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ABSTRACT 

T h i s  r e p o r t  d e s c r i b e s  t h e  hardware and ope ra t ion  o f  t h e  ISX n e u t r a l  

beamlines a s  wel l  a s  an experiment done t o  v e r i f y  e s t ima te s  of t h e  

n e u t r a l  power i n j e c t e d  i n t o  t h e  tokamak. 

Tangent ia l  c o i n j e c t i o n  o f  megawatt l e v e l s  of  30-40-keV n e u t r a l s  

i n t o  t h e  tokamak has  made t h e  s tudy  of  high-beta  plasmas i n  ISX poss ib l e .  

These power l e v e l s  were achieved wi th  high r e l i a b i l i t y  (over  90%) by two 

n e u t r a l  beamlines wi th  des ign  power r a t i n g s  of  900 kW of  HO (upgraded t o  

1.5 MW) each. The n e u t r a l  beamlines c o n s i s t  o f  a  duoPIGatron plasma 

gene ra to r ,  a c c e l e r a t i o n  g r i d s ,  a  gas n e u t r a l i z a t i o n  c e l l ,  an ion  d e f l e c -  

t i o n  magnet, beam ca lor imet ry ,  high-speed helium cryocondensat ion vacuum 

pumps, and a s soc i a t ed  e l e c t r i c a l  and c o n t r o l  systems. The beamlines and 

t h e i r  ope ra t ion  a r e  descr ibed  b r i e f l y  wi th  an emphasis on t h e i r  r e l a t i o n  

t o  i n j e c t i o n  i n t o  a  plasma. Neut ra l  i n j e c t i o n  geometry wi th  r e s p e c t  t o  

t h e  tokamak i s  given. 

I n j e c t e d  power was es t imated  by comparison with power measured by a  

ca lo r ime te r  i n  t h e  beamline t h a t  could be i n s e r t e d  d i r e c t l y  i n t o  t h e  

beam pa th .  I t  was assumed t h a t  85% o f  t h e  power depos i ted  on t h i s  

ca lo r ime te r  dur ing  condi t ion ing  beam pu l se s  was i n j e c t e d  i n t o  ISX. In 

J u l y  1979 a  ca lo r ime te r  t a r g e t  was p laced  i n  t h e  tokamak t o  check t h i s  

es t imate .  Complete a n a l y s i s  of  t h e  d a t a  suppor ts  a  15% beam l o s s .  

Roughly h a l f  o f  t h i s  a r i s e s  from beam p a r t i c l e s  r e ion ized  and d e f l e c t e d  

by t h e  tokamak magnetic f i e l d s ;  t h e  remaining p a r t  is  due t o  a  drop i n  

beam v o l t a g e  and c u r r e n t  ( r e l a t i v e  t o  a  cond i t i on ing  sho t )  because t h e  

tokamak power s u p p l i e s  cause a  drop i n  t h e  main a c  l i n e  vo l t age .  The 

background.gas t h a t  r e s u l t s  i n  beam r e i o n i z a t i o n  appears  t o  be t h e  

r e s u l t  o f  normal beamline gas flows. 

The n e u t r a l  beam upgrade i s  a l s o  b r i e f l y  descr ibed .  



1. INTRODUCTION 

The purpose o f  t h i s  r e p o r t  i s  twofold. The f i r s t  goal i s  t o  provide 

a  general  desc r ip t ion  of  t h e  ISX beamlines and t h e i r  opera t ion .  The 

second i s  t o  desc r ibe  an experiment t h a t  was performed on one beamline 

t o  v a l i d a t e  in jec ted  power es t imates .  

One of  t h e  primary goals of  ISX-B i s  t o  s tudy t h e  high-beta plasmas 

t h a t  r e s u l t  from l a r g e  amounts of a u x i l i a r y  heat ing .  On ISX t h i s  

heat ing  i s  done by t h e  i n j e c t i o n  o f  high-energy hydrogen n e u t r a l s  

t angen t i a l  t o  t h e  plasma a x i s  i n  the  same d i r e c t i o n  a s  t h e  plasma ion  

cur ren t .  These n e u t r a l s  a r e  generated by a  complex system known as  a  

n e u t r a l  beamline. 

There a r e  two n e u t r a l  beamlines on ISX-B with 22-cm-dim sources.  

A s  of November 1979 they had together  supplied up t o  1 MW of 40-keV 

n e u t r a l s  t o  t h e  plasma i n  100-ms p u l s e s . .  . 

The n e u t r a l  beam atoms o r i g i n a t e  i n  a  22-cm-dim plasma source of 

a  s p e c i a l  type, c a l l e d  a  duoPIGatron plasma generator .  From t h i s  

plasma, ions a r e  ex t rac ted  and acce le ra ted  by a  s e t  of t h r e e  g r i d s  (one 

prevents  e l ec t ron  backstreaming). A major i ty  of t h e  ions a r e  then 

converted t o  n e u t r a l s  i n  a  gas c e l l .  Any ions s t i l l  remaining i n  t h e  

beam a r e  removed a s  they pass between t h e  poles  of  a  bending magnet. 

F i n a l l y  t h e  high-energy n e u t r a l s  pass through a  t r a n s i t i o n  sec t ion  and 

i n t o  t h e  tokamak. 

The i n j e c t i o n  o f  a  n e u t r a l  beam i n t o  an ISX-B discharge  i s  only a  

small p a r t  of  t h e  o v e r a l l  t a sk  o f  n e u t r a l  i n j e c t i o n .  Each beamline i s  

an independent and complex system. I t s  major components a r e  the  beam 

calorimetry,  t h e  cryopump and vacuum system, and t h e  ion source. The 

ion  source i s  t h e  most c r i t i c a l  component; it must be operated f r e -  

quent ly  t o  achieve and maintain given opera t ing  parameters i n  what i s  

known a s  a  condi t ioning process.  Beamline performance i s  r a t e d  p r i -  

mari ly i n  terms of  t h e  neu t ra l  power t h a t  i s  a v a i l a b l e  f o r  i n j e c t i o n .  

The n e u t r a l  beam power t h a t  i s  in jec ted  cannot be measured d i r e c t l y ,  

but  i t  can be i n f e r r e d  i n  var ious  ways. The primary d iagnos t i c  f o r  beam 

power i s  a  water-cooled ca lor imeter  t h a t  i s  inse r t ed  i n t o  t h e  beam path 

during condit ioning sho t s  and r e t r a c t e d  f o r  i n j e c t i o n .  The a c t u a l  



injected power is determined by duplicating beam parameters as closely 

as possible, comparing conditioning and injection shots. Injection 

power is estimated using measured conditioning power and known losses 

during injection. 

To check the validity of this estimation a set of experiments was 

done with a calorimetric target that was placed inside the tokamak to 

intercept one beam. The power on this target was compared with that 

measured by the calorimeter in the beamline for varying beam conditions 

and toroidal fields. Additional instrumentation on the target and 

tokamak made beam profile and beam time-history studies possible . 



2. ISX-B NEUTRAL BEAMS - DESCRIPTION 

2.1. INTRODUCTION 

The ISX-B neutral beamlines are for the most part copies of the 

beamline developed by the Plasma Technology Section at Oak Ridge National 

Laboratory (ORNL) for use on the Princeton Large Torus (PLT). This work 

has yielded much information on beamline performance and character- 

istics. In particular, experiments have been done with ion sources 

similar to those used on ISX, i.e., on a beamline simulating the tokamak 

injection geometry. 3 

Since the beamlines are described in detail elsewhere, the descrip- 

tion here will be mostly superficial except where differences exist. 

Emphasis is placed on the beamline operating environment. 

2.2 ISX BEAMLINES - HARDWARE 

A schematic drawing of an ISX beamline is shown in Fig. 1. The ion 

source generates a 22-cm-diam hydrogen ion beam. The ion beam is 

neutralized in a gas cell, and the remaining ions are diverted to a 

particle dump by a deflection magnet. The low pressures required for 

tokamak plasmas are maintained during the beam pulse by high-speed 

("200,000-liter/s) cryocondensation pumps that saddle the gas cell. 

These pumps consist of stainless steel panels cooled to liquid helium 

temperatures (s4"K) . 
At the end of the beamline tank, any stray beam particles are 

scraped off by a set of four adjustable beam-defining plates (a rectan- 

gular opening). This minimizes the beam loading on the walls of the 

drift duct leading to the tokamak. Almost all of the beam that emerges 

from the defining-plate aperture (e.g., 18 x 18 cm) is injected into the 

tokamak (this ignores losses from background gas). Beam power is 

measured by a water-cooled calorimeter in the drift duct downstream of 

the defining aperture; the calorimeter retracts during an injection 

shot. The beamline is electrically isolated from the tokamak and can be 

vacuum isolated by a valve a t  the end of the beamline. 
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The most c r i t i c a l  p a r t  o f  a beamline i s  t h e  ion  source .  The b a s i c  

ISX-B sources  u s e  22-cm-diam duoPIGatron plasma gene ra to r s  with a 

shaped-aperture a c c e l e r a t i o n  g r i d .  The source  and a c c e l e r a t o r  geometry 

a r e  shown i n  Fig. 2. Deta i led  ope ra t ion  of  t h e  source i s  desc r ibed  

e l s e ~ h e r e . ~ , ~  Basic  parameters  o f  ope ra t ion  inc lude  a r c  c u r r e n t  and 

vo l t age ,  cathode and anode chamber gas flow r a t e s ,  source magnet s t r e n g t h ,  

and a c c e l e r a t i o n  vol tage .  Dece lera t ion  p o t e n t i a l  i s  v a r i a b l e  bu t  has  

l i t t l e  e f f e c t  beyond a minimum value .  There a r e  1799 a p e r t u r e s  i n  t h e  

g r i d s ,  g iv ing  a 37% transparency;  a l l  o f  t h e  g r i d s  a r e  water cooled.  

The i n j e c t e d  beams have a des ign  power of  900 kW f o r  100 m s .  This  

power i s  about  35% o f  t h e  a c c e l  supply  power t h a t  i s  e x t r a c t e d  from t h e  

g r i d s  a s  61 A of  42-kV ions ,  r e p r e s e n t i n g  maximum beam performance. 

F igure  3 shows t h e  power a c c o u n t a b i l i t y  along t h e  s imulated ISX beamline 

o f  t h e  Plasma Technology Sec t ion .  No power a c c o u n t a b i l i t y  was attempted 

on t h e  ISX beamlines; on ly  t h e  beam-dump ca lo r ime te r  and t h e  beam- 

d e f i n i n g  p l a t e s  were monitored. F igure  4 shows t h e  ISX source p e r f o r -  

mances a s  a func t ion  o f  e x t r a c t e d  c u r r e n t  a t  cons t an t  vo l t age .  

The beam, made up of  many beamlets ,  i s  focused a t  a p o i n t  4.0 m 

from t h e  g r i d s  t o  permit  maximum t ransmiss ion  through t h e  beam p o r t  on 

t h e  tokamak. The n e u t r a l i z a t i o n  e f f i c i e n c y  of  t h e  gas c e l l  i s  about  

60%; t h e  beam s p e c i e s  y i e l d .  i s  80% HP (E),  12% HP (E/2) ,  7% H! (E /3 ) ,  

+H!, where E i s  t h e  a c c e l e r a t i o n  energy (40 kV nominal) . 
There a r e  t h r e e  independent s e t s  o f  ins t ruments  f o r  each beamline: 

one f o r  t h e  beamline vacuum and water-cool ing systems, one f o r  t h e  

cryopumps, and one f o r  t h e  sources  and power s u p p l i e s .  Cruc ia l  t o  

i n j e c t i o n  documentation a r e  t h e  beam c u r r e n t  and vo l t age  monitors and 

t h e  d r i f t  duc t  ca lo r ime te r  power monitor.  The former were a c c u r a t e  bu t  

sometimes f a i l e d  e n t i r e l y ;  t h e  l a t t e r  was s u b j e c t  t o  s i g n i f i c a n t  e r r o r .  

The power monitor conver t s  t h e  flow r a t e  and temperature r i s e  of 

t h e  coo l ing  water  i n t o  a d i g i t a l  d i s p l a y  of  depos i ted  energy f o r  t h e  

d r i f t  duc t  c a l o r i m e t e r  and t h e  d e f i n i n g  p l a t e s .  In  ope ra t ion  it requ i r ed  

cons t an t  a t t e n t i o n  t o  keep thermal d r i f t  e r r o r s  minimal. 
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2 . 3  ISX INJECTION GEOMETRY 

The geometry of  neu t ra l  i n j e c t i o n  i n t o  ISX i s  shown i n  Fig. 5 

(before t h e  upgrade). The beamlines, known a s  East  and West, i n j e c t  

i n t o  s e c t o r s  66 (West) and 1 (Eas t ) ,  60' apar t .  The measurements a r e  

given with r e spec t  t o  t h e  vacuum vesse l ;  a c t u a l  beam deposi t ion  i n  the  

plasma is. a  combination o f  t h e  beam and plasma p r o p e r t i e s  on each 

p a r t i c u l a r  shot .  The beams a r e  aimed well i n s i d e  the  plasma c e n t e r l i n e  

t o  maximize t h e  path length  of  t h e  beam p a r t i c l e s  through t h e  plasma. 

The nominal beam focus i s  a.t 4 .0  m, but  t h i s  va lue  can vary s l i g h t l y  a s  

t h e  g r i d  shape and spacing vary during t h e  l i f e t i m e  of t h e  source. 
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3. BEAMLINE OPERATION 

There a r e  two primary phases o f  ISX beamline ope ra t ion :  condi-  

t i o n i n g  and i n j e c t i o n .  The n e u t r a l  beams a r e  a  t o o l  f o r  t h e  ope ra t ion  

o f  t h e  tokamak s o  t h a t  i n j e c t i o n  t a k e s  precedence over  a l l  o t h e r  phases 

o f  beamline ope ra t ion .  Condit ioning o r  o t h e r  beamline work i s  an , 

ongoing process  t o  improve i n j e c t i o n  performance o r  i n c r e a s e  i n j e c t i o n  

power. 

3.1 THE NEUTRAL INJECTION PROCESS 

The most common s t a r t i n g ' c o n d i t i o n s  f o r  i n j e c t i o n  a r e  f o r  t h e  

beamlines t o  be  opened t o  t h e  tokamak vacuum whi le  t h e  d r i f t  d u c t  ca lo -  

r i m e t e r  i s  c losed  and t h e  sources  a r e  being condi t ioned  wi th  pu l se s  

every 5-10 s. A t  5-30 s be fo re  a  s h o t  t h e  ca lo r ime te r  i s  opened, 

leav ing  a  c l e a r  pa th  t o  t h e  tokamak and enabl ing  t h e  i n j e c t i o n  i n t e r -  

lock.  This  i n t e r l o c k  causes t h e  source-sequencing t imer  t o  wai t  u n t i l  

an i n i t i a l i z a t i o n  p u l s e  a r r i v e s  from t h e  tokamak c o n t r o l  room 1 s be fo re  

t h e  beam f i r i n g  t ime tb, assuming t h a t  r e l a t e d  i n t e r l o c k s  i n d i c a t e  

proper  ope ra t ion  o f  a l l  systems. When t h e  p u l s e  a r r i v e s ,  t h e  sequencer 

begins a  source  cyc le .  A t  100-200 m s  be fo re  tb, t h e  source  and gas c e l l  

gas f eeds  t u r n  on. A t  about 5 m s  be fo re  tb, a c c e l ( e r a t o r )  and dece l -  

( e r a t o r )  vo l t ages  a r e  app l i ed  t o  t h e  source g r i d s .  A t  tb, t h e  a r c  

v o l t a g e  is  app l i ed .  Th i s  v o l t a g e  i n i t i a t e s  t h e  source plasma, from 

which a  beam i s  immediately e x t r a c t e d ,  n e u t r a l i z e d ,  and i n j e c t e d .  A t .  

tb + 100 m s  (nominally) t h e  a c c e l  vo l t age  is  turned  o f f  and t h e  beam 

p u l s e  ends. The a r c  and gas f eeds  a r e  turned  o f f  s h o r t l y  a f te rward .  

The beam sequencing i s  in t e r locked  wi th  t h e  plasma c u r r e n t  so  t h a t  

i n j e c t i o n  only  occurs  i n  t h e  presence o f  a  plasma (prevent ing  damage t o  

t h e  f a r  wal l  o f  t h e  tokamak). 

Normally t h e  beams a r e  on f o r  100 m s  dur ing  a  150-200-ms plasma 

s h o t .  Although t h e  t iming o f  a  beam p u l s e  w i th in  a s h o t  i s  c o n t r o l l e d  

by t h e  tokamak o p e r a t o r ,  each pu l se  can only  occur  a s  a r e s u l t  of 

d e t a i l e d  sequencing wi th in  t h e  beamline. 



The beam parameters r e l evan t  t o  t h e  plasma a r e :  power in jec ted ,  

p u l s e  length ,  p a r t i c l e  energy, species  (H, H2, ...), and beam cross-  

s e c t i o n  p r o f i l e .  Only t h e  pu l se  length  and fundamental p a r t i c l e  energy 

(accel  vol tage)  a r e  known accura te ly .  Species y i e l d  and beam p r o f i l e  

a r e  i n f e r r e d  from t e s t  s tand measurements, together  with support ive 

d iagnos t i c s ,  and t h e  power i s  in fe r red  from beam-conditioning pulses .  

I n j e c t i o n  power es t imat ion  w i l l  be discussed l a t e r .  

A t y p i c a l  tokamak shot  time h i s t o r y  with i n j e c t i o n  i s  shown i n  

Fig. 6 .  The most important beam parameters f o r  neu t ra l  i n j e c t i o n  i n t o  

plasma a r e  t h e  ion  beam c u r r e n t  and acce le ra t ion  p o t e n t i a l .  'I'hese 

parameters de f ine  a f l u x  and energy d i s t r i b u t i o n  of neurral particles 

i n j e c t e d  i n t o  t h e  tokamak. The l e v e l  of  beam cur ren t  t h a t  can be 

ex t rac ted  from t h e  plasma source i s  i n  tu rn  dependent on the  a r c  current  

and a r c  d r i v e  vo l t age  ( t y p i c a l l y  400-700 A, 100-130 V) and on t h e  plasma 

d e n s i t y  a r i s i n g  from t h e  gas in jec ted  i n t o  t h e  source. The in jec ted  

power p l o t  i n  Fig.  6 shows t h e  beam i n j e c t i o n  i n  r e l a t i o n  t o  a  t y p i c a l  

plasma s h o t .  The ion '  temperature r i s e s  from t h e  heat ing,  and t h e  plasma 

p ressure  (and consequently t h e  be ta  f o r  a  f ixed t o r o i d a l  f i e l d )  a l s o  

inc reases .  

Nonlinally t h e  only cause of beam performance degradation i s  the  

l i f e t i m e  o f  the  f i laments  t h a t  supply ion iz ing  e lec t rons  t o  t h e  source 

plasma. However, t h e  sources must be cont inual ly  conditioned t o  prevent 

i n t e r n a l  a rc ing  (high and low vol tage) .  Repeated arc ing causes i r r e -  

v e r s s b l e  damage t o  t h e  source. I t  is' l i k e l y  t h a t  t h e  sources must be 

cleaned p e r i o d i c a l l y ,  but  t h e r e  has no t  been enough long-term operat ion 

t o  determine a c leaning schedule. 

The cryopumping system i s  a major f a c t o r  i n  beam operat ion,  both i n  

c o s t  and schedule. The l i q u i d  helium panels t h a t  pump t h e  excess 

hydrogen i n  the  beamline a r e  loaded up continuously during opera t ion ,  

and they must be  warmed up (regenerated) pe r iod ica l ly .  This i s  usua l ly  

done each weekend and i s  followed by cooling down t o  l iqu id  helium 
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Fig. 6. Time history of "1 MW of two-beam neutral 
injection into an ISX-B plasma. 



t empera tures  aga in  on Monday. Cryogen consumption depends on t h e  gas 

l oad ing  r a t e  coming from cond i t i on ing  o r  small  l eaks  i n  t h e  beamline. 

Neut ra l  beam o p e r a t i o n  a l s o  a f f e c t s  tokamak plasmas by changing t h e  

tokamak p r e s s u r e  between s h o t s  and thus  a l t e r i n g  wall  cond i t i ons .  

Condi t ion ing  s h o t s  i n  t h e  beamlines dur ing  an i n j e c t i o n  run cause s i g n i -  

f i c a n t  p r e s s u r e  b u r s t s  i n  t h e  tokamak, i n  s p i t e  o f  t h e  cryopumps. The 

h igh  pumping speed o f  t h e  cryopumps r e s u l t s  i n  s i g n i f i c a n t  pumping of 

t h e  t o r u s  between pu l se s ;  t h e  pumping i s  conductance l imi t ed  and thus  

i n c r e a s e s  when t h e  beamline ca lo r ime te r  is  opened. Usual ly t h e  sources  

a r e  condi t ioned  between i n j e c t i o n  s h o t s ,  b u t  a t  somewhat reduced power 

l e v e l s  t h i s  cond i t i on ing  has  been e l imina ted .  

The n e u t r a l  beam systems undergo con t inua l  r e p a i r  and improvement 

i n  an  a t t empt  t o  reach  maximum r a t e d  i n j e c t i o n  power. A s  of November 

1979, t h e  two beamlines have suppl ied  up t o  s l i g h t l y  over  1 MW of  

i n j e c t e d  power, compared wi th  a nominal maximum of  1 .8  MW. Operat ing 

t ime has  been a t r a d e o f f  between a v a i l a b l e  power l e v e l s  and t h e  t ime 

needed t o  reach  h ighe r  l e v e l s .  

3 . 3  HISTORY OF INJECTION EXPERIMENTS 

Neu t ra l  i n j e c t i o n  experiments were begun i n  October 1978 with one 

beamline a t  a l e v e l  o f  approximately 300 kW. Since  t h a t  time. i n j e c t i o n  

power has  increased  t o  1 MW; i t  i s  l i m i t e d  p r i m a r i l y  by t h e  unavai la -  

b i l i t y  o f  ded ica t ed  high-vol tage power supp l i e s .  The i n j e c t i o n  h i s t o r y  

up t o  t h e  November 1979 shutdown i s  shown i n  F i g .  7 .  

Beamline performance du r ing  i n j e c t i o n  has been s tud ied  t o  determine 

t h e  a c t u a l  r e l i a b i l i t y  o f  t h i s  form d f  a u x i l i a r y  hea t ing .  The r e s u l t s ,  

shown i n  Table 1, a r e  encouraging, i n d i c a t i n g  a 90-95% success  r a t e .  

However, t h e r e  i s  no ques t ion  t h a t  t h e  beamlines c o n s t i t u t e  a major 

system t h a t  approaches t h e  tokamak i n  complexity and i n  impact on 

o v e r a l l  fu s ion  program ope ra t ion . .  
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Tablo 1. I n j e c t i o n  r e l i a b i l i t y  

Once begun i n j e c t i o n  i s  over 90% success fu l :  

10/79 Fai lures /successes  

1 O/ 1 1 / 24 

1 O/ 2 7/102 

10/9 0/19 

10/11 2/48 

i 0 / 1 7  4/54 

10/18 1/4.0 

1.0,' 13 4/13 

10/25 2/10C 

2 bcams 

2 bcams 

Average success r a t e :  95% 

On 10/17, %30.tokamak i n j e c t i o n  s h o t s  ( r e p e t i t i o n  r a t e  3-10 
min) were f i r e d  without  beam condi t ioning  between sho t s  - 
one f a i l u r e  (breakdown) 

Maximum number of  successes:  91 s h o t s  with both beams over 
a 7-h continuous pe r iod  

Once i n j e c t i o n  experiments were begun, f o r  t h e  months of  March, 
A p r i l ,  May, and October: 

30 opera t ing  days 

22 ended without problems 

3 ended due t o  beam f a i l u r e s  

3 ended due t o  tokamak f a i l u r e s  

2 ended duo t o  born-..tokamak i n t e r a c t i o n  f a i l u r e  



4. BEAM TARGET EXPERIMENT 

4.1 INTRODUCTION 

On J u l y  5-9, 1979, dur ing  t h e  l a t t e r  p a r t  o f  an ISX shutdown f o r  

modi f ica t ion ,  n e u t r a l  beam experiments were done t o  v e r i f y  e s t ima te s  of 

t h e  power i n j e c t e d  i n t o  t h e  plasma. .An instrumented s t a i n l e s s  s t e e l  

beam t a r g e t  was i n s e r t e d  i n t o  t h e  tokamak, and beam p r o p e r t i e s  seen by 

t h e  plasma were measured us ing  t h e  West beamline. In  t h e  3-1/2 opera-  

t i n g  days,  t h e r e  were 95 tokamak s h o t s  i n  which t h e  n e u t r a l  beam was 

f i r e d  on to  t h e  t a r g e t  and d a t a  were taken.  In a d d i t i o n ,  many condi-  

t i o n i n g  beam pu l se s  were f i r e d  onto t h e  beamline ca lo r ime te r  and some 

onto  t h e  t a r g e t  f o r  d i a g n o s t i c  c a l i b r a t i o n .  

4.2 EXPERIMENTAL SETUP 

4 .2 .1  Overa l l  Conf igura t ion  

The Beam Targe t  Experiment was performed us ing  t h e  West beamline. 

This  beamline was used t o  t a k e  advantage of l a r g e  p o r t s  on t h e  tokamak 

d i r e c t l y  above and below t h e  beam pa th .  The geometry and dimensions of  

t h e  appa ra tus  a r e  shown i n  Fig. 8. The only  equipment added t o  t h e  

beamline was t h e  t a r g e t  and i t s  ins t rumenta t ion ;  t h e  misalignment o f  t h e  

beam c e n t e r l i n e  wi th  t h e  beamline, tokamak p o r t ,  and t a r g e t  was i n s i g -  

n i f i c a n t .  

4.2.2 The Targe t  

The beam t a r g e t  cons i s t ed  o f  two s t a i n l e s s  s t e e l  p l a t e s  43 x 13.3 x 

2.5 cm t h i c k .  The p l a t e s  were water  cooled by copper t ub ing  brazed t o  

t h e  back o f  t h e  p l a t e s .  The p l a t e s  were supported s e p a r a t e l y  by 1.6-cm- 

diam tubes  from a  f l a n g e  i n  t h e  bottom of  t h e  tokamak. Embedded halfway 

between t h e  f r o n t  and r e a r  s u r f a c e s  o f  t h e  t a r g e t  p l a t e s  was a  v e r t i c a l  

and h o r i z o n t a l  c rossed  a r r a y  o f  chromel-alumel thermocouples.  The 

geometry o f  t h e  water  l i n e s  and thermocouples i s  shown i n  Fig. 9.  
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Fig .  8. Beam t a r g e t  expx imen t  geometry. 



ORNL-DWG 80-2529 FED 

THERMOCOUPLE ' BACK SURFACE 

Fig. 9. Geometry of the stainless steel, water-cooled target. 



The t a r g e t  p l a t e s  could  be  s e p a r a t e l y  r o t a t e d  o r  moved v e r t i c a l l y  

and then  locked. The suppor t  f l ange  on t h e  tokamak was made so t h a t  

when t h e  p l a t e s  were r o t a t e d  t o  be normal t o  t h e  beam, t h e  c e n t e r  o f  t h e  

, beam would f a l l  on t h e  c e n t e r  thermocouple. Thus t h e  t a r g e t  was proper ly  

p o s i t i o n e d  by f i r s t  a d j u s t i n g  t h e  he igh t  of  t h e  support  tubes  t o  a  

predetermined va lue .  Next, a  s t r a i g h t e d g e  was placed on t h e  window 

above t h e  t a r g e t  and a l i g n e d  t o  be p a r a l l e l  wi th  t h e  beamline i s o l a t i o n  

g a t e  va lve .  The t a r g e t  was then  made normal t o  t h e  beam b y . a l i g n i n g  i t s  

f r o n t  s u r f a c e s  w i th  t h e  s t r a i g h t e d g e .  Experimental r e s u l t s  without  

excep t ion  confirmed t h e  accuracy  o f  t h i s  procedure.  

4.2.3 U iaenos t i c s  and Other  E u u i v ~ l ~ e ~ l t  

The pr imary d i a g n o s t i c s  used f o r  t h e  experiment a r e  t h e  power 

moni tors  on t h e  beamline and on t h e  t a r g e t ,  and t h e  s tandard  source 

parameter  d i a g n o s t i c s  (beam vo l t age ,  c u r r e n t ,  a r c  vo l t age ,  and currefie,  

e t c . ) .  The powcr monitor on t h e  t a r g e t  sums t h e  power on t h e  two ha lves ,  

g i v i n g  a  d i g i t a l  energy r eadou t  (S x ATat, where S i s  t h e  flow r a t e )  a s  

done f o r  t h e  beamline ca lo r ime te r .  The b a s i c  comparison i s  between t h e  

t a r g e t  power monitor and t h e  d r i f t  duc t  ca lor imeter  power monitor.  

The thermal  response  of  t h e  t a r g e t  t o  beam power depos i r ion  is  

measured by t h e  rhermocouple a r r ay  ea~beddcd i n  t h e  p l a t c g .  A t  t ho  

l o c a t i o n  o f  t h e  thermocouples (0.3 c m  deep) t h e  c h a r a c t e r i s t i c  t ime f o r  

beam h e a t i n g  o f  t h e  t a r g e t  i s  5-10 s ,  s o  t h a t  t h e  slow t ime response of 

t he  thermocouples themselves (%1 s )  i s  an adequate  measure uf t h e  

depos i t ed  power. Furthermore, s i n c e  t h e  thermal t ime cons t an t  i s  so  low 

and g r a d i e n t s  through t h e  p l a t e s  a r e  much h ighe r  than  those  ac ros s  t h e  

p l a t e s ,  l a t e r a l  thermal  d i f f u s i o n  i s  n e g l i g i b l e .  Thus t h e  thermocouple 

a r r a y  measures t h e  r e l a t i v e  s p a t i a l  d i s t r i b u t i o r i  and l r~agr~i tude 01 t h e  

0.1-s  beam p u l s e  i n  i t s  tens-of-seconds t ime h i s t o r y .  Computer programs 

more a c c u r a t e l y  s imu la t e  t h i s  process .  Each thermocouple i s  sampled 

eve ry  2 s by a computer d a t a  a c q u i s i t i o n  system and t h e  t ime h i s t o r y  i s  

s t o r e d  f o r  each sho t .  

The t a r g e t  s u r f a c e  thermal t ime response  i s  measured with a  com- 

m e r c i a l l y  a v a i l a b l e  i n f r a r e d  ( I R )  camera. The camera's ou tput  t a k e s  two 



forms: photographic temperature p r o f i l e s  of  t h e  s u r f a c e  a t  d i f f e r e n t  

t imes a f t e r  t h e  beam p u l s e ,  and l i n e  scans  a c r o s s  t h e  t a r g e t  o f  t h e  

s u r f a c e  temperature dur ing  and a f t e r  t h e  beam pulse .  The camera looks 

through a  window i n  t h e  tokamak s o  i t  can view t h e  e n t i r e  t a r g e t .  

The beam p r o f i l e  i s  measured i n  one form by t h e  t a r g e t  thermocouple 

a r r a y ,  and i n  another  form by an  a r r a y  o f  e i g h t  photodiode tubes  t h a t  

look down from a window above t h e  t a r g e t  and record  t h e  l i g h t  emi t ted  

from t h e  beam a s  it passes  through t h e  background gas.  The photodiode 

tubes  c o l l i m a t e  l i g h t  from t h e  beam and a r e  poin ted  so  t h a t  t h e  a r r a y  

g ives  a l i n e - i n t e g r a l  p r o f i l e  o f  t h e  beam a s  an output  (Fig.  10 ) .  The 

ou tpu t  s i g n a l  a c t u a l l y  measures t h e  product  o f  beam p a r t i c l e  d e n s i t y  and 

background p re s su re ,  bu t  t h e  beam p r o f i l e s  de r ived  i n  t h i s  way can be  

compared wi th  those  de r ived  from t h e  t a r g e t  therrnocoupl e s  . 
The tokamak gas puff  system was used t o  provide  t h e  background 

p re s su re  f o r  t h e  photodiode d i a g n o s t i c ,  and t h e  tokamak t o r o i d a l  f i e l d  

was f i r e d  t o  s tudy  t h e  e f f e c t  of  gas evo lu t ion  wi th  consequent beam 

l o s s e s  due t o  r e i o n i z a t i o n  o f  p a r t  o f  t h e  n e u t r a l  beam and d e f l e c t i o n  by 

t h e  magnetic f i e l d .  

The tokamak computers were used t o  r eco rd  t h e  photodiode and 

thermocouple d a t a  a s  wel l  a s  t o  f i r e  "shots" with and without  t h e  

t o r o i d a l  f i e l d .  Each sho t  gave one d a t a  s e t  on t h e  beam and t a r g e t .  

4 . 3  EXPERIMENTAL PROCEDURE 

The Beam Targe t  Experiment was conducted p r i m a r i l y  i n  t h e  tokamak 

s h o t  format.  A tokamak ope ra to r  t r i g g e r e d  t h e  beam p u l s e  onto t h e  

t a r g e t  i n  a d d i t i o n  t o  t h e  d a t a  a c q u i s i t i o n  computers, t h e  t o r o i d a l  

f i e l d ,  and t h e  gas pu f f  when they  were used. A beam ope ra to r  s e t  t h e  

i n j e c t i o n  parameters  t o  t h e  app ropr i a t e  va lues  dur ing  beam-conditioning 

p u l s e s  between sho t s .  

Photodiode, thermocouple, t o r o i d a l  f i e l d ,  and gas puff  d a t a  r e -  

cord ing  was automatic  dur ing  each shot .  Beam parameters  were recorded 

pho tog raph ica l ly  from o s c i l l o s c o p e  t r a c e s  o f  each sho t .  Power monitor 

ou tpu t s  were recorded manually i n  a  logbook of  t h e  experiment,  t oge the r  

wi th  o t h e r  n o t e s  r e l e v a n t  t o  t h e  experiments.  The IR camera d a t a  were 

taken  independent ly.  
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The s h o t  r e p e t i t i o n  r a t e  was l i m i t e d  t o  5-10 min by t h e  slow time 

response o f  t h e  t a r g e t  (cool ing  down t ime > lo0  s ) .  Power monitor d r i f t  

was checked p e r i o d i c a l l y  t o  maximize accuracy.  The abso lu t e  c a l i b r a t i o n  

o f  t h e  power monitors  and t h e  beam c u r r e n t  and vo l t age  monitors was 

checked du r ing  t h e  experiments s o  t h a t  t h e  depos i t ed  power measurements 

were shown t o  be c o n s i s t e n t  wi th  each o t h e r  and t o  be r e l i a b l e .  

On some s h o t s ,  water flow t o  t h e  t a r g e t  was s h u t  o f f  f o r  c a l i -  

b r a t i o n  checks o f  t h e  IR camera, and some e x t r a  beam pu l se s  (not tokamak 

sho t s )  t o  t h e  t a r g e t  were done s p e c i f i c a l l y  f o r  t h e  IR camera s t u d i e s .  

S ince  t h e  t a r g e t  experiment could only  be done once, t h e  s t u d i e s  

were performed wi th  immediate crude d a t a  a n a l y s i s ,  and t h e s e  r e s u l t s  

determined t h e  e x t e n t  and d i r e c t i o n  of t h e  remaining experiments.  

4.4 EXPERIMENTAL RESULTS AND DISCUSSION 

4.4.1 Ca lo r ime t r i c  Power Measurements 

The primary goa l  o f  t h e  Beam Targe t  Experiment was t o  determine t h e  

amount of  n e u t r a l  power t h a t  a c t u a l l y  reaches  t h e  ISX plasma. P r i o r  t o  

t h e  d i r e c t  measurement of  power wi th  a  t a r g e t  i n  t h e  tokamak, i n j e c t e d  

power was es t imated  by e x t r a p o l a t i o n  from t h e  power measured on t h e  

beamline ca lo r ime te r  ( f o r  a  beam-conditioning p u l s e  t h a t  had parameters  

s i m i l a r  t o  t hose  f o r  i n j e c t i o n ) .  This  e x t r a p o l a t i o n  was used because it 

i s  t h e  most r e l i a b l e  of  a  number of d i f f e r e n t  ways t o  e s t ima te  t h e  

i n j e c t e d  power. The primary check on t h i s  e s t ima te  c o n s i s t s  of  measuring 

e x t r a c t e d  power (beam c u r r e n t  x beam vo l t age ,  'b "accel ) and mul t ip ly ing  
by a  t r ansmis s ion  e f f i c i e n c y  measured on t h e  Plasma Technology t e s t  

s t and .  The t ransmiss ion  l o s s e s  a r e  checked by t h e  incomplete ca lo-  

r ime t ry  on t h e  ISX beamlines.  

Thus, t h e  Beam Targe t  Experiment i s  f i r s t  a  comparison between t h e  

power measured by t h e  beamline d r i f t  duc t  ca lo r ime te r  ( a l s o  c a l l e d  

simply t h e  beam ca lor imeter )  and t h e  power measured on t h e  t a r g e t .  

There a r e  two p r i n c i p a l  e f f e c t s  involved i n  t h e  t r a n s p o r t  of t h e  beam 

from t h e  c a l o r i m e t e r  t o  t h e  plasma: beamline geometry and beam o p t i c s ,  

an3 i l l t e r a c t i o n  of  t h e  beam with t h e  tokamakls magnetic f i e l d  through 

t h e  r e i o n i z a t i o n  o f  beam n e u t r a l s .  



Experimental r e s u l t s  f o r  t h e  r a t i o s  of  t a r g e t  power t o  beam ca lo -  

r i m e t e r  power ve r sus  beam perveance (1 /v3l2)  a r e  shown i n  Fig.  11. Beam 

perveance i s  t h e  c o n t r o l l i n g  parameter  f o r  i on  o p t i c s  and i s  thus  t h e  

n a t u r a l  parameter  f o r  beam o p t i c s  and t r a n s m i s s i o ~ l .  Beam ca lo r ime te r  

power was recorded  from t h e  last  o f  a  s e r i e s  of  cond i t i on ing  s h o t s ,  

a f t e r  which t h e  beam was f i r e d  a t  t h e  t a r g e t  and t h e  power measured. 

The perveance used f o r  bo th  i s  t h a t  of  t h e  target beam p u l s e  ( t h e  

perveances a r e  s l i g h t l y  d i f f e r e n t  when t h e  tokamak t o r o i d a l  f i e l d  i s  

f i r e d )  . 
Most ev iden t  i n  t h e  d a t a  i s  t h e  l a r g c  s c a t t e r .  Also, a l though t h e  

d e f i n i n g  a p e r t u r e  has  been s e t  so t h a t  a l l  o f  t h e  beam on t h e  c a l o r i -  

meter  should r each  t h e  plasma, a l l  o f  t h e  power i s  appa ren t ly  no t  

c o l l e c t e d  on t h e  t a r g e t .  Furthermore t h e  d iscrepancy  between t h e  beam 

c a l o r i m e t e r  and t h e  t a r g e t  power inc reases  as t h e  perveance d iverges  

from i t s  optimum (nominal ly 6 x A l l  o f  t h e s e  conclus ions  appear 

v a l i d  i n  t h e  con tex t  o f  e r r o r  a n a l y s i s ,  which i s  d i scussed  i n  d e t a i l  i n  

S e c t .  4 .4.6.  S t u d i e s  of t h e  beam p r o f i l e  (Sec t .  4.4.2) i n d i c a t e  t h a t  

t h e  beam was s l i g h t l y  o f f  c e n t e r  be fo re  t h e  s e t  of s t e e r i n g  experiments,  

b u t  t h e  d a t a  i n  F ig .  11 show t h i s  t o  be  a minor e f f e c t .  I t  should a l s o  

b e  noted  t h a t  almost a l l  o f  t h e  d a t a  were taken a t  40 kV, with vary ing  

beam c u r r e n t .  The few s h o t s  a t  perveance over  6.5 x 1 0  r ep re sen r  

s h o t s  w i th  lower a c c e l  vo l t age ;  t h e r e  i s  inadequate  information t o  

ana lyze  t h e s e  d a t a .  

F igu re  1 2  shows t h a t  t h e  beam ca lo r ime te r  power a lone  v a r i e s  with 

perveance,  much a s  i s  shown f o r  t h e  t e s t  s t and  perforniance ( F i g .  4) but  

a t  g r e a t l y  reduced power. 'I'his i n e f f i c i e n c y  w i l l  be d iscussed  i n  

S e c t .  4 .4.5.  The optimum perveance s t i l l  seems t o  be about 6  x 

A / v ~ / ~ .  T h r s r  d n t n  nrc rn~lch lcr,r, nni.r,y than  those  of F i g .  I I  s ince  

PT/Pcal has  t h e  combined n o i s e  of  P and P T which a r e  i n d i v i d u a l l y  c a l  ' 
n o i s y  . 

The dashed l i n e  i s  an  approximate b e s t  f i t  through t h e  d a t a ,  and 

t h e  s o l i d  l i n e  r e p r e s e n t s  a  b e s t  l i n e a r  f i t  t h a t  passes  through t h e  

o r i g i n ,  i n d i c a t i n g  how c l o s e l y  t h e  ca lo r ime te r  power s c a l e s  wi th  ex- 

t r a c t e d  power, i n  t h i s  c a s e  wi th  c u r r e n t ,  s i n c e  V % cons t an t .  
a c c e l  
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Fig. 11. The fraction of the calorimeter power that reaches 
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Thus, w i th in  t h i s  range o f  perveance, t h e  e f f e c t  of beam o p t i c s  on t h e  

beam ca lo r ime te r  power i s  minor, perhaps because t h e  o p t i c s  changes 

p r i m a r i l y  a f f e c t  t h e  beam edges and t h e s e  have been scraped o f f  by t h e  

d e f i n i n g  ape r tu re .  The d a t a  a l s o  show no e f f e c t  of  t h e  t o r o i d a l  f i e l d  

on t h e  ca lo r ime te r  power, o r  a t  l e a s t  t h a t  it i s  l i m i t e d  t o  about +5%. 

I t  i s  observed t h a t  f i r i n g  t h e  t o r o i d a l  f i e l d  causes a  drop i n  t h e  

l o c a l  l i n e  vo l t age .  This ,  i n  t u r n ,  causes  a  drop i n  both t h e  a c c e l  

v o l t a g e  and a r c  vol tage .  The drop  i n  a r c  vo l t age  causes a  drop i n  a r c  

c u r r e n t , ,  which r e s u l t s  i n  a  drop  i n  beam' c u r r e n t  f o r  s e t t i n g s  t h a t  would 

g ive  a  h ighe r  c u r r e n t  o therwise  ( i . e . ,  f o r  ca lor imeter -condi t ion ing  

s h o t s ) .  Independent d a t a  show t h i s  e f f e c t  t o  be about a  5% reduc t ion  i n  

beam c u r r e n t  and a  few percent  r educ t ion  i n  a c c e l  vo l tage .  The e f f e c t  

i s  a p p l i c a b l e  t o  t h e  d a t a  i n  Fig.  11 s i n c e  Pcal i s  measured dur ing  

cond i t i on ing  without  t o r o i d a l  f i e l d  and I / v ~ / ~  is measured wi th  a  

t o r o i d a l  f i e l d  when it i s  f i r e d .  S ince  perveance i s  t h e  r a t i o  of  beam 

c u r r e n t  and vo l t age ,  t h e  r educ t ion  i n  both q u a n t i t i e s  tends  t o  g ive  t h e  

same perveance, so  t h a t  t h e  change i s  hidden i n  t h e  n o i s e ,  a s  would be 

e x p e c t e d .  The l i ne - load ing  e f f e c t  i s  thus  masked 'by t h e  perveance 

parameter ,  bu t  t h i s  e f f e c t  w i l l  b e  seen l a t e r  by comparing beam power 

wi th  and without  t h e  tokamak t o r o i d a l  f i e l d .  

The power.on t h e  t a r g e t ,  shown i n  Fig.  13, behaves s i m i l a r l y  t o  t h e  

beam ca lo r ime te r  power, except  t h a t  t h e  power i s  f u r t h e r  reduced. There 

i s  power l o s t  between t h e  beam ca lo r ime te r  and t h e  t a r g e t  without  a  ' 

t o r o i d a l  f i e l d ,  and even more i s  l o s t  with a  t o r o i d a l  f i e l d .  The t a r g e t  

power i s  s t i l l  p ropor t iona l  t o  t h e  e x t r a c t e d  power a t  h igher  perveances,  

whi le  o p t i c s  e f f e c t s  become dominant f a r  from optimum perveance. The 

two x ' s  demonstrate  t h a t  a t  h ighe r  gas p re s su res  ( i . e . ,  l a r g e  tokamak 

gas p u f f ) ,  power t o  t h e  t a r g e t  i s  s i g n i f i c a n t l y  reduced by r e i o n i z a t i o n  

l o s s e s .  

With some h e s i t a t i o n  cons ider ing  t h e  e r r o r s  involved,  t h e  t a b l e  

below can be made up from t h e  d a t a  i nd ica t ed  by t h e  dashed curves .  
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Perveance (x l o 6 )  6.0 5.0 4.0 

P ~ l P c a l  with no TF (%) 91 89 7 9 

PT/Pcal wi th  TF (%) 8 1 7 7 6  3 

Aside from sys temat ic  e r r o r s ,  t h e s e  percentages could e a s i l y  be +5% o f f  

due t o  no i se .  There a r e  two known sys temat ic  e r r o r s  t h a t  cause t h e s e  

e s t ima te s  of  t h e  power reaching  t h e  plasma t o  be low. The f i r s t  i s  t h a t  

t h e  t a r g e t  does no t  i n t e r c e p t  a l l  o f  t h e  beam e n t e r i n g  through t h e  

tokamak p o r t  because t h e  p l a t e s  a r e  no t  l a r g e  enough. The second i s  

t h a t  dur ing  a  plasma sho t  t h e  edge p re s su re  i s  very  low; t h i s  would 

reduce t h e  background p re s su re  i n  t h e  d r i f t  duc t  and hence t h e  r e i o n i -  

z a t i o n  l o s s e s  from t h e  beam. Both of  t h e s e  e f f e c t s  w i l l  be d iscussed  

and es t imated  i n  Sec t s .  4 .4.3 and 4.4.4,  r e s p e c t i v e l y .  

4.4.2 Beam I n t e n s i t y  P r o f i l e  Measurements 

Three techniques  were a v a i l a b l e  t o  measure beam i n t e n s i t y  p r o f i l e s  

a t  t h e  t a r g e t .  The thermocouples i n  t h e  t a r g e t  measured t h e  depos i ted  

energy t r a n s f e r r e d  through t h e  p l a t e s  on a  long t ime s c a l e ,  g iv ing  p o i n t  

measurements of  t h e  t ime- in tegra ted  beam p r o f i l e .  The IR camera, by 

cont inuous ly  scanning ac ros s  t h e  t a r g e t  su r f ace ,  gave t ime- in tegra ted  

p r o f i l e  information both dur ing  and a f t e r  t h e  beam pulse .  In  a d d i t i o n  a  

photodiode a r r a y  gave l i n e - i n t e g r a l  p r o f i l e s  of  t h e  r a d i a t i o n  from t h e  

beam pass ing  through t h e  background gas i n  f r o n t  o f  t h e  t a r g e t .  

Of t h e  t h r e e  techniques ,  t h e  thermocouple a r r a y  g ives  r e s u l t s  t h a t  

a r e  t h e  most a c c u r a t e  and t h e  most e a s i l y  i n t e r p r e t e d .  In  Fig. 14a t h e  

thermocouple d a t a  a r e  compared t o  t h e  IR camera d a t a .  The two measure- 

ments ag ree  ve ry  wel l .  Unfor tuna te ly  t h e  IR camera was n o t  s e t  up t o  

t a k e  q u a n t i t a t i v e  d a t a ;  most o f  i t s , i n f o r m a t i o n  i s  i n  t h e  form of photo- 

graphs of  t h e  camera output  of  t h e  e n t i r e  t a r g e t  s u r f a c e  a t  one i n s t a n t .  

Some l i n e  scans  were taken,  g iv ing  t h e  d a t a  i n  Fig.  14a. Thus, t h e  IR 

camera i s  used p r i m a r i l y  t o  check t h e  thermocouple r e s u l t s .  Figure 14b 

(upper graph) shows a  comparison between t h e  thermocouple r e s u l t s  and 
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t h e  photodiode d a t a ,  where t h e  l a t t e r  p r o f i l e  i s  normalized t o  t h e  peak 

temperature change o f  t h e  thermocouples. The agreement here  is  not  very 

good f o r  two reasons.  F i r s t ,  t h e  photodiodes sense t h e  product of t h e  

beam i n t e n s i t y  and t h e  background gas dens i ty .  During a  beam pulse ,  

outgass ing from t h e  t a r g e t  makes a  s i g n i f i c a n t  con t r ibu t ion  t o  t h e  

s i g n a l  (superimposed on t h e  tokamak gas puff)  and increases  with time; 

t h e  e f f e c t  i s  i n t e n s i f i e d  i n  t h e  cen te r  of t h e  t a r g e t ,  which i s  h o t t e r .  

Furthermore t h e  beam p r o f i l e  i s  no t  Gaussian, and c a r e  must be taken i n  

comparing po in t  p r o f i l e s  with l i n e - i n t e g r a l  p r o f i l e s .  However, t h e  two 

p r o f i l e s  do seem t o  be c o n s i s t e n t .  The photodiode da ta  w i l l  be used 

p r i m a r i l y  f o r  examining time-resolved p r o f i l e s  from shot  t o  shot  a s  a  

r e l a t i v e  measure of  d i f f e t e n t  e f f e c t s .  The photodfode array looks i n  

f r o n t  of  t h e  t a r g e t  from 'above and s l i g h t l y  behind it, s o  t h a t  t h e  

s u r f a c e  i t s e l f  does n o t  con t r ibu te  t o  t h e  emission. 

F igure  15 compares t h e  t h e o r e t i c a l l y  predic ted  p r o f i l e s 3  t o  those 

measured by t h e  thermocouples. Although t h e  f i t  i s  not  bad, two aspects  

s t and  ou t .  F i r s t ,  t h e  a c t u a l  p r o f i l e s  a r e  narrower than those  predic ted .  

I t  would be  expected t h a t  var ious  d e f e c t s  i n  the  source o p t i c s  would 

c o n t r i b u t e  t o  a  defocusing of  the  beam and thus  a  l a r g e r  half-width. 

Second, t h e r e  i s  a  marked asymmetry i n  t h e  beam p r o f i l e ,  e spec ia l ly  i n  

t h e  v e r t i c a l  d i r e c t i o n .  This  same v e r t i c a l  asymmetry a l s o  shows up 

c l e a r l y  i n  t h e  IK camera photographs of t h e  t a r g e t .  I t  i s  l i k e l y  rhae 

t h e s e  two e f f e c t s  have a  bearing on t h e  o v e r a l l  poor performance of t h e  

beamline; t h i s  i s  discussed f u r t h e r  i n  Sect .  4.4.5.  

F igure  16 shows t h e  r e s u l t s  of a  source-s teer ing  scan. The source 

was r o t a t e d  about a  v e r t i c a l  a x i s  by a  gimbal c o n t r o l l e r ,  so t h a t  t h e  

c e n t e r  of  t h e  beam moved ac ross  t h e  t a r g e t  t o  t h e  r i g h t .  The two pro- 

f i l e s  compare t h e  d a t a  f o r  a  centered beam with t h a t  d isplaced about 

6 cm t o  t h e  r i g h t  hor i zon ta l ly .  Note the  arrows on t h e  graphs t h a t  

i n d i c a t e  t h e  l o c a t i o n  of  t h e  t a r g e t  edges. 

The behavior o f  t h e  p r o f i l e s  i s  s t rong ly  a f f e c t e d  by t h e  beam- 

d e f i n i n g  p l a t e s ,  which c u t  o f f  t h e  beam edges with an 18-cm-square 

a p e r t u r e  a s  t h e  beam converges from t h e  source. The normal edges of t h e  

beam a r e  shown by t h e  h o r i z o n t a l l y  misaligned p r o f i l e ,  i nd ica t ing  t h a t  

t h e r e  i s  a  c e n t r a l  por t ion  o f  t h e  beam with an exponent ia l ly  decaying 
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edge. A s i g n i f i c a n t  p a r t  o f  t h e  beam i s  o u t s i d e  t h e  tokamak p o r t  r a d i u s  

o f  14 cm, bu t  i t  i s  unce r t a in  how much o f  t h i s  t a i l  is  c u t  o f f  by t h e  

de f in ing  p l a t e s .  The v e r t i c a l  p r o f i l e s  i n d i c a t e  t h a t  t h e r e  i s  s t i l l  a  

s i g n i f i c a n t  p a r t  o f  t h e  beam t h a t  h i t s  t h e  d r i f t  duc t  wa l l s ,  s i n c e  t h e  

beam edges have f i l l e d  it o u t  t o  an 18-cm r a d i u s .  

The o f f - c e n t e r  beam a l s o  seems t o  have a  s l i g h t l y  lower peak 

i n t e n s i t y ,  b u t  a  f i t  t o  t h e  d a t a  o f  t h e  d o t t e d  l i n e ,  g iv ing  t h e  same 

peak i n t e n s i t y ,  i s  more probable.  F i n a l l y ,  t h e  v e r t i c a l  p r o f i l e s  i n d i -  

c a t e  t h a t  t h e  beam i s  asymmetric about t h e  ho r i zon ta l  p lane ,  r a t h e r  than 

r o t a t i o n a l l y  asymmetric. The two p r o f i l e s  a r e  p a r a l l e l  v e r t i c a l l y  but  

o f f s e t  h o r i z o n t a l l y ,  and t h e  s i m i l a r i t y  between t h e  two impl ies  t h a t  

something i s  probably wrong with t h e  bottom h a l f  of  t h e  source.  The I R  

camera d a t a  a l s o  show t h i s  kind o f  asymmetry. 

F igure  17 shows t h e  e f f e c t  o f  t h e  beam perveance on t h e  beam pro-  

f i l e .  Shot 13964 has a  perveance o f  6 .1 x A / v ~ / / ,  whi le  s h o t  13968 

has  a  perveance o f  3.2 x A / v ~ / * ;  t h e  l a t t e r  should r e p r e s e n t  o p t i c s  

f a r  from t h e  optimum. The p r o f i l e s  i n d i c a t e  two d i f f e r e n t  r e s u l t s :  t h e  

v e r t i c a l  p r o f i l e s  a r e  very  s i m i l a r  i n  t h e i r  c e n t r a l  p o r t i o n s ,  and t h e  

h o r i z o n t a l  p r o f i l e s  i n d i c a t e  t h a t  t h e  p r o f i l e  has  skewed t o  t h e  r i g h t .  

These r e s u l t s  hold over a  range of  perveances,  aga in  implying important  

n o n c i r c u l a r  asymmetries i n  t h e  source .  

 ina all^, Fig. 18 shows t h e  p r o f i l e s  r e s u l t i n g  from s h o t s  with 

i d e n t i c a l  cond i t i ons  except f o r  t h e  presence o r  absence of t h e  tokamak 

toroida.1, f i e1 .d .  The shape i s  unchanged al though t h e  beam i n t e n s i t y  is  

reduced. These d a t a  a r e  taken without  a  tokamak gas p u f f .  A s i m i l a r  

r e s u l t  ho lds  f o r  a  l a r g e  gas p u f f ,  a s  shown i n  Fig. 14b, a l though t h e  

power t o  t h e  t a r g e t  i s  reduced by almost h a l f .  From t h i s  it i s  con- 

cluded t h a t  t h e  beam n e u t r a l s  l o s t  through r e i o n i z a t i o n  a r e  l o s t  i n  

d i r e c t  p ropor t ion  t o  t h e  beam i n t e n s i t y  and a r e  swept e n t i r e l y  away from 

t h e  t a r g e t .  Most of  l o s s  i s  i n  the  d r i f t  duc t ;  t h e  i ons  a r e  swept 

i n t o  t h e  d r i f t  duc t  wa l l s .  

An a d d i t i o n a l  p i ece  o f  information about t h e  source  o p t i c s  a r i s e s  

from t h e  f a c t  t h a t  t h e  beam p r o f i l e s  remain unchanged i n  shape when t h e  

pulse l eng th  i s  changed from 100 m s  t o  200 m s ,  implying t h a t  g r i d  shape 

changes due t o  hea t ing  a r e  unimportant a t  t h e s e  power l e v e l s .  
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4.4.3 O ~ t i c s  Losses 

Two ques t ions  a r e  t o  be  addressed i n  t h i s  s e c t i o n .  F i r s t ,  what 

f r a c t i o n  o f  t h e  beam power i s  l o s t  due t o  d i r e c t  c o l l i s i o n  with t h e  

d r i f t  duc t  wal l s?  Second, t h e  West beamline, used f o r  t h i s  experiment,  

was o p e r a t i n g  w i t h  o p t i c s  measurably d i f f e r e n t  from a  nominal beamline. 

What would t h e  o p t i c s  l o s s e s  be  f o r  nominal o p t i c s ?  

The f i r s t  q u e s t i o n  i s  complicated by t h e  l i m i t e d  s i z e  of  t h e  

t a r g e t .  F igures  12  and 13 i n d i c a t e  t h a t  between about 10% and 20% of  

t h e  c a l o r i m e t e r  power i s  n o t  c o l l e c t e d  by t h e  t a r g e t ;  t h e  discrepailcy 

i n c r e a s e s  a s  t h e  beam d e p a r t s  f u r t h e r  from i t s  optimum perveance. Away 

from optimum perveance t h e  p r o f i l e s  a r e  f l a t t e r ,  and thus  t h e  amount 

miss ing  t h e  t a r g e t  should be a  h igher  f r a c t i o n  of  t h e  t o t a l  power, a s  

would be  t r u e  of  t h e  f r a c t i o n  o f  n e u t r a l s  h i t t i n g  t h e  wa l l s .  This  

accounts  f o r  t h e  inc reased  l o s s  wi th  perveance. 

Even though t h e  width o f  t h e  t a r g e t  p l a t e s  t oge the r  i s  t h e  same a s  

t h e  d iameter  o f  t h e  tokamak e n t r y  p o r t ,  it i s  ev ident  from both t h e  

v e r t i c a l  and h o r i z o n t a l  beam p r o f i l e s  t h a t  some power misses  t h e  t a r g e t .  

Th i s ,  t o g e t h e r  w i th  t h e  power l o s t  through a  small  c rack  between t h e  

padd le s ,  i s  es t imated  t o  be approximately 5% a t  optimum perveance. This  

e s t i m a t e  i s  de r ived  from c a l c u l a t i o n s  of  Gaussian p r o f i l e s  approximating 

t h e  t r u e  p r o f i l e s .  Thus, g iven  experimental  accu rac i e s ,  t h e  beam power 

lost  t o  t h e  d r i f t  duct  w a l l s  should be from a  few percent  up t o  perhaps 

5% o f  t h e  beam power a t  optimum perveance. Both o f  t h e s e  l o s s e s  should 

i n c r e a s e  t o  about  l o % ,  f a r  from optimum perveance; t h i s  accounts  f o r  t h e  

power l o s s e s  implied by Figs .  1 2  and 13. 

The second ques t ion ,  t h a t  of  l o s s e s  wi th  nominal beam 

o p t i c s ,  i s  b e s t  answered by r e l y i n g  on t e s t  s t and  d a t a .  There geometry 

l o s s e s  a r e  i n s i g n i f i c a n t ;  t h e  d e f i n i n g - p l a t e  a p e r t u r e  s i z e  llas been 

determined t o  make t h i s  so .  Thus t h e  explana t ion  of  t h e  p a r t i c u l a r  beam 

o p t i c s  behavior  seen i n  t h e  Beam Targe t  Experiment i s  t h a t  t h e  c e n t r a l  

p o r t i o n  o f  t h e  g r i d s  has  o p t i c s  c l o s e r  t o  nominal than  t h e  ou t s ide ,  so 

t h a t  more o f  t h e  c e n t r a l  beamlet p o r t i o n  of  t h e  beam g e t s  t o  t h e  t a r g e t ,  

wh i l e  t h e  o u t e r  p a r t  d i v e r g e s  more. Th i s  r e s u l t s  i n  a  narrower beam 

p r o f i l e  t han  normal, b u t  more geometric l o s s e s ,  a s  i s  seen i n  t h e  



experiment.  With a  nominal source ,  t h e  beam p r o f i l e  should be broader ,  

b u t  t h e  geometric o p t i c s  l o s s e s  should be  l e s s  due t o  lower divergence.  

4 .4 .4  Reioniza t ion  Losses 

The essence  o f  n e u t r a l  beam hea t ing  of tokamak plasmas i s  t h e  

a d d i t i o n  o f  high-energy p a r t i c l e s  t o  t h e  plasma. These p a r t i c l e s  must 

begin a s  n e u t r a l s  o u t s i d e  t h e  tokamak s o  t h a t  t hey  can pass  through t h e  

magnetic f i e l d s  t h a t  conf ine  t h e  plasma i t s e l f .  Once t h e s e  n e u t r a l s  

reach  t h e  plasma, t hey  a r e  c o l l i s i o n a l l y  ion ized  and t rapped i n  t h e  

t o r u s  plasma, g radua l ly  t r a n s f e r r i n g  t h e i r  energy t o  t h e  surrounding 

plasma and hea t ing  it. I f  t h e r e  i s  some background gas i n  t h e  pa th  of 

t h e  n e u t r a l  beam be fo re  it reaches  t h e  tokamak, some of  t h e  high-energy 

n e u t r a l s  w i l l  be  ion ized  and forced  ou t  of  t h e  beam by t h e  tokamak 

magnetic f i e l d s  be fo re  they  reach t h e  plasma. Th i s  l o s s  o f  n e u t r a l s ,  

and thus  n e u t r a l  power, i s  known a s  r e i o n i z a t i o n  l o s s  - r e ion iz ' a t i on  

because t h e  beam i s  f i r s t  generated by n e u t r a l i z i n g  an acce l e ra t ed  ion  

beam. 

Reioniza t ion  l o s s e s  w i l l  be  d iscussed  he re  i n  some d e t a i l .  Data 

from r e l e v a n t  experiments have l e d  t o  t h e  conclusion t h a t  r e i o n i z a t i o n  

l o s s e s  a r e  indeed p re sen t  i n  t h e  ISX beamlines bu t  t h a t ,  con t r a ry  t o  

expec ta t ions ,  t h e  background gas a r i s e s  from normal beamline gas f lows,  

r a t h e r  than  wall  outgassing.  

In  t h e  absence o f  gas flow from t h e  tokamak t o  t h e  beamline ( t h e  

plasma pumps gas a t  i t s  edge),  background gas i n  t h e  beamline can come 

from wa l l  ou tgass ing ,  inadequate  pumping of  t h e  normal beamline gas 

flow, t h e  bui ldup  o f  s t r a y  p a r t i c l e s  from t h e  beam i t s e l f ,  o r  any combi- 

n a t i o n  o f  t hese .  Each o f  t h e s e  gas sources  has  a  c h a r a c t e r i s t i c  s igna-  

t u r e  i n  terms of  i t s  e f f e c t  on t h e  beam and t h e  beamline. Typ ica l ly ,  

wa l l  ou tgass ing  occurs  because t h e   wall^ i s  heated by some beam n e u t r a l s .  

In  a d d i t i o n ,  t h e  r e ion ized  beam p a r t i c l e s  a r e  d e f l e c t e d  t o  t h e  d r i f t  

duc t  wa l l s ,  caus ing  more l o c a l  hea t ing ,  more outgass ing ,  and a  h igher  

background p re s su re  with more r e i o n i z a t i o n ,  i n  an  a c c e l e r a t i n g  process  

t h a t  can l ead  t o  c a t a s t r o p h i c  beam l o s s .  This  c a s e  would imply a  



monotonica l ly  i n c r e a s i n g  d r i f t  duc t  p re s su re  and a  monotonically de- 

c r e a s i n g  beam t r ansmis s ion  t o  t h e  plasma. 

Chronologica l ly ,  t h e  f i r s t  information about t h e  magnitude and 

mechanism o f  r e i o n i z a t i o n  came from a s h o r t  experiment performed on t h e  

West ISX beamline e a r l i e r  i n  1979 (unpublished) ,  without  a  t a r g e t .  In  

t h i s  experiment t h e  beam was f i r e d  i n t o  t h e  tokamak a f t e r  a  background 

gas  p r e s s u r e  had been puf fed  i n t o  t h e  t o r u s  wi th  t h e  gas i n j e c t i o n  

system normally used t o  f u e l  t h e  plasma. The d i a g n o s t i c s  used were t h e  

photodiode a r r a y  ( t h e  same a s  used i n  t h e  t a r g e t  experiment) and a  

photodiode t h a t  looked a t  t h e  beam a s  it emerged from t h e  gas c e l l  i n  

t h e  beamline. By comparing t h e s e  s i g n a l s  wi th  and withbut  a rokamak 

t o r o i d a l  f i e l d  p r e s e n t ,  r e i o n i z a t i o n  l o s s e s  could be es t imated .  There 

were two l e v e l s  o f  gas  p r e s s u r e s  used; t h e s e  were i d e n t i c a l  t o  t hose  

used i n  t h e  t a r g e t  cxpcrimcnt.  

The r e s u l t s  from t h i s  experiment i nd ica t ed  t h a t  r e i o n i z a t i o n  l o s s e s  

were n o t  impor tan t ,  t h a t  t h e  e f f e c t  was on t h e  o r d e r  of 20% o r  l e s s  even 

a t  t h e  h ighe r  o f  t h e  two p r e s s u r e s  examined. The a c c e l e r a t i n g  e f f e c t  of  

ou tgas s ing  from t h e  d r i f t  duc t  was shown t o  be n e g l i g i b l e  by no t ing  t h a t  

t h e  r a t i o  o f  t h e  photodiode a r r a y  c e n t r a l  channel t o  t h e  beamline 

photodiode showed no t ime dependence i n  t h e  presence  of a  t o r o i d a l  f i e l d  

( 1 .  1 .  I t  should be noted,  however, t h a t  f u r  a tukae~ak plastna s l~oL,  

t h e  r e i o n i z e d  n e u t r a l s  f i r s t  encounter s t r a y  po lo ida l  magnetic f i e l d s  

r a t h e r  t h a n  t h e  t o r o i d a l  f i e l d .  This  d i f f e r e n c e  i n  t h e  l o c a t i o n  of t h e  

depos i t ed  ions  i s  n o t  thought  t o  be  s i g n i f i c a n t  f o r  t h e  ISX beamlines.  

The presence  of  r e i o n i z a t i o n  l o s s e s  due t o  a  s t e a d y - s t a t e  back- 

ground gas  p re s su re ,  presumably caused by t h e  gas puff  i n  t h e  tokamak, 

was a s ses sed  by comparing t h e  a r r a y  d a t a  with and without  t h e  t o r o i d a l  

f i e l d .  I n t e r p r e t a t i o n  o f  t h e  r e s u l t s  i s  complicated by d i f f e r e n t  beam 

powers from sho t  t o  sho t ;  t h e s e  could be normalized t o  f i r s t  o rde r  by 

comparing t h e  beamline photodiode s i g n a l s .  The two tokamak p re s su res  

d i f f e r e d  by a  f a c t o r  o f  2 .  A t  t h e  h ighe r  p r e s s u r e  t o r r )  t h e  d a t a  

imply a  15-20% l o s s ;  a t  t h e  lower p re s su re  t h e  l o s s  i s  n o t  obvious, but 

could  be a s  much a s  5%. 
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The experiment was done i n  February 1979 and t h e  d a t a  were very  

r e p r o d u c i b l e  a t  t h e  t ime. The photodiodes and gas puf f  system were 

unchanged between then  and t h e  t a r g e t  experiment,  bu t  t h e  beamline 

performance d i d  change, and i n  a  major way; t h i s  problem i s  d iscussed  i11 

S e c t .  4 .4.5.  

Resu l t s  from t h e  t a r g e t  experiment g ive  r e i o n i z a t i o n  l o s s e s  t h a t  

a r e  s i g n i f i c a n t l y  d i f f e r e n t  from t h e  p re l imina ry  t e s t s  d i scussed  above. 

S i g n i f i c a n t  r e i o n i z a t i o n  l o s s e s  were seen i n  t h e  absence of  tokamak gas 

p u f f i n g ,  whi le  t h e  gas pu f f  t e s t s  a t  t h e  h ighe r  p re s su re  showed l o s s e s  

o f  about  40% ( see  Fig.  1 3 ) .  Analysis  o f  a l l  o f  t h e  t a r g e t  experiment 

d a t a  i m p l i e s , t h a t  t h e  r e i o n i z a t i o n  mechanism was t h e  same; t h e  source  

performance changed, l ead ing  t o  d i f f e r e n t  r e i o n i z a t i o n  l o s s e s .  

In  S e c t .  4 .4.1,  t h e  c a l o r i m e t r i c  d a t a  a s  a  whole implied a  v a r i a t i o n  

o f  PT/Pcal wi th  perveance and with t h e  presence o r  absence of  a Luruidal 

magnet ic  f i e l d .  A s  ou r  d i s c u s s i o n  he re  shows, a  change wi th  and without  

t o r o i d a l  f i e l d  imp l i e s  r e i o n i z a t i o n  l o s s e s .  These were seen t o  vary  

from 10-15% of t h e  beam power on t h e  ca lo r ime te r  as t h e  bean1 o p t i c s  

d iverged  from optimum perveance. With t h e  tokamak gas p re s su re  a t  i t s  

h ighe r  v a l u c  from t h e  gas p u f f ,  t h e  power t o  t h e  t a r g e t  (two d a t a  

p o i n t s )  was reduced by about SO%, o r  60% o f  t h e  ca lo r ime te r  power. 

These d a t a  do not inc lude  t h e  e f f e c t  o f  t h c  electrical loading  of 

t h e  beam power supply by t h e  t o r o i d a l  f i e l d  supply. That e f f e c t  was 

t aken  i n t o  account by p l o t t i n g  t h e  perveance of  t h e  beam dur ing  t h e  

t o r o i d a l  f i e l d  p u l s e  (when it was p r e s e n t ) .  Thus f o r  t h e  same nominal 

beam s e t t i n g s ,  a  beam p u l s e  wi th  a  t o r o i d a l  f i e l d  I s  reduced i r ~  bu~11 

power and perveance; t h e  e f f e c t s  o f f s e t  each o t h e r  on ly  f o r  cons t an t  

beam v o l t a g e ,  t h e  ca se  here .  

Tlle background gas s o u ~ c c ,  whatcvcr i t  i s ,  must then account f o r  

r e i o n i z a t i o n  of  about  10% o f  t h e  beam, i n  t h e  absence of a  tokamak gas 

pu f f .  

Unl ike  t h e  f i r s t  experiment,  t h e  raw photodiode d a t a  taken dur ing  

t h e  t a r g e t  experiment show a d i f f e r e n t  t ime dependence than  t h a t  of t h e  

beam p u l s e  i t s e l f .  Typica l  d a t a  a r e  shown i n  Fig. 20a-f.  These d a t a  

a r e  p l o t t e d  on t h e  same s c a l e  a s  t hose  shown i n  Fig.  20g f o r  t h e  previous 

experiment ,  f o r  t h e  same gas puf f  a s  used i n  Fig. 20b. There i s  an 
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no t a r g e t  dur ing  an e a r l i e r  experiment.  



e x p o n e n t i a l l y  i n c r e a s i n g  s i g n a l  from gas p r e s e n t  without  a  gas puff i n  

t h e  tokamak; t h e  two s i g n a l s  a r e  superimposed i n  t h e  presence of a  gas 

p u f f .  I t  should be  noted  t h a t  due t o  t h e  con f igu ra t ion  of  t h e  photo- 

d iode  a m p l i f i c a t i o n  e l e c t r o n i c s ,  t h e  i n c i d e n t  l i g h t  i n t e n s i t y  i s  pro-  

p o r t i o n a l  t o  t h e  s i g n a l  v o l t a g e  V ( p l o t t e d )  t o  t h e  1.4 power. 

One obvious d i f f e r e n c e  between t h e  two experiments i s  t h e  presence  

o f  t h e  t a r g e t .  Although t h e  t a r g e t  had no e f f e c t  on t h e  gas p re s su re  a s  

an  o b s t r u c t i o n ,  t h e r e  was no ques t ion  t h a t  i t s  s u r f a c e  outgassed s i g n i f i -  

c a n t l y  when it was be ing  hea ted  by t h e  n e u t r a l  beam. The photodiode 

a r r a y  was mounted d i r e c t l y  above t h e  t a r g e t  and was s l a n t e d  t o  t ake  a  

p r o f i l e  about  10 cm i n  f r o n t  o f  it. The a r r a y  was thus  very  s e n s i t i v e  

t o  t a r g e t  ou tgas s ing ,  u n l i k e  t h e  p r e s s u r e  i n  t h e  d r i f t  duc t .  In  f a c t ,  

it can be  shown t h a t  without  a  tokamak gas puff  almost a l l  o f  t h e  photo- 

d iode  s i g n a l  comes from t a r g e t  ou tgass ing .  

Without a  gas  p u f f ,  gas c o n t r i b u t i n g  t o  t h e  s i g n a l  must come e i t h e r  

from t a r g e t  ou tgass ing  o r  from t h e  beamline i t s e l f .  The t a r g e t  p l a t e s  

were o n l y  c leaned ,  n o t  baked, so  one would suspec t  a  l a r g e  outgass ing  

r a t e  from t h e  s u r f a c e  when i t s  temperature i s  r a i s e d  t o  hundreds of 

deg rees  C e l s i u s  by t h e  beam. The p l a t e s  a r e  made of  o rd ina ry  304 

s t a i n l e s s  s t e e l .  

The p rog res s ive  ou tgas s ing  of  t h e  t a r g e t  can be t r a c e d  throughout 

Ll~e e ~ p e r i a l e ~ ~ ~ .  F igure  20a slluws Cl~e r a p i d  lSist: i l l  s i g ~ ~ a l  uf Llle ~ e 1 1 L l a l  

channel  o f  t h e  a r r a y  f o r  a s h o t  e a r l y  i n  t h e  experiment. A t  t h e  end of 

t h e  second day o f  t h e  experiment,  t h e  beam was pulsed onto  t h e  t a r g e t  

wi thout  t h e  d e f l e c t i o n  magnet on, and it depos i ted  about 60% more power 

on t h e  t a r g e t  t han  t h e  previous  maximum; t h e  thermocouples i n s i d e  t h e  

p l a t e s  recorded a  s i m i l a r  60% inc rease  i n  peak temperature.  Subsequent 

s h o t s  [b ig .  2Ub) showed a  much sma l l e r  r i s e  i n  t h e  s i g n a l .  A t  s h o t  

13988, t h e  degass ing  process  was n e a r l y  completed by a  mistaken m u l t i p l e  

(4) p u l s e  o f  t h i s  t ype  s h o t ,  caus ing  an  i n t e r n 2  temperature r i s e  of  

a lmost  300°C compared t o  a  more t y p i c a l  50-60°C. The outgass ing  s i g n a l  

was almost  n e g l i g i b l e  f o r  a  s i m i l a r  200-ms s h o t  iF ig .  20e) a t  t h e  end of 

t h e  experiment.  The r e s i d u a l  ou tgass ing  a t  t h e  end of  t h e  experiment i s  

shown i n  F ig .  20 f ,  a t  a  t y p i c a l  beam power. When t h e  e f f e c t  of  ou tgass ing  



from t h e  t a r g e t  i s  sub t r ac t ed ,  t h e s e  r e s u l t s  a r e  t hen  s i m i l a r  i n  form t o  

those  of  t h e  e a r l i e r  experiment.  

That t h e  d r i f t  duc t  ou tgass ing  d i d  n o t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  

t h e  p re s su re  r i s e  o r  t o  beam r e i o n i z a t i o n  can a l s o  be demonstrated. 

A f t e r  t h e  t a r g e t  had been e s s e n t i a l l y  baked ou t  by beam s h o t s ,  a  200-ms 

s h o t  ( s i m i l a r  t o  Fig. 20e) without  t h e  ion  d e f l e c t i o n  magnet on was 

pulsed onto  t h e  t a r g e t .  Th i s  beam, with 30-40% ions ,  was f i r e d  wi th  and 

without  t h e  t o r o i d a l  f i e l d .  Assuming a  t y p i c a l  10% r e i o n i z a t i o n ,  t h e s e  

s h o t s  caused a  wal l  h e a t  loading  t h a t  was a t  l e a s t  a  f a c t o r  of  3 o r  4  

h ighe r  than  normal. A t  t h e s e  increased  ion  f l u x e s ,  no change was 

observed i n  t h e  photodiode s i g n a l .  A s i g n a l  i nc rease  would have i n d i -  

ca t ed  more p r e s s u r e  i n  f r o n t  o f  t h e  t a r g e t ;  a  decrease  would have 

ind ica t ed  g r e a t e r  r e i o n i z a t i o n  l o s s e s  due t o  an increased  p re s su re  i n  

t h e  d r i f t  duc t  (but  n o t  a t  t h e  t a r g e t ) .  Thus f o r  t h e  p a r t i c u l a r  con- 

d i t i o n s  on ISX, d r i f t  duc t  ou tgass ing  i s  unimportant.  

A l l  o f  t h e  evidence i n d i c a t e s  t h a t  t h e r e  a r e  minor r e i o n i z a t i o n  ' 

l o s s e s  t h a t  a r e  n o t  t ime dependent. This  r u l e s  ou t  beam h e a t i n g  e f f e c t s  

and impl ies  t h a t  t h e  background gas source  a r i s e s  from normal beamline 

gas flows t h a t  have reached equi l ibr ium be fo re  t h e  beam i t s e l f  t u r n s  on. 

The d i scuss ion  below i s  an a t tempt  t o  show t h a t  t h i s  i s  c o n s i s t e n t  with 

known beamline condi t ions .  

Complicating t h e  understanding o f  t h e  r e i o n i z a t i o n  gas source  i s  , 

t h e  f a c t  t h a t  t h e  p re s su res  i n  t h e  beamline a r e  h igh ly  nonuniform. Not 

on ly  a r e  t h e r e  p re s su re  g r a d i e n t s  o f  o r d e r s  o f  magnitude i n  t h e  beamline 

and t h e  tokamak, b u t  t h e r e  i s  a l s o  molecular s t reaming along t h e  d i r e c -  

t i o n  of  t h e  beam i n s i d e  t h e  beamline. 

There a r e  a  number o f  gas sources  and s i n k s  i n  t h e  beamline tokamak 

system. Neglect ing wall  pumping, t h e  gas s i n k s  a r e  t h e  tokamak vacuum 

pump (turbopump 500 l i t e r / s ) ,  a beamline cryocondensation pump 

( ~ 2 0 0 , 0 0 0  l i t e r / s ) ,  and t h e  plasma when it i s  p re sen t .  The tokamak and 

beamline have t h e i r  own volume t ime cons t an t s ,  and t h e r e  i s  a  conduc- 

t ance  between t h e  tokamak and beamline s e t  by t h e  d r i f t  duc t  geometry. 

Gas i s  suppl ied  t o  t h e  system from t h e  ion  source  and gas c e l l ,  t h e  

tokamak gas p u f f ,  and any wall  ou tgass ing  t h a t  may occur  dur ing  t h e  

' beam. 



The time scales involved for ISX plasma shots are on the order of 

100 ms, and the volume of ISX is about 500 liters, so that the 500- 

liter/s pumps have a negligible effect during a shot. In the beamline 

the ion source gases are turned on 100 to 200 ms before the beam pulse 

so that the pressure has reached equilibrium with the cryopumps by the 

time the beam is fired. This equilibrium is changed by the beam both in 

the source and in the beamline as a whole. 

Beyond this description, it becomes difficult to specify the gas 

distribution because of a lack of experimental data. Because of the 

high pressure gradients in the beamlines the physical location of any 

pressure sensor is very important. Measuremefits on the Medium Energy 

Test Facility beamline7 indicate that the pressure in the main beamlfne 

tank is 1-2 x torr (30-A, 40-kV beam), while the gas cell pressure 

is ~1 x torr. Presumably the background pressure that the beam 

passes through is somewhere between these pressures, because of the 

streaming of the gas along the beam and the reduced pumping due to 

shielding by the magnet that surrounds the beam to deflect the ions. 

The drift duct pressure will probably be between the beamline and 

tokamak pressures. For a typical injection shot the pressure will not 

be in equilibrium, since on the tokamak side it begins at low pressure 

( < I c ) - ~  torr) , increases with the tokamak prefill gas puff (SO rils: 1.refore 

a shot), then decreases to a low pressure again due to pumping by the 

plasma. Typical steady-state tokamak prefill pressures are 2-3 x 

torr, so one would expect'a drift duct pressure on the order of 1 x 

torr in the absence of wall outgassing. 

The fraction of the beam that is. reionized is given by 

where n = background gas density, a = collision cross section, and 

R = path length through the gas. For 40-keV H O ,  a " 1.4 x 1 ~ ' ~ ~  cm2/msl, 

and n = 3.3 x lo1 p (torr) , so 



I - -  - ex~(-4.6 Rp) , 
I0 

where R is in centimeters and p is in torr. Thus at a pressure of 

1 x torr and a path length of 2 m (the length of the dr.ift'duct in 

ISX), 10% of the beam is reionized. 

This is in good agreement with both the pressures that one would 

expect in the drift duct from the above discussion and the reionization 

losses that were measured in the beam target'experiment. However, it is 

important to note that these conditions are very near the transition 

from linearly increasing to exponentially increasing reionization; that 

is, any increase in pressure will cause a much larger reionization loss. 

This explains why the earlier experiment (with nominal beamline operation) 

showed small reionization losses compared to the Beam Target Experiment; 

part of the beamline inefficiency was reflected in higher beamline 

pressures and thus higher reionization losses. 

To summarize, the conclusions from the reionization data on the ISX 

beamlines are: 

1. Reionization losses due to drift duct outgassing are negligible 

(500 kW, 100 ms, ISX geometry). 

2 .  Reionization losses are present on the order of 0-10% due to 

background pressure in the drift duct. 

3. The normal background pressure causing reionization is such 

that the addi.tiona1 gas from other sources will have a 

disproportionally large effect on the reionization. 

One final piece of confirming evidence is that in a short sequence 

during the experiment, the reionization losses were found to increase 

with increasing gas cell pressure while all other beam conditions were 

fixed . 

4.4.5 Applicability of the Beam Target Experiment 

As with present-day tokamaks, the behavior of the beamlines on ISX 

is very dependent on small details of thc bcamline itself. The transfer 



o f  n e u t r a l s  t o  t h e  plasma i s  dependent on both  t h e  o p t i c s  o f  t h e  beam 

and t h e  presence  o f  a  background gas,  from whatever source .  

The f i r s t  ques t ion  t o  be  addressed i s  t h e  e x t r a p o l a t i o n  o f  t h e  

performance of  t h e  West beamline dur ing  t h e  Beam Targe t  Experiment t o  

a l l  o t h e r  i n j e c t i o n  on ISX. A t  t h e  t ime of  t h e  experiment,  t h e  West 

beamline sou rce  was d e l i v e r i n g  s i g n i f i c a n t l y  reduced power compared t o  

i t s  t e s t  s t and  o p e r a t i o n  a t  t h e  same parameters .  This  degrada t ion  was 

o n l y  n o t i c e d  a f t e r  it had occurred ,  and l i t t l e  information i s  a v a i l a b l e  

about  t h e  process  o r  t h e  cause.  Although peak 'performance was v r i g i r l a i l y  

900 kW, by J u l y  1979 i t  was 650-700 kW. 

T h i s  i n e f f i c i e n c y  was r e f l e c t e d  i n  a poor beam o p t i c s  (seen by t h e  

beam p r o f i l e  measuremenrs) and a h ighe r  heal111 i l ~ e  pressu1.e ( J t J u c t d  from 

two r e i o n i z a t i o n  experiments) .  These e f f e c t s ,  i n  t u r n ,  should cause 

h ighe r  geometry l o s s e s  and h ighe r  r e i o n i z a r i o ~ ~  3.usses tl~ari a 11u111indl 

beamline. S ince  both  o f  t h e s e  l o s s e s  a r e  small  ( ~ 1 0 %  o r  l e s s )  and t h e  

d i f f e r e n c e  i n  t h e  e f f e c t s  from a  nominal beamline i s  known a s  f a r  a s  t h e  

t r a n s f e r  o f ' n e u t r a l s  i s  concerned, ISX i n j e c t i o n  e s t ima te s  based on 

t h e s e  r e s u l t s  should be v a l i d  i n  gene ra l ,  wi th  minor c o r r e c t i o n s .  

The e x t r a p o l a t i o n  o f  t h e s e  r e s u l t s  t o  beamlines i n  genera l  i s  

probably  n o t  v a l i d .  Not on ly  a r e  p r e s s u r e  d i s t r i b u t i o n s  poor ly  known 

and understood,  b u t  t h i s  experiment has  been found t o  be very  s e n s i t i v e  

t o  changed gas f lows.  The i n t e r a c t i o n  between beamline geometry and 

beam o p t i c s  and t ransmiss ion  i s  a l s o  v e r y  dependent on t h e  d e t a i l s  of' 

t h e  beamline and source  ope ra t ion .  

4 . 5  CONCLUSIONS 

The Beam 'l'arget Experrment was a  d e f i n i t i v e  resr o f  in jec t iur l  puwer 

e s t i m a t e s  on ISX. I t  q u a n t i f i e d  t h e  l o s s  mechanisms involved and 

c l a r i f i e d  t h e  e r r o r s  i nhe ren t  i n  t h e  beam d i a g n o s t i c s .  

In  p r e d i c t i n g  i n j e c t e d  power from t h a t  measured by t h e  d r i f t  duc t  

c a l o r i m e t e r  du r ing  a cond i t i on ing  s h o t ,  t h r e e  inlpui. Lant e l f  e c t s  were 

measured. The f i r s t  was e l e c t r i c a l  loading on t h e  beamline power 

systems by t h e  tokamak t o r o i d a l  f i e l d .  This  caused a beam power drop of 

7-8% from t h a t  measured on a  ca lor imeter -condi t ion ing  sho t .  This  



e f f e c t  i s  r e a l  because t h e  i n j e c t i o n  beam parameters  a r e  f i x e d  by t h e  

maximum r e l i a b l e  conditioning parameters .  Secondly, a  small  amount of 

geometric beam blocking was found due t o  beam divergence i n  t h e  d r i f t  

duc t .  The blocking was 0-5% a t  optimum perveance ( 6  x A/V3l2) 

and 5-101 a t  t h e  worst p r a c t i c a l  ope ra t ing  perveance (4 x A / v ~ / ~ ) .  

The l a s t  and most important e f f e c t  i s  t h a t  o f  r e i o n i z a t i o n  beam l o s s e s ;  

some o f  t h e  beam n e u t r a l s  a r e  ion ized  and e j e c t e d  from t h e  beam pa th .  

Reioniza t ion  l o s s e s  were found t o  be 10-15% o f  t h e  ca lo r ime te r  power a t  

optimum perveance and 15-20% a t  t h e  worst p r a c t i c a l  perveance ( a s  

above).  The r e i o n i z a t i o n  was caused by t h e  background gas i n  t h e  d r i f t  

duc t  a r i s i n g  from normal gas flow wi th in  t h e  beamline (%1 x t o r r ) .  

These a r e  t h e  r e s u l t s  o f  t h e  t a r g e t  experiment; they  must be modi- 

f i e d  s l i g h t l y  t o  make general  p r e d i c t i o n s  of  i n j e c t e d  power i n t o  a  

t y p i c a l  ISX plasma. First ,  i n j e c t i o n  i s  almost always done nea r  optimum 

perveance a t  a l l  power l e v e l s .  Second, dur ing  a  plasma sho t  t h e  p re s su re  

a t  t h e  end o f  t h e  d r i f t  duc t  i s  very  low; t h i s  should reduce t h e  r e i o n i -  

za t ion  l o s s e s  s l i g h t l y .  

Thus i n j e c t e d  power should be about 85% of  t h a t  measured on t h e  

beamline ca lo r ime te r .  S l i g h t l y  l e s s  than  h a l f  o f  t h e  r educ t ion  i s  due 

t o  t h e  t o r o i d a l  f i e l d  loading;  s l i g h t l y  more i s  due t o  t h e  r e i o n i z a t i o n  

l o s s e s .  

These r e s u l t s  hold only  f o r  t h e  cond i t i ons  p re sen t  on ISX-B up t o  

500 kW i n j e c t e d  i n  100-ms pu l se s  and t h e  p a r t i c u l a r  geometry o f  t h e  ISX 

beamlines and sources ,  

The w r i t i n g  o f  t h i s  r e p o r t  has  made it ve ry  c l e a r  t h a t  t h e r e  a r e  

s e v e r a l  a r e a s  of  n e u t r a l  beam work t h a t  d e s p e r a t e l y  need experimental  

i npu t .  These a r e :  beamline p re s su re  measurements, long term (months/ 

years )  sou rce  behavior ,  and beamline d i a g n o s t i c s  i n  genera l .  
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Appendix A 

EXPERIMENTAL ERROR 

The Beam Targe t  Experiment was done a t  two d i f f e r e n t  l e v e l s .  The 

f i r s t  considered t o t a l  beam power and i ts  t ransmiss ion  t o  t h e  plasma 

from t h e  ion  source.  For t h i s  purpose t h e r e  a r e  very  few c r u c i a l  

parameters:  t h e  beam c u r r e n t  I and vo l t age  V,  and t h e  power measured by 

t h e  beamline ca lo r ime te r  and t h e  t a r g e t .  The second l e v e l  concerns t h e  

beam p r o f i l e  measurements by t h e  thermocouples, t h e  photodiodes, and t h e  

IR camera. The accuracy o f  a l l  o f  t h e s e  measurements w i l l  be d iscussed .  

Of t h e  b a s i c  parameters ,  conceptua l ly  t h e  s imp les t  is  t h e  beam 

v o l t a g e  V measured by a  vo l t age  d i v i d e r .  High-voltage d i v i d e r s  
a c c e l  

(100 kV) a r e  s u b j e c t  t o  c u r r e n t  leakages and pulse2  compensation 

s u b t l e t i e s ,  bu t  t h e s e  problems have been overcome t o  g ive  an accuracy o f  

a  few pe rcen t .  The beam c u r r e n t ,  t h a t  drawn by t h e  beam from t h e  high-  

vo l t age  power supply, was measured by an induct ion  c u r r e n t  sensor .  The 

sensor  was c a l i b r a t e d  wi th  a  c u r r e n t  shunt  dur ing  t h e  experiment.  The 

c a l i b r a t i o n  was confirmed dur ing  l a t e r  ope ra t ion  by comparison wi th  a  

d i f f e r e n t  t ype  o f  sensor  used a t  t h e  same time. The primary s t a t i s t i c a l  

e r r o r  i n  t h i s  measurement i s  about 5% due t o  a  60-cycle r i p p l e  super-  

imposed on t h e  s i g n a l .  Data on both  I  and V were read o f f  of  o s c i l l o -  

scope photographs, g iv ing  t h e  e x t r a c t e d  power an e r r o r  on t h e  o r d e r  of 

+ lo%,  inc lud ing  reading  and averaging (over  a  beam pu l se )  e r r o r s .  

Power measurements a c t u a l l y  c o n s i s t  o f  an  e l e c t r o n i c  c a l c u l a t i o n  o f  

t h e  energy depos i t ed  i n  water-cooled p l a t e s  h i t  by t h e  beam. The flow 

r a t e  of  water  t o  each p l a t e ,  t oge the r  with i t s  temperature r i s e ,  i s  

measured by a  flow meter and a  thermocouple block,  r e s p e c t i v e l y .  The 

product  i n t e g r a t e d  over  t ime-and  mul t ip l i ed  by t h e  app ropr i a t e  cons tan t  

g ives  a  r e s u l t  i n  k i l o j o u l e s  of  depos i ted  energy. This  number i s  ca lcu-  

l a t e d  b y . t h e  power monitor c i r c u i t  and t h e  r e s u l t  i s  d isp layed  d i g i t a l l y .  

This  technique  i s  descr ibed  i n  d e t a i l  e l s e ~ h e r e . ~  ' Since  t h e  beam pu l se  

l eng th  i s  u s u a l l y  100 m s  and t h e  pu l se  shape i s  square ,  t h e  d isp layed  

number i s  u s u a l l y  read  a s  a  power with t h e  a p p r o p r i a t e  decimal p o i n t .  



E r r o r s  t h a t  a r i s e  i n  t h i s  measurement come from t h e  e l e c t r o n i c s  

i t s e l f  a s  we l l  a s  t h e  inaccu rac i e s  o f  t h e  flow and AT measurements. The 

l a t t e r  a r e  a c c u r a t e  t o  a  few percent  d e l i v e r e d  from t h e  manufacturer ,  i n  

t h e  regime i n  which t h e  thermocouples a r e  used. The accuracy of  t h e  

f low meters  depends on t h e  flow passages being p rope r ly  designed t o  

reduce  tu rbu lence .  The ou tpu t  s i g n a l  o f  t h e  AT thermocouples was on t h e  

o r d e r  o f  mic rovo l t s  f o r  t h e  flow r a t e s  used i n  t h e  c a l o r i m e t e r ,  r e s u l t i n g  

i n  s i g n i f i c a n t  d r i f t  i n  t h e  a m p l i f i c a t i o n  e l e c t r o n i c s  over  a  t ime s c a l e  

o f  minutes .  The flow r a t e s  were much lower i n  t h e  t a r g e t  and A'l' was 

consequent ly  h ighe r ;  t h u s ,  f o r  t h e  t a r g e t  power, d r i f t  e r r o r  i s  unimpor- 

t a n t .  These d r i f t s  were checked p e r i o d i c a l l y  throughout t h e  experiment;  

e r r o r s  from t h i s  e f f e c t  were 5% o r  l e s s  f o r  t h e  beamline ca lo r ime te r  and 

unimportant  f o r  t h e  t a r g e t  power. 

A p o s s i b l e  sou rce  o f  e r r o r  i s  t h e  method of  i n t e g r a t i n g  t h e  power 

from each beam pu l se .  The t a r g e t  ca lo r ime te r  simply i n t e g r a t e d  t h e  

energy t r a n s f e r r e d  t o  t h e  water  over  an  i n t e r v a l  of  about 5 min. The 

beamline c a l o r i m e t e r ,  however, i n t e g r a t e d  t h e  energy depos i ted  f o r  each 

s h o t  above an  equ i l i b r ium background l e v e l  reached through a  cons t an t  

r e p e t i t i o n  r a t e .  I t  took 5-10 good s h o t s  t o  reach  t h i s  equi l ibr ium.  

Calor imeter  power would be s y s t e m a t i c a l l y  low i f  t h i s  equi l ibr ium had 

n o t  been achieved.  " l 'ypical ly ,  however, conditiorlirlg .l-equired so many 

s h o t s  t h a t  t h i s  was n o t  a  problem. A s  a  check t h e  beam was f i r e d  s i n g l y ,  

and t h e  i n t e g r a t e d  energy was compared with t h a t  reached r e p e t i t i v e l y .  

No s i g n i f i c a n t  d i f f e r e n c e  was found. 

The l a r g e s t  measurement e r r o r  came from misca l ib rae ion  o f  t h e  power 

monitor  e l e c t r o n i c s  f o r  t h e  beamline ca lo r ime te r .  I r i i t i a l l y  t h e r e  was 

a  l a r g e  d iscrepancy  between t h e  t a r g e t  and beamline ca lo r ime te r  power. 

Th i s  problem was f i n a l l y  so lved  by t h e  d iscovery ,  on t h e  f i n a l  day .o f  

t h e  experiment,  t h a t  t h e  ca lo r ime te r  power monitor had 11pt been p rope r ly  

c a l i b r a t e d ;  t r u e  power was 72% o f  t h e  d isp layed  power. Fu r the r  con- 

f u s i o n  was added when r e c a l i b r a t i o n  f a i l e d  t o  change t h e  measured power. 

A f t e r  ano the r  check l a t e r  i n  t h e  day, t h e  power dropped a s  it should 

have when t h e  r e c a l i b r a t i o n  was f i r s t  done. 

Almost a l l  o f  t h e  ca lo r ime te r  d a t a  have been co r rec t ed  f o r  t h i s  

e r r o r ,  assuming t h a t  one c a l i b r a t i o n  change was made ( t h e  l a s t )  and t h a t  



measured West beamline power was 134% of i t s  t r u e  value f o r  months 

before,  back t o  t h e  time it had previously been worked on. This d i s -  

covery r e s u l t e d  i n  decreasing previous es t imates  of  power in jec ted  i n t o  

ISX, although t h e  East  beamline power monitor was checked and found 

accura te .  A l l  d a t a  a r e  cons i s t en t  with t h i s  correc t ion .  Support f o r  

t h e  c a l i b r a t i o n  cor rec t ion  was found when subsequent checks on t h e  power 

monitor found the  c a l i b r a t i o n  t o  be s t a b l e  over a time s c a l e  of  months. 

A fundamental problem with t h e  power monitor c a l i b r a t i o n  is  t h a t  it 

used a vol tage  re fe rence  a s  a s tandard,  r a t h e r  than adding a known 

amount of  energy t o  t h e  water l i n e s .  This de fec t  w i l l  be correc ted  f o r  

t h e  upgraded beams. 

In summary, t h e  s t a t i s t i c a l  e r r o r  i n  t h e  ext rac ted  power IV i s  

about 210% i n  perveance +5% (V = constant)  and about 25% i n  ca lor imeter  

power. The one systematic e r r o r  of s ign i f i cance  known t o  be present  was 

t h e  p o s i t i v e  d r i f t  of  t h e  beamline ca lor imeter  power, but f o r  t h i s  

experiment s u f f i c i e n t  ca re  was taken t o  make t h i s  i n s i g n i f i c a n t .  

Of t h e  p r o f i l e  measurements, the  t a r g e t  thermocouple readings a r e  

t h e  most accurate.  The thermocouple monitoring system i s  a commercially 

a v a i l a b l e  computer system t h a t  includes mul t ip le  ampl i f i e r s ,  analog-to- 

d i g i t a l  conversion, and a constant  temperature junction box. In t h i s  

system t h e  l a r g e s t  e r r o r  i s  t h e  round-off e r r o r  t o  the  nea res t  degree 

Cels ius  by t h e  analog- to-dig i ta l  converter .  

Both t h e  photodiodes and t h e  I R  camera a r e  used pr imar i ly  i n  a 

q u a l i t a t i v e  o r  r e l a t i v e  manner. Typical photodiode s igna l s  a r e  measured 

r e l a t i v e  t o  a low-level constant  noise .  The s ignal - to-noise  r a t i o  i s  

t y p i c a l l y  a t  l e a s t  10:l  with gas puff ing ,  while some information on 

re ion iza t ion  without gas puffing can be seen down t o  a s ignal - to-noise  

r a t i o  of  1. The IR camera da ta  a r e  probably accura te  t o  5 o r  10% a s  a 

measure of r e l a t i v e  temperature and a r e  used pr imar i ly  a s  a check on the  

thermocouple da ta .  
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Appendix B 

NEUTRAL BEAM UPGRADE 

In t h e  middle o f  November 1979, ISX-B was shu t  down f o r  r e p a i r s  and 

upgrade o f  va r ious  systems. Primary among t h e s e  i s  an upgrade o f  t h e  

ISX beamlines from a t o t a l  des ign  power o f  1.8 MW t o  3.0 MW o f  n e u t r a l  

hydrogen. 

The upgrade has two t h r u s t s ,  one major and one minor. The major 

modi f ica t ion  i s  a  change from 22-cm ion  sources  a t  60 A and 40 kV t o  

30-cm ion  sources  a t  100 A and 40 kV. The immediate changes caused by 

t h e  l a r g e r  sources  a r e  a  l a r g e r  gas c e l l  and a  l a r g e r  bending magnet. 

The increased  power loading i n  t h e  beamlines has r e s u l t e d  i n  a  new 

des ign  f o r  t h e  ion  dump and a  s l i g h t  change i n  t h e  beam-defining p l a t e s .  

The more minor modi f ica t ion ,  a t  l e a s t  i n  concept,  i s  t h e  improvement 

of  t h e  t ransmiss ion  o f  t h e  beam a s  a  whole. This  i s  done f i r s t  by 

sho r t en ing  t h e  e n t i r e  beamline by about h a l f  a  meter and second by 

e l imina t ing  most o f  t h e  remaining l eng th  o f  t h e  d r i f t  duc t  by r ep lac ing  

it wi th  a  l a r g e  d r i f t  chamber i n  which an a d d i t i o n a l  cryopump can be 

placed.  The l a t t e r  modi f ica t ion  should make any r e i o n i z a t i o n  l o s s e s  

n e g l i g i b l e .  F i n a l l y ,  t h e r e  i s  a  new r e t r a c t a b l e  beam ca lo r ime te r  i n  t h e  

d r i f t  chamber. The upgraded beamline i s  shown i n  F ig .  21. 

Many o f  t h e  a u x i l i a r y  beamline systems have been upgraded a s  t h e  

beamline i t s e l f  was modified. New beam c u r r e n t  s enso r s  were i n s t a l l e d ,  

t h e  cool ing-water  monitor ing systems were redesigned and d rama t i ca l ly  

s i m p l i f i e d ,  and numerous changes i n  t h e  c o n t r o l s  and ins t rumenta t ion  

were made t o  f a c i l i t a t e  ope ra t ion .  Foremost among t h e  changes i s  t h e  

a d d i t i o n  o f  a  computer power monitor system. The system i s  descr ibed  i n  

d e t a i l  e l ~ e w h e r e . ~  I t  permi ts  shot-by-shot  monitoring o f  a l l  o f  t h e  

flows and temperature r i s e s  of t h e  coo l ing  water  a s  wel l  a s  r e c a l i -  

b r a t i o n  of  ga in  and zero ,  a l l  through a  remote t e rmina l .  Furthermore a  

c a l i b r a t i o n  system has  been b u i l t  t o  pu t  a  known h e a t  i npu t  i n  t h e  ca lo-  

r ime te r s .  

A s  o f  March 31, 1980, t h e  upgrade modi f ica t ions  were complete, 

a l though t h e  new 30-cm sources  were no t  a v a i l a b l e  due t o  de l ays  i n  t h e  
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development program. The upgraded beamlines are being operated with the 

old 22-cm sources until the more powerful sources are ready. 

As of June 15, 1980, both 30-cm sources were operational on the 

beamlines and injection experiments had been done with neutral power up 

to 1.7-1.8 MW. One source had been conditioned to 1.5 MW HO (2.0 MW DO) 

by the Plasma Technology Section, and the other (the first installed on 

ISX) was conditioned on the ISX beamline. The new power monitoring 

system was working well on both beamlines. 
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