximum. 

Two modes of heating were observed, as shown 
in  Fig.  5.9. For  the low-pressure c a s e  ( l e s s  than 
2.6 x torr), two peaks a r e  observed: one H t  
and the  other predominantly H, . Ion heat ing in 
th i s  mode w a s  found t o  occur only for a modulating 
frequency near the proton cyclotron frequency, and 
t h e  flux of ions in this mode w a s  small. For the 
high-pressure mode (greater than 2.6 x torr), 
only a s ingle  peak was  observed, and the  flux in 
th i s  mode was larger than that  in the low-pressure 
mode. I t  was a l s o  observed that  the  energy a t  t h e  
peak ion current out of t h e  stripping cell, w a s  
relatively independent of t h e  modulation frequency. 
T h i s  is shown in  Fig.  5.10, where the  modulation 
frequency was 800 kHz for t h e  lower curve and 7 
MHz for t h e  upper curve. T h e  flux increased a t  
the  higher frequency. Lowering t h e  peak beam 
current a l so  reduced t h e  flux of ions  without shift-  
ing the  energy peak. 

Figure 5.11 shows t h e  peak flux as a function of 
t h e  modulation frequency for the  high-pressure 
mode. Two peaks  occurred: one at the proton 
cyclotron frequency of 850 kHz and the other a t  
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6 to  7 MHz. Measurements of the plasma density,  
as  described in  t h e  last semiannual, with a micro- 
wave cavi ty  operating in  t h e  T M O l O  mode gave an  
average densi ty  of 1.5 x l o 9  for a pressure 
of 4 x torr, with a 2-kV, 150-mA-peak beam. 
T h i s  density corresponds to an ion plasma fre- 
quency of 5.6 MHz for t h e  H, t ions.  Reducing t h e  
beam current reduces t h e  plasma densi ty ,  and the  
frequency for an  80-mA-peak beam current is s e e n  
to shif t  down. 
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Figure 5.12 shows the  effect of decreasing t h e  
magnetic field for a fixed modulation frequency. 
Both the  flux of energet ic  ions  and t h e  energy 
distribution a re  decreased as the  magnetic field is 
lowered. 

Figure 5.13 shows t h e  peak ion current for a 
frequency of 8 MHz as  a function of pressure.  
Below a pressure of 2.6 x lou4 torr no energet ic  
ions  a re  observed. At th i s  pressure a def ini te  
change in t h e  plasma is observed. Above t h i s  
cr i t ical  pressure t h e  plasma is observed to  in-  
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crease  in diameter, with a secondary plasma form- 
ing around t h e  beam and the  vis ible  light output 
increasing. 

Oscil lat ions. - Beyond the  critical pressure and 
accompanying the presence of the  energetic ions  
is a strong oscil lation a s  shown in Fig.  5.14. T h e  
osci l la t ions are picked up by an electric probe 
located 5 c m  from the  beam and observed on a 
Panoramic spectrum analyzer. T h e  frequency of 
th i s  oscil lation is found to  b e  relatively insensi t ive 
(few percent change) t o  changes in pressure,  beam 
current, and modulation frequency. Figure 5.15 
shows the  change in frequency at  two different 
beam currents. Lowering the  beam current from 
120 mA peak to 70 mA peak increases  the  
frequency of the  osci l la t ion from 680 to 730 kHz. 
Measurements of the polarization of these  f ie lds  
show them to be predominantly azimuthal f ields.  
Figure 5.16 shows the  dependence of t h e  frequency 
on the magnetic field. T h e  signal is linear with 
B and falls between the H t  and H,' midplane 
cyclotron frequencies.  Since the plasma is in a 
3 : 1 mirror field,  t h i s  shif t  in frequency might have  
been due t o  H, ions having a mirror turning point 
in the higher magnetic fields.  To check this ,  the  
current collector was moved toward the midplane 

t .  
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tric Probe, with the Beam Modulated a t  5 MHz. 

and the  effect on the  ion flux observed. N o  effect 
was  observed until  the  collector was  3 in. from 
t h e  midplane. A s  a second check,  a radial  limiter 
was inserted 2 in. off the midplane, and could be 
moved until  it touched the beam without producing 
any change in the energetic ion current. T h i s  
indicates  that  none of t h e  energetic ions  have 
sufficient Z velocity t o  move into a field higher 
than 1.15 BZ(O, O), yet  the  shift  in frequency would 
require a field of 1.67 BZ(O,O). A radial  limiter 
was  inserted a t  the  midplane, and t h e  change in  
ion flux with l imi t e r  position observed is shown 
in Fig.  5.17. It was  found that there was no  effect  
on t h e  ion flux with the  limiter beyond -1.5 in. 
from the beam. T h e  change in the magnetic field 
to  a radius of 1.5 in. is less than 2% and insuf- 
f icient to  shif t  t h e  H t  cyclotron frequency down 
enough to  account for the  observed shift .  Another 
possibil i ty was that  the  plasma was rotating and 
that  the  observed frequency is shifted due  to t h e  
plasma rotation. 

There is some evidence, however, against  a n  
electric-field-driven rotation. Observation of t h e  
oscil lation shows very l i t t le  shif t  in  frequency as 
the beam current is reduced. For a factor of 2 
dec rease  in  beam current the  frequency sh i f t s  up 
less than 10%. If there were an E x B driven 
rotation, one would expect  the field,  and thus  the 
rotation frequency, t o  drop with a dec rease  in 
beam current, due t o  t h e  reduction of the electr ic  
field from the  beam. A stronger argument against  
rotation is t h e  variation of ion current with t h e  
posit ion of the  radial  limiter. A 200-V proton in  
a field of 550 G h a s  a Larmor radius of 1.45 in. 
or a diameter of - 3  in. Only those  particles which 
p a s s  through or near t h e  electron beam with very 
s m a l l  2 velocity are s e e n  by the  ion detector.  If 
t h e  ions  were rotating about the  a x i s  in  a t i m e  
less than t h e  charge-exchange t i m e  (- 70 ~1 sec), 
then the  radial  l imiter  should intercept them a t  
about 3 in. T h i s  w a s  not the c a s e ,  and t h i s  rota- 
tion period of t h e  ion about the a x i s  must b e  greater 
than 70  psec.  

Examination of t h e s e  700-kHz osci l la t ions on a 
short  t ime  scale h a s  shown two things.  First, the  
rf came in bursts las t ing from 50 t o  100  psec.  
Second, none of these  bursts  occurred until 150 
p s e c  after the beam had been turned on. Figure 
5.18 shows the amplitude of osci l la t ions as ob- 
served on a Panoramic receiver tuned to  700 kHz. 
T h e  upper and middle pictures show the  amplitude 
of 700-kHz osci l la t ions as a function of time. 

. 
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The  lower picture shows the  response of the  
Panoramic. T h i s  w a s  obtained by observing the  
7-Mc modulation of the beam a t  turn-on. Since 
the beam rf is present within 2 or 3 psec ,  the delay 
observed is that of the Panoramic. The  Panoramic 
response is rather s low (-100 p e c ) ,  and thus a 
further check was performed i n  order to  verify 
these  results.  A band-pass filter tuned to  700 
kHz was constructed, and with the circuit  shown 

in Fig.  5.19 the amplitude was observed. T h i s  
system allowed matching the band-pass filter and 
eliminated the 7-MH.z pickup. T h e  time response 
of the system was approximately 10  psec.  Obser- 
vations with the circuit  confirmed that the rf did 
indeed come in  bursts,  and that  no bursts were 
observed until the beam had been on a t  l e a s t  150 
psec.  T h i s  indicates  that  th i s  rf is due to an  
instabil i ty associated with the  energetic ions. 
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A possible explanation of th i s  700-kHz oscil la- 
tion is that given by Nielsen.' He finds that there 
may ex is t  an instabil i ty where the  electrons may act 
to  transfer energy from proton azimuthal motion to 
coherent axial  proton osci l la t ions.  For longitudinal 
electron osci l la t ions having angular frequency me, 
the  ion osci l la t ion frequency should be nu+ - w Z ,  

sThermonuclear Div. Semiann. Progr. Rept.  Apr. 30, 
1964 ,  ORNL-3652, p. 23. 
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F i g .  5.18. Amplitude of the 700-kHz Osci l la t ions as  a 
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where a+ is the ion cyclotron frequency and W, is 
the Z betatron frequency. T h e  frequency W, should 
b e  below na+ - oz, and for low dens i t ies  t h e  
frequency should b e  near no+ - 0,. 

For the field used i n  th i s  experiment, the 2 
betatron frequency is a, = 4.6 x lo- '  Vi, where 
Vi is the ion velocity in  cent imeters  per second. 
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For a 200-eV proton th i s  frequency corresponds to  
145 kHz. Recall ing that  ab i s  850 kHz, n o 4  .- 
w Z  is very nearly 700 kHz when the ion energy is 
200 eV. However, biased probe measurements, to  
be d i scussed  shortly,  indicate  that  the density of 
energetic ions below 100 eV is much larger than 
that a t  200 eV. Thus  i f  most of the ions have 
energies  below 100 eV,  t h e  betatron frequency 
should be much lower, un less  only the ta i l  of the 
distribution participates i n  the instabil i ty.  An 
attempt was made to  look for osci l la t ing electrons 
a t  0,. A probe was made cons is t ing  of a 1-in.- 
diam coil  of 100 turns shielded electrostatically 
by a 3-mil s ta in less  s t e e l  can. T h e  probe was  
located approximately 5 c m  from the plasma and 
could be rotated to observe ei ther  2 or 6 cur- 
rents. Calibration of the probe sensi t ivi ty  was 
achieved by modulating the electron beam at 
850 kHz and reducing the  beam current to  a low 
level. T h e  result ing s ignal  on the  Panoramic 
receiver was jus t  above the  noise  for a di /d t  of 
6.85 m A / p e c .  Thus  for a 500-kHz osci l la t ion the 
result ing observable current change would be 3.4 
mA. For an area of 1 c m 2  and an electron temper- 
ature of a few eV, th i s  would correspond t o  a 
density of approximately 108/cm3. Thus  oscilla- 
tion of 10% of the plasma density would b e  ob- 
servable.  No s igna ls  were observed for the  mag- 
netic probe in either direction of orientation. At- 
tempts t o  correlate change in the  ion and electron 
currents to b ias  probes with t h e  rf burs ts  were a l s o  
unsuccessful.  If only the  ta i l  of the  distribution 
were participating in  the  instabil i ty,  the  density 
of ions with energies above 200 eV is several  
orders of magnitude less than the plasma ion 
density and might account for the  lack of ob- 
servable  effects. 

Figure 5.20 shows the  electric f ie ld  due to the  
beam a t  a low pressure and a t  a pressure cor- 
responding to  the  conditions for ion heating. A 
definite change in the harmonic content is ob- 
served. Figure 5.21 shows the  difference in  the  
amplitude of each harmonic at the low and high 
pressure.  T h e  posi t ive db indicates  an in- 
c rease  in the amplitude of the harmonic. Two 
peaks of 20 db are observed: one a t  35 MHz and 
the second at 56 MHz, whereas the fundamental 
is slightly reduced in  amplitude. 

Probe Measurement. - In order t o  study the build- 
up and decay of the plasma, a pulser was inserted 
in  the high-voltage l ine supplying the gun. T h e  
pulser was  capable  of turning the  beam current 
full  on in 3 p e c  and off in 1 pec .  T h e  turn-on 
posses sed  some overshoot, which was  necessary 
in order t o  achieve th i s  rapid turn-on. T h e  buildup 
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t i m e  for the energetic ions and plasma was meas- 
ured by observing the  current t o  a biased probe 
located 5 c m  from the  beam in radius and 8 c m  in 2 
from the  midplane. F igure  5.22 shows the  current 
t o  a probe biased at +56 V at beam turn-on. Within 
a few microseconds after the beam is turned on, 
there ex is t  ions with energies in excess  of 56 V 
and the  ion current to the  probe reaches  s teady  
s t a t e  in about 100 p s e c  after beam turn-on. T h e  
upper picture in Fig.  5.23 shows the  same current, 
even though the  probe is now biased negatively. 
T h i s  indicates that  there is an  energetic ion 
plasma a few centimeters from the beam with most 
of the ions having energ ies  in  e x c e s s  of 56 V. 
For a posit ive b i a s  voltage in e x c e s s  of 90 V,  the 
current to the probe changed from ion to  electron. 
The  lower picture in F ig .  5.23 clearly shows the  
effect of no modulation. Not only are there no 
energetic ions,  there is no plasma out a t  a d is tance  
of 5 c m  from the  beam. Thus  the  modulation of t he  
beam produces energetic ions  and increases  the  
volume of plasma. 

The  current t o  a biased probe a t  turnoff is shown 
in Fig.  5.24. For  a posit ive b i a s  on the probe, 
the  energetic ion current s t a r t s  t o  decrease  as soon 
as the beam is turned off, whereas when the  cur- 
rent is biased negatively no abrupt change occurs 
at turnoff. T h e  plasma h a s  decayed away in  about 
100 psec. T h e  current to the  b iased  probe after 
turnoff depends upon the  radial  position of the 
probe, as shown in Fig. 5.25. For  the probe at the 
beam edge, both the ion and electron current s tar t  

t o  decay a s  soon as the beam is switched off. 
With the  probe 1 in. from the  beam, the current t o  
the probe is positive for either polarity of b ias ,  
and the decay t ime  h a s  increased. In  addition, 
the ion  current to the negatively b iased  probe 
shows no change until  about 20 p s e c  after turnoff. 
A s  the  probe is moved farther out, a most in- 
te res t ing  phenomenon is observed. The  current 
t o  the probe with the beam on ge ts  much smaller, 
whereas 20 to 40 p s e c  after turnoff, there is a burst 
of plasma a t  the probe. Figure 5.26 shows the 
current to the biased probe after an  unmodulated 
beam turnoff. In th i s  c a s e  no  burst of plasma is 
observed a t  the probe after turnoff. 

Different Gases. - Experiments were performed 
i n  hydrogen, deuterium, and helium. In hydrogen 

PROBE 

BEAM 

PROBE 

BEAM 

ORNL-OWG 66-11297A 

50 p e c / c r n  

1000 psec /cm 

V6=2.5 k V  PRESSURE=ZB X I O - ~  torr  
G= 440-mA P E A K  
FM=7 MHz 

B, (0,O) = 5 5 0  G 

F i g .  5.22. Current to a Probe, 5 cm from the Beam, 

B iased  a t  +56 V a t  Beam Turn-on. Beam modulated at 

7 MHz. 
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the condition was observed where only a s ingle  ORN L-DWG 66- 11298A 

charge spec ies  was  heated. When deuterium re- 
placed hydrogen as the working gas ,  both Dt and 
D 2  ' ions were observed at the lower flux. With 
helium, there was also some heating observed, but 
the ion flux was not comparable with that of the 
protons when heat ing in the  higher-pressure case .  

Very High-pressure Mode. - As i n  a l l  beam- 
plasma experiments, if the  pressure is raised 
sufficiently,  a dramatic change takes  place and 
the plasma is much larger and brighter. In this  

'ROBE 

ION CURRENT 
PROBE BIASED 
-56 V 

B E A M  

mode the density is in e x c e s s  of 101'/cm3, a s  
indicated by the microwave cavity.  In th i s  mode 
no energetic ions were observed for any modulation 
frequency, including the ion cyclotron frequencies. 

ORNL-DWG 66-11299A 

PROBE 

B E A M  

20 usec /cm 

ELECTRON CUR1 
PROBE BIASED 
+ 5 6  V 

3 E N T  

PROBE 

B E A M  

MOD OFF 

There is as yet no model for the heating mecha- 
nism, but some observations are in order. T h e  
heating mechanism in the high-pressure case 
(>2.6 x l o p 4  torr) is se lec t ive  in  that it hea ts  
only the  protons. Although t h e  l i f e t i m e  of the 
molecular ions is shorter than that of the protons, 
the molecular ions  were heated in the low-pressure 
mode, and the  small  change in pressure required 
for the transition should not change the  molecular- 
ion lifetime significantly.  Thus  one would suspec t  
that  the  heating of the protons only is associated 
with a plasma resonance rather than just  with the 
presence of a strong osci l la t ing electr ic  field. A 

P R E S S U R E =  2 . 8 ~  torr resonance of th i s  type was described by 
Buchsbaumg in 1960. It  is a hybrid resonance 8, (O,O)= 550 G 

due to  the presence of two different ion spec ies  in 
the plasma. T h i s  condition is sat isf ied,  as the 

50 psec/cr r i  

Vb = 2.5 k V 
6 = 1 2 0 - m A  P E A K  

FM=7 MH2 

Fig.  5.23. Current to a Probe, 5 cm from the Beam, 

Biased at  -56 V a t  Beam Turn-on, With and Without 

Modulation of Beam. 'S. J. Buchsbaum, Phys.  Ffuids  3, 418 (1960). 
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1 in. OUT 
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Fig.  5.25. Ion and Electron Current to Biased Probe at Beam Turnoff,  for Several Radia l  Posi t ions of the Probe. 

Beam modulated at 7 MHz. 
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1 L 

where 

PROBE AT BEAM x + x 2 = 1 ,  
1 

EDGE 0.4 V/cm 
x ; x  = r e l a t i v e  concentration of the two 

1 2  
s p e c i e s  1 ,  2 ,  
m 

* M i  
BEAM CURRENT f . = - ,  

ab = electron cyclotron frequency, 

ubi = ion cyclotron frequency; i = 1 ,  2. 

T h e  estimation of the  relat ive concentrations is 
very difficult. If a n  electron beam is passed  

PROBE din. OUT through hydrogen gas ,  the  dominant process  for 
1 V/cm H, ' production should b e  direct  ionization: 

H ~ + C ? + H ~ + + ~ ~  , 

and the  production of H ' should b e  predominantly 
by dissociat ive ionization: 

~ , + e + ~ + + ~ ~ + 2 e ,  

or 

H , + e + H t + H f + 3 e .  
PROBE 2in. OUT 
0.1 V/cm The  relative concentration in  the  plasma as a 

first  approximation should b e  

i- 

! 

20 ,usec/cm 
-9OV BIAS ON PROBE 

1/6=2.5 kV 
Ib = 80 m A 

Bz (0,O) = 550 G 
NO MODULATION 

PRESSURE = Z B X  torr, HYDROGEN 

Fig .  5.26. Ion Current to a Biased Probe a t  Beam 

Turnoff, wi th  No Modulation of the Beam. 

plasma under study c o n s i s t s  of both H t  and H,' 
ions. The dispers ion relation for a plasma with 
two ion s p e c i e s  present  predicts  two resonant 
frequencies, a1 and a which depend on the 

2 '  
relative concentration of the two species:  

X 2 f 1  + X l f 2  

X l f l  + X 2 f 2  
a:= (, ) O b l w b 2  ' 

where the  (si's a r e  the  ionization c ross  sec t ions ,  
and t h e r ' s  a re  t h e  ion l ifetimes in the  plasma. 

From the turnoff i n  F ig .  5.25, the  lifetime of the  
cold ions is approximately the  drift time of a 
thermal ion. The  l ifetime of the more energetic 
ions is a factor of 2 or 3 longer than the  drift time. 
Thus  the relative concentration should be of the 
order of 10%. For  the  concentration of protons 
much smaller than the  concentration of molecular 
ions,  the  resonant frequency o1 approaches the 
proton cyclotron frequency, and the  protons should 
b e  heating preferentially over the  molecular ions. 
T h e  resonance a2 then h a s  a frequency near 
d-, or for the  field i n  th i s  experiment, about 

25 MHz. A 20-db increase  i n  the  rf amplitude near  
th i s  frequency w a s  observed. If, on the  other 
hand, the  pressure transit ion is s u c h  that the 
plasma became primarily protons, then there a r e  a t  
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l e a s t  two possible  explanat ions for the  inter- 
actions.  Stix" h a s  d i s c u s s e d  a resonance in- 
volving the  electrons and ions  - the  low hybrid 
resonance. T h e  resonant  frequency is 

where 
a L H  = low hybrid frequency, 

aci ,  ace = ion and electron cyclotron frequency, 

. = ion plasma frequency. 
PI 

For the  magnetic field and plasma density in  th i s  
experiment, one h a s  

Kino and Gerchberg' ' h a v e  described a reactive 
medium instabil i ty in a cold plasma, where the 
growth rate is a maximum a t  a opi if ace /ape >> 
1. In th i s  experiment o c e / w p e  

Response of a plasma to  excitation of a l ine  
charge source h a s  recently been calculated by 
Bernard' using a l inearized hydrodynamic repre- 
sentation of a fully ionized macroscopically neutral  
electron-ion plasma, with a longitudinal d c  
magnetic field. 

The  dispersion relation for the  frequencies at 
which the ion response to  t h e  line-charge exci- 
tation is maximum is 

5. 

2 2  - O p i W p e = O  I 

where aci ,  ace a r e  ion and electron cyclotron 
frequencies; oPi, ape a r e  ion and electron plasma 
frequencies. 

For  the magnetic f ie lds  and plasma densi t ies  in 
the experiment d i scussed ,  t h e  following inequali- 
t i e s  a re  valid: 

'OT. H. Stix, The Theory of Plasma Waves, p. 32, 
McGraw-Hill, New York, 1962. 

'' G. S. Kino and R. Gerchberg, Phys .  Rev. Le t t e r s  
1 1 ,  185 (1965). 

"G. D. Bernard, "Theory of P lasma Excitation by a 
Line-Charge Source," Quarterly Progress  Report No. 
82, p. 152, Research  Laboratory of Electronics,  MIT, 
July-AuWst 1966. 

w p i  >> w c i  I 

a p e  << a c e  * 

For  these  inequal i t ies ,  t h e  dispers ion relation 
is sat isf ied for 0 = ., and t h i s  fits the  frequency 
experimentally observed to  produce the  maximum 
energet ic  ion flux. 

All of t h e s e  theories  a r e  for a cold plasma in  a 
uniform field. Because  of t h e  complexity of t h e  
plasma i n  the  present  experiment (i.e., beam 
generated), i t  is not yet  poss ib le  to determine 
which of these  theoret ical  descr ipt ions ( i f  any) 
may b e  appropriate. 

P* 

5.2.5 Conclusions 

The  experiments descr ibed have demonstrated 
that  the  interaction of a modulated electron beam 
with the plasma formed by t h e  beam c a n  hea t  ions  
t o  energies  of severa l  hundred volts.  T h e  following 
summary l i s t s  the s a l i e n t  features:  

1. 
2. 
3. 

4. 

5. 

The  protons a r e  predominantly heated. 

The  heating is rapid (few cyclotron periods). 

T h e  energetic ion flux i n c r e a s e s  with modu- 
lation amplitude, beam current, and magnetic 
field. 

The  frequency of modulation for maximum 
energetic ion flux is dependent on plasma 
density (near ion plasma frequency). 

The  modulation of the  beam increases  the  
plasma diameter. 

In order t o  provide more quant i ta t ive da ta  for 
development of a model and comparison with 
theory, the bas ic  phenomena descr ibed must b e  
investigated thoroughly i n  a more flexible facil i ty.  

5.3 VARIATION OF ION ACOUSTIC WAVE 
PROPERTIES WITH ELECTRON 

TEMP E RATU R E 

I. Alexeff W. D. Jones  

5.3.1 Technique for Varying Electron Temperature 

As d iscussed  in  our previous semiannual re- 
port,13 we have developed a new technique by 

' 3Themonuclear  D i v .  Semiann. Progr. Rept.  Apr. 30, 
1966, ORNL-3989, p. 58. 
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which the electron temperature in  our discharge 
tubes car  be varied downward from i t s  normal 
value of about 1 eV to a lower limit of 0.1 eV.14 
We have used th i s  technique t o  investigate several  
properties of our discharge-tube plasma as a 
function of electron temperature. In particular, we 
have investigated the  dependence of ion-acoustic- 
wave velocity, and of wave-ion Landau damping on 
electron temperature. 

The apparatus by which the  electron temperature 
is varied is shown in Fig.  5.27. Essent ia l ly ,  we 
have a large probe that  can  be electrically heated 
to  e m i t  thermionic e lectrons (temperature-con- 
version device). Under th i s  condition of operation, 
the plate can approach the  posit ive potential of 
the plasma. The  plate  then can  absorb hot 
electrons from the plasma and replace them with 
cooler, thermionically emitted electrons.  Thus 
the plate a c t s  as a hea t  s ink for the plasma 
electrons. By increasing the emission of the 
plate,  we can  cool the  plasma electrons t o  any 
temperature desired between the limits of about 
2 and 0.1 eV. 

A basic  problem in the  u s e  of the above tempera- 
ture-conversion device is that  the heating current 
in the device produces a magnetic field. Th i s  

141. Alexeff and W. D. Jones, A p p l .  Phys .  Letters 9 ,  
77 (1966). 

magnetic field greatly impedes the flow of electrons 
t o  and from the  device.  We have overcome this  by 
operating the temperature-conversion device on 
half-wave-rectified alternating current. On one 
half cycle  of the ac supply,  the  heating current 
flows in the temperature converter. On the other 
half cycle,  no current f lows, and we then gate on 
our osci l loscopes to s tudy the plasma during th i s  
time of zero magnetic field. The  only bas ic  
limitation in th i s  method is that  apparently one 
half cycle  of the ac (1/120 s e c )  is not long enough 
for our plasma t o  cool much below 0.2 eV. Thus 
we cannot yet  study in detai l  the  electron tempera- 
ture region between 0.1 and 0.2 eV, using th i s  
ac technique. 

5.3.2 Variation of Wave Velocity 
with Electron Temperature 

T h e  experimentally found variation of the ion 
acoust ic  wave velocity with electron temperature 
in a xenon plasma is shown in  Fig.  5.28. For  
high electron temperatures, the ion wave velocity 
does vary a s  T e l l 2 ,  in the expected manner. As 
Te is reduced toward Ti, the  experimental points 
deviate  from the normal T e l l 2  dependence. T h i s  
new curve is b e s t  fitted by a velocity dependence 
of the form v = (kTe + 3kTi)'/2rn;'/2, a s  shown 
in F ig .  5.28, T h i s  modified equation c a n  be de- 

O R N L - D W G  6 6 - 4 9 7 6 A  

TO F ILAMENT 
TRANSFORMER 

LARGE, HOT ELECTRON 
r n l l T T C n  , r n h l T D n l  c / \ Ill Ill f \,,,, r n T U n n C  'r' 

/ C I V I I  I I L ~ T  \ L U I Y  , n u L 3  

ELECTRON TEMPERATURE ) 
I nvuc 

WATER-COOLED LEADS 11- 
TO ELECTRODE HEAT- 
I N G  T R A N S F O R M E R  

Fig. 5.27. Apparatus Used to Control the Plasma Electron Temperature. 
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Fig.  5.28. Variat ion of  the Ion Acoustic Wave Ve loc i ty  

w i th  Temperature. 

rived l 5  as  a n  approximate solution of the  Vlasov 
equation. l 6  W e  were aided by R. A .  Dory in 
solving the required mathematics. 

In fitting th i s  curve,  the  value of Ti is assumed 
to be 0.03 eV.  T h i s  ion temperature value is 
consis tent  with the  values  found by severa l  other 
ion-wave techniques: col l is ional  damping of the 
ion waves by ion-gas-atom col l is ions,  Doppler 
shift  of the ion wave velocity due to  the radial  
drift of plasma to  t h e  discharge-tube wall ,  Landau 
damping effects  (Sect. 5 .3 .3 ) ,  and computations 
based on the  ra te  of col l is ional  heat ing of the 
ions by the e lec t rons  in the discharge tube.  

One c a n  invert the d iscuss ion  above to  show 
that  for the observed experimental data  to  oc- 
cur, the  ion temperature must  b e  0.03 e V  t o  within 
better than a factor of 2. In other words, our 
ion-wave-velocity measuring technique gives  u s  
a n  ion temperature thermometer. 

5.3.3 Landau Damping 

is reduced toward the  most probable thermal ve- 
loci ty  of the ions  in  the plasma, 

vi = (2kTi)’”m; ‘I2 . 

Under th i s  condition of operation, t h e  ion wave 
begins  t o  move with the  same velocity a s  some 
of the more energet ic  ions  in  t h e  high-energy 
“tail” of the  Maxwellian distribution. When this 
velocity coincidence occurs ,  a traveling-wave-tube 
kind of interaction draws energy from the wave 
and feeds  i t  t o  t h e  par t ic les .  T h i s  removal of 
energy from the wave naturally damps the  wave. 
T h i s  co l l i s ion less  damping process  is referred 
to a s  Landau damping. 

We have been ab le  to demonstrate this col l is ion-  
less, spa t ia l  damping in numerous experiments. 
In F ig .  5.29, we show the  propagation of pu lses  
in a xenon plasma for three success ive ly  larger 
spac ings  between the  transmitt ing and receiving 
electrodes.  In e a c h  pair of t races ,  the upper t race 
corresponds to T e  = 1 e V  and the lower to T ,  = 0.2 
eV.  In t h e  top pair  of t races ,  both p u l s e s  have  

PHOTO 85969 

F i g .  5.29. Propagation of Ion Acoust ic Wave Pulses 

I n  the upper trace of each in  a Discharge-Tube Plasma.  

of  the three pairs, the electron temperature i s  about 

1 e V .  In the lower trace of  each of  the three pairs, the 

electron temperature is  about 0 .2  e V .  T h e  time scale 

As the  electron temperature in  our xenon plasma 
is reduced, t h e  ion acous t ic  velocity,  

reading from le f t  to right i s  20 psec per large division.  

The spacing of  the transmitting and receiving electrodes 

i s  2 cm, top; 6 cm, middle; 8 cm, bottom. The  gas used 

i s  xenon. 

15private communication, M. G. Payne, summer  re- 

16R. W. Gould, Phys.  Rev. 136. A991 (1964). 
search participant, 1966. 
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about the same amplitude, although the lower pulse 
arrives later in time. In the center pair  of t races ,  
the lower pulse  of the pair  is much smal le r  than 
the upper, showing that  spa t ia l  damping is oc- 
curring. T h e  lower pulse  is gett ing broader, 
showing that  high frequencies are  being prefer- 
entially attenuated. Such a preferential attenuation 
of high frequencies is expected for Landau damping. 
In the lower pair  of t races ,  made for a s t i l l  greater 
transmitter-receiver spacing,  the attenuation of 
the lower pulse is s t i l l  more pronounced, and the 
spreading is even greater. Thus,  the  pulse work 
qualitatively and, when mathematics is applied, 
quantitatively supports our assumption that  we are  
observing Landau damping. 

Another group of data supporting th i s  Landau 
damping interpretation is given in F i g .  5.30. Here, 
the received amplitude of a sine-wave burst  trav- 
e l ing across  a fixed gap is plotted a s  a function 

L 

m 
0 
W 
2 : 10 
W 
LL 
LL 
0 
W 
0 3 + 
3 5  a 
H 
a 
W 

THEORETICAL CURVE FITTED TO 
THIS EXPERIMENTAL POINT it 2 

0.4 0.2 0.5 4 .O 2 .o 
6 (eV) 

F ig .  5.30. Change i n  Amplitude of the Received Signal 

for a Sine-Wave Burst Transmitted Through a, Xenon 

Plasma. T h e  electrode spacing was 7 c m .  The  fre- 

quency of the burst was 20 kc .  T h e  ion temperature was 

assumed to b e  0.03 e V .  

of electron temperature. T h e  graph shows three 
regions of interest .  A t  higher electron temper- 
a tures ,  the received s igna l  dec reases  gradually 
with decreasing electron temperature. A t  the in- 
termediate electron temperature of about 0.25 eV, 
there is a break in the curve. Below the electron 
temperature of 0.25 eV, the amplitude of the re- 
ceived s igna l  dec reases  very rapidly with electron 
temperature. 

Aided by R .  A .  Dory, we computed the predicted 
Landau damping. Since the computed curve must 
be normalized t o  a given point, we have chosen 
t o  use  the experimental  point obtained a t  the 
lowest electron temperature. A s  shown in F ig .  
5.30, the theoretical  curve f i t s  both the rapidly 
varying experimental points below 0.25 eV and 
predicts the ‘break” in the experimental da ta  
a t  0.25 eV.  In the region above 0.25 eV, the  
theoretical  curve is f la t .  It does  not show the 
weak dependence of received amplitude with elec- 
tron temperature that  is experimentally observed. 
We suspec t  that  this  observed variation of received 
amplitude with electron temperature is due t o  
changes in coupling of the wave with the trans- 
mitting and receiving electrodes,  due t o  electron- 
temperature-dependent shea th  effects .  

In any c a s e ,  both the pulse  experiments and 
the sine-wave-burst experiments seem t o  demon- 
s t ra te  the spa t ia l  Landau damping of ion waves 
in a plasma a s  a function of electron temperature. 

5.4 LANDAU DAMPING BY THE ADDITION 
OF A LIGHT CONTAMINANT TO A PLASMA 

OF HEAVY IONS 

I. Alexeff W.  D. Jones 

D. Montgomery’ 

The c a u s e  of Landau damping is the transfer of 
energy from a plasma wave to  some charged parti- 
cles in the plasma that  happen to  be moving with 
the wave. In our discharge-tube plasmas the veloc- 
ity of the ion acoust ic  wave, v = (kT,)1/2m;1/2, 
T ,  = 1 eV,  is much higher than the most probable 
thermal velocity of the ions,  vi = (2kTi)1/2m;’/2, 
Ti = 1/30 eV.  But by slowing down the ion wave 
by reducing the electron temperature (Sect. 5.3), 
Landau damping c a n  be observed. However, by 

”consul tant ,  University of Iowa, Iowa c i ty .  
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reducing the electron temperature, we a r e  changing 
the plasma properties.  Probably both the ion 
wave velocity and shea th  effects a r e  changing 
with Te .  

A way of producing Landau damping without 
changing the  bulk properties of the plasma is by 
adding a trace of a light contaminant to  a plasma 
of heavy ions.  Consider a plasma of xenon in 
our discharge tube,  T e  = 1 eV, mi = 131 amu; if 
a trace of helium is added, the helium ions will  
have a thermal velocity that almost exact ly  matches 
the ion acous t ic  wave velocity. For helium, 
Ti = 1/30 eV,  mi = 4 amu, and the decrease in 
thermal velocity due t o  the  low ion temperature 
of the helium is almost exact ly  compensated for 
by the increase in velocity due t o  the low atomic 
mass.  

Experimental resul ts  showing the damping of 
an  ion acoust ic  wave due to  helium addition in  
a xenon plasma are given in F ig .  5.31. T h e  
upper trace shows a strong ion acoust ic  wave 
pulse being received. T h e  second t race shows 
the s igna l  being damped as helium is added to  
the plasma. The  third t race shows maximum 
damping, plus spreading of the s ignal  due to  the 
preferential attenuation of high-frequency compo- 
nents.  T h i s  maximum damping occurs for about 
2% helium ion impurity in the xenon plasma. 

The lowest trace shows the s igna l  with s t i l l  
more helium impurity added; but there is so  great 
a percentage of helium present that  the effective 
mass in the ion-wave formula is decreasing. A s  
a consequence, the wave is speeding up (moving 
to  shorter t imes),  and the wave begins to move 
faster than the thermal helium ions.  A s  a result  
of this  speedup,  the Landau damping decreases - 
the received s ignal  is larger than for the third 
trace.  

The mathematical theory for this damping by 
contamination h a s  been worked out by David Mont- 
gomery, l 7  who h a s  demonstrated that  the  observed 
damping is quantitatively correct and that there 
should be the observed speedup of the waves as 
the helium concentration is increased. 

T h e  theory a l s o  predicts a second wave. T h i s  
wave begins with a velocity comparable to  that 
of the ion acoust ic  wave in xenon. A s  the helium 
concentration is increased,  the  predicted velocity 
of th i s  wave dec reases  toward that of ordinary 
sound waves in  xenon gas.  In our particular ex- 
periment, th i s  second wave should always be 
strongly Landau damped. We have not observed 

PHOTO 85970 

F ig .  5.31. Change i n  Ampl i tude of a Rece ived lon-  

Acoustic-Wave Signal i n  Xenon, as  He l ium Ions Are 

Added. Upper midd le  - a very smal l  

f rac t ion  of he l ium ions  i s  present. Note  that  the am- 

p l i t ude  has decreased. L o w e r  midd le  - maximum damp- 

ing. About 2% he l ium ions  are present. Bottom - wi th  

s t i l l  more he l ium ions  present, the  ion  acous t ic  wave 

ve loc i t y  increases, and the  domping goes away, as 

predicted. The electron temperature was 1 eV; the 

electrode spacing was 7.5 cm; the t ime scale is 20 psec 

per large d iv is ion .  

Top - no helium. 

th i s  wave. However, when the  m a s s e s  of t h e  two 
ion species do  not greatly differ, this wave should 
b e  visible.  

In conclusion,  by adding a few percent H e f  
contamination t o  a xenon plasma, we have been 
ab le  t o  produce s t rong Landau damping. T h i s  
technique appears  t o  b e  superior t o  the earlier 
technique of s lowing down the wave toward the 
ion thermal velocity,  because  the  bulk plasma 
parameters - electron temperature and ion wave 
velocity - a r e  not altered.  

5.5 PARAMETRIC EXCITATION 
OF TRANSVERSE WAVES IN A PLASMA 

1. Alexeff D. Montgomery l 7  

It is shown tha t  an  externally imposed osc i l -  
lat ing electr ic  field exc i tes  transverse electro- 
magnetic waves propagating perpendicularly to  
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’ .  
i t  in  a cold plasma. The  mechanism is c lose ly  
related t o  the parametric excitation of longitudinal 
plasma osc i l la t ions  recently predicted by Aliev 
and Silin. The  problem provides a n  application 
of nonsecular perturbation methods, when the equa- 
t ions of motion a r e  expanded in powers of the ex- 
ternal e lec t r ic  field.  Arbitrary small perturbations 
which a r i se  spontaneously in the plasma are  am- 
plified by the  act ion of the  electr ic  field,  for a 
cer ta in  range of the  driving frequency. The  growth 
rate of the osci l la t ions is calculated.  

The  full  text  is published in  The Physics of 
Fluids 9, 1362 (1966). 

5.6 HOT-ELECTRON PLASMA BLANKET 

I .  Alexeff V. J. Meece 
W. L. Stirl ing 

5.6.1 Two-Arc Performance 

We have returned to  two-arc operation (Fig.  5.32) 
in a n  attempt t o  increase the  trapped plasma den- 
s i ty .  The  a r c  e lectrodes a re  separated 180° i n  
azimuth and 2 in .  in radius;  one is 4 in.  and the 
other 6 in. off the  magnetic ax is .  Simultaneous 
operation of the two arcs  is s tab le  a t  1600 G 
axia l  midplane magnetic field.  The  radial  s e p a -  
ration of the  two arcs  does  not permit a n  overlap 
of the hot-electron s h e l l  drifting from each  arc .  
Figure 5.33, which is a measure of the  power de-  
livered t o  a midplane power probe as a function 
of the probe radial  posit ion,  shows this  c lear  
separat ion between the two s h e l l s .  However, as  
compared with a s ingle  arc ,  there is a n  increase 
in total  x-ray intensi ty  by a factor of 3 to  5 with 
both a r c s  operating. 

Operational experience and careful alignment 
of cathode and anode  have permitted an  increase  
to 5 x 10” for the  intermediate-energy elec- 
tron dens i ty”  in  e i ther  plasma blanket.  T h i s  
value is determined both from the electron sa tu-  
ration current s t reaming through the  mirror coil 
throat and from t h e  power delivered t o  the mid- 
plane power probe (if the  energy of the inter- 
mediate group is 2 keV). W e  feel that  th i s  energy 

‘‘Thermonuclear Div. Semiann. Progr. Rept. Apr. 30, 
1966, ORPIL-3089, P. 61. 

figure is not off by more than a factor of 2. We 
may b e  only a factor  of 20 from the densi ty  of 
1013 required to produce “burnout” of the  
neutral g a s  in t h e  center  of the  hot-electron s h e l l .  

5.6.2 Effect of Saturation Current 
Measurements on Plasma Density 

A means h a s  been  found for increasing the en-  
ergy and possibly the  density of the intermediate- 
energy electron group. The  method ut i l izes  t h e  
same wire probes used for monitoring the  electron 
saturat ion current streaming out the  mirror. With 
the high plasma densi ty  recently achieved in the 
shel l ,  a n  appl icat ion of a posit ive voltage on 
the  current probe t o  measure the electron s a t u -  
ration current c a u s e s  a spreading of the  s h e l l  
and a change  in power delivered t o  the power 
probe. Figure 5.34 shows the  effect on the s h e l l  
with ei ther  a d c  b ias  t o  the current probe or a n  
rf s igna l  of 300 kc. The  b i a s  voltage and the rf 
s ignal  d o  not have the same effect  on the plasma. 
However, both c a u s e  a n  increase in the curve 
a rea  or  power delivered to the  probe. F igure  5.32 
indicates  the  posit ions of the  current probe and 
midplane power probe. Both a re  located about 90’ 
(azimuth) from t h e  streaming electron s h e e t  of t h e  
reflex discharge. T h e  b i a s  vol tage increased 
the  power by about 20% and the  rf s igna l  by about 
30%. T h e  power input to the  current probe in  either 
case is about 100 W. T h e  total  power in  the  un- 
disturbed she l l  is about 2 kW out of a total  drain of 
2 5  kW on the arc  power supply; that  is, roughly 8% 
of t h e  power from t h e  supply appears  as  hot elec- 
trons. 

There is a variation in t h e  power delivered t o  
the probe with frequency. T h e  d c  b ias  c a u s e s  
a decrease  in  the peak power and more radial  
spreading of the plasma than the  rf s ignal .  T h e  
applied rf frequency is not cr i t ical  but s eems  to  
have a maximum heat ing effect  below 300 kc  and 
falls off slowly with increasing frequency. Since 
the period of a 300-kc s igna l  is about equal  t o  
the  t ransi t  time of the  cold plasma electrons out 
of the  machine, i t  is likely that the plasma heat ing 
and spreading is being driven by a n  osci l la t ion 
of the cold plasma. However, the source  of the  
energy delivered t o  the trapped plasma must b e  
the primary a r c  supply,  s ince  the power increase 
shown in  F ig .  5 .34 is about s i x  times the  100 W 
delivered t o  the  current probe. 
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Fig .  5.33. Midplane Densi ty  Prof i le  for T w o  Arcs. 

5.6.3 Magnetic-Field Shielding 
i n  the Anode Region 

We have made severa l  runs with the anode bucking 
coi l ,  shown on the  bottom arc  in Fig.  5.32. A 
schematic  of the bucking coil  and electrode as- 
sembly is shown in a previous report. '' Figure 
5.35 shows a typical field shape  obtained with 
the bucking coil when the ax ia l  midplane field 
is 2000 G. T h e  bucking coi l  has  two advantages 
over the iron shield previously used t o  reduce 
the field in the anode region. F i r s t ,  we c a n  con- 
t inuously vary the magnetic field strength in the 
anode channel  while operating. Second, the co i l  
produces no regions of enhanced field in a manner 
s imi l a r  t o  the induced field of the iron jus t  out- 
s ide  either end of the iron cylinder.  However, 
the co i l  effectively reduces the  mirror ratio along 
the flux l i n e s  of the discharge column. 

The effects thus far observed with the bucking 
coil  may be summarized with the a id  of Fig.  5.36. 
T h i s  figure shows the variation of three different 
physical  parameters with the midplane magnetic 
field. T h e  midplane field h a s  been increased to 
5500 G with the bucking coil on. The  maximum 
obtained with the iron was 4000 G. However, 
the electron saturat ion current t o  a probe in a 
mirror coi l  throat fell by a factor of about 3 when 
using the bucking coi l .  At the same time, the 
operating pressure or neutral  density increased 
by a factor of less than 2. Since the intermediate- 
energy electron densi ty  varies directly as the 

electron saturation current and inversely as the 
neutral densi ty ,  the electron density decreased 
by a factor of about 5 for a magnetic field increase 
of 31/*. T h i s  densi ty  decrease a r i ses  from the 
fact  that  the grad B drift of the electrons var ies  
inversely with magnetic field,  and the relaxation 
t ime  for scat ter ing out the mirror var ies  inversely 
with neutral  densi ty .  

Figure 5.36 a l s o  shows that the discharge op- 
erated a t  magnetic fields in the anode channel  
above the 4400 G maximum which c a n  be achieved 
without the bucking co i l  on. An attempt was 
made to  hold the field in the anode a t  about 4000 
G. By s o  doing, we could not operate at mid- 
plane magnetic f ie lds  up t o  5500 G. Resu l t s  
with iron shielding indicated that the magnetic 
field in the anode should s tay  about constant .  
However, these  preliminary resul ts  with the bucking 
co i l  sugges t  that  the anode channel  magnetic field 
is a n  important parameter in the resonance con- 
dition responsible  for the electron heating ob- 
served.  Both the co i l  and the iron shield resul t  
in an  increase of the maximum magnetic field a t  
which the heat ing process  will  operate.  
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5.7 EXCITATION HEATING OF IONS 
TOMODERATE TEMPERATURES 

J .  Rand McNally, Jr. P. M. Jenkins 

5.7.1 Introduction 

The  elementary process  of electronic exci ta t ion 
followed by heat ing of atoms and ions is fairly 
wel l  documented. Pe rhaps  the  most well-known 
case is that  of the  Franck-Condon exci ta t ion of 
the neutral  hydrogen molecule t o  the repulsive 
3cu s t a t e ,  which then decays  into two free hy- 
drogen atoms having an  energy of about 2 eV 
each.  Recently,  quite vigorous heat ing h a s  
been observed in the explosive-like dissociat ion 
of multiply charged molecular ions;  for example,  
ions up t o  about 100  eV have been observed in  
the  dissociat ion into energet ic  fragment ions of 
multiply charged methyl iodide (CH,I), which 
is produced by x-ray ionization of the iodine L 
electron followed by a s  many as nine additional 
e lectrons “shaken off” the molecule. 2 o  In the  
case of our energet ic  carbon a r c s  the excitation- 
heating process  is believed t o  b e  a more com- 
plicated,  multiple or chainlike process  which per- 
mi t s  the ions t o  e s c a l a t e  t o  a n  equilibrium energy 
considerably higher than expected from the ele- 
mentary, isolated excitation-heating s t e p .  

T h e s e  a r c s  a re  s teady-state ,  high-current, long, 
magnetically confined carbon arcs character ized 
by very high ion “temperatures” and modest elec- 
tron “temperatures.  ” ” During th i s  report period 
brief s tud ies  have been continued in the Long 
Solenoid Fac i l i ty  using two 19-ft-long a r c s  for 
vacuum ultraviolet s tud ies .  2 2  

The carbon ions are believed t o  escalate t o  a 
high energy cons is ten t  with their res idence t i m e  
in the arc (estimated -1 m s e c )  and the following 
excitation-heating s t e p s  (neglecting power feed 
from the a r c ,  e l a s t i c  col l is ional  energy transfer 
from electrons,  and radiative losses): 

” S e e  H. S .  W. Massey and E. H. S. Burhop, Electronic 
and Ionic Impact Phenomena, p. 232, Clarendon P res s ,  
Oxford, 1952. 
’OT. A. Carlson and R. M. White, J .  Chem. Phys .  44, 

4510 (1966). 
21J. R. McNally, Jr.. and M. R. Skidmore, Appf. O p t .  

2, 699 (1963); J. R. McNally, Jr., e t  al., Appl. Opt. 5, 
187 (1966). 

22Therrnonuclear Div. Semiann. Progr. Rept.  Apr. 30, 
1966, ORNL-3989, PP. 74-77. 
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+ e - 6.5 eV,  excitation of ions,  

c2+* ( 3 P 0 ) + C2+*(3PO) 4 C2+('S) 

+ C'+( 'S)  + 13.0 eV, heat ing of ions.  

T h e  mean electron energy of about 4 eV, plus 
the large s ta t i s t ica l  weight of 9 for the  metastable 
3 P 0  state compared with 1 for t h e  ground 'S s t a t e ,  
sugges t s  an e x c e s s  population (1.5:l) for the  3 P 0  
s t a t e  (this h a s  been measured t o  be about 4:1).22 
In order that  t h e  above exothermic reac t ionz3  
proceed, the  strongly repulsive Coulomb barrier 
(estimated 5 0  eV) is apparently overcome by 
powerful E x H Z  drift motion and axial  drifts  due 
t o  E=, some randomization through col l is ions,  and 
near head-on col l is ions which trigger or ignite the  
excitation-heating cycle.  In carbon arcs up to  16 
ft in length, the maximum ion "temperature" 
reached TI 2' 5,000,000°K (-500 eV) as deter- 
mined by Doppler broadening. '' T o  attain such 
high mean energies ,  the number of propagation 
s t e p s  for individual carbon ions  must be in e x c e s s  
of 100. 

5.7.2 Ion Densit ies in the Carbon Arc 

Additional data  have been obtained by vacuum 
ultraviolet absorption spectroscopy techniques and 
using two parallel  19-ft-long carbon arcs .  One 
arc  served a s  a n  emitter arc or light source,  and 
the second a r c  was  the absorber arc ,  in which 
ion dens i t ies  of C 2 + ,  C 2 + *  , and C 3 +  were meas- 
ured by standard absorption techniques.  2 2  

Table 5 . 1  gives  the resul ts  on ion and electron 
(ne = 2 zn+) densi t ies  (the third column of Tab le  
5 .1  is taken from ref. 22). The  lower-current a r c s  
produce a larger population of doubly ionized 
spec ies  relative to  C 3 +  than the higher-current 
arcs  (4/1 a t  175 A vs  1.61'1 a t  250 A), confirming 
the earlier work. 2 2  Apparently the C3'  ion acts 
a s  an  impurity ion which introduces both (1) a 
reduction of the excitation-heating process  by re- 
ducing the number of heating col l is ions and (2) 

' 3 ~ e  reaction energy is not naturally present in  the 
carbon i o n s  (as  in  the c a s e  of chemical and nuclear 
fusion reactions) but rather is pumped there a t  the  
expense of energy of the electrons and hence  the ap- 
plied power. 

a cooling effect  s ince  the C 3 +  a c t s  essent ia l ly  
as a separate  energy reservoir s teal ing kinetic 
energy from the ac t ive  C'' ions and losing it to  
the electrons.  

The abundance of metastable C 2 +  ions relative 
to  ground-state C '+ ions is higher than a Boltzmann 
equilibrium a t  Te = 4 eV would predict. Taking 
a n  average for the two arc  currents in Tab le  5.1,  
one ge ts  C 2 + * / C 2 +  a s  about 4 . 6 : l .  T h i s  popu- 
la t ion ratio sugges t s  that  Te is of order 80,000°K 
or 10.4 eV (for E* = 6.5 eV, g* = 9, and g G  = 1) 
in contrast  with a Saha temperature of 28,000°K, 
and with the microwave (surface temperature) value 
of Ard24  of 4 t o  8 e V  and other spectroscopic  
values of 18,000 t o  60,000°K (depending on the 
method of interpretation '). The  uncertainty is 
about 15% for th i s  newer technique of obtaining 
an electron temperature, using the C 2  '* and C '+ 
relative abundances,  suggest ing the possibi l i ty  
of a s l ight ly  inverted population for the meta- 
s tab le  s t a t e .  

T a b l e  5.1. Ion Dens i t ies  in  the Energetic 

Carbon Arc (570 cm long) 

Density (465 cm from anode) 

175 A 250 A 
Ion Spec ies  

C 2 +  0.4 x 1 0 1 3  0.5 1013 

2.7 x 1013 c 2 + *  

c 3 +  0.5 x 1013 2.0 1013 

ions/cm3 i o n s  /cm3 

1.6 x 10 l 3  

e 5.5 x 1013 12.4 1013  
e/cm3 e/cm 

5.7.3 Mass Spectrometric Data 

Mass spectrometric ana lys i s  of t h e  peripheral 
region of the carbon arc using the Neidigh m a s s  
analyzer2 '  gave data  much like those shown in 
Fig.  5.37. Calibration was made by introducing 
various g a s e s ,  and the calibration resul ts  are 
shown in Fig.  5.38. 

24W. B. Ard, Jr., Thermonuclear Proj. Semiann. Rept.  

25Thermonuclear Proj. Semiann. Rept. Jan. 31,  1960, 
Jan. 31, 1960, ORNL-2926, p. 43. 

ORNL-2926, PP. 30-34. 

. 
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Fig .  5.37. Moss Spectrometric Analysis of the Mag- 

ne t ica l ly  Confined (8300 G) Vacuum Carbon Arc ( 3 ~  

Torr, "130 A, 178 V,  40 in. from Anode in 19-f t -  

long Arc), (See ref. 25.) 

The mass ana lys i s  s tud ies  consistently gave 
high abundances for C Z t  and C3+,  lending ad- 
ditional credence to  the  optical  measurements. 
The  concentration of C 4 +  decreased as the ana- 
lyzer was moved c loser  to the arc core; a l so ,  the 
C Z f  peak increased relative t o  the C 3 +  peak. 
Th i s  dependence on radial  motion of the mass 
analyzer supports the optical  da ta ,  which give a 
higher abundance of C 2 +  compared to  C3' in the 
arc core.  

5.7.4 The Near-Resonance Reaction 
and the Massey-Hasted Adiabatic Maximum Rule  

Masseyz6  sugges ted  that the c ros s  sec t ion  for 
charge-transfer reactions t o  occur h a s  a maximum 
when the adiabatic criterion alAEl >> hv becomes 
an  equality,  that  i s ,  

alAEl = hv 

Hasted d iscussed  this  in more de ta i l  and 

H. S. W. Massey and E. H. S. Burhop, Electronic 
and  Ionic Impact Phenomena, p. 515, Clarendon P res s ,  
Oxford, 1952. 

27J. B. Hasted,  Proc.  Roy. SOC. A212, 235 (1952). 

z8J. B. Hasted and A. R. Lee,  Proc. Phys.  SOC. 79, 
702 (1962). See also J. B. Hasted, Phys ic s  of Atomic 
Collisions,  p. 422, Butterworths, 1964. 

evaluated a n  experimentally b e s t  value of a = 
7 x lo -*  c m  for a large number of cases. In cases 
when m electrons were transferred, the  data pointed 
to  us ing  ma ins tead  of a for the atomic parameter. 

The  excitation-heating cycle is a possible ex- 
ample of such  a near-resonance condition; that  i s ,  
in the reaction: 

+ CZ+( 'S )  + 13.0 eV , 

there is a near resonance for the coll iding ions: 

C2+*(3PO) + C2+*(3PO) - CZ+'('PO) 

+ C2+('S) + 0.29 eV . 

Table 5.2 gives data pertinent t o  severa l  ions  
which are isoelectronic with C2+. The  predicted 
vre1 for C is 9.8 x l o 6  cm/sec at the maximum 
of the c r o s s  sec t ion  for a double charge exchange. 
Th i s  corresponds to an  energetic C2+* particle of 
600 eV striking another a t  res t  or to two 150-eV 
ions colliding head on. Although we have used  
m = 2 i t  is possible that m = 1 m a y  be more ap- 
propriate, s ince  the reaction may go as either 
double charge exchange or  a s  an  excitation-de- 
excitation process,  inasmuch as the identity of the  
two electrons is lost .  

2t* . 
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6 3  

I ' .  

T a b l e  5.2. Energy Defects and Approximate Locat ions of  Cross-Section Maxima 

X* + X* X' + X +  AE 

Reaction 
Species 

Energy 
Defect (eV) 

KE, ( e v l b  KE, ( ev )b  

x 106 

Be* 0.17 5.6 140 35 

B+* 0.16?' 5.4? 150? 38? 

0.29 9.8 600 150 c2+* 

N3' 0.49 16.4 2000 500 
o4 + * 

0.74 24.8 5100 1300 

"v re1 = 2alAEI/hv. 

'KE = projecti le energy; KE,  = energy for two projecti les in head-on collision. 1 
' Indicates uncertainty in energy defect. 

Nitrogen ions require 1.8 times the col l is ional  
velocity or almost four t imes the  energy. The  
exponential  shape  of the c ross  sect ion is given by 
Massey and BurhopZ6 a s  

e-ca 1 AE 1 / v ru e-c'a IAEI / h v  

where c'is about unity for near resonance.29 Thus,  
in the adiabat ic  region (low col l is ional  velocity 
regime where the  time of coll ision is long com- 
pared with the electron rearrangement time), carbon 
ions a re  much more likely to  react than nitrogen; 
for example, if  the  exponential  is 0.1 for carbon, 
it is only 0.015 for nitrogen at the same  velocity. 
Th i s  may explain in part (together with the in- 
creased Coulomb barrier) the difficulty of obtain- 
ing a nitrogen arc  containing very hot nitrogen ions.  

Two curves (Figs .  5.39 and 5.40) are  given in a 
new form to i l lustrate  the Massey-Hasted relation 
in terms of experimental data  of F l a k s  and 
S 0 1 o v ' e v . ~ ~  The  cross sect ion is plotted v s  AE of 
the charge-exchange reaction for constant velocity. 
The  maximum of the curve in Fig. 5.39 is dis-  
placed slightly t o  posit ive AE and does  not show a 
double maximum corresponding to alAEl/hv = 1. 
Reactions in the adiabat ic  region appear to  be very 

strongly forbidden for large negative values  of AE 
but not as strongly forbidden for large posit ive 
values of AE. In the  latter case other final s t a t e s  
of excitation may be populated, permitting AE t o  
be AE '= AE - E*. Metastable ions in  the projec- 
t i le  beam may a l s o  introduce b ias  for some of the 
negative AE values.  Figures  5.39 and 5.40 i l lus- 
trate the very large c ross  sec t ions  which pertain 
to near-resonance cases when AE is positive. 

ORNL-DWG 66-6316R 

29V. I. Rydnik and B. M. Yavorskii, Bull. Acad. Sci.  

301. P. F laks  and E. S. Solov'ev, J. Tech. Phys.  

USSR 27(8), 981 (1963). 

U S S R  3, 577 (1958). 

10 and F i g .  5.39. Charge-Exchange Cross Sections r 

r21 for v = 3 x IO' cm/sec v s  the Energy Defect ,  hE, 
for Many Dif ferent  Ion-Atom r o l l i s i o n s  (see  ref. 30). 
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electron dens i t ies  on the  order of 10 l6  cm-3 for 
a time sufficiently long to measure electron tem- 
perature and radiative energy losses. T h e  com- 
plete  balance of temperatures and power flow must 
then b e  understood in order to  evaluate  the  poten- 
tialities of the  system. 

Figure 5.41 shows an assembly view of the  high- 
pressure arc  experimental apparatus.  Vacuum pump- 
ing  is avai lable  to operate  a r c s  between lo-’ torr 
and atmospheric pressure.  Power suppl ies  a re  
available to run a rcs  up to  7000 A a t  500 V. T h e  
solenoidal  f ield c a n  achieve a maximum axia l  
value of 15 kG. T h e  facil i ty is completely as- 
sembled, and tes t ing  of electrical and g a s  handling 
sys tems h a s  begun. 

Fig .  5 .40 .  Charge-Exchange Cross Sections for D 20 
for v = 3 x lo7  crn/sec vs the Energy Defect ,  AE, for 

Many Different Ion-Atom Col l is ions  (see  ref. 30). 

5.8 HIGH-PRESSURE ARC 

I .  Alexeff W. Halchin 
V. J. Meece 
C. E. Nielsen3 

E. D. Shipley 
J. R. McNally, Jr. 

W. L. Stirl ing 

We have s tar ted a n  experiment to develop a gas- 
confined high-density arc .  Gas confinement of a 
plasma was  first  proposed by A l f ~ e n , ~ ~  and 
Wienecke with co-workers h a s  a s t rong program in  
th i s  direction a t  Garching. More recently,  C. E. 
Nielsen h a s  considered what kind of stationary 
s t a t e  might e x i s t  in  a gas-confined plasma and 
how this  s t a t e  might b e  experimentally approached. 
The  proposals envisaged a long cylindrical  core of 
very high-density plasma which is confined by a 
cold gas.  A longitudinal magnetic field is applied 
only in order to  reduce radial  conduction losses. 
Except  for radiation, energy will  b e  transmitted 
primarily longitudinally out the  ends. 

T h e  first  s t e p  in  developing an  exploratory pro- 

5.9 BEAM STABILIZATION IN THE CALUTRON 

E. D. Shipley 
A. M. V e a ~ h ~ ~  

J .  P. Wood 
0. C. Yonts 

Briggs and have shown that s tabi l izat ion 
of a n  ion beam against  negative-mass instabi l i ty  
c a n  b e  achieved if the  net  time average magnetic 
energy of t h e  rf due to the  charge perturbation 
exceeds  the  electr ic  energy in  the region outs ide  
the  beam. For  nonrelativist ic ion beams s u c h  as 
those  i n  the  calutron, they propose a lumped circui t  
element system (similar t o  t h e  s low wave s t ructure  
used in  microwave tubes)  which should prevent 
instabil i ty growth. 

For  the calutron two s u c h  boundary wal ls  were 
constructed,  one  on each  s i d e  of the  beam. One 
wall cons is ted  of 50 p la tes  which were s e r i e s  con- 
nected by 45-turn, 2-layer coils with a resonant 
frequency of 1.3 Mc.  T h e  other wall contained the  
same number of p la tes  which were s e r i e s  connected 
by 27-turn, single-layer coils with a resonant 
frequency of 6.2 Mc. 

In operation, t h e s e  wal l s  have  shown more s i m -  
i lar i t ies  to t h e  f la t  conducting p la te  wal l  than to  
t h e  normal parallel-connected Boundary Impedance 
Network (BIN) wall ,  which we  h a v e  used a t  ORNL 
i n  t h e  past .  T h i s  is shown i n  Fig.  5.42 i n  which 
beam imperfection is plotted against  wall-to-wall 
spacing.  Beam imperfection3’ is defined as the 

gram is to develop sustained kiloampere a rcs  with 
331sotopes Division. 
34R. J. Briggs and V. K. Neil,  Stabilization of Intense 

Coasting Beams in Particle Accelerators by Means of 
Znductive Walls, UCRL-14407 (1965). 

35E. D. Shipley et a l . ,  Thermonuclear D i v .  Semiann. 
Progr. R e p t .  Oct .  31,  1964, ORNL-37G0, p. 45. 

*Consultant, Ohio State University. 
32H. Alfven e t  a l . ,  Nuclear Fusion: 1962 Suppl., Pt. 

1, pp. 33-38. 
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Fig. 5.41. Assembly V i e w  of High-pressure Arc Facil i ty .  

ratio of total  ion current (of 40Ca in  th i s  experi- 
ment) at t h e  receiver to that  which actually en ters  
a n  isotope collector pocket. Curve 1 shows re- 
s u l t s  for a parallel  coil BIN described previously; s 
curve 2 shows resu l t s  for a noninductive f la t  
conducting plate.  Curves 3 and 4 a re  for t h e  s e r i e s  
coil BIN36 of which curve 3 shows one of t h e  best 
curves obtained, and curve 4 shows one of t h e  
worst. All the  curves  shown are  i n  the  low-pressure 
blowup region. Apparently some instabil i ty other 
than the  negat ive mass  is responsive to t h e  control 
that  c a n  b e  imposed by the  ORNL BINS in  t h e  
180O-focused calutron beams. 

36The added size of the se r i e s  co i l s  interfered with 
the  motion of the walls, so  tha t  maximum wall-to-wall 
spacing could not b e  obtained. 

5.10 LEVITATED TOROIDAL QUADRUPOLE 

I. Alexeff W. Halchin 
M .  Roberts 

5.10.1 Introduction 

A new program investigating some face ts  of toroi- 
da l  multipole plasma containment devices  h a s  been 
s tar ted i n  this  laboratory. Recent  experimental 
f indings a t  the  University of Wisconsin, 3 7  General 
Atomic, 3 8  and the Max-Planck Inst i tute  a t  Munich,39 

37R. A. Dory e t  al., Phys .  F lu ids  9, 997 (1966). 
38T. Ohkawa e t  al., Plasma Phys ic s  and  Controlled 

Nuclear Fusion Research, vol. 11, p. 531, IAEA, Vienna, 
1966. 

39D. Eckhartt,  G. von Gierke, and G. Grieger, P lasma 
Phys ic s  and  Controlled Nuclear Fusion Research ,  vol. 
11, p. 719, IAEA, Vienna, 1966. 
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Using Dif ferent  Wall Configurations. 

using toroidal octupole plasma machines, have 
substant ia ted earlier theoretical  predictions of 
magnetohydrodynamic (MHD) s tabi l i ty  in the multi- 
pole configuration. In the toroidal multi-(2n)-pole 
device,  n conducting hoops carry current in the 
s a m e  direction and produce a magnetic field BLm = 

B p ,  B4, 0 (see Fig.  5.43 for  definition of coordi- 
na tes  p, 4, 0) which encompasses  the hoops and 
can  be contained completely within a vacuum 
vesse l .  The magnitude of the magnetic field 
between the hoops increases  in all directions 
away from a central  zero forming a magnetic well 
through which pass  many flux l ines  linking one 
or a l l  hoops. Of those flux l ines ,  Y, encircling 
all the hoops, the ones closer  t o  the hoops than 
a l ine designated Ycrit have sufficiently longer 
extent within the magnetic well than in the region 
of decreasing magnetic field adjoining the outer 
peripheries of the rods and provide MHD stabi l i ty  
for plasma guided along the line. Unfortunately, 

40T. Ohkawa and D. W. Kers t ,  Nuovo Cimento 22, 
784 (1961). 

plasma contained in the s tabi l i ty  region will  neces -  
sar i ly  eventually s t r ike any simple mechanical 
supports  holding the conducting hoops in place.  
In the experiments reported t o  date ,  7 -  all 
employing simple, mechanical hoop supports,  the 
primary loss  mechanism is attributed t o  intercep- 
tion loss on the hoop supports.  T h e  ini t ia l  em-  
phas i s  in th i s  toroidal multipole program is el imi-  
nat ing the need for hoop supports (with consequent 
removal of the prime plasma l o s s  mechanism) by 
concentrating on magnetic levitation of a two-hoop 
(quadrupole) system. 

The  preliminary experimental resul ts  described 
below show three major points:  levitation of a 
quadrupole, production of a moderately high mag- 
ne t ic  field strength,  and a duration of the magnetic 
field that  is sufficiently long for plasma experi-  
ments. 

. 

5.10.2 Apparatus 

All the experiments were performed with the same 
b a s i c  form of apparatus which was  designed both 
for uti l ization of avai lable  iron cores and for the 
e a s e  of manufacture. Figure 5.43 shows the plan 
and cross-sect ional  views of the copper box and 
hoops as well  as the coordinates and the location 
of the iron core used to induce currents a t  60 Hz 
in the hoops.  Although operation was  init ially 
a t  room temperature, i t  did become necessary to 
cool  the box t o  low temperatures, at first  by pour- 
ing  liquid nitrogen through access holes  in the  
top of the box and later by immersing the entire 
structure in a liquid-nitrogen-filled plastic-foam 
Dewar. Power was  supplied from a large auto- 
transformer for continuous operation, which became 
limited only by the various effects of heat ing in 
the hoops,  box, core, and supply.  

In addition to straightforward visual  and aural  
observations,  diagnost ics  were performed with 
multiturn pickup coi ls  with a s soc ia t ed  sens i t ive  
osc i l l o scope  amplifiers to  measure dB/d t ,  and a 
Hal l  effect  gaussmeter to measure B ( t ) .  T h e  c o i l s  
were at tached to  the wal ls  t o  measure both the  
mechanical osci l la t ion frequency (by amplitude 
modulation of the induced voltage) and the time 
decay,  or they were used  as sea rch  coils to  meas- 
ure  absolute  values of the fields.  The  gaussmeter 
probe was  similarly used  t o  measure absolute  mag- 
ni tudes and time decay of the magnetic fields.  
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Fig.  5.43. Internal P lan  View and Cross Section of Toroidal  Quadrupole. 

5.10.3 Levitation 

Although the  electromagnetic levitation of con- 
ducting bodies is extensively reported in the lit- 
e r a t ~ r e , ~ l ’ ~ *  in a l l  but one case the resultant 
magnetic field which a l s o  performs the levitation 
is an externally imposed, primary magnetic field. 
In the case of the L e ~ i t r o n , ~ ~  however, the pri- 

41E. C. Okress  e t  aI., J .  Appl. Phys.  23, 545, 1413 
(1952). 

42P. Rony, Trans.  Vacuum Met. Conf., 7th, 1964, 
American Vacuum Society, Boston, Mass., 55 (1965). 

43S. A. Colgate and H. P. Furth, Small-Scale Instabi l -  
i t ies of the Pinch and a Suggested Remedy - the 
Levitron, UCRL-5392 (1958). 

mary, externally imposed magnetic field is used  
to induce current in a hoop completely enclosed 
in a conducting toroidal shel l .  The  resultant self- 
magnetic field of the internal conductor performs 
the levitation, and, as such,  the experiment differs 
fundamentally from external field levitation. 

Figure 5.44 i l lustrates  the continuous levitation 
of a s ingle  hoop in an open channel of square 
c r o s s  sect ion;  this experiment is similar to  the 
early L e ~ i t r o n ~ ~  s tudies  and was  performed to  gain 
experience with simple levitation. After being 
energized from a res t  position on the bottom, the 
s ingle  hoop vibrates with a damped osci l la t ion 
of frequency about 7 Hz and a damping time con- 
s tan t  of a few seconds.  All later experiments 
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PHOTO 85974 periments 4 and 5, and the  hoops could b e  raised 
t o  a level  near the center  of the box. Without 
t h e  restoring force and nagne t i c  shielding of the 
top plate,  perturbations in the hoop posi t ions 
resulted in asymmetric attraction and motion of 
t h e  hoops out of the box toward the iron core.  
Strong, low-frequency osci l la t ions built  up in t e n s  
of seconds,  where the t ime  indicates  the f i rs t  
s t r iking of a wall by either hoop. T h e  mode of 
oscil lation was primarily a twist ing one in which 
the  hoops pivoted about a diameter, eventually 
striking the top and bottom walls .  A second mode 
observed was  a side-to-side motion in which the 
hoops periodically hit the  s i d e  wal ls .  

The  remainder of the work was done with the  
dimensions of experiment 5 ( the largest  hoop-to- 

- ,  

Fig .  5.44. Continuous L e v i t a t i o n  of a Single Hoop in 

the Toroidal Box with Large Inner P i e c e .  

involved two hoops, a channel of rectangular c r o s s  
sect ion,  and a smaller inner radius. 

The init ial  two-ring experiments were performed 
without the top plate  simply to see i f  the rings 
would center  themselves under two circumstances,  
namely, when the static friction was overcome 
and when the  quadrupole was  barely up off the 
bottom plate.  Tab le  5.3 gives the various hoop- 
to-wall spacings S and box heights H used  in the 
two-ring experiments designated 1 through 6. 

In experiment 1 the hoops touched as soon a s  
the  friction was overcome, and levitation was 
not achieved. Separating the hoops a s  far  as 
practical  resulted in levitation in experiment 2. 
Although the spacing from hoop to  wall  on the s i d e  
and bottom was too small to be useful, and al-  
though the copper box had to be a t  or below room 
temperature, the experiment did show that  the 
hoops could be s tab ly  centered; that  i s ,  the repul- 
s ion from the  wal ls  was greater than the mutual 
attraction between the hoops.  With the top plate  
on, the box could become warm and there would 
s t i l l  be levitation. In experiment 3, where the 
hoop-to-wall spacing was doubled, even with the 
top in place,  cooling the box was necessary;  the 
temperature was not measured; liquid nitrogen w a s  
simply poured into the box. 

Still lower temperatures, probably 5 -lOO°C, were 
required t o  levi ta te  the  hoops in experiment 4, in 
which the hoop-to-wall spacing S was  once again 
doubled ( to  in.). The  top w a s  in place for ex- 

wall spacing and smaller  box height). At magnetic 
field s t rengths  Btm 2 ?4 kG (measured at  the  outs ide  
of the  outer rod), the inner hoop w a s  centered verti- 
cal ly ,  and the outer, heavier hoop w a s  about 15% be- 
low the center;  both were centered with respect  to 
t h e  s i d e  walls.  T o  obtain horizontal  centering, it  
w a s  necessary to  maintain (by immersing the 
entire device in liquid nitrogen) an equilibrium 
temperature for the box very nearly equal  to  that  
of liquid nitrogen. 

A difference between energizing the quadrupole 
gradually and abruptly is a high-amplitude, low- 
frequency (< 10 Hz) osci l la t ion that  damps within 
a few seconds  after an abrupt s tar t .  A more impor- 
tant,  growing oscil lation s t a r t s  from small  displace-  
ments and builds up to  the maximum excursion pos- 

T a b l e  5.3. Hoop-to-Wall Spacing S and Box 

Height  H for Six Di f ferent  Quadrupole Experiments 

Experiment 
No. Spacing S (in.) Height H (in.) 

. 
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s i b l e  in tens  of s econds  a t  the low fields ( B t m  w 0.5 
kG) and in a second or  less a t  high f ie lds  (B tm  2 
kG). Th i s  growing oscil lation, which is nearly 
damped when the hoops are immersed in liquid nitro- 
gen (apparently by the mere presence of the liquid), 
appears to b e  associated with the nonlinear prop- 
erties of the  core near  saturation which couples  
the  changing inductance of the  vibrating hoops 
t o  the  series resonant circuit  described in the next 
sect ion.  

5.10.4 Magnetic F i e l d  Strength 

8 .  

The  ultimate magnetic field strength in the pres- 
en t  system is determined by the saturation value 
of flux in the  core and the impedance of the quad- 
rupole. Applying the  autotransformer voltage di- 
rectly t o  the coil  can  result  in maximum field 
strength but a t  the expense of excess ive  current 
drain. Th i s  current drain can be reduced a factor 
of 2 by us ing  a series resonant capacitor to pro- 
vide the reactive power needed to create  the mag- 
net ic  field. The  circuit  then presents  a lower, 
res is t ive impedance to  the supply,  requiring a 
lower voltage a t  the saturation current and con- 
sequently lower total  power from the supply.  Nearly 
900 p F  capacity in  series with the  coi l  reduced 
the  power consumption to  produce a Btm 2 kG 
from 14 kVa to 7 kW; field s t rengths  near the inside 
of the inner rod are about 132 t i m e s  larger than 
at the  outer rod for two reasons: the toroidal 
distortion and the difference in diameters of the 
two hoops. 

5.10.5 Extended F i e l d  L i fe t imes 

Since the quadrupole is energized at 60 Hz and 
i t s  natural frequency appears  to  be an order of 
magnitude lower, the rings remain levitated with 
a low-frequency fluctuation. The magnetic field,  
however, is varying a t  60 Hz and is relatively 
constant only for two periods of less than 4 m s e c  
in each cycle.  Longer periods over which the 
field is relatively constant  can  be obtained by 
forcing the energy stored in the magnetic field t o  
be diss ipated through the hoop resis tance rather 
than to  b e  transferred to  the capaci tance.  Th i s  
clamping of the primary coi l  or crowbarring of the 
magnetic field was done by closing a mercury 
relay across  the coil .  The  shorting of the contacts  

is somewhat random with respect  to  the 60-Hz 
field,  and a few tr ies  were needed t o  obtain a 
clamping at maximum field. Figure 5.45 shows,  
on two time s c a l e s ,  the output of a gaussmeter 
probe inser ted in a Pyrex tube placed in the 
liquid nitrogen next to  the outer hoop. The  t i m e  
constant  for the decay of the field (about 1'/? kG) 
is measured to  be about 18 msec in the upper 
picture. The  hoops are  held up in place by the 
magnetic pressure for about the first  e-folding 
time. A calculation of L / R  for a coaxial  inductor 
of the  same 
resis tance a t  
s tan t  of about 

dimensions and with a skin-depth 
the inner rod resul ts  in a time con- 
10 msec. 

5.10.6 Discussion 

The  straightforward levitation of two coplanar 
hoops in the small-scale apparatus appears  t o  be 
complicated by two things: the need for liquid- 
nitrogen cooling and the strong, growing osci l -  
lat ions.  Cooling is required to  increase the 
repulsive wall forces sufficiently t o  overcome the 
attractive forces between the  hoops. T h i s  is done 
by reducing the skin depth a factor of T O  below 
its room temperature value, thus decreasing the 

PHOTO 85972 

F ig .  5.45. Magnetic F i e l d  Strength Near Outer Hoop 

Showing the E f fec t  of Clamping the C o i l  a t  the Peak of a 

6 0 - H ~  Osc i l la t ion .  Upper p ic tu re  - 50 msec/cm, low- 

frequency var ia t ions  (<60 Hz) ind ica te  hoop vibrat ions;  

lower  p ic tu re  - 10 msec/cm, high-frequency o s c i l l a t i o n s  

(>60 Hz) ore from goussmeter measuring c i rcu i t .  

I . 
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separation between the hoop and i t s  hypothetical 
image in the wall .  (The  resis t ivi ty  of copper at  
t h e  temperature of liquid nitrogen is one-tenth 
t h e  value for copper at room temperature and is the 
lowest of any common conducting material.) Since 
the resis tance is also reduced by a factor of p, 
the  time-average force is increased,  and the quad- 
rupole impedance is reduced and made more induc- 
t ive.  Cooling of the  hoops also resul ts  in a 
larger L / R  time constant  for the  field decay. So, 
although the reduction of the  skin depth would no 
longer be necessary  for larger scale s i z e s ,  the 
other two functions performed by cooling a r e  neces-  
sary.  

The  two types of growing osci l la t ions,  s i d e  to 
s i d e  and  up and down, e x i s t  because  of the  non- 
l inearity in the system ( the saturated core) and 
because  of the weak restraining forces.  Since 
all the avai lable  area for an iron core in the 
present  model is not used (only one-third of the 
a rea  i s  f i l led with iron), operation a t  the same 
field strength,  but filling most of the possible  
a rea  with iron,, should result  in a more nearly 
l inear  circuit  and a longer time constant  for the 
growing oscil lation. As  the  inner hoop is lighter 
and smaller in diameter than the outer hoop, shap-  

i n g  the  internal c r o s s  sec t ion  of the  box to f i t  
equidistantly around both hoops should also help 
to reduce the  osci l la t ion buildup. In fact ,  s i n c e  
the  field is stronger at the  inner hoop than a t  the 
outer  hoop, the hoop-to-wall spac ing  c a n  b e  smaller  
ye t  keep  the  same  number of gyroradii and increase  
t h e  repulsive force. Experiments on the  present  
scale are  planned to t e s t  plasma confinement with 
the  levi ta ted quadrupole using room-temperature 
i o n s  having dozens  of gyroradii between hoop and 
wal l  in the 2-kG field. 

5.10.7 Summary 

Levitation h a s  been shown to b e  feasible  for 
supporting a toroidal quadrupole under cer ta in  
conditions.  At t h e  higher field s t rengths  required 
for plasma confinement, the  s tabi l i ty  of t h i s  quad- 
rupole is drast ical ly  reduced but,  on the  time 
scale of a plasma experiment, is s t i l l  usable .  
F ie ld  s t rengths  using a s e r i e s  resonant capaci tor  
and only one-third the avai lable  core  a rea  a re  nearly 
2 kG a t  the  outer hoop and about 3 kG a t  the  inner 
rod. Crowbarring of the  magnetic field at its peak 
value resu l t s  in a relatively constant  f ield las t ing  
8 msec. 
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6.1 RYDBERG STATES OF HYDROGEN 
MOLECULES 

Previous reports have d iscussed  the measure- 
ments of exci ted electronic  s t a t e s  of energet ic  
H, formed by electron transfer col l is ions in  a g a s  
cell. These  exci ted s t a t e s  have been described 
as  consis t ing of an ionic  core  with a s ingle  
electron removed sufficiently far from the core 
such tha t  it moves i n  the  field of a unit charge. 
Thus  there  should exist a s e r i e s  of Rydberg s t a t e s  
with energies  En =” l / n 2  Ry, when n is large. T h i s  
outer electron “sees” a small  core whose principal 
effect  is to produce a - e2 / r  potential  that  binds it 
to the  core. Since the core is not simply a point 
charge, i t  will ,  in  general ,  generate higher multi- 
pole  potent ia ls  as  well. T h e s e  will  have t h e  effect 
of perturbing the energy l e v e l s  from an exact  l / n 2  
sequence, much as an  ordinary nucleus that h a s  a 
magnetic moment and a quadrupole moment will 
shift  the  energy leve ls  of the corresponding atom 
into the various hyperfine levels.  

To further push the analogy of the  molecular ion 
core with an atomic nucleus, i t  may b e  noted that 
a process  ca l led  internal conversion h a s  been well 
documented in  nuclear physics .  A nucleus in  an 
excited s t a t e  can  revert to the  ground state by the 
emission of a gamma ray. However, in  a small  

‘Summer employee, David Lipscomb College. 
’Health Phys ic s  Division. 
3 ~ u m m e r  employee, University of Connecticut. 
40RAU Fellow, Health Phys ic s  Division. 

percentage of the  cases the exci ted nucleus inter- 
acts directly with one of the  atomic electrons 
(usually a 1s electron), g ives  up its excitation 
energy to that electron, and reverts to a lower 
state.  The  electron which h a s  received t h i s  
energy is ejected with a character is t ic  energy. 

Similarly, in a Rydberg s t a t e  of a diatomic mole- 
cu le  t h e  ion core, which s e r v e s  as a nucleus, c a n  
also b e  excited. I t  can b e  in any one  of the 
vibrational-rotational s t a t e s  character is t ic  of that  
molecular ion. When energetically allowed, the 
ion core  can give up some, or all, of i t s  energy to  
the outer electron, thus reverting to  a lower 
vibrational-rotational s ta te .  The  outer electron 
would then b e  ejected with a character is t ic  energy 
of the difference in  vibrational-rotational energy 
of the  core  minus t h e  original binding energy of 
the  outer electron. T h i s  autoionization process  
h a s  recently been observed by Cook and Metzger’ 
in  which an  H, molecule in  the X ‘xg (v = 1) s t a t e  
absorbs a photon, exci t ing i t  to the H, D’T (v = 7) 
s t a t e  which undergoes a spontaneous transit ion to 
the H, + lso (v = 1) state .  g 

In considering the  analogies  between an atomic 
nucleus and the  ion core of a Rydberg s t a t e  of a 
diatomic molecule, two differences must be noted. 
Firs t ,  t h e  energy l e v e l s  of a nucleus a r e  consider- 
ably greater than those of the  orbital electron. 
Thus  in the  nucleus, internal conversion is always 
energetically favorable. The  vibrational-rotational 
states of a molecular ion a re  low compared with 
electronic binding energies  in general. Thus the  

62 
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process  analogous to internal conversion is not 
always energetically allowed. Second, the  size of 
the ion core relat ive to the radius of the outer 
electron is approximately 2ao/n2ao,  which is 
generally much larger than the  ratio of t h e  radius of 
the  nucleus to that of t h e  I s  electron: 5 x 10- cm/ 
0.5 x l o u 8  cm/Z. Thus  t h e  molecular analog 
to internal conversion is far more l ikely when the  
process  is energetically allowed than with the 
true internal conversion process. 

T h i s  problem h a s  been formulated mathematically 
by determining the energy sh i f t s  in  the  electronic 
leve ls  from the predicted Rydberg levels ,  and a l so  
determining t h e  autoionization transition rates. 
The  main force that acts on a highly excited 
electron i n  a diatomic molecule is the Coulomb 
force due to the  residual unit  charge of the ion 
core whose motion is virtually undisturbed by the  
slow-moving outer electron. A graphical represen- 
tation is shown in  Fig. 6.1. The  angle  y is the  
angle between the electron radius vector r and the 
internuclear separat ion R. The  origin of the  
electron coordinate r is taken to b e  the  center of 
mass of the ion core, s i n c e  the  electron m a s s  can  
be neglected when compared with that of the ion 
core and, therefore, h a s  a negligible effect  on the  
overall center  of mass. 

The approximate Hamiltonian for the  system is 

H(r,R) = Hc(R> + H,(r) + V(R,r) .  (1) 
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Fig, 6.1. Schematic I l lustrat ion of the Hydrogen 

Molecule with I t s  Exc i ted  Electron Located  a t  Posit ion 

r. T h e  core consists of  two posit ive charges, the 

nuclei, and i s  surrounded by an electron cloud. 

Here Hc(R) is the  core  Hamiltonian in the Born- 
Oppenheimer approximation, 

and E,(R) is the  total  el’ectronic energy of the 
core i n  the  Born-Oppenheimer approximation. 
H,(r) is 

p 2  e2  

2m r 
H,(r) = - - -, 

and V(r )  is given by the  expression 

D(R) Q(R)  V(R,r) = --cos y - -cos2 y -1 
r2 r3 

( 3 )  

for r >> R . (4) 

The quant i t ies  D(R) and Q(R) are,  respectively,  
the  core  e lec t r ic  dipole moment and electr ic  
quadrupole moment calculated in the Born-Oppen- 
heimer approximation when t h e  instantaneous 
nuclear separat ion is R. In t h i s  formulation the  
monopole term i n  t h e  potential  produced by the  
core  h a s  been incorporated into the  electron 
Hamiltonian, s i n c e  i t  is independent of the  nuclear 
separation R and s i n c e  the  solut ions of Eq. ( 3 )  
are  well known. The  remaining multipole terms 
i n  the  potential  produced by the  core  a re  con- 
sidered to  const i tute  the  perturbation term i n  t h e  
Hamiltonian which sh i f t s  the  energy l e v e l s  sl ightly 
and is responsible  for t h e  autoionization transi- 
tion in  which energy is transferred from the core  
to t h e  outer electron. 

It is to b e  noted that the core  electron is taken 
into account  only through its effect  on the  core 
vibrational and rotational motion i n  the  Born- 
Oppenheimer approximation. The  electronic  
structure of the  core is treated as being entirely 
uncoupled from the  outer electron. T h i s  treatment 
is justif ied on the  b a s i s  that  the outer electron 
moves very slowly compared with an electron in  
t h e  core  and, therefore, “sees ” only the average 
charge distribution created by the  core  e lectronic  
structure. The  lowest-order interaction of the 
outer electron with t h e  core  e lectronic  s t ructure  
would b e  via  t h e  polarization potential  which falls 
off as r-‘ and is here being neglected. Also, it 
must b e  s t r e s s e d  that  the interaction term defined 
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by Eq. (4) is valid for large r only. When r 5 R, 
the  outer electron is penetrating the core, and the 
interaction V does  not become singular. If r < R, 
then t h e  resu l t s  must b e  corrected for t h i s  “pene- 
tration” effect. 

From Eq. (1) one n o t e s  that the total  Hamiltonian 
is composed of the  unperturbed Hamiltonian 
( H ,  = H c  + He) and V ,  where V is given by Eq. 
(4). The  unperturbed Hamiltonian c o n s i s t s  of the 
two decoupled terms, s o  that  an  eigenfunction of 
H ,  is simply a product of an eigenfunction of H c  
and H e ,  each  of which can  b e  written as a product 
of a radial t imes an angular factor as  shown in  
the following equation: 

This  wave function descr ibes  a s t a t e  of H ,  where 
the ion core  is in  the uth vibrational state and Ath 
rotational s t a t e  with projection p on the z axis ,  
while t h e  electron is in  the  nth Rydberg level  with 
angular momentum 2 and projection m. The un- 
perturbed energy assoc ia ted  with t h i s  s t a t e  is 

where E I/ is the  vibrational energy of the core and 
I is i t s  moment of inertia. T h i s  level  is degenerate  
with respect  to the azimuthal quantum numbers p 
and m. Consequently, the ac tua l  states for which 
total  angular momentum J with projection M on t h e  
z axis  a re  constants  of t h e  motion will be l inear 
combinations of t h e s e  degenerate  levels ,  the coef- 
f ic ients  being t h e  well-known Clebsch-Gordan coef- 
ficients. The  first-order correction to the energy 
leve ls  given by Eq. (6) is 

x <GfYYlP,(cos y)lGx’YY’>. (7) 

The  autoionization transit ion rate per unit time 
w is given by 

T h i s  matrix element is ident ical  to the expression 
for AE with added changes  of ind ices  k’ and 1’. 
The  problem then is to s o l v e  these  equat ions for 
AE and W using exac t  wave functions for t h e  
vibrational, rotational, and electronic leve ls  for 

solved, and resul ts  a r e  expected in the near future. 
Two predictions can b e  made using the model of 

Rydberg s t a t e s  for molecules. Firs t ,  any molecule 
that h a s  a s tab le  ionic  core  should ex is t  in t h e s e  
s ta tes .  Following H, the  next  s implest  molecule 
is that of H,, which is known to  b e  unstable  in the  
ground electronic state. In the  previous progress  
report we d iscussed  the measured relative popula- 
tion of t h e  high n s t a t e s  for H,. From the preced- 
ing theoretical  discussion a prediction c a n  be made 
that an  exci ted molecule possess ing  a dipole 
moment would decay by autoionization faster  than 
those  with only a quadrupole moment. Previous 
resul ts  indicated a discrepancy i n  the  measured 
exci ted-s ta te  population of Ho  and H,, whereas 
one would expec t  the  population to be identical  
for t h e  Rydberg s ta tes .  T h e  lower population found 
for H,  could resul t  from autoionizing transit ions 
occurring i n  the  flight path between the point of 
creation of exci ted neutrals  and the  point of 
measurement, namely, the  e lec t r ic  field ionizer. 
For  t h e  homonuclear case, H,, t h i s  transit ion 
would b e  by a quadrupole interaction; however, 
HD with a dipole moment should have  a faster  
transit ion rate. Thus  the measured population of 
HD should b e  less than that of H,. Resul t s  a r e  

both H, and H, t . T h i s  long tedious t a s k  is being 
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Fig. 6.2. Fract ion of Par t ic les  i n  Exc i ted  States of 
H, H2, and HD as a Function o f  the Appl ied Field.  
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shown in  Fig.  6.2, where t h e  fraction ionized is 
plotted a s  a function of t h e  applied electr ic  field. 
Shown also for comparison a r e  the  resu l t s  for both 
Ho  and H,, where all t h e  par t ic les  a re  of equal 
velocity. As  predicted, t h e  fraction of HD in  ex- 
c i ted s t a t e s  was  less than that for H2. These  
measurements would then indicate  that  autoionizing 
transit ions with l ifetimes smaller than the  transit  
time (lo-’ s e c )  a re  deplet ing t h e  high n states of 
the molecule. The  present  s t u d i e s  must be com- 
pleted in  more detai l  by invest igat ing competing 
processes ,  that  is, velocity effects and contamina- 
tion of HD beams with H,. Upon completion of the  
calculat ions for the  autoionization l ifetimes,  
attempts will b e  made to determine experimentally 
the  l ifetimes by measuring the attenuation of the  
excited-state fraction as a function of the d is tance  
between the g a s  ce l l  and electr ic  field ionizer. 

6.2 SECONDARY ELECTRON STUD1 ES 

6.2.1 Statistics of Secondary Electron Emission 

In t h e  previous semiannual progress  report we 
d iscussed  the  detai led study of using secondary 
electron emission from metal l ic  sur faces  to meas- 
ure, quantitatively, t h e  t lux of energet ic  neutral  
par t ic les  incident on the  surface.  Using t h i s  
technique, the  target was  negatively biased in 
order to  postaccelerate  e lectrons to 15-20 keV, 
where they a re  counted by a high-resolution s i l icon 
barrier detector. T h e  pulse-height distribution 
from t h e  barrier detector was  a spectrum composed 
of many resolvable peaks. The  peaks  a rose  when 
the  neutral particle o r  ion impinged on the target, 
which emitted n secondary electrons with a cer ta in  
probability of emission Pn. When more than one  
electron was  emitted for a s ing le  incident particle,  
then the  electrons arrived at t h e  detector in  coin- 
cidence, result ing in  a peak equivalent in energy 
to n t imes t h e  b ias  voltage on t h e  target. Integra- 
tion under each  peak then gave the  measured fre- 
quency of emitting n electrons.  Comparisons were 
then made of the  measured s ta t i s t ica l  frequencies 
with expected frequencies for various s ta t i s t ica l  
distributions. In the  past ,  several  investigators 
evaluating electron devices ,  i n  particular electron 
multipliers, have  assumed that  the true distribution 

is Poisson;  that  is, 

where y is the  average secondary emission coef- 
ficient. T h i s  distribution h a s  been justif ied on the  
premise that  the  probability of one or more elec- 
trons being emitted is not influenced by other 
e lectrons being emitted, that  is, completely inde- 
pendent and random in  nature. Barrington and 
Anderson6 were t h e  f i rs t  to invest igate  the  s ta -  
t i s t i c s  of secondary emission, and they concluded 
that a Poisson  distribution did not give a good fit 
to  t h e  da ta  and that the  probability for groups of 
even electron emission was  greater than that for 
groups with an  odd number of electrons.  During the 
p a s t  few years  several  invest igat ions have also 
substant ia ted the previous conclusion that second- 
ary emission does  not f i t  the  P o i s s o n  distribution 
law. Analysis  of our da ta  presented in  the  pre- 
vioas  semiannual report also verified t h i s  view- 
point. Since other similar physical  p rocesses  have  
been found to follow some statistical distribution, 
such  a s  b e t a  decay being descr ibed by a binominal 
distribution, then i t  is expected that  some dis- 
tribution should fit the  secondary emission process. 
Comparison of our da ta  to several  expected dis- 
crete  distribution functions yielded extremely 
bad fits. Inquiring further into sources  of experi- 
mental error revealed tha t  our detector was  not 
intercepting all the  electrons.  Therefore the  
50-mm active-area s i l i con  detector was  replaced 
by a 200-mm2 detector. Various t e s t s  indicated 
100% collection with th i s  large detector.  

A typical pulse-height spectrum obtained with 
t h i s  larger detector is shown i n  Fig.  6.3. In t h i s  
example 40-keV Ho  part ic les  were incident on an 
AgMg target a t  an  angle  of incidence of 45’. T h e  
spectrum w a s  produced by accelerat ing the  second- 
ary electrons to 20 keV. Sufficient d a t a  a re  present  
to obtain knowledge of Pn for n = O , l , .  . ., 8. What 
is not known is Po,  the probability for an incident 
par t ic le  producing zero secondaries;  Po was ob- 
tained by inser t ing a second s i l icon detector in  
front of t h e  target to measure the incoming par t ic le  

‘R. E. Barrington and J. M. Anderson, Proc. Phys .  
Soc. 72, 717 (1958). 

7P. Haussler,  2. Physik 179, 276 (1964); C. F. G. 
Delaney and P. W. Walton, IEEE, Trans. Nucl. Sci. 
NS-13, 742 (1966); K. H. Simon, M. Herrmann, and 
P. Schackert, 2. P h y s i k  184, 347 (1965). 
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Fig. 6.3. Pulse-Height  Spectrum of  Secondary Elec-  

Striking on AgMg Target  0 trons Resul t ing from 40-keV H 
a t  a 45O Angle  of  Incidence. 
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Fig. 6.4. Comparison o f  the Measured Secondary 

Electron Distribution with the Expected Poisson Di  stri- 

bution. 

flux. Swinging the  detector  to one s i d e  then per- 
mitted the secondary electrons from the target  to be 
measured. The  ratio of the  counting rate of the  
incoming par t ic les  to the counting rate  of the  
secondary electrons gave, directly,  the quantity 
(1 - Po). Determining P o  in  this manner was  
valid only for H o  energies  greater than 10 keV, 
for then the  pulse-height spectrum for Ho was  
clearly resolvable from crystal  and electronic  

T a b l e  6.1. Poisson Distribution Compared to Measured 
Distribution for 40-keV H 0 a n  an AgMg Target  

Frequency Frequency (6) (XZ) 
Observed Expected Deviation Divergence 

1 34 
2 80 
3 166 
4 249 
5 2 84 
6 270 
7 214 
8 159 
9 115 

10 67 
11 37 

32 
89 

169 
243 
280 
268 
219 
157 
101 
57 
30 

- 2  
+ 9  
+ 3  
- 6  
- 4  
- 2  
+ 5  
- 2  
- 14 
- 10 

- 7  

~ ~~ 

0.12 
0.91 
0.05 
0.15 
0.06 
0.01 
0.11 
0.03 
2.53 
1.75 
1.63 

2x2 = 7.35 

noise. For all energies  greater than 10 keV, Po 
was determined to  be 0 -t 0.02, with the  error being 
assigned as the  repeatabil i ty of the  measurements, 

Knowing Po t o  be zero, then the next s t e p  is to  
determine y from the relationship 

(9) 

where f n  is t h e  observed frequency of group n or  
the  integral  number of p u l s e s  in group n. Using 
th i s  measured value of y the  Poisson  distribution 
is readily calculable. Comparison of th i s  P o i s s o n  
distribution to the  observed frequency is shown 
in  Fig. 6.4, in  which the  probability is plotted as 
a function of n. As is seen ,  the agreement of the  
da ta  and the  expected Poisson  distribution is 
very good. 

Frequently i n  s ta t i s t ics  i t  is desired to tes t  
mathematically whether measured d a t a  are, or are  
not, consis tent  with a postulated distribution, 
whatever its form. One of the  most versat i le  
t e s t s  is the so-called chi-squared tes t  of signifi- 
cance,  which is discussed  in  most s ta t i s t ica l  
textbooks or  handbooks8  An example of the ap- 
plication of th i s  t e s t  to our da ta  is shown in  Table  
6.1. In column 1 t h e  number of e lectrons emitted in 
group n a re  tabulated. Column 2 is the  observed 

8R. S. Burington and D. C. May, Jr., Handbook of 
Probability and Stat is t ics  with Tables,  Handbook 
Publishers, Sandusky, Ohio, 1958. 

. 



76 

ORNL-DWG 66-4264 
0 3 0 ,  I I I I I 

0 4 2 3 4 5 6 7 8 9  
n 

Fig. 6.5. Comparison of  the Measured, Poisson, 

Normal, and Binominal Distributions for Secondary 

Electrons Emitted from AgMg by 5-keV Protons. 

frequency taken from the integrated area of the peaks  
in Fig. 6.3. Column 3 is the expected frequency 
found by using the measured y and assuming a Pois-  
son distribution. Column 4 is the deviation, 6, which 
is the difference between expected and observed 
frequency, and finally, column 5 is the divergence, 
x 2 ,  which is the deviation squared divided by the 
expected value. Next we sum all the x2's  and go 
to s ta t i s t ica l  t ab les  to  find what probability the 
assumed distribution h a s  of being the correct one. 
For the da ta  presented here  the probability is 0.6. 
Usually i f  th i s  probability is greater than 0.01, 

then it is concluded that the assumed distribution 
is plausible  and probably the  correct one. Apply- 
ing the  chi-squared test of s ignif icance to 25 
spectra  obtained a t  various energies  and surface 
conditions resulted in 18 of the  spectra  fi t t ing a 
Po i s son  distribution with a high degree of con- 
fidence.  T h e  remaining seven spec t ra  could be 
fi t ted i f  only one or two values  of n were ignored. 
T h e s e  n values  were usually n = 1 or the maximum 
n. In some of the  c a s e s ,  crystal  and electronic 
noise  obscured the true frequency distribution 
when n = 1. For large n the  errors a s soc ia t ed  
with integrating the area m d e r  the curves are 
large. In applying the chi-squared test no al- 
lowance is made for systematic  errors found in the  
measurements. 

In Fig.  6.5 comparison is made for three expected 
discrete  distributions with the measured distribu- 
tion for 5-keV Ht incident on an AgMg target. 
Shown in Fig. 6.5 are  expected frequencies if one 
assumes a Poisson,  binominal, or normal distribu- 
tion. Both the binominal and normal distribution 
deviate  widely from the  measured distribution. 
From these  measurements we have conc!uded that 
the  probability distribution of secondary electron 
emission from heavy-particle impact on metallic 
surfaces  is a character is t ic  Po i s son  distribution. 

6.2.2 Secondary Electron Emission Coefficients 

Using the  method described in the previous 
section, the  average secondary electron emission 
coefficient as a function of incident particle 
energy h a s  been determined for a number of dif-  
ferent conditions. Shown in  Fig. 6.6 are the re- 
s u l t s  obtained with Ho on AgMg surfaces  a t  ang le s  
of incidence of 45 and 30°, and N o  on AgMg sur- 
faces  and Ho on copper a t  30° incidence.  As is 
well known, the  smaller the angle of incidence,  
the greater the  secondary emission coefficient. 
For energies  between 1 and 10 keV the coefficient 
is greater for N o  impact than for H o  with identicai  
surfaces  and angles  of incidence.  Below 1 keV 
the coefficient is less for No  than for Ho,  which 
probably emphasizes the  importance of surface 
conditions at low impact energies.  No effort h a s  
been made to  c lean the target surfaces  under 
vacuum. 
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f ic ients for H to that for H . 

Several years  ago, measurements were made at 
Oak Ridge National Laboratory that  indicated 
that the secondary emission coefficient of Ho  was 
greater than for H'. T h e s e  resul ts  have been 
used extensively through the years  to  correct 
secondary electron detectors  for enhanced yield 
from Ho. In Fig. 6.7 the resu l t s  are shown where 
th i s  correction h a s  been redetermined using pres- 
ent  counting techniques. Previous resul ts  were 
obtained using thermal detectors ,  brass  targets,  
and a 90Oincident beam. The  resul ts  shown were 
obtained with an AgMg target a t  an angle of 
incidence of 45". The magnitude of the present 
resul ts  is essent ia l ly  the same a s  that of the 

'P. M. Stier, C. F. Barnett, and G. E. Evans, Phys.  
Rev. 96, 973(1954). 

previous results.  Previously i t  was noted that 
the ratio increased slightly with energy in the 
range 10 to 50 keV, while the present resul ts  indi- 
cate a s l ight  dec rease  a s  the energy increased. 
Apparently t h i s  ratio of neutral-atom-to-ion second- 
ary emission is independent of surfaces  and the 
angle of incidence. 

6.2.3 Secondary Emission for Single Crysta ls  

Measurements in other laboratories indicate  
that  the average secondary electron emission 
coefficient for s ingle  crystals  exhibits s t ructure  
a s  the  target  is rotated about a crystal  axis .  
Minima were detected when the beam was  aligned 
along a crystal l ine plane, which corresponded to  
orientations of maximum crystall ine transparency. 
Conversely,  the maxima occurred for posi t ions of 
maximum opacity or where the coll ision depth is 
nearest  the surface.  We have measured the  
s ta t i s t ica l  distribution of electrons from copper 
c rys ta l s  to determine the feasibil i ty of s tudying 
crystal l ine structure using these  techniques.  T h e  
resul ts  of measuring the average secondary 
emission coefficient for a s ingle  copper c rys ta l  
are shown in F ig .  6.8. Shown are  two curves:  one 
for polycrystall ine copper and the other for the 
s ing le  copper crystal .  The 321 plane of the s ing le  
copper crystal  was  oriented perpendicular t o  the  
surface,  and rotation was about the 110 plane. 
Consis tent ly ,  the average secondary emission 
coefficient of the s ingle  crystal  was approximately 
30% greater than that  for the polycrystall ine 
copper. The  s ta t i s t ica l  distribution of the elec- 
trons from s ingle  crystals  was indistinguishable 
from the polycrystall ine target except for greater 
average coefficient y.  Failure to  see maxima and 
minima probably resul ts  from being unable to 
adjust  the  crystal  orientation in more than one 
direction or from g a s  absorbed on the surface 
obscuring the crystal l ine structure.  T o  provide 
complete alignment of the beam with the crystal-  
l ine planes,  t h e  crystal  must be capable  of being 
rotated externally in three directions while the  
data  are being taken. Provisions a re  now being 
made to  mount the crystal  and the s i l icon detector 
on a goniometer-type mount for improved alignment. 

'OV. A. Kulividze, E. S. Mashkova, and V. A. 
Molchanov, Bull. Acad. Sci.  USSR 28, 1318 (1965); B. 
Fagot,  N. Colombie, C. Fert ,  Comp. Rend. 258, 4670 
(1964); B. Fagot  et at . ,  Cornp. Rend. 2 6 2 6 ,  173 (1966). 
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Fig. 6.8. Secondary Electron Emission Coeff ic ients 
0 for H on Po lycrys ta l l ine  Copper and Single-Crystal 

Copper. 

6.2.4 Development of a Quantitative Secondary 
Emission Detector 

A s  noted in the previous semiannual report, 
techniques of detecting secondary electrons pro- 
vided a convenient means of measuring the flux of 
low-energy neutrals  escaping a plasma. At the  
time of that  report, nothing was  known about the  
quantitative behavior of the instrument. A s  
described in Sect .  6.2.1, direct  measurements 
indicate that  neutral particles in the energy range 
10 to 50 keV are essent ia l ly  100% efficient in 
producing secondaries;  that i s ,  for every incident 
neutral  par t ic le  one or  more secondary electrons 
are emitted.  With th i s  information we have shown 
above that  the s t a t i s t i c s  obey a character is t ic  
Po i s son  distribution. T h e  assumption is then 
made that  i f  secondary electrons are descr ibed by 
a Po i s son  distribution in the energy range 10 to  
50 keV, then they will  similarly be descr ibed for 
energies  less than 10 keV. To obtain the absolute  
efficiency of low-energy particles,  the spectra  
were obtained as described above, with F ig .  6.9 
being a typical spectrum. Shown here is t h e  spec-  
trum obtained f rom a 500-eV H o  beam incident on an  
AgMg surface a t  a 30° angle of incidence.  T o  
determine y ,  u s e  is made of the Po i s son  distribu- 
tion [Eq. (@I, where ratios are taken of different 
n frequencies.  For example, 

(10) 
P(3)  - Y 

P(n) n - 1 P(2) 2 
, or - -- P(n - 1) y - ~- 

c 
I 

~ 

I 
I 

r- c ~- 

' i  
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Fig. 6.9. Pulse-Height  Spectrum of Secondary E lec -  

trons Result ing from 500-eV Ho on an AgMg Target  a t  

an Angle of Incidence of  30'. 

In th i s  way a large number of y's c a n  b e  obtained 
with the average value being taken as the  cor- 
rect  value to  descr ibe t h e  distribution. Then  
P o  is simply e'y, or the efficiency of the  detector  
is 1 - e-y.  T h e  c l o s e  comparison of the P o i s s o n  
distribution and the measured distribution is 
il lustrated in Fig.  6.10 for 500-eV H o  on AgMg for 
the  spectrum shown in Fig.  6.9. T h e  efficiency of 
a typical  AgMg detector is shown in  F ig .  6.11, 
where the  eff ic iency is plotted a s  a function of t h e  
incident neutral-particle energy. T h e  eff ic iency 
increases  from 77% at 500 eV to 100% a t  a n  energy 
approximately equal  to  2 keV. T h i s  minimum 
energy for 100% efficiency can  be decreased by 
providing for a higher average secondary emission 
coefficient y ,  which can  be accomplished by ei ther  
increasing the  surface activation or dec reas ing  the  
angle  of incidence.  

. 

c 
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Range 500 e V  to 50 keV.  

6.3 REFLECTION OF ELECTRONS AND 
NEUTRAL ATOMIC HYDROGEN FROM 

A GOLD-BARRIER SILICON DETECTOR 

Reflection of electrons and neutral atomic 
hydrogen from a gold-barrier s i l icon detector  h a s  
been s tudied by observing the pulse-height energy 
spectrum produced in the s i l icon crystal  by 
electrons and H ’. A typical semilogarithmic plot 

Fig. 6.12. Semilogarithmic P l o t  o f  the Pulse-Height  

Spectrum for 40-keV Electrons Measured with a Sil icon 

Barrier Detector. 

of the pulse-height spectrum of 40-keV electrons 
is shown in Fig.  6.12. The area of the  main peak,  
centered a t  the  energy of the impinging par t ic les ,  
represents  the contribution of col lected incident 
particles.  Contributions to N ( E )  for the  f la t  portion 
of the  curve are assumed to  ar ise  from electrons 
which have transferred some of their energy t o  the  
detector and are then backscattered through s i n g l e  
or multiple col l is ions out of the front surface.  T h e  
r ise  of N ( E )  a t  low energy is due to  t h e  inherent 
detector no i se  and associated electronics.  

T h e  energy spectrum of the incident par t ic les  is 
assumed to b e  symmetrical about the ini t ia l  
energy W ,  with full width equal to  AW taken at 
1% of maximum N ( E ) .  Reflected electrons a r e  
considered t o  be in the energy range 0 to  (W - 
v2 AW) keV. Using the areas  under the appropriate 
portions of the experimental curve, a backscat ter ing 
or reflection coefficient,  7, can b e  determined. 

Figure 6.13 shows the reflection coeff ic ients  a s  
a function of electron and H o  energy. T h e  
projecti les were incident perpendicularly t o  the 
front surface of the detector. T h e  error l imits  
were derived by using maximum and minimum 
limits on the  variables associated with the  
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I .  

ORNL-DWG66-4*647 made poss ib le  cross-section measurements for t h e  
major g a s  impurit ies in  vacuum sys tems.  

A direct  measurement of t h e  electron s t r ipping 
(aol) c r o s s  sec t ion  h a s  been made for H o  incident  
on H,, He,  Ar, Nz, Oz, CO, CO,, H,O, CH,, and 

2500 keV. Measurements have also been made for 

energy range 800 to 2500 keV. T h e  electron 

directly for incident protons with kinet ic  energy in  

0 30 
I I , 

1 
C 2 H ,  target  gases .  The  energy range was  100 t o  

C,H,, C 4 H 1 0 ,  and Kr g a s e s  for incident H o  in  t h e  

capture  c r o s s  sec t ion  (alo) h a s  been measured 

the  range 800 to  2500 keV and target g a s e s  Ar, Kr, 

w 
0 

1 
I I 

I N,, 0,, CO, C O z ,  H,O, CH,, C,H,, C,H,, and oo5c-- 1 - - - 1 -  ~ - 

C4H o. T h e  va lues  for o1 a t  low energ ies  (100 
550 keV) have been calculated from measured 

T h e  apparatus  constructed for the cross-sect ion 
measurements is shown schematically in  Fig. 

I i to I 1 1 equilibrium fract ions and ool values .  
60 40 20 30 40 50 0 

INCIDENT ENERGY (keV) 

Fig. 6.13. Reflect ion Coeff ic ient  of Electrons and 

Ho from a Silicon Crystal i n  the Energy Range 15 to 

50 keV. 

problem. As  expected,  the  reflection coefficient 
for e lectrons w a s  20 to 30% i n  t h i s  energy range, 
with the  reflection coefficient for H o  being less 
than 5%. Not expected was  the  increase  in 
electron reflection coefficient as the energy was  
increased from 20 to  50 keV. 

A poss ib le  source of error could b e  soft x rays  
(11 to 13 keV). T h e  effect of producing x rays in  
t h e  gold barrier by electrons was  determined by 
placing a 0.001-in. gold foil i n  front of the de- 
tector.  T h i s  foil  w a s  sufficiently thick to s t o p  
electrons but a t tenuate  only -30% of t h e  soft 
x rays.  No x rays were detected with th i s  
additional gold foil; thus  we have concluded that 
t h e  observed par t ic les  a re  reflected from t h e  crys-  
tal after losing a fraction of their  energy. 

6.4 HIGH-ENERGY CHARGE EXCHANGE OF 
H o  AND H t  IN CONDENSABLE GASES 

Charge-exchange c r o s s  sec t ions  a r e  of particular 
interest  in t h e  s tudy of thermonuclear devices ,  
such  a s  DCX-2, due to the  interaction of t h e  
various const i tuents  of the  plasma and input 
beams with residual g a s  molecules. T h e  u s e  of a 
capac i tance  manometer for reliable determinations 
of target dens i t ies  for condensable g a s e s  h a s  

6.14. T h i s  apparatus  consis ted of two differ- 
ent ia l ly  pumped g a s  cells (a pressure differential  
of - l o 3  could b e  maintained a c r o s s  t h e  apertures),  
two sets of electrostat ic  analyzers ,  and de tec tors  
for t h e  determination of the beam intensi t ies .  T h e  
H +  beam incident on the first  g a s  cell underwent 
charge-exchange col l is ions with ei ther  argon or 
nitrogen g a s  a t  a pressure of approximately 0.1 
torr. Following t h e  first  col l is ion chamber, a n  
e lec t ros ta t ic  analyzer  deflected all t h e  charged 
par t ic les  emerging from the  cell, leaving only H o  
par t ic les  incident on the  second g a s  cell. F o r  
measurements of o l 0  the  first  g a s  cell w a s  
evacuated t o  -2 x lo-' torr, and the f i rs t  set of 
deflection p la tes  was  electrically grounded. 

T h e  target  g a s  under study was  introduced into 
t h e  chamber through a variable leak  t o  the des i red  
pressure as  measured by a capaci tance manometer. 
T h e  purity of t h e  g a s  was  checked periodically by 
a residual  g a s  analyzer.  After pass ing  through t h i s  
col l is ion chamber, the  beam products were 
separated into their  various charge s t a t e s  by a n  
e lec t r ic  field. 

Silicon-gold barrier detectors  were u s e d  to de tec t  
t h e  low-intensity beams (%lo- '  amp). T h e s e  
detectors  had a sens i t ive  area of 50 mm' and a 
depletion depth of approximately 330 p. At the  
higher energies  the  al0 cross  sec t ion  becomes 
small ,  requiring the  u s e  of proton beams whose  
intensi ty  was  greater than lo- ' ,  amp. In t h e s e  
measurements a Faraday cup  was  used t o  de tec t  
the  proton beam. 

T h e  calibration of the capaci tance manometer 
was  checked aga ins t  a McLeod gage before and 

- !  
i 
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Fig. 6.14. Schematic Diagram of the Apparotus U s e d  
for Electron Capture and Stripping Cross Sections.  

after the cross-section measurements. After 
making corrections to  account for the standard 
systematic  errors associated with a McLeod gage, 
including cooling the McLeod gage to  -1OOC t o  
reduce the mercury pumping effect ,  the  capaci-  
tance manometer and McLeod gage were in agree- 
ment to  within 10% in the pressure range 2 x lo - ’  
to  torr. 

A direct measurement of the c ross  sec t ions  was  
made by observing the fraction of the  beam in each  

“H. I sh i i  and K. Nakayana, Trans. Eighth Vac. 
Symp., vol. 1, p, 519, Pergamon, Oxford, England, 1962. 

charge s t a t e  after passing through a “thin” g a s  
target.  T h e  c ross  sec t ions  are  determined from the  
relationship 

r f  
1 

= rIPOif , 
(I‘ + I f )  

where 

I’ = intensity of the beam in  the ini t ia l  charge 

If = intensity of the beam in the  final charged 

II = number of atoms per square centimeter per 

s t a t e ,  

changed s ta te ,  

torr, 

P = target  g a s  pressure in torrs,  

oi f  = c r o s s  sect ion for electron transfer from 

A plot of l f / ( l i  + If) vs  pressure yields  a s t ra ight  
l ine (for thin target conditions) whose s lope  is 
equal to  naif, where II is a constant for e a c h  gas.  
As a check on the internal consis tency of the data ,  
as well  a s  a method of calculating the  capture  
c ross  sec t ions  where they were not measured, the 
equilibrium fractions were determined under 
“thick” g a s  target conditions from the  measured 
ratios 

charge s t a t e  i to  charge s t a t e  f. 

H +  incident H o  beam , 
F l w  - - H + + H O  

T h e  cross sec t ions  and equilibrium fract ions a r e  
related by 

Measured equilibrium fractions and those  calcu-  
la ted from measured cross  sect ions were in  agree- 
ment t o  within experimental error (-10%). 

T h e  resul ts  of the cross-section measurements 
for N , ,  CO, CO,, 0,’ H,O, CH,, and C,H6 are 
shown in F i g s .  6.15-6.18. 

Figures  6.15 and 6.16 a l s o  show the previous 
work of Barnett  and Reynolds” for N ,  and 0,’ 
Pyle’s  va lues  for N ,, and the theoretical  va lues  

”C. F. Barnett and H. K. Reynolds, Phys.  Rev. 
109, 355 (1958); P. M. Stier and  C. F. Barnett, Phys.  
Rev. 103, 896 (1956). 

3R. V. Pyle ,  private communication. 
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Fig.  6.16. Charge-Transfer Cross Sections per Target  

Gas Molecule as a Funct ion o f  Par t ic le  Energy and 

Velocity.  Hydrogen ions and atoms i n  oxygen gos. 

Fig.  6.15. Charge-Transfer Cross Sections per Target  

Gas Molecu le  a s  a Function o f  P a r t i c l e  Energy and 
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Fig. 6.17. Charge-Transfer Cross Section per Target 

Gas Molecule  as  a Function o f  Par t ic le  Veloci ty  and 

Energy. Hydrogen atoms and ions i n  H 2 0 ,  CH4,  and 

'ZH6. 
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Fig. 6.18. Charge-Transfer Cross Section per Target  

Gas Molecule  as o Function of  Par t ic le  Veloci ty  ond 

Energy. 2' Hydrogen atoms and ions in C O  and C O  
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of M a p l e t ~ n ' ~  for 0, and N,. T h e  velocity 
dependence of the capture cross sec t ions  is found 
to  be "-6.8 1 0 . 4  for protons with energy greater 
than 200 keV and all heavy target gases .  T h i s  is 
in near agreement with Bohr's15 prediction of 
v - ~ .  T h e  velocity dependence of ool shows more 
variation with energy; however, for incident H o  
energies  greater than 2.500 keV the c r o s s  sec t ion  
appears  t o  follow a power law with a variation 
from V - O - ~  for krypton to  v-1.76 for methane, 
which may be compared with Bohr's prediction of a 
v-l dependence for heavy gases  and v-, for the  
light gases .  

6.5 MEASUREMENTS OF MULTIPLE CHARGE 
TRANSFER OF MULTIPLY CHARGED 

ARGON IONS 

Since the measurements of F l a k s  and Filip- 
penko,16 it is known that the c ross  sec t ion  for 
capturing two electrons by multiply charged ions  
is of the same magnitude a s  the c ross  sec t ion  for 
capturing one electron. Except for the work of 
Nikolaev et al., which reports the simultaneous 
capture of four electrons by N ions,  no s tudies  
have been made on the capture of more than two 
electrons by ions of charge greater than 3 ,  although 
cross  sec t ions  for such  processes  presumably are  
not small .  

W e  have begun s tudies  of nonresonant charge 
transfer of one  to  five electrons for multiply 
charged rare-gas ions in their own g a s e s  or unlike 
gases .  Measurements have been carried out on 
transfer of two electrons for Ar3+; of two and three 
electrons for Ar4+; and of two, three,  and four 
e lectrons for A t 5 +  with argon as target g a s  in all 
cases. Differential cross sec t ions  of t h e s e  
p rocesses  relative to  the c ross  sect ion of s ingle-  
charge transfer are reported in  the energy range 
from 0.4 to 2.2 keV times the charge of the primary 
ions. 

T h e  schematic  of the apparatus used is shown in 
Fig.  6.19. Ions produced by electron bombardment 

14R. A. Mapleton, Phys. Rev. 130, 1829 (1963). 

"N. Bohr, Kgl. Danske  Videnskab. Selskab, Mat.- 

161. P. F l a k s  and L. G. Filippenko, J. Tech. Phys .  

17V. S .  Nikolaev e t  at., Soviet  Phys .  JETP (English 

Fys .  Medd. 18, 8 (1948). 

29, 1005 (1959). 

Transl.) 14, 67 (1962). 
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Fig. 6.19. Schematic  Diagram of Apparatus Used for 
Measurement of Multiple-Charge-Transfer Cross Sect ions .  

are accelerated to  the desired velocity and sepa -  
rated by a magnetic analyzer with a resolution of 
0.9% in energy. T h e  ion beam enters  the  col l is ion 
chamber through a ser ies  of apertures and h a s  a 
cross sec t ion  of about 0.15 x 0.7 cm2 with a 
divergence of less than 0.003 rad. Ions that  have 
picked up electrons in the gas  cell are separated 
by an e lec t ros ta t ic  parallel-plate analyzer  ac-  
cording t o  their  charge. After postaccelerat ion 
through a potential  difference of 3500 V, the  ions  
are  detected by an  AgMg dynode s t ructure  and 
counted individually. For purposes of alignment 
and monitoring, a second multiplier is used i n  l ine  
with the  "straight-through" beam. T h i s  detector  
may a l s o  serve  as a counter of atoms that  have 
been completely neutralized in charge-transfer 
col l is ions.  The  charge-degraded beam is accep ted  
by the  e lec t ros ta t ic  analyzer within a sol id  angle  
of a = 0 t o  T0.69 Thus  differential c r o s s  s e c t i o n s  
are measured, but s ince  the total  angular sca t -  
tering'  * of the  ions following partial  neutralization 
lies within -1 O ,< a 5 lo, our da ta  approximate 
total  c r o s s  sect ions.  

Figure 6.20 shows energy profiles of the primary 
beam and the beam as s e e n  by the  ion detector  
after charge analysis .  Peak  shapes  are independent 
of the m and n values ,  where m and n a r e  t h e  
charge states of the ions before and after charge- 
transfer col l is ions.  The  flat  top dis t r ibut ions ( B )  
obtained by using a narrow entrance and a wide 
exi t  aperture for the  charge analyzer allowed u s  

"N. V. Fedorenko, L. G. Fil ippenko, and I. P. 
Flaks ,  J .  Tech. Phys .  30, 45 (1960). 

. 
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Fig.  6.20. Resolution o f  Monochromator ( A )  and of  

Charge Analyzer (B). 

to  take  peak heights  a s  a direct measure of the 
intensi t ies  of the various charge states without 
correcting for the dispersion of the instrument. ' 

Measurements were carried out a t  pressures  of 
about 2 x torr (ionization gage readings) i n  
the 16-cm-long g a s  cell. The  residual g a s  pres- 
sure  ranged from 5 to 1 0  x lo-' torr. Operating 
pressures  in the analyzer,  and in  the tubes  con- 
necting the g a s  cell with monochromator and 
analyzer,  were less than 6 x lo- '  torr and 3 x 
torr respectively.  A s  s e e n  from the l inear de- 
pendence of the ion count ra tes  on  cell pressure,  
Fig.  6.21, the  g a s  density corresponding t o  2 x 
IO-' torr consti tuted thin target conditions so  that  
double col l is ions could be neglected. W e  cor- 
rected observed intensi t ies  for the detection 
efficiency of the dynode structure which varied 
slightly (less than 20%) with charge and energy of 
the ions and for contributions due t o  charge ex- 
change with residual gas  molecules. Errors of the 

19R. Kollath, Ann. Phys ik  27, 721 (1936). 
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Fig. 6.21. Pressure Dependence o f  Charge-Transfer 

Processes m,n Ar in Argon Gas. m i s  in i t ia l  charge 

state and n i s  f inal  charge state. Eion=  1460 Q (eV) .  

t .  

measurements were due to  fluctuations of the  
primary beam and cell pressure (together less than 
5%), and t o  uncertainties in the  correction factors  
and s ta t i s t ica l  f luctuations.  

Ful ly  corrected data  of charge-transfer coll i-  
s i o n s z O  Arm+ + Ar A r n t +  Ar(m-n)t  a re  plotted 
in Fig.  6.22 as relative differential c r o s s  s e c t i o n s  
m,,nq m,ng'm,m-l g vs  acceleration voltage of the  
primary ion. Also shown are curves of 3,1q for 
neon and krypton a s  obtained from total  cross-  
sect ion curves in the paper of F l a k s  and Fi l ip-  
penko.' Our curve of ,lq for argon lies between 
those of neon and krypton from ref. 1 6 ,  and i t  
exhibi ts  a similar character of r ising slowly with 
increasing energy above 5 keV. T h e  cross-sect ion 
ratio , l q  of argon should, however, be higher by 
about lo%, i f  we were to  correct for the loss  of 
ions s c a t t e r e d z 1  by more than 0.69 Curves of 

have wide maxima around energies  5 n q  and 4 , n ~  
of 1 keV t i m e s  the charge; they drop slowly above 
th i s  energy but more s teeply toward lower en- 
ergies .  T h e  probability of reducing the  charge of 
the primary ion by two units is of the same order 
of magnitude a s  the probability of single-charge 
transfer,  namely, 30 to  60% in the keV range. We 
a l s o  see that  double-charge transfer becomes more 
l ikely with increasing charge of the primary ion. 

''In the reaction equation we neglect  emission of 
electrons by various possible  mechanisms. 

"According to ref. 17, charge-transfer reactions 
involving two electrons have a wider angular distribution 
than those involving one electron. 

L 
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Fig. 6.22. Cross Sections o f  Mult iple-Charge-Transfer Processes m,n Ar in Argon Gas R e l a t i v e  to Single-Charge 

Transfer m,rn-l  Ar. Scattering angle a = 0 to f0.6O. 

Th i s  behavior is accentuated in p rocesses  of 
triple-charge exchange. Values of 5 , 2 q ,  4.,1q, and 

are  c l o s e  to  20, 7, and 2.5%, respectively,  in 
the observed range of energies.  

With the present measurements we have shown 
that  multiple-charge transfer of multiply charged 
ions in their own gas is of considerable magnitude 
in the keV region and becomes more probable with 
increasing charge of the primary ion. Further 
efforts will  be directed toward (1) absolute  charge- 
transfer reactions of Ar"', Ne"', Kr"', and Xe"', 
n = 3 and greater, in their own gases  and in  unlike 
monatomic and molecular gases  and (2) invest i -  
gation of e lectrons emitted in charge-transfer 
col l is ions.  Particularly the latter study should 
offer a better insight in the mechanism of charge- 
transfer col l is ions by tes t ing the following 
contentions: (1) the posit ive energy defect  in the 
transfer of one o r  more electrons - most of the 
reactions considered are exothermic - appears  as 
kinetic energy of an electron emitted from the 

5 ,17 

target atom; (2) two or more e lectrons are 
transferred into excited levels  of the incident  
projecti le and are ,  therefore, bound to  decay by 
autoionization; and (3) in  cer ta in  spec ia l  cases an  
inner e lectron of the target atom is transferred to 
the col l is ion partner. 

. 

6.6 ATOMIC AND MOLECULAR PROCESSES 
INFORMATION CENTER 

C. F. Barnett  
D. A. Griffin 
M. 0. Krause 

R. A. Langley 
J. R. McNally, J r .  
J. A. Ray 

Delays have been encountered in i ssu ing  our 
current annotated bibliographies. In order to make 
the bibliographies a more useful document to  
s p e c i a l i s t s  in  the respective fields,  the  reactants ,  
energy range, preliminary evaluation, and category 
of e a c h  reference in  the bibliography will  be made 
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avai lable  i n  tabulated form. Attempts wil l  be made 
to  reduce publication c o s t s  of t h e s e  bibliographies 
by using a computer printout su i tab le  for direct  
photographic reproduction. I t  h a s  been necessary  
to write a n  extensive program to  obtain a useful  
printout format su i tab le  for reproduction. T h i s  
program h a s  been written and is in the process  of 
debugging. A s  soon as the accurate  program be- 
comes avai lable ,  two past  bibliographies (1965, 
first half of 1966) will  b e  published. It is 
anticipated that with such a system the  annotated 
bibliographies c a n  be in the user’s hands  one 
month af ter  a l i terature search  is complete. 

Our International Directory of Workers in the 
Field o f  Atomic Collisions is being revised and 
brought up to  da te .  T h i s  effort is 90% complete 
and will  b e  published i n  the near future. All  
entr ies  a r e  now being machine s tored s u c h  that  
revis ions and publications can  be made with 
minimum effort. 

A contract  h a s  been s igned with John Wiley and 
Sons t o  publish the  resul ts  of our evaluat ions and 
reviews in  t h e  form of monographs. T h e  manu- 
scr ipt  (authored by A. Dalgarno, V. Cermak, E. 
Ferguson, L. Friedman, and E. McDaniel) of the  

first  review, ”Ion-Atom Interchange React ions,”  
is in the  final process  of edit ing and will  b e  ready 
to  s e n d  to the publisher in January 1967. T h e  
second review, “Ionization, Excitation and Dis- 
sociat ion by Heavy Part ic les ,”  h a s  been planned 
in detail .  The  authors (J. Hooper, E. Thomas,  A. 
Russek ,  G. McClure, and F. Bingham) have been 
chosen ,  the  chapter  outline completed, and the  
writ ing begun. T h e  planned completion da te  is 
December 1967. 

Most of t h e  act ivi t ies  of the  da ta  center  h a v e  
cons is ted  in  review and preliminary evaluat ion of 
pertinent papers  in  the  current and p a s t  l i terature,  
performing li terature searches,  writing retrieval 
programs, and fi l l ing requests  for copies  of hard- 
to-obtain reports. At the request of t h e  edi tors  of 
Physical Review we have supplied a l i s t  of 
qualified s p e c i a l i s t s  to  referee papers  appearing 
in  Physical Review. Three to  s i x  persons  were 
recommended for 22 subjects  taken from the  
Physical Review Subject Index. I t  is believed 
that information centers  with their  intimate 
knowledge of workers in a narrow field c a n  in- 
c r e a s e  the usefu lness  of the  referee sys tem by 
providing more qualified referees. 

‘ t  



7. High-Current Beam Production a n d  Iniection 

R. C. Davis  
R. R. Hall  

G. G. Kelley 
0. B. Morgan' 

R. F. Stratton 

The four-electrode source for the production of 
H, +, which was  described previously, h a s  been 
used on the 100-kV test s tand3 together with a 
magnesium vapor cell t o  produce neutral particle 
beams. Molecular ions  a t  40 keV are  dissociated 
and neutralized in the cell to  produce 20-keV 
atoms. The source configuration which h a s  pro- 
duced the most intense beams is shown in Fig.  7.1. 
Various parameters of the  assembly were changed 
to  determine the  best  arrangement. Also, several  
changes were made in magnetic configuration, in 
the axial  posit ion of the source with respect  to  the 
magnetic lens ,  and in the  sizes of the apertures in 
the electrodes.  The  bes t  aperture s i z e s  were 

in. for the  intermediate electrode and anode 
and 7/6 in. for the target cathode. Previously it 
had been determined, using a conventional duo- 
plasmatron, that  the field of the  auxiliary coil and 
source coil  should oppose the field of the main 
lens  to  produce a null  at the plasma ~ u r f a c e . ~  T h e  
same polarit ies give bes t  resul ts  with the four- 
electrode source, but f ield s c a n s  have not been 
made. T h e  aperture arrangement in Fig. 7.4 is 
used, because at  117 cm it represents  the injection 
geometry of INTEREM and at  240 cm it is similar 
to DCX-3 injection geometry. 

We have used a magnesium cell, Fig. 7.2, which 
was developed and made by Postma and Reinhardt 
to  neutralize the  40-keV ion beam. The  cell con- 

'Present address:  University of Wisconsin, Madison. 
*Thermonuclear Di v. Semiann. Progr. Rept. Apr. 30, 

3Thermonuclear Div. Semiann. Progr. Rept. Oct. 31, 

4Thermonuclear Div. Semiann. Progr. Rept. Apr. 30, 

1966, ORNL-3989, pp. 89-94. 

1965, ORNL-3908, pp. 100-107. 

1965, ORNL-3836, pp. 74-80. 

sists of a 4-in. s tack  of radially corrugated stain- 
less steel rings surrounded by an oven containing 
heated magnesium. T h e  top p la te  is a water- 
cooled 4-in.-thick copper shee t  with a poorly 
cooled tantalum ring inser t  having a l)2-in. ID. 
The  purpose of the  tantalum ring is to  prevent 
magnesium vapors from condensing on the cooled 
top plate  and reducing the aperture s ize .  The 
cell is heated by two 500-W tubular heating units. 
The  outer she l l  of the cell is water cooled to pre- 
vent heating of the  vacuum manifold. 

T h e  vapor cell w a s  posit ioned 58 c m  below the  
center of t h e  l e n s  coil. Closer posit ions were 
tried, but the  H z S  component of the  beam, which 
is crossed over above the cell and is strongly 
divergent, s e e m s  to  heat  the  inside of the cell 
quite badly and makes control of the  temperature 
difficult. Figure 7.3 shows current v s  cell tem- 
perature at the various apertures and the 240-cm 
target while extracting 180 mA total  current at 40 
kV. T h i s  shows the bes t  operating temperature 
of the  cell to be 480°C. 

Using the source and accelerator column shown 
in Fig. 7.1, we have obtained the resul ts  shown 
in Fig. 7.4. The  accelerat ing electrode is operated 
a t  -12  kV. T h u s  the beam is extracted at 52 kV 
and deaccelerated to  40 kv .  The - 12-kV potential  
of t h e  accelerating electrode with respect  to  ground 
is the minimum value which provides sufficient 
electron trapping to neutralize the s p a c e  charge of 
the beam. T h e  currents  shown in  the figure a t  
117 c m  and 240 c m  are avai lable  for INTEREM 
and DCX-3 respectively.  T h e  maximum H, cur- 
rent obtained a t  117 and 240 c m  with the  aperture 
arrangement shown in Fig. 7.4 is 146 and 70 mA 
respectively. 
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Fig. 7.1. Four-Electrode H 2 +  Ion Source Using 100-kV Accelerator Column with Non-PIG Design. 

5 

Since energy modulation of the  beam will be 
desirable  in  DCX-3 experiments, we have deter- 
mined t h e  effect  of a variation of t h e  accelerat ing 
voltage on target current both with and without 
reoptimization of the  magnetic lens.  Figure 7.5 
shows t h e s e  results.  The  bottom curve shows a 
40% FWHM (full width at half maximum) energy 
spread without reoptimization of t h e  lens ,  and the 
upper curve shows a 60% FWHM energy spread in 
the  other case. Variation of only the  high voltage 
was  tried in DCX-1.5. Due to  the more stringent 
beam collimation in  DCX-1.5, an FWHM of only 
25% was  obtained. 

Beam probe measurements have been s tar ted us ing  
the water-cooled copper probe shown in Fig.  7.6. 
The  power densi ty  is measured at 0.1-in. intervals  
along a diameter. Measurements were made both 
of t h e  H,' beams without the  neutralizer on and 

of t h e  resultant neutral beam with the neutralizer 
on. Figure 7.7 shows the  current density as a 
function of radius of a 142-mA 40-keV ion beam 
and t h e  resultant 20-keV neutral beam a t  117 
cm below the  lens  coil. Parameters  were adjusted 
for maximum current through a 13/-in.-diam aperture 
a t  117 cm.  Figure 7.8 is a plot from the  same da ta  
showing current v s  beam radius, indicating the 
effect  of aperture size a t  117 cm below the  l e n s  
coil on the  current transmitted. A complete de- 
scription of the  performance of the system requires 
the determination of a family of these curves  for 
several  aperture sizes, s i n c e  the optimum focal 
conditions depend on the aperture. Figures  7.9 
and 7.10 show the result  of scanning a 92-mA 40- 
keV beam at 240 cm from the  lens  coil. In t h i s  
case there  was  no aperture directly above the 240- 
c m  target,  and the parameters were adjusted for 
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maximum total  current on the target. For th i s  
reason the resu l t s  are  not directly comparable 
with those at  117 cm. 

The measurements made with the probe arrange- 
ment shown in  Fig. 7.6 are  sl ightly in error be- 
cause  there is some power radiated to  the probe 
from the target below and because the length of 
the probe t ip  exposed t o  the  beam is not precisely 
defined. A new system is being made which 

SOURCE 

EXTRACTING 

eliminates t h e s e  difficult ies and provides for 
automatic scanning and plotting. 

Magnetic asymmetries in the auxiliary coil  and 
source expansion cup were discovered and found 
to b e  due to the  u s e  of ferromagnetic welding rod 
on nonmagnetic materials. T h i s  trouble h a s  been 
rectified, and there is no longer any beam sh i f t  
as parameters a r e  changed, and the opt ic  and 
magnetic alignments a re  the same. 
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Fig. 7.4. T a b l e  Showing the H2 and Ho Currents Avai lable  a t  117 and 240 cm Through Defining Apertures 

Representing INTEREM and DCX-3 Geometries Respectively.  
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8. Plasma Theory a n d  Computation 
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8.1 STABILITY PROPERTIES OF OPEN-ENDED 
MAGNETIC TRAPS 

In this  sect ion we  s h a l l  review very briefly 
those resul ts  from plasma s tabi l i ty  theory which 
bear on various a s p e c t s  of the ORNL fusion 
program. In the interest  of clari ty we s h a l l  adopt 
the viewpoint and language of the “thermody- 
namics of unstable  p l a s m a ~ , ” ~  in which one 
s e e k s  to  identify the sources  of free energy which 
can  drive instabi l i t ies .  For  although some sources  
are inevitable in a confined plasma, one can,  to  
a limited extent a t  l eas t ,  choose which energy 
reservoirs a re  to be retained by h is  experimental 
approach. In addition t o  the  identification of 
sources  of free energy, it is a l s o  necessary to  
recognize the various constraints  which can pre- 
vent the transfer of this  energy into growing col- 
lect ive oscil lations.  W e  s h a l l  begin by enumer- 
a t ing the free-energy reservoirs character is t ic  of 
the Oak Ridge program, the related instabi l i t ies ,  
and some of the important constraints  avai lable  in 
open-ended traps.  

A l l  confinement schemes currently being studied 
require a diamagnetic current to balance the pres- 
sure  gradient associated with confinement. Th i s  

low-frequency “universal” or “drift” modes and 
the high-frequency “drift-cyclotron” instabil i ty.  

Since the character is t ic  frequencies of the  uni- 
versa l  modes are very much less than the ion 
gyrofrequency, they a r e  expected to  be s tabi l ized 
in a magnetic well .5 The  necessary wel l  depth 
h a s  been estimated6S7 t o  be 

AB 1 T - > -  e 

S 6 T i +  Te 
.-,, 

for s tabi l i ty ,  where A B / B  is the relative wel l  
depth,  and Te and Ti are the electron and ion 
temperatures. As yet  there is no  c lear  experi- 
mental confirmation of this  estimate. 

A second way of preventing t h e s e  instabi l i t ies  
relies on ion Landau damping and the  constraints  
inherent in the limited leligth oi an open-ended 
trap.  If the  waves a re  t o  grow, their ax ia l  phase 
velocity must exceed the ion thermal speed  by a 
factor of about 3. But, subjec t  t o  some uncer- 
tainty regarding boundary conditions,  ax ia l  wave- 
lengths  must be less than the  plasma length. 
T h e s e  two conditions imply s tabi l izat ion in plasmas 
shorter than a critical length, 

Lcritical = (2 77T)3’2 R P  , 
diamagnetic current can  trigger a number of modes 
of instabil i ty,  of which we s h a l l  mention only the J. B. Taylor and R. J. Hastie,  Phys .  F lu ids  8, 323 

(1965). 
6T. K. Fowler and G. E. Guest. P lasma Phvs ic s  and -. ~ ~ 

‘on leave september 1966-september 1967 to culham 

*On leave  from North T e x a s  State University, Denton. 
3 0 n  leave  from Melbourne University, Melbourne, Vienna, 1966. 

Controlled Nuclear Fus ion  Research ,  Vole 1, P. 383 
(CN 21/99), IAEA, Vienna, 1966. 

J. D. Jukes,  Plasma Phys ic s  a n d  Controlled Nuclear 
Fus ion  Research, vol. I, 9. 643 (CN 21/39), IAEA, 

7 Laboratory, Culham, Abingdon, Berks., England. 

Australia. 
4T. K. Fowler, Phys .  F lu ids  8, 459 (1965). 

8M. N. Rosenbluth in P lasma Phys ic s ,  IAEA, Vienna, 
1965. 
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where R is approximately the  plasma radius. Ex- 
periments in cesium and potassium plasmasg  have 
demonstrated th i s  constraint  at least quali tatively.  

A second instabil i ty made poss ib le  by the  dia- 
magnetic current is the  drift-cyclotron instabil i ty,  
f i rs t  d i scussed  by Mikhailovskii and Timofeev' 
but subsequently generalized by a number of 
authors. Since the frequencies of t h e s e  
osci l la t ions a re  near  harmonics of t h e  ion gyrofre- 
quency, one might not expec t  them t o  b e  s tabi l ized 
in a magnetic well .  
have shown, however, that  i t  may be possible  to  
prevent these  modes in  a sufficiently deep  well. 
The  necessary wel l  depth is given roughly by 

P 

Recent  invest igat ions '  4 , 1  

A B >  1 Ti --- ~ 

B 2 T i t T e  

for s tabi l i ty .  In shal lower wel l s  the  density 
thresholds,  summarized in  Sect.  8.2, a r e  s l ight ly  
lower than in the  uniform magnetic f ie lds  con- 
s idered earlier.  These  densi ty  cri teria,  of the  
form 

for instabil i ty,  have received considerable  atten- 
tion, s i n c e  they imply that  a d e n s e  plasma may be 
s t a b l e  provided the  radius exceeds  a cr i t ical  
value.13 T h e  exponent P depends on the  plasma 
distribution function; for a well-thermalized plasma 
with a smooth densi ty  profile, P = 2. 

At th i s  point i t  might b e  wel l  t o  mention t h e  
flute modes, s ince ,  i f  the  pressure gradient as- 
sociated with confinement is parallel  to the  
gradient of an  inhomogeneous confining magnetic 
field, the  usua l  f lute instabi l i t ies  may occur. 
Again, s i n c e  the  character is t ic  frequencies a r e  
much less than t h e  ion gyrofrequencies in sys tems 

'F. F. Chen, Phys.  F lu ids  8, 752 (1965). 
''A. B. Mikhailovskii and A. V. Timofeev, Soviet  

"A. B. Mikhailovskii, Nucl. Fus ion  5, 125 (1965). 
'*Y. Shima and T. K. Fowler, Phys .  F lu ids  8, 2245 

(1965). 
13R. F. P o s t  and M. N. Rosenbluth, Phys .  F lu ids  9,  

730 (1966). 
14N. A. Krall and T. K. Fowler, Ef fec t  of Magnetic 

Curvature on the Drift-Cyclotron Instabil i ty,  GA- 7393 
( 1966). 

1 5 W .  M. Farr, Ph.D. thesis, University of Michigan, 
1966. 

Phys.  JETP 17, 626 (1963). 

of interest ,  they may be s tabi l ized in a magnetic 
wel l  of depth5 

A B / B  2 p 
for s tabi l i ty ,  where p 2 n k T / ( l ~  B .  H) is the  usua l  
ratio of particle pressure to magnetic field pres- 
sure.  

It is also possible  t o  bring about some degree of 
stabil ization of these  modes through "line-tying" 
mechanisms. For  example, if the  confined 
plasma is in  good electr ical  contact  with con- 
duct ing end wal l s ,  i t  is not possible  for the  flute 
dis turbances t o  e x i s t  without some axia l  e lec t r ic  
field fluctuations near the  end wal ls .  A smal l  
amount of cold plasma in this  region c a n  have a 
s t rong s tabi l iz ing effect  on the  longer-wavelength 
f lutes .  A very s t r iking feature of this f ini te  length 
effect  is the appearance of a high-density s t a b l e  
regime. 

A second free-energy reservoir of considerable  
importance t o  open-ended confinement schemes  is 
the  departure of the  trapped par t ic les  from thermal 
equilibrium. Complete thermalization is prevented 
by the  loss-cone effect ,  in  which par t ic les  with 
smal l  perpendicular veloci t ies  (with respect  to the 
magnetic field) e s c a p e  rapidly from the  trap. In 
addition, injection plasmas a r e  usual ly  created 
with highly anisotropic (init ial)  ion velocity dis-  
tributions, although schemes have been advanced 
which might circumvent this  energy reservoir. 

T h e  non-Maxwellian distributions assoc ia ted  
with the loss-cone effect  a r e  now known to  support 
a wide variety of unstable osci l la t ions.  At  low 
dens i t ies ,  w (10-50) x w c i ,  unstable  cyclotron 
waves  may b e  exci ted '?  while a t  high dens i t ies  
the  plasma can support very high-frequency grow- 
ing waves. l If the  spread in ion energies  is less 
than 70% of t h e  mean energy, f lutelike modes a t  
o a 0 ,  oci,  2 o c i  , . . . may occur. l 8  In the  pres- 
e n c e  of a group of relatively cold ions,  a mono- 
energet ic  group of ions can  drive growing waves 
a t  the  gyrofrequency." The  more important of 
t h e s e  "velocity-space'' ins tabi l i t ies  have been 
l i s ted  in Table  8.1. From the s tandpoint  of sta- 

pe 

16G. E. Guest and C. 0. Beasley,  Jr., Phys.  F lu ids  

"G. E. Guest and R. A. Dory, Phys .  F lu ids  8, 1853 

"R. A. Dory, G. E. Guest, and E. G. Harris, Phys.  

19L. S. Hall, W. Heckrotte, and T. Kammash, Phys .  

9, 1798 (1966). 

(1965). 

Rev. Le t t e r s  14, 131 (1965). 

Rev. 139, A1117 (1965). 
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T a b l e  8.1. Some Important High-Frequency Velocity-Space Ins tab i l i t i es  

Means for 
kl I Stabil ization Reference Energy Source Threshold Conditions 

Harris" Anisotropy Landau damping 

Thermalization 
#O 

17 Guest and Dory L o s s  cone 

P o s t  and Rosenbluth13 LOSS cone 
L 

>> wci 
P i  

L o s s  cone O P i / W C i  -.? > 4 Dory, Guest, and 

Harris &/E.$ 70% 

Hall, Heckrotte, L o s s  cone (plus cold See ref. 19 
and Kammash'' ions  to trigger) 

$0 Landau damping 

-1 
f 0  Short length; 

L~ 2 100 pi for 
stabil i ty 

? ? ?  

Broaden the ion 

distribution 
=O 

Arbitrary Under study 

bil ization i t  is important to dis t inguish,  f irst  of 
a l l ,  the  flutelike modes (k I I = 0) from those  propa- 
gating along the magnetic field ( k l l  f 0), s i n c e  
only t h e  second class of waves  is subjec t  to 
Landau damping. A second distinction, between 
convect ive and nonconvective, is also important 
in the  second case ( k l l  f 0) i f  a detai led com- 
parison between theory and experiment is required. 
It h a s  been found, however, tha t  in the  case of 
Harris modes and the  low-density loss-cone 
modes, as  the densi ty  is increased above  i t s  
threshold value,  the unstable  growth changes  
character  from convect ive to nonconvective. T h i s  
transit ion is discussed  in more detai l  in Sect. 
8.3. It now seems  likely,  in view of t h e s e  re- 
s u l t s ,  that  one wil l  have to  rely on Landau 
damping to s tab i l ize  t h e s e  modes, s i n c e  they c a n  
no longer b e  expected to convect  out of the  system 
in  plasmas of reasonable  density.  

One can  again make crude es t imates  of the  
electron temperature required for this  Landau 
damping: 

''3. G. Harris, J .  Nucl .  Energy  C2, 138 (1961). 

0 * 

v e  = - 
kl I 

for s tabi l i ty;  or 

for o = noci .  
Since the  high-density loss-cone mode l3  is ex- 

pected to have w >> w c j r  impractical electron tem- 
peratures a r e  required for Landau damping. T h i s  
mode is predicted to  b e  c o n ~ e c t i v e , ' ~  and a 
cr i t ical  unanswered quest ion concerns the  re- 
f lection coefficient for t h e s e  waves  a t  the  ex- 
tremities of the plasma. If reflection is weak,  
growing waves  may not reach observable  ampli- 
tudes in plasmas shorter  than 

A very important quest ion,  under ac t ive  s tudy,  
is t h e  effect  of cold ions  on t h e  f lutel ike in- 
s tab i l i t i es  driven by nearly monoenergetic dis-  
tr ibutions of fast ions.  To da te ,  only the  very 
s p e c i a l  case of a delta-function distribution h a s  
been examined, but experience with the  s ingle-  
s p e c i e s  case18 showed a s t rong  s tab i l iz ing  effect  

100 pi. 
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as  the relative width of the  distribution of fas t  
par t ic les  was  increased (see Sect.  8.4). 

In a s s e s s i n g  the ser iousness  of the high- 
frequency instabi l i t ies ,  i t  is important to bear in 
mind that Lorentz trapping of injected neutral  
atoms is a t  present  very inefficient,  trapping 
fractions usually fa l l ing below Even 
relatively weak instabi l i t ies  c a n  lead to suf- 
f iciently rapid losses to  prevent the accumulation 
of d e n s e  plasmas by s u c h  a s low trapping process. 

To a large extent  t h e  energy reservoirs men- 
tioned above, due to  confinement and departures 
from thermal equilibrium, a r e  inescapable  in open- 
ended traps.  T h e  most pressing quest ions concern 
the  means for s tabi l iz ing the  assoc ia ted  insta-  
bi l i t ies .  In severa l  Oak Ridge experiments, how- 
ever,  additional sources  of free energy have been 
introduced in the form of directed s t reams of ener- 
get ic  par t ic les .  For  t h e s e  plasmas a very different 
question is most urgent, namely, the  effect of the 
result ing instabi l i t ies  on the  properties of t h e  
trapped plasma. In the DCX-2 device  a moderately 
dense,  very energet ic ,  and highly anisotropic 
plasma is produced as  the  result  of gyrofrequency 
instabi l i t ies  thought to be attr ibutable to the  di- 
rected motion of the init ially trapped protons. In 
t h e  beam-plasma experiments, dense  energet ic  
plasmas a re  produced by t h e  in tense  fluctuating 
f ie lds  driven by the  electron beam. The  effort 
to understand the evolution of instabi l i t ies  beyond 
the  small  amplitude l imits inherent in the lin- 
ear ized s tabi l i ty  theory d iscussed  above h a s  led 
to  a s e t  of modified quasi-l inear equat ions,  dis-  
c u s s e d  in Sect .  8.5. 

In summary, we  s t r e s s  the  importance of t h e  
two very s t rong constraints  poss ib le  in open- 
ended containment devices:  

1. Because  i t  is possible  to make a true magnetic 
wel l  in such  devices ,  i t  appears  poss ib le  to 
s tab i l ize  not only all low-frequency modes but 
perhaps the drift-cyclotron instabi l i ty  as  well .  

2. Because  ax ia l  wavelengths must be limited to  
the length of the  plasma (again, subjec t  to  the 
uncertain boundary conditions),  Landau damping 
of the high-frequency (a  noci ,  k l l  f 0 )  modes 
is possible  provided the  electrons can  b e  
raised to temperatures comparable to Ti .  

Important unresolved quest ions a r e  (1) reflection 
of Rosenbluth-Post loss-cone modes a t  the  plasma 
extremities,  and (2) s tabi l izat ion of the  flutelike 
instabi l i t ies  due t o  sharply peaked fast-particle 

distributions superimposed on a low-temperature 
background ion population. Considerable progress 
h a s  been reported recently in the f i rs t  area;" a 
vigorous investigation of the second quest ion h a s  
been init iated by t h e  ORNL theory group (Sect. 
8.4). 

8.2 EFFECT OF POSITIVE MAGNETIC FIELD 
GRADIENTS ON THE DRIFT-CYCLOTRON 

INSTABILITY 

The  density and temperature gradients asso- 
c ia ted  with confinement lead to  a diamagnetic 
current which may be characterized by the (arti- 
f ic ia l )  diamagnetic drift speed ,  U,, where 

u . = -  Ti 
'1 eBRp 

Here T .  is the temperature of the  j th s p e c i e s ,  B 
i s  the magnetic field strength,  RP is roughly the  
plasma radius, and e is the  electronic  charge.  
T h i s  diamagnetic drift can change the  character  
of t h e  cyclotron waves a t  w = n u c i  if 

1 

k .  U O i  > nwci  

for instabil i ty.  Provided a prescribed densi ty  
threshold is exceeded, the  dis tor ted cyclotron 
wave c a n  then couple  unstably to the  drift wave 
assoc ia ted  with the  precessional  drift of elec- 
trons in the s l ight ly  inhomogeneous magnetic 
f i e l d . 2 2 , 2 3  From condition (2) i t  is c lear  that  
only waves  of rather small  wavelength can  grow: 

k U . kip; 
n u c i  2 n R p  
-- I O 2  - -> 1 implies A,< 

A s m a l l  posit ive gradient in the  magnetic field 
strength l e a d s  to  a precessional  drift of the 
electrons and ions a t  a s p e e d  

T 

(3) 

' lH.  L. Berk et af., Eighth Annual Meeting, Div. of 
P l a sma  Phys ics ,  American Phys ica l  Sociefy, Boston, 
Mass., Nov. 2-5, 1966, paper 5P-6. 

"N. A. Krall and T. K. Fowler, E f f e c t  o f  Magnetic 
Curvature on the Drift- Cyclotron Instability, GA-7393 
(1966). 

23W. M. Farr, Ph.D. thesis,  University of Michigan 
(1966). 
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where Rc-'  = (1/B) (dB/dr) .  T h e s e  particle 
drifts introduce Doppler sh i f t s ,  k Vge and k Vgi, 
which enhance the (unstable) electron drift 
wave-ion cyclotron wave coupling and which, by 
condition (2), can be relatively large.  However, 
i f  the net  shif t ,  l kVge \  + IkVgil ,  exceeds noci, 
the  original coupling is no  longer possible  and 
the drift-cyclotron mode cannot occur. The  re- 
sul t ing criterion for s tabi l i ty  is then roughly de- 
termined by 

kV + k V g i  > n w c i ,  g e  
while 

k U o i  > n o c i  ; 

or 

" W C i  (Vge + V g J  > nwci  ; 
UO i 

0 .  Qni k - Uoi - w -1  = o .  + -  Q o e  C I  

k R p  % - k (Vge - V g i )  
-- 

A ; - n o c i  

Here w . and w c i  are the ion plasma and gyrofre- 
quencies ,  m/M is the ratio of electron t o  ion 
mass ,  A z k 2 $ / 2 ,  where p i  is the average ion 

gyroradius, Q o i  
e-Aezo(he) = 1, and Q ni . = e-'ln(A). 

PI  

r-u 

ecxlo(A), w E o - k - Vgi, Qoe. = 

This  dispersion relation is derived under the  
assumptions of (1) Maxwellian par t ic le  distribu- 
t ions,  (2) equal  dens i t ies  of ions  and electrons,  
and (3) sufficiently gentle magnetic gradients that  
the precessional  speeds  of the par t ic les  a r e  much 
less than t h e  orbital speed.  

We have obtained the  following approximate 
threshold condition: 

hence Although it might appear from the factor 

T h e s e  quali tative conclusions follow from the 
approximate dispersion relation 

that  arbitrarily small threshold dens i t ies  might b e  
E ( k , W )  = 1 +pl - +- +- CI possible ,  the maximum growth rate  is given % - a 2 .  [; 1 -Aeoi eoi 0 . 

0 2 .  cz kRP ;; roughly by 
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s o  that the maximum growth rate  goes  to  z e r o  as 
t h e  threshold densi ty  decreases .  In fact ,  one 
sees that  the maximum growth ra te  is limited in  
roughly the following way: 

where Z ( [ )  = in’” exp (-[’) [l + erf ( i < ) ] , w ,  = 
plasma frequency, Cl = cyclotron frequency, Cm(A) = 
2nJoW dv,v,J; (klvl/Q) g(vl/aL), Dm(A) = -va,- 

8.3 CONVECTIVE VS ABSOLUTE INSTABILITY 
CALCULATIONS 

With the  motivation presented in Sect.  8.1, we 
have  construcLed codes  for invest igat ing solu-  
t ions z ( k )  and k(w) of dispers ion relations D(o,k)= 
0, where w and k a r e  complex. Earl ier  versions of 
t h e s e  codes  were descr ibed in the  preceding 
semiannual report .24 In t h e  present  form, solu- 
t ions z ( k )  a r e  tabulated” on a grid in  the complex 
k plane, or solut ions x(o) a r e  tabulated on a grid 
in the  complex w plane. The  dispers ion relation is 
that  of Guest  and Dory, except  that  provision is 
made for having three s p e c i e s ,  “hot” and “warm” 
ions  a s  wel l  as “warm” electrons.  The  new codes  
h a v e  been used  to verify and extend the work of 
Beasley and Guest,’ which included a demonstra- 
tion that  the Harris two-temperature instabil i-  
t ies28*29 of infinite,  homogeneous, uniformly 
magnetized plasmas could be ei ther  convective or 
absolute,  depending upon the  plasma densi ty .  

The  dispers ion relation considered is 

24ThermonucJear Div. Semiann. Progr. Rept.  Apr. 30, 
1966, ORNL-3989. 

25Solutions to F(z)  = 0 are found by Muller’s tech- 
nique: F(z)  is approximated by a function of t he  form 
G(z )  = ( z  - a)/(bz + c), where a, b, and c are determined 
by se t t ing  G(z,)  = F ( z . )  a t  three points zl, z2, z3 near 
an init ial  estimate for a solution. The value a is then 
an improved estimate, and the method can be iterated. 
T h i s  procedure g ives  very rapid convergence and seems 
to be more suitable than that described in ref. 24. 

x I,”dvlJ&(klvL/Cl) g‘(v / a ) ,  assuming tha t  the  
particle distribution functions a r e  = e x p  (- v f I  / 
a;,) g(vl/al>. For  the present  resul ts ,  gion(x) = 

x2 e-’, and gelectron (x) = e-x . 

1 .l  

2 

The dispersion relation may be written 

where s p e c i e s  subscr ipts  a r e  implied on w Q, h, 
C, D, A, z, and T. Notice that  h = kllall/Cl, h = 

k:a:/2C12, z = w/a,  and T = a:,/a:. 
In the  present work we  invest igate  t h e  “loss- 

cone” modes of ref. 26. The  “hot” ion distri-  
bution function behaves as (v,/a,>‘. exp (- v:/ 
a2 - v;,/a;,) and the  electron distribution function 
l ike  exp  ( -v2/ai) .  No “warm” ion terms have 
been included so far. W e  consider  cylindrical  
waves  propagating parallel  to  the  external  mag- 
ne t ic  field (x,, direction), s o  that perturbed po- 
ten t ia l s  behave as  exp  ( - k t  + i k , ,  x I I  + iZd) 
x ll(kLr). For  high densi t ies ,  where large kl solu- 
t ions could b e  unstable,  one would have  to in- 
vest igate  t h e  propagation properties of the radial  
potent ia l  dependence by allowing k ,  to b e  complex. 
T h e  present  work considers  only t h e  properties of 
propagation parallel  to  the  field.  We rely on 

P’ 

+- 

26G. E. Guest and R. A. Dory, Phys.  Flu ids  8, 1853 
(1965). 

27C. 0. Beasley, Jr., and G. E. Guest,  Eighth Annual 
Meeting, Div. of Plasma Phys ics ,  American Phys ica l  
Society, Boston, Mass., Nov. 2-5, 1966, paper 8L-2. 

28E. G. Harris, J. Nucl. Energy C2, 138 (1961). 
“6. K. Soper and E. G. Harris, Phys.  Flu ids  8, 

984 (1965). 

L 
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boundary conditions such  as z e r o  perturbed po- 
tent ia l  at nearby conducting vacuum tank wal ls  
to determine the  allowed spectrum of real  k, 

The  parameterization is as follows: T = a2/a2, , I  I 
6 a”,a;,, X = k2 a2/2Q?, z = x + iy  E w/Qi,  and 
h k , ,  a, , /Qi ,  where Q, = ion cyclotron fre- 
quency, and we = electron plasma frequency. 

Table  8.2 presents  the  resul ts  of severa l  cases 
investigated.  For  convect ive cases we  tabulate  
the  maximum posit ive y = Im(w/Q,> for real  h a n d  
the value of complex h a t  which y [maximized 
over Re(h)] vanishes  as  (Im(h)I increases .  For  
absolute  Eases we  list h = hr + ih,  at the s a d d l e  
point of Re  >(A), which is also a s a d d l e  point of 
Im >( h) . 

Parameters  for this  survey were chosen in the  
following way. The  resu l t s  of ref. 26 indicate  
that  X in the vicinity 1 to 10 is interest ing for 
low-density [w,/Q, ,< (Mi/Me)’/*] cases; we  
chose  h = 5 as a s ta r t ing  point because  the ion 
D,(X) is then most negative.  T h i s  makes the  
radial  “wavelength” wk-’ = pi(2A)-’/’ = 0 . 3 p i ,  
where pi = aL/Qi is a representative ion gyro- 
radius. W e  took T = 1/2 to  make t h e  distribution 
sufficiently “isotropic” to eliminate the Soper- 
Harris anisotropy m o d e ~ ~ ~ v ~  and restricted our 

1 1  

% 

attention t o  t h e  cyclotron-loss-cone modes of ref. 
26. T h e  electron temperature 8 was  given a 
value regarded as representative both of present  
experiments and projected “fusion reactors.” 
T h e  variation of thresholds with O h a s  been shown 
in ref. 26 to b e  slow. The  product OT enters  
character is t ical ly ,  and cases 3 and 10 were run 
to verify tha t  t h e  resul ts  d o  not depend crit ically 
on ae, electron thermal speed .  In doubling OT we 
find that  t h e  threshold between absolu te  and con- 
vect ive zones  moves only s l ight ly ,  from w e / Q z  43 
to about  52. Parameter n te l l s  which cyclotron 
resonance term is important for the  unstable  mode 
in question. Thus Re  w/Qi  2 n. 

At  we/Qi = 46.9, where t h e  n = 1 mode is ab- 
solute ,  w e  have  scanned A to find t h e  “worst” 
mode, which is X = 2.5 i 0.25. T h i s  va lue  maxi- 
mizes  Im 0 and IIm(k,,)\ a t  t h e  s a d d l e  point. 

In accordance with the  approximate analyt ical  re- 
s u l t s  sugges ted  in ref. 2 6  and obtained by keeping 
only the electron contribution and  the  “resonant”  
nth ion term in the sum on rn in  Eq. (l), the in- 
s tab i l i t i es  occur only for those  A’s that  make the  
ion D,(X) negative.  Figure 8.1 shows  the f i rs t  
few D,(X) as functions of X for the distribution 
g(x> = x 2  e-x’. 

T a b l e  8.2. Summory o f  Results o f  Convect ive/Absolute T e s t  on D iscre te  Loss-Cone Modes 

kl tat I 
Q ,  

hi = Im- kl PI I w w 
x = R e -  y = I m -  h r = R e -  

0. Q! Qi 

Case  ae/Qi X T Q n Resul t  

- 0.0063 1 41.25 5.0 7‘ yz0 1 Convective 0.036 0.042 

2 46.90 

3 46.90 

4 46.90 

5 46.90 

6 46.90 

7 46.90 

8 46.90 

9 46.90 

10 52.00 

11 66.55 

12 66.55 

13 66.55 

5.0 f/2 I 1  h0 

1.0 l 1  /2 h0 1 

2.0 ?2 ’/zo 1 

3.0 ‘/2 1 /20 1 

4.0 ?2 I 1  /zo 
10.0 /z ‘/zo 

5.0 >2 io 1 

5.0 y2 I 2  lz0 

5.0 i I 3  /2,, 

5.0 1 ‘/o 1 

2.5 >2 );o 1 

1 

5.0 1 io 1 

1 

Absolute 

Convective 

Absolute 

Stable 

Absolute 

Absolute 

Absolute 

Stable 

Absolute 

Absolute 

Convective 

Stable 

0.962 0.0021 

0.016 

0.966 0.013 

0.970 0.0092 

0.964 0.0125 

0.962 0.0081 

0.955 0.0006 

0.963 0.019 

0.051 

0.029 

0.048 

0.022 

0.022 

0.023 

0.027 

0.036 

0.0 21 

0.065 

-0.011 

- 0.005 

- 0.013 

-0.011 

- 0.013 

-0.012 

-0.011 

- 0.015 

- 0.0044 

c 
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Fig. 8.1. The Function Om(& vs h for m = 1, 2, 3. 

C a s e s  11 to 13 further verify the last point and 
show that  the saddle-point values  for Im(w) and 
IIm(kI ,> 1 increase markedly with increasing den- 
s i ty ,  and that  higher harmonics become unstable  
as the density increases .  

C a s e s  14  to  25 (Table 8.3) are a t  sufficiently 
high density and small radial  “wavelength” 
(20.06 pi) that  we expect t o  approach the  “con- 
tinuum” case analyzed by P o s t  and R o ~ e n b l u t h . ~ ’  
Since the f i rs t  12 Dm are  negative a t  A = 150, we 
expect  the n = 1 through 12 modes to  be unstable.  
Figure 8.2 shows Im(o) a s  a function of R e ( k I I )  
very near  but not on the real k l l  a x i s .  Exactly on 
the a x i s ,  there appear to  be some numerical dif- 
f icul t ies  concerned with the proximity of another 
Riemann s h e e t  and with the choice of ini t ia l  
estimates for the solution. Th i s  problem is being 
investigated very carefully. 

We see that  a continuum e x i s t s  because  the  
widths of the various peaks in Im(o) exceed the 
separat ions.  T h e  values become a large fraction 
of gyrofrequency, but we have not observed growth 
rates  in e x c e s s  of ion gyrofrequency, so  that it 

~ 

30R. F. P o s t  and M. N. Rosenbluth, Phys.  Fluids 9,  
730 (1966). 

Table 8.3. Characteristics of the Individual Resonances in a Continuum Case 

0 kl tal I 
a, ht = Re - 

i 
fl 

y = Im- C a s e  W e / f l i  h T 0 1 

1 1 1 0.056 0.029 14 400 150 12 12 0 

15 

16 

17 

18 

19 

20 

21  

22 

23 

24 

400 

400 

400 

400 

40 0 

400 

400 

40 0 

400 

40 0 

150 

150 

150 

150 

150 

150 

150 

150 

150 

150 

1 

1 

1 

4 
4 
12 
1 
12 
1 4 
1 

1 

1 

1 

4 
4 
12 

12 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

12 0 

40 

12 0 

12 0 

12 0 

4 0  

40 
12 0 

12 0 

’2 0 

0.114 

0.167 

0.218 

0.260 

0.294 

0.308 

0.307 

0.282 

0.243 

0.158 

0.059 

0.089 

0.120 

0.151 

0.184 

0.216 

0.250 

0.282 

0.315 

0.348 

1 1 12 0.058 0.378 
25 400 150 4 4 ” 
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remains an open question how the  cyclotron-loss- 
cone modes of ref. 26 become the continuum modes 
of ref. 30. 

ORNL DWG 66 12766 

0 0.08 0.16 0.24 0.32 0.40 

Re i h )  

Fig. 8.2. I rn  dQi vs  Re h = Re k l l a l l / Q i  for the 

Continuum Case; ae/Qi = 400, A =  150. 

We would l ike t o  comment on our interpretation 
of the numerical data in terms of the Briggs- 
Bers  cri teria for the determination whether 
waves are convective or absolute .  I t  is of course 
impossible t o  invest igate  the ent i re  complex k l ,  
plane on vanishingly small grid, and a s  mentioned 
earlier,  numerical uncertainties a r i s e  in regions 
where different Riemann s h e e t s  approach e a c h  
other. At this  time i t  seems bes t  t o  hedge on the 
resul ts  quoted so  far. It is fel t  that  they are 
correct,  but there are some quest ions not y e t  
fully resolved. The  investigation of these  points 
is in progress.  

T o  make the unresolved points more clear ,  we 
give in F ig .  8.3 a sketch of Re(w) and Im(o) 
contours in the  complex h plane for case 4. 
Dashed l ines  represent loci  where Re(o)  is con- 
s t a n t  and sol id  l ines  those  where Im(o) is con- 
s tant .  W e  see that  on the  real-h ax is ,  Im(a) is 

3 1  R. J. Briggs, Electron-Stream Interaction with 
P l a s m a s ,  Research Monograph No. 29, MIT Press, 
Cambridge, Mass., 1964. 

ORNL-DWG 66-42767 0.002 

0 

- 0.002 

-0.004 

-0.006 

- 
c - 
E -0.008 - 

-0.040 

-0.042 

-0.014 

-0.016 

-0.048 

R e h )  

Contours in  the Complex h P l a n e  of  Constant Im(w) and Constant Re(w) for C a s e  4. Fig. 8.3. 
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negat ive except  in the  interval 0.026 to  0.039. 
The  contour Im(o) = 0 does  not extend con- 
tinuously from one end of th i s  interval to the  
other, but in  the  Im(h) < 0 half plane it appears  to 
b e  asymptotic t o  t h e  l ine Im(h) = -Re@). In the  
Im(h) > 0 half plane,  the  Im(w) contour suffers  two 
very sharp turns and again does  not bridge the 
gap from h = 0.026 + i .0  to  0.039 + i - 0 .  T h i s  
would normally sa t i s fy  the conditions for absolute  
instabil i ty;  but one would l ike to  look more care- 
fully a t  t h e  sharp  corners in  t h e  Im(w) = 0 con- 
tours to  eliminate the possibil i ty of error, and i t  
is th is  careful look that h a s  been impeded by 
apparent numerical difficult ies.  

8.4 FLUTELIKE ELECTROSTATIC MODES 
IN TWO-COMPONENT ION PLASMAS 

T h e  dispersion relation for e lectrostat ic  waves 
propagating perpendicular (“flutelike”) to  a 
uniform external  magnetic field B in a uniform 
plasma was  given by Harris3’ and was  considered 
by Dory, Guest, and Harr is33 and many others.  
In t h e s e  papers attention was  concentrated on in- 
s tab i l i t i es  caused by the  energy reservoir in- 
herent in a “loss-cone” distribution of a s ingle  
s p e c i e s  of particles.  Two other  paper^^^'^^ have 
d iscussed  unstable  modes which occur when the  
system c o n s i s t s  of two groups of par t ic les ,  other- 
w i s e  identical ,  which have  different temperatures 
for their  distributions of vI (velocity perpendicular 
to  B) or which have non-Maxwellian distribution of 
v The  ar t ic le  by Hall ,  Heckrotte, and K a m m a ~ h ~ ~  
presents  da ta  for instabi l i t ies ,  near  cyclotron 
harmonics in a plasma with one  component having 
no vI and another with a monoenergetic distribu- 
tion of vI Perls te in ,  Rosenbluth, and Chang35 
analyze the  behavior of a two-component system 
a t  high plasma density for very short  wavelengths 
(kl pi >> 1, where pi is t h e  mean gyroradius for 
the hotter spec ies ) .  

For  purposes of comparison with experiment and 
for a s s e s s i n g  the  instabil i ty properties of experi- 

I’ 

32E. G. Harris, Phys. Rev. Le t t e r s  2, 34 (1959); J .  

33R. A. Dory, G. E. Guest, and E. G. Harris, Phys. 

34L. S. Hall, W. Heckrotte, and T. Kammash, Phys. 

35L.  0. Perlstein,  M. N. Rosenbluth, and D. B. 

Nucl. Energy C2, 138 (1961). 

Rev. Le t t e r s  14, 131 (1965). 

Rev. 139, 117A (1965). 

Chang, Phys Fluids  9, 953 (1966). 

ments not intended to reach the  high-density 
( (  reactor regime, ” it would b e  useful  to have de- 
tailed information which includes the effect  of 
spreading of the  veloci t ies  of the  components and 
t h e  behavior when k,pi 6 1. 

The  dispersion relation for plane electrostat ic  
waves  with k B = 0 is 

m a  
o - m a  

where 

in which up, a, and o = plasma, cyclotron, and 
wave frequency, k = k ,  = wave number, F, = 

velocity distribution function with J d3vF,  = 1, 
and al is a velocity s c a l i n g  parameter. We con- 
s ider  distribution functions which have  arbitrary 
dependence on v I I  =, v .  B/IB]  and which a r e  pro- 
portional to  (vL/aJZJ exp (-$/a’). If j = 0, the  
distribution is Maxwellian (in v ) ,  and  if j = 1, 
2, 3, . . . , the  distribution s imulates  the  loss-cone 
plasma in a mirror trap. 

The  functions Dm obtained for t h i s  s e t  of dis-  
tributions a r e  described in  ref. 36,  where param- 
e te r  h = ‘4 B’ is used.  Using a superscr ipt  to  in- 
d ica te  j ,  we have 

1 1  
1 

from which 

where the  Zm(A) a r e  modified B e s s e l  functions of 
t h e  first  kind. From Eqs. (3), one c a n  eas i ly  find 

36G. E. Guest and R. A. Dory, Phys. Fluids  8, 1853 
(1965). 
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the  recurrence formula for the  coeff ic ients  of the 
polynomials in brackets  in  the  Dg) of Eqs .  (4). 
T h e  functions 0;) as functions of A a re  then 
easi ly  computed, and t a b l e s  a r e  avai lable  for j 
up to 20. For  large j and for h 5 j1’2, the  D ( j )  m are  
quali tatively similar to their  limit at j = m: 

D(m)  m = h(d/dh)  J h ( C h ) ,  where J ,  is the  usua l  
Bessel function. Figure 8.4 shows the distribu- 
tion functions for j = 1, 2, . . . , and Figs .  8.5 to 
8.11 show t h e  Dg) as  functions of A. From the  
defining relation one eas i ly  e s t a b l i s h e s  the fol- 
lowing useful  sum rules: For  populations with 

Consider a plasma cons is t ing  of “hot” ions,  
“warm” ions,  and electrons.  At  frequencies 
o << fie, the electron contribution to  Eq.  (1 )  is 
constant  and smal l  compared to ion terms, and 
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Fig. 8.5. Df) a s  a Function of 

w e  drop it. We assume t h e  two ion populations 
differ only in vI dependence, a s i tuat ion repre- 
sentat ive of many experiments. The  dispers ion 
relation is then 

m 
m f i D r )  ( b )  

where w is the  total  ion plasma frequency 
[4n(nl + n2)e2/mI1”; n l ,  n2 ,  a,, and a2 a r e  the  
densi ty  and aI for the hot  and warm ions;  b = 

ka , / f i ;  n T  = n, + n 2 ,  and 

P 
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Conditions for instabil i ty a t  frequencies above 
gyrofrequency are  those l is ted in ref. 33. Since 
the D n  have been defined differently here  [by 
factor -(1/2)a;], the cri teria take a s l ight ly  dif- 
ferent form: If for some A, D Y )  > 0 and DLTi < 0, 
then one should carefully invest igate  the range 
n < a/Q < n + 1. In th i s  range U(w/Q,b)  a s  a 
function of u/Q will have a t  l e a s t  one minimum, 
s a y  a t  a/Q = xo. If U(x,,b) > 0, then instabil i ty 
e x i s t s  provided (adfL)* > l /U(xo,b).  A maximum 
of U may a l s o  ex is t  in conjunction with a second 
minimum. In that c a s e  there is a small  range of 
(odQ)' in which instabil i ty occurs.  The  latter 
s i tuat ion is most likely very near a/Q = an  
integer and is usually characterized by a very 
narrow unstable  density zone a t  high density,  
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small  growth rates  (<<Q), and distribution func- 
t ions having very sharp peaks.  

Instabil i ty c a n  also e x i s t  below gyrofrequency. 
The  f i rs t  of two s u c h  types of unstable  modes 
can  e x i s t  very near  o = HJ if D I T )  is much 
smaller  than the  other D F )  and c a n  b e  observed 
by detai led ana lys i s  of U ( o / Q ,  b). I t  is also 
characterized by high dens i t ies ,  small unstable  
regions in  both k and o#I, smal l  growth rates ,  
and sharp distribution functions.  The  second 
type occurs  with Re(w) identically zero.  The  
criterion for its ex is tence  is that  U(0,b) > 0 for 
some h and tha t  (odQ)’ >< 1 / U  (0,b) i f  D I T )  >< 0. 
The  threshold densi ty  is espec ia l ly  e a s y  to  
evaluate ,  s i n c e  

L J 

Detailed parametric s tud ies  have  not ye t  been 
made, but from inspection of the  graphs of the  
D ( i )  and us ing  the almost-sufficient instabil i ty 
cri teria D r )  > 0 and oh:’, < 0, one concludes 
that  instabi l i t ies  a r i s e  even when t h e  hot dis-  
tribution h a s  a fairly large relative half spread 
(for j = 1, 6v,/v,z 30%), in contradistinction to  
the  s ing le  s p e c i e s  modes of ref. 33. T h e  Re(w) = 
0 modes a r e  spec ia l  in that  they occur only when 
one  population is strongly peaked a t  nonzero vL 

The  growth rates  for large 6vl/vl a r e  expected 
to  b e  very small  (<<Q) and the  unstable  ranges 
of densi ty  and wavelength very narrow, so  that  
here,  as in the  cases considered in ref. 34, one 
is left  quite dissat isf ied by the answer to the  
question, “Where a r e  modes damped and where 
antidamped?” I t  is hoped that  by understanding 
the  quantitative growth rates  in  unstable  zones ,  
one may be ab le  to provide a real is t ic  evaluation 
of threshold conditions.  

m 

8.5 NONLINEAR PLASMA PHENOMENA FROM 
A QUANTUM-MECHANICAL VIEWPOINT 

E. G. Harris3’ 

8.5.1 Introduction 

We have taken the unconventional approach of 
descr ibing nonlinear phenomena by quantum 
mechanics and ultimately taking the  classical 

’Consultant, the University of Tennessee, Knoxville. 

limit. This  h a s  the  conceptual advantage of de- 
scr ibing the phenomena in terms of the  emission,  
absorption, and sca t te r ing  of par t ic les  (electrons 
and ions)  and quasi-particles (i.e., the  quanta of 
the  elementary exci ta t ions of the  plasma s u c h  a s  
plasmons, phonons, photons, etc.) .  Once the  
interaction Hamiltonian is known, the rate for 
any process  is found by us ing  the  s tandard for- 
mulas of time-dependent perturbation theory - the  
so-called Fermi Golden Rules .  

W e  s h a l l  give a quali tative d iscuss ion  of cal- 
culat ions which have been made us ing  t h i s  
approach. The  detai ls  of the  calculat ions have 
been or wil l  b e  published elsewhere.  I t  is con- 
venient to descr ibe t h e  work by means of dia- 
grams. We s h a l l  adopt  the  convention of repre- 
sen t ing  electrons and ions  by so l id  l ines  (3) 
and the  symbol e, plasmons (plasma osci l la t ions)  
by wavy l ines  (A-) and the  symbol A, phonons 
(ion sound waves)  by broken l ines  (x -4) 
and the  symbol v, and photons by dashed l ines  
(----x---->) and the symbol y. When w e  d i s c u s s  
par t ic les  in  a magnetic field w e  wil l  draw the 
par t ic le  l ines  as (e&) to represent the  par- 
ticle spiral ing about a magnetic field l ine.  

8.5.2 Plasma wi th  No Magnetic Field 

If B = 0, the  elementary exci ta t ions of a plasma 
a r e  plasmons (plasma osci l la t ions) ,  phonons (ion 
sound waves), and photons ( t ransverse electro- 
magnetic waves). 

A s  a f i rs t  s t e p  we  s h a l l  ignore t h e  ions,  phonons, 
and photons and d i s c u s s  the  processes  in which 
electrons emit and absorb plasmons. The  inter- 
act ion Hamiltonian for t h e s e  processes  h a s  been 
given by P i n e s  and S ~ h r i e f f e r . ~ ~  We c a n  write 
coupled equations for NA(q), the  number of plas-  
mons of wave vector q, and N,(k), the  number of 
electrons of momentum I;k. Schematically they a re  

38D. P i n e s  and J. R. Schrieffer, Phys .  Rev. 125, 804 
(1 96 2). 
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In Eq. (1) we  have added a1 processes  in which 
a plasmon of wave number q is produced and sub- 
tracted those in which a plasmon of wave number 
q is destroyed. Equation (2) was obtained in a 
similar way. The  diagrams in E q s .  (1) and (2) 
are  replaced by the  transit ion probabili t ies per 
unit  time, given by 

2n 
- (matrix element1 G ( E ~ ~ ~ ~ ~ ~ ~  - E ~ ~ ~ ~ ~ )  . (3) 5 

When this  is done and the  classical l i m i t  is taken, 
one finds 

df(v) d d 
-= - [D(v) *E] + a, - [A(v)f] , (5) 

dt dv 

where 

d f  
2n 2e2aq J d 3 v  q - S(q * v - aq) (6) 

m q 2  dv Y ,  = 

is the usual  growth ra te  for plasma osci l la t ions 
of frequency and 

4' 

47T2e2a2 
S(q) = _q Sd3V f(v) S(q ' V  - oq , (7) 

4 

Equat ions (4) and (5) differ from t h e  u s u a l  
quasi-l inear equat ions by the last term in  e a c h  
equat ion .39  T h e s e  terms come from the sponta-  
neous emission of plasmons, which is neglected 
in  the usua l  theory. T h e  new terms c a u s e  P(q) 
and f (v) to approach the thermal equilibrium 

P(q) = kT (Rayleigh - Jeans)  , (1 0) 

f(v) = Ce--mv2'kT (Maxwell - Boltzmann). (11) 

The  approach to thermal equilibrium is a b s e n t  
from the  usual  quasi-l inear theory. Computer 
s t u d i e s  of the  ra te  of approach t o  thermal equi-  
librium for a n  init ially unstable  distribution a r e  
now in  progress.  

Next, we  consider  diagrams like 

in which a plasmon d e c a y s  in to  two plasmons.  
The  interaction Hamiltonian for t h i s  process  h a s  
been ca lcu la ted .40  Such a process  would not 
contribute t o  E q .  (1) because  energy and mo- 
mentum could not b e  conserved. However, dia-  
grams l ike 

, /  

\ k - p  

d o  contribute.  They  correspond to  plasmon-plas- 
mon and plasmon-electron scat ter ing.  The  second 
process  contr ibutes  to  both E q s .  (1) and (2). T h e  
electron distribution function is also changed by 
electron-electron col l is ions for which t h e  diagram 
is 

In the above P(q) d3q/(277)3 is the energy densi ty  
of plasma osci l la t ion with wave vector q in  d3q.  

39E. 
Fluids). 
40E. G. Harris (to b e  published). 

G. Harris (to b e  published i n  the Physics of 

a- 

b 
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When properly calculated these  t e r m s  lead in  the 
classical limit t o  the Lenard-Balescu coll ision 
integral. Terms describing plasmon-plasmon, 
plasmon-electron, and electron-electron scat ter ing 
may be added without difficulty to  E q s .  (1) and 
(2) or their c l a s s i c a l  l imits,  Eqs.  (4) and (5).40 

We now d i s c u s s  p rocesses  in which phonons 
play a role. P i n e s  and Schrieffer3* have found 
the interaction Hamiltonian for the process  

in which a n  electron or ion emits  a phonon. There 
is also a p rocess  

in which a plasmon e m i t s  a phonon.42 It is 
straightforward t o  write equations for the rate 
of change of the distribution functions for elec- 
trons, ions,  plasmons, and phonons. There a re  
two interesting features  which deserve comment. 
It is possible  to get an  exponential  growth of 
phonons a t  the expense  of t h e  plasmons. One 
finds 

~- - 2y,h N,(q) + Spontaneous Emission, am2 (4) 
3‘ 
V L  

with 

(13) 

where vk is the  group velocity of plasma osci l -  
la t ions,  and c s  is the ion sound velocity.  T h e  
similari ty of Eq .  (13) t o  Eq.  (6) is clear .  We 
have cal led such  an  exponential  growth a “wave 

~~ ~~ 

H. W. Wyld, Jr., and D. P ines ,  Phys.  Rev. 127 
1851 (1962). 

42E. G. Harris, The Electron-Phonon, Efectron- 
Plasmon, Plasmon-Phonon, a n d  Plasmon-Plasmon 
Interactions a n d  Some Ins tab i l i t i es  That  They L e a d  To, 
ORNL-3871 (November 1965) (unpublished). 

4 1  

vector s p a c e  instabi l i ty” in analogy to  the ve- 
locity s p a c e  instabi l i ty  which yields  Eq.  (6). 
The  other interest ing feature involves the process  

in which plasmons interact by exchanging a phonon. 
Th i s  c a n  b e  an  at t ract ive interaction, leading t o  
a n  instabi l i ty  in which the plasmons col lect  in 
bunches. 

W e  s h a l l  conclude th i s  sec t ion  by d i scuss ing  
some phenomena in which photons play a role .43 
T h e  p rocesses  

\ ,,,=- ‘Y ‘\ / k ‘ p  

1- 
9 /  /\ k 

are well known from quantum electrodynamics.  
T h e  f i rs t  of t h e s e  comes from the  term in the 
Hamiltonian for a nonrelativist ic particle which 
is linear in A(x), the vector potential .  The  s e c -  
ond of t h e s e  comes from the  A 2 ( x )  t e rm.  It is 
possible  t o  derive a photon-plasmon interaction 
Hamiltonian t o  descr ibe processes  l ike 

\\\ /q 

-\ 

Y 
/ 

/ k i q  

T h i s  process  is a n  ine las t ic  scat ter ing of pho- 
tons by a plasma. It h a s  a resonance when the  
energy transfer is approximately o 

pe’ 
An interest ing process  is the excitation of plasma 

osci l la t ions by transverse waves.  W e  have t reated 
the problem of two monochromatic l ight waves 
with a frequency difference approximately equal  
to the  plasma frequency and obtained a resul t  
in e s s e n t i a l  agreement with that of Montgomery. 4 4  

Plasma osci l la t ions c a n  also be exci ted by a 
broad spectrum if the width exceeds  the plasma 
frequency. 

43E. G. Harris, R. Budwine, and R. Sugihara (to be 

44D. Montgomery, Phys ica  31, 693 (1965). 
published). 
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We have calculated the  c ross  sec t ion  for t h e  
T h e  scat ter ing of l ight by l ight in  a plasma. 

diagram is 

Our resul ts  a r e  in agreement with previous cal- 
culat ions.  '' 

Plasma osci l la t ions may interact nonlinearly 
t o  produce t ransverse waves.  T h i s  may be de- 
scr ibed by third-order processes  l ike 

The  particle leaves  with the same momentum with 
which i t  entered.  The  net resul t  is that  two 
plasmons disappear  and a photon is created.  Our 
calculat ion of the  energy radiated by plasma oscil- 
la t ions is essent ia l ly  the same a s  that found by 
Aamodt and Drummond by a classical calculation. 4 6  

8.5.3 Plasma in  a Strong Magnetic F ie ld"  

In a s t rong magnetic field the  frequency of 
plasma osci l la t ions of wave vector k is 

k 3  flk = O p e  . 

The  growth or damping of waves  may b e  thought 
of as being due  to the emission and absorption 
of plasmons with energy bok. Because  of the  
relation between frequency and wave vector,  it 
is possible  t o  conserve energy and momentum 
in  three-wave processes  l ike  

45N. Krall, A. Ron, and N. Rostoker, Phys. Rev. 
Letters 13, 83 (1964); P. M. Platzman and N. Tzoar, 
Phys. Rev.  136, A l l  (1964). 

An equation analogous t o  Eq.  (1) c a n  be writ ten 
as  

(1 5) 

T h e  f i rs t  summation g ives  the  emission and ab- 
sorption of plasmons by energet ic  par t ic les .  In 
the  classical l i m i t  i t  g ives  2yqP(q) plus  a spon- 
taneous emission term. T h e  y is the  same growth 
rate  as is calculated from the  Vlasov equation. 
From th is  point of view all the  ins tab i l i t i es  near  
the  ion cyclotron frequency and its harmonics a r e  
s e e n  to  b e  essent ia l ly  t h e  same. Because  of 
their  he l ica l  motion, par t ic les  emit and absorb  
near  oci and its harmonics. Instabi l i t ies  occur 
when emission exceeds  absorption. T h i s  may 
occur  because  of anisotropic velocity distribu- 
t ions,  loss-cone distributions,  and s t reaming or 
s p a t i a l  gradients.  

The  second summation in Eq. (15) includes the 
contribution of wave-wave coupling to t h e  rate  of 
change  of NA(q). Est imates  of t h e  importance of 
t h e s e  terms for experiments s u c h  a s  DCX-2 have  
shown tha t  they a re  indeed important. An equation 
for df(v)/dt c a n  b e  derived. I t  is similar  to Eq. 
(5) but D and A a r e  more complicated. 

We have  had some s u c c e s s  in applying t h e s e  
equat ions to the  interpretation of the  rf spectrum 
observed in  DCX-2. 4 8  

9 

46R. E. Aamodt and W. E. Drummond, J. N u c l .  Energy: 

47G. M. Walters and E. G. Harris (to be published). 
48Thermonuclear Div. Semiann. Progr. Rept. Apr. 30, 

Pt.  C .  6 ,  147 (1964). 

1966, ORNL-3989. 

4 
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9.  Magnetics and  

9.1 STUDY OF RIBBON COILS FOR USE 
IN B,,, MAGNET SYSTEMS 

J .  N.  Luton, Jr. 

The  previous two progress reports ’*‘ contained 
a description of a type of ribbon coil being de- 
veloped for applications requiring high current 
dens i t ies  and the resu l t s  of some t e s t s  on proto- 
type co i l s .  Th i s  sec t ion  presents  the poss ib le  
u s e  of ribbon co i l s  in producing a Bmin field, 
extends the t e s t  data on prototype co i l s ,  and 
descr ibes  new winding and cooling arrangements. 

For plasma stabil i ty s tud ies  it is often des i rab le  
to have a containing magnetic field for which the 
magnitude \ E [  of the  flux density B reaches  a 
nonzero minimum inside the plasma volume, as 
described in  Sect.  4 of this report. Figure 9 .1  
shows a co i l  sys tem in which the  mirrors would 
produce a field of 20  kG a t  the center of the s y s -  
tem and 40 kG under a mirror. The  currents in 
the “Ioffe” or “corrector” co i l s  of F ig .  9 .1  a re  
160% of those  required t o  give a total  field of 
2 0  kG a t  a point in the midplane in.  from the 
ax i s  in the direction of minimum field increase .  

The prototype coils previously reported ap-  
peared to  be appropriate for the mirror of F ig .  9.1, 
because  the length of the mirror co i l  is smal l  
enough t o  be  the width of a s ing le  conductor 
ribbon and there is s p a c e  available a t  each  end 
of the co i l  t o  accommodate the annular headers 
which a re  necessary  for supplying coolant to the 
grooves ac ross  the face  of the ribbon. Six proto- 
type co i l s  have been wound and five of t hese  
have been operated; only the first  failed to achieve  
the overall current density io of 1 . 3  x l o 5  A/in. ’ 

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

’Thermonuclear Div.  Semiann. Progr. Rept .  Apr.  30, 
1965, ORNL-3908, pp. 125-28. 

1966, ORNL-3989, pp. 110-13. 

c 

Superconductivity 

required for the system of F ig .  9 .1 .  T h e  first  
co i l  failed because  of insufficient water flow. 
The  second coil was  operated for more than 50  h 
a t  io = 69,000 Al in .  and  then moved to another 
unfiltered water system, where i t  developed turn- 
to-turn shor t s  a t  io = 195,000 A/in.  ’. Subsequent 
co i l s  were mounted for operation in a n  external 
field with a water filter immediately upstream. 
The  third co i l  was run 15 h a t  varying loads ,  
including 50 rapid cyc le s  from io = 140,000 A/in.  
to zero. The  external field was  a l s o  varied, 
reaching 48 kG, for a total of 90  kG at the  coil 
center.  The  co i l  was then unwound for inspection 
of its ribbons, which were then rewound, without 
c leaning  or other improvement, t o  form another 
coil .  Th i s  rewound co i l  operated about 5 h at 
io = 147,000 A/in.  ’ in  a n  external field of 5 0  
kG (total field 95 kG) and failed catastrophically 
by shorting through a structural  member. T h e  
co i l  presently under test (Fig.  9.2) h a s  been 
run 25  h a t  current dens i t ies  up to 143,000 A/in.’ 
while in the external field, and has  been exposed 
to stagnant and running water for two months. 

The  insulations of the latter four t e s t  co i l s  
were exposed to a compressive s t r e s s  larger than 
tha t  calculated for t he  s y s t e m  of F ig .  9.1. How- 
ever,  the  upper l imi t  for the tens i le  stress in 
the copper of the t e s t  co i l s  is smaller than that 
for the mirror co i l s  of F ig .  9.1 because  of the 
larger bore of the latter coi ls .  If additional ten- 
sile strength were required, the co i l  could be 
wound as in  F ig .  9.2 with the thin f la t  ribbon 
composed of a material stronger than copper. 
Even if additional strength is not required, the 
des ign  with two adjacent conductor ribbons h a s  
certain advantages.  An insulator ribbon between 
smooth sur faces  should be more durable; a l l  s i d e s  
of the coolant pas sages  are metall ic,  and thus  
the hea t  transfer capability is increased; and 
finally there is an  important economic advantage 
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Fig.  9.1. Mirror-Quadrupole C o i l  System Having a 20-kG Centra l  F ie ld ,  2 t o  1 Axio l  Mirror Rat io ,  and a Com- 

pensation Rat io  of 1.61. 
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Fig .  9.2. Portion of the Winding of Transverse Ribbon C o i l  No. 4 Showing Two-Ribbon Conductor. 
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in that the  conductor edges  need not b e  special ly  
treated: the burr tha t  forms as  t h e  ribbon is 
commercially s l i t  from the wider roll of s t r ip  
protrudes from only one face of the  ribbon, and 
i f  two ribbons a re  used in  parallel  t h e  burrs need 
not b e  removed but c a n  simply be oriented away 
from the insulator ribbon. 

In all  tes t  coils the  forces  tending to unwind 
the ribbon sp i ra l s  were resis ted only by frictional 
forces  between adjacent  turns,  although t h e  ex-  
tent  of s u c h  unwinding was  limited by a n  exterior 
retaining ring. The  magnitude of t h e s e  frictional 
forces  h a s  been varied from one coil t o  another 
by us ing  different insulating ribbons. T h e  coils 
operated satisfactorily with either Mylar or Teflon- 
impregnated g lass ,  with a range of the  coeffi- 
c ien t  of friction of perhaps 10 to 1. Although 
in  the  la t ter  case some motion of the conductor 
was  evident,  the coil is s t i l l  operating without 
difficulty.  We infer from t h e  s e r i e s  of t e s t s  de-  
scr ibed above that s u c h  ribbon coils a r e  appro- 
priate for the mirror coils of t h e  Bmin sys tem 
of Fig.  9.1. However, the  durations of the  pro- 
totype t e s t s  have not been long enough either 
to indicate  a limited life expectancy of the coils 
or to prove them sufficiently durable for “per- 
manent” use .  Life t e s t s  a r e  under way,  but for 
the  present  any design using ribbon coils for 
a plasma experiment should include provision 
for convenient replacement of the  coils. 

To gain the most effect  from the ampere turns 
of the  corrector bars  of a mirror-quadrupole s y s -  
tem, the  bars  should be as  close t o  the  a x i s  as  
the  plasma volume will  al low. They should also 
b e  long enough to produce the  proper field,  but 
not too long, or the  power consumption becomes 
excess ive .  From t h e s e  obvious requirements 
i t  follows that  the e n d s  of the  corrector coils 
should fall over the mirrors, and the gap A of 
F ig .  9.1 should b e  only large enough for a s t ruc-  
tural  member. But  the  “ t r a n s v e r ~ e ” ~  type of 
ribbon coil considered previously requires a water 
header covering each  edge  of the  ribbon. Although 
this  type of co i l  would b e  usable  for s u c h  a n  
application, one is led to s e a r c h  for a coil type 
that  h a s  t h e  inner end f ree  of any obstructions,  
because  this  measure will  reduce the power re- 
quirement. In this  case the  coolant  grooves must 
not terminate a t  the inner edges  of the  ribbon. 

3S0 ca l led  because  the coolant grooves run perpen- 
dicular to the e lec t r ic  current. 

T h i s  c a n  b e  achieved by le t t ing the grooves run 
lengthwise along t h e  conductor, parallel  to the  
electr ic  current; t h i s  coil type is cal led a “lon- 
gitudinal” coil. Unfortunately, the coolant grooves 
now run the  full  length of the  conductor ribbon, 
and  t h e  application of reasonable  water pressure 
a t  one end would give a completely inadequate 
flow of coolant.  In fact ,  the dimensions and 
power dens i t ies  for the coil of Fig.  9.3 a r e  s u c h  
that  in order to  achieve  sufficient cooling, e a c h  
groove must b e  subdivided into s o  many parallel  
hydraulic paths  that  one path c a n  t race out  only 
one-quarter of the  outer turn. Even so, in  con- 
t ras t  to the  t ransverse c a s e ,  the power densi ty  
is limited by the bulk temperature r i se  of the  
water rather than by the  temperature drop a c r o s s  
the s tagnant  water film at  the copper surface.  
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%0.016 in. DEEP, 

18 IN 4 - i n .  RIBBON, 
6 IN 3- in .  RIBBON) 

ON % - i n .  CENTERS 

TYPICAL CONDUCTOR 
CROSS SECTION 

Fig. 9.3. One Corrector C o i l  wi th  Longi tudinal ly  
Water grooves parallel ribbon edges. Cooled Conductor. 
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One way to subdivide the grooves in to  su i tab le  
lengths would be to form t h e  coil by winding 
the grooved conductor with its insulator ribbon, 
and then to dril l  radial  ho les  through the  winding 
at any even  number of azimuths, each  hole in- 
tersecting one groove in e a c h  turn of the winding. 
The flow path would be down one  hole, through 
the  grooves on both s i d e s  of the hole, and out 
the two holes  azimuthally ad jacent  t o  the  entrance 
hole. Thus  only the  outer sur face  of the co i l  
need be hydraulically accessible. T h e  coil of 
Fig.  9.3 h a s  eight grooves a long  the conductor, 
with a maximum length of coolant path equal t o  
one-quarter of the length of the longest turn. I t  
could be made in  the following way: After winding 
the coil ,  eight radial  ho les  would be drilled to 
but not through the innermost turn at each  90' 
point around t h e  coil periphery, with each  hole  
intersecting a different set of grooves. T h e  four 
groups of ho les  would be  covered in  sequence  
by inlet  and outlet  headers.  

Since it proved to b e  quite difficult to form the 
ho le s  mentioned above without shorting turns or 
obstructing the grooves, the holes were explo- 
s ive ly  punched through the  ribbon before i t  was  
wound, thus  making inspection and repair feas ib le .  

Figure 9.4 shows a segment of a sample ribbon 
with four grooves ready for winding. The  holes  
a re  elongated both to  increase  their c r o s s  sec t ion  
and to reduce the  flow restrictions caused  by 
inadvertent misalignment of the  holes  in suc-  
ceeding turns. The  holes  a re  offset s o  tha t  at 
the locations of highest current density the con- 
ductor c r o s s  sec t ion  is cu t  down by only two 
holes  rather than four. 

A s ingle  co i l  was wound of the conductor of 
F ig .  9.4, and turn-to-turn a c  voltage measure- 
ments indicated tha t  the  co i l  was free of shorts.  
Unfortunately, it was seriously damaged during 
installation and has  not ye t  been repaired. A 
second co i l  with longitudinal water flow (Fig. 9.5) 
was  wound to t e s t  the  feasibil i ty of us ing  the  
a l te rna te  conductor of Fig.  9.6. The  water access 
for a coil us ing  this conductor would be  a t  the  
end plane where the slots in te rsec t  the edge  of 
the ribbon and the  other three su r faces  of the 
co i l  would be free. The  azimuthal locations of 
inlet  and outlet headers are as with the punched 
hole coil .  Aside from util izing different sur faces  
of the coil ,  there a re  practical  differences be- 
tween the slotted and punched designs: The  
s l o t s  a r e  much eas i e r  and more economical t o  

PHOTO 73652 -. ...~ 
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Fig. 9.4. Segment of Longi tudinal ly  Cooled Ribbon with Holes Explosive ly  Punched Through the Copper and 

the Adherent Polyimide Insulation. 
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Fig .  9.5. Longitudinal Ribbon C o i l  No. 2 Before Insertion in I ts  Case. 
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Fig.  9.6. Segment of Longi tudinal ly  Cooled Ribbon wi th  Slots and Grooves Rol led Simultaneously. 
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form, the  rolling process cannot form burrs, and 
the alignment of the slots is less crit ical;  how- 
ever,  the punched conductor gives  a structurally 
more sol id  coil ,  and the adherence of the in- 
sulat ion is less important for the punched coi l .  
The  punched c o i l s  will  b e  pursued further if the  
s lot ted co i l s  prove unsatisfactory.  

The entire conductor is naturally exposed t o  
outward magnetic forces ,  and the  rib between 
the s l o t s  of Fig.  9.6 was lef t  to  reduce the length 
of unsupported span  across  the s lo t s ,  thereby 
reducing the deflection of t h e  thin s t r ip  of con- 
ductor s t re tching across  the s lo t .  Flow calcu- 
lations and t e s t s 4  indicate that  if a still shorter 
span  were required, more r ibs  could b e  left  without 
severely affecting the relative flow through the 
various grooves fed by the s l o t s ,  if the  grooves 
continue through all ribs except  the  center  one.  
The  co i l  of F ig .  9.5 u s e s  a grooved but unslotted 
conductor; the s l o t s  a r e  simulated by inser t ing 
insulat ing spacers .  T h e  resul t ing increase of 
winding depth at the two feed locations c a n  b e  
observed in the figure. The  coil h a s  been par- 
t ial ly tes ted  and h a s  achieved a current densi ty  
in the copper of 152,000 which exceeds  
that required for the corrector co i l s  of F igs .  9.1 
and 9.3.  T h e  temperature r ise  of the  bulk water 
was  40OC. It was anticipated that aging of the 
longitudinal co i l s  would be substant ia l ly  the same 
a s  for the  t ransverse co i l s  d i scussed  above; there- 
fore, life t e s t s  on the longitudinal coils were 
not begun. The  longitudinal co i l  is now mounted 
inside a larger coil so that i t  may be tested in 
a n  external field. T h e  a x e s  of the c o i l s  a re  
perpendicular in order t o  make the t e s t  more seve re  
and t o  produce twisting forces such  a s  would 
occur in a Bmin system. 

9.2 VOLTAGE-CURRENT CHARACTERISTICS 
OF COMPOUND CONDUCTORS 

W. F. Gauster 
J .  B. Hendricks H. A .  Ullmaier5 

W.  R.  Wilkes' 

K. R. Efferson 

We consider a piece of a "compound conductor" 

'Both carried o u t  by G. W. Kidd of the Reactor Division. 
'Present address:  Inst i tute  for Applied Phys ic s ,  

'Summer research participant from Wake Fores t  Col- 
Kemforschungslaboratorium, Julich, Germany. 

lege,  Winston-Salem, N. C. 

(Fig.  9.7) in which 

where r = pcu/A s tands  for the res i s tance  per 
unit length of the s tabi l izer ,  and k = l / p t r  for the 
conductance per unit length of the interlayer.  

If the superconductor is in the nonresist ive s t a t e  
( I ,  < I,,, where IC, is the cr i t ical  current of the 
superconductor at the given magnetic field and 
a t  the bath temperature T = Tb) ,  then V, = 0, and 
from Eqs .  (1) and (2) we obtain with a = f i r :  

Vcu = vcu cosh a x  

c u  

Vcu cosh as - Vcu 
s inh a s  

cosh  as- Vcu 

s i n h  a x ,  (3) - 

cosh ax 
I c u  = sinh as 

Therefore 

k vcu - VC, cash as 
I c u  2=J s inh  as ' (6) 

Using Eqs .  (3) to (6) i t  c a n  b e  eas i ly  shown that  

ORNL-DWG 66-8686RA 
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Fig. 9.7. Compound Conductor. 
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F ig .  9.8. Equivalent Network of a Compound Conductor. 

for I s  < I c B  the  compound conductor c a n  be re- 
placed by the simple equivalent  triangular net-  
work represented in F ig .  9.8 if 

c 

Ra = J r s inh  k as, (7) 

k c o s h  as - 1 

tween p 
ductor in the normal s ta te :  

and the resist ivity p n  of the supercon- 

(9) 

For  a n  element of a compound conductor (Fig.  
9.7) in flux flow s ta te ,  we obtain 

‘.\ ~ SUPERCONDUCTOR 

Fig .  9.9. Model of Compound Conductor in F lux Flow 
State. 

from zero at the e n d s  t o  a maximum in the middle 
of the  compound conductor. Therefore, we  c a n  
a s sume  that  with increasing magnitude of the  
total  current I ,  the  flux flow zone s t a r t s  a t  the  
middle and reaches the length 2[ for a cer ta in  
value of I (Fig.  9.9). T h e  two end p ieces  of the 
compound conductor with the lengths  (1 - [) c a n  
b e  replaced by the equivalent triangular networks. 
T h i s  model yields  the boundary condition for so- 
lutions of E q s .  (l), (2), and (10). 

T h e s e  solut ions a r e  d i scussed  in  de ta i l  in 
another report.’ There it is shown that  Stekly’s 
concept  of the “overflow c ~ r r e n t ” ~  [Icu = Z t o t a l  - 

current of the superconductor a t  the field H and 
temperature T! is a good approximation t o  the 
performance of a compound conductor in flux flow 
state as long as  joint regions are ignored, tha t  
i s ,  6 < 1. Therefore in the following we will  u s e  
th i s  simple phenomenological relation. 

T h e  heat  produced per unit length of the com-  
pound conductor in flux flow s t a t e  is 

If Is > I c ( H ,  T )  the  superconductor is in the 
flux flow s t a t e  and displays a flux flow (differ- 
ential)  resist ivity p f  = dE/dJ ,  where E is the 
electric f ie ld  strength,  and J = I / A  is the  current 
densi ty .  Kim et a1.’ from their experiments de- 
rived the following simple empirical  relation be- 

1 2 1  total  - I c ( H ,  T ) ,  where I ,  is the critical 

In such  a compound conductor, the total  current 
I enters  and leaves  through the s tabi l izer ,  and 
the current through the superconductor increases  

’Y. B. Kim, C. F. Hempstead, and A. R. Stmad, Phys. 
Rev. 139,  A1163 (1965); Y .  B. Kim, C. F. Hempstead, 
and A. R. Stmad, Phys. Rev.  131 ,  2486 (1963); Y .  B. 
Kim, C. F. Hempstead, and A. R. Strnad, Rev .  Mod. 
Phys. 36,  43  (1964); C. F. Hempstead and  Y. B. Kim, 
Phys. Rev.  Le t t e r s  12,  145 (1964); A. R. Strnad, C. F. 
Hempstead, and Y. B. Kim, Phys. Rev. Le t t e r s  13, 794 
(1964). 

It is diss ipated to  the helium bath in s u c h  a way 
that  the heat  diss ipat ion per c m 2  is q =  w/S, where 
S s t a n d s  for the wetted perimeter of the compound 
conductor, and A is its cross-sect ional  area. 

‘W. F. Gaus ter  e t  a l . ,  ORNL-TM-1598, pp. 13-17 
(August 1966). 

’2. J. J. Stekly and J. L. Zar, IEEE. Trans.  Nucl .  
S c i .  NS-12, 367 (1965). 
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Fig .  9.10. H e a t  Transfer  Character ist ic  of a Wire in Boi l ing Hel ium. 

Using Eq. (ll), Stekly der ives  h i s  s tabi l i ty  
criterion by assuming q proportional t o  the dif- 
ference r b e t w e e n  the temperature T of the com- 
pound conductor and the bath temperature Tb: 

(12) 

We think, however, that  Eq. (12) should be re- 
placed by the more real is t ic  heat transfer char- 
ac te r i s t ic  of a heated wire in boiling helium as 
represented in F ig .  9.10. The  numerical values  
shown hold only for thin wires (d  = diameter of 
wire surrounded by liquid helium), and an ap- 
propriate heat transfer diagram must be used for 
any s p e c i a l  type of compound conductor. Th i s  
is not only due t o  different cross-sect ion dirnen- 
s ions ;  in addition, any kind of electr ical  insulation 
a l s o  influences the heat transfer character is t ic .  
Likewise,  any obstruction of the flow of helium 
about the wire will influence the heat  transfer.  

A t  any rate,  we must dist inguish between the 
zones of heat convection and nucleate boiling 
and the unstable transit ion between nucleate  boil- 
ing and film boiling. Using E q .  (11) we obtain 

q =  h(T - T b )  = h r .  

for I is 
I 

I = - +  I C  2 & + p 2 ,  (14) 

where 

SACU 
P 2  = -q(T) 

p c u  

Here we did not make any specif ic  assumption 
concerning the temperature dependence of the 
cr i t ical  current I C ,  whereas in Stekly’s theory a 
l inear temperature dependence of the c r i t i ca l  cur- 
rent is assumed. 

Equation (14) c a n  be used for a simple graphical 
solution which is shown in Fig.  9.11. Instead 
of a q - Tdiagram (Fig.  9.10), a p - Tdiagram 
(Eq. 14) is used. We assume  any spec ia l  value 
T ’  of T, take ~ ( 7 ’ )  in the compass,  and plot this  
d i s tance  on the r axis .  The  hypotenuse of t h e  
right tr iangle with the s i d e s  p ( r  ’) and ?2 I,(T ’) is 

p c u  
-[I(T) - Ic(r)l l(~) = S ~ ( T )  . 
A C U  

(13) 

The quant i t ies  I, IC, and q are  functions of the 
temperature difference r = T - T,. T h e  solution 

J;y + p 2  . 

This  d is tance  added to  ‘/2 I c ( r ‘ )  yields  I. T h e  
current Icu appears  in  F ig .  9 .11 as the difference 
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p k ’ )  = IC, 

Fig .  9.11. Graphical Method for Determining the  I-V 
Characteristic of a Compound Conductor. 
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between I and I C .  Since the voltage V is pro- 
portional t o  Icu, we can  eas i ly  obtain a voltage- 
current diagram (as shown in  the second quadrant 
of Fig.  9.11) by plotting Zcu = ACUV/pcu in the  
(negative) horizontal direction. In t h i s  way the 
V-I diagrams, F igs .  9 .12a and b, have been ob- 
tained for the  spec ia l  cases indicated.  

Our experiments described with short  samples  
of compound conductors with the superconductor 
in zero-resistance state (“ideal compound con- 
ductor”) l o  showed good quantitative agreement 
with our calculat ions.  However, our experiments 
with compound conductors in flux flow s ta te ‘ ’  
cannot b e  fully understood by means of our simple 
nonlinearized approach. Additional invest igat ions 
a re  in progress.  

Final ly ,  it should b e  mentioned tha t  bare super- 
conducting wires or wires  with only s l igh t  copper 
coating show s tab le  performance when the power 
source is operated in voltage mode (“postquenching 
performance”). Compared with the previously 
considered cases of compound conductors,  th i s  
performance is entirely different. Under appro- 
priate conditions,  a normal zone whose length 
is almost proportional to  the  voltage a c r o s s  the 
sample develops on the superconductor. When 
rais ing the voltage,  the current remains approx- 
imately constant  unti l  the ent i re  superconducting 
wire becomes normal. Then the current increases  
with voltage corresponding to the resis tance char- 
ac te r i s t ic  of the superconductor in normal s t a t e .  
More de ta i l s  concerning the postquenching per- 
formances a re  presented in the previously mentioned 
report. l 2  

9 . 3  MAGNETORESISTANCE OF COMPOUND 
CONDUCTORS 

/ Y 

0 20 40 60 80 (00 

1 ( A )  

Fig .  9.12. Current-Voltage Characteristics of Com- 
pound Conductors in Flux Flow State. 

J .  B. Hendricks D. M. Kroeger 

In Sect .  9.2 i t  was shown that  a n  “ideal  com- 
pound conductor” c a n  b e  represented by a n  equiv- 
a len t  triangular network as represented in F i g .  
9.8. T h e  va lues  of the elements ate 

“Thermonuclear Div .  Semiann. Progr. Rep t .  Apr .  30, 

“Thermonuclear D i v .  Semiann. Progr. Rept .  Apr .  30, 

2Thermonuclear Div .  Semiann. Progr. Rept .  Apr.  30,  

1966, ORNL-3989, pp. 7-8. 

1966, ORNL-3989, pp. 17-20. 

1966, ORNL-3989, pp. 1-5. 
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R, = J s i n h  as , 

sinh as 
k cosh  as - 1 ' 

where 

r = resis tance per unit  length of the normal 

k = conductance per unit length of the connecting 

s = length of the conductor sect ion,  

a =  e. 

conductor, 

layer ("transverse conductance"), 

It was  a l s o  mentioned that  the equations c a n  be 
inverted t o  obtain 

1 Rb 
r = -  cosh" (1 + R a / R b )  . (4) 4- 

By making two independent measurements, the 
parameters k and r can  be determined for a sec t ion  
of a compound conductor. Two possible  meas- 
urements are shown in  F i g s .  9.13a and b. In the 
f i rs t  measurement (Fig. 9.13a) the current f lows 
into the s tabi l izer  and out of the s tabi l izer .  The 
voltage measured, V l ,  will  be  

For the second measurement (Fig. 9.13b) the 
current f lows into the superconductor and out of 
the s tabi l izer .  In th i s  c a s e  the measured voltage,  
V,, will  be 

A s  a s  becomes large,  Ra becomes large,  and 
Rb tends toward the value \l.7i; In th i s  c a s e  
V ,  approaches a limiting value 2V,. T h e  two 
measurements will  not be independent and wil l  
only give the ratio r / k .  Therefore the length of 

ORN L-DWG 66 - 12639 
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Fig. 9.13. Resistance Measurements on a Compound 

Conductor. 

the conductor sect ion must be short  enough s o  
that s inh a s  is not too large (say, <lo) .  

We have made measurements on a compound 
conductor made up of a 5-mil Nb-25% Z r  wire 
coated with 0 .5  mil radial  thickness  of electro- 
lytic copper on a No. 30  B&S copper wire twisted 
together and coated with indium. The  length of 
the sec t ion  was  3.9 cm.  T h e  values  of r and k 
are shown in Fig. 9.14 as a function of the ap- 
plied t ransverse magnetic field.  The  resis tance 
per unit length of a bare No. 30 B&S copper wire 
in liquid helium is shown for comparison, and 
we see that  the  agreement is very good. 

The magnetic-field dependence of the t ransverse 
conductance k is surprising. The  magnetoresist- 
ance of the indium used for soldering should sa t -  
urate above a few kilogauss,  ' and therefore i t s  
res i s tance  should not vary a t  higher f ie lds .  T h i s  
is confirmed by the measurements by Efferson 
and Simpkins and is presented in Fig.  9.15. Fur- 
thermore, the copper layer on the superconductor 

13G. T .  Meaden, Electrical Resis tance of Metals, 
p.  133, Plenum, New York, 1965. 

. 
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is very impure, and i t s  res i s tance  should a l s o  
be almost independent of f ield.  Hence the source 
of the measured magnetoresistance of the con- 
necting layer is s t i l l  an  open question, and fur- 
ther work is being done to  clarify th i s  point. 
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F ig .  9,14. Resistance and Transverse Conductance 

of a Compound Conductor vs Magnetic F ie ld .  
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Resist iv i ty  of Pure indium Wire vs  Mag- 

9.4 CURRENT-CARRY ING CAPACITY 
OF A HARD SUPERCONDUCTING WIRE 
IN ZERO EXTERNAL FIELD (THEORY) 

H. Koppe l 4  

A type I11 superconducting wire in zero external  
field c a n  carry a cer ta in  current I ,  before super- 
conductivity breaks down. One could a s s u m e  
that  th i s  maximum current is determined ei ther  
by the fact that  the magnetic field on the sur- 
face of the wire is equal  t o  H c 2  (which would 
correspond t o  a modified S i l sbee  hypothesis),  
or that  the wire carries everywhere exact ly  the 
cr i t ical  current J,. We s h a l l  show that  th i s  is 
only true for very thick wires;  in  reali ty the max- 
imum current is determined by a condition ins ide  
the wire.  

The behavior of a type I11 superconductor c a n  
be described by the equation 

-+ 
curl  H =  J ,  , (1 1 

where the critical current J ,  is a function of H .  
We s h a l l  apply th i s  equation to a cylinder of 

radius R in its own magnetic field.  If we intro- 
duce polar coordinates 2, T, a, i t  is obvious that  
H h a s  only a n  a component, which depends on 
r only. Then we obtain from Eq.  (1) 

We s h a l l  f i rs t  consider the  (unrealist ic) case 
Then the integral  of for which J ,  is constant .  

Eq. (2) is 

1 
2 ,  

H = -  J - ~ + A / ~ ? T T .  

T h e  constant  of integration A c a n  he determined 
from the total  current I :  

(4) I = 2 7 R  B ( R )  = v R 2 J ,  + A . 

A is therefore the difference between the total  
current and the current one would obtain with a 
constant  current densi ty  J ,  throughout the wire. 

In order t o  obtain lm, one h a s  t o  take into ac-  
count that  Eqs .  (1) to  (4) hold only for those  
regions of the wire where flux l ines  a re  present ,  

“On temporary assignment.  Present  address:  Inst i tute  
for Theoretical  Physics ,  University of Kiel, Germany. 
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Fig.  9.16. Magnetic F i e l d  as a Function of r for 

Negat ive  A .  

that  i s ,  where ]HI > H,,. Let u s  f i rs t  a s sume  
that  A is negative (Fig.  9.16). T h e  condition 
/HI  > H c l  is fulfilled for the two regions 0 < r < r l  
and r 2  < r < R, which are separated by a gap which 
contains no flux l ines .  However, s i n c e  the flux 
l ines  c a n  only enter  from the outside,  they can-  
not penetrate th i s  barrier, and therefore the whole 
region inside r 2  is free of flux l ines  and behaves 
a s  a type I superconductor. 

If we now consider  posit ive values  of A ,  the 
si tuation is essent ia l ly  the same as long a s  

s ince  in th i s  case the equation 

has  two real  posit ive roots r l  and r2, and Eq.  (1) 
again holds only for r > r 2 .  I f ,  however, Eq .  (5) is 
not fulfilled, then H > H c l  everywhere, and Eq.  
(3) would hold for a l l  r; and H would, after pas s ing  
though a minimum, go t o  infinity a t  r = 0. Th i s  
is clearly an unphysical s i tuat ion,  and therefore 

Eq. (5) gives  the condition for the maximum cur- 
rent. If A h a s  the  largest  possible  value,  then 
Eq.  (6) has  a double root r l  = r2 = p, with 

Hi- 1 

In order to understand the meaning of th i s  cri t-  
ical  radius,  we go back t o  Eq.  (2). T h e  left  s i d e  
is proportional t o  the force on a flux l ine,  and 
cons is t s  of two parts: (a) the term dH/dr which 
comes from the pressure exerted from the adjoining 
flux l ines ,  and (b) the te rm H/r. This  is due t o  
the fac t  that  the flux l ines  have a certain free 
energy per unit length, and therefore circular flux 
l ines  tend t o  shrink l ike expanded rubber rings. 

Equation (7) then expres ses  the condition that  
this  contracting force is jus t  balanced by the 
pinning force. As soon a s  one compresses  a 
circular flux l ine to  a radius smaller than p, i t  
s t a r t s  t o  contract  by i tself ,  and the  s i tuat ion 
becomes unsta tiona ry . 

Equation (7) is independent of the spec ia l  (and 
unrealist ic) assumptions about J ,  we have made 
so  far, provided one u s e s  the value of J ,  for 
H,,, as  indicated.  We have therefore under all 
circumstances a core of radius p into which no 
flux h a s  penetrated.  If the radius of the wire is 
less than p, we cannot get any partial  penetration 
of flux, and the wire behaves l ike a type I super- 
conductor with a “crit ical  f ield” H, 1. For larger 
R the maximum current c a n  be formed by inte- 
grating Eq. (2 )  with the ini t ia l  condition H = H c l  
for r = p. Then lm = 2.rrRH(R). This  integration 
h a s  t o  b e  done numerically. As a quali tative 
i l lustration, we give the analyt ical  result  for the 
Ansatz 

which a t  l e a s t  sa t i s f ies  the two conditions that  
J ,  dec reases  monotonically with H and vanishes  
a t  H = H , , .  W e  obtain 

I = 2nR*H(R) = 27iRHC2 1 - - + A 
m ( i R  GR 

with 

A =  H C 2 - H c l e x p (  H C l  ) 
Hc 2 Hc2 - Hc1 
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Th i s  formula exhibits two features which a re  true 
in the general case: (1) Unless R is very small, 
the last term in the bracket which comes from 
the region r < p can  be  neglected. T h i s  means, 
paradoxically, that  the condition which determines 
the maximum current h a s  in most cases very little 
influence on i t s  ac tua l  value. (2) For  rather 
large radii, Im R, 2rrRHC2, which means tha t  in  
the limit of thick wires the maximum current obeys 
“Silsbee’s rule with Hc 2’ ” 

9.5 CURRENT-CARRYING CAPACITY 
OF A HARD SUPERCONDUCTING WIRE 

IN ZERO EXTERNAL FIELD (EXPERIMENTAL) 

H. A. Ullmaier R. H. Kernohan 

The full text of this paper is published in  Phys. 
Status Solidi 17, K233 (1966). The abs t rac t  follows: 

Using a theory of Koppe, the value of the max- 
imum transport current of a hard superconductor 
is calculated from the magnetization measured 
in a longitudinal field. Numerical va lues  obtained 
in this  way for two wire samples  of Nb-25% Zr 
are  in  good agreement with the experimentally 
determined cr i t i ca l  currents (zero external field). 

good agreement with s t a t i c  measurements. While 
the  bulk cr i t ical  current density goes to zero  when 
the  external field reaches  the  upper cr i t ical  field 
Hc,, the surface currents can  be  s e e n  up to a 
field H c 3  > Hc2. Values of the  bulk cr i t ical  cur- 
rent density obtained were then used to  determine 
the pinning force per unit volume and the pinning 
force on a s ingle  vortex line, as a function of 
the vortex l ine  density. 

9.7 IRON-CORE MINIMUM ”B” MAGNET 

I. Alexeff W. Halchin 

9.6 AC MEASUREMENTS 
ON HARD SUPERCONDUCTORS 

H. A. Ullmaier” 

l’Thermonuclear Div .  Semiann. Progr. Rept. Apr. 30, 
1966, ORNL-3989, pp. 116-17. 

The full  t ex t  of th i s  paper is published in  Phys. 
Status Solidi 17, 631 (1966). The  abs t rac t  follows: 

Cylindrical samples  of Pb-In, Nb-Zr, and Nb-Ta 
were exposed to a longitudinal, s t a t i c  magnetic 
field with a colinear alternating field, and the 
voltages produced in  pickup coils wound around 
the samples  were observed on an  oscil loscope. 
The  shape  of the  voltage-time curves can  be ad- 
equately explained by considering a sur face  shea th  
which is ab le  to carry a certain cr i t ical  sur face  
current and a bulk region where the  pinning forces 
dominate the magnetic behavior. It is shown that 
a n  ana lys i s  of the voltage-time curves  obtained 
y ie lds  values for the c r i t i ca l  surface current and 
the bulk cr i t ical  current density which a re  in  

”Present address: 

“Solid State Division. 

Institute for Applied Physics, 
Kernforschungslaboratorium, Jiilich, Germany. 

Since the last semiannual report the  iron-core 
magnet” was  modified by the  addition of more 
iron laminations t o  the pole p ieces .  The  pole 
p ieces ,  after modification, were in  the  form of 
pyramids with base  dimensions 23 by 48 in. T h i s  
change increased the b a s e  a rea  of each  pole 
piece by a factor of more than 4. The  weight of 
the assembled magnet (Fig. 9.17) was 5500 Ib. 

For a center magnetic field of 3 kG, the ax ia l  
field ratio was 1.6 to 1, and the radial  field ratio 
was  2 to 1. At full  power of the facil i ty,  there 
was  a field of 9 kG in the center and an  ax ia l  
ratio of 1.2 t o  1 and a radial  ratio of 1.1 to 1. 

Fig. 9.17. Assembled Iron-Core Magnet. 
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The ra t io  in  the  region midway between pole 
p ieces  w a s  comparatively low, so  a '/,-in.-diarn 
steel rod was formed and placed there as shown 
in Fig.  9.18. For  a cent ra l  field of 7 kG, this  
arrangement improved the minimum mirror ra t io  
from 1.1 to about 1.3 to 1. From these  resu l t s  
i t  appears that  a n  even larger diameter rod should 
be placed in th i s  region in  order to obtain a higher 
mirror ratio. 

Another iron-core magnet h a s  been assembled 
with a n  oblong cavity 16 in. along the  a x i s  by 
10 in. in diameter. Th i s  oblong configuration 
was chosen  to obtain a minimum B field with 
higher mirror ratios.  

Fig.  9.18. Iron-Core Magnet wi th  !.-in.-diom Rod 
Between Po le  Pieces.  

. 



10. Vacuum Studies 

R. A. Strehlow’ 

10.1 INTERPRETATION OF DCX-2 
MASS SPECTRA 

Twenty DCX-2 mass spectra  obtained during a 
s ingle  day were subjected to  detailed examination. 
Four types of impurity gases  (not hydrogen) were 
distinguished by peak height comparisons. T h e s e  
four types were: 

1. those  s p e c i e s  generated or evolved near the 
spectrometer,  

2. the  so-called “base”  pressure gases ,  

3. impurity gases  introduced with intentionally 
admitted gas ,  

4. impurity gases  generated during beam injection. 

As noted earlier,  the  spectrometer s p e c i e s  decayed 
rapidly for 30 to 50 min after the spectrometer 
filament was turned on. T h o s e  spec ies ,  primari!y 
organic, apparently have no significant relation to  
g a s e s  impinging on the  DCX-2 plasma. However, 
quantitative interpretation of the  mass spectra  is 
complicated by their presence.  

Of far more significance is the  behavior of the 
base  pressure spec ies  other than hydrogen. Air 
l e a k s  have been only occasionally responsible  
for a significant part of the background gases .  
Water vapor, carbon dioxide, and methane were 
the principal identifiable s p e c i e s  in the background 
gas  on the day of the study (August 11, 1966); 
water vapor consti tuted about three-quarters of the  
impurity background gases .  Although the water 
partial  pressure increased during admission of 
hydrogen, it was possible  t o  notice the  variation 

‘Reactor Chemistry Division. 
*Thermonuclear Div. Semiann. Progr. Rept. Apr. 30, 

1966, ORNL-3989, pp. 128-32. 

D. M. Richardson’ 

of th i s  component of the  background during the  
day. T h e  variation is shown in Fig.  10.1. T h i s  
dominant change, except  during a period of probe 
adjustment a t  noon, indicates  that  the water off- 
gassing rate increased during the morning and 
presumably was a thermal effect. Because  of the  
dominance of water vapor and its slow removal 
from unbaked vacuum systems,  a study of some of 
the  parameters affecting water behavior in unbaked 
s t a i n l e s s  steel sys t ems  was made separately.  
T h e  partial  pressure of carbon dioxide h a s  been 
generally observed t o  follow that  of water vapor. 
T h e  average carbon dioxide partial  pressure ap- 
peared to be about 15% of t h e  water vapor pressure 
during the  day. Methane (present during the titanium 
evaporation) was about 5% of the water partial  

3See sect. 10.3, this report. 
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Fig. 10.1. Part ia l  Pressure (HZO) in DCX-2 (8-11-66) 
a s  Function of T ime (Background Impurity). 
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. pressure. Other organic s p e c i e s  and carbon mon- 
oxide comprised the  balance of the base  pressure 
gases ,  but were not studied. 

Among t h e  g a s e s  introduced along with inten- 
tionally admitted gas,  water vapor and air have 
been observed. Air from l e a k s  in the gas  manifold 
is present in amounts which depend upon the 
length of time subsequent  to  manifold evacuation 
a s  well a s  the  leak rate. Water vapor is usually 
the dominant manifold impurity, and was for th i s  
study. T h e  water partial  pressure variation with 
ion gage reading for a hydrogen leak is shown in 
Fig.  10.2. T h e  linearity of t h e  data  points and 
the  t i m e s  involved in the exposure indicated that  
th i s  increase was not an  art ifact  of the  spectrom- 
eter,  but was  a net  increase of water partial  pres- 
sure  admitted with or due t o  admission of the 
hydrogen. T h e  water pressure was observed to 
vary only sl ightly during beam injection. It was 
therefore concluded not t o  be a gas  of the fourth 
type (gases  produced during beam injection). 

Figure 10.3 shows the  variation of indentifiable 
spec ies  with ion gage reading during beam injec- 
tion. T h e  fractional contribution of t h e s e  s p e c i e s  
is shown in  parentheses.  Water, though not pro- 
duced by the  injection process,  is shown for com- 
parison. T h e  variation of mass 28 (primarily from 
ethane, ethylene,  carbon dioxide, carbon mon- 
oxide,  and nitrogen) after adjust ing for C 0 2  and 
ethane appeared to  be primarily carbon monoxide 
and ethylene,  in  about equal amounts. T h e  varia- 
tion of m a s s  28 so adjusted contributed slightly 
less t o  the total  pressure than did methane. A 
fractional abundance of 0.003 to 0.004 for each  of 
t h e s e  gases  relative t o  hydrogen was indicated.  
T h i s  behavior appeared to be typical for the  mode 
of DCX-2 operation a t  the time th is  work was done. 

T h e  principal organic spec ies  identified as being 
produced during beam injection were methane, 
ethylene, acetylene,  and ethane. T h e  partial  pres- 
sure  of t h e s e  g a s e s  was  found for one day to  be 
about 2.5% of the  indicated pressure.  

For many plasma experiments in  DCX-2 i t  h a s  
not been as necessary to maintain a high-purity 
environment a s  to  have some knowledge of t h e  
purity level.  A purity index can  be defined as 
pH2/(ptotal - p ,  ). T h i s  index (P.I.) is approx- 

imately given by 
2 

DRNL-DWG 66-12777 

~ ~ , ~ 1 0 ~ ( t ~ ~ ~ )  

pind x 1o6 (torrs) 

Fig.  10.2. Increase of Pressure of H 2 0  vs  p Indicated 

(H2 Admitted from Manifold). 
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Fig. 10.3. Par t ia l  Pressures of CH4, C02 ,  C2H2, and 

C2H6 (Produced Impurities) in D C X - 2  (8-1 1-66) During 

lniection vs  H2 Part ia l  Pressures ( P H ~ O ,  see F ig .  10.2, 
I s  Shown for Comparison). 
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where 

2.2 is the ion gage factor for H,, 

pind is the  indicated ion gage pressure,  

p,, is the partial pressure of “base”  pressure 
contaminants other than H,, 

x is the  fraction of the  ion gage reading bind) 
due to contaminants produced by the injection, 
introduced with bleed gas ,  or generated by 
these  spec ie s  ( a  gage factor of unity is assumed). 

For the  data described here, us ing  the va lues  
and 9 x l o d 6  torr, pind = 2 x 
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F i g .  10.4. Pur i ty  Index Var iat ion (DCX-2, 8-11-66) vs 

Uncorrected Ion Gage Reading. 

p B ,  = 3.5 x io-’ torr, 

x = 0.057 (based on the mass spec t ra l  analysis) ,  

one obtains,  for the  two indicated pressures,  purity 
indexes of 7.0 and 20.8 respectively.  T h e  da ta  
obtained on August 11 yielded the  purity index 
variations as shown in Fig.  10.4. T h e s e  da t a  
were obtained over a period of severa l  hours in 
the morning when the  water partial  pressure was  
increasing as d iscussed  above. T h e  points a t  
indicated pressures  of 1.0 and 1.3 x l o d 6  torr, 
which were obtained later,  were accordingly some- 
what lower than the va lues  interpolated from the  
earlier determinations. T h e  agreement of the cal- 
culated va lues  of P.I. with those  shown in F ig .  
10.4 ind ica tes  tha t  unidentified spec ie s  are not 
present in significant amounts. 

Residual gas  ana lys i s  strongly depends on the 
useful mass range of t he  spectrometer, t he  ex i s t ence  
of identifiable parent mass peaks,  and a knowledge 
of fragmentation patterns. We have l i t t le  knowledge 
of s p e c i e s  with molecular weights higher than 44 
for the  DCX-2 spectrometer, or higher than about 
92 for the  instrument used in t h e  calibration and 
chemistry s tud ies .  A spectrometer design study 
h a s  been started with the  goal of improving the  
analytical  capabili ty.  

10.2 MASS SPECTROMETER CALIBRATION 
STU DI ES 

Dispersion of mass  spectrometer ion beams af- 
fects both the  cracking patterns and the  relative 
partial  pressure sens i t iv i t ies  for different gases .  
Calibration s tud ie s  carried out with the type  of 
m a s s  spectrometer used on DCX-2 (Veeco model 
RGA-3) showed that t he  instrument h a s  a signifi- 
can t  degree of m a s s  dispersion. Th i s  dispersion 
is attributable to  space-charge e f fec ts  and to 
thermal ve loc i t ies  in the direction parallel  t o  the  
magnetic field,  during the ion’s life. 

Space-charge e f fec ts  a t  higher pressures  were 
observed as a diminution of ion in tens i t ies  upon 
increasing the hydrogen pressure. A s  expected, 
t h i s  effect is most pronounced for gases  of higher 
molecular weight, for example, Ar and Kr. Hydrogen 
pressures  of as much as 2 to 3 x torr were 
needed before a significant decrease  of t h e  28 
and 18 m a s s  peaks  occurred. 

. 
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T a b l e  10.1. Rela t ive  Transmissions for the RGA-3  Spectrometer 

M/e Species  
Estimated Experimental 

Fraction Transmitted Fraction Transmitted 
Analyzer Region Only Entire Flight Pa th  

12 co 
18 

28 co 
H2° 

44 c02 

78 C6H6 

Low mass  range, H a 

L O W  m a s s  range, H 2 0 

2 2 

18 

1.0 

0.9 

0.7 

0.5 

0.2 

0.98 

0.1 

1.0 

0.8 

*0.4 - 0.5 

0.2 

*O.l 

aLow masses  a re  obtained by shunting the magnet, which reduces the field by a factor of about 0.55. 

At lower pressures  the  mass  discrimination c a n  
be  attributed principally to thermal drift in  the 
direction of the magnetic field during the flight 
time of ions to the collector. Estimation of this  
effect for the  analyzer region only, using as param- 
e t e r s  the flight path (23 cm), the ion velocity 
derived from the  ion energy meter, the average 
thermal velocity (at 100°C), and relative spectrom- 
e te r  s l i t  lengths, l eads  to the estimated transmis- 
s ions  l i s ted  in Tab le  10.1 along with the transmis- 
s ion  as determined from experimental data described 
below. T h e  observed transmission fractions were 
uniformly lower than those  estimated. Th i s  is 
presumably due to mass  discrimination in the  
source. For  this  60' spectrometer (supplied with 
almost equal source and collector slit lengths), i t  
should be poss ib le  to dec rease  the  mass discrimina- 
tion of the  analyzer region by perhaps 60%, but 
probably with l i t t le  overall improvement of t h i s  
parameter because  of the  source  contribution. 

The  method used to  experimentally determine the  
extent of m a s s  discrimination was simply to meas- 
ure the  peak height ratios for A (+l, +2 ,  and +3)  
and compare these  with the  literature  value^.^ 
(The electron energy for t he  RGA-3 is 145 t 4 V.) 

4H. S. W. Massey and E. H. S. Burhop, Electronic a n d  
Ionic Impact Phenomena, p. 38, Oxford Clarendon P res s ,  
Oxford, England, 1956. 

T h e  s a m e  technique applied to the spectrometer on 
DCX-2 yielded similar results.  The  da ta  shown in 
Table  10.1 were  estimated using a smooth curve 
drawn through the points a t  M / e  = 13.3, 20, and 
40. Relative calibration of the spectrometer to an  
ion gage for nitrogen and water vapor yielded ad- 
dit ional points within 15 and 5%, respectively,  of 
the derived argon transmission curve. T h e  ion 
gage sensit ivity factor for water vapor was in- 
cidentally determined from measured flow rates ,  
assuming the  pumping speed  for water vapor t o  be  
&&% that  of nitrogen (with water cooling of the  
trap). T h i s  value of the  gage sensit ivity of water 
vapor was found to be 0.9 +_ 3% tha t  of nitrogen. 

These  data were used  in  the  measurement of 
contaminant leve ls  in the DCX-2 work described 
above. The  resu l t s  should not be indiscriminately 
applied to other similar analyzers, because  the  
extent of m a s s  discrimination is strongly affected 
by operating parameters such  as repeller potential. 
In order t o  avoid overly harsh evaluation, two 
things should be noted. The  first  is that residual 
g a s  analyzers are designed primarily for quali tative 
assessment  of vacuum conditions and that their 
application to quantitative work is usually restricted 
to  individual mass peaks or simple ratios. The  
second is that the analytical  capability is restricted 
generally to  masses less than 44. T h e  spectrom- 
eter model used in our s tud ies  performs these  t a s k s  
well. T h e  need for more quantitative data,  however, 
does  markedly s t ra in  the  instrument's capability. 
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10.3 WATER VAPOR CHEMISORPTION 

ON STAINLESS STEEL 

T h e  dominance of water vapor impurity in DCX-2 
and the lack of information about its sorption 
kinet ics  prompted a study of water sorption at low 
partial  pressures .  T h e  resul ts  of the s tudy showed 
distinctly that chemisorption occurred in  the  exper- 
imental vacuum system. T h e  experiments were 
conducted in a manner t o  give assurance that the  
observed chemisorption occurred primarily on 
s t a i n l e s s  steel surfaces.  Thus ,  s i n c e  a large 
body of information on chemisorption ex is t s ,  the  
description of water vapor behavior in  vacuum s y s -  
t e m s  can  be greatly simplified. Specifically,  a 
select ion from empirical relations between the  
extent of sorption and t ime,  exposure,  pressure,  
and temperature, which are observed for other 
chemisorption reactions,  may b e  applied t o  s tud ies  
of water vapor. 

Chemisorption may b e  distinguished from physical 
adsorption using several  criteria, including the 
following: 

1. Chemisorption requires an appreciable (> 0.1 
eV) heat of activation. 

2. Chemisorption usually involves sorption heat  
values  greater than about 0.5 t o  1.0 eV, whereas 
physical  adsorption is usual ly  a s soc ia t ed  with 
smaller values.  

3. Chemisorption or chemi-desorption is (as  a 
consequence of i t em 1) a slow process.  

4. T h e  quantity of subs t ance  chemisorbed often is 
related to  t i m e  by the empirical relation 

dq/d t  = ae-aq , (1) 

where q is the  amount sorbed a t  t ime t ,  and a 
and a are constant  during any single experiment 
or at the  very least have discontinuous deriv- 
a t ives  with respect  t o  t i m e  during a s ingle  
experiment. 

Water chemisorption s tudies  have been made for 
A1,0,,6,8 T i 0 2 , 9 , 1 0  and SiO, (ref. 11) 

sorbents,  principally calorimetically. (Infrared, 
gravimetric, and pressure-change techniques have 
a l s o  been used.) No report h a s  been found in the  
l i terature on water sorption kinet ics  a t  low pres- 
s u r e s  torr) o r  on m e t d s .  

T h e  technique used in th i s  study was  t o  observe 
the pressure fall after water vapor exposures  at 

CON DUCTAN C E L I M I Ti N G BAFFLE 

LIQUID N2 TRAP 

6-in. DIFFUSION PUMP 

Fig.  10.5. Vacuum System U s e d  for the Studies of 

Water Vapor Chemisorption. 

different pressures  and durations in a dynamically 
pumped vacuum system, Fig.  10.5. T h e  apparatus 
was  designed to have two regions,  A and B ,  which 
could b e  separately heated. To minimize temper- 
ature nonuniformity, region A ,  a s t e e l  tube with 
1.1 x l o 4  c m z  area,  was  baked by res i s tance  
hea ters  strapped to  the  outs ide of an  aluminum 
pipe which fi t ted concentrically around the steel 
tube with a uniform ?,-in. gap. Insulation material  
and aluminum foil were applied around the  aluminum 
pipe. A copper tubing cooling circuit  was  strapped 
to the  steel tube in order t o  achieve a rapid cooling 
capabili ty.  Region B down t o  below the conductance 
limiting baffle was heated with strapped-on and 
serpentine heaters ,  and an  air heater assembly t o  
heat  t h e  trap. T h e  m a s s  spectrometer (Veeco RGA-3) 
was heated with tape  heaters.  G l a s s  ion gages 

5The review ar t ic le  by M. J. D. Low with 342 references 
is especial ly  recommended; Chem. Rev. 60, 267-312 

( 1960). 
'M. E. Winfield, Australian J. Chem. 6, 221 (1953). 
'H. F. Holmes, L. L. Fuller, and C. H. Secoy, J. 

8R. L. Venable, W. H. Wade, and N. Hackerman, J. 

'C. M. Hollabaugh and J. J. Chessick,  J. Phys.  Chem. 

'OW. D. Haskins  and G. Jura, J. Am. Chem. SOC. 66, 

"J. W. Whalen, J. Phys.  Chem. 65, 1876 (1961). 

Phys.  Chem. 70, 436 (1966). 

Phys.  Chem. 69,  317 (1965). 

65, 109 (1961). 

919 (1944). 

. 
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. (used only for early experiments) were heated by 
lamps. Only metal seals were used. 

T h e  water was admitted through a valve f rom a 
regulated pressure of 1 or 2 torrs. T h e  g a s  l ine  
was  periodically baked and was  operated with cold 
water cooling to  minimize organic contamination. 
Water vapor with less than 0.03% total  organic 
contamination could b e  admitted t o  the system. 
Two temperature conditions were studied. T h e  
elevated temperature condition was 180 k 20° (as 
monitored by several  thermocouples) for all regions 
of the  apparatus.  T h e  lower temperature condition 
was reached following a rapid cooling of region A 
t o  28OC. T h e  temperature of region B was  not 
changed. At the elevated temperature, typical 
partial pressures  in torrs were 3 x lo-* H,, 4-8 x 
lo-’’ H,O, and 1-2 x lo-’ CO (produced almost 
entirely by gage and spectrometer filaments). No 
effort was  made to  reduce the  hydrogen pressure 
by higher temperature baking, s i n c e  the gas  under 
study was  water. 

Water was admitted for periods of time ranging 
from about 0.5 sec to as long as 30 min, after which 
the valve was  closed and the  exhaust  curve was 
obtained. T h e  partial  pressure of water was fol- 
lowed by monitoring m a s s  18 with the  spectrometer. 
A s  was expected, agreement with g l a s s  ion gages 
was good only when the  gages were heated. For  
most of the  determinations, however, to minimize 
the  possibil i ty that  the g l a s s  might b e  affecting 
the results,  they were replaced by nude gages.  

For  the  hot-system short-exposure c a s e s ,  the 
s lope  of log p v s  t ( the usual  exhaust relation) 

init ially corresponded to  a value of 540 l i t e rs / sec  
f 10% except  when the  ini t ia l  pressure exceeded 
1 x significantly;  for t h e s e  c a s e s  the  mass 
18 spectrometer peak was not exactly proportional 
to  pressure.  

v s  log t plots are shown 

in Fig.  10.6 for the  cases of hot and cold region A 
and for 0.5-sec and 10-min exposures.  T h e  expo- 
sure  pressures,  pexp, were all within 20% except  
for c a s e  11, where p was about a factor of 5 
lower. Exponential  exhaust,  indicated for water 
by curve V,  was observed for N ,  over almost four 
orders of magnitude of pressure.  

v s  log  t plot of 

our da ta  c losely approximated straight l ines  of 
reproducible s lopes  which, of course,  varied with 
exposure conditions. Integrating each  curve 

H 2 °  

Four typical log p 
H 2 O  

e x p  

We observed that the  log  p 
H 2 °  

from the  extrapolated limit of 0.1 to  1000 sec and 
multiplying the resul t  by our measured H,O pump- 
ing  speed (590 l i ters /sec k 3%) yielded the  quantity 
desorbed isothermally following the exposure. T h e  
value of q (quantity absorbed) is believed t o  b e  
within 20% of the  measured quantity desorbed. 

T h e  Elovich plots (Eq. 1 )  from our da ta  for two 
temperatures and normalized to  the  same exposure 
pressure (assuming variation of q with the  f i rs t  
power of p ) are shown in F ig .  10.7. T h e  ex- 
posure pressures  were from 0.7 to  4.0 x lo-’ torr. 
Determination of q for exposure pressures  as low 
as 4 x torr led to the following relation of q 

exP 

and Pexp: 

1.05 f 0.1 
4 = P e x p  f(texp> 

T h e  only study found in the l i terature of the  pres- 
sure  dependence of q is that  of Winfield,6 who 
reported an exponent of 1.2 with thoria a t ,  of 
course,  higher water vapor pressures .  T h e  value 
of 1.2 introduces an error band of somewhat less 
than 15% t o  our data.  T h e  quant i t ies  observed 
correspond to  about 0.1 monolayer a t  room temper- 
ature following a 10-min exposure and about 0.15 
monolayer after 30 min. Dust or other impurities 
could be responsible for some or even all of t h e  
observed sorption. We believe, however, that  the 
method is reliable and that  sufficient care  w a s  
exercised to  be able  to  attr ibute the  observed 
chemisorption to  the steel surface.  

Some effect on water chemisorption kinet ics  by 
ion or electron bombardment is to be anticipated 
by analogy t o  other chemisorption phenomena. 
Neither the magnitude nor the  direction of change 
s e e m s  to  b e  presently predictable. Water sorption 
by unbaked and baked s t a i n l e s s  steel during a 
pressure excursion to  an  atmosphere of different 
humidities h a s  been observed and is reported in  
the  l i terature,  but with inadequate reported da ta  
t o  permit sca l ing  the parameters s tudied here  over 
the required five to s i x  orders of magnitude. Sam- 
p les  with different specif ic  surface a reas  may be 
expected to  show different sorption capabi l i t ies .  

T h e  conclusion that  water chemisorption phe- 
nomena ex is t  l eads  t o  possible  pract ical  applica- 
t ion in operating nonbakeable vacuum systems.  First, 

“See: J. Howard and H. S. Taylor, J .  Am. Chem. 
SOC. 56, 2259 (1934), and other references in Low, op. 
cit., ref. 5. 
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Fig .  10.6. T y p i c a l  Log P H ~ O  vs  Log t (sec)  Plots for Four Exposure Conditions. 

s ince  chemisorption occurs at even very low pres- resul t  in  a lower water impurity leve l  than the  
sures  and is a s t rong function of exposure time, same period of pumping would produce. Another 
maintenance of very low partial  pressures  of water consequence of the observations reported here  is 
by liquid-nitrogen cooling of appreciable a reas  in that  even s m a l l  water impurity levels  introduced 
the  system followed by intermittent warming of the from g a s  manifolds are  expected to  result  in  signif-  
cooled a reas ,  desorption, and rapid exhaust  should icant  impairment of the  b a s e  pressure of water vapor. 
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Stainless Steel. 

10.4 DECOMPOSITION OF DC-705 
DIFFUSION PUMP FLUID 

A white so l id  was  found condensed on the  cold 
caps  and wall of one  10-in. diffusion pump on the  
DCX-2 vacuum system. It  melted sharply at 47OC. 
T h e  infrared spectrum' was not dist inguishable 
from that of the  diffusion pump fluid, a pentaphenyl 
trimethyl trisiloxane, structure I, beIow: 

+ 4 + 
I I I 

I I I 
+ - S i  - 0 - S i  - 0 - S i  - +  

M e  M e  Me 

(4 = C,H,, M e  = CH3 .) 

The  manufacturer indicated that decomposition 
t o  the dimer might occur i f  the operating tempera- 
ture were too high, in  a radiation field,  or  i f  the  
fluid were heated in the presence of a lka l i  impurities 
in  the pump. Proton nuclear magnetic resonance 
(60 Mc) spec t ra  were obtained14 for the  solid and 
for a sample of the  pump fluid. T h e  results a re  
summarized in Tab le  10.2. 

T h e  dimer structure I1 (below) may therefore be  
assigned to  the solid material: 

+ 4 
I I 

4 - S i  - 0 - S i  - +  
I I 
Me M e  

It  would appear that for t he  pump in question some 
period of excess ive  temperature operation probably 
occasioned the  decomposition. T h e  observed 
lowered pumping speed  of this  pump was presum- 
ably caused  by the deposit. 

I3G. 

I4J. R. Lund, Analytical Chemistry Division. 

Goldberg and H. L. Holsopple, Jr., Analytical 
Chemistry Division. 
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Table 10.2. Proton NMR Spectra of DC-705 Diffusion Pump Oil and a Decomposit ion Product 

Signal Height of Height x Protons 
Posit ion Integral (mm) 0.1344 per Signal 

Assignment 

0 

19 

32 

435 

22 

46 

185 

253 mm 
- 

0.1344 protons/mm 

Structure I, 34 protons 

2.96 

6.18 

24.86 

3 

6 

25 

Me4%, reference 

M e  

2 equivalent M e  groups 

5 equivalent c$ groups 

Assignment Signal Height of Assumed Height 
Po  sit ion Integral (mm) Group Protons per Group 

Unknown Solid 

0 

34 57 

436 196 

M e  

+ 
19 

39.6 

Me4Si, reference 

2 equivalent M e  groups 

4 equivalent c$ groups 



11. Design and  Engineering: Service Report 

Design and engineering serv ices  are generally 
reported incidentally with those  of the research 
groups of the  Division. Th i s  work includes ex- 
ecuting or coordinating engineering design, shop  
fabrication, building operations,  and maintenance 
for the  Division. 

Design ac t iv i t ies  for t h i s  reporting period are 
summarized as follows: 

Jobs on hand 5-1-66 on which work had 5 
not s ta r ted  

New jobs  received 130 
To ta l  jobs  135 

Jobs completed 123 
Jobs in  progress 6 

Backlog of jobs  10-31-66 6 
187  Tota l  drawings completed for period (does not 

include drawings for s l i des ,  reports, etc.) 

Shop fabrication for this reporting period is sum- 
marized a s  follows: 

Machine shops 
Completed jobs  requiring 16  man-hours or less 
Completed jobs  requiring 17 to 1200 man-hours 
Completed jobs of miscellaneous character 

(in plating, carpenter, electrical ,  g l a s s ,  
lead, etc., shops)  

Average manpower per week (Machine Shop) 
Average manpower per week (miscellaneous) 
Number of jobs  in progress 

Electromagnet fabrication 
Completed jobs 
Number of jobs  in progress 
Completed jobs  by outside contractors 

(Paducah) 
Average manpower per week 

90 
154 
62 

12.2 
2 

24  

7 
2 
1 

2 

Two additional motor-generator sets have been 
installed. Each  s e t  includes two tandem 2.5-MW 
generators driven by a common motor. These  units 
bring the  total  available dc  power to 35 MW, con- 
tinuous operation. 

135 
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