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Experimental behaviour of Ionic Structures in Liquid Helium - I I .  

G. CARERI~ U. FASOLI a n d  F .  S. GAETA 

I s i i t u t o  di  t~is ica dell'  Un iver s i t&  - P a d o v a  

(ricevuto il l0 Dicembre 1959) 

Summary .  - -  Experiments  have been performed to select a proper  model 
among some proposed structures for helium ions in l iquid helium. The 
appara tus  is essentially a diode, where ti le ions are produced by  a-rays 
and the currents can be measured in the  bulk liquid, in the l iquid-vapour  
interphase and in the bulk solid. By the quite different behaviour  of 
the posit ive and negative ions in the interphase exper iments  one is led 
to picture the  posit ive ion as a cluster of polar ized a toms around one 
charge, and the negative ion as a large cage where the electron is self- 
t rapping.  

1.  - I n t r o d u c t i o n .  

T h e  i n c r e a s i n g  i n t e r e s t  in  t h e  use  of i ons  in  l i q u i d  h e l i u m  as a t oo l  fo r  t h e  

i n v e s t i g a t i o n  of t h e  p r o p e r t i e s  of l i q u i d  h e l i u m  i t se l f ,  ca l l s  a t t e n t i o n  to  t h e  

n a t u r e  of ion ic  s t r u c t u r e s .  I t  is t h e  p u r o p s e  of t h i s  p a p e r  to  d i scuss  t h e  pos -  

s ib le  s t r u c t u r e s ,  a n d  t h e n  to  d e s c r i b e  a n  e x p e r i m e n t  w h i c h  shows  s o m e  ev i -  

dence  for  t h e s e  m o d e l  s t r u c t u r e s  for  t h e  p o s i t i v e  a n d  n e g a t i v e  ions .  

2.  - P o s s i b l e  s t r u c t u r e s  o f  i o n s  i n  l i q u i d  h e l i u m .  

I n  th i s  S e c t i o n  we wil l  b r i e f ly  r e v i e w  a n d  e l a b o r a t e  on  t h e  s t r u c t u r e s  w h i c h  

h a v e  b e e n  p r o p o s e d  b y  us  (1) a n d  i n d e p e n d e n t l y  c a l c u l a t e d  b y  ATKINS (3). 

2"1. T h e  p o s i t i v e  i o n .  - I t  is we l l  k n o w n  t h a t  in H e  gas  t h e  I t e~  ion  is ~, 

s t a b l e  e n t i t y ,  a n d  e l e m e n t a r y  c a l c u l a t i o n s  i n d i c a t e  t h a t  in  a dense  m e d i u m  

(1) G. CAR]~lCI, F. SCARAMUZZI and J. 0. THOMSON: N u o v o  C i m e n t o ,  13, 186 (1959). 
(~) K. R. ATKI~S: Univ. of Pennsylvania  Techn. Rep. no. 3, Contract  no. 551 (28). 
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cluster  H% + mus t  e~sily be  formed,  the  n a toms  sor rounding  the  pos i t ive  ion 
being a t t ached  to it  by  polar iza t ion  forces. These polar iza t ion  forces are  
ac tua l ly  so large t h a t  the co-ord ina ted  a toms  will s t ick toge the r  a t  a d is tance  
much  less t han  the  average  a tomic  distance,  behav ing  like a highly compressed  
solid droplet .  On this ground ATKINS has ca lcula ted  the  mass  of a c lus te r  
due to this e leetrost r ie t ive  effect to a m o u n t  to abou t  50 4I~Ie mass  units .  We 
point  out  here t h a t  this mass  excess m u s t  be considered as a s ta t ic  effect s and  
has  noth ing  to do with any  h y d r o d y n a m i c a l  effective mass  which m a y  exist  
in specific si tuations,  and  m a y  even tua l ly  be added  to the above  ind ica ted  
styptic mass.  Quite soundly  ATKZNS also observes t h a t  these clusters  should 
be s table  us long as the ion moves  wi th  a ve loci ty  lower t h a n  the sound veloci ty ,  
the sound veloci ty  being t h a t  ra te  a t  which a compress ion in the  m e d i u m  can  
propaga te .  For  larger  velocities the charge m a y  leave the  cluster  and  its mo- 
bi l i ty  under  an externa l  electric field m a y  then  sharp ly  increase,  b u t  it  is no t  
known if this will be a t  all the  case due to possible c rea t ion  of exc i ta t ions  b y  
the hot  charge cluster. 

Koweve r  we are faced with  ano the r  possibil i ty.  The posi t ive  hole m a y  
migrate ,  j umping  f rom one a tom to ano ther  by  r a n d o m  walk, a~s happens  in 
similar  s i tuat ions in erystal l lne mediums .  The j ump ing  of the pos i t ive  charge 
is, of course, in real i ty  the t ransfer r ing  of an electron f rom a neu t ra l  a t o m  to  
the posi t ive ion, creat ing an ion f rom the fo rmer ly  neu t ra l  a tom.  As AT~INS 
points  out  s the electrostr ic t ive effect w;]l soon be obl i te ra ted  and  we will h a v e  
a quite different ent i ty ,  a charge d is t r ibut ion  in a qui te  large vo lume  of low 
densi ty.  ATKINS discards this possibi l i ty  wi th  the  a r g u m e n t  t h a t  this could 
be the case only if the posi t ive  ion were monoa tomic .  I n  a cluster,  he says, 
the  jumping  of a hole is no longer possible since this would  involve  rear range-  
m e a t  of the m~ssive nuclei, and this canno t  occur with a ve loc i ty  g rea te r  t h a n  

the  zero point  veloci ty  of the  I t e  a toms .  
I t  is our opinion, instead,  t h a t  the  charge m a y  well escape the  po ten t i a l  

barr ier  which keeps i t  in the  denser  mater ia l ,  by  some k ind  of tunne l l ing  
effect. Therefore  the question of the  possible s t ruc tures  of the  pos i t ive  ion is 
still an open one, and  one has  to choose be tween  two l imi t ing  models :  

I) the posi t ive ion is a solid cluster  of He  a toms  polar ized a round  
posi t ive  charge, which m a y  change site while still r emain ing  inside 

the cluster;  

I I )  the  posi t ive ion is a charge d i s t r ibu ted  in a large region wi th  dens i ty  
comparab le  to t h a t  of the liquid, the charge cont inuous ly  j u m p i n g  
f rom one a tom to another .  

2"2. T h e  n e g a t i v e  ion .  - I t  is also well known t h a t  in H e  the  H e -  is uns table ,  
and He~ mus t  be loosely bound  if i t  forms a t  all. I t  m a y  be t h a t  He~ has some 
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stability~ and  the resul t ing s t ruc ture  would then  be s imilar  to the I)  s t ruc tu re  
proposed  above  for the posi t ive  ion. 

However ,  if the electron likes to s t ay  in the  e m p t y  space~ then  the  inte-  
rest ing possibi l i ty  exists  t h a t  i t  m i g h t  r ema in  free in an effective cage, big 
enough to reduce its zero po in t  mot ion,  and  se l f - t rapping  inside this cage b y  
polar iza t ion forces. I t  seems t h a t  this possibi l i ty  has  been first i ndependen t ly  
po in ted  out  by  FElCRELL (a) to expla in  the  anomalous  large life of pos i t ron ium 
in l iquid he l ium;  as a m a t t e r  of fact ,  in this w a y  a pos i t ron ium a t o m  is able 
to avoid  contac t  with the l iquid and  increase its l i fet ime.  Fo r  this mode l  
ATKINS calcula ted  t h a t  the  ex t r a  mass  associa ted  with i t  m a y  be as large as 
280 4He a toms,  the nega.tive cloud ex tend ing  over  a region encompass ing  
m a n y  hel ium a toms.  

However ,  here again  a tunnel l ing effect m a y  exist,  which could let  the  
e lec t ron leave the she]l~like cage of polar ized atoms~ and diffuse in a large 
region. Therefore  we are still faced wi th  the following possibil i t ies:  

I)  The negat ive  ion is a solid cluster,  like the  s t ruc tu re  I)  p roposed  
for  the posi t ive  ion. 

I I )  The negat ive  ion is a cloud of charge in a cage, se l f - t rapped  b y  the  

she l l  of polarized a toms.  

I I I )  The negat ive  ion is a free electron mov ing  in a large region, of the  
dens i ty  of the liquid, escaping b y  tunnel l ing a n y  t r a p p i n g  which 
migh t  occur. 

To the above  possibilities~ we m u s t  add  the following one, suggested b y  
WILLI .~S  (4) and  suppor ted  b y  analogies in the  gas:  

IV)  The negat ive  ion is ac tua l ly  a charged  i m p u r i t y  (p robably  oxygen)  
which can form a cluster  in the  same w a y  as the s t ruc tu re  I) of 

the posi t ive  ions. 

3 .  - E x p e r i m e n t a l .  

I n  this Section we will describe an expe r imen t  of a qua l i t a t ive  na ture ,  
which in our opinion cap help one to choose be tween  the  ionic s t ruc tu res  above  
outl ined.  I n  this expe r imen t  the  ions are accelera ted  b y  the  un i fo rm electr ic 
field be tween the plates  of a paral lel  p la te  capac i ty  and  the  cur ren t  t h e r e b y  

(~) R. A. FERRELL" Phys. Bey., 108, 167 (1957). 
(4) R. L. WILLIAMS: Canad. Journ. Phys., 35, 134 (1957). 
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produced is measured a~ a funct ion of the applied voltage. The gap between 

the horizontal  plates would be filled with liquid or solid helium~ or else par- 
tia lly filled with liquid so tha t  the liquid-gas phase bounda ry  was parallel 

to and between tile plates. 

3"1. T h e  a p p a r a t u s .  - The appara tus  is essentially a diode where the ions 

a.rc produced by a layer of polonium at one plate, and collected on the other  
pl,~te by  a suitable electric field. Different diodes have been employed and 

here in the following we give their dimen- 

sions in cm (the symbols are shown inFig .  1) / 

and the relative current  density J in units 

J of 10 s ions/s cm ~, as measured at the stan- 

dard  condit ion of 2 °K and 200 V/cm. 
The plates were made of silver except  for 

the diode ~o.  1 where plat inum was em- 
ployed. The polonium source was obtained 

simply by lett ing one drop of 0.5 normal  ni- 

tric solution to evaporate  on the plate. I t  is 

es t imated tha t  10 ~ ion pairs per second 
were also produced~ but  the recombinat ion 

in the liquid was so effective to get cur- 
rent  densities ranging only between 10 -15 

to 10 -~° A/cm ~ s. incidental ly,  the range of ~- 

p'~rticles in the liquid was lower than 0.3 mm. 

The diode was protected sometimes by a 
plexiglass can~ and the whole unit  could be 

moved in the dewa, r by  means of (, O ,~ ring 

seals to follow the bath level when the two 

phase system was investigated. 

1 
I 
t 

Fig. 1. - The diode used for the 
liquid and liquid-vapour phases. 
The helium cryostat is not shown. 

The electrometer and other technical  devices used here were the same as 

in the experiments described by CARE~L SCARA_~UZ~I and THOMSON (1). 

! r d J R 

no. 1 1 
no. 2 1 
no. 3 1 

0.25 
0.25 
0.13 

0.5 
0.5 
0.8 

2.0 
2.5 
3.0 

A somewhat  different diode was used for measur ing the current  in solid 

helium, due to the need of applying on high pressure, tIowever~ the changes 

were only mat te r  of technical details. 
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3"2. Experimental results: 

A) C l a s s i c a l  l i q u i d s .  As a reference view-point  for the behav iour  

of the diodes we have invest igated some non-polar  classical liquids. ('C]~ 

and :N 2 were chosen for ma t te r  of experimental  convenience (Fig. 2 and 3). 

CC'I, 4 at  T=293 OK Diode N -° 1 
25O 

÷ posit ive ions , ~  

c~ o negat/ve ions o + 

201 

o o ÷ ' -  i 

15 (  

o 

10o . / r  

- ~ _ - - ' t r " "  _ , ,~  tior - 4 "  e v a e ~ . ~ , -  - -  

50 ..- .~= . . . . .  - t - -  , - ¢ ' 4 -  - "  I 

I I 1 ] 1 1 l I 1 [ ~ I ) t t t ! I I ! I I I I I J I J I I 

100 200 400 500 600V/cm 700 0 

Fig. 2. - The ionic currents in carbon tetrachloride versus the applied field. 

The curves labelled (< liquid >) have been obtained with bo th  the electrodes 

below the liquid level of the bath~ and the curves labelled (( evaporat ion >> have 

been obtained when the upper  electrode was above the ba th  level and the 

lower one containing the radioact ive layer below. The name (~ evapora t ion  ,~ 
is a short  and improper  one for a phenomenon which is a non-equi l ibr ium 

process of ion extract ion from a liquid surface by  means of an electric field 

perpendicular  to the surface. 
A glance to these curves shows tha t  the behaviour  is just  the one we should 

expect~ name ly :  

a) There is no difference between positive and negative ions bo th  in 

the liquid and in evaporat ion.  

b) :By increasing the voltage in the liquid the current  increases w i thou t  

approaching a saturat ion value~ in accordance with previous works;  this is 

due to large recombinat ion in the columns. 
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c) The t e m p e r a t u r e  has a slight influence in the  sense of increasing the 
current  with the increasing t empe ra tu r e s  as expec ted  ia  a n y  process  involv ing  

an ac t iva t ion  energy.  

0 50 .100 350 200 250 300 y/c m 350 

~'ig. 3. - The ionic currents in nitrogen versus the applied field at two temperatures. 

d) The evapora t ion  currents  are lower t han  the l iquid ones~ a t  g iven 
vol tage and t empera tu re ,  since the  polar iza t ion  forces keep  the  ions in the  

denser med ium.  

e) Final ly,  there is not  a qua l i ta t ive  difference be tween  CC14 and  N2. 

B) L i q u i d  h e l i u m .  The same runs  have  been p e r f o r m e d  in l iquid 
helium~ and some i m p o r t a n t  differences are a t  once not iced.  The  da t a  were 
well reproducible  working wi th  different diodes;  only some selected examples  

are shown in the following. 

The evapora t ion  curves also show some i m p o r t a n t  new features ,  as m a y  
be seen in Figs. 4, 5, 6, 7 and  8 t h a t  m a y  be summar i zed  as follows: 

a) Above  T~ the  evapora t ion  curves  are the  same as the  l iquid ones 

and are the  same for ions of bo th  signs. 

b) Below Tx the  evapora t ion  curve  of the  posi t ive  ions is a lways  lower 

than  the  one of the  negat ive  ions, the  l iquid curves r ema in ing  the  same for  
bo th ;  the  difference between evapora t ion  and  l iquid curves is m o s t  dras t ic  

for the posi t ive ions jus t  below T~. 



" ~ N ( )  q~ .  ( ' . ~ . l ~ l - ' , l { f ,  { ' .  I " ' k ~ 4 ( ) l , I  ; l l l d  I " .  ~ .  ( ; A I , / I ' A  

20' 

15 

]0 

Liquid Heat T=2.213 °K 

Diode N ° 1 
positive ions 

• negative ions 

i 

50 
7 l } I I I l I I f T I ! I I I ! ) I J f 

100 150 250 300 V/cm 350 

Fig. 4. The  ionic currents  in hel ium versus  the  appl ied  field, soon above  the  2 t rans i t ion .  

Liquid Heat T,,2.11 °K 

Diode ke- 2 

~ posit ive ions 
-o * ~egative ions 
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Fig. 5. - The  ionic currents  in he l ium versus  t h e  appl ied  field, soon below the  ~ t r an -  
si t ion. No te  t he  s t rong  effect on the  evapo ra t i on  of the  pos i t ive  ions. 
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Liquid He at T=2.09 oK 

Diode N-°I 
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20  • 

% 

e.t" gb.e~. J'. 

- ¢ . / " d ~ l l  

"~ '~ '4~  . = evaporotxic 

5 

. . . . .  = ~.] . . &- . .~--~ . . . . . .  ~ r .  - ~  . - -  ~ - .  _ _ _ ~ . ~ . .  

0 50 .100 .150 200 250 300 V/cm 350 

F i g .  6. - T h e  s a m e  as  F ig .  5, a t  a l o w e r  t e m p e r a t u r e .  

Liquid He at  T = 1.75 OK 

Diode NO- 1 

x pos i t i ve  ions 
• negat ive  ions 
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50 100 150 2 0 0  250 300 v / c m  350  

F i g .  7. - T h e  s a m e  as  F i g .  5, a t  a l o w e r  t e m p e r a t u r e .  
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d) At  the lowest temperatures  the evapora t ion  curves approach ve ry  

small values which have been proved to be due to leakage current~ radioact ive  

contaminat ion  of the plexiglas and other similar effects. 

o 

8o 

60 

40 

20 

L iquidHeat F.-Q95°k 
Diode N°3 

positive ions 
o negative ions 

r 

J 
f 

/ 
_ ~ o  

J 
f 

evoporohon 
~ eva, oorot/oo 

0 50  100 150 2 0 0  V&m 2 5 0  

Fig. 8. - The same as Fig. 5, at a lower temperature. 

C) S o l i d  h e l i u m .  When  the pressure on the helium in the cell con- 

t~ining the diode was increased to the melt ing pressure, the current  ~t once 

fell to ~m extremely low value~ not  distinguishable f rom the electrometer  b~ck- 

ground noise. 

Since the experiment  necessarily deals with ions of both  signs at  the same 

time~ we can oIlly say tha t  this result  means tha t  at  least one of the two spe- 

cies of ions could not  move. This would cause the to ta l  current  to vanish 

because of the polarization of one electrode. I t  seems tha t  the negat ive ion 

if it is a free electron ought  to be mobile in solid helium as in any dielectric. 

We then interpret  the vanishing of the to ta l  current  as an indicat ion tha t  

the current  of positive ions is neagligible in the solid. 

4 .  - D i s c u s s i o n .  

The above quoted results of the inter-phase exper iment  may  be quali ta-  

t ively unders tood in terms of the current  picture o~ liquid helium. The r~pid 

fall of the ionic evaporat ion below the ~ tempera ture  is then due to the rapid  
fall in the number  of excitations~ since excitat ions are needed to let the ions 

across the l iquid-vapour surface. Therefore this ext rac t ion mechanism in 

liquid helium is not  much different f rom the evapora t ion  mechanism of any  

liquid; where the molecule to evaporate  has to pick up some energy f rom the  
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sorrounding molecules during a local f luctuat ion of the collisions, in order to 

overcome the binding energy with the neighbour  molecules. I n  the case of 
the ions we presume this binding energy to be much  larger due to the s t rong 

forces ion-polarized molecules, and the ions will have  definite preference to 

s tay  inside the liquid medium. 
Once this picture is accepted, then we deduce t h a t  the positive and nega- 

tive ions must  be quite different entities, and tha t  it is easier to push the 

~legative ion out of the surface than the positive one. We conclude tha t  the 

negative ion cannot  have the same or a more massive s t ructure  t h a n  the posi- 

tive, and therefore the structures I and IV must  be discarded. We stress the 
practical  impor tance  of discarding IV  because tha t  means tha t  in l iquid helium 

the concentra t ion of impurit ies is really negligibl% or at  least t ha t  they  do 

not  contr ibute  at  all in these experiments  with ions. 

Next  we consider the absence of extract ion currents  for negat ive ions in 
the low temperature  runs. This indicates t ha t  for negat ive ions tunnell ing 

effects are negligible, an impor tan t  result which rules out  its possible struc- 

ture I I I .  
Final ly  the solid helium exper iment  shows tha t  for the posit ive ion the 

s t ructure  I I  involving jumps eventual ly  by  tunnell ing must  also be discarded. 

5 . -  Conclusion. 

The only structures left are then I for the positive ion and I I  for the 

negative ion, or briefly the positive ion is a cluster and the negat ive is an 
empty  bubble. We believe this to be in agreement  with all other  exper imenta l  

information concerning the mobili ty,  since the mobi l i ty  of the negat ive ions 

is lower than  the positive ones (1). This is due to the larger extension of the 

shell surrounding the negative cloud in comparison with the solid droplet  

surrounding the positive charge, as indicated in 1. 
I t  is hoped tha t  future theoret ical  and exper imenta l  work may  lay be t te r  

foundations on the structures,  which have been adopted  here on the basis of 

the experimental  evidence so far  at  hand.  

R I A S S U l q T O  

Sono stati eseguiti degli esperimenti per seegliere un modello adatto fra a.lcune 
strutture possibili per gli ioni di elio in elio liquido. L'apparecchio ~ essenzialmente 
un diodo, dove gli ioni sono prodotti da raggi ~ e le correnti possono essere misurate 
in fase liquida, solida e in interfase liquido-vapore. Tramite iI differente eomporta- 
mento degli ioni positivi e negativi negli esperimenti in interfase, si g portati a ritenere 
lo lone positivo come un raggruppamento di atomi polarizzati intorno ad una carica, 
e lo lone negativo come una cavit£ dove l'elettrone si auto-intrappola. 


