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THE HYDROGEN PELLET TARGET. 

Background. 

The i n i t i a l l y  suggested [11 r e a c t i o n  f o r  product ion,  

d ( ~ , # ) ~ H e ,  Tp = 300 MeV, 

would have as i t s  optimum t a r g e t  a pure deuter ium one w i t h  h igh  

densi ty .  A candidate f o r  such a t a r g e t  was proposed [Z], t h e  

deuter ium d r o p l e t  t a r g e t ,  us ing  d r o p l e t  diameters o f  A Z O  pm t o  

s a t i s f y  t h e  des i red  l um inos i t y  and r e a c t i o n  ver tex  d e f i n i t i o n  

requirements. A p r i n c i p a l  o u t l i n e  o f  t h e  idea i s  shown i n  Fig.  1. 

I n  i n v e s t i g a t i n g  t h e  p o s s i b i l i t i e s  f o r  us ing  deuter ium d r o p l e t s  

as i n t e r n a l  t a rge ts ,  it was found t h a t  a group a t  t h e  U n i v e r s i t y  

o f  I l l i n o i s ,  Urbana, USA, had developed an apparatus w i t h  very 

a t t r a c t i v e  p roper t i es ,  a hydrogen p e l l e t  generator. Th is  dev ice 

produced s o l i d  hydrogen p e l l e t s  w i t h  s i zes  ranging from -70 pm up 

t o  several  hundred pm f o r  t h e  purpose o f  r e f u e l i n g  tokamak f u s i o n  

machines. The p e l l e t  v e l o c i t i e s  ranged up t o  .a100 m/s and t h e  

produc t ion  ra tes  up t o  * l o 0  kHz. Some o f  t h e  p e l l e t s  were 

de l i ve red  i n t o  a vacuum o f  

in t roduced i n t o  vacuum w i l l  f reeze because o f  t h e  v i o l e n t  

evaporation. Fu r the r  t h e o r e t i c a l  i n v e s t i g a t i o n s  o f  t h e  

thermodynamics o f  t h e  deuter ium pe l  1 e t s  under assumed exper imental  

t o r r  [3,4]. Hydrogen d r o p l e t s  
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cond i t ions  a t  CELSIUS showed t h a t  t h e  p e l l e t s  w i l l  s tay  s o l i d  when 

passing through t h e  i o n  beam g i v i n g  vapor load ra tes  i n t o  t h e  

t h e  t a r g e t  chamber t h a t  should be poss ib le  t o  handle [SI. 

Discussions w i t h  Professor  R.J. Turnbu l l  o f  t h e  Urbana group 

l e a d  t o  t h e  conclus ion t h a t  t h e  t a r g e t  idea has a good chance o f  

being success fu l l y  rea l i zed ,  and a c o l l a b o r a t i o n  was es tab l i shed 

w i t h  t h e  aim t o  se t  up a deuter ium p e l l e t  t a r g e t  generator a t  t h e  

CELSIUS f a c i l i t y  i n  t h e  beginning o f  1989. The i n i t i a l  p a r t  o f  

t h i s  c o l l a b o r a t i v e  work has been going on i n  Urbana s ince  January 

'86 and w i l l  l a s t  u n t i l  September '86. 

# product ion  through t h e  reac t i on  

i s  now considered t o  be a b e t t e r  choice and t h e r e f o r e  t h e  p e l l e t s  

should be made o f  hydrogen. From t h e  p o i n t  o f  view o f  generat ing 

t h e  p e l l e t  t a rge t ,  t h i s  does no t  a t  t h e  moment seem t o  impose any 

a d d i t i o n a l  d i f f i c u l t i e s  compared t o  t h e  deuter ium case, a l though 

t h e  working temperatures have t o  be lower. 

Target Proper t ies .  

The i n t e r n a l  hydrogen p e l l e t  t a r g e t  f o r  s tud ies  of 

decay modes a t  CELSIUS w i l l ,  i f  t h e  development work 

have c h a r a c t e r i s t i c s  according t o  t h e  fo l l ow ing :  

i )  The t a r g e t  i s  made up e n t i r e l y  f rom t h e  des i red  

n u c l e i  i n  t h e  densest poss ib le  conf igura t ion .  

r a r e  tp 
s successful, 

t a r g e t  

ii) The t a r g e t  r e a c t i o n  g ives a h i g h  # product ion cross 

sect ion,  - 1 mb. 



-2  -1 iii) The lum inos i t y  i s  h igh,  --.lo3' cm s w i t h  21 pm p e l l e t s ,  

3 mm beam diameter and 10" s to red  500 MeV protons i n  

CELSIUS. 

i v )  For a chosen lum inos i t y  t h e r e  i s  t h e  l e a s t  poss ib le  Coulomb 

s c a t t e r i n g  o f  t h e  outgoing r e a c t i o n  products. Th is  i s  

e s p e c i a l l y  impor tant  f o r  t h e  lep tons  from t h e  # decays 

i n s i d e  t h e  t a r g e t .  

v )  For  a chosen lum inos i t y  t h e r e  i s  t h e  l e a s t  poss ib le  r i s k  o f  

confus ion w i t h  f a r  more f requent  decay modes through e'e- - 
conversion o f  b/-rays i n  t h e  t a r g e t .  

v i )  The t a r g e t  i t s e l f  def ines t h e  r e a c t i o n  coord inates w i t h i n  

- l O p n ,  s ince  on ly  one p e l l e t  a t  t h e  t ime  i s  a l lowed i n  t h e  

beam. 

v i i )  The narrow tube cons t ruc t ion ,  which in t roduces t h e  t a r g e t  

i n t o  t h e  i o n  beam, occupies a minimum s o l i d  angle. It i s  

t h e r e f o r e  poss ib le  t o  cover a s o l i d  angle c lose  t o  4 r w i t h  

t h e  de tec to r  system. 

v i i i )  For  a chosen lum inos i t y  t h e r e  i s  t h e  l e a s t  poss ib le  Coulomb 

s c a t t e r i n g  i n  t h e  t a r g e t  o f  t h e  s to red  pro ton  beam. The beam 

l i f e t i m e  should t h e r e f o r e  be a t  i t s  maximum. 

i x )  Hydrogen as res idua l  gas i n  t h e  r i n g  i s  t h e  most favourable 

case w i t h  respect t o  bea.m l i f e t i m e .  The CELSIUS vacuum 

requirements a re  the re fo re  moderate, enabl ing l a r g e r  

evaporat ion ra tes  i n  t h e  t a r g e t  area. 

Target Development . 
Extensive development work w i l l ,  o f  course, be necessary on 



t h e  Urbana cons t ruc t i on  i n  o rder  t o  meet t h e  requirements o f  t h e  

# experiment. Computer c o n t r o l  of temperatures and pressures w i l l  

be in t roduced t o  a l l ow  f o r  s t a b l e  opera t ing  cond i t ions .  The 

diameter of t h e  p e l l e t s  has t o  be s u b s t a n t i a l l y  reduced. The 

produc t ion  r a t e  must a l so  match t h e  p e l l e t  v e l o c i t y  i n  o rder  t o  

g i ve  the  des i red  p e l l e t  separat ion d is tance o f  one beam diameter. 

A d i f f e r e n t i a l l y  pumped cons t ruc t i on  t h a t  t ranspor t s  t h e  pe l  l e t s  

from t h e  h igh  pressure produc t ion  reg ion  t o  t h e  h igh  vacuum t a r g e t  

area under c o n t r o l l e d  cond i t i ons  has t o  be developed. Th is  w i l l  

almost c e r t a i n l y  have t o  i nc lude  some k i n d  o f  t r a j e c t o r y  c o n t r o l  

o f  t h e  p e l l e t s .  The i n t e n t i o n  i s  t o  so lve  t h i s  by us ing  

e l e c t r o s t a t i c  forces.  A p e l l e t  p o s i t i o n  record ing  system a t  t h e  

beam i n t e r s e c t i o n  w i l l  a l s o  be requi red.  This  i s  assumed t o  be 

b u i l t  on o p t i c a l  techniques. F i n a l l y ,  t h e  p e l l e t s  have t o  e n t e r  

t h e  t a r g e t  area under such cond i t ions ,  t h a t  i t  i s  poss ib le  t o  

ma in ta in  t h e  r i n g  vacuum a t  an acceptable l e v e l .  

Temperature and Pressure Contro l .  

The p e l l e t  generator cons t ruc t i on  descr ibed i n  Ref. 131 i s  now 

beeing r e b u i l t  a t  t h e  U n i v e r s i t y  o f  I l l i n o i s ,  Urbana, I l l i n o i s .  

Besides a general rev iew o f  t h e  generator, t h i s  recons t ruc t i on  

inc ludes  t h e  i n s t a l l a t i o n  o f  remote c o n t r o l l e d  valves. Programs 

and a d d i t i o n a l  hardware a re  beeing developed f o r  computer c o n t r o l  

o f  t h e  temperatures and pressures o f  t h e  p e l l e t  generat ing system. 

P e l l e t  Diameter and Luminosi ty.  

With lo1' s to red  500 MeV protons i n  CELSIUS, t h e  l u m i n o s i t y  L, 



beam diameter D and p e l l e t  diameter d are r e l a t e d  as 

L x D2 = 1.0 x lo3'  x d3 ( 8  1 

32 s-lcm-2 w i t h  u n i t s  i n  s and cm. Requi r ing a l u m i n o s i t y  o f  10 

thus  leaves t h e  p e l l e t  diameter depending on t h e  p ro ton  beam 

diameter a t  t h e  i n t e r a c t i o n  po in t .  The beam diameter has been 

assumed t o  be 3 mm, thus a p e l l e t  d iameter o f  2 1 p m  i s  desired. 

Decreasing t h e  p e l l e t s  t o  t h i s  s i z e  i s  no t  a n t i c i p a t e d  t o  be a 

major problem, al though nozzles w i t h  a diameter o f  1 3 p m  have t 

be constructed, a f o u r - f o l d  reduc t i on  as compared t o  e a r l i e r  work 

C31. Such nozzles have, i n  f a c t ,  now been manufactured and t h e  

main problem tu rned  out t o  be p reven t ing  them from g e t t i n g  plugged 

by a l i e n  p a r t i c l e s .  It remains, however, t o  have t h e  performance 

o f  a nozzle confirmed i n  producing a l i q u i d  hydrogen j e t  o f  

s u f f i c i e n t  q u a l i t y .  Having a beam diameter o f  0.3 mm, as w i l l  f o r  

example be t h e  case i n  p(p,Zp)# s tud ies  c lose  t o  th resho ld  a t  t h e  

I U C F  Cooler F a c i l i t y  i n  Ind iana [ S I ,  w i l l  g r e a t l y  increase t h e  

t e c h n i c a l  d i f f i c u l t i e s  i n  t h e  nozzle cons t ruc t i on  i f  t h e  o t h e r  

parameters remain t h e  same. The 8 experiment whould then 

r e q u i r e  a p e l l e t  diameter o f  4.5 pm, i.e. a nozzle diameter o f  2.6 

pm! An a t t r a c t i v e  s o l u t i o n  i s  then t o  have t h e  p e l l e t  d iameter 

unchanged and decrease t h e  number o f  s to red  protons, s ince  t h e  

upper l u m i n o s i t y  l i m i t  i s  l i k e l y  t o  be set  by t h e  t a r g e t  

evaporati.on r a t e  as w i l l  be discussed below. The c o o l i n g  " fo rce "  

o f  CELSIUS i s  claimed t o  be ab le  t o  handle a t  l e a s t  10 t imes t h e  

l u m i n o s i t y  discussed above [7], corresponding t o  more than t w i c e  

those p e l l e t  diameters. 



P e l l e t  Transport  i n t o  Vacuum. 

One o f  t h e  more d i f f i c u l t  problems t o  so lve  i s  thought t o  be 

t h e  t r a n s p o r t a t i o n  o f  t h e  p e l l e t s  i n t o  vacuum. Since t h e  d rop le ts  

a re  produced a t  roughly  t r i p l e  p o i n t  cond i t ions  (14 K, 54 t o r r )  

w h i l e  t h e  beam cross ing  occurs a t  h igh  vacuum condi t ions,  t h i s  

pressure d i f f e r e n c e  has t o  be maintained by some k i n d  o f  a 

d i f f e r e n t i a l l y  pumped cons t ruc t i on  a long t h e  path o f  t h e  p e l l e t s .  

Based on experiments [8] and c a l c u l a t i o n s  [SI it has been 

concluded, t h a t  t h e  hydrogen d rop le ts  must be a l lowed t o  a t  l e a s t  

p a r t i a l l y  f reeze i n  t h e  d r o p l e t  chamber [lo]. This  can be achived 

by s l i g h t l y  decreasing t h e  pressure below t h e  t r i p l e  p o i n t  va lue 

as was repor ted  i n  [3]. It i s  no t  considered poss ib le  t o  design a 

d i f f e r e n t i a l l y  pumped system where pu re l y  l i q u i d  drops would be 

prevented from d i s i n t e g r a t i n g  due t o  t h e  tu rbu len t ,  h igh  v e l o c i t y  

gas f l o w  a r i s i n g  a t  t h e  pressure grad ien t  o f  t h e  f i r s t  aper ture.  

Th is  tu rbu len t ,  h igh  v e l o c i t y  gas f l o w  together  w i t h  shock wave 

format ion a t  t h e  e x i t  o f  t h e  f i r s t  aper tu re  i n  t h e  d i f f e r e n t i a l l y  

pumped system i s ,  however, a l s o  l i k e l y  t o  cause problems i n  

i n t roduc ing  a momentum spread t o  t h e  p e l l e t  stream. A l t e r i n g  o f  

t h e  pressure grad ien t ,  cen te r ing  o f  t h e  p e l l e t  f low, changing t h e  

w id th  and l e n g t h  o f  t h e  aper tu re  and t h e  employment o f  a skimmer 

a re  poss ib le  measures o f  counteract ion.  

T ra jec to ry  Contro l  and P o s i t i o n  Determinat ion.  

S t i l l ,  t h e  need o f  a momentum d i a g n o s i t i c  and ’con t ro l  system, 

a c t i n g  on t h e  i n d i v i d u a l  p e l l e t s ,  i s  an t ic ipa ted .  The d iagnos t i cs  

w i l l  be based on o p t i c a l  techniques a long t h e  same l i n e  as i s  



intended f o r  t h e  f i n a l  p o s i t i o n  de terminat ion  i n  t h e  beam. The 

p e l l e t  p o s i t i o n  record ing  system i s  assumed t o  be b u i l t  on ar rays  

o f  o p t i c a l  f i b e r  guided l a s e r  beams and l i g h t  s e n s i t i v e  de tec to r  

elements. For c o n t r o l  purposes, e l e c t r o s t a t i c  forces a c t i n g  on 

charged p e l l e t s  w i l l  be used. This  requ i res  a method o f  i n t r o d u c i n g  

e l e c t r i c a l  charge i n t o  t h e  d r o p l e t s / p e l l e t s .  The Urbana group has 

a l ready done some promis ing work on t h e  charg ing of hydrogen 

drop le ts ,  which i s  no t  t r i v i a l ,  s ince  hydrogen i s  an i n s u l a t o r  

[11,12]. A new nozz le u n i t  f o r  t h e  p e l l e t  generator has been 

constructed, i n  o rder  t o  a l l ow  f o r  t h e  produc t ion  o f  charged 

hydrogen p e l l e t s ,  us ing  f i e l d  emission i n j e c t i o n  of charge i n t o  

t h e  l i q u i d  hydrogen j e t  i n  con junc t ion  w i t h  Ray le igh 's  method o f  

d r o p l e t  p roduc t ion  as descr ibed i n  Ref. Ell]. 

Vapor Load Rate i n  Target Chamber. 

The conclusion, made i n  Ref. [SI, t h a t  acce le ra t i on  o f  t h e  

deuter ium p e l l e t s  would s i g n i f i c a n t l y  decrease t h e  vapor l oad  r a t e  

i n  t h e  t a r g e t  area i s  no t  supported by more recent  ca l cu la t i ons .  

This  i s  due t o  t h e  crude assumptions, t h a t  were made e a r l i e r ,  

concerning t h e  low temperature deuter ium heat capaci ty ,  s ince  no 

data were a v a i l a b l e  a t  t h a t  moment. The new c a l c u l a t i o n s  are  based 

on more r e l i a b l e  thermodynamical data and inc lude  t h e  e f f e c t s  o f  

rad ia ted  heat from t h e  vacuum chamber wa l ls .  Provided t h a t  t h e  

o the r  assumptions made i n  Ref. [S] not  s i g n i f i c a n t l y  e f f e c t  t h e  

conclusions, i nc reas ing  t h e  p e l l e t  speed from 30 m/s t o  300 m/s 

i n  t h e  beam cross ing  region, reduces t h e  vapor l oad  r a t e  t h e r e  

from -3 x t o  -1 x t o r r  x 1/s, a f a c t o r  o f  about 3 

ins tead o f  30, as was obta ined e a r l i e r .  A recent  i n v e s t i g a t i o n  



C131 of t h e  p o s s i b i l t i e s  o f  acce le ra t i ng  charged hydrogen p e l l e t s  

t o  h igh  v e l o c i t i e s  i n  e l e c t r i c  f i e l d s  has furthermore i n d i c a t e d  

great  t echn ica l  d i f f i c u l t i e s .  Gas l o a d  ra tes  o f  t h e  magnitudes 

mentioned should, however, not  jeopard ize  t h e  proposed experiment, 

s ince  a p ro ton  beam l i f e  t ime  o f  t h e  order  o f  one hour i s  expected 

a t  a res idua l  hydrogen pressure as h igh  as 

[14]. The new c a l c u l a t i o n s  a l s o  i nd i ca te ,  t h a t  t h e  gas l o a d  ra tes  

w i l l  be about t h e  same i n  t h e  t a r g e t  area, regard less o f  whether 

one uses hydrogen o r  deuterium as p e l l e t  ma te r ia l .  L im i ted  

a t t e n t i o n  w i l l  t h e r e f o r e  be g iven t o  t h e  problems co inected w i t h  

acce le ra t i on  o f  t h e  p e l l e t s ,  u n t i l  c a l c u l a t i o n s  t a k i i g  i n t o  

account t h e  f i n i t e  thermal c o n d u c t i v i t y  o f  hydrogen have been made 

o r  p e l l e t  - i o n  beam i n t e r a c t i o n  experiments have been performed. 

Concerning t h e  dependence o f  t h e  vapor l oad  r a t e  i n  t h e  t a r g e t  

area on t h e  p e l l e t  d iameter under f i x e d  l um inos i t y  condi t ions,  

c a l c u l a t i o n s  i n d i c a t e  t h a t  i t  i s  advantageous t o  increase t h e  

p e l l e t  s i z e  w h i l e  decreasing t h e  s to red  proton beam i n t e n s i t y .  

t o r r  i n  t h e  r i n g  

Schematic O u t l i n e  o f  Target. 

F ig .  2 shows a sketch o f  a conceptual deuter ium p e l l e t  t a r g e t  

mounted on t h e  general purpose CELSIUS t a r g e t  chamber ClS], which 

i s  p resen t l y  under cons t ruc t i on  f o r  use together  w i t h  t h e  f i b e r  

and gas c l u s t e r  j e t  t a rge ts .  The experiment i n d i c a t e d  i s  t h e  r a r e  

# decay measurements as they  were i n i t i a l l y  planned t o  be 

performed, us ing  t h e  d(p, He)# reac t ion ,  w i t h  t h e  vertex,  

e lect romagnet ic  shower and forward r e c o i  1 detectors .  Th is  general 

o u t l i n e  i s  no t  thought  t o  be d r a s t i c a l l y  a l t e r e d  by t h e  new 

3 



experimental se t  up. 

Apprehensions have been expressed about t h e  e f f e c t  o f  t h e  up t o  

5 T s t rong superconducting so leno id  magnetic f i e l d  on t h e  charged 

p e l l e t s .  As t h e  worst case, a d e v i a t i o n  from t h e  s t r a i g h t  path a t  

t h e  beam i n t e r s e c t i o n  o f  < 3 mm has been ca l cu la ted  [13], assuming 

a p e l l e t  f l i g h t  pa th  o f  0.5 m i n  t h e  magnetic f i e l d .  Since t h e  

d e f l e c t i o n  occurrs  i n  a p r e d i c t a b l e  way, t h i s  w i l l  not  have any 

hazardous i m p l i c a t i o n s  on t h e  t a r g e t  performance. 

Schematic O u t l i n e  o f  Experiments. 

The cont inued development work w i l l  deal with: 

1) Tes t ing  t h e  r e b u i l t  p e l l e t  generator w i t h  i t s  new c o n t r o l  

and d iagnos t ics  system when producing -100 rm hydrogen 

p e l l e t s .  

2 )  Tes t i ng  t h e  p e l l e t  generator w i t h  t h e  reconst ructed nozz le 

u n i t  when producing - 2 0  p m  hydrogen p e l l e t s .  

3 )  Experiments on producing charged -20 pm hydrogen p e l l e t s  

under 1 ong te rm stab1 e cond i t i ons  

4 )  Experiments on t r a n s p o r t i n g  charged - 20 pm hydrogen pe l  l e t s  ' 

i n t o  vacuum. 

5 )  Experiments on c o n t r o l  o f  t h e  charged p e l l e t  t r a j e c t o r i e s .  

6 )  P e l l e t  - i o n  beam i n t e r a c t i o n  experiments. 

on de terminat ion  i n  t h e  i o n  beam. 7 )  High p r e c i s i o n  p e l l e t  p o s i t  

8 )  Dumping o f  t h e  p e l l e t s .  

The ongoing f i r s t  phase i s  hopefu 

i n  September ' 86 . 
l y  engaged i n  3), when i t  ends 
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FIGURE CAPTIONS: 

Figure  1: O u t l i n e  o f  t h e  deuterium d r o p l e t  t a r g e t  idea [Z]. 

Figure 2: A conceptual hydrogen p e l l e t  t a r g e t  mounted on t h e  

general purpose CELSIUS t a r g e t  chamber equipped w i t h  

de tec tors  f o r  t h e  r a r e  8 decay measurements, as they 

were i n i t i a l l y  intended t o  be performed. 
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