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THE STABILIZATION OF ATOMIC HYDROGEN : A NEW BOSE GAS 

I.F. S i l v e r a  and J.T.M. Walraven 

Natumkundig Laboratorim der Universi tei t  van Amsterdam, 2018 XE Amsterdam, The Netherlands 

R@sume.- Dans l e s  circonstances hab i tue l les ,  un gaz atomique d'hydrogene (H) e s t  t r 6 s  i n s t a b l e  ca r  
il tend former par recombinaison des mol6cules dohydrogene (Hz). NOUS avons reuss i  a s t a b i l i s e r  
un gaz d1hydrog@ne a f o r t e  p o l a r i s a t i o n  de sp in  (H+) a T = 300 mK dans des champsmagn6tiques a t t e i -  
gnant 10 Tesla, dans une c e l l u l e  -3 paro is  recouvertes d lh@l ium super l fu ide.  Nous avons obtenu des 
densites atomiques de 1016 ~ m - ~ ,  e t  observe que l e  gaz H a une duree de v i e  surprenante par sa 
longueur, mSme en champ magn@tique nu l .  Nos r e s u l t a t s  tendent a ind iquer  que Hs r e s t e  sous forme 
gazeuse, sans se l i q u e f i e r  ou se condenser sur  l e s  surfaces de facon appreciable. On d iscute l e s  
aspects cruciaux des techniques exp@rimentales pour s t a b i l i s e r  Hs, a i n s i  que quelques unes des 
p ropr i@tes  observees ou attendues de ce nouveau gaz de Bose. 

Abstract.-  Under normal circumstances a gas o f  atomic hydrogen (H) i s  h i g h l y  unstable w i t h  respect 
t o  recombinat ion t o  molecular hydrogen, H2. We have succeeded i n  s t a b i l i z i n g  a gas o f  sp in  po la r i sed  
hydrogen (H+) a t  T = 300 mK i n  magnetic f i e l d s  up t o  10 Tesla i n  a s u p e r f l u i d  hel ium coated c e l l .  
Densi t ies of a t  l e a s t  1016atoms/cc have a l ready been achieved. H i s  found t o  have a s u r p r i s i n g l y  
long l i f e  even i n  zero magnetic f i e l d .  Evidence po in ts  t o  H+ remaining i n  the gaseous form and n o t  
l i q u i f y i n g  o r  condensing ou t  on the  surfaces t o  any l a r g e  extent .  The c r u c i a l  experimental techni -  
ques used t o  s t a b i l i z e  H+ w i l l  be discussed as we l l  as some o f  t h e  observed p roper t ies  and expecta- 
t i o n s  o f  t h i s  new Bose gas. 

I n  the  past  h a l f  century low temperature physi- condensation and l i q u i f i e s .  Below 2.17 K i t  

c i s t s  have been fasc inated by the  u n r a v e l l i n g  and becomes a super f lu id .  Since the  e a r l y  work o f  

e l u c i d a t i o n  o f  t h e  many marvelous p roper t ies  o f  London /4 /  i t  has been bel ieved t h a t  t h i s  super- 

3 the  quantum f l u i d s  4He and H ~ .  t h i s  paper we f l u i d i t y  i s  i n t i m a t e l y  r e l a t e d  w i t h  the pheno- 

s h a l l  discuss our  recent  experiments i n  making menon of Bose-Einstein condensation (BEC), i . e .  

new quantum f l u i d s :  atomic hydrogen and the macroscopic populat ion o f  the  ground s t a t e  

deuterium /1 - 3/. 

F i r s t  many o f  the prospect ive e x c i t i n g  

a t  a f i n i t e  temperature. This i s  most e a s i l y  

demonstrated f o r  the  weakly i n t e r a c t i n g  Bose 

p roper t ies  of these gases w i l l  be b r i e f l y  discussed. gas. However f o r  hel ium a ser ious problem 

We s h a l l  then describe the techniques and d i f f i c u l t -  a r i ses  i n  the  t h e o r e t i c a l  analyses. I n  the 

i e s  involved i n  producing the  gases,and f i n a l l y  l i q u i d  s t a t e  the  mean He - He distances are 

the  p o s s i b i l i t i e s  of achiev ing h igh  dens i t y  a t  so small t h a t  the  e f f e c t s  of H e - ~ e  i n t e r a c t i o n s  

low temperatures t o  observe the  e f f e c t s  o f  quantum p lay  a dominant r o l e  i n  the hydrodynamic phenomena: 

degeneracy. Although most o f  the d iscuss ion w i l l  hel ium i s  a s t rong ly  i n t e r a c t i n g  boson super f lu id ,  

be devoted t o  atomic hydrogen, where d i f fe rences  w i t h  inheren t  t h e o r e t i c a l  d i f f i c u l t i e s .  This 

occur, appropr ia te comments w i l l  be made about problem probably w i l l  no t  e x i s t  f o r  a tomic 

deuterium. hydrogen. 

Since the  m a j o r i t y  o f  t h e  p a r t i c i p a n t s  o f  Atomic hydrogen (H) has been s t a b i l i z e d  i n  a 

t h i s  conference come from a he1 ium background specia l  s t a t e  c a l l e d  sp in  po la r i zed  hydrogen (H+) 

i t  i s  useful t o  make some comparisons. /5/ .  I n  t h i s  s t a t e  a l l  hydrogen atoms i n t e r a c t  

3 + 
upon coo l ing  a gas of 4 ~ e  a t  1 atmosphel'e pa i rwise on the  almost repu ls i ve  x u  p o t e n t i a l ,  

pressure a t  4.2 K, i t  becomes unstable t o  shown i n  f i g .  1, and thus do no t  form bound states.  
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As discussed by Nosanow /6/, due t o  the weak i n t e r -  

ac t ions  and l i g h t  mass, Hs w i l l  n o t  form a  many- 

body bound s t a t e  a t  T  = 0  K, i .e .  as a  r e s u l t  of 

the  la rge  zero-point energy HI remains a  gas t o  

T = 0 K. Hydrogen i s  predic ted t o  have a  s o l i d  

phase f o r  pressures P 2 50 bar .  As a  consequence, 

ignor ing  t h e  problems o f  recombination t o  Hz, a t  

T % 0 K  the  dens i t y  o f  H+ can be var ied  almost 

a r b i t r a r i l y ,  so t h a t  a t  low dens i t i es  i t  w i l l  behave 

as a  weakly i n t e r a c t i n g  gas. 

Since H has an e l e c t r o n  sp in  o f  3 and a  nuclear 

sp in  o f  3 i t  i s  a  s p i n  1 or 0 p a r t i c l e ,  i .e .  a  com- 

pos i te  boson. H+ w i l l  thus enable a  study o f  the  

weakly i n t e r a c t i n g  Bose gas and the  r e l a t i o n  between 

BEC and s u p e r f l u i d i t y .  Since D+ has an e l e c t r o n  sp in  

5 and nuclear  s p i n  1, i t  i s  a  composite fermion. I t 

i s  expected t h a t  t h i s  w i l l  prov ide an i d e a l  system 

f o r  the study o f  s u p e r f l u i d i t y  due t o  fermion-pai r ing 

/7/ .  Since the mass o f  D i s  tw ice  t h a t  o f  H i t  may 

be a  l i q u i d  a t  T  = 0  K, al though t h e o r e t i c a l  pre- 

d i c t i o n s  have some uncer ta in ty .  

Dynamical p roper t ies  o f  H+ i n  the  Bose con- 

densation phase a re  p red ic ted  t o  d i s p l a y  many new 

phenomena. Ber l i nsky  /8/ has p red ic ted  an i n t e r e s t -  

i n g  densi ty-sp in e x c i t a t i o n  spectrum and Siggia and 

Ruckenstein /9/ have conjectured t h a t  the  slow 

nuclear  r e l a x a t i o n  r a t e  enables t h e  occurrence of 

two Bose condensates,distinguished by the  nuc lear  

s p i n  s tates.  They p r e d i c t  t h a t  coherent nuc lear  

r e l a x a t i o n  occurs and may be observed as spontaneous 

emission o f  rf r a d i a t i o n .  Spa t ia l  l o c a l i z a t i o n  

o f  the  condensate i n  a  magnetic f i e l d  g rad ien t  has 

been suggested as a  c h a r a c t e r i s t i c  o f  the  Bose con- 

densed gas a t  low dens i t i es  where i n t e r a c t i o n s  a re  

unimportant / l o / .  Some poss ib le  p r a c t i c a l  appl ica-  

t i o n s  o f  HS are  as an improved maser f o r  t ime and 

frequency standards, a  cryogenic r e f r i g e r a n t ,  and 

as an e x o t i c  form o f  chemical f u e l  used as a  

rocke t  p rope l lan t .  Although t h i s  l a t t e r  a p p l i c a t i o n  

seems somewhat remote a t  present, one can imagine 

t h i s  as a  f u e l  f o r  f u t u r e  space t rave l ,  w i t h  space- 

ships gather ing t h e i r  f u e l  w i t h  huge c o l l e c t o r s  as 

they t r a v e l  through i n t r a g a l a c t i c  clouds of H. 

- 7 1 I I I I I I 

5 Recombination - 
6 - 1  

The s tab le  form o f  a  gas o f  hydrogen atoms i s  w i t h  

a l l  atoms pa i rw ise  bound i n  the  molecular form. This  

i s  the lowest energy s t a t e  f o r  the  1 ~ '  p o t e n t i a l  of 
9  

f i g .  1. A  gas o f  H+ can ge t  t o  t h i s  s t a t e  by three- 

body recombination processes, H+ + Hs + X + $ + X* 

where X i s  a  t h i r d  body, i n c l u d i n g  surfaces, and 

the  * ind ica tes  an exc i ted  s ta te .  The r a t e  o f  decay 

o f  a  dens i t y  n  of H i s  governed by  the  r a t e  equat ion 
I 0 ,2 4 6 8 

- - =  3 dn K~ n  + KK; n: 
distance (10-~crn) d t  

where Kv i s  the volume recombinat ion rate,  K4 the 

Fig. 1 The in te ra tomic  i n t e r a c t i o n  p o t e n t i a l s  f o r  sur face r a t e  and n_ the sur face coverage w i t h  6 = 1 
1 + 3 t 

5 

s i n g l e t  (dashed curve) and the t r i p l e t  xu  
9  o r  2. Since i n  general ns 2. n, we can w r i t e  

( s o l i d  curve) hydrogen as ca lcu la ted  by Kolos and 

Wolniewicz. The e f f e c t  o f  a  magnet f i e l d  i s  shown 
K' n  = K  n. Kv i s  known f o r  the process s s  S 

i n  the  i n s e t  on a  scale which i s  expanded by H + H + He + 5 + He* : a t  room temperature 
- 

approximately 2000. Kv = 1.2 x cm6/atom-s Dl/. w i t h  a  r a t e  about 



1/5 t h i s  at about 1 K /12/. A t  room temperature a 

dens i t y  o f  n % 1016 a t / cc  would have a l i f e t i m e  o f  

about 1 sec. The surface term i s  l e s s  w e l l  known. 

At  room temperature H can have many thousands o f  

bounces o f f  o f  a t e f l o n  sur face before recombining. 

Metal surfaces have a p r o b a b i l i t y  o f  order  one f o r  

recombinat ion upon c o l l i s i o n .  Since H w i l l  have 

long range a t t r a c t i v e  i n t e r a c t i o n s  w i t h  a l l  surfaces, 

a t  temperatures low w i t h  respect  t o  t h e  sur face 

adsorpt ion energy, H w i l l  condense, r a p i d l y  

b u i l d i n g  up t h e  sur face coverage and recombining 

due t o  the  second term i n  eq. (1). I n  s t a b i l i z i n g  

H+, t h i s  i s  the  most impor tant  term t o  con t ro l .  

With "normal" surfaces a t  low temperatures the l i f e -  

t ime o f  a gas o f  H+ i s  o f  t h e  order  o f  tens o f  

microseconds. We have found t h a t  by cover ing a l l  

4 
surfaces w i t h  a f i l m  o f  He, sur face recombinat ion 

i s  s t r o n g l y  suppressed, s ince €,/kg i s  probably less  

than 1K /13/. The r a p i d  recombinat ion r a t e  on 

hel ium f r e e  surfaces provided us w i t h  a s e n s i t i v e  

technique f o r  de tec t ing  the  presence o f  the  H+, 

as s h a l l  be described. 

Experimental S t a b i l i z a t i o n  of IF 

Our experimental work on atomic hydrogen s t a r t e d  i n  

1972. A t  t h a t  t ime we bel ieved t h a t  i t  would be 

d i f f i c u l t  t o  co l  l e c t  and conf ine l a r g e  q u a n t i t i e s  

o f  s tab le  atomic hydrogen and such studies might  

bes t  be c a r r i e d  ou t  on surfaces. Atomic beams of 

2 H could be made w i t h  a x i a l  f l u x e s  o f  % 10'~/cm /sec 

which corresponds t o  about one monolayer/sec i f  

deposited on a substrate. Clean, we1 1 character- 

i z e d  subst rate surfaces o f  closed s h e l l  atoms o r  

molecules (Ar, Hz, N2 etc . )  - i n s u l a t o r s  - could 
be deposited o r  grown i n  s i t u o .  I n  t h i s  case the  

hydrogen would be physisorbed and remain as 

e l e c t r i c a l l y  neu t ra l  atoms. Because H i s  a corn- 

posite boson, if it was i n  a s u f f i c i e n t l y  mobi le 

s t a t e  on t h e  surface, one could study the  poss ib le  

s u p e r f l u i d i t y  of H f i l m s .  To prevent the  surface 

recombination t h e  deposited H would have t o  be 

sp in-polar ized so t h a t  atoms would interact via the 

non-binding 31: p o t e n t i a l  o f  f i g .  1. An apparatus 

was b u i l t  t o  p o l a r i z e  a beam o f  hydrogen and d6posi t  

t h i s  H+ on a c o l d  subst rate (T ? 2 K) i n  a moderate 

magnetic f i e l d .  A f t e r  a subs tan t ia l  bu i ld-up per iod  

experiments were performed, w i t h  very discouraging 

r e s u l t s .  The H+ apparent ly  r a p i d l y  depolar ized on 

the sur face fol lowed by recombination o r  desorpt ion 

/14/. A f t e r  some considerat ion /15/ i t  was decided 

t h a t  the  temperature and magnetic f i e l d  were i n -  

appropr ia te f o r  s t a b i l i z i n g  H. Furthermore we 

developed a r a t h e r  negative propensi ty  toward the 

sur face due t o  i t s  cont inual  presence as the  t h i r d  

body i n  recombinat ion processes. We decided t o  l a y  

down the  attempt t o  s t a b i l i z e  H on surfaces and 

b u i l d  an apparatus f o r  s t a b i l i z a t i o n  o f  a th ree  

dimensional gas. We f e l t  t h a t  the  recombinat ion 

processes could be b e t t e r  con t ro l  l e d  i f  we could 

prevent t h e  H+ from condensing on t h e  surfaces. A 

d e s c r i p t i o n  o f  t h i s  approach and apparatus fo l l ows .  

I n  order  t o  s t a b i l i z e  H+ , magnetic f i e l d s  and 

low temperatures are requi red.  Th is  i s  most e a s i l y  

seen from f i g .  1. F i r s t  o f  a l l  we see t h a t  i n  zero 

f i e l d  the 14 s t a t e  i s  lower i n  energy than the  3 4  

f o r  a1 1 ranges. Thus as T -t 0, the  gas can lower 

i t s  energy by revers ing  spins which leads t o  sub- 

sequent recombination. A magnetic f i e l d  can s p l i t  

the 3 4  l e v e l  so t h a t  the  ms = -1 s t a t e  1 i e s  below 

the  s i n g l e t  s t a t e  f o r  p a r t  o f  the  range. This  leads 

t o  what i s  c a l l e d  s t a t i c  s t a b i l i t y  /15/, i .e.  i n  a 

g iven f i e l d  the gas i s  metastable below a c e r t a i n  

densi ty .  The gas w i l l  s t i l l  decay t o  H2 by three-  

body recombinat ion b u t  a t  a reduced r a t e  i n  the  

f i e l d .  The low temperature i s  a l s o  requ i red  so 

t h a t  the e q u i l i b r i u m  Boltzmann populat ion o f  the 

reversed spins w i l l  be n e g l i g i b l e  i n  the  app l ied  

f i e l d .  
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Experimental Techniques 

The gas o f  Hs was s t a b i l i z e d  i n  the  apparatus 

shown i n  f i g .  2. A hydrogen s t a b i l i z a t i o n  c e l l  (HSC) 

s i t s  i n  a solenoidal magnetic f i e l d  o f  maximum 

value 11 Tesla. The HSC can be cooled t o  % 270 mK 

3 
by a He evaporat ion r e f r i g e r a t o r .  Atomic hydrogen 

a r i s i n g  from a room temperature microwave discharge 

i s  guided i n t o  the cryogenic environment by tef Ion 

l i n e d  tub ing and, before e n t e r i n g  the HSC, i s  

cooled t o  Q 4.2 K by contact  w i t h  the H2 covered 

w a l l s  o f  a copper accomodator /16/. 

Teflon I - Carbon Thermometer . . 
i : Heater 

Room Ternpemture 
H Source 

Fig. 2 The low temperature p a r t  o f  the apparatus 

used fob  s t a b i l i z i n g  atomic hydrogen. 

The separat ion o f  t h e  e l e c t r o n  spin-up and sp in-  

down s ta tes  i s  performed by the  magnetic f i e l d  

gradient  t h a t  e x i s t s  a t  t h e  entrance o f  the sole- 

noid. The gradient  f i e l d  exer ts  a fo rce  on the  

atomic magnetic moments so t h a t  the atoms in 

spin-up s ta tes  are r e p e l l e d  and the  spin-down 

s ta tes  are a t t r a c t e d  i n t o  the f i e l d  center.  Since 

the  atoms are conf ined by  the  guide tube, t h e  

spin-up atoms e i t h e r  recombine on the  wa l l s  o r  

r e l a x  t o  spin-down and a re  drawn i n t o  the  f i e l d .  

The atoms i n  the HSC come i n t o  thermodynamic equi- 

l i b r i u m  w i t h  the c e l l  w a l l s  and are conf ined t o  

t h e  f i e l d  center  by t h e  magnetic g rad ien t  / lo / .  

The atoms a re  prevented from condensing on the  

surfaces by covering a l l  w a l l s  w i t h  a saturated 

4 f i l m  o f  He which i s  a s u p e r f l u i d  a t  these low 

temperatures. A l t h o u g h ' t h i s  prevents w a l l  recom- 

b i n a t i o n  i t  leads t o  a ser ious cryogenic problem: 

due t o  the foun ta in  e f f e c t , t h e  f i l m  f lows  towards 

warmer regions, i n  t h i s  case the  accomodator: The 

heat f l u x  from the  warmer regions o f  the  guide tube 

evaporates the  f i l m ;  a pressure g rad ien t  d r i ves  

4 t h e  He gas back t o  the  co lder  HSC where it con- 

denses t o  l i b e r a t e  i t s  heat o f  condensation and 

warm the c e l l .  To suppress t h i s  heat ing we b u i l t  an 

3 in tzrmediate He r e f r i g e r a t i o n  stage c a l l e d  a HEVAC. 

The f l u x i n g  4 ~ e  vapors condense ou t  on the  HEVAC; 

res idua l  f l u x i n g  vapors a re  o f  such low densi ty  

t h a t  they do n o t  present a serious cryogenic problem. 

The HEVAC which stands f o r  he l ium vapor com- 

pressor serves a second r o l e .  It i s  a c t u a l l y  a 

m in ia tu re  vapor d i f f u s i o n  pump, the  f l u x i n g  4 ~ e  

impar t ing i t s  momentum t o  the  H gas and con f in ing  

i t  t o  the  c e l l .  It operates w i t h  a compression cH 

( l / c  i s  the  p r o b a b i l i t y  f o r  a p a r t i c l e  en te r ing  t h e  H 

HEVAC t o  escape) o f  approximately 50. 

With t h i s  system the  HSC can be loaded w i t h  a 

gas o f  H+ t h a t  i s  s t a b l e  and conf ined f o r  long  



periods o f  t ime. The presence o f  the gas was 

detected w i t h  s p e c i a l l y  developed bolometer detect -  

o r s  made o f  carbon composition from a Speer r e s i s t o r  

f o r  which the res is tance drops r a p i d l y  w i t h  increa-  

s ing  temperature. Two such bolometers are suspended 

i n  the  HSC by f i n e  wi res as shown i n  f i g .  2. The 

idea i s  t o  s e l e c t i v e l y  cause the  H+ t o  recombine 

and determine i t s  presence by measuring the  warming 

due t o  the l i b e r a t e d  recombination energy. Under 

normal cond i t i ons  the bolometers are covered by the  

4 f i l m  o f  He so t h a t  they a re  i n e r t  w i t h  respect t o  

the HG gas. By passing a s u f f i c i e n t l y  la rge  cur ren t  

through a bolometer, the  ohmic heat ing w i l l  cause 

the  f i l m  t o  evaporate more r a p i d l y  than i t  can be 

replenished along the wires. When the  surface i s  

4 c lean o f  He, the  H+ condenses and r a p i d l y  recom- 

bines. The surface o f  the  bolometer i s  probably 

covered w i t h  H2 which has an adsorption energy for H 

o f  38 K /17/, o r  o ther  molecules (02, N2, H20 e tc . )  

which have even stronger adsorpt ion energies. We 

expect t h a t  f o r  a gas o f  H+ w i t h  kT there w i l l  

be a p r o b a b i l i t y  o f  about 1 t h a t  an atom t h a t  c o l -  

l i d e s  w i t h  the surface w i l l  s t i c k .  

To determine the t ime constant f o r  recombina- 

t i o n  o f  the  HG a f t e r  " t r i g g e r i n g "  by heat ing the  

bolometer, we assume t h a t  the  r a t e  l i m i t i n g  process 

i s  the thermal e f fus ion  o f  atoms t o  the  bolometer 

surface o f  area Ab. Then so lv ing  the  equation 

dN/dt = $ nyAb where N i s  the  t o t a l  number of atoms 

and 7 t h e  average v e l o c i t y  g ives N = N,e~p(- t /~)  

w i t h  r = 4 Veff/vAb where Vef f  i s  the  e f f e c t i v e  

volume o f  the gas H+ (16). Typica l  values o f  , are 

10 - 20 msec /I/. 

When t h e  atoms recombine t o  Hz on the bolometer 

surface o n l y  a f r a c t i o n  o f  t h e  recombination energy 

i s  de l i ve red  t o  the bolometer /14/. Most l i k e l y  the  

molecules desorb i n  a h i g h l y  exc i ted  v i b r a t i o n -  

r o t a t i o n  s ta te ,  a l so  desorbing ground s t a t e  H2 

molecules from the  f i r s t  l ayers  o f  the bolometer 

under the helium. This  energy i s  mostly adsorbed 

i n  the  w a l l s  o f  the  c e l l ;  p a r t  o f  i t  i s  probably 

blown ou t  o f  the HSC through the  HEVAC. Although 

the bolometer i s  an extremely s e n s i t i v e  HG detector 

8 and can probably de tec t  as l i t t l e  as 10 atoms, i t 

i s  a h i g h l y  non- l inear  detector ,  l e s s  su i ted  f o r  

densi ty  measurements o f  the H+. To measure the 

densi ty  we a c t u a l l y  measure the temperature r i s e  

of the  HSC w i t h  a (Speer) thermometer attached t o  

i t s - w a l l .  This has a s l i g h t l y  slower response than 

the bolometer and i s  l e s s  sens i t i ve ,  bu t  we l l  

matched t o  our dens i t i es .  It can be c a l i b r a t e d  w i t h  

e l e c t r i c a l  heat pulses. It has the  r a t h e r  n ice  

fea tu re  t h a t  i t s  response, as monitored by the 

res is tance change o f  the  Speer r e s i s t o r ,  i s  l i n e a r  

w i t h  densi ty .  There a re  two shortcomings t o  t h i s  

technique. F i r s t  i t  on ly  provides a lower bound t o  

the densi ty  since some o f  the atoms o r  a v a i l a b l e  

energy can escape ou t  o f  an open ended system. We 

s h a l l  see the problem t h i s  can create a t  h igher  

dens i t i es  l a t e r .  Second, i t  i s  a d e s t r u c t i v e  tech- 

nique - t o  measure the  densi ty ,  the  gas o f  Hc must 

be destroyed. As a r e s u l t  measurements o f  t ime 

dependent e f f e c t s  are extremely tedious. A non- 

des t ruc t i ve  type measurement would be very use fu l .  

A t  dens i t i es  o f  1015 - 1016 a t / x  one can use a 

capacitance manometer t o  measure the  pressure, 

which i s  propor t ional  t o  the  dens i t y  f o r  low 

dens i t i es .  We have a l ready used the  bolometers 

as P i r a n i  gauges t o  non-dest ruct ive ly  de tec t  the  

ti+ gas by measuring a signal propor t ional  t o  i t s  

thermal conduc t i v i t y .  This should provide a l i n e a r  

detector  up t o  d e n s i t i e s  where t h e  mean f r e e  path 

i s  o f  order o f  t h e  dimensions of the  c e l l .  Other 

poss ib le  techniques a re  NI.IK, ESR, v i s c o s i t y ,  

dc magnetizat ion e tc .  The bolometer has proven t o  
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be a v i t a l  l i n k  i n  the  i n i t i a l  s t a b i l i z a t i o n  o f  Hc. by being s t ruck  by recombined molecules t h a t  desorb 

It w i l l  even tua l l y  be replaced by non-dest ruct ive from the primary bolometer. 

detectors  f o r  s tud ies a t  h igh dens i t i es ,  b u t  w i l l  

remain as an easy to operate diagnostic 

t o o l .  

When t r iggered  the  shape o f  the  heat ing pulses - 
r 

are o f  some i n t e r e s t .  I n  f i g .  3 we show the  response 
e 

o f  the c e l l  thermometer f o r  a  low dens i t y  o f  H+. 2 - 
% e - 
P 

1 . 8  1.2 . 6 0 
T IME  (SECONDS) 

- 
H SE Thermometer f - 

I' 
B= 6.0 tesla 
T =  270mk 

i f Untrlggered Bolometer 

HSC THERMOMETER 

n 

Fig. 3 The response o f  the HSC thermometer and 

the bolometer used t o  t r i g g e r  the  recombination o f  

hydrogen. The bolometer i s  heated w i t h  a cu r ren t  

square wave. The vo l tages a re  p ropor t iona l  t o  the  

resistances. Long a f t e r  the H+ i s  burned, the  bolo-  

meter approaches a lower va lue o f  res is tance  than 

before the t r i g g e r i n g  because the  hel ium f i l m  i s  

broken. The voltage of the thermometer has a zero 

of £se t .  
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F ig .  4 Voltage responses o f  the  HSC thermometer 

and the  secondary (unt r iggered)  bolometer. Due t o  

ohmic heat ing a f t e r  t h e  t r iggeryng,  the  HSC vo l tage 

remains low. 

I I 

Evidence f o r  the gaseous nature comes from 

the  (non-quant i ta t ive)  thermal c o n d u c t i v i t y  

I I 

measurements. Furthermore t ime constants a re  i n  

_ rough accordance w i t h  what would be expected f o r  

a  gas. Theoret ica l  c a l c u l a t i o n s  o f  adsorpt ion i s o -  

therms /18/ a l s o  suggest t h a t  very l i t t l e  H+ would 

be condensed on the  surfaces. I f  the  t r i g g e r  s igna ls  

arose on ly  from H+ adsorbed on the  bolometers, 

then w i t h  a maximum surface coverage o f  order  

1014 at/cm2,. one would be unable t o  exp la in  the  

s i z e  o f  t h e  observed s ignals .  

F i n a l l y  experiments were performed i n  which 

bolometers 1 and 2 were r a p i d l y  sequen t ia l l y  heated. 

Only the  f i r s t  bolometer heated r e s u l t e d  i n  a 

recombinat ion s igna l .  If t h e  H+ were predominantly 

i n  an adsorbed s t a t e  we would expect s igna ls  from 
This was recorded on a f a s t  response (100 Hz) s t r i p  

both bolometers. 
c h a r t  recorder. I n  f i g .  4 we show t h e  response (on 

a slow recorder a 5 Hz response) o f  the  secondary Measurements 

bolometer i n  the  c e l l ,  a f t e r  t r i g g e r i n g  by the o ther  
I n  f i g .  5 we show the  r e s u l t s  o f  the  f i r s t  measure- 

bolometer. This bolometer receives i t s  heat p r i m a r i l y  



ments on H + / I / .  At the t ime o f  these observat ions I n  the  same f i g u r e  we show the decay o f  

the  most important quest ions were: could a gas o f  H +  the dens i t y  i n  zero magnetic f i e l d .  This decay r a t e  

be s t a b i l i z e d  and fo r  how long.  I n  these experiments could be f i t  t o  an exponential  w i t h  a t ime constant 

the  magnetic f i e l d  was set  t o  7 Tesla and the tempe- o f  T 2 1.5 sec. This  decay i s  a t t r i b u t e d  t o  thermal 

r a t u r e  was 270 mK. The c e l l  was f i l l e d  f o r  a c e r t a i n  d i f f u s i o n  o f  the  gas ou t  o f  the  HSC. To c a l c u l a t e  

per iod  o f  t ime  a t  a f i x e d  f i l l i n g  f l u x  and the  d i s -  t h i s  t ime constant we can again appeal t o  simple 

charge was turned of f .  A f t e r  w a i t i n g  a s h o r t  pe r iod  k i n e t i c  theory, 

K of time, recombination o f  t h e  H was t r iggered .  This  - dN/dt = - $ n v ~  
C.. ( 2 )  

per iod was c o n t i n u a l l y  doubled u n t i l  a w a i t  t ime  o f  n 

Here K i s  the  Clausing f a c t o r  o f  the  tube o f  area 
532 sec. A f t e r  each t r i g g e r i n g  the  s ignal  was unat- 

A leading from the  HSC t o  the HEVAC, n t h e  densi ty  
tenuated, t o  w i t h i n  experimental e r r o r .  The con- 

and cH the  HEVAC compression. This leads t o  a 
c l u s i o n  t h a t  could be drawn was t h a t  the l i f e t i m e  

t ime constant 
was much greater  than 532 sec. Densi t ies o f  order  

r = 4 cHv/kVA 
1014 a t / cc  were s t a b i l i z e d ,  w i t h  no e f f o r t  exerted 

a t  t h a t  t ime t o  increase t h i s  number. The r e s u l t s  By measuring T one can determine cH 50 since a l l  

showed t h a t  the  main s t a b i l i z a t i o n  was due t o  sup- other  f a c t o r s  a re  reasonably we l l  known. When the 

pression o f  surface recombination /19/ as the ex- magnetic f i e l d  i s  turned on we can replace 

pected volume recombination ra tes  would n o t  be n(BH) = n(Bo)/cm which def ines the magnetic com- 

l i m i t i n g  a t  these dens i t i es .  pression c = expIu(Bo - BH)/kT} where Bois the  m 

f i e l d s .  

F ig .  5 The decay r a t e  o f  H f o r  T = 270 mK w i t h  mag- I n  these measurements i t  was shown t h a t  a t  
n e t i c  f i e l d  B = 7 Tesfa and 0. ts i s  the elapsed t ime 

a f t e r  load ing  t h e  c e l l  t o  dens i t y  no. 
low d e n s i t i e s  t h e  c e l l  loads up t o  a sa tu ra t ion  

f i e l d  i n  the  HSC and BH t h a t  i n  the HEVAC / l o / .  

With densi ty  no a t  Bo we de f ine  the  e f f e c t i v e  

volume as veff = N/no. This then leads t o  an 

expression f o r  the t ime constant i n  magnetic 

f i e l d  

= 4 c H  cm v e f f / ~ V ~  m (4) 

More r e c e n t l y  we have c a r r i e d  ou t  more exten- 

s i v e  measurements on the t ime dependence and the  

magnetic equation o f  s t a t e  o f  H+. Samples o f  H+ 

have been maintained fo r  as long as 47 minutes 

before t r i g g e r i n g .  The decay i n  a magnetic f i e l d  

was s tudied a t  dens i t i es  ~3 xl~14 at/cc  and found 

t o  be exponential  i n  accordance w i t h  the  thermal 

d i f f u s i o n  mechanism. The dependence o f  eq. (4)  

r / /  
I I  

B=7Tesla --7 -- 

DECAY RATE O F  H 

> - 
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TIME, t, (seconds) i s  shown i n  f i g .  (68) f o r  two d i f f e r e n t  magnetic 
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4 TESLA. 0.39 K 

, o 8 TESLA, 0.37 K 
no = IO~LATOMS~C 

;? 

observed, w i t h  the t ime f o r  the  dens i t y  t o  ha lve 

being o f  order 20 minutes. A t  these dens i t i es  the 

magnetic f i e l d  i s  c e r t a i n l y  p lay ing an important 

r o l e  i n  reducing volume recombination ( i n  zero 

f i e l d  the t ime constant would be o f  order  1 sec). 

However t h e  reduced l i f e t i m e s  may be an i n d i c a t i o n  

o f  the  increasing importance o f  three-body recom- 

b i n a t i o n  processes. 

As a f i n a l  p o i n t  we discuss some i n t e r e s t i n g  

2 1 I a I I I I ,  observat ions on the  t r i g g e r  s igna ls  f o r  h igher  
I I 1 1 I I I 

- 0 100 200 300 LOO- 
@ 

dens i t i es .  A t race  i s  shown i n  f i g .  7 o f  t h e  

res is tance o f  t h e  c e l l  thermometer and bolometer 

2 
L TESLA. 0.39 K f o r  a h igh  dens i t y  t r i g g e r .  The bolometer i s  

t r i g g e r e d  by e x c i t i n g  i t  w i t h  a square wave cur ren t  

c 0 source; the  thermometer i s  powered w i t h  a low l e v e l  
0 100 200 300 LOO 

TIME [SECJ ac cur ren t  source, t h e  vo l tage drops, p ropor t iona l  

Fig. 6 A. The dens i t y  o f  H as a f u n c t i o n  o f  t ime t o  the  res is tance  are monitored. The simple theory 

dur ing f i l l i n g  o f  the  c e l l  a t  constant f l u x ,  f i e l d  presented e a r l i e r  p red ic ts  a bolometer t ime con- 

and temperature. 
s t a n t  independent o f  dens i t y  and the cell to 

B. The decay o f  i n i t i a l  dens i t y  no a t  constant f i e l d  

and temperature. heat to higher temperatures for higher densities. 

value t h a t  can be roughly  described by 

where nef f (B1)  i s  some e f f e c t i v e  dens i t y  dur ing 

loading, probably i n  the  t h r o a t  o f  the  HEVAC. This 

i s  shown i n  f i g .  (6A). A t  h igher  d e n s i t i e s  the re  are 

dev ia t ions  from t h i s  such t h a t  dens i t i es  lower than 

those predic ted by eq. (5) are found. It i s  n o t  y e t  

c l e a r  i f  t h i s  i s  a fundamental l i m i t a t i o n  o r  a pro-  

blem a r i s i n g  from the  c e l l  design. 

The h ighest  d e n s i t i e s  we have achieved are 

n > 1016 at /cc  a t  10.5 Tesla and T 2 500 mK. The 3 2 1 0 -- T I M E  (SECONDS, 
main l i m i t a t i o n  i n  'achieving h igher  dens i t i es  was 

the r e f r i g e r a t i o n .  As the  f i l l i n g  f l u x  was increased F ig .  7 The response o f  t h e  HSC thermometer and 

the c e l l  would warm up which reduces the compression bolometer f o r  a h igh density, n 2 1016 atoms/cc. 

The bolometer i s  heated w i t h  a cu r ren t  square 
(see eq. 5).  We were forced t o  work a t  f i l l i n g  f luxes wave which returns to zero before the burning is 

HSC THERMOMETER 

I I I I 
3 2 1 0 

4 

BOLOMETER 

o f  order  5 - 10 % o f  t h a t  ava i lab le .  A t  these h igh  completed. Note t h a t  the  temperature o f  the  HSC 

10.5 TESLA 
L50 mK 

I 1 

dens i t i es  dev ia t ions  from exponential  decay a re  remains almost constant dur ing  the burn ing 

f o r  approximately 2.4 sec. 

3 

I I 



Instead the  c e l l  warms t o  a c e r t a i n  temperature and geometry, t h i s  measurement technique becomes i n -  

remains constant u n t i l  t he  HI i s  completely burned. sensitive and can grossly underestimate the initial 
The t ime constant f o r  burn ing has been observed t o  

be as long a$ 2 - 3 sec! This  can be explained as densi ty  i f  l i n e a r i t y  i s  assumed. 

fol lows. If the  dens i t y  i s  above a c e r t a i n  c r i t i c a l  I n  summary, we have discussed here the d i f f i -  

value, then a f t e r  t r i g g e r i n g  the c e l l  heats UP t o  culties and the techniques used to stabilize H+. 
a temperature:above t h a t  o f  the HEVAC-. The hel ium 
film which towards regions now starts Experiments have a lso  been performed on D+. For un- 

f l ow ing  up i n t o  the HSC and the vapors f l u x  back t o  determined reasons i t  has n o t  y e t  been poss ib le  t o  

condense on the  HEVAC. The H I  i n  the  c e l l  i s  pumped 
achieve densities of D I  above s10I4 at/cc. H t  has 

i n t o  the  reg ion  between the  HEVAC condenser and t h e  
16 

HSC. This  5s a feedback c o n t r o l l e d  process: t h e  H, been stabilized to densities of at least 10 at/cc 

leaks b a c k ' i n t o  the  HSC a t  a constant r a t e  P t o  and perhaps as much as an order of magnitude higher 

mainta in the  temperature o f  the HSC constant u n t i l  
At the higher densities the lifetimes appear to 

i t  i s  depleted. During t h i s  t ime the  H t  can a l s o  

leak  out  of the  HEVAC and recombine i n  warmer decrease, b u t  t h i s  has no t  y e t  been studied sys- 

regions, thus n o t  c o n t r i b u t i n g  t o  the  warming o f  temat i ca l l y .  An increase o f  dens i t y  o f  one t o  two 
the  c e l l .  The t ime requ i red  t o  e s t a b l i s h  t h i s  pro- 

orders of magnitude does n o t  seem t o  be ou t  of 
cess can be est imated from t h e  bolometer temperature 

- t ime t r a c e  which i s  seen t o  f i r s t  overshoot the  reach. With such d e n s i t i e s  and T c 100 mK i n t e r e s t -  

temperature Of the and then return' The main i n g  phenomena due t o  quantum degeneracy should be 
p o i n t  here i s  t h a t  we measure the dens i t y  by the warm- 

observable. 
i n g  o f  the  c e l l  bu t  t h i s  i s  on ly  t h e  lower l i m i t .  

We can get  an idea f o r  the  loss  ou t  o f  t h e  HEVAC 

from the f o l l o w i n g  simple model. A f t e r  t h e  begin- References 
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We use the term s t a b i l i z a t i o n  t o  mean a very 

la rge  increase o f  the  l i f e t i m e  o f  the gas as 

compared t o  the l i f e t i m e  i t  would have i f  no 

he1 ium f i l m ,  magnetic f i e l d  o r  low tempera- 

t u r e  environment was used. 


