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Energy Gain Pe r  Turn 

A knowledge of t h e  energy ga in  pe r  t u r n  is needed t o  e v a l u a t e  va r ious  da ta .  

We obta ined  the va lue  of the energy ga in  p e r  t u r n  a s  a func t ion  of r ad ius  by 

measuring the f l i g h t  time of a beam pu l se  from t h e  i on  source  t o  a  given r a d i u s .  

We found i t  poss ib l e  t o  pu l se  a  s t anda rd  Oak Ridge type ion  source  by apply ing  

a f a s t  vo l t age  pu l se  from f i l amen t  t o  ground. The ion  source was f i r s t  a d j u s t e d  s o  

t h a t  i t  ran s t a b l y  with a n  a r c  vo l t age  of 100 v o l t s  and an a r c  c u r r e n t  of 2 amperes. 

Then t h e  a r c  vo l t age  was turned  o f f ,  and a 300 v o l t  pu l se  w i t h  a  r i s e  time of 0.5 PS 

was appl ied .  Beam pu l se s  w i th  r i s e  t imes (from l@ t o  9@) of about  5 ps were 

obtained.  The a r c  c u r r e n t  p u l s e s  were found t o  have approximately the same r i s e  time. 

By i n c r e a s i n g  the f i l amen t  c u r r e n t  and reducing  the  gas pressure ,  beam pu l se s  w i th  

r i s e  times of l e s s  than 3 DS could be obtained,  Fig. 1 shows a typ i ca l  negat ive-ion 

pulse.  

We d e t e c t e d  the negat ive-ion pu l se  by measuring the  c u r r e n t  due t o  s t r i p p e d  

e l e c t r o n s  l e f t  on a 0.1" copper f o i l  ( see  Fig. 2 and 3). The ins tan taneous  c u r r e n t s  

were as s m a l l  as loe9 A a t  times. To o b t a i n  a usable  vo l t age  s i g n a l  we used a  l a rge  

input  impedance (approximately, 1 megohm). Th i s  l a r g e  i n p u t  impedance, combined wi th  

the  probe capac i tance ,  gave a very  slowly r i s i n g  s igna l .  This  cond i t i on  was improved 

by p l a c i n g  a coax ia l  cab l e  i n s i d e  t h e  probe. The s h i e l d  was dr iven  by a  uni t -ga in  

cathode fo l lower  such t h a t  t he  vo l t age  on t h e  s h i e l d  was maintained a t  e s s e n t i a l l y  

the  same vo l t age  as t h a t  of the  c e n t r a l  conductor.  Tn t h i s  way the e f f e c t i v e  

capac i tance  was reduced by a f a c t o r  of 50 t o  100. The r i s e  time of the  probe-preamp 

combination was about 1 microsecond. 

A s i g n a l  from t h e  a r c  pulse  was used t o  t r i g g e r  the delayed sweep on an o s c i l l o -  

scope, which w a s  used t o  measure the a r r i v a l  time of the  beam p u l s e s  a s  a fun0 t i o n  of 

rad ius .  Fig. 4 shows some measured f l i g h t  times. The a b s o l u t e  f l i g h t  time was no t  

determined by these  measurements because of t he  unknown amounts of de lay  i n  t h e  

va r ious  components. However, over most of t he  range of r a d i i  considered,  t h e  time 

d i f f e r e n c e s  could  be determined t o  + 0.25 microseconds. The beam energy w a s  d e t e r -  

mined from the  r a d i u s  and the  known magnetic f i e l d .  The es t imated  accuracy of t he  

energy ga in  p e r  t u r n  is  2 1%. 

(*)  This work w a s  supported i n  p a r t  by the  U.S. Off i c e  of Naval Research. 
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A few comments on d i f f i c u l t i e s  should be made. Occasionally, when the ion 

source was not  proper ly  posit ioned,  a pos i t ive  background cur ren t  was observed on the 

s t r ipper .  The s t r i p p e r  probe shown i n  Fig. 3, minimised t h i s  d i f f i c u l t y .  RI pickup 

on the bare s t r i p p e r  caused very  l i t t l e  t rouble  bemuse both the preamp and the plug- 

i n  ampl i f ier  used i n  the oscil loscope had band passes of ~ M C / S  o r  less.  The preamp 

was comple t e l y  ba t t e ry  powered to  el iminate RF pickup from power l ines.  Final ly ,  

because the o s c i l l a t o r  was being pulsed, care was taken to  pulse the a r c  on a t  the 

center  of the o s c i l l a t o r  pulse. 

The instantaneous beam during a pulse was a t  times a f a c t o r  of ten g rea te r  than 

the beam when the a r c  w a s  operated i n  the normal manner. 

Gas St r ipping Measurements 

We measured the  t o t a l  cross-section per  atom of a i r  f o r  the s t r ipp ing  of 

e l ec t rons  from negative hydrogen ions i n  the energy range 14-45 MeV. 

A s  is descr ibed i n  more d e t a i l  elsewhere, a  probe was developed which measures 

the cyclotron c i r c u l a t i n g  cur ren t  by c o l l e c t i n g  the  e lec t rons  s t r ipped  from negative 

ions. The probe cur ren t  was determined before ( I l )  and a f t e r  ( I 2 )  the admission of 

a i r  to the cyclot ron through a standard leak, Fig. 5 shows the r a t i o  as a 

function of probe rad ius  f o r  two ra the r  d i f f e r e n t  s e t s  of opera t ing conditions. I n  

run A the pressure change was 18 PT and the energy gain per  turn  0.115 MeV. In  run 

B the pressure change w a s  23 d and the energy gain per  turn 0.050 MeV. In  making 

use of these da ta  the values of the current  r a t i o s  versus radius represented by the 

s o l i d  l i n e s  were used. 

I t  i s  expected t h a t ,  i n  the energy in te rva l  of i n t e r e s t ,  the gas s t r i p p i n g  
1 cross-section w i l l  have an approximate inverse energy dependence' . I t  i s  a l s o  

approximately t rue  tha t  the ion energy is proportional  to the square of the radius of 

the  probe. Within these approximations the equation i n  Fig. 6 may be used t o  ca lcul -  

a t e  the  constant  k i n  a = k/B. The value obtained from run B i s  2.5 x om2~eV. 

For run A the  d a t a  were divided i n t o  two in tervals .  For the energy in te rva l  14-24 

MeV ( r a d i a l  i n t e r v a l  11.7 - 15.7 in.) ,  k = 4.1 X 10-l6 cm2 MeV. For the energy 

i n t e r v a l  24-45 MeV ( r a d i a l  in te rva l  15.7 - 19.7 in . ) ,  k = 2.9 x 10-'~ cm2 MeV. Our 

provis ional  r e s u l t  i s  k = 3.2 2 0.9 X 10-'* cm2 MeV per atom of a i r .  This value is  

based on a pressure change measured on an uncalibrated ion iza t ion  gauge. Final 

r e s u l t s  await the c a l i b r a t i o n  of the gauge. 

The present  r e s u l t  is compared with other experimental values  and with a 

theoret ica l  ca lcu la t ion ' )  i n  Fig. 7. The cross  represents  a r e c e n t  measurement of 

Pyle, Berkner, and ~ap1.n') with 20 MeV negative deuterium ions accelera ted  i n  the 

Hilac a t  LRL. They a l s o  determined t h a t  the  single-to-double s t r i p p i n g  r a t i o  is  a t  

l e a s t  18. This means t h a t  the  present  experiment e s s e n t i a l l y  determines the cross- 

sec t ion  f o r  s ing le  s t r ipping.  The c i r c l e d  po in t s  a r e  measurements of Rose, Conner, 
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Fig. 1 A p l l s e  of negat ive  c u r r c n t  t o  the  s t r i p p e r  
probe. The v e r t i e a l  e o a l e  i s  1 volt/cm, t h e  
hor izonta l  2 fls/cm. 

SIGNAL OUTPUT FOR J 
BRASS HEAD SHIELD TIME OF FLIGHT 

P C o p p E R  FOIL 

Fig. 3 The s t r i p p e r  probo, n s i m p l i f i e d  unit-gain 
oathode-follower d r i v o  c i r c u i t .  and s i g n a l  
take-off points. 
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PROBE RADIUS (INCHES) 

Big. 5 Negative ion  a u r r e n t  r a t i o  f o r  a given  ohange 
i n  tank pressure  vs e t r i p p e r  probe radius.  

FEET 

Fig. 2 Horizontal  s e c t i o n  of thc  c y c l o t r o n  sholv i~~g 
var ious  probe loca t ions .  The cur rent  o o l l o c t o r  
is used f o r  c l o c t r i o  s t r i p p i n g  measurements. Tho 
s t r i p p e r  probe i e  shown pos i t ioned  f o r  the  
e x t r a c t i o n  of nn ex torna l  beam. For gas  s t r ipp 
iw mensurmonts it is r o t a t o d  t o  the  dashed 
r a d i a l  l ine.  The s topper  probes a r c  used t o  
check ham c o n t e r i n g  and i n  t h o  e l e c t r i c  s t r i p p  
i n g  moasummnts.  
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Fig. 4 Negntive-ion pulse  f l i g h t  time ns  a funet ion  of 
radius.  

(r AIR STRIPPING I,, BEAM CURRENT 
CROSS SECTION WADIUS 
(CM* PER ATOM) \PRESSURE 

R RADIUS (CM) 
E ENERGY (MeV) 

A E  ENERGY GAIN 
N ATOMS PER 

PER TURN (MeV) 

Fig. 6 D e f i n i t i o n s  of eymbole and  an equat ion  f o r  
computing t h e  gas  s t r i p p i n g  craee-section. 
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Fig. 7 Nensured and theore t ica l  valuos o f  tho oross- 
s e c t i o n  f o r  a  gas s t r i p p i n g  o f  an e l c c t r o n  STOPPER RADIUS ( in.) 
from negntive hydrogon ions by  nitrogen or 
a i r  "atoms". Fig. 8 C o l l e c t o r  probe current as a  function o f  s t o l ~ p e r  

probe radius ( e n e r g y ) .  

and  ast tide'), a s  r epo r t ed  i n  ~ l l i s o n ' s  review a r t i c l e 4  ). The dashed l i n e  r e p r e s e n t s  

a  s i n g l e  va lue  of L determined by Fremlin and s p i e r s S )  i n  a  cyc lo t ron  c i r c u l a t i n g -  

beam experiment. I t  is t o  be noted t h a t  most of t he  experimental  va lues  a r e  about  

2/3 the  t h e o r e t i c a l  values. 

E l e c t r i c  D i s soc i a t i on  Li fe t ime of H- Ions 

The l o s s  of negat ive ions due t o  d i s s o c i a t i o n  by the e l e c t r i c  f i e l d  
1 

3 = y ( x '  x 5 )  was inves t iga t ed .  The v e l o c i t y  of t h e  i o n  is  v ,  and y = (1 - V ' / C ~ ) ' ~ .  

For t h i s  experiment t h e  s t r i p p e r  probe shown i n  Fig. 2 was withdrawn t o  t h e  wall of 

the vacuum tank. The sh i e lded  c u r r e n t  c o l l e c t o r  was used t o  measure t h e  f l ux  of 

n e u t r a l  p a r t i c l e s  which leaves  the r eg ion  of c i r c u l a t i n g  cu r r en t .  A t h i n  f o i l  which 

covers  the  c u r r e n t  c o l l e c t o r  served t o  s t r i p  the remaining e l e c t r o n  from the n e u t r a l  

p a r t i c l e s .  The c u r r e n t  to t h i s  c o l l e c t o r  was measured a s  a func t ion  of the s topper-  

probe rad ius .  E i t h e r  one of the  s toppe r  probes shown could  be  used. The negat ive  

i ons  were c i r c u l a t i n g  i n  t he  clockwise sense. The c u r r e n t  a o l l e c t o r  r ece ived  n e u t r a l s  

from t h e  lower r i g h t  hand h i l l .  The s t r i p p e r  probe could  be used t o  l o c a t e  the reg ion  

of o r i g i n  of the p a r t i c l e s ,  as wel l  as t o  e s t a b l i s h  the  f a c t  t h a t  they were neu t r a l .  

Fig. 8 shows the  measured c o l l e c t o r  c u r r e n t  as a  func t ion  of t he  ion energy a t  

t h e  s topper  r au ius .  From these  d a t a  t h e  e l e c t r i c  d i s s o c i a t i o n  l i f e t i m e  T can be 

determined with the fo l lowing  formula 

where a i s  the f r a c t i o n  of h i l l  f i e l d  i n  a s e c t o r ,  yBc i s  the  isochronous f i e l d ,  

( e h )  is  the  s p e c i f i c  charge of t h e  ion,  and AE is the  energy ga in  pe r  tu rn .  
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(1 / I )  (dI/dE) is the  f r a c  t i o n a l  decrease  
1 i 11 I I I I 

i n  c i r c u l a t i n g  c u r r e n t  pe r  u n i t  energy \ \ 

i n t e r v a l .  These va lue  S a r e  determined 

from Fig. 8 ( a f t e r  making c o r r e c t i o n s  

f o r  beam l o s s  by gas d i s soc i a t i on ) .  

The va lues  of T determined from 

these  experiments  a r e  shown i n  Fig. 9. 
They a r e  seen to  be cons iderab ly  smal le r  

than the t h e o r e t i c a l  va lues  of Hiskes 

which were r epo r t ed  by .Judd6), and some- 

what smal le r  t han  the  t h e o r e t i c a l  va lue  

of Khoe. Most of the  p o s s i b l e  sources 

of e r r o r  l ead  to  equal u n c e r t a i n t y  to- I I I I I I '4 
I .  2.0 2.5 3.0 3.5 4.0 

ward l a r g e r  o r  smaller  l i f e t imes .  Beam ELECTRIC FIELD E (106 volt/cm) 

l o s s  i n  the  r a d i a l  r e g i o n  of i n t e r e s t  Fig. 9 hleasured nnd t l i e o r c t i c a l  e l e c t r i c  d i s s o c i a t i o n  
l i f e t i m e s .  Thc crosses  a r e  t h e o r e t i c a l  

due t o  causes  o t h e r  t han  e l e c t r i c  d i s -  values  of lihoe. 

s o c i a t i o n  w i l l  l e ad  sys t ema t i ca l l y  t o  an  

underes t imate  of the l i f e t ime .  The p o s s i b i l i t y  t h a t  the  beam has l e s s  than t he  

expected energy a t  a given r ad iu s  s i m i l a r l y  l e ads  t o  a n  overes t imate  of the  l i f e t i m e .  

Much of the l a r g e  unce r t a in ty  i nd i ca t ed  i n  Pig. 9 a r i s e s  from these  two reasons.  

C i r c u l a t i n g  and Ex t r a c t e d  Beams 

A combination a t r i p p i n g  and c u r r e n t  probe w a s  developed; the  probe head is 

shown i n  Fig. 3.  When t h e  nega t i ve  hydrogen i on  beam pas se s  through the  s t r i p p i n g  

f o i l  t he  e l e c t r o n s  which a r e  s t r i p p e d  remain i n  t h e  f o i l .  The e l e c t r o n  c u r r e n t  then 

s e r v e s  a s  a convenient ,  cont inuous monitor of the  c u r r e n t  a c c e l e r a t e d  t o  t h e  f i n a l  

r a d i u s  of t h e  cyc lo t ron .  Care must be exerc i sed  i n  t h e  de s ign  of t he  s t r i p p e r  probe 

head so t h a t  low energy p o s i t i v e  i ons  with h igh ly  excen t r i c  o r b i t s  a r e  n o t  de tec ted .  

This  background has  a broad resonance and a magnitude on occasion t e n  times the 

nega t i ve  i o n  c u r r e n t .  A t h i n  f o i l  p r o j e c t i n g  beyond a th ick  s h i e l d  proved most 

s a t i s f a c t o r y .  The s h i e l d  p r even t s  any low energy p a r t i c l e s  from s topping  i n  the f o i l  

suppor t  s t r u c t u r e  . Under p r e s e n t  ope ra t i ng  condi  t i o n s  (base pressure ,  10-' T; 

macroscopic du ty  f a c t o r ,  5%; Oak Ridge i on  source,  no p u l l e r )  t h e  s t r i p p e r  c u r r e n t  

is about  2 X 10-a A, on twice the pmton cu r r en t .  We p l a n  t o  i n s t a l l  a n  a d d i t i o n a l  

d i f f u s i o n  pump very soon. The expected reduc t ion  i n  p r e s su re  w i l l  reduce gas 

s t r i p p i n g  l o s s e s  by a  f a c t o r  of four .  We a l s o  p l an  t o  i nc r ea se  t he  macrostructure 

du ty  f a c t o r  from 5% t o  10@. The combined changes should i nc r ea se  the  s t r i p p e r  

cu r r en t  t o  more than  one microampere. 

Beams of energy up t o  47 MeV have been brought ou t s ide  t he  vacuum tank. The 

energy was determined by measuring the range i n  aluminum. A t  the  p r e s e n t  time a 

42 MeV beam is piped ou t s ide  t h e  main sh i e ld .  
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DISCUSSION 

KHOE : Bet ter  in tegra t ion  of the WKB approximation and the use of e l l i p t i c  i n t e g r a l s  
should decrease the l i fe t ime.  The actual  l i f e t ime  must be lower than what I have 
calculated.  

BLOSSER : Your e r ro r  b a r s  on the e l e c t r i c  d i s soc ia t ion  l i f e t ime  appear to be more than 
a f a c t o r  of 10. 

WRIGHT : They are s l i g h t l y  l e s s  than a f a c t o r  of 10, I think. 

BLOSSICR : How well  do you hope t o  do? 

WRIGHT : A fac to r  of 2 or 3 should be possible.  

KERST : Can you d e t e c t  an azimuthal v a r i a t i o n  i n  the generation of neutra l8  due t o  
the increasing magnetict f i e l d  a t  c e r t a i n  azimuth? 

WRIGHT : We have not y e t  attempted to  do that .  Our present  cu r ren t  c o l l e c t o r  c o l l e c t s  
from only one twelfth the given h i l l .  I f  t h i s  cu r ren t  c o l l e c t o r  were ro ta ted  i n  
azimuth the  v a r i a t i o n  should be observed q u i t e  readily.  

SCHNIDT : How can you be sure t h a t  the current  you see  on your c o l l e c t o r  is not due 
to  some beam which h i t s  the h i l l  and s c a t t e r s ?  

WRIGHT : The neutra l  ion beam would not have been c u t  off by the probe a t  the 
expected radius. 

REISER : Did you do anything t o  stop protons and other  molecular ions from being 
accelerated? 

WRIGHT : No, To change from negative ions t o  protons we j u s t  change the magnetia 
f i e l d  by a small amount. The ion source is re-positioned t o  optimize the beam. 

MACQ : What, roughly, i s  the r a t i o  of p o s i t i v e  t o  negative ion  current  you get  w i t h  
your accelera tor?  

WRIGHT : A t  present  a f a c t o r  of about 1000. 
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