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INTRODUCTION

S ince s e v e r a l  y e a rs  ex p e r ie n c e  has been  ob ta ined  w ith  the  s e p a ra tio n
by th e rm a l d iffu sion  of ra d io a c tiv e  g a se s  fro m  a c a r r i e r  g a s , by e x p e r ts
l i k e :

H a r r is o n , *)
M ason, 2)
G rew , 3)
H eym ann,4*

u sin g  222Rn
using  85K r and 14 C
u sin g  222 Rn, 133 Xe and 85K r and
u sin g  133 Xe

w ith  v a rio u s  g a s e s  lik e  H 2, H e, N e, A r , e tc .

T hey  d e te rm in e d  the  e le m e n ta ry  s e p a ra tio n  fa c to r  with_an e le m e n ta ry
c e ll, c o n tra ry  to  peop le like  L ibbv  and A rnold® ), De Vries® ) a n d D ic k e l7'
who s tu d ied  the e n r ic h m e n t of i4C in v a r io u s  com pounds lik e  e . g. CO,
C O 2 and C H 4, u sing  th e rm a l d iffu sion  co lum ns.

The b e s tm e th o d  to  d e te rm in e  the  th e rm a l d iffu sion  fa c to r  is  the  m ethod
w ith the  e le m e n ta ry  c e ll,  and has th e re fó re  been  chosen  as the  e x p e r i­
m e n ta l ap p ro a ch  in th is  th e s is .

T he r e a s o n s  fo r  u sin g  ra d io a c tiv e  g a s e s  a r e  :
a . T hey  a r e  e a s i ly  d e te c ta b le , and th e re fo re  avoid  c o m p lic a te  v o lu m e tr ic

o r  m a s s  s p e c tr o m e tr ic  a n a ly se s .
b. T hey  m ake  it  p o ss ib le  to  w ork  w ith a  q u a s i-L o re n tz ia n  gas  m ix tu re ,

being  a m ix tu re  w ith  only t r a c e r  q u a n titie s  o f a  heavy , ra d io a c tiv e
m o le cu le  in it, and on w hich s im p lif ie d  ca lc u la tio n s  can  be done.

c. As t r a c e r  q u a n titie s  can  be u se d , th is  opens the p o s s ib ili ty  to  p ro ce ed
the r e s e a r c h  in low te m p e ra tu re  re g io n s , if  only the  p a r t ia l  p r e s s u r e
of th e  t r a c e r  re m a in s  below  its  v ap o u r p r e s s u r e .

H e y m a n n 's8* m e a s u re m e n ts  of the  e le m e n ta ry  s e p a ra tio n  fa c to r ,  done
in o u r la b o ra to ry , gave betw een  300 and 700 °K , q u a lita tiv e  a g re e m e n t
w ith  c la s s ic a l ly  c a lc u la te d  th e rm a l d iffu sion  f a c to rs .  He u sed  a  L e n n a rd -
Jo n e s (1 2 , 6 ) p o te n tia l m ode l. F o r  the lig h te r  c a r r i e r  g a s e s  (H 2, Ü 2, He)
h is  d ev ia tio n s of m ax im um  10% gave r i s e  to  the q u es tio n  how the  th e rm a l
d iffu sion  fa c to r  would behave in lo w er te m p e ra tu re  re g io n s . Of c o u rse ,
th e re  w ere  su sp ic io n s  to  p o ss ib le  quantum  e ffec ts  and th is  le ad  us to
build  a  two bulb a p p a ra tu s , u sing  a  G e ig e r, co u n te r  a t  ro o m  te m p e ra tu re
a s  a  d e tec tin g  dev ice  fo r  the ra d ia tio n  of 85K r. M o reo v e r, we r e a l is e d
th e p o s s ib i l i ty to w o r k b e tw e e n l0 a n d 8 0 0  °K r u sin g  c ry o g en ic  te c h n iq u e
T h is  w as the s ta te  of a f f a ir s  in 1959. In th e  m e a n tim e  G rew  and Mundy3)
did th e ir  beau tifu l w ork  in  E ngland  on analogous m ix tu re s ,  w hich w as not
known to  u s . T h e ir  p u b lica tio n  cam e in 1961.

B ecau se  of the in te re s tin g  r e s u l t s  w hich we ob ta ined  w ith  85K r a g a in s t
N e, 4H e, ®He and H 2, we d ec ided  in  1960 to  do so m e  d e te rm in a tio n s

on the th e rm a l s e p a ra tio n  fa c to r ,  in about the  sa m e  a p p a ra tu s , w ith
tr i t iu m  (T 2) as  a  ra d io a c tiv e  t r a c e r  g as . T he ra d ia tio n  of T 2 having
about 10 keV en e rg y , the  counting  tech n iq u es  u se d  w ith 85K r  had to  be
le f t and to  be re p la c e d  by an io n isa tio n  c h a m b e r, a t  room  te m p e ra tu re
aga in , on top  of th e  c ry o s ta t .  T h is  gave  u s , m o re o v e r , a gain  in a c c u ra c y
of the d e te rm in a tio n  of the s e p a ra tio n  fa c to r ,  w ith  a  fa c to r  ten . We u sed
T 2 , DT and HT w ith  4H e, H2 and  D2 a s  c a r r i e r  g a s e s  and w orked  w ith
liqu id  hydrogen  a s  a  cooling  agen t.
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The in te re s tin g  e x p e r im e n ts  and ca lc u la tio n s  on c o m p arab le  m ix tu re s
done a t about the  s a m e  tim e  by W aldm ann c. s .  gave us a  g re a t  help.

T h e  85 K r m e a su re m e n ts  shou ld  show  a m o re  o r  le s s  c la s s ic a l  c h a ra c te r
t i l l  the lo w es t p o ss ib le  te m p e ra tu re  of 50°K , a s  th e 're d u c e d  w ave leng th
A* fo r K r a g a in s t ('4H e, ^ H e  o r  H2 ) is  about 0. 8 and th e  p o te n tia l m in i­
m um  (L e n n a r  d -Jo n e s  ) b e tw e en K r and th e se  v a r io u s  c a r r i e r  g a se s  is* /K
a 4 4  °K and 78 °K re s p e c tiv e ly , ac co rd in g  to  H irs c h fe ld e r  c. s .  1°)

F o r  the tr i t iu m  m ix tu re s  the s itu a tio n  is v e ry  d iffe re n t how ever, w here
in c a se  of ’ He a s  a c a r r i e r  gas  A * 1 . 7 5  and «/ k 19. 45 °K. Q uantum
effe c ts  in  th e  th e rm a l d iffu s ion  fa c to r  can  be ex p ected  below  50 °K in
the  l a t te r  ca se .

T he o b jec t of th e se  tw o 8SK r and  T 2 e x p e r im e n ta l se q u en c es  w as to  ob­
ta in  d a ta  on the  te m p e ra tu re  dependence of the  e x p e r im e n ta l th e rm a l
d iffu sion  fa c to r  a .  T h is  fa c to r  a  is ,  to g e th e r  w ith  the n o rm a l d iffusion,
co e ffic ie n t D, th e  m o s t s e n s itiv e  fundam en tal c h a r a c te r is t ic  fo r the
in te ra c tio n  p o te n tia l betw een  u n 1 i k e m o le c u le s , w h e re a s  th e se  a  and D
c o e ffic ie n ts  a r e  only in d ire c tly  and  in se n s itiv e ly  dependen t on the in te r ­
a c tio n  of l i k e  m o le c u le s . The m e a s u re m e n t of a  and D is th e re fo re  of
high im p o rta n c e  to  le a rn  m o re  about the  in te ra c tio n  betw een  u n l i k e
m o le c u le s , and b eco m es e x tre m e ly  in te re s t in g  fo r  m ix tu re s  w ith  la rg e
quantum  p a r a m e te r s .  T he te m p e ra tu re  dependen t b eh a v io u r of “ expt. fo r
v e ry  a s y m m e tr ic  m o le c u le s  lik e  HT a g a in s t sp h e re s  lik e  4He in  the
te m p e ra tu re  re g io n  w h ere  heavy  quantum  e ffec ts  can  be ex p ected , w as
th e  la s t  r e s e a r c h  ob jec t.
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CHAPTER I

THE THERM AL DIFFUSION FACTOR

PAR. 1. INTRODUCTION
B efo re  we in tro d u ce  the  way in  w hich the c la s s ic a l  th e o ry  as  w ell a s  the
quantum  th e o ry  have p e r fo rm e d  th e ir  c a lc u la tio n s  fo r the  t r a n s p o r t
phenom ena, we w ill d isc u ss  the b a s ic  in te g ro -d if fe re n tia l  equa tion  given
by M axw ell-B o ltzm ann . 10-1 2 )

T he e x p re s s io n s  g iven  by the above two th e o re m s  a r e  so lu tio n s  of th is
equation . The M axw ell-B o ltzm ann  equation  is  g iven  by:

8 + F 3? + W I  = J / /  Cfif j - k ijd k d c . < l~1)
w h ere  f  t  f(c, r ,  t)  is  the  d is tr ib u tio n  function , o r  m o re  s im p ly  is  an a lo ­
gous to  the  n u m b er of p a r t ic le s  p e r  un it vo lum e in the  lim itin g  c a s e  of
e q u ilib r iu m . T he d if fe re n t te rm s  of eq u a tio n ( 1) can  be exp la ined  p h y s ic ­
a l ly  a s  follow s :

3fa. The te r m - ^ - r e p r e s e n ts  th e  p a r t ia l  tim e  d e r iv a tiv e . The p h y s ic a l
m ean in g  of th is  te rm  can  be u n d e rs to o d  if  we su p p o se  th a t we have an
o b s e rv e r  m o lecu le  fixed in  p o sitio n  a t the  c e n tre  - fo r  in s ta n c e  -  of
the un it vo lum e; then  the  r a te  o f change of the  n u m b er of m o le c u le s
in the un it vo lum e w ith  r e s p e c t  to  tim e  is  g iven  b y 4 p

Q ƒ
b. T he second  te rm  C j i i s d u e  to  the m o tion  of the  m o le c u le s  th e m se lv e s

If we suppose th a t o u r o b se rv in g  m o le cu le  has a  v e lo c ity  c w hich is
ex a c tly  the  sa m e  a s  the m ean  ran d o m  v e lo c ity  of the m o le c u le s , then
when th is  o b s e rv e r  m o le cu le  w ill r e g i s t e r  the v a r ia tio n  of th e  d i s t r i ­
bu tion  function  f, th e  e ffec t of its  m o tion  w ill be re f le c te d . T h e  f i r s t
two te rm s  can  be re g a rd e d  a s  the  su b s ta n tia l tim e  d e r iv a tiv e  w hich

Dfcan  be w ritte n  a s -g p
— 3fc. T he th ir d  te rm  F -g =  r e p r e s e n ts  th e  e ffec ts  of the  e x te rn a l fo rc e s  on

the s y s te m . As F  is the r a te  of change of m om entum  and eq u a ls
p e r  u n it m a s s ,  then  we se e  th a t th e re  is an  e x t r a  change in the  d i s t r i ­
bu tion  function  due to  v e lo c ity  changes by apply ing  e x te rn a l fo rc e s .

T he le ft hand s id e  of equa tion  ( I - 1) can  be w ritte n  a s ^  , w hich r e p r e s e n ts
the to ta l change in the un it vo lum e.

T he r ig h t  hand s id e  of equation  (1-1) r e p r e s e n ts  the  n e t gain  o r  lo s s  in
the vo lum e e lem e n t due to  c o llis io n s . T h is  te rm  is u su a lly  w ritte n  as
J (*i t ) .
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T he B o ltzm ann  in te g ro -d if fe re n tia l  eq u a tio n  can  be w ritte n  now a s  :

r a te  of change
of th e  d is tr ib u tio n +

r a te  of change
due to  p a r t ic le s +

r a te  of change
due to  e x te r n a l -

function  w .r .t . ,  tim e m otion fo rc e s

n e t gain  o r  lo s s
p e r  u n it vo lum e due
to  co llis io n s

PAR. 2 . |
SOLUTION OF THE BOLTZMANN EQUATION IN CLASSICAL MECHANICS
T he M axwell-B oltzm ann  in te g ro -d if fe re n tia l  equa tion  can  be w ritte n  in
th e  s h o r t  hand fo rm  as  :

A f = J ( f . f j) (I - 2 )

In o r d e r  to  so lv e  th is  eq u a tio n  c la s s ic a l ly ,  n ‘13  ̂ the  follow ing s te p s  w ere
fo llo w ed :

C la s s ic a l  m e ch a n ic s  has t r ie d  to  find  an  e x p re s s io n  fo r  the  ang le  of
d efle c tio n  betw een  tw o co llid ing  p a r t ic le s ,  it)  T h is  e x p re s s io n  w as de­
r iv e d  v ia  the  two co n se rv a tio n  p r in c ip le s  of e n e rg y  and m om entum
1Ó, 14) a n c j js  g iven  by : 10)

2

t ( g .b )
d r / r

1  -
b2

(1-3)
# ( r )

iMg2
w h ere  "g" is  th e  r e la t iv e  v e lo c ity  of th e  tw o co llid ing  p a r t ic le s  and b
is  the  c o llis io n  p a r a m e te r .  If the  p o te n tia l f ie ld  $  ( r )  betw een  two
co llid in g  p a r t ic le s  is  known, th en  th e  angle of d eflec tio n  x (g, b) is
co m p le te ly  d e te rm in e d .

2. From  the  ang le  o f d e flec tio n  x(g, b ) ,  th e  c r o s s  se c tio n  of two co llid ing
m o le c u le s  can  be d e te rm in e d  and is  g iven  by the  e x p re s s io n : to)

(g) = 2ir f  (1 - c o s ^ x ) b d b  (I- 4 )

w h ere  th e  index  i  deno tes th e  k ind  of c ro s s  se c tio n .

3. If  the c r o s s  se c tio n  is  known, the  so  c a lle d  c o llis io n  in te g ra l  can  be
d e te rm in e d  and is  g iven  by th e  e x p re s s io n : 10)

n ^ ’ ’ (T) Jo e" 7 y 2 t+3Q ^(g )dy  (1-5)

w h ere  y 2 = 5 Mg2/k T
T h e so lu tio n  of the  B o ltzm ann  d if fe re n tia l equation  (1-2) w ithout the ex ­
te rn a l  fo rc e s  te rm  has g iven  the  follow ing e x p re s s io n  fo r th e rm a l d iffu s­
ion fa c to r  in  a  b in a ry  m ix tu re , in  th e  c a s e  one of th e  com ponen ts is  p r e ­
se n t in  sm a ll  am oun ts : 15'

- M 2 + n  [M?(Mj  - M2 ) ]  + 4 s M2M 2 _

6 M 2 + 5 M2 - 4 M22B 12. + 8 MjMaAia,

(1- 6 )
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In th is  e x p re s s io n  fo r  the  th e rm a l d iffu sion  fa c to r  the  te m p e ra tu re  e ffec t
a p p e a rs  in  the fa c to r  (C 12 - 1 ). The d if fe re n t|sy m b o ls  in  th is  e x p re s s io n 1®
a r e :

\J2 M 1

^>*2 2 „
0  <T12)

* 2  2 *0 ' 2( T 2 )

*2 2

*1 1

A12=°-4 A 12

B .
5 n*1 , 2 4 Q

,* i ,  l

0. 6 B ,

> * 1 , 2

1

ci2 " 12Cn

(1-7)
PA R . 3. SOLUTION O F  THE BOLTZM ANN EQUATION IN

QUANTUM MECHANICS*
T he so lu tio n  of th e  B o ltzm ann  in te g ro -d if fe re n tia l  equation  in  quantum
m e ch a n ic s  fo llow s n e a r ly  th e  s a m e  w ay a s  the  c la s s ic a l  so lu tio n . The
m a in  d if fe re n c e s  betw een  the  tw o th e o re m s  a r e  th e  fo llo w in g :
a . In c la s s ic a l  m e ch a n ic s  an e x p re s s io n  w as g iven  fo r  the  an g le  of d e- .

f lec tio n  by equa tion  (1 -3 ) . In quantum  m e ch a n ic s  th is  is  no t p o ss ib le
due to  the  u n c e r ta in ty  p r in c ip le . A ll w hat can  be sa id  is th a t, in s te a d
of g iv ing th e  ang le  of d e flec tio n , we g ive the  probability!®  th a t th is
ang le  w ill l ie  w ith in  a  so lid  ang le  dw .
In th is  c a se  th e  ang le  x is  re p la c e d  by a ( g . . ,  x ).

b. T he seco n d  d if fe re n c e  is th a t aU v ery  low te m p e ra tu re s  -  s a y  below  1
o r  2 °K - th e  s ta t i s t ic s  of th e  m o le c u le s  p lav  an  im p o r ta n t p a r t .  T h is
e ffec t is  ca lle d  th e  s y m m e try  effec t; !® <!“  ̂ and fa c to rs  of th e  fo rm
f[(l + ^jfj) m u s t be in tro d u c ed  in  p la ce  of f\, w h ere  " I"  r e p r e s e n ts

ith  'm o lecu le . T he fa c to r  " d ,"  depends on the s ta t i s t ic s  u se d . Inthe
th e  c a s e  of F e rm i-D ira c  s ta t i s t ic s  :

i ■ (» )
/G ,  and in B o se -E in s te in  s ta t i s t ic s  : d .  = + ( s ) /G ,

w hile  in  B o ltzm ann  s ta t i s t ic s  ^ i = 0. "G " is  th e  s ta t i s t ic a l  w eight of
th e  p a r t ic le .  In th is  c a se  the B o ltzm ann  d if fe re n tia l equa tion  b e ­
co m es : !®)

= 2 + - V i M 1 + *,fi> -
J 1 1 (1-8)

fi fj ( l  + V i )  + * j* p ]  * ) s in x  dx dcs

w h ere  the  su m m atio n  ex tends o v e r  a l l  m o le c u le s  j.

PAR. 4. NUM ERICAL ESTIM ATION O F THE CONDITIONS O F THE
E X PER IM EN T.

a. T h e  in fluence of the  c o n c e n tra tio n  of th e  t r a c e r  g as .
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T he t e r  m a l d iffu sion  is  g iven  in  f i r s t  ap p ro x im atio n  by an equation  of
the  f o r m : i<>)

a  (T ,Y )  = 5 [C (T ) -  l ]  0 (T , Y) (1-9)

In  th e  c a s e  of v e ry  sm a ll  am ounts of 85 Kr, w hich has  been  u sed  a s  a
t r a c e r  gas  in  ou r e x p e r im e n ts ,  p (T , Y) re d u c e s  to  -  §£-and  equation
(1-6) ta k e s  the fo rm : 18̂

S
a  (T , Y) = -  5 [  C (T ) -  l ]  p p  (1-10)

^ 2

w h ere  So and Q 2 a r e  e x p re s s io n s  g iven  by (I-3 2 a ) and ( I-3 2 b ).
F ro m  fig. 1-1 we se e  th a t th e  v a r ia tio n  w ith  te m p e ra tu re  is

u

5<c-l)

F ig . 1-1.

T he v a r ia tio n  of th e  q u a n titie s  a ,  5 (C -1 ) ,
S n

S„, Qo a n d 7<“ a s  a  fu n c tio n  of th e  red u ced2 i  y  2
te m p e ra tu re  T . T he o u te r  s c a le  - on th e
o rd in a te  a x is  -  is  fo r  on ly , w hile  th e  in n e r
one is  fo r  th e  q u a n tit ie s  5 ( C - 1 ) ,  S2 , Q 2
and 7&-. F ro m  th is  g ra p h  we s e e  th a t the

'■*'2 So
v a r ia tio n  o fQ ^ as  a  function  of te m p e ra tu re
is  s m a ll ,  w hile  m o s t of th e  v a r ia tio n s  a p p e a r
in  5 ( C - l ) .

n eg lig ib le  so  th a t can  be tak en  to  be ap p ro x im a te ly  equal to

14



s .
Q R .E .S .

■ H e re L . J .  s ta n d s  fo r  L e n n a rd -  Jo n e s  and R. E . S. fo r  R igid
2 .

E la s t ic  S p h e res .
T he co n s tan t C (T ) is  defined  in  g e n e ra l by the eq u a tio n :

C (T ) 2 n l l'22 (T t 2 )
^ 1 1  3{C

5 n • ( t  )12 1 12'
(1-11)

w h ere  in  the  c a se  of th e R . E . S . , th e se  Q 's  a r e  g iven  by th e  r e la t io n :

V
Q 1 , 1  = i ( s  +  1 ) . i  1 + (-  11

1 2 . 1 + 4
\[WV 2 t / i

R. E. S. 1 . 2 .S u b stitu tin g  we find C

F o r  the r ig id  e la s t ic  s p h e re s  we h av e :

r. e. s.
r s 2 1

”q

L1 - 2  '
LQ 2 j R.E. S. Lq 2 J r. e. s.

T h e re fo re  equation  ( I - 10) can  be w ritte n  in the fo rm

S,
L.J. (T ) ~  - 5 | C L.J.

*  -  5 C L.J.

(T ) -  l ]

(T ) -  l ]

Q. R. E. S.

(1-12)

(1-13)

(1-14)

L.J.
- 5 |C L.J. ‘] (1-15)

b. T he te m p e ra tu re  re g io n  w h ere  quantum  d ev ia tio n s can  be ex p ected .
A cco rd in g  to  the  quantum  th e o ry , d ev ia tio n s fro m  c la s s ic a l  b eh av io u r
e x is t d u a tó  the  w ave n a tu re  of the  co llid in g  p a r t ic le s .  T he w ave leng th
a s so c ia te d  w ith a  p a r t ic le  of re d u c e d  m a s s  n is  g iven  by the  De B ro g ­
lie  w ave e q u a tio n ;

X = J L  = J l_
m v \1

V2MkT
(1-16)

W hen th is  w ave len g th  is c o m p a ra b le  w ith  the m o le c u la r  d im en sio n s
we have d if fra c tio n  e ffe c ts . * ^ B y  d iv id ing  eq u a tio n  (1-16) by
a , we have :

h

a fikT
(1-17)
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and o  is  th e  m o le c u la r  d ia m e te r .
m  m „

w h ere  = ------ -—m , + m
1 »

T o c o m p a re  ̂ quantum  effec ts  o f d if fe re n t g a s e s  we m e a s u re  the  te m ­
p e r a tu re  in -jjra s  a un it. The re d u c e d  te m p e ra tu re  co rre sp o n d in g  to
T °K is  g iven  b y :

T* = T / (1-18)

w h ere  « is  the  dep th  of the  L e n n a rd -J o n e s  p o te n tia l \

S u b stitu tin g  in  eq u a tio n  (1 -1 7 ), we h a v e :

x ____h_ 1 3
9 \Z~T*

A

\ / t *~
(1-19)

w h ere  A - -m and is  u se d  to  c o m p a re  th e  quantum  d ev ia tio n s of
oyzuc * , n )

d iffe re n t g a s e s  a t a  re d u c e d  te m p e r a tu re  T equa l to  1.
If  x = g -  the  w ave len g th  a s s o c ia te d  w ith  a m o le cu le  is equa l to  its
d ia m e te r  - ,  th en  equa tion  (1-19) b e c o m e s :

1 .  . - 4 J  o r  T* *■ A*2 (1-20)
Y t

U sing  equa tion  (1 -1 8 ), we g e t:

N o w th e lo w esttem p era tu rea tw h ich m ea su rem en ts  can b e done, using
85K r  a s  a  t r a c e r  g a s , is  d e te rm in e d  by  th e  v ap o u r p r e s s u r e .  In ou r
co u n te r  we canno t have a  re a s o n a b le  nurriber of coun ts when the
p r e s s u r e  of th e  t r a c e r  gas  is  le s s  th an  10 ®,m m -H g . S u b stitu tin g  this
p r e s s u r e  in  th e  v ap o u r p r e s s u r e  fo rm u la :

In (1- 2 2 )

w h ere  Uc and T a r e  the  c r i t i c a l  p r e s s u r e  and te m p e ra tu re  r e s p e c t iv ­
e ly , P (T ) is  th e 'v a p o u r  p r e s s u r e  a s  a  function  of T and  K' is  a  co n s­
ta n t.

W e find th a t ou r m in im u m  te m p e r a tu re  T rain is  equa l to  50 K to  give
th e  m in im u m  a llow ed  v ap o u r p r e s s u r e  of th e  k ry p to n  g as . T h e re fo re
the  m ix tu re s  w hich a r e  fav o u rab le  fo r  m e a s u r in g  the  quantum  e ffec ts ,
a r e  th o se  m ix tu re s ,  w hich have no t a  too  low A to g e th e r w ith  an
‘ exceed ing  a s  m u ch  a s  p o ss ib le  th e  m in im u m  value 50 K. T h is
m e an s  th a t o u r  te m p e ra tu re  re g io n  shou ld  l ie  b e tw e e n :

T min ^  T ^  k
(1-23)
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To s a t is fy  th is  equa tion  K r and a n o th e r  lig h t g as  H 2 w hose
A * = 0 . 8  and ■ -  80 °K  w e re  ch o sen . T he m e a n  va lue

I*  K
of ou r te m p e ra tu re  ra n g e  is  abou t 65 K.

In  th is  re g io n  of te m p e ra tu re  the  d ev ia tion  of th e  in te rp o la te d  quantum
cu rv e  fro m  th e  c la s s ic a l  one m ig h t be two to  th r e e  tim e s  the  c la s s ic a l
2alue us show n in F ig . 1-2.

85

\  \  «

Fig. 1-2.

The relation between 5 (C - l)  as a function
of the reduced tem perature T*. The curve
for A*=0 was obtained from H irschfelder, 1)
while for A* = l . 5 it has been obtained from
the theoretical quantum calculations with
the Lennard-Jones (12,6)  model by De
Kerf (see  chapter V ).
The dotted curve has been interpolated for

0. 8 for the 85Kr m ixtures.

PA R . 5.
A PPRO X IM ATE TH EO R ETICA L CALCULATION O F THE SEPARATION
T he th e rm a l d iffusion  fa c to r  a  as  a  function  of th e  s e p a ra tio n  Q is  g iven
by: 18)

d In Q
“  = --------- (1-24)

1 c
d In - s -

h

In te g ra tin g  th is  re la t io n , a f te r  p e r fo rm in g  th e  r e q u ir e d  d if fe re n tia tio n ,
we g e t :

r Tc «In Q § = J  '  T  dT (1-25)
h a

In  o y d er to  p e r fo rm  th is  in te g ra tio n  a  g ra p h  of T a g a in s t "qr w as p lo tted ;
by v a ry in g  T fro m  25 °K to  800 °K a s  in  fig . 1-3. T he a r e a  u n d e r th is

17



0.0 0 <

F ig . 1-3

Method of calcu lation  of the separa tion  Qs .
The curve shows the ^  (the th e rm al diffus -
sion fac to r divided by the variab le  tem pe­
ra tu re )  as a  function of the v ariab le  tem pe­
ra tu re  T . The a re a  under the cu rv e  r e p re ­
sen ts  the logarithm  of the sep a ra tio n  Q .
The dotted curve is c la s s ic a lly  calculated
fo r the L e n n a rd - Jones (12 ,6 ) po ten tia l,
w hile the continuous one is obtained from
the in terpo la ted  cu rve of fig. 1-2.

c u rv e  c o rre sp o n d s  to  the  lo g a rith m  of the s e p a ra tio n  Q 5. By fix ing T. ^
a t  375 °K, 360 °K, 300 °K, 200 °K  and 100 °K and v a ry in g  T to  25 aK in
each  c a se , s e v e r a l  g ra p h s  of log Q s a g a in s t T w e re  ob ta ined  a s  in  fig.
1-4. T h ese  g ra p h s  have been  ob ta ined  fro m  th e  c la s s ic a l  and the  ap p ro x ­
im a te d  quantum  c u rv e  show n in  fig . 1-3. F ro m  th e s e  g ra p h s  we se e  th a t
the  r a t i o :

V i  \ 1 \ i
L | l n  Q  ƒ  -  i ̂ 5 7 max :lnCM  m in  J1 classical

[{“" M ™  ■ j
f in  Q  i
[ * ƒ min k quantum

does n o t in c re a s e  m uch  by lo w erin g  the te m p e ra tu re  of the top  r e s e rv o i r .
T h e re fo re  the te m p e ra tu re  of the  top  r e s e r v o i r  w as ad ju s te d  a t room
te m p e ra tu re .

PA R . 6. CLASSICAL CALCULATION O F THE THERM AL DIFFUSION
FACTOR a .

The c a lc u la tio n  of th e  th e rm a l d iffu sion  fa c to r  a w as c la s s ic a l ly  p e r ­
fo rm e d  by u sin g  th e  L e n n a rd -Jo n e s  p o te n tia l w hich is  g iven  by : 10>

18



Log. Qs

F ig . 1-4.
The logarithm  of the sep a ra tio n  Q f a s  a
function of the v ariab le  tem p e ra tu re  T for
d ifferen t values of the fixed tem p e ra tu re
Th . C urve 1 is fo r T h = 360 °K, curve 2
fo r T = 300 °K, cu rve 3 fo r T. * 200 "kn n
and cu rve  4 fo r T. = 100 °K. The dottedn
cu rv es  la ,  2a, 3a and 4a a re  the sam e as
the cu rv es 1, 2, 3 and 4, only calcu lated
quantum m echanically  with the help of the
in terpo la ted  cu rve in fig. 1-2.

T h is  p o te n tia l show s th a t a t v e ry  s m a ll d is ta n c e s  re p u ls io n  p re v a ils  and
th e  p o te n tia l e n e rg y  d e c re a s e s  w ith  in c re a s in g  d is ta n c e ; then  th e  a t t r a c ­
tiv e  fo rc e s  becom e m o re  im p o rta n t. A s a  r e s u l t  o f th is  a  m in im u m  in
th e  p o te n tia l e n e rg y  c u rv e  a p p e a rs .

The therm al diffusion factor for th is m odel can be obtained from  tabulat­
ed values of the co lliso n  in tegrals 10 as follow s :
1. We have to  c a lc u la te  * l2 and *l2 fro m  the v a lu es  o., a 2 and *2 ,

w hich a r e  g iven  by the  follow ing a p p ro x im a tio n s : 10'

a
12

' 2
2

and

k k

(I-2 7 a )

(I-  27b)
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2. We have  to  c a lc u la te  the  re d u c e d  te m p e ra tu re  T* and T J2 u sing  the

re la t io n s  :

T / ( « 2/k ) (I-2 8 a)

and

T / ( ‘ , , / k )
* 2 , 2  *

3. We have to  find  th e  n u m e ric a l  v a lu e s  of 0  (T9 ) ■

(I-2 8 b )

« * 2 ,2 ( t * 9),________  2 I • ~ '  * 121
e tc . u sin g  th e  ta b le  I-M , p. 1126 in H ir s c h fe ld e r ,  CURTISS and B i rd .10*

) ,  ”B*(T* ) an d C * (T *  ) fromA *  r r»*We have to  find  th e  v a lu es  of A ( T 12
the  s a m e  book ta b le  I-N , p. 1128.
and  C (T* ) a r e  ob ta ined  fro m  th e  re la t io n s

T he v a lu es  of A „  (T .„ ) , B 19 ( T 12 )

A i2 A 12 (I-2 9 a)
[A 12 J r.E. S. 2

r
B 12 ®12 (1- 29b)

P t2 : ] R.E.s.
■ 3

T
Cl2 C12 (I-2 9 c )

] r.E.S. ‘  1 .2

T h e se  q u an titie s  a r e  in s e r te d  in  th e  e x p re s s io n  fo r  <* w hich w ill be now
g i v e n - .  x 12 , .15), .
T he f i r s t  ap p ro x im a tio n  fo r  the  th e rm a l d iffu sion  fa c to r  is  given
by th e  r e la t io n :

„  .  . . .  • ,  S , Y - S , ( 1 - Y ) __________  (1-30)
Q ,Y 2 + Q , ( l  - Y(‘+ Q 1JY(1 - Y)

w h ere  Y is  the  m o la r  f ra c tio n  of com ponent one and S j ,  S 2, Q x, Q 2 and
Q 12 a r e  q u an titie s  independan t of co n c e n tra tio n . (See equa tions 1-32 a

and I - 32 b ) .

By u sing  a  t r a c e r  gas  w e put Y = O, and equation  (1-32) re d u c e s  to :

a = 5(C - 1)
(1-31)

w h ere

S 2

m 2 e

iTTTt M 1 [3(M 1 - M 2 ) + 4 M 2A 12 ] (I-3 2 a)

20



m 2 E
Q 2 = p — j -  [6 M *  + 5 M j  -  4 M J  B12 + 8 M XM2A12 ] (I-32b )

E  = k T

8 Mi M« ° i i
and 5 k T

88 2 , 2'
2 . 2

( I -32C)

. Q i V 2

“ " ^ 5 *

5 O 1 ' 2 _ Q 1<3-
ö U 12 “  12 2 0 ,

5 n 1 , 1.
5 ®12

(I-3 2 d )

By p e rfo rm in g  th e se  su b s titu tio n s , eq u a tio n  (1-31) re d u c e s  to :

-  M2 + A 12 [M j (M j -  M 2) ]  + 4 s  M jM ,

at Y= ° 6 M? + 5 m ! -  4 M , B,„ + 8 M, M0A.
5(C 12 -  1) (I-3 3 a )

2 12 * 1 " » 2 " 1 2

w h ere

(?)
^ * 2  2 *
0  ’ (T 12)

\  F Z --------  „ * 2  2 *V  2 M j  0  - ( T 2 )
(I-3 3 b )

PA R . 7.
THE M EASUREM ENT O F THE THERM AL DIFFUSION FACTOR a
T he th e rm a l  d iffusion  fa c to r  a  is  g iven  by th e  w ell known r e la t io n :

din Q s (1-34)
din ■

w h ere  Q is  th e  s e p a ra tio n  fa c to r  and is  g iven  by:

Q s

>  ♦  %

A;Kr

Kr +  “ H
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w h ere  n deno tes the  n u m b e r d en sity .

O ur a c tiv i tie s  a r e  a lw ays m e a s u re d  a t the  top  r e s e r v o i r ,  a t the sa m e
U l  c h ip r e s s u r e  and th e  s a m e  te m p e ra tu re .  W e can  sa y  th a t

""" ^ OR I „ j
s in c e  the  K r c o n c e n tra tio n  is  ap p ro x im a te ly  z e ro .

,Th
T he above fo rm u la  re d u c e s  t o :

is  the

c

But s in c e  the  sp e c if ic  a c tiv ity  is
th e  above r e la t io n  b eco m es :

(1 -36 )

p ro p o rtio n a l to  the n u m b er density .

(A )T
______h_ _ a c tiv ity  of th e  ho t o r  top  r e s e r v o i r  _
= (A) = a c tiv ity  of the  cold  o r  bottom  r e s e r v o i r

C Ï1  w
_ n u m b e r  of c o u n ts /m in u te  in the  top  r e s e r v o i r  _ __h
- n u m b e r of co u n ts/ m inu te  in  th e  bottom  r e s e r v o i r  n c

(1 -37 )

18)
T h is  n u m b e r of coun ts h as  to  b e  c o r r e c te d  fo r  the dead tim e  of the
c o u n te r  r  , u s in g  th e  fo rm u la :

r
Oi

w h ere  R andR  0 a r e  r e s p e c tiv e ly  the  r e a l  and o b se rv e d  n u m b e r of counts
and  t is  the dead  tim e . T hen  th e  above fo rm u la  fo r  Q s b eco m es :

ThJ i — (1 -3 8 )

Tc

w h ere  R 0 and R'0 s ta n d  fo r  n c and n fa.

O nce Q has been d e te rm in e d , <* can  be ob ta ined  a s  the s lo p e  of the
tan g en t a t th e  r e q u ir e d  te m p e ra tu re  fro m  the  g ra p h  of l n ^ a g a i n s t  In Q , .
A re f in e d  m ethod  fo r d raw ing  th e  tan g en t w ill be d is c u s se d  la te r .

Q .
1 -  R,

1 -  R '
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LIST O F SYMBOLS USED IN CH A PTEB I

A, B, C , E , S ■1 Q 2 and Q 12 a r e  n u m b e rs  involved  in the equa­
tio n  of the  th e rm a l d iffusion  fa c to r
A
A .

B

b
<r
f ( c ,  r , t )
F
G

k
k

re d u c e d  v a lu es  of the  above co n s tan ts
a c tiv ity  in  th e  co ld  r e s e r v o i r
a c tiv ity  in th e  hot r e s e r v o i r
co lliso n  p a ra m e te r
m o le c u la r  v e lo c ity
d is tr ib u tio n  function
e x te rn a l fo rc e s  p e r  u n it m a s s
s ta t i s t ic a l  w eight of a p a r t ic le
m o le c u la r  s p e c ie s

— 16B oltzm ann  co n s tan t 1. 38 x 10 e r g /  d eg re e
u n it v e c to r

m a s s e s  of the p a r t ic le s

m  i  +  m 2

m, + m 2 + m„

r
s
T

n u m b e r of p a r t ic le s  p e r  c. c.
n u m b e r of p a r t ic le s  in  the  cold  and hot r e s e r v o i r s  p e r

c. c. r e s p e c tiv e ly
s e p a ra tio n  fa c to r  of the  s ta t io n a ry  s ta te
o b se rv e d  and r e a l  a c tiv i tie s  re s p e c tiv e ly
d is ta n c e  of the  m in im um  of the L e n n a rd -Jo n e s
p o te n tia l fie ld
d is ta n c e  betw een  two co llid ing  p a r t ic le s
a  function  involved  in  the th e rm a l d iffusion  fa c to r
te m p e ra tu re  in °K

24



T , T.c h te m p e ra tu re  of the  co ld  o r  lo w er r e s e r v o i r  and th a t of
the  hot o r  top  r e s e r v o i r

*
T re d u c e d  te m p e ra tu re  in  °K
y ,  ï  -  y m o le  f ra c tio n s  of com ponents
a th e rm a l d iffusion  fa c to r

a (g i r *)
c

p ro b a b ility  of finding a  p a r t ic le  w ith in  a  so lid  ang lo  d u
p o te n tia l en e rg y  of the  m in im um  in  th e  L e n n a rd -Jo n e s
m odel

V v is c o s ity
V fa c to r  depending on the  s ta t i s t ic s  u sed
X ang le  of d eflec tio n  of two co llid ing  p a r t ic le s

M
m  m 2

re d u c e d  m a s s ,  e q u a l s -------------
m  j + m 2

9 p a r t ic le  d ia m e te r
$ ( r )
Q

p o te n tia l fie ld  betw een  tw o p a r t ic le s
c o llis io n  in te g ra l
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CH A PTER II

DESCRIPTION  O F THE EX PER IM EN T

PAR . 1. INTRODUCTION
T he p u rp o se  of th is  w ork  is  to  s tu d y  the th e rm a l d iffusion  fa c to r  fo r
m ix tu re s  of g a s e s  in  te m p e ra tu re  reg io n s  w h ere  the  c la s s ic a l  th e o ry  can
be ap p lied , a s  w ell a s  in the  low te m p e ra tu re  re g io n s  w h ere  quantum
d ev ia tio n s becom e im p o rta n t. In o rd e r  to  do su c h  r e s e a r c h  we have to
a n sw e r  th e  follow ing q u es tio n s  e x p e r im e n ta lly :
a . W hat is  the  o rd e r  of m agn itude  of the d ev ia tio n s?  A re  th ey  ac tu a lly

of th e  s a m e  o r d e r  a s  it is  p re d ic te d  by th e  quantum  th e o ry  fo r t r a n s ­
p o r t phenom ena?

b. A re  the  d is c re p a n c ie s  fro m  the  c la s s ic a l  ca lc u la tio n s  in  q u a lita tiv e
a g re e m e n t w ith  the quantum  ca lc u la tio n s  fo r  t r a n s p o r t  phenom ena ?
M o reo v e r, a r e  the  e x p e r im e n ta l r e s u l t s  in q u an tita tiv e  a g re e m e n t
w ith  th e  quantum  c a lc u la tio n s  ?

c. If th e se  d is c re p a n c ie s  r e a l ly  e x is t,  can  the quantum  th e o ry  account
fo r  them  by choosing  a  sp e c if ie d  in te ra c tio n  p o ten tia l -  from  the  la rg e
n u m b e r of p o te n tia l m ode ls  a v a ila b le  - and w hat is  th e  b e s t p o ten tia l
m o d e l th a t w ill e i th e r  acco u n t fo r  o r  m in im iz e  th e se  d is c re p a n c ie s ?
As a  sp e c ia l c a s e  we have to  in v e s tig a te  the L e n n a rd -Jo n e s  m odel
- w hich is  v a lid  a t  high te m p e ra tu re s  -  a lso  on i ts  v a lid ity  a t low
te m p e ra tu re s  and w hat a r e  th e  fo rc e  co n s tan ts  fo r  fh is  m odel?

Two a p p a ra tu s e s  have been  bu ilt fo r  m e a su r in g  th e  e le m e n ta ry  th e rm a l
d iffu sion  e ffec t, u s in g th e tw o  bulb te ch n iq u e s . In the f i r s t  one 85K r was
u se d  as  a  t r a c e r  g as  in  the c a r r i e r  g a se s  H 2 , He and Ne and a GM-
co u n te r  w as u se d  a s  a d e te c to r  fo r m e a su re m e n t. In th e  second  one tr i t iu m
has been used a s  a t r a c e r  g as  and an  io n iz a tio n  ch a m b e r fo r  th e  m e a s u re ­
m en t.

It w as found from  o u r e x p e r im e n ta l r e s u l t s  th a t quantum  e ffec ts  a r e
a p p re c ia b le  and  th a t th ey  a r e  n e a r ly  of th e  o r d e r  a s  p re d ic te d  by th e o ry .

U n fo rtu n a te ly , few a c tu a l p re c is e  c a lc u la tio n s  have been done quantum
m e c h a n ic a lly  in lo w  te m p e ra tu re  re g io n s  fo r  t r a n s p o r t  phenom ena. T h is
is  due the  fac t th a t th e se  c a lc u la tio n s  a r e  long and  te d io u s . So we have
only  a ro u g h  co m p a riso n  w ith  o u r e x p e r im e n ta l r e s u l t s .

C o m p arin g  e x p e r im e n ta l and th e o re tic a l  r e s u l t s  we n o tic e  th a t th e  d e te c t­
ion of d is c re p a n c ie s  is  not p o ss ib le  on o u r e a r ly  e x p e r im e n t, b ecau se
th e  ex ac t quantum  cu rv e  f o r  the  th e rm a l d iffusion  phenom ena is  not
av a ila b le , w h ile  the c o m p a riso n  w ith  an  in te rp o la te d  quantum  cu rv e  is
no t re l ia b le . In o u r  l a te r  e x p e r im e n ts  u sing  t r i t iu m  a s  a  t r a c e r  - fo r
m uch  lo w er te m p e ra tu re s  -  th is  m igh t be p o ss ib le , how ever.

E ven  if  ex a c t quantum  c a lc u la tio n s  - fo r  the  th e rm a l d iffu sion  phenom ena -
a r e  a v a ila b le , su ch  a  c o m p a riso n  is  not p o ss ib le  in  th e  e a r l i e r  e x p e r i­
m en t, a s  th is  e x p e r im e n t is  not a c c u ra te  ènough due to  s e v e ra l  f a c to rs
a ffec tin g  th e  r e s u l t ,  w hich w ill be d is c u s se d  l a te r .  N e v e r th e le s s  in  ou r
la te r  e x p e r im e n t -  u sing  m o re  re f in e d  tech n iq u es fo r  m e a su re m e n t -
th is  m a y  be p o ss ib le .
But th e  new tech n iq u e , u se d  in  the e a r l i e r  m e a s u re m e n ts , has  g iven  us
an  in s ig h t in the w ay of a ttac k in g  the  p ro b lem , w hich has le ad  to  the  r e ­
fined  m ethod  in  o u r la te r  e x p e r im e n t.
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A t any r a te  o u r e a r l i e r  e x p e r im e n t has show n c le a r ly  th a t  the  c la s s ic a l
c a lc u la tio n s  fo r  the t r a n s p o r t  phenom ena a r e  not r e l ia b le  a t low tem p e  -
r a tu r e s .  It m ay  a lso  be th a t th is  reg io n  - the  low te m p e ra tu re  reg io n  -
m a y  dec ide w hich of th e  m o le c u la r  m ode ls  is  the b e s t and  m o re  r e a l is t i c
fo r the w hole ra n g e  of te m p e ra tu re ,  w h e th e r high o r  low.

A ) THE KRYPTON APPA RA TUS :
PAR . 2. THE TWO BULB DEVICE :

T he two bulb  a p p a ra tu s  c o n s is ts  of top  and bottom  r e s e r v o i r s  connected
by a  tube.

T he top r e s e r v o i r  in  the f i r s t  a p p a ra tu s  is  m ade of P y re x  g la s s .  It h as  a
c i r c u la r  opening co v e red  w ith  an  a lum in ium  foil 0. 06 m m  th ick , w hich
has an  ab so rb in g  th ic k n e ss  fo r 0 - p a r t ic le s  of about 16 m g /c m 2. T h is
opening is  u sed  a s  a counting window fo r  the c o u n te r . T h is  a lum in ium
foil w as a d h e re d  to  th e  g la s s  by m e an s  of w arm  se ttin g  A ra ld ite  re s in ,
by hea ting  the w hole a p p a ra tu s  in an  oven a t  130 °C fo r  24 h o u rs , w hich
is the  re q u ire d  p e rio d  fo r  ad h e rin g . A c y lin d r ic a l g la s s  tube fixed  to  the
c i r c u la r  opening and having the  sa m e  d ia m e te r  a s  the  co u n te r  - as  show n
in f ig u re  I I - 1 - is  u se d  fo r  ad ju s tin g  the p o s it io n o fth e  c o u n te r . T he top
r e s e r v o i r  is  su rro u n d e d  by an o th e r  g la s s  cy lin d e r  to  fo rm  a  cooling
ja ck e t. T h rough  th is  ja c k e t w a te r  is  a llow ed  to  p ass  fro m  a th e rm o s ta t ,
th u s keep ing  th e  top  r e s e r v o i r  a t a  fixed  te m p e ra tu re  of about 30 °C. The
flu c tu a tio n s in th is  te m p e ra tu re  w ill n e v e r  exceed  0 .0 6  °'C. T he to ta l
vo lum e of th is  r e s e r v o i r ,  w ith  th e  connecting  tu b es t i l l  the  v a lv e s , has
been d e te rm in e d  w ith  w a te r , w hich w as in tro d u c ed  fro m  a  c a lib ra te d
b u re tte  a t 18 °C . T h is  vo lum e w as found to  be 14. 4 + 0. 1 c . c .

We m u st n o tic e  th a t du rin g  the ev acu a tio n  of the  a p p a ra tu s , the  a lum in ium
foil w as ben t in s id e  the a p p a ra tu s . T h is g iv es  a  s lig h t d ev ia tion  from  the
m e a su re d  vo lum e fo r  the  top r e s e r v o i r ,  w hich w as, how ever, of th e  o r ­
d e r  of m agn itude  of the  in a c c u ra n c y  in  th e  to ta l vo lum e.

T he top  r e s e r v o i r  has  th r e e  v a lv es  : " a " ,  "b" and  " c " .  "a "  is u se d  for
pum ping the co m p le te  a p p a ra tu s , when "b" is  a lso  open; o r ,  fo r  pum ping
th e  top r e s e r v o i r  a lo n e , when "b" and "c "  a r e  both c lo sed , "b" is  u sed
fo r  connecting  the  top and bottom  r e s e r v o i r s  and allow ing  fo r th e rm a l
d iffusion  betw een  th em , when "c"  is  c lo sed , "c "  is  u sed  fo r  fillin g  the
u p p er r e s e r v o i r  fro m  the  bottom  one. It is  a lso  u se d  fo r  tak ing  sa m p le s
fro m  th e  bo ttom  r e s e r v o i r .

The connect ing tube betw een  th e  top  and bo ttom  r e s e r v o i r s  is  m ade  from
s ta in le s s  s te e l .  It is  connected  to  the top g la s s  r e s e r v o i r  by m e a n s ,o f  a
K ovar jo in t, and w ith  the  bo ttom  co p p e r r e s e r v o i r  th ro u g h  cadm ium  s i lv e r
s o ld e r .

T he c y lin d r ic a l bo ttom  r e s e r v o i r  c o n s is ts  of Cu and  is 20 cm long and has
an  in te rn a l d ia m e te r  of 5 .9 5  cm . T he th ic k n e s s  o f th e  co p p e r w all is
0. 1 m m . A s ta in le s s  s te e l  c a p il la ry  tube - re a c h in g  the  c e n tre  of th e
bottom  r e s e r v o i r  - is  jo in t to  the  u p p e r r e s e r v o i r  th ro u g h  th e  tap  " c " .
T he in n e r  d ia m e te r  of th is  tube  is  chosen  in  su c h  a  w ay th a t no f ra c tio n a ­
tio n  ta k es  p la ce , when the  u p p er r e s e r v o i r  is  f ille d  fro m  th e  bottom  one.
T he d ia m e te r  h as  to  be 2 m m  fo r th a t p u rp o se .

T he lo w er p a r t  of th is  co p p e r c y lin d e r  is  u se d  a s  a g as  th e rm o m e te r .
I ts  len g th  is  4 ,5  cm  and its  vo lum e is  125 .06  c .c .  The bottom  of th is
vo lum e is  co n n ected  to  the  r e s t  of the gas th e rm o m e te r ,  a t ro o m  te m p e-
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F ig . n-i
Schem atic draw ing of the two bulb ap p a ra t­
us. The upper p a r t of the appara tus is  m ade
of P y rex  g lass  and the low er p a rt of cop­
p e r. Valve "a" is  used  fo r evacuating the
top re s e rv o ir  alone when "b" and c a re
c losed , o r  the whole appara tus when ' b
is  open. Valve "c" is  used  fo r taking sam ples
from  the bottom  re s e rv o ir  to  the top.

r a tu r e ,  b y a  s ta in le s s  s te e l  c a p il la ry  of 0 .5  m m  in te rn a l d ia m e te r .  The
dead  vo lum e due to  th is  c a p il la ry  is  le s s  th an  0 .6  c. c.

Both the bottom r e se r v o ir  and the gas therm om eter cylinder are grooved
on the outer s id e  with a pitch of about 3 cm . T h ese grooves se rv e  for
the winding o f a heating elem ent.

PAR . 3. THE HEATING ELEM EN TS AND THE CRYOSTAT
T w o  h ea tin g  e le m e n ts  have been  u sed  in ou r f i r s t  a p p a ra tu s . T he f i r s t  is
u se d  fo r  h ea tin g  th e  co p p e r bo ttom  r e s e r v o i r  and  the co p p e r c y lin d e r  of
the  gas th e rm o m e te r .  T he h ea tin g  e lem e n t c o n s is t  of an in su la te d  con-
s ta n ta n w ire  of 0. 15 d ia m e te r .  T he w ire  is fu r th e r  in su la te d  by push ing
it  th ro u g h  a g la s s  in su la tin g  ta p e  of 0. 2 m m  in n e r d ia m e te r . T h is  hea ting
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elem en t is  doubly wound along the  g ro o v es  of th e  c o p p e r c y lin d e rs  from
th e  top to  th e  bo ttom . The two te rm in a ls  p a s s  th ro u g h  the  cap  of the
c ry o s ta t .  T h is  is  done to  avoid  hea t conduction  to  the  r e s e r v o i r  fro m  th e
cap  of the  c ry o s ta t.
T he o th e r  h e a te r  is s itu a te d  a t th e  bo ttom  of the  c ry o s ta t  and is  u se d  fo r
ev ap o ra tin g  the  liqu id . T he to ta l r e s is ta n c e  of th is  h e a te r  is  about 50 «
(See fig. I I - 2 ).

The c ry o s ta t  is  a  la rg e  dew ar v e s s e l  o f P y re x  g la s s  about 80 cm  long,
10 cm o u te r  d ia m e te r  and 7. 5 cm  in n e r  d ia m e te r .  A t th e  top  of the
c ry o s ta t  is  a  cap  of g e rm a n iu m  s i lv e r  having s e v e r a l  ho les fo r the hea ting
te rm in a ls .  A long n ic k e l tube of 3 m m  in n e r d ia m e te r  and of the  s a m e
len g th  as  the c ry o s ta t  is  a lso  fixed  in  the  cap  and is u sed  fo r  f illin g  the
c ry o s ta t  w ith  the  cooling  liq u id s . T h ro u g h  th is  cap a ls o  p a s s e s  th e  con­
n ec tin g  tube of the  two bulb  th e rm a l d iffu s ion  a p p a ra tu s .

PAR . 4. THE GAS THERM OM ETER
T he gas th e rm o m e te r  c o n s is ts  of th e  co p p e r r e s e r v o i r  and the  c a p il la ry
m en tioned  above in  p a r .  3 and th e  re g u la tin g  dev ice . F ro m  fig . I I - 2 we
s e e  th a t th is  d ev ice  c o n s is ts  of a  g la s s  bulb  "e "  fitte d  w ith  tw o va lves
" f " and "g " . Jo in ed  to  th is  bulb th e re  is  a lso  a  "U " tu b e , on th e  o th e r  a rm
of w hich a r e  fixed  two p h o to ce lls . A d ir e c t  rea d in g  open m e rc u ry  m a n o ­
m e te r  is jo ined  to  the  bulb  th ro u g h  " f " .  Bv opening " f " a n d  "h" the  gas
th e rm o m e te r  can  be pum ped high vacuum . ' g" is  u se d  fo r  f illin g  th e  gas
th e rm o m e te r  fro m  the h e liu m  cy lin d e r .

F ig . I I -2

Schem atic draw ing of the whole appara tus.
F ro m  the draw ing we see  the low er p a r t of
the two bulb appara tus fitted  in the c ry o s ta t
to g e th e r w ith the two heating elem en ts fo r
te m p e ra tu re  regu lation . At r igh t 'of the
c ry o s ta t we see the regu la ting  device of the
gas th e rm o m e te r toge ther w ith the d irec t
read ing  m anom eter.
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T he gas th e rm o m e te r  is  the d ev ice  fo r  m e a su r in g  and reg u la tin g  the
te m p e ra tu re  of th e  bottom  r e s e r v o i r  of the  th e rm a l d iffusion  a p p a ra tu s .

T o ge t th e  b e s t r e s u l t s  fro m  th e  gas  th e rm o m e te r ,  f i r s t  the  c ry o s ta t  is
fille d  w ith  the cooling  liqu id  - e .g .  liq u id  a i r  o r  liqu id  hydrogen  - so
th a t the bottom  r e s e r v o i r  is  coo led  by th e  liqu id . Then a f te r  a re a so n a b le
tim e , helium  gas fro m  th e  cy lin d e r  is  in tro d u ced  v ia  the  v a lv es  "g "  and
" f "  in to  th e  gas th e rm o m e te r  a t a  continuous slow  r a te  to  the  re q u ir e d
fillin g  p r e s s u r e  Pf.. T he tap  "g" is  c lo sed . Now, by ev ap o ra tin g  the
coo ling  liqu id  t i l l  i ts  le v e l is a  few c e n tim e te rs  below  the  co p p e r cy lin d er
th e  te m p e ra tu re  of the  bo ttom  r e s e r v o i r  beg in s to  r i s e .  A cco rd in g ly  the
p r e s s u r e  r i s e s  u n til it re a c h e s  th e  re q u ire d  v a lu e , then  the s to p  cock
"f" is  c lo sed . L e t the  new  p r e s s u r e  be P T . T hen , s in c e  the n u m b e r of
helium  a to m s in s id e  the  gas th e rm o m e te r  does not change and apply ing
the  gas e q u a tio n :

PV  = nkT

we g e t :

PT Vc + PT V8 P fVc + P fVK ( I I - i )
T t + 273. 3 '  t  + 273. 3

w h ere  k is the B o ltzm ann co n stan t; P T the  p r e s s u r e  a t th e  r e q u ire d  low
te m p e ra tu re  T; t the  ro o m  te m p e ra tu re  in  °C ; Vc and Vg the  vo lum es of
th e  co p p e r c y lin d e r  and  the  g la s s  bulb "e "  re sp e c tiv e ly ; Tf and  Pf the
te m p e ra tu re  of the co p p e r cy lin d e r  and th e  p r e s s u r e  a t  the  tim e  of f illing .

We m u st n o tic e  th a t th e  vo lum e of th e  co p p e r c y lin d e r  of the  gas  th e r  -
m o m e te rw a s  m e a s u re d  a t ro o m  te m p e ra tu re  and th a t a t.a n y  o th e r  te m ­
p e r a tu re  its  vo lum e is  changed . So Vc is  not co n s tan t in  the  above fo r ­
m u la  ( I I - 1) and it m u s t be r e p la c e d  by th e  equation  :

32. V 1 + 7 T
“V^"* 1 + y T h ( I I - 2)

w h ere  Y is  the  m ean  co e ffic ie n t of vo lum e exp an sio n  - in  the  te m p e ra tu re
ra n g e  c o n s id e re d  - of co p p e r, equal to  0 .4 8  x 10- 4 , and V th e  volum e
of the  c o p p e r cy lin d e r  a t  ro o m  te m p e ra tu re ,  w hich is  equal to  125. 06
c . c .  a t 295. 3 °K .

S u b stitu tin g  in  equa tion  ( I I - 1) we h av e ;

) 1 + YT (
P T Vh ( 1 + YTh ]  P T V g

T t + 273. 3

w hich re d u c e s  to  :

P T |
'123 . 311 (1 + 0 .4 8  x 1 0 '4T)

T

and
fl23 . 311 (1 + o 00 X o

1

H

PT L T

f l + Y T f |
P f V fa 1 1 + *!T h j P fV g

T . t  + 273. 3

(H -3 )

+ 0. 256J- = 1. 803 Pf (II—4)

+ 0. 256 ]  = 6 .4 2 8  P f (II-5 )
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fo r  th e  liq u id  a i r  f i l l in g  (T f. = 80 °K ) an d  fo r  th e  l iq u id  h y d ro g e n  f i ll in g
(T  = 20. 3 °K ) r e s p e c t iv e ly .

P t
B y p lo ttin g  g ra p h s  o f F J " a g a in s tT -  u s in g  ta b le  I I - l  -  fo r  b o th  e q u a tio n s
( I I - 4 ) an d  ( I I - 5 ) a s  in  fig . I I - 3, 4 th e  te m p e r a tu r e  T  is  r e a d i ly  know n fro m
th e  m e a s u r e d  v a lu e  o f th e  p r e s s u r e  P T .

F ig . I I - 3.

The dotted curve shows the re la tio n  between
the tem p e ra tu re  of the cold re s e rv o ir  T°K
as a  function of -p T fo r the tem p e ra tu re
range from  50 °K to  90 °K. The continuous
curve gives the re la tio n  betw een the tem p­
e ra tu re  of the cold re s e rv o ir  T °K as a
function of In .

F ig . I I -4.

The dotted cu rve shows the re la tio n  between
the te m p e ra tu re  of |Jie cold re s e rv o it T K
as a function of 'p ̂  fo r the tem p e ra tu re
range from  80 °K to 2^0 °K. The continuous
curve g ives the re la tio n  betw een the tem p­
e ra tu re  of the cold re s e rv o ir  T °K as a

T c
function of In göJ- 3 -
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T he p r e s s u r e s  P T and P f m u s t be c o r re c te d .  E v e ry tim e  an  e x p e rim e n t
is  p e r fo rm e d , the a tm o sp h e r ic  p r e s s u r e  w as ask ed  fro m  the K oninklijk
N ed e rlan d s  M eteo ro lo g isch  In s titu u t (K. N. M. I. ) by te lephone . T his
p r e s s u r e  is a lw ays g iven  a t 0 °C and s e a  le v e l. T h is p r e s s u r e  m u st be
c o r r e c te d  fo r  th e  te m p e ra tu re  and the he igh t. T h e se  c o r re c tio n s  a r e
re s p e c tiv e ly  0. 123 m m  Hg p e r  d e c re e  c e n tr ig ra d e  and - 0 . 0 9  m m  - Hg
p e r  m e te r  heigh t above s e a  le v e l. We took  no c o r re c tio n  fo r  the  heigh t
s in c e  o u r ex p e r im e n t w as done a t s e a  le v e l. The to ta l p r e s s u r e  is g iven
by :

TA BLE II -  1.

R a tio  of the p r e s s u r e  of th e  g as  in  th e  g as  th e rm o m e te r  a t  te m p e ra tu re
T to  th e  in it ia l fillin g  p r e s s u r e  fo r  d if fe re n t te m p e ra tu re s .

F o r  liqu id  a i r  te m p e ra tu re  reg io n  :

T em p . T.
P T P r e s s ,  a t te m p e ra tu re  T
Pf fillin g  p r e s s ,  a t 80 °K

80 1.00000

90 1.10475

100 1.20599

110 1. 30376

120 1.39820

130 1.48951

140 1. 57782

150 1. 66329

160 1.74606

170 1. 82624

180 1.90394

190 1.97931

200 2. 05243

210 2.12339

220 2. 19323

F o r  liq u id  hydrogen  re g io n  :

PT P r e s s ,  a t te m p e ra tu re  T
T em p . T

fillin g  p r e s s ,  a t 20. 3 °K

50 2.35619

60 2. 77415

70 3.17667

80 3. 56457

90 3.93862
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P 0 + 0. 123 t  m m -H g (H -6 )

w h ere  P Q is  the  a tm o sp h e r ic  p r e s s u r e  a t s e a  le v e l and 0 C.

By th is  w ay o u r z e ro  sh if t can be d e te rm in e d . It w as found to  be of the
o r d e r  of 1 m m .

A n o th e r c o r re c tio n  is  due to  the  r is in g  of th e  m e rc u ry  le v e l in  the  le f t
le g o f th e  m a n o m e te r  ( s e e  fig . I I-2 )  f r o m ^  to an o th e r  p o s itio n  l x. T h is
is  due to  the  fa ll of the  m e rc u ry  co lum n on the c a p il la ry  s id e  of the
m a n o m e te r . As th is  c o r re c tio n  is  p ro p o rtio n a l to  the  r a t io  of th e  in n e r
d ia m e te rs  of th e  c a p il la ry  and the  le ft s id e  la rg e  c o n ta in e r , i t  w as found
th a t the le v e l of the  m e rc u ry  a t £  r i s e s  by 0 .0025  m m  for e v e ry  m m
fa ll of the m e rc u ry  le v e l in  the  c a p illa ry .

A s o u r c o p p e r bottom  r e s e r v o i r  w as long (40 c m ), a  te m p e ra tu re  d if fe r ­
ence  betw een  th e  lo w er p a r t  and th e  u p p e r p a r t  w as o b se rv e d  in th e  in r
te rm e d ia te  te m p e ra tu re  reg io n  betw een  20 °K and  80 °K. T h is te m p e ­
r a tu r e  d if fe re n c e  w as due to  the  fac t th a t th e  lo w er p a r t  o f th e  bo ttom
r e s e r v o i r  is  d ir e c tly  coo led  by the  flow of v ap o u r, w hile  the v ap o u r has
to  t r a v e l  the w hole leng th  of the  cy lin d e r  to  re a c h  the  top. M o reo v e r,
the  cap  of the  c ry o s ta t  r a d ia te s  h ea t of the  o rd e r  of one c a lo ry  p e r  second
a t  a  r e s e r v o i r  te m p e ra tu re  of abou t 80 ‘“K, w hich ca u se s  a h ea t influx

I

temp. diff. T bott.- T top. —*

Fig. II-5.

Experim ental curve showing the tem perat­
ure drop along the bottom re se rv o ir  at dif­
ferent regulating tem peratures. The curve
gives the relation between the lower part
of the bottom re se rv o ir  as a function for
the difference in tem perature between the
lower and upper parts of the bottom re s e r ­
voir. 33



on top  of the  c o p p e r r e s e r v o i r .  We w e re  fo rc e d  to  m ake  o u r bottom
r e s e r v o i r  so  la rg e  due to  the fac t th a t we ta k e  sa m p le s  fro m  th is  r e s e r ­
v o ir ,  w hich would c a u se  p r e s s u r e  changes and d is tu rb  o u r e q u ilib riu m .

T he te m p e ra tu re  d if fe re n c e  o v e r the  len g th  of the r e s e r v o i r  w as m e a su re d
by m e an s  of an  iro n  co n s tan tan  th e rm o co u p le  and a K ipp. A 70 ga lvano ­
m e te r .  T h is  th e rm o co u p le  w as c a lib ra te d . The te m p e ra tu re  d iffe ren ce
betw een  the  lo w er p a r t  and the  u p p e r p a r t  of the  cy lin d e r  is about 6 K.'
A c a lib ra tio n  c u rv e  of th is te m p e ra tu re  d if fe re n c e  a g a in s t th e  te m p e ra tu re
of the  lo w e r p a r t  of the  co p p e r cy lin d e r  w as d raw n , w hich is ap p ro x im a te ly
a s tr a ig h t  lin e  a s  shown in fig . I I - 5. The a c c u ra c y  of th e se  gas th e r m o ­
m e te r  re a d in g s  is about h a lf  a  d eg re e  K elvin .

PAR. 5. TEM PER A TU R E BEGULATION O-F THE BATH.
T he co m p le te  e le c tr ic a l  c i rc u it  u se d  fo r  reg u la tin g  th e  te m p e ra tu re  of
th e  gas th e rm o m e te r  is  show n in fig . I I - 6. To u n d e rs ta n d  the  w orking
of th e  c i rc u it ,  the s im p lif ie d  c i r c u i t  in fig . I I - 7 w ill be d isc u sse d .

T he pho to ce ll O RP60 is  a v e ry  s e n s it iv e  cadm ium  su lph ide  pho toce ll.
T he s e n s it iv e  p a r t  l ie s  betw een  the  tw o p la te s  "a "  and "b " . It has  an
a llo w ab le  d is s ip a tin g  p o w er of 100 mW . and a m ax im um  v o ltag e  of 100 V .
W hen no lig h t fa lls  on th is  c e ll, it has a  v e ry  h igh  r e s is ta n c e  of s e v e r a l
M S . But when lig h t fa lls  on it,  i ts  r e s is ta n c e  d ro p s  to  a  few ohm s.

F ig . I I - 6
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E le c t r i c a l  c i r c u i t  u se d  fo r  re g u la tin g  th e
te m p e ra tu r e  of th e  b o tto m  r e s e r v o i r .

T 1

SR,. Sr2

V  V 2

* ! •  P 2
r , , r 2. R 3.
r 4, Rs . R e<
R V  R 8 ' R 9

t r a n s f o r m e r ,  p r im a r y  220 V
se c o n d a ry  12 V.
se le n iu m  h a lf  w ave r e c t i f i e r
SR 250 Y 50.
th y ra tro n  tu b es  PL 2D 21.
p h o to ce lls  O R P60.

r e s i s t a n c e s  of 47 kO, 10 k  SI
1 MSI, 1 -MSI, 10 kS2, 1 k!2
220 kSl, 100 k  II and 100 kS)
re sp e c tiv e ly .

C , C 2, C 3, C4 c a p a c ita n c e s  o f 1 MF, I mF ,
100 mF and 100 (*F re sp e c t iv e ly

A , ,  A 2 H a lle r  r e la y s ,  10 k  12



W hen the le v e l of the  o il r i s e s  to  L lf no lig h t p a s s e s  th rough  th e  photo­
c e ll and its  r e s is ta n c e  is  v e ry  high. So, th e  c u r r e n t  p a s s e s  th ro u g h  the
p o ten tia l d iv id e r  R i R 2R 3and th e  v o ltag e  d ro p  a c r o s s  the  po in ts  A and B
is  p ra c tic a lly  equal to  the vo ltage  d ro p  a c r o s s  R 3 a s  R 2' ^ R 3, w hich is
fa r  below  the cu tt off vo ltage  of th e  th y ra tro n  PL2D 21.

H ence, no c u r re n t th ro u g h  the  th y ra tro n  w ill p a s s  and the  r e la y  co n tac ts
of A j w ill r e m a in  open.

'ÓRP60

B
Fig. I I-7.

Photocel
ORP60

Li
L2
Oillevel

A sim plified circuit of the regulating device.
V thyratron PL2D21.
A 2 H aller relay, 10 k Q

C , electrolytic condenser 1 MF
R j 47 kfl, j  watt.
R2 10 kO
r 3 1 m  n
L one branch of the glass U tube filled

with silicon oil, blackened with
Nigrpsine

W hen th e  le v e l of th e  o il fa lls  down to  L 2, lig h t is  co m m un ica ted  to  the
pho toce ll, and i ts  r e s is ta n c e  w ill becom e v e ry  s m a ll.  So a high c u r re n t
w ill p a s s  th ro u g h  A and B. The v o ltag e  d ro p  a c r o s s  R 3 w ill r i s e  su f f ic ie n t­
ly  so  th a t the  th y ra tro n  b eco m es conducting . T hen , th e  r e la y  co n tac ts
of A j a r e  c lo se d , and th e  h ea tin g  of th e  b a th  v ia  th e  h ea tin g  co il in  the
c ry o s ta t  is  s ta r te d .

T he co n d e n se r  C 2 shun ted  a c r o s s  the  r e la y  co il A2 is  of im p o rta n c e . The
re a s o n  fo r  connecting  th is  c o n d e n se r  C2 is  th a t th e  se len iu m  r e c t i f ie r
SR 250Y50 is a  h a lf  w ave r e c t i f ie r .  (See fig. I I - 8 ) .  D uring  the p e rio d s
be , de, .................  e tc . , no c u r r e n t  w ill p a s s  th ro u g h  th e  c i r c u i t  and  the
th y ra t ro n  w ill not be conducting  in  th e se  p e r io d s . If th e  r e la y  is  c lo sed
n om ina lly , i t  w ould c h a tte r  h eav ily  and it  would d is tu rb  th e  reg u la tio n .
B ut by in se r t in g  th e  c o n d e n se r  C j in  the  c i rc u it ,  then  du rin g  th e  p e rio d
ab , th e  th y ra tro n  is  conducting  and  the  c o n d e n se r  is  ch a rg ed . H e n c e ,
d u rin g  the  p e r io d  be the c o n d e n se r  d is c h a rg e s  th ro u g h  A j and  k eep s  it
c lo sed .

By th is  m ethod  of re g u la tio n  a change of o il le v e l in  the  tube L o f le s s
thanO . 3 m m  w as o b se rv a b le  w ith  a  fillin g  p r e s s u r e  of 50 cm -H g  he lium
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F ig . I I - 8

W ave fo rm  a t th e  inpu t of se le n iu m  h a lf  w ave
r e c t i f i e r  SR 250Y50.

gas in  the  th e rm o m e te r  w ith  the  r e s e r v o i r  a t liqu id  a i r  te m p e ra tu re ;  a
r i s e  of p r e s s u r e  of 20 cm -H g c o rre sp o n d s  to  a  r i s e  in  te m p e ra tu re  of
40 ÖK. T h e re fo re  a  r i s e  in  p r e s s u r e  of cm -H g c o rre sp o n d s  w ith  a r i s e
of one d e g re e .

To co n v e rt th is  in to  cm s of o il we m u s t m u ltip ly  by the  c o n v e rs io n  fa c to r
15. T h u s, the  change in  p r e s s u r e  p e r  one d e g re e  ab so lu te  is  -Jft-. 15 cm
o il. T hus the  f lu c tu a tio n  in  the te m p e ra tu re  of the  co p p e r c y lin d e r  is

0 .0 3  o.
W T Ï 5  = 0 .0 0 4  °K.
40

In th is  w ay it  w as found e x p e r im e n ta lly  th a t th e  a v e ra g e  f lu c tu a tio n s in
the te m p e ra tu re  of th e  bo ttom  r e s e r v o i r  a reO . 006 °K  in th e  te m p e ra tu re
re g io n  betw een  80 and 210 K and  0. 002 °K in the  reg io n  betw een  liqu id
hydrogen  and liq u id  a i r .

We m u s t no tice  th a t, although  o u r re g u la tio n  of the  te m p e ra tu re  is of
th is  a c c u ra c y , o u r m e a su re m e n t of the te m p e ra tu re  w as not of the  sa m e
p re c is io n . T he rea d in g  a c c u ra c y  of th e  m e rc u ry  m a n o m e te r  w as only
h a lf  a m m -H g , co rre sp o n d in g  to  an  u n c e r ta in ty  in  te m p e ra tu re  of about
0 .5  °K.

I t w as found e x p e r im e n ta lly  th a t, w h e th e r th e  pho tocell w as a t  a sm a ll
d is ta n c e  from  the  w all of the  g la s s  tube L  o r  ju s t touched  it, it w as alw ays
conducting . T h is  w as due to  the fac t th a t th e  g la s s  w all of th e  tube L, w ork­
ed as  a  co n d en so r le n s ; even  though the  o u te r  w all of the g la s s  tube w as
b lack en ed  and only  a  sm a ll  a p e r tu re  fo r  th e  lig h t w as used .

To avo id  th is  we m ade  a ho le in the  g la s s  tube L, of th e  sa m e  d ia m e te r  as
th e  pho toce ll. T he pho tocell w as in s e r te d  in th is  ho le and fixed  w ith
k ao lin e  and so d iu m s ilic a te .

T he p ho to ce ll w orked  then  in  a  m a g n if ic ie n t w a y . No le ak  w as d e tec ted
in the g as th e rm o m e te r .

I t is  a  d ifficu lt p ro c e s s  to  co lo u r o ils . O nly few s su b s ta n c e s  can  do th is  .
As o u r pho tocell is  s e n s itiv e  to  re d  lig h t, we m u s t co lo u r the s il ic o n  oil
d im  b lack . T h is  can  be ac co m p lish e d  by N ig ro z in , w hich w orks in a  s a t i s ­
fa c to ry  m a n n e r.

PA R . 6. THE COUNTING METHOD

T he ev acu a tio n  of th e  a p p a ra tu s  and the  in tro d u c tio n  of the  g as  sa m p le s
a r e  done in the u su a l w ay. W hen in tro d u c in g  the ra d io a c tiv e  substance ;
th e  G e ig e r -M u lle r  co u n te r is  coupled  to  a  counting r a te  m e te r .  T he r a d io ­
ac tiv e  g as  is  in tro d u c ed  in  s m a ll d o se s  un til the re q u ir e d  a c tiv ity  is  ob-
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ta in ed . The o th e r  gas is  fo rc e d  into the  a p p a ra tu s  th rough  a c a p illa ry
un til we o b ta in  th e  r e q u ir e d  p r e s s u r e .  T he a p p a ra tu s  con tain ing  th e  m ix ­
tu re  is le f t o v e r  n igh t so  th a t m ix ing  o c c u rs .
The ra d io a c tiv e  85K r o r ig in a te s  from  the f is s io n  p ro c e s s  of u ran iu m  and
is  ob ta ined  a s  K r gas fro m  A . E . R . E .  in  H arw ell (E n g lan d ).

A cco rd ing  to  the sp e c if ic a tio n s  it  co n ta in s  5% ra d io a c tiv e  88 K r. It is
su p p lied  in  a s m a ll g la s s  bulb  of about 5 c. c. a t N. T . P . T h is  bulb w as
connected  to  a  f la sk  of about one l i t r e  f itte d  a t  th e  top w ith  two sto p  cocks
en c lo sin g  a s m a ll  vo lum e of about 3 c . c. a s  a  dozing vo lum e fo r  i n t r o ­
ducing th e  ac tiv e  g a s . T he 88K r g as is  a  0 e m it te r  w ith  a  p a r t ic le  en e rg y
of about 0. 78 Mev.

a . C o r re c tio n  fo r th e  background .
T he two bulb a p p a ra tu s  w as h ighly  ev acu a ted  and a l l  ra d io a c tiv e  g a se s
a r e  rem o v ed  aw ay. T he m e a s u re d  backg round  w ith  its  s ta n d a rd  d e ­
v ia tio n  w as found to  be 69 + 5 k ic k s  p e r  m in u te .

b. C o r re c tio n  fo r the  h a lf  life
As o u r ra d io a c tiv e  gas h as  a h a lf  life  of about 10 y e a r s ,  and th e  tim e
needed  fo r  o u r  e x p e r im e n t does not ex ceed  a few h o u rs , th e  c o r r e c t ­
ion fo r  the h a lf  life  is  n eg lig ib le , and w as not tak en  in to  c o n s id e ra tio n .

c. C o r re c tio n  fo r the dead  tim e  of the  co u n te r
T he dead  tim e  r of the  co u n te r  w as m e a s u re d  u s in g  the tw o sa m p le
m ethod . 1) T he follow ing fo rm u la  w as u se d  fo r  the  c a lc u la tio n  of t

R \  + R b '  ^ A*B *
T a — ------------------------------------------ —

52 52 _  5 2
R A + B  r a  k b

w h ere  RA and R B a r e  the  a c tiv i t ie s  o f s a m p le s  A a lone and B alone
and  Ra +b is  the a c tiv ity  of the tw o sa m p le s  w hen com bined  to g e th e r .
Rb is  th e  background .
T he r e s u l t  ob ta ined  fro m  o u r m e a su re m e n t w as co m p ared  w ith  th a t
fro m  th e  g ra p h  of the  m a n u fa c tu re r .  Good a g re e m e n t w as found, The
a c ce p te d  v a lue  of the  dead  tim e  is tak en  as  200 m ic ro -s e c o n d s .

T h is  dead tim e  in tro d u c e s  in  o u r e x p e r im e n t an u n c e r ta in ty  of about
3%. So we th ink  th a t th is  m ethod  m u s t be r e je c te d  if  we w ant to
m e a s u re  s m a ll  d is c re p a n c ie s  fro m  an  a c c u ra te ly  c a lc u la te d  quantum
c u rv e .

d. M utual in te ra c t io n  of th e  r e s e r v o i r s
T he a c tiv ity  o f the  K r g as a t o u r w ork ing  p r e s s u r e s  is  only  due to  the
f i r s t  few cm s behind  the  counting  window. We w anted  to  be s u r e ,  how­
e v e r , th a t no in te ra c tio n  of bo ttom  r e s e r v o i r  a c tiv i t ie s  w ith  th e  top
r e s e r v o i r  a c tiv ity to o k  p la ce . An e x p e r im e n t w as done by ev acua ting
the  top r e s e r v o i r ,  w h e re a s  th e  bo ttom  r e s e r v o i r  w as fille d  w ith  the
ra d io a c tiv e  g as m ix tu re . We t r ie d  to  d e te c t a  change in  the background .
No e ffec t o f th is  k ind  w as o b se rv e d , w hich show s th a t su ch  in te ra c t io n
does not e x is ts .

e. A b so rp tio n  of th e  a c tiv ity  in  the  gas.
In o rd e r  to  m e a s u re  the a b so rp tio n  of th e  /3 p a r t ic le s  by the  gas m o le -
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c u le s , a c e r ta in  am ount o f a c tiv ity  w as in tro d u c ed  in th e  top  r e s e r ­
v o ir . The o th e r  gas  w as pushed  in  the top  r e s e r v o i r  th ro u g h  the  c a ­
p i l la ry  to  d if fe re n t p r e s s u r e s  v a ry in g  from  2 m m  to  about 50 m m . No
change in  the  a c tiv ity  w as o b se rv e d . So we can  conclude sa fe ly  that;
up to  50 m m -H g  p r e s s u r e ,  no c o r re c t io n  fo r  a b so rp tio n  is  needed.

f. F ra c tio n a tio n  effec t.
By t r a n s f e r r in g  a s a m p le  of gas th ro u g h  a  c a p il la ry  (See fig. I I - 1)
fro m  th e  bo ttom  to  the  top  r e s e r v o i r ,  f ra c tio n a tio n  ta k e s  p lace-
In o r d e r  to  s tu d y  th is  fra c tio n a tio n  p ro c e s s ,  the follow ing a p p a ra tu s
w as u sed . (See fig . II-9  ).

c o u n te r

cap i l la ry

F ig . II—9

A p p a ra tu s  u se d  to  s tu d y  th e  e ffe c t of
fra c tio n a tio n  in  a  tw o com ponen t g a s  m ix t­
u re .

T he top r e s e r v o i r  is ex a c tly  th e  s a m e  a s  m en tioned  b e fo re , and th e
bottom  r e s e r v o i r  is  a  g la s s  f la sk  of one l i t r e  cap ac ity .
T he c a p il la ry  tu b e s  of d if fe re n t leng th s and d iffe re n t d ia m e te rs  a r e
co n n ected  in  two g la s s  jo in ts  by m ean s of b lack  wax a s  show n in  fig.
II-9 .
T he bottom  g la s s  bulb  w as f ille d  w ith  85K r  a s  a  t r a c e r  gas  and  h y d ro ­
gen to  a  p r e s s u r e  of 1 cm -H g. T he a c tiv ity  of ®®Kr w as m e a su re d
f i r s t  by  connecting  the two r e s e r v o i r s  v ia  a  s h o r t  w ide b o re  tube.
The top  r e s e r v o i r  is  pum ped high vacuum  and gas  is  expanded from
th e  bottom  r e s e r v o i r  to  the  top one v ia  the  c a p illa ry .
T he a c tiv ity  of th e  sa m p le  w as m e a s u re d  e v e ry  5 se co n d s .

.  , ,, . . .. .. .in stan tan eo u s a c tiv ity  in top
A p lo t of the  tim e  a g a in s t the  r a t io  r e a j ac tiv ity  in the bottom
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r e s e r v o i r__________ fo r d iffe ren t tube leng th s and d iffe re n t tube d ia m e te r s  a t
r e s e r v o i r
d iffe re n t p r e s s u r e s  has been  m ade.
F ro m  th e se  g rap h s  we saw  th a t:
a . F ra c tio n a tio n  in c re a s e s  by in c re a s in g  th e  len g th  of th e  tube a t fixed

d ia m e te r  and fixed  p r e s s u r e .
b. I t d e c re a s e s  by in c re a s in g  the  in n e r  d ia m e te r  a t a fixed leng th  and

fixed  p r e s s u r e .
c . It d e c re a s e s  by in c re a s in g  the p r e s s u r e  a t a  fixed  len g th  and a

fixed d ia m e te r .
T he len g th  of o u r c a p il la ry  is  d e te rm in e d  by th e  d im en sio n s of the
a p p a ra tu s . At the s a m e  tim e  we canno t in c re a s e  th e  p r e s s u r e  m uch
beyond 1 cm -H g , s in c e  o u r re la x a tio n  tim e  would becom e too long
in tro d u c in g  e x p e r im e n ta l d ifficu lties .T h e  only  v a r ia b le  le f t w as the
d ia m e te r  of the  tube . T h is w as chosen  to  co m p ro m ise  w ith  the vo lum e
of the  top r e s e r v o i r  and a t th e  s a m e  tim e  to  g ive us a  la rg e  sa fe ty
m a rg in  a g a in s t f ra c tio n a tio n . We ch o se  a  d ia m e te r  of 2 m m . The
vo lum e of the  c a p il la ry  co m p ared  w ith  the  top  r e s e r v o i r  w a s '5% .
T he re la x a tio n  tim e  fo r  th is  c a p il la ry  w as found to  be s e v e ra l" h o u rs ,
w hich m ean s th a t d iffusion  v ia  th is  c a p il la ry  is  n eg lig ib le  in  co m p a riso n
to  d iffu sion  v ia  the w ide connection  (9 m m  d ia m e te r )  betw een  the  two
r e s e r v o i r s .

B. THE SECOND APPA RA TUS FOR TRITIUM  M EASUREM ENTS.

PAR . 7. THE U PP E R  RESERVOIR.

T he up p er r e s e r v o i r  is an  io n isa tio n  ch a m b e r w hich w ill be t r e a te d  l a te r  .
I t h as  a vo lum e of about 3 c. c. and is  m a in ta in ed  alw ays a t ro o m  te m p e ­
r a tu r e .  T h is  r e s e r v o i r  is  su p p lied  w ith th r e e  g la s s  tu b es and th r e e  v a lv es
a s  in  the  p rev io u s  a p p a ra tu s . T he g la s s  tu b e s  a r e  co n n ected  to  the
b r a s s  m a te r ia l  of th e  io n isa tio n  c h a m b e r w ith  a ra ld ite .

2 - 9 )D esig n  cond itio n s. '
T he des ig n  of an io n isa tio n  c h a m b e r  is  e x tre m e ly  s im p le . We can  sa y  th a t
n e a r ly  any d im en sio n  and sh ap e  a r e  good, p ro v id ed  th a t th e  e le c tr ic
fie ld  betw een  th e  ca thode and c o l le c to r  does not exceed  the  value  r e ­
q u ire d  to  p ro d u ce  io n isa tio n  a t any po in t o f the  ch a m b e r. The s im p le s t
des ig n  th a t fu lfils  th is  re q u ire m e n t is  a  c y lin d r ic a l c h a m b e r  w ith  a  c e n tre
ro d  of f a ir ly  la rg e  d ia m e te r .

T he m o s t im p o r ta n t th ing  in  the  d es ig n  is  th e  in su la tio n  of th e  c o l le c to r .
T he lim ita tio n  to  th is  in su la tio n  is  not the bulk r e s is ta n c e ,  s in c e  s e v e ra l
in su la tio n  m a te r ia ls  have good bulk in su la tin g  p ro p e r t ie s .  T o re d u c e  s u r ­
face  co n d u c tiv ity  the h um id ity  is  k ep t a s  low a s  p o ss ib le , but n e v e r th e ­
le s s  the m ain  p ro b lem  is  th a t o f s t r e s s  c u r r e n ts  w hich a r e  not ye t co m ­
p le te ly  u n d e rs to o d  up to  da te .

S tre s s  c u r re n ts  a p p e a r  a c r o s s  an  in s u la to r  a f te r  it has re c e iv e d  e i th e r
e le c tr ic a l  o r  m e c h a n ic a l s t r e s s .  T h e se  c u r r e n ts  a p p e a r  to  die aw ay w ith
a  h a lf  life  of the o r d e r  of 15 m in u te s , w hile  the  m agn itude of th e se  c u r r e n ts
depends on the m agn itude and d u ra tio n  o f the s t r e s s .  I t is  supposed  th a t
th e se  s t r e s s  c u r r e n ts  a r e  due to  the  fac t th a t c h a rg e s  w ith in  th e  in ­
s u la to r  a r e  m oved fro m  one p la c e  to  a n o th e r , when the  s t r e s s ,c h a n g e s .

T o  re d u c e  th e se  s t r e s s  c u r re n ts  to  a  m in im u m , we m u s t ta k e  th e  fo llow ­
ing po in ts in to  co n s id e ra tio n .
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1. We m u st k ee p  the  vo lum e of the  in s u la to r  to  a m in im um .
2. T he co n tac t a r e a  betw een  th e  in su la to r  and the m e ta l shou ld  be m in i­

m iz ed  as  m uch  a s  p o ss ib le . A lso  the  in su la tin g  m a te r ia l  shou ld  not
be sandw iched  betw een  m e ta l if  th a t can be avoided.

3. P o ly s te re n e  and te flo n  a p p e a r  to  have the s a m e  s t r e s s  c u r r e n ts .
4 . As the  s t r e s s e s  a r e  m a in ly  p roduced  by ev acu a tio n  and filling , it is

ad v isa b le , th a t th e s e  p ro c e d u re s  shou ld  be done a s  qu ick ly  a s  p o ss i­
b le . It is  a ls o  a d v isa b le  th a t th e  pum ping and fillin g  lin e s  shou ld  be
long enough to  re d u c e  sudden  m e c h a n ic a l sh o c k s .

5. E le c t r ic a l  s t r e s s  of h ig h -o h m ic  in s u la to rs  can be d im in ish ed  by the
u se  of g u a rd - te c h n iq u e s .

6. It is  a d v isab le  to  g round  the  c o l le c to r  when i t  is  d isco n n ec ted  from
th e  e le c tro m e te r ,  in o r d e r  to  obv ia te  ch a rg in g  up.

C o n s tru c tio n a l d e ta ils  (See fig . I I - 10)
T he m a in  p r in c ip le s  w hich shou ld  be follow ed in  the d es ign  e sp e c ia lly
th o se  of g u ard in g  as  m en tio n ed  above u n d e r n u m b e r 5, w ere  tak en  into
c o n s id e ra tio n  in the c o n s tru c tio n . T he b r a s s  p a r t  "3" is  u se d  a s  the
ca th o d e  and is  m a in ta in ed  a t a n eg a tiv e  p o ten tia l o f 135 vo lt. It is  h ighly
p o lish ed  in te rn a lly  to  f a c ili ta te  ev acu a tio n  to  a high vacuum , and a t the
s a m e  tim e  to  re d u c e  s u r fa c e  a d so rp tio n  of the g a s e s . T h is  b r a s s  cy lin d e r
is  a p p ro x im a te ly  c lo sed , e x c e p tfo r  th e  in su la tin g  te flo n  p ie ce  "5" fixing
the  c o lle c to r .  T he b r a s s  r in g  "6" h as  been  in s ta lle d , in  o rd e r  to  keep  the
f ie ld  in s id e  the  c y lin d e r  as  hom ogeneous as  p o ss ib le . T h is  b r a s s  r in g
is f itte d  w ith  a te flo n  r in g  "10" a t the  top to  k eep  the  cy lin d e r  vacuum
tig h t. T he b r a s s  cy lin d e r  has  a  d ia m e te r  of 15 m m  and a leng th  of 25
m m  and a to ta l vo lum e - inc lud ing  the  gaps e tc . - of 4 c . c.

T he c o l le c to r  is  a b r a s s  ro d  " 4 " , sh ap ed  in su ch  a w ay th a t we can  fit a
s ta n d a rd  plug a t i ts  end. T h is  ro d  h as  a  d ia m e te r  o f 2 m m  and w ork ing
leng th  in s id e  the  c h a m b e r of 2 cm . T h is  ro d  p a s s e s  th ro u g h  a  te flo n  in ­
s u la to r  "5" sh ap ed  in  su ch  a  w ay, th a t, f i r s t  it p re v e n ts  the leak ag e
c u r r e n ts  fro m  the ca thode to  the  c o l le c to r  by in c re a s in g  the  leak ag e  path;
se co n d  it  can  adap t a  te flo n  r in g  fo r  m ak ing  the  a p p a ra tu s  vacuum  tig h t.
On the  plug s id e  the  c o l le c to r  ro d  th ic k en s  and is  kep t s h o r t  to  avoid
m e c h a n ic a l v ib ra tio n s  .

T he te flon  in s u la to r  "5" is  su rro u n d e d  by an e a r th e d  sh ie ld  "9" jo ined
w ith  th e  cap  and holding a n o th e r  te flo n  in su la tin g  r in g , w hich cen ta -s
the  c o lle c to r .

An ebon ite  p la te  "7 "  w as u se d  as  a s e c o n d a ry  in s u la to r  betw een  the
sh ie ld  "9" and the ca thode c y lin d e r . T h is  avoids sandw iching  the  te flon
betw een  b r a s s  p ie c e s  a c co rd in g  to  design  cond itio n s. M o reo v e r, any
le ak a g e  c u r r e n t  v ia  the  eb o n ite  p la te  "7 ' w ill go to  e a r th  v ia  the  b r a s s
cap  "9 " , and so  it w ill n e v e r  r e a c h  the c o lle c to r .

T he bottom  r e s e r v o i r
T he bottom  r e s e r v o i r  is  a  P y re x  g la s s  cy lin d e r  of 50 m m  in te rn a l d ia ­
m e te r  and 60 m m  leng th . A t th e  bottom  of th is  c y lin d e r  th e re  a r e  four
K o v ar tu b e s  fo r  the fou r le ad s  of the p la tinum  r e s is ta n c e  th e rm o m e te r .
T h is  p la tinum  r e s is ta n c e  th e rm o m e te r  is  a  p la tinum  w ire  wound o v er a
g la s s  h o ld e r  of 5 m m  d ia m e te r  and 30 m m  leng th . T he th e rm o m e te r  is
su p p o rte d  in  the m id d le  of th is  r e s e r v o i r  by m e an s  of a th in  g la s s  s te m .
T he top p a r t  of th is  r e s e r v o i r  ho lds tw o g la s s  tu b es of about 40 cm  leng th ,
and w ith  in te rn a l  d ia m e te rs  of 3 and 1 m m  re s p e c tiv e ly . The n a r ro w e r
tube ex tends t i l l  the  m id d le  of the  r e s e r v o i r .  B oth tubes a r e  jo ined  to  the
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F ig . I I - 10

T h e  tw o bu lb  th e rm a l  d iffu sio n  se c o n d  a p ­
p a ra tu s  .

1. c ry o s ta t
2. bo ttom  r e s e r v o i r  m ad e  of P y re x  g la s s ,

in s id e  o f w hich  th e  p la tin u m  r e s is ta n c e
th e rm o m e te r  is  f itte d . T he le a d s  of
th e  th e rm o m e te r  e m e rg e  fro m  K o v ar
g la s s  jo in ts .

3. th e  c y lin d r ic a l  p a r t  o f th e  io n is a tio n
c h a m b e r - ca th o d e  - m ad e  of b r a s s
and m i r r o r  p o lish ed  fro m  in s id e .

4. anode
5. te flo n  in su la to r  (m ain  in su la to r )
6. b r a s s  r in g  fo r  m a in ta in in g  the  hom o-

g en ity  of th e  e le c t r i c a l  f ie ld  in s id e  th e
io n is a tio n  c h a m b e r

7. eb o n ite  in su la to r
8. sh ie ld  m ad e  of b r a s s
9. s ta n d a rd  plug w ith  te flo n  in su la tio n

10. te flo n  0 - r in g  fo r  h igh vacuum
11. g la s s  tu b e  3 m m  in te rn a l  d ia m e te r  fo r

th e rm a l  d iffusion
12. c o rk



io n is a tio n  ch a m b e r a t the top  of th e  c ry o s ta t  -  in  sm a ll b r a s s  tu b es -
w ith a ra ld ite .

A n o th er p la tin u m  r e s is ta n c e  th e rm o m e te r  hangs in  the c ry o s ta t  a t the
s a m e  he ig h t as  the  bottom  r e s e r v o i r .

PAR . 8. THE MEASURING D EVICE FOR THE IONISATION CURRENT.

T he s e n s it iv i ty  w hich can  be ob ta ined  w ith  a  D. C . a m p lif ie r ,  depends
on its  s ta b ili ty . S o to  a t ta in  a  h igh s e n s it iv i ty  we m u st d e c re a s e  th e  slow
d r if t s  and ran d o m  flu c tu a tio n s  as  m uch  as  p o ss ib le .

T he d r if t  is  ca u se d  b y :
1. Slow changes in  th e  supp ly  v o lta g es .
2. C hanges of c i rc u i t  r e s is ta n c e ,  b e c au se  of changes of th e  am b ien t

te m p e ra tu re .
3. Slow ch an g es in  the c h a r a c te r is t i c s  of the tu b e , due to  a  g e o m e tr ic a l

change of the e le c tro d e s  when the te m p e ra tu re  changes.
T he ran d o m  flu c tu a tio n  ca u se s  a r e :
1. Im p ro p e r  sh ie ld in g
2. B ad co n tac ts
3. M echan ica l v ib ra tio n s
4. C hanges in the  e m is s io n  o f  the  th o r ia te d  tu n g sten  f ila m en t (Johnson

n o is e ) ,  and the  th e rm a l n o ise  of the  input r e s is ta n c e  (Shot e f fe c t) .

By des ig n in g  the  a p p a ra tu s  p ro p e r ly  " a " ,  " b " , "c "  and "2" can  be
e lim in a te d  su ffic ie n tly .

Of th e  re m a in in g  c a u se s  of in s ta b il ity , changes in  supp ly  v o ltag e  a r e
p red o m in an t. T h e se  can  be e lim in a te d  by  a  s p e c ia l co m p en sa tin g  c i r c u i t .
In th is  c i rc u it  ( s e e  fig . I I - 11) a ll th e  n e c e s s a r y  p o te n tia ls  fo r the  e le c ­
tr o m e te r  tube  a r e  tak en  fro m  a  s in g le  b a t te ry , w hile  the c u r re n t  d raw n
fro m  su ch  a  b a tte ry  is  s m a ll.

100 K.n. 1 KB.

5000

5000

F ig . 11-11

T he e le c t r ic a l  c i r c u it  u se d  fo r m e a su r in g
th e  io n is a tio n  c u r re n ts .  A ll r e s i s ta n c e s
e x ce p t th e  h igh ohm ic  one a r e  w ire  wound
and v e ry  s ta b le .  T he 10 K fl p o te n tio m e te r  is
a  h igh  re so lu tio n  one w ith  a  r e so lu tio n  of
-js  ohm  and  a  l in e a r i ty  of 0. 1%. T h is  po­
te n t io m e te r  is  sh u n te d  a c r o s s  a  re fe re n c e
e le m e n t o f 1 .5  V. T he e le c t r o m e te r  tube
u se d  is  a  P h ilip s  4066.
T h e  high  o hm ic  r e s i s t a n c e  is  a  V ic to re e n

42 10 11 Q w ith  a  to le ra n c e  of + 10 %.



T he ba lanc ing  of the  c i r c u i t  can  be u n d e rs to o d  fro m  the follow ing d is ­
c u ss io n . A s the f i r s t  g r id  o p e ra te s  a t a  p o s itiv e  p o te n tia l, i t  c o lle c ts
e le c tro n s , th e  c u r r e n t  to  i t  being  fro m  5 - 2 0  tim e s  a s  la rg e  a s  th e  p la te
c u r re n t .  Now if  the  f ila m en t e m is s io n  changes fo r any  re a s o n , th en  it
would be ex p ected  th a t th e  c u r re n ts  to  the  p la te  and  to  the  f i r s t  a c c e le ra tin g
g r id  change in about the  sa m e  ra t io .  But, a s  th e se  two c u r r e n ts  c r o s s
the  g a lv an o m e te r  in  opposite  d ire c tio n s , th e y  m a y  b a lan ce  each  o th e r
by choosing  su ita b le  r e s is ta n c e s .  In  th a t c a se  the  g a lv a n o m e te r  w ill
not be a ffec ted .

T h is  c i rc u it  is  in  fac t a b a lan ced  b rid g e  c irc u it ,  w hich can  be d raw n  as
in  fig. 11-12.

p

F ig . 11-12

C o n cep t o f th e  b r id g e  c i r c u i t  u sed  in the
D .C . a m p lif ie r .

F ro m  fig. I I - 11 we se e  th a t the  p o te n tia l a c r o s s  the g a lv a n o m e te r  is
g iv en  b y :

e = « o 1, '  RbIp (I I-7)

p ro v id ed  the  c u r r e n t  th ro u g h  the g a lv a n o m e te r  is  v e ry  s m a ll co m p ared
to  Ip and I, . To have no d efle c tio n  in the  g a lv a n o m e te r  e m u s t be z e ro .
H ence,

( I I - 8)

w hich is  th e  f i r s t  cond ition  to  be s a t is f ie d .  We m u s t n o tice  th a t once r e ­
la tio n  (II -8 )  is s a t is f ie d  .th en  the g a lv a n o m e te r  d e fle c tio n  w ill re m a in
z e ro ,  in sp ite  o f the fac t th a t th e re  m ay  be sm a ll  flu c tu a tio n s  in  the
e m is s io n  w hich change Ip and I s in  the  s a m e  ra t io .

M o reo v e r, we have  no t s ta b iliz e d  the v o ltag e  d ro p  "e "  a c r o s s  the g a lv an o ­
m e te r  from  changes in  the  b a t te ry  v o lta g e . As th e  pow er supp ly  is  com m on
fo r both  the  f ila m en t c u r re n t  and the  e le c tro d e  v o lta g e s , we m ay  c o n s id e r
th e  supp ly  v o lta g es  to  be a function  of the  I f . T he cond ition  fo r  s ta b il is a t io n
can  be found by d if fe re n tia tin g  equa tion  ( I I - 7) w ith  r e s p e c t  to  the  hea ting
c u r re n t  If. In th is  c a s e  we h av e :
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(II-9)
de
*r

o

which is  the secon d  condition to be sa t is f ie d  for n eu tralisation .
It can be shown that in c a se  that the conditions II -8 and II-9 hold for a
fixed value of R0/R b . the tangent lin es  of the cu rves Ip(If) and I s(If)
in te rse c t  in a certa in  point on the If a x is . Of cou rse this w ill not be true
in gen era l, but only over a sm a ll part of both curves w here the required
in sen sit iv ity  (neutralisation) for If e x is ts . This condition is  illu stra ted
in fig. 11-13).

12 If mA

Fig. 11-13

Graph showing the relation between the
space charge grid current 13 and the plate
current Ip as a function of the filament
current If. The slopes of the two tangents
at the neutral point meet on the If axis.

C onstructional deta ils The neutral point was found to be at ~  9 mA .

The D .C . am p lifier  c ircu it shown in fig. I I - 11 has been constructed  in
the follow ing way.

The input c ircu it which co n s is ts  of the high ohm ic re s is ta n ce  and the
e lec tro m eter  tube with the bandwidth determ ining capacitor is  a ll arranged
in sid e a heavy w all b ra ss  cy lin d rica l box as shown in fig. 11-14. A con­
d en ser has been in serted  in the c ircu it in p ara lle l with the high ohm ic
r e s is ta n c e  g iving a tim e constant of about 10 secon d s. The m easuring
p a rto fth e D . C. am p lifier  was built in an alum inium  box, which was w ell
earthed. A ll r e s is ta n c e s  are  w ire wound and of good stab ility .

A sep arate  balancing c ircu it con sistin g  of a high quality potentiom eter,
shunted a c r o ss  a re feren ce  vo ltage and opposing the voltage developed
by the ion isation  current a c r o ss  the input r e s is to r , is  in serted  in the
grid  c ircu it of the e lec tr o m e te r  va lve.

The galvanom eter used  is  a Kipp. 70, having a se n s itiv ity  of 10 V /m m
approxim ately  and is  introduced between the plate and the acceleratin g
grid .
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F ig . 11-14

A rra n g e m e n t o f th e  e le c t r o m e te r  tube  anu
th e  h igh o hm ic  r e s i s ta n c e  in s id e  th e  b r a s s
sh ie ld .

1. S ta n d a rd  p lug  w ith  te flo n  jo in t
2. R u b b e r 0 - r in g
3. B ra s s  cap
4. T he P h il ip s  e le c t r o m e te r  tu b e  no. 4066

5. P e r s p e x  d is c s .
6. M etal g la s s  jo in ts .
7. B ra s s  c o n ta in e r
8. T he V ic to re e n  h igh  o hm ic  r e s i s t a n c e

10n n (+ 10%).
9. A t r im e r in g  c o n d e n se r  o f ~  100 pF .

10. B ra s s  s c re w s .

A d ju stm en t o f the c i rc u i t
F i r s t ,  a l l  the  v a r ia b le  r e s is ta n c e s  a r e  a d ju s te d  to  g ive the  n e c e s s a r y
v o lta g es  and c u r r e n ts  fo r th e  d if fe re n t e le c tro d e s  of the e le c tro m e te r
tube . T hen  the  fila m e n t c u r re n t  is  v a r ie d  w ith the  a id  of th e  rh e o s ta t  R
(se e  fig . I I - 11) to  g ive a p a ra b o lic  g a lv an o m e te r  d e flec tio n  as  a  function
of th e  f ila m en t c u r re n t .  If  th e  g a lv a n o m e te r  d e fle c ts  o u ts id e  the s c a le ,
i t  can  be r e tu rn e d  back to  s c a le  by ad ju s tin g  R 5 . F in a lly  w ith  th e  h ig h e s t
s e n s it iv i ty  of the g a lv a n o m e te r  a  la s t  a d ju s tm e n t is  p e r fo rm e d  and the
g a lv a n o m e te r  is r e tu rn e d  to  z e ro .

t«mp. d if f .T t" ,-T t<>.

F ig . I I - 15
T h e  a d ju s tm e n t o f th e  f ila m e n t c u r re n t  fo r
m in im u m  v a lu e  of g a lv a n o m e te r  d e flec tio n .
T h is  m in im u m  v a lu e  is  s e e n  to  be 9 mA.



A d ju stm en t anchd rift cu rv e s
T he g ra p h  in  fig . 11-15 show s the v a r ia tio n  of th e  g a lv an o m e te r  c u r re n t
a s  a  function  of the  f ila m en t hea ting  c u r re n t.  F ro m  th is  g ra p h  we se e
th a t the m in im u m  o c c u rs  ro u g h ly  a t 9 mA w hich is  the nom inal v a lu e  fo r
th e  f ila m en t c u r re n t .
By keep ing  the  g a lv a n o m e te r  a t th is  m in im u m , we se e  som e changes in
th e  f i r s t  20 m in u te s  of w a rm -u p  p erio d . A fte r  the w a rm -u p  p e rio d  v e ry
m in u te  changes - w hich a r e  e a s i ly  c o r re c te d  fo r  -  o cc u r. The ga lvano ­
m e te r  d e flec tio n  a s  a  function  of t im e  can  be se e n  in  fig. 11-16. We se e
th a t it ru n s  n e a r ly  p a ra lle l  to  the tim e  ax is  a f te r  20 m in u tes .

150 minu tes

Fig. 11-16

The galvanometer drift as a function of
tim e. From  the graph we see that less than
1 mm drift occurs in about an hour, which
is sufficient for our experiment.

PA B . 9. TESTING THE IONISATION CHAM BER.

T he function  of the  io n isa tio n  ch a m b e r has been te s te d  in the  follow ing
w a y :

1. D e te rm in a tio n  of the p la tea u
T o d e te rm in e  the  p la tea u  of th is  io n isa tio n  c h a m b e r a  known am ount
of t r i t iu m  is  m ix ed  w ith  hydrogen . T he co n c e n tra tio n  of tr i t iu m  was
abou t 1 0 '9 c u r i e / c .m  T he io n isa tio n  c h a m b e r w as fille d  w ith  th is
m ix tu re  to  a  p r e s s u r e  of 12 .6  cm -H g , and the  io n isa tio n  c u r re n t
m e a s u r e d  a t v a ry in g  ca thode v o ltag es  from  a  few v o lts  to  1000 vo lt as
show n in g ra p h  11-17. F ro m  the g ra p h  we se e  th a t th e  p la tea u  begins
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f ixed  p r e s s u r e  12.6 c m  Hg.

750  Volts
Fig. 11-17

Determ ination of the plateau of the ionisation
chamber. From  the graph we see that the _
plateau begins at about 50 V. The slope of
the plateau is less than 0.5%. The voltage
of the cathode is kept always at 135 V.

a t abou t 50 v o lts  and th a t i ts  s lo p e  to  the  v o lta g e  ax is  is  n eg lig ib le .
In o u r io n isa tio n  ch a m b e r we alw ays fixed the  ca thode vo ltage  a t about
130 v o lts .

2. S a tu ra tio n  c u r re n t
T he io n isa tio n  c h a m b e r  w as f ille d  w ith  a  fixed a c tiv ity  of a T 2- H 2
m ix tu re  of a  p r e s s u r e  of 5 cm -H g , and th e  io n isa tio n  c u r r e n t  w as
m e a su re d . A fte r  th is  p u re  hydrogen  w as fo rc ed  th ro u g h  a  c a p illa ry
to  th e  io n isa tio n  c h a m b e r (th is  re d u c e s  back  d if fu s io n ), and the
io n isa tio n  c u r r e n t  w as m e a s u re d  a t d if fe re n t p r e s s u r e s .  F ro m  fig.
II- 18 we se e  th a t the  m ax im um  io n isa tio n  o c c u rs  a t about 50 cm -H g.

3. L in e a r i ty  of the  io n isa tio n  c u r re n t .
T he io n isa tio n  c h a m b e r w as fille d  w ith  a  H 2- T 2 m ix tu re  to  a  c e r ta in
p r e s s u r e .  T hen the  p r e s s u r e  is  in c re a s e d  fro m  the  s a m e  m ix tu re  to
about one a tm o sp h e re  in  s te p s .  T he r e s u l t s  a r e  show n in fig . 11-19,
fro m  w hich we se e  th a t a t p r e s s u r e s  below  1 cm  th e  io n isa tio n  c u r re n t
is  not p o rp o rtio n a l to  the  p r e s s u r e .  But above 1 cm -H g  th e  c u rv e  is
ap p ro x im a te ly  s tr a ig h t .
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60 p r e s s u r e  cm.Hg.

F ig . 11-18

C urve show ing the io n isa tion  current with
a fixed a c tiv ity  as a function of the p ressu re
o fth e  pure g a s. The gas used  w as H 2 . The
in c r e a se  in the ion isation  current for
p r e ssu r e s  above 50 cm —Hg is  v ery  sm a ll.

O th e r m ix tu re s  have been  te s te d , w hich g ive ap p ro x im a te ly  the  sa m e
r e s u l t s .  T he re p ro d u c ib i l i ty  of the  r e s u l t s  w as e x tre m e ly  good.

PAR . 10. THE PUM PING SYSTEM. (See fig . 11-20).

T he c ry o s ta t  is  the  s a m e  a s  b e fo re . T he only  change is  th a t the  cap  of
th e  c ry o s ta t  is  fitte d  w ith a pum ping lin e  w ith  tw o co n n ec tio n s. One
connection  fo r  th e  r o ta r y  pum p v ia  the v a lv es  " l "  and "2" and  the o th e r
to  th e  a tm o sp h e re . T he n eed le  v a lve  "2" is  jo ined  in p a ra lle l  w ith " l "
and is  u se d  fo r  fine  re g u la tio n . T he re g u la tio n  is  fa c ili ta te d  w ith the
re g u la tin g  o il d ev ice s  " a " , "b" and  " c " .  W hen the  m a n o m e te r  "4" re a d s
th e  r e q u ire d  p r e s s u r e  the tap  "b" of the  re g u la tin g  d ev ice  "3" is  c lo sed
and th e  n eed le  v a lve  " 2" is  tu rn e d  c lo ck w ise  o r  an tic lo ck w ise  to  m a in ta in
th e  o il le v e l L  in  a  fixed  p o sitio n .

T he m a n o m e te r  "4" is  u se d  fo r th e  rough  m e a su re m e n t o f the  p r e s s u r e
and hence  th e  te m p e ra tu re .  M o reo v e r, it is  u se d  a s  a  sa fe ty  v a lve  fo r
th e  c ry o s ta t.

T he ex a c t m e a su re m e n t of the  te m p e ra tu re  is  done w ith  the p la tinum
r e s is ta n c e  th e rm o m e te r .
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15 p r e s s u r e  mm Hg

F ig . 11-19

G ra p h  show ing  th e  l in e a r i ty  o f th e  io n is a tio n
c u r re n t  in  a r b i t r a r y  u n its  a s  a  fu n c tio n  of
p r e s s u r e .  F ro m  th e  g ra p h  we s e e  th a t  above
abou t 0 . 5 cm -H g  th e  io n is a tio n  c u r r e n t  is
d i r e c t ly  p ro p o r t io n a l  to  th e  p r e s s u r e .

PA B . 11. TEM PER A TU R E M EASUREM ENT.

The te m p e ra tu re  is  m e a s u re d  by m e an s  of a  D ie s s e lh o r s t  co m p en sa tio n
bank, w hich is  an  in s tru m e n t of e x tre m e ly  high a c c u ra c y . In  th is  in s tru m e n t
changes in  the pow er supp ly  have been  p rev e n te d  by m e a su r in g  w ith  v e ry
s m a ll c u r r e n ts .  B e s id e s , the  in s tru m e n t has a  low in te rn a l  r e s is ta n c e
of only 15 Q , w hich m a k es  it su ita b le  to  be m a tch e d  to  a  high s e n s itiv e
g a lv a n o m e te r. T h is  g a lv a n o m e te r  g iv e s  1 m m  d e fle c tio n  on th e  s c a le
co rre sp o n d in g  w ith  a p p ro x im a te ly  2 .4  x 10" v o lts . T he co m p en sa tio n
bank can  be r e a d  to  5 d ig its .

In o u r m e a su re m e n t of the  te m p e ra tu re  we have not s ta n d a rd is e d  the
c u r r e n t ,  but we have m e a s u re d  r e la t iv e  v a lu e s . T he p r in c ip le  of the
m e a su re m e n ts  is  a s  fo llow s : T he c o m p e n sa to r  r e s is ta n c e  is  fixed  a t
a c e r ta in  p o sitio n . T hen  the co m p en sa tio n  v o ltag e  is  a d ju s te d  w ith R i u n til
we ge t no d efle c tio n  in  the g a lv a n o m e te r . In th is  c a s e  we g e t : ( s e e  fig.
II -2 1 ) .

i xR st = K* H comp. ( I I - 10)
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w h ere  i is  the c u r r e n t  th a t flow s th ro u g h  the  c irc u it .

N ex t, we sw itc h  to  connect th e  p la tin u m  r e s is ta n c e  th e rm o m e te r  (Rpt;)
(p o sitio n  2) and th e  co m p e n sa to r  r e s is ta n c e  is  v a r ie d  u n til we g e t no
d e fle c tio n  of the g a lv a n o m e te r  G ag a in . T h e n :

i xR pt - K .R 'eomp>li '  (11-11)

By d iv id ing  eq u a tio n s (10) and (11) we g e t:

p  p  I
A* pt comp.

^  st#- ** comp.
o r

^  pt ^  comp.
“To = R1comp.

o r  Rpt 10
R 1comp.

Rcomp.
( 11- 12 )

atmosphere
pump

Fig. 11-20

Schem atic draw ing for the pumping sy s tem
w ith regu la tion  fo r adjusting  the te m p e ra t­
u re  of the cooling liquid in the c ry o s ta t.
The valve "2" is  a by-pass for regulating

,  .  ,  . n  i i  i i .  i i  n uthe pump speed. The device, a , b , c
and ML", is an o il manometer to facilitate
the regulation of the pump speed.

F ro m  equation  (12) and the  c a lib ra t io n  ta b le  of R pt the  te m p e ra tu re  of
the  bath  is  known.

T he te m p e ra tu re  w as alw ays m e a s u re d  in two w ays; in s id e  the bo ttom
r e s e r v o i r ,  w hich m e an s  th a t we m e a s u re  th e  te m p e ra tu re  of the  gas ,
and o u ts id e  th e  bo ttom  r e s e r v o i r ,  g iv ing th e  te m p e ra tu re  of the  bath . In
a l l  c a s e s  we have found no d if fe re n c e s  betw een  th e s e  tw o te m p e ra tu re s .

T he te m p e ra tu re  of the  u p p e r r e s e r v o i r  w as m e a s u re d  by an  o rd in a ry
m e rc u ry  th e rm o m e te r  a c c u ra te  to  0. 1 °C.

PAR . 12. METHOD O F PERFO RM IN G  THE E X PER IM EN T.

T he way in  w hich we have done ou r e x p e r im e n t can  be exp la ined  as
follow s :
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comp, resist

Fig. 11-21

A schem atic drawing of the com pensator
showing the way of tem perature m easure­
ment.

1. The a p p a ra tu s  is  pum ped high vacuum  and the  t r a c e r  gas  80K r and
the  o th e r  gas  -  e .g .  H 2, 4H e, 22Ne o r  3He -  is  in tro d u c ed . T he
a p p a ra tu s  is  le f t a t le a s t  24 h o u rs  fo r  m ix ing . C om ple te  m ix ing  w as
checked  by c lo sin g  ta p s  " a " ,  "b "  and  "c "  ( s e e  fig. I I - l )  in the top
r e s e r v o i r ,  and th e  a c tiv ity  w as m e a su re d . T h e n ta p " a "  is  opened, and
th e  top r e s e r v o i r  is  pum ped high vacuum . T h is  can  be checked  by
counting the backg round . A sa m p le  of gas  fro m  the bo ttom  r e s e r v o i r
is  ob ta ined  by c lo s in g  "a "  and opening "c "  fo r  about 15 se c o n d s . If
we m e a s u re  the  s a m e  ac tiv ity , th en  we have co m p le te  m ix ing . It
w as found th a t 24 h o u rs  is  enough.

2. T he p r e s s u r e  f ro m  th e K . N. M. I. is  a sk e d  and c o r re c te d  a s  in  P a r .  4.
T hen  the  gas  th e rm o m e te r  is  f ille d  to  th e  r e q u ir e d  p r e s s u r e .  The
a p p a ra tu s  is le f t in  th is  cond ition  fo r  so m e  tim e  to  a t ta in  e q u ilib riu m .
A fte r  th a t the  cooling  liq u id  is  e v a p o ra te d  by th e  lo w er h e a te r ,  by
s h o r t  c irc u itin g  th e  pho to cell t i l l  the  le v e l o f th e  cooling  liq u id  is  a
few cm s below  the c o p p e r c y lin d e r  .Then the h e a te r  is  sw itch ed  off.The
c o p p e r c y lin d e r  . is  th en  h ea te d  gen tly  by the  u p p e r  h e a te r  t i l l  we
ob ta in  the  r e q u ir e d  p r e s s u r e  in  the  g as  th e rm o m e te r .  A t th a t m om ent
th e  h ea tin g  c u r re n t  is  sw itc h e d o ffa n d ta p " f"  is  c lo se d . (See fig . II— 2)
T he lo w er and u p p e r h e a te r s  a r e  a d ju s te d  so  th a t the  r a t e  of change
of the oil le v e l in  "L," is  slow . It w as found e x p e r im e n ta lly  th a t the
b e s t r e s u l t s  w ill be a tta in e d  by le ttin g  th e  lo w e r h e a te r  w ork  con -
tin u o u sly  a t an  ex ten t su c h  th a t th e  coo ling  due to  th e  flow of v a p o u r '
is  s lig h tly  g r e a te r  than  the  h ea t ga ined  by th e  c o p p e r c y lin d e r  due to
h e a t ra d ia tio n  and conduction  v ia  the cap . We le a v e  the a p p a ra tu s  in
th is  s itu a tio n  fo r  a  su ffic ie n t tim e  to  o b ta in  e q u ilib riu m .

3. T he v a lv es  "b" and  "c "  in  the  top  r e s e r v o i r  a r e  c lo sed , w h ile  "a!1
is  o p en ed an d  th e  top  r e s e r v o i r  is  pum ped high vacuum . A sa m p le  ^ of
g as  is  tak en  fro m  the bo ttom  r e s e r v o i r  by c lo sin g  "a "  and opening " c 1
fo r  15 se c o n d s , and th e  a c tiv ity  is  m e a su re d . T h is  is  r e p e a te d  t i l l  we
ob ta in  th e  s a m e  n u m b er of coun ts . T he tap  "b" is  opened fo r  th e rm a l
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d iffu sion , and the  a c tiv ity  re c o rd e d  e v e ry  two m in u tes  d u rin g  one
h o u r. In m o s t of o u r e x p e r im e n ts  an  e q u ilib riu m  tim e  w as ob ta ined
a f te r  abou t 19 m in u te s , but the th e rm a l d iffusion  is  a llow ed  to  tak e
p la c e  fo r  abou t one h o u r. T hen  th e  tap  "b" is  c lo se d  and th e  ac tiv ity
m e a su re d . The top  r e s e r v o i r  is  pum ped aga in  in  the  s a m e  w ay, and
a  sa m p le  fro m  the  bottom  r e s e r v o i r  is  taken . T he a c tiv ity  of th is
sa m p le  w as checked  w ith th e  f i r s t  d e te rm in a tio n  a t  th e  beginning of
th e  ex p e r im e n t. U su a lly  we ob ta in  the  s a m e  r e s u l t  w ith in  the s t a t i s ­
t ic a l  f lu c tu a tio n s .

4. T he th e rm a l d iffusion  p ro c e s s  is  re p e a te d  ag a in  a t  the  s a m e  te m p ­
e r a tu r e  fo r  s e v e ra l  t im e s .

5. T hen  the  te m p e ra tu re  is  v a r ie d  by ad ju s tin g  the  gas  th e rm o m e te r  and
th e  w hole p ro c e s s  re p e a te d  in th e  s a m e  way.

6. T he s e p a ra tio n  is  c a lc u la te d  a s  m en tioned  in  P a r .  7. of C h a p te r  I.
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e p o ten tia l d if fe re n c e , vo lts

*p
I ,

I f

l x
k

p la te  c u r re n t
sp a c e  ch a rg e  c u r re n t
f ila m en t c u r re n t
c u r re n t  in  th e  unknown r e s is ta n c e  x
B o ltzm ann  co n s tan t

K co n s tan t o f p ro p o rtio n a li ty
n n u m b e r of m o le cu le s

p 0

p f

p T

a tm o sp h e r ic  p r e s s u r e ,  cm -H g
fillin g  p r e s s u r e  fo r th e  gas  th e rm o m e te r
p r e s s u r e  of the gas  th e rm o m e te r  a t th e  unknown
te m p e ra tu re  T

p p r e s s u r e
R r e s is ta n c e

R b
R o
R  st

R  comp.

R  pt

R a

p la te  r e s is ta n c e
r e s is ta n c e  in  an  a r m  of a W eatsto n e  b rid g e
s ta n d a rd  r e s is ta n c e ,  10 $1
r e s is ta n c e  of th e  co m p e n sa to r
p la tin u m  r e s is ta n c e

a c tiv ity  of sa m p le  A

R b a c tiv ity  of s a m p le  B

R  A +  B
a c tiv ity  of both s a m p le s  A and B when put b es id e  each
o th e r

R b
t

backg round  a c tiv ity
te m p e ra tu re ,  C

T unknown te m p e ra tu re ,  K

T f
T h
T c
V

fillin g  te m p e ra tu re  fo r  th e  g as  th e rm o m e te r
te m p e ra tu re  of th e  hot r e s e r v o i r
te m p e ra tu re  of th e  co ld  r e s e r v o i r
vo lum e, c . c.

V c

V 8

volum e of co p p e r cy lin d e r  of gas  th e rm o m e te r
vo lum e of g la s s  bu lb  fo r  re g u la tin g  p r e s s u r e  of gas
th e rm o m e te r

y co e ffic ien t of vo lum e exp an sio n  fo r co p p er
T dead tim e  of co u n te r
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CH A PTER III

22 4
MEASUREM ENTS ON GASEOUS MIXTURES O F 85K r WITH 'Ne, He,
3 He AND H2 .

PA R . 1. INTRODUCTION

In th e  te m p e ra tu re  reg io n  from  ro o m  te m p e ra tu re  to  1000 K the th e o re ­
t ic a l  v a lu es  fo r  th e  d if fe re n t t r a n s p o r t  co e ffic ie n ts  a g re e  v e ry  w ell w ith
the  m e a s u re d  v a lu e s , p ro v id ed  th a t we u se  one of the m o re  so p h is tic a te d
m o le c u la r  m ode ls  lik e  the  L e n n a rd -Jo n e s  m odel o r  th e  B uckingham
e x p . -6  m odel. H ow ever, the  a g re e m e n t fo r  d iffusion  and v is c o s ity  is
b e t te r  than  fo r  th e  th e rm a l d iffusion .

W e choose in  o u r ca lc u la tio n s  the  L e n n a rd -J o n e s  m ode l, th is  being  a
v e ry  r e a l i s t i c  m o d e l, w h ile  m o s t of th e  quantum  ca lc u la tio n s  have been
done fo r  th is  m odel.

T h is  w ill not n u llify  the  fac t th a t the  o th e r  m ode ls  - e .g .  th e  B uckingham
6-ex p o n en t o r  a  L e n n a rd -Jo n e s  (4 ,8 )  p o te n tia l m odel -  can  be u sed  in
the  quantum  ca lc u la tio n s  in  th e  low te m p e ra tu re  re g io n  la te r  a s  r e f in e ­
m e n ts  fo r  g e ttin g  b e t te r  a g re e m e n t betw een  e x p e r im e n t and th e o ry .

In th is  w ork  the  fo rc e  co n s ta n ts  in th e  L e n n a rd -Jo n e s  m odel - a a n d  ^ -
w hich we have u se d  in th e  c a lc u la tio n  o fg -1"J‘■, , w e re  ta k en  from
H irs c h fe ld e r . 1)

4 Q?
PA R . 2. THE H e- K rE X P E R IM E N T

Som e im p o rta n c e  w ill be g iven  to  th is  m ix tu re , s in c e  85K r as  w ell a s  4He
a r e  both s p h e r ic a l  m o le c u le s , fu lfillin g  the  re q u ire m e n ts  fo r  th e  c la s s ic a l
c a lc u la tio n s .

T h e  e x p e r im e n ta l r e s u l t s  a s  w ell a s  the  th e o re tic a l  ones a r e  show n in
ta b le  ID -1 . In th is  ta b le  th e  In Q s is  th e  lo g a rith m  of the  se p a ra tio n ,
w hile  In 3 0 3 ^ 3  is  th e  lo g a rith m  of v a r ia b le  te m p e ra tu re  - th e  oven te m p ­
e r a tu r e  Tjj o r  th e  low te m p e ra tu re  T c - d iv ided  by th e  fixed te m p e ra tu re .

By p lo tting  a  g ra p h  of ln Q sa g a in s t In-ggg- 3 a s  in fig. I l l—1 and m e a su r in g
the  s lo p e  of the  ta n g e n ts ’" a t th e  d if fe re n t te m p e r a tu re s ,  the  v a lu es  of th e

The above results have been obtained by a refined way of drawing the tangent. The method consists of a rectangular
parallelopiped piece of hard material the sides of which are optically flat. One side of the parallelopiped is a mirror. To
draw the tangents first we have to draw the curve; this is drawn by means of a flexible piece of plastic fixed in position by
heavy weights. The piece of plastic was adjusted symmetrically between the points as much as possible; then a curve is
drawn. By facing the mirror side of the parallelopiped to the curve, the image of the curve is seen.The curve and its
image are adjusted to be parallel as much as possible and then the slope is measured. The best results were obtained when
the mirror face of the parallelopiped was not in contact with the curve.
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0.9 .
0.9 J

Fig. m -1 .

The logarithm of the separation In Q, as a
function of In for the 85K r-4He m ixt­
ure form 50 °K to 800 °lC.

©, Experimental points
• Theoretical points calculated according to

the c la ss ica l theory with the Lennard -
Jones(12,6) potential using the best para­
m eters * 1 2  = 44. 1 olK and »12 = 3 .095.

O Theoretical points calculated acoording to
the c la ss ica l theory with the Lennard-
Jones (12,6)  potential by decreasing the

4parameter *2 of the He m olecule by 10%.
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TABLE III - 1.

E x p e rim en ta l and th e o re tic a l  va lu es  of the  s e p a ra tio n  fa c to r fo r the
85 4m ix tu re  K r-  He a t d iffe ren t te m p e ra tu re s .

c T var.
[ « . ] « * . ' l n  [ « , ]^  var. ^ l n 303.  3

50 -  1. 7998 -  0 .5 8 7 4
-  0 . 6 1 0 2
-  0 . 6 0 1 7

-  1. 025

60 -  1 .6 1 7 6 -  0. 6929
-  0 . 6 8 4 8
-  0 . 7 1 6 3
-  0 . 7 0 8 5

-  0 . 9 9 5

70 -  1 .4 6 3 7 -  0 .  6937
-  0. 6956
-  0 .6 6 8 1
-  0 . 6 8 2 7
-  0. 6975
-  0 . 7 2 4 2

-  0 .9 5

80 - 1. 3303 -  0 . 7 2 4 2
-  0 . 7 1 4 3
-  0 . 7 4 3 7
- 0 .7 4 0 1
- 0 .7 2 8 5
- 0 .7 6 9 1
-  0 .7 2 2 8
-  0 .7 2 3 7
-  0 . 7 3 0 2
- 0 .7 3 7 1
- 0 .7 4 0 1

- 0 . 9 0 5

90 -  1. 2126 - 0 .7 4 8 1
- ' 0 .  7442
-  0 .7 2 9 0

-  0. 855’

100 -  1 .0 7 7 8 - 0 .7 1 5 9
- 0. 7223
-  0. 6931
- 0 . 6 9 7 7

-  0 . 79

110 - 0 . 9 9 1 5 - 0 . 6 6 2 7
-  0 . 6 7 7 6
-  0 . 6 8 8 2
- 0 . 6 7 4 0

- 0. 745

120 -  0 . 9 2 5 3 -  0 . 6 3 7 8
- 0 . 6 3 3 0
-  0 . 6 2 2 6
- 0 .6 3 9 4

- 0. 70

130 -  0 . 8 4 5 3 -  0 . 5 8 6 2
- 0 .5 7 7 0
-  0 . 5 6 5 3
- 0 . 5 8 8 3

-  0. 65

140 -  0 . 7 7 1 4 . - 0 . 5 3 0 3
- 0 . 5 1 9 5
- 0 . 5 2 4 8
- 0 . 5 2 1 8

-  0. 60

150 - 0 .7 0 2 4 - 0 . 4 7 6 2
-  0 .4 7 9 2
-  0 .4 7 2 5
- 0 .4 6 5 1

- 0. 55

160 -  0. 6380 -  0 .4 2 4 4
- 0 .4 1 6 1
- 0 .4 2 7 8
-  0 .4 2 0 0

-  0 .5 0 5

170 * -  0 . 5 7 7 3 - 0 .4 0 0 9
- 0 .4 0 0 9
-  0 .3 9 2 8
- 0 .3 8 4 1

- 0 . 4 6

180 - 0 . 5 2 0 3 -  0 .3 5 1 4
- 0. 3470
- 0 .3 5 2 1  *
- 0 . 3 3 7 8

-  0 .4 3 5

190 -  0 . 4 6 6 5 - 0. 2970
-  0. 3030
- 0 .2 9 8 7
-  0 . 3 0 6 0

- 0 . 37
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TABLE ID - 1

T °Kvar.
T .1 var.

t a [ « . ] « x p u ‘“ [ « . I * . . ,303. 3

321.6 0.0583 0.0573
0.0601
0.0573

0 .05

329. 8 0.0836 0.1062
0.0988
0.0988

0.075

343. 5 0.1248 0.1292
0.1283
0.1133

0. 105

359. 1 0. 1690 0.1881
0.1715
0.1734

0. 145

385 0.2383 0.1831
0.1840
0.1856

0. 21

403.4 0.2853 0.2406
0.2351
0.2406

0. 25

408. 7 0.2986 0.2957
0.2940
0.2940

0. 26

439.4 0.3709 0.3161
0.3161
0. 3392

0. 325

449. 2 0. 3928 0.3562
0.3548
0.3541

0. 35

482. 3 0.4637 0.4023
0.4030
0.4002

0 .41

484. 3 0.4683 0.4357
0.4285
0.4278

0 .42

517. 3 0.5340 0.4656
0.4644
0.4608

0.470

527. 1 0.5526 0.5068
0.5075
0.5153

0 .49

563.9 0. 6201 0.5225
0.5183
0.5236

0 .55

572.9 0.6362 0.6005
0.5961
0.5955

0. 56

598.5 0. 6797 0.6823
0.6727
0.6781

0. 60

619. 5 0. 7143 0.7051
0.7076
0. 6965

0. 63

644. 5 0.7536 0.7527
0.7490
0.7451

0. 665

665. 6 0.7856 0.7681
0.7654
0.7649

0. 70

690. 3 0.8225 0.7276
0.7272
0,7253

0 .73

701.9 0.8388 0.8133
0.8124
0. 8124

0. 74

731. 5 0.8805 0. 7767
0.7852
0.7794

0 .78

740. 6 0.8929 0.8236
0.8220
0.8176

0. 79

775. 5 0.9388 0.8363
0.8386
0.8328

0 .83

792. 3 0.9599 0.8658
0.8681
0.8363

0 .85
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th e rm a l  d iffu s io n  fa c to r  a  a s  a  function  of te m p e ra tu re  a r e  ob ta ined .
T h e se  v a lu e s  a r e  show n in  ta b le  in-2.

TA B LE III - 2.

E x p e r im e n ta l and  th e o re t ic a l  v a lu es  of th e  th e rm a l  d iffusion
fa c to r  fo r  th e  m ix tu re  85K r - 4He a t  d if fe re n t te m p e r a tu re s .

T. °K
L.J.

a  ,classical
a  tang'

expt.
calc, from 14

a expt.
tans* calc, from 14

a  - aexpt. expt.

50 + 0. 10 - 0. 55 -  0. 53 0 .0 2

60 + 0. 23 - 0. 34 - 0. 34 0. 00

70 + 0. 32 -  0. 16 - 0. 17 0. 01

80 + 0 .4 0 0. 00 - 0. 02 0. 02

90 + 0 .4 7 + 0. 10 + 0. 10 0 .0 0

too + 0. 52 + 0. 24 + 0. 25 0 .0 1

110 + 0. 57 + 0. 33 + 0. 34 0 .0 1

120 + 0. 61 + 0 .4 1 + 0. 41 0 .0 0

130 + 0. 64 + 0 .4 8 + 0. 50 0 .0 2

140 + 0. 67 + 0. 54

150 + 0. 69 + 0. 58
160 + 0. 72 + 0. 62

170 + 0. 74 + 0. 66
180 + 0. 76 + 0. 69

190 + 0. 77 + 0. 72
200 + 0. 78 + 0. 74
250 + 0. 83 + 0. 81
300 + 0. 85 + 0. 85
350 + 0. 87 + 0 .8 7 + 0. 87 0 .0 0

400 + 0. 88 + 0. 88 + 0. 88 0 .0 0

450 + 0. 89 + 0 .8 9 + 0. 89 0 .0 0

500 + 0. 89 + 0. 89 + 0. 89 0 .0 0

550 + 0 .8 9 + 0. 89 + 0. 89 0. 00

600 + 0. 89 + 0 .9 0 + 0. 90 0. 00

650 + 0 .8 9 + 0 .9 0 + 0. 90 0. 00
700 + 0 .9 0 + 0 .9 1 + 0. 91 0 .0 0

750 + 0 .9 0 + 0 .9 1 + 0. 91 0. 00
800 + 0. 90 + 0 .9 1 + 0. 91 0. 00
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F ro m  th is  g ra p h  w e s e e  th a t th e re  a r e  a p p re c ia b le  d ev ia tio n s  fro m  the
c la s s ic a l  cu rv e , even  a t ro o m  te m p e ra tu re .

T h e se  d ev ia tio n s  a r e  a t tr ib u te d  to  d if f ra c tio n  e ffe c ts  due to  the  wave
n a tu re  of th e  p a r t ic le s  w hich becom e n o tic e a b le  a t  low te m p e r a tu re s .

To in te r p r e t  th e se  d ev ia tio n s  as  quantum  d e v ia tio n s , i t  is  n e c e s s a r y to
show  in  a  s a t i s f a c to r y  way th a t the  c la s s ic a l  th e o ry  does no t acco u n t fo r
the e x p e r im e n ta l c u rv e  by any  m e an s  below  a  c e r ta in  re g io n  of te m p e ra tu re
and  th a t i t  ho lds abovp th is  te m p e ra tu re .

6 2 — 5 )
T o do th is  we m u s t n o tic e  th a t o and  j  a r e  not v e ry  w ell known.
S u re ly  we have tak en  th e  b e s t  known v a lu es  fo r  th e s e  p a r a m e te r s ,  but
th is  does no t g u a ra n te e  th e i r  ab so lu te  a c u u ra c y . So an a llo w ab le  d ev ia tio n
in e a c h  of th em  of abou t 10% cou ld  be c o n s id e re d . T h e re fo re  we have
tr ie d  to  fit o u r  e x p e r im e n ta l c u rv e  by v a ry in g  the  p a r a m e te r s

« 1 2  6 , 7 )

and ~ Y ~ '

0~12 fixed a t 3.093 A

- 0.2 -

Fig. in-2.
The reduced theoretical therm al diffusion
factor tt* as a function of the logarithm of
the tem perature with e as a param eter ;

*12 is fixed at 3. 093 A.
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F i r s t  we have ex am in ed  th e  e ffec t of the v a r ia t io n  of— —r F ig . I l l -  2
* 12  K

show s a  fam ily  of c u rv e s  fo r  d if fe re n t v a lu es  of—g—. F ro m  th is  f ig u re
we s e e  th a t a l l  c u rv e s  a r e  p a r a l le l  to  ea ch  o th e r . T h is  su g g e s ts  an  e a sy
w ay to  find an  unknown v a lue  - o r  to  check  a  known v a lue  -  o f__

By c o n s id e r in g  th e  r e l a t io n :

T* = T/ (t)
and tak in g  th e  lo g a ri th m  of both s id e s  we ge t

log  T* = log  T -  log  £  (in-1)
R e la tio n  (1 ) is  o f c o n s id e ra b le  im p o rta n c e . I t show s th a t th e  lo g a rith m
of I  can  be ob ta in ed  f ro m  tw o c u rv e s ,  v iz . an  e x p e r im e n ta l and  a  th e o ­
r e t i c a l  one, show ing  r e s p e c t iv e ly  th e  r e la t io n  betw een  a^eor. a g a in s t
log  T* and  «expt. a g a in s t log T by m e re  s lid in g  one c u rv e  o v e r  th e  o th e r
along  th e  te m p e r a tu re  a x is ,  a s  h as  been  in d ic a ted  in  fig . I l l - 3.

By m e a s u r in g  th e  am oun t of s lid in g  - o r  in  o th e r  w o rd s  th e  d if fe re n c e
o ^ i j

betw een  the  tw o o r ig in s  -  the  v a lu e  of (50 + 2) K f o r —j-—has been  foun4
w hich  is  so m ew h at h ig h e r  th an  th e  v a lu e  u se d  fo r  th e  th e o re t ic a l  c a l ­
c u la tio n  (44. 1 °K ). As the w hole e x p e r im e n ta l c u rv e  canno t be fitte d

• 12
w ith  the  th e o re t ic a l  c u rv e , the  above v a lu e  o f—j-—h as  been  ob ta in ed  by
fittin g  th e  h igh  te m p e r a tu re  p o r tio n  of the  c u rv e  only, a s  show n in  fig.
I l l - 3.
T he nex t s te p  w as to  t r y  to  v a r y * , by  + 10% and -  10%. A s 85K r is  a
r a th e r  heavy  g a s , th e  D e B ro g lie  w ave len g th  a s s o c ia te d  w ith  it is  ex ­
t r e m e ly  s m a ll .  We can  s a y  s a fe ly  th a t m o s t of th e  quantum  d ev ia tio n s
a r e  due to  the  quantum  n a tu re  of th e  4H e. F o r  th is  r e a s o n  we have changed
on ly  a 2. By d raw ing  a  fam ily  of c u rv e s  of a*  a g a in s t log T a s  in
fig . m - 4  we se e  th a t th e  e ffec t o f changing  a - w hile  k eep in g  - co n s tan t -
is to  tu rn  the c u rv e  th ro u g h  an  ang le .

A t the  s a m e  tim e  the c u rv e  s t r e tc h e s  due to  the  in c re a s in g  v a lue  of
a*th'eor. • T h is  w ill beco m e c le a r  by c o n s id e r in g  th e  r e la t io n  betw een
a  and  a :

- M 2 + a72CM!(Mi - M 2 >] + 4sMX
a  = -----Ö----------- 5---------- 2---------------------------------- 5 ( C 12 - .1 )  ( I I I -2)

6 Mj + 5 M 4 - 4 M 2B 12 + 8 M jM 2A 12

w h e r e :
s k a  ♦

J j A 2 1____0  <T 12)
\  *2 /  \J2 M 1

H ence, s  w ill in c re a s e  if  » 2 d e c r e a s e s .

C o rre sp o n d in g ly  a w il l  in c re a s e  if  * 2 d e c re a s e s .
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exptal w ith Tthe or w ith 1

F ig . m-3.
The reduced  th eo re tic a l th e rm a l diffusion
fac to r * as a function of the logarithm  of
the reduced  tem p e ra tu re  log T*; together
w ith the reduced  experim en ta l values <**xpt.
a s  a  function of the logarithm  of the tem p e r­
a tu re  log lo T.

By su c h  a  change of ff, i t  w as p o ss ib le  to  fit the  th e o re t ic a l  c u rv e  w ith
the  e x p e r im e n ta l one betw een  100 °K and 800 K fo r  the  new  v a lu es  o f th e

t i n  0  s
p a r a m e te r s — = 50 K and  «2 = 2 .3  A, in s te a d  o f H ir s c h f e ld e r 's  v a lu es
of — = 4 4 ,1  #K and «2 = 2. 576. A.

We m u s t n o tic e  th a t su c h  a  f ittin g  w as on ly  p o ss ib le  o v e r  th e  te m p e r a tu re
ra n g e  fro m  800 °K t i l l  abou t 100 °K. B elow  100 °K a  la rg e  d is c re p a n c y
a p p e a rs  betw een  th e  th e o re t ic a l  c u rv e  and th e  e x p e r im e n ta l one a s  show n
in  fig . I l l - 1 in  the  se co n d  c a lc u la te d  c u rv e  w ith  the  d e c re a s e d  « v a lu e
( s e e  s u b s c r i p t ). T h is  d is c re p a n c y a t  low  te m p e r a tu re s  can  n e v e r  be e x ­
p la in ed  by changing  th e  p a r a m e te r s  of th e  L e n n a rd -  Jo n e s  m ode l. We
can  s a y  in p r in c ip le  th a t the c la s s ic a l  th e o ry  is  no t v a lid  below  100 °K.

F o r  the sa k e  of c o m p le te n e ss  we have c o n s id e re d  s t i l l  tw o o th e r  p o te n tia l
f ie ld s , v iz . :



F ig . I l l - 4.

The th eo re tic a l th e rm a l diffusion fac to r 1
as a function of the logarithm  of the tem p­
e ra tu re  log10 T; fo r d ifferen t values of
( »J2 = 2.965 A, »12 = 3. 093 A, «ljg =3.225
A) and fixed value óf * = 44. 1 K.

1. the  L e n n a rd -J o n e s  ( 4 ,8 )  p o te n tia l
2. the  B uckingham  6 - exponen t p o te n tia l
in  o r d e r  to  c o m p a re  th em  w ith  o u r e x p e r im e n ta l po in ts .

T he L e n n a rd -J o n e s  ( 4 ,8 )  p o te n tia l w as p u b lish ed  in  1940 and 1941 by
C la rk  J o n e s 8land  a f te rw a rd s  r e p r e s e n te d  by W aldm ann9! in  the  s a m e  w ay
a s  we have t r e a te d  in  th is  th e s is .  We have r e p re s e n te d  W a ld m a n n 's
g ra p h s  fo r  th e  o* ^ r. fo r  both the  (12, 6) and  th e  (4, 8) m odel in  fig.
( I I I -5 a ) .  We m u s t r e m a rk ,  ho w ev er, th a t W a ld m a n n 's  two c u rv e s  w ere
c a lc u la te d  fo r  heav y  iso to p ic  m ix tu re s  w hich fa c t m e an s  th a t d ev ia tio n s
f ro m  fo r  K r-H e  m ix tu re s  can  b e 'e x p e c te d . T he c h a r a c te r  of
the  c u rv e s  is  q u ite  the  s a m e , ho w ev er, a s  in d ic a ted  by the e x tra  cu rv e
fo r  a*  tlieor. (12, 6) fo r  o u r ( 85K r - 4H e) m ix tu re  a s  c a lc u la te d  by us and
show n in  th e  s a m e  fig. III -5 a .
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Fig. m -5  a

The reduced thermal diffusion factor * as
a function of the reduced temperature T*.
______  theoretical classical curve cal­

culated for heavy isotopes with the
Lennard-Janes (12, 6) potential.
theoretical classical curve cal­
culated for heavy isotopes with the
Lennard-Jones (4 ,8) potential.

- .  . - . . -  theoretical curve calculated for
85Kr%le mixture with the JLennard-

Jones (12, 6) potential.
-  - - -  theoretical curve calculated for

88Kr- 4He mixture with the exp- 6
potential using Kihara's second ap­
proximation. 85
experimental points for the Kr-
^ e  mixture.

The Buckingham 6 - exponent which we have used  for our calcu lations
has the sh a p e :

<J> (r)
I --6a

6 exp.
a

(III-3)

w here rn was obtained from  M ason's tab les 7,10JL2) holdsL'jnin Wd ö  UULcUIieU 11'UIIi iVUlBUU B letU1CÖ f r min

for the d istance of the m inim um  in the potential cu rve, w hereas * is  the
en ergy  depth of the potential w ell at that point. The factor "a" g iv es the
stee p n ess  of the potential w ell, which we took equal to 12 to g e t  the
c lo s e s t  approach to our exp erim en ta l r e su lts  ( s e e  a lso  Grew and Mundy
fig. 1 ). A ll force  constants for our K r-H e m ixture w ere taken from
M ason's tab les 7,1<>_12) and are  in table III-3, together with the r e su lts
of our f ir s t  and secon d  order K ihara approxim ation. 13-16 ) .  The secon d
K ihara approxim ation of a * theor. is  indicated a lso  in fig. I ll-5 a . We se e
that th is or̂  theor. behaves in m uch the sa m e way as the or theor with (12,  6)
potential. It is  th erefore not able to exp lain  our exp erim en ta l r e su lts
below  T* = 4.
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TA BLE I I I - 3

T h e rm a l d iffu sion  c o e ffic ie n ts  c a lc u la te d  w ith  B uckingham  exp ( 6 )
p o te n tia l fo r  " a "  = 12.

C om ponent
F o rc e  co n s tan ts

h /  £  ° K

85K r 4 .0 5 6 158. 3
4He 3. 135 9. 16
4 He -85K r 3. 596 3 9 .4

T em p .
C hapm an-
C ow ling

K ih a ra

[ ° 6  exp  j t

K ih a ra
r n

dn ° k “ u L 6 “ P - L

10 - 0. 3302 - 0 .3 2 5
25 - 0 .0665 -  0. 2555
50 0. 1068 0 .0 5 1 7 + 0. 062
75 0 .3 6 5 2 0 .3 1 7 0

100 0. 5229 0 .4 6 2 8 + 0 .4 6 3
125 0. 6250 0 .5 7 2 5
150 0. 6919 0. 6204 + 0. 628

175 0. 7375 0. 6625
200 0 .7808 0 .6845 + 0. 700

250 0. 7209 f  0 .7 3 0

300 0. 8468 0. 7299 + 0 .7 4 8
400 0. 8866 0. 7379 + 0. 760

500 0 .8 9 2 8 0. 7343 + 0 .7 6 2

• n s-
w ith  ex p . -6
fo rce  const.

15 k , S .  ] = 1. 16
w ith  L. J.
fo rce  const.

In th e  s a m e  fig . I l l - 5 a  th e re  is  a ls o  a  fifth  c u rv e  in d ic a ted  fo r  o u r
e x p e r im e n ta lly  d e te rm in e d  a*expt. ( ®5K r - 4HeJ u s in g  the  « /k  v a lu e  of the
L e n n a rd r  Jo n e s  p o te n tia l. We se e  th a t above T* = 4 o u r r e s u l t s  a g re e  w ith
th e  L e n n a rd -J o n e s  (12, 6) m o d e l, w h e re a s  fo r  T* <  3 we o b se rv e d  an
a p p ro a c h  of the  e x p e r im e n ta l c u rv e  to  a  L e n n a rd -J o n e s  (4 ,8 )  m odel,
T h is  r e s u l t  is  in te re s t in g  so  f a r  it in d ic a te s  th a t th e  c o lliso n s  betw een
K r  and  He fo r  the te m p e r a tu re  re g io n  below  120 °K (T* = 3 )  g e t a  s o f te r
■ character than  fo r  th e  h ig h e r  te m p e r a tu re  re g io n . T h is  s a m e  fac t w as
o b se rv e d  a l re a d y  by C la rk  J o n e s 8) Who m ade  in  1940 th e  rem a rk ': " I t can
h a rd ly  be doubted  th a t th e  d e c r e a s e  in  a  expt. is  due to  the  in c re ase d -
" s o f tn e s s "  of the  re p u ls iv e  fo rc e  a t low  te m p e ra tu re s .  "
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ALGEBRAIC R EPR ESEN TA TIO N  O F THE 4H e - 85K r  M EASUREM ENTS
T

If we p lo t a  g ra p h  of a  >rpt a g a in s t In ggg g -  a s  in  fig . I l l - 5 - , w e  s e e
th a t fo r  th e  h ig h te m p e ra tu re s  a  expt can  be a p p ro x im a te d  by th e  fo llow ­
ing f o rm u la :

a  expt. = S l n W l - + C  <i n ' 4 >

Fig . I l l - 5.

The experim en ta l th e rm a l diffusion fac to r
•  a s  a function of the logarithm  of

T
jpg1- g, w here T c is  the v ariab le  tem p e ra t­
u re , and the tem p e ra tu re  of the top r e s e r ­
v o ir was kept alw ays a t 303. 3 °K.

T c
By p lo ttin g  ltiggg  g a g a in s t In Q s a s  show n in fig . I l l - 6 we s e e  th a t the
e x p e r im e n ta l p o in ts  l ie  n ic e ly  on the c la s s ic a l ,  c a lc u la te d  c u rv e . T h is
f it o f th e  e x p e r im e n ta l p o in ts  w ith  th e  c l a s s ic a l  c u rv e  ex ten d s  o v e r  the
te m p e r a tu re  re g io n  f ro m  80 °K  t i l l  800 °K . T h is  is  c o n s is te n t w ith  the
f a c t th a t th i s  m ix tu re  h as  a  A* = 0. 28 an d  an  £ = 77 °K w hich m e an s  th a t
th e  d ev ia tio n s  f ro m  the  c la s s ic a l  b eh a v io u r a t  77 °K  a r e  not a p p re c ia b le .
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3013

-0.4

F ig. I^i-6.

The logarithm of the experim ental separat­
ion Q as a function of the logarithm of

T * 85m j^-gforthe K r-N e mixture, from room
temperature till about 80 0IK, together with
the c la ssica l curve calculated for the Len-
nard-Jones (12,6)  potential, with para­
m eters a 12 = 3. 22 A and ‘ 1 2  = 77.1 ""k .

© Experimental points
• Theoretical points

T h is  e x p e r im e n t , 'show s th a t in  a  m ix tu re  of tw o co m p o n en ts , 'w ith
s m a ll  quantum  p a r a m e te r s ,  good a g re e m e n t betw een  th e o ry  and  e x p e r i­
m e n t is found. N e v e r th e le s s ,  b y re p la c in g  one of th e  com ponen ts -  e . g. Ne
- by  an  o th e r  com ponen t hav ing  la rg e  quantum  p a r a m e te r s  -  e .g .  4H e-
w ill g ive us a  m ix tu re  w ith  an  a p p re c ia b le  quantum  p a r a m e te r  ( 85K r - 4He
w ith  A* = 0. 777 and -  A 44 °K ) fo r  w hich  a p p re c ia b le  d ev ia tio n s  fro m
th e  c la s s ic a l  b eh a v io u r o c c u r  even  a t ro o m  te m p e ra tu re .  T he lo w e r the
te m p e r a tu re ,  th e  m o re  th e s e  d e v ia tio n s  in c re a s e .  T h is  is  w hat we se e
fro m  the  85K r - 4He g r a p h ( s e e  fig . I I I -T ) . T he d ev ia tio n s  in  th e  s e p a r a t ­
ion  n e a r  th e  ro o m  te m p e r a tu re  am oun t to  ro u g h ly  a  few  p e rc e n t (1— 2%
an d  in c re a s e  co n tin u o u sly  t i l l  th e y  r e a c h  gbout 30% a t  50 °K. T h e se
d e v ia tio n s  have been  c a lc u la te d  a c c o rd in g  to  the  r e l a t i o n :

' . . .  c la s s ic a l  v a lu e  -  e x p e r im e n ta l v a lu e  1fin
p e rc e n t d ev ia tio n  -  c l a s s ic a l  v a lu e

\ n \
By fittin g  th e  e x p e r im e n ta l r e s u l t s  w ith  the  le a s t  s q u a re  m eth o d  , we
o b ta in  the  v a lu e s  0. 0604 and 0. 88 fo r  m  and C r e s p e c tiv e ly  and  equation

I I I -4 ta k e s  th e  fo rm  :

a expt. = 0. 0604 In -5^373- + °- 88 (m - 5 )

T his fo rm u la  is  v a lid  in  th e  te m p e r a tu re  ra n g e  fro m  425 °K to  800 °K.
H ey m an n 18) in  h is  th e s is  has  su g g e s te d  th e  fo rm u la :

« - A - 4

66



w hich is  th e  s a m e  fo rm u la  su g g e s te d  by  H eym ann, an d  w hich he su p p o sed
to  be v a lid  fro m  300 #K to  700 °K. A t 300 °K th e  c u rv e  of In 3(^.3
a g a in s t a b e n d s  a l i t t l e  and is  no m o re  l in e a r .  T he e r r o r  a t  300 °K betw een
the v a lu e  c a lc u la te d  a c c o rd in g  to  e q u a tip n (III-6 ) and  th e  v a lu e  ob ta ined
by  d raw in g  the  ta n g en t, is  not due to  the  d raw ing  o f th e  ta n g en t, but to
th e  u n v a lid ity  of eq u a tio n  ( I I I -8 ) a t 300 °K .

^  . T
F ro m  the s a m e  p lo t of jwfeXpta'l a g a in s t ln_i303.3 ■ we s e e  th a t -  in  th e  low
te m p e r a tu re  re g io n  -  the th e rm a l d iffu sion  fa c to r  a can  be e s t im a te d  by
th e  follow ing fo rm u la :

a * m ' lh  onV a + C  (III— 7>expt. - 303. 3 '

By ev a lu a tin g  th e  e x p e r im e n ta l r e s u l t s  w ith  th e  le a s t  s q u a re s  m e th o d ,
the  v a lu es  of ;m ' a n d C ' a r e  r e s p e c tiv e ly  1. 09 and  1 .4 2  and eq u a tio n  (III- 7)
b eco m es :

T
a ,  = 1 .09  In , n „ -ö + 1 . 4 2  (III- 8)expt. 3 0 3 .  0

T h is  fo rm u la  is  v a lid  in  the  ra n g e  of te m p e r a tu re  fro m  130 °K  to  50 ° K .
T h e  v a lid ity  of eq u a tio n  (III- 8 ) in  th e  te m p e ra tu re  re g io n  below  50 °K
canno t be c o n s id e re d  , s in c e  w e have no d a ta  below  th is  te m p e ra tu re .  -

A s a  w ay  of check ing  th e se  fo rm u la e  ta b le  I I I - 2 g iv es the  c a lc u la te d
v a lu e s  of <* a c c o rd in g  to  equ a tio n s ( I I I - 5) and  (III- 8 ) ,  to g e th e r  w ith  the
v a lu e s  ob ta in ed  fro m  th e  tan g en t m ethod  w ith  th e  c o r re sp o n d in g  d ev ia tio n .

PAR. 4. COM PARISON O F THE 85K r-  4He M EASUREM ENTS W ITH A
85K r-  22N e E X PE R IM E N T .

A n o th er e x p e r im e n t h as  been  done u s in g  85K r-  22Ne a s  o u r m ix tu re . As
it  is  w ell known th a t j^ N e  n e a r ly  h a s  no quantum  e ffe c ts  ( A^» _ vje = 0 .5 9 3 ),
a s  w ell a s  85K r AKr -K r= 0. 192 ), we can  c o n s id e r  the m ix tu re  85K r  -
22Ne hav ing  a AKr.Ne L = 0. 28 a s  being  a  c la s s ic a l  m ix tu re . C o m p a riso n
of the  a  expt. and  ® theót. fo r  th is  m ix tu re  th e re fo r e  g iv e s  a  v e ry  v a lu ab le
c o n tro l on th e  m e a s u r in g  m ethod .

T he e x p e r im e n ta l r e s u l t s  to g e th e r  w ith  th e  c l a s s ic a l  c a lc u la te d  v a lu es  ,
a c c o rd in g  to  th e  L e n n a rd -J o n e s  (12, 6 ) m o d e l, a r e  g iv en  in  ta b le  III-4 .

PA R . 5. T H E 85K r - 3H e EX PERIM EN T.

A s it  is  w ell known th a t iso to p es  o f th e  s a m e  e le m e n t have  the  s a m e
fo rc e  c o n s ta n ts , i t  is  in te re s t in g  to  u se  an  ana lo g o u s b in a ry  m ix tu re
hav ing  85K r a s  a  t r a c e r ,  and w ith  a p p ro x im a te ly  the s a m e  A* and
T h is  m ix tu re  is  of in te r e s t  a s  it  m ig h t have ro u g h ly  the  s a m e  quantum
d ev ia tio n s  a s  th e  p re c e e d in g  one. F o r tu n a te ly  the m ix tu re  85K r-  3He
hav ing  a A ,  = 0. 89 and  an  * -  44 “K w ill g ive  us the  r e q u ir e d  p r o p e r t ie s  .

T he e x p e r im e n ta l s e p a ra tio n  r e s u l t s  of su c h  a  m ix tu re  to g e th e r  w ith  the
c a lc u la te d  c la s s ic a l  ones fo r  the  L e n n a rd - J o n e s  (1 2 .6 )  p o te n tia l a r e
g iven  in  ta b le  I I I - 5.
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TA B LE III -  4

S e p a ra tio n  of 85K r-  22Ne a s  a  function  of T .

T var.
T c

m  [Q s ; expt. ln  [ Q s]* eo r.m  303. 3

101 1. 110 - 0. 332 + .0 1 5 - 0. 345
110 1 .010 - 0. 326 + . 015 - 0. 335
120 0 .9 3 0 - 0. 314 + . 015 -  0. 320
130 0. 840 -  0. 300 + .015 -  0. 300

144. 5 0. 720 - 0. 260 + .01 - 0 .2 7 5
155 0. 670 - 0. 252 + .0 1 -  0. 26

166 0. 600 - 0 .2 2 8 + .01 - 0.-24

180 0. 548 -  0. 216 + .01 -  0. 22

183 0. 500 - 0. 208 + .01 -  0 .2 0 5

190 0. 470 - 0. 192 + .008 - 0. 195

200 0 .4 2 0 - 0 .1 8 4 + .008 -  0. 18

210 0. 370 - 0. 164 Hr .008 - 0. 16

216 0. 345 - 0. 148 + .0 0 8 - 0. 15

T h e c a lc u la te d  c la s s ic a l  v a lu e s  w ill no t d if fe r  m u ch  fro m  th o se  fo r  85 K r
- 4H e, s in c e  th e  on ly  d if fe re n c e  is  the m a s s  d if fe re n c e . B y p lo ttin g  the
e x p e r im e n ta l v a lu e s  a s  w ell a s  th e  c l a s s ic a l  ones in  a  g ra p h  show ing
th e  r e la t io n  be tw een  l n ^ -  and In Q s a s  in  fig . I l l - 7 we se e  th a t there-
a r e  d ev ia tio n s  even  a t ro o m  te m p e r a tu re  and  th a t th e s e  d ev ia tio n s  in c re a s e
c o n tin u o u sly  fro m  a  few p e rc e n t a t ro o m  te m p e r a tu re  to  abou t 30% a t
50 °K.

If we c o m p a re  th e  e x p e r im e n ta l v a lu e s  of bo th  m ix tu re s  85K r - 4H e and
85 K r-  3H e we se e  th a t the  tw o r e s u l t s  a r e  n e a r ly  the  s a m e  w ith in  the
e x p e r im e n ta l e r r o r .

In g e n e ra l  we can  s a y  th a t th e  d ev ia tio n  of the  tw o m ix tu re s  85K r - 4He
and  85K r-  % e  fro m  th e  c la s s ic a l  b eh a v io u r is  th e  s a m e  o v e r  the  w hole
ra n g e  of te m p e r a tu re  f ro m  ro o m  te m p e r a tu re  down to  abou t 50 K.

PA R . 6 .TH E 88K r-H 2 E X PE R IM E N T .

T h is  e x p e r im e n t h a s  b een  done to  s e e  if  th e  d ev ia tio n s  f ro m  th e  c la s s ic a l
b e h a v io u r of a  m ix tu re , if  one of the  com ponen ts is  known to  be non-
s p h e r ic a l  -  e. g. H 2 in  a 38K r - H 2 m ix tu re  - ,  w ill show  the  s a m e  o rd e r
of m ag n itu d e  a s  in  th e  m ix tu re  85K r - 4He and  85K r-  ^He, s in c e  it  has
n e a r ly  th e  s a m e  p a r a m e te r s  A (fo r  K r - H 2; A* = 0. 76},

T he e x p e r im e n ta l s e p a ra tio n s  a s  w ell a s  the  c la s s ic a l  ones a c c o rd in g  to
th e  L e n n a r  cP Jo n e s  (12, 6) m o d e l a r e  g iven  in  ta b le  I I I - 6.
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TABLE III - 5.

S epara tion  of 85K r- 3He a s  a  function of te m p era tu re

T
In Var-

l n [ « . ]  exp*.T  var.. “ * 303. 3

45 -  0 .3 5 1 - 1. 05
50 -  1 .7 9 9 8 - 0 . 5 5 0

- 0. 562
- 0 . 5 8 0

60 - 1 .6 1 7 6 - 0 . 6 3 5
-  0 .6 5 0
-  0 .6 6 5

- 1 .01

70 - 1 .4 6 3 7 - 0 .7 0 0
- 0 . 7 2 5

- 0 . 9 6 5

80 - 1 .3 3 0 3 -  0 .7 5 0
- 0 . 7 5 0
- 0 . 7 7 2
- 0 . 7 8 5
- 0.  790

-  0 .9 3 5

90 - 1 .2 1 2 6 - 0 . 7 1 2
- 0 . 7 4 0
- 0 .7 4 7

- 0. 87

100 - 1 .0 7 7 8 - 0 . 6 6 7
- 0 . 6 8 5
- 0. 698
- 0 . 7 0 2

- 0 . 8 2 5

110 - 0 . 9 9 1 5 -  0 .6 5 0
- 0 . 6 6 5
- 0 .6 7 7

- 0 .7 5 5

120 - 0 . 9 2 5 3 -  0 .6 3 5
-  0. 642
- 0. 647

- 0 . 7 0 5

130 - 0.  8453 - 0 . 5 8 0
- 0 . 5 9 0
- 0. 596

-  0. 65

140 -  0 .7 7 1 4 - 0 . 5 1 2
- 0 .5 2 0
- 0 .5 3 0

. -  0. 60

150 - 0 . 7 0 2 4 - 0 .4 6 5
- 0 .4 7 0
- 0 .4 7 4

- 0 . 5 5 5

160 - 0 . 6 3 8 0 - 0 . 4 2 0
-  0 .4 3 0
- 0 . 4 3 7

- 0. 51

170 - 0 .5 7 7 3 - 0 . 3 8 5
- 0 . 3 8 7
- 0.  392

- 0 . 4 6 5

180 - 0 . 5 2 0 3 - 0 . 3 2 6
- 0 . 3 3 0
- 0 . 3 3 7

-  0 .4 2

190 -  0 .4 6 6 5 - 0 . 2 8 0
- 0 . 2 8 5

. -  0. 290

-  0.  37

200 - 0 .4 1 7 - 0 . 2 4 5
ƒ -  0.  250

- 0 .2 5 5

- 0. 33

210 - 0 . 3 6 8 - 0 . 2 1 0
- 0 .2 1 5
- 0. 220

- 0 . 2 9 5  •

320 0 .0 5 3 7 0. 0564
0 . 0 4 9 7
0. 0497

0. 045

3 2 6 .8 0 .0 7 5 3 0 .0 6 5 9
0 .0 6 4 9
0 .0 6 3 1

0 . 0 6 5

3 4 2 .7 0 .1 2 2 3 0 .1 1 4 2
0 .1 0 6 2
0. 1193

0. 10

354. 3 0 . 1 5 5 4 0 .1 3 0 4
0 .1 3 2 0
0 .1 3 4 5

0. 135

3 7 2 .1 0 . 2 0 4 5 0 .1 9 8 9
0 .1 9 5 5
0 .1 8 8 8

0. 18



TABLE III - 5.

T var.
Tx var.

ln  30373

389. 2 0 .2 4 9 1 0 .2 5 0 8
0 .2 5 0 8
0 .2 5 4 6

0 .2 4

4 1 2 .9 0 .3 0 8 1 0 .2 8 1 4
0 .2 7 8 4
0 .2 7 8 4

0 .2 7 5

4 26 . 1 0 .3 3 9 9 0 .3 1 3 4
0 .3 1 3 4
0 .3 0 8 8

0 .3 0

4 51 . 5 0 .3 9 8 3 0 . 3498
0 .3 4 9 1
0 .3 4 9 8

0. 355

4 64 . 7 0 .4 2 6 7 0 .3 8 0 6
0 .3 7 8 5
0 .3 7 7 9

0 .3 9

4 9 0 .9 0 .4 8 1 7 0 .4 2 4 4
0 .4 2 8 5
0 .4 2 5 3

0 .4 3

5 0 9 .9 0 . 5195 0 .4 6 5 6
0 .4 6 2 1
0 .4 6 3 7

0 .4 6

533. 5 0 . 5646 0 .5 0 5 6
0 .5 0 0 1
0 .4 9 9 4

0 . 51

548. 5 0 .5 9 2 2 0 .5 2 9 6
0 .5 2 5 4
0 .5 2 7 8

0 .5 3

860. 8 0 . 6496 0 . 5750
0 .5 6 9 9
0 .5 6 9 2

0. 58

594. 3 0 .6 7 2 4 0 .6 1 2 5
0 .6 1 0 9
0. 6081

0 .6 0

627. 3 0 .7 2 6 7 0 .6 5 2 3
0 .6 4 8 6
0 .6 5 6 0

0 .6 5

643. 3 0 .7 5 1 8 0 .6 7 3 5
0 .6 7 4 0
0 .6 7 8 1

0 .6 7 5

6 6 6 .8 0 .7 8 7 5 0 .7 2 1 9
0 .7 2 2 8
0 .7 2 6 2

0 .7 1

6 8 5 .3 0 .8 1 4 9 0 .8 2 8 9
0 .8 2 0 6
0 .8 2 1 6

0 .7 3

710. 3 0 .8 5 1 0 0 .8 6 3 2
0 .8 7 2 7
0 .8 7 5 2
0. 8959

0. 765

If  we p lo t tn e  e x p e r im e n ta l v a lu e s  a s  w e ll a s  the  c la s s ic a l  ones in  a  g ra p h
of In ifh a g a in s t In Q s a s  in  fig. I l l - 8, we se e  th a t th e re  a r e  d ev ia tio n s
fro m  the  c la s s ic a l  b eh a v io u r even  not f a r  below  ro o m  te m p e ra tu re ,  and
th a t th e s e  d ev ia tio n s  in c re a s e  in  m ag n itu d e  a s  we go to  lo w e r  te m p e ra tu re  .
In the  te m p e ra tu re  re g io n  f ro m  about 100 °K to  ro o m  te m p e ra tu re ,  th e re
e x is ts  an  e x tra  d ev ia tio n  f ro m  the  sm o o th  e x p e r im e n ta l c u rv e . T h is  is*
due to  the  ro ta t io n a l  e n e rg y  le v e ls  of th e  hy d ro g en  m o le cu le  w hich w ill
c o n tr ib u te  to  a  c e r ta in  ex ten t to  th e  c o llis io n  p r o c e s s .  In th is  te m p e ra tu re
re g io n , w hen a  m o le c u le  co llid e s  w ith  a n o th e r , so m e  e n e rg y  can  be ex ­
changed  w ith  ro ta t io n a l  en e rg y . T he p ro b a b il ity  o f su c h  an  exchange a t
ro o m  te m p e r a tu re  is  abou t .

A t m uch  lo w e r  te m p e r a tu re s  th e  H 2 m o le c u le  is  in  th e  g ro u n d  s ta te  and
th e  m e a s u re d  po in ts a p p e a r  to  m atjeh the  e x tra p o la te d  h igh te m p e ra tu re
c u rv e . We can  s a y  in  g e n e ra l  th a t th e  d ev ia tio n  fro m  the  c la s s ic a l
b eh a v io u r is of th e  s a m e  o r d e r  of m ag n itu d e  fo r  o u r  th r e e  m ix tu re s  having
ro u g h ly  the  s a m e  A*, and th a t th is  d ev ia tio n  m u s t be due to  d if fra c tio n
e ffe c ts  ac co m p an ie d  w ith  the  w ave n a tu re  of th e  m o le c u le s . F o r  a  hyd ro g en
ato m  th e  w ave len g th  a s s o c ia te d  a t  300 °K is  0 .4  A w hich  is  in  fac t
a p p r e c ia b le .
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The logarithm of the experim ental values
v  / of the separation Q , as a function of the
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/ /  - 0 6 . ure, from 50 °K to about 800 °K, together
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O experim ental points
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The logarithm of the experimental values
of the separation Q, as a function of the
logarithm of T,7303.3 for the 88Kr-H2 mixture
from 50 °K to about 800 °K; together with
the theoretical classical curve for the Len-
nard-Jones (12,6) potential, with para­
meters “ 3. 29 A and *i2 = 78, 34 °K,

O experimental points
• theoretical points

PAR. 7. DISCUSSION.

F rom  th ese  exp erim en ts we s e e  that som e deviation e x is ts  from  the
c la s s ic a l  behaviour s lig h tly  below room  tem perature, m oreover, that
th ese  deviations in cr ea se  if  the tem perature d e cr ea ses .

T h ese deviations can be in terp reted  in the m ixtu res 85K r -4He and85Kr -
3He as to be due to d iffraction  e ffec ts , w hile those deviations for the
m ixtu re 85K r-H  2 are  due a lso  to d iffraction  effec ts  over which is  su p er­
im posed  another effec t v iz . the rotational m otion of the m olecu le  which
w ill tran sform  a fraction  of the co llis io n a l energy into rotational energy.
T h ese rotational e ffec ts  d ecr ea se  a s the tem perature is  reduced and the
m olecu le  approaches its  ground sta te .

F or the other two m ixtu res 85K r -4H ea n d  86K r - 3He, the in creasin g  of
the deviation  from  the c la s s ic a l  behaviour m eans that the diffraction
e ffec ts  becom e m ore and m ore pronounced the low er the tem perature is .
T his is  a s im p le  consequence of the fact that the wave lengths a sso c ia ted
with the 4He, 3He and H2 a lso  in cr ea se  for low er tem p eratu res.
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We have c o n tro lle d  th e  c o r r e c tn e s s  of o u r m e a s u re m e n ts  by s tudy ing
the  85K r-  22N e m ix tu re . T he w ave le n g th  a s s o c ia te d  w ith  a  22Ne m o le cu le
a t  300 °K is  0. 09 A, w hile  th e  w ave le n g th s  a s s o c ia te d  w ith  H2, 3 He and
4He ^are 0. 4 A, 0. 25 A and  0. 2 A r e s p e c tiv e ly .  In th e  c a s e  of H 2, 3He
and 4He th e s e  w ave le n g th s  a r e  a p p re c ia b le  a s  c o m p a re d  w ith  th e  m o le ­
c u la r  d im e n s io n s , w hile  fo r  22Ne th e y  a r e  sm a ll .

By lo w erin g  th e  te m p e r a tu re  to  100 °K, th e  w ave le n g th s  of H2, 3He and
4H e, becom e a p p re c ia b le  (Xh = 0. 7 A, X 3He = 0. 4 A and X4He = 0. 36 A) ,
s o  a ls o  the  d e v ia tio n s . F o r  22Ne th e  w ave le n g th  is  ~  0'. 15 A a t  100 °K
w hich m a y  b eco m e n o tic e a b le . In  fac t if  we c o m p a re  the e x p e r im e n ta l
p o in ts  a t  th is  te m p e r a tu re  w ith  the  c la s s ic a l  c u rv e , we se e  th a t so m e
d e v ia tio n s  a p p e a r  and  b eco m e m o re  p ro n o u n ced  a t  80 °K. A lthough  these
d e v ia tio n s  a r e  of the  o r d e r  of m ag n itu d e  of the  e x p e r im e n ta l e r r o r ,  th is
does no t n u llify  the  fa c t th a t a l l  th e  e x p e r im e n ta l p o in ts  below  100 ®K lie
above th e  c la s s ic a l  c u rv e  ( s e e  fig. I I I -6 ) ,  w hich  m ig h t c o n firm  th a t th e s e
d ev ia tio n s  e x is t  a lthough  th e y  a r e  e x tre m e ly  s m a ll .

U n fo rtu n a te ly , no quantum  c a lc u la tio n s  have been  p e r fo rm e d  in  th is  in ­
te rm e d ia te  te m p e r a tu re  re g io n , due to  th e  e x tre m e ly  d ifficu lt n a tu re  of
the  p ro b lem . N e v e r th e le s s  th e se  e x p e r im e n ts  m a y  e n c o u rag e  so m e
p io n e e rs  to  p e r fo rm  th em  and an  (p o ss ib le , ch eck  w ill be a v a ila b le  a t  th a t
m om en t.

LIST O F R E F E R E N C E S  IN C H A PTER  III.

1. H ir s c h fe ld e r ,  J .O .  , C u r t is s ,  C .F .  and  B ird , R .B . ,
M a th em a tic a l th e o ry  of n o n -u n ifo rm  g a s e s ,
C a m b rid g e  U n iv e rs i ty  P r e s s  (1 9 5 2 ).

2. L a n d o lt-B ö rn s te in ,
P h y s ik a lis  ch - c h e m is  che T ab e lle n ,
S p r in g e r - V e r la g , B e r lin , G ö ttingen , H e id e lb e rg .

3. B e a ttic e , J . A . ,  B a r r ia u l t ,  R . J .  and  B r ie r le y ,  J .  S. ,
J .  C hem . P h y s . , 20 > 1613 (1952)

4. Jo h n sto n , H .L . and G ri lly , ]$ ,R .,
J .  P h y s . C h e m .,  45, 938 (1 9 4 2 ).

5. M ic h e ls , A and W o u te rs , H. ,
P h y s ic a , 8- 923 (1 9 4 1 ).

6. G rew , K. E . ,  Jo h n so n , F .A .  and N ea l, W .E .G . ,
P ro c .  Roy. S o c . , A 224. 513 (1 9 5 4 ).

7. M ason , E .A . and  R ice , W .E  . ,
J .  C hem . P h y s . ,  22. 522 (1954).

8. C la rk  Jo n e s , R . ,
P h y s . R e v .,  58, 111 (1940) and
P h y s . ,  R ev. ,5 9 ,  1 0 1 9 (1941)

73



9. W aldm ann, L . ,
H andbuch d e r  P h y s ik  (E d . F lü g g e , S. ) , Xü« 440,
S p r in g e r-V e r la g ,  B e r l in  (1958).

10. M ason , E . A. ,
J .  C hem . P h y s . , 32. 1832 (1 9 6 0 ).

11. M ason , E .A . and R ice , W .E . ,
J .  C hem . P h y s . ,  22. 843 (1954)
M ason, E . A . ,
J .  C hem . P h y s . ,  32. 1832(1960).

12. S r iv a s ta v a , K. P . ,
J .  C hem . P h y s . ,  26- 579 (1 9 5 7 ).

13. G rew , K .E . and  M undy, J . N . ,
T he P h y s . of F lu id s , 4» 1325. (1 9 6 1 ).

14. M ason , E .A . ,
J .  C hem . P h y s . ,  57, 75 (1957).

15. M ason , E . A . ,
J .  C hem . P h y s . ,  57, 782 (1 9 5 7 ).

16. S axena , S .C . and M ason , E . A . ,
J .  C hem . P h y s . ,  28. 623 (1 9 5 8 ).

17. W il le r s ,  F . A . ,
P r a c t i c a l  a n a ly s is ,
D o v er P u b lic a tio n s , Inc . (1 9 4 8 ).

18. H eym ann, D . ,
T h e s is ,  A m s te rd a m  (1958 ).

L IST  O F  SYMBOLS USED IN C H A PTER  III

A co n s tan t

a p a r a m e te r  in  th e  B uckingham  6 - exponent

C j ,  C ' co n s ta n ts

m . ,  m ' s lo p e  of a  s t r a ig h t  lin e

T, fixed  te m p e ra tu re ,  303. 3 °K

T „
0  V

te m p e ra tu re  of th e  oven

0 c o n s ta n t

74



C H A PTER  IV

THE THERM AL D IFFUSION C O E F FIC IE N T S  IN HYDROGEN-HELIUM
M IXTURES FROM  10-300 °K.

PA R . 1. INTRODUCTION.

In th e  e x p e r im e n ts  d e s c r ib e d  in  c h a p te r  III, we n o tic ed  so m e  in flu en ce
of quantum  m e c h a n ic a l d if f ra c tio n  e ffe c ts  on th e rm a l d iffu sion . *> How­
e v e r ,  th e  d isa d v an tag e  of th e s e  m e a s u re m e n ts  w as th a t th e  quantum
m e c h a n ic a l c a lc u la t io n  o f the  c o llis io n  in te g ra ls  w as d ifficu lt fo r  the
m ix tu re s  u se d . So no  c o m p a r iso n  could  be m ad e  be tw een  th e o ry  and e x ­
p e rim e n t.T h e  te m p e r a tu re  re g io n  fro m  ro o m  te m p e r a tu re  t i l l  50 °K -w h e re
th e  e x p e r im e n ts  w e re  p e r fo rm e d  - is  too  high to  do quan tum  m e ch a n ica l,
c a lc u la t io n s .
In o r d e r  to  do so m e  m e a s u re m e n ts  m o re  a c c e s s ib le  to  c o m p a r iso n  w ith
quantum  th e o ry , we in v e s tig a te d  a n o th e r  s e t  o f m ix tu re s ,  v i z . :

4He - T 2
^ e  - DT
4H ë - HT

Ha -  T 2
H 2 -  DT
H 2 - HT

d 8 - t 2
D2 - DT
D 2 -  HT

(See fig . I V - 1) (See fig . I V - 2) (See fig . IV -2 )

u s in g  t r i t iu m  a s  a  t r a c e r .  T h e se  m ix tu re s  could  be in v e s tig a te d  down
to  a  te m p e ra tu re  of ab o u t 10 °K, u s in g  a  liq u id  h y d ro g en  b a th . B e ca u se
of th e  s m a ll  m a s s  d if fe re n c e  and hen ce  th e  m in u te  s e p a ra tio n ,  th e s e
e x p e r im e n ts  had  to  be p e r fo rm e d  w ith -the u tm o s t a c c u ra c y .

F o r th i s  r e a s o n  th e  se co n d  a p p a ra tu s , d e s c r ib e d  in  c h a p te r  II, h a s  been
b u ilt, fo r  w hich  th e  a c c u ra c y  in  th e  m e a s u re m e n ts  of th e  io n isa tio n
c u r r e n t  is  b e t te r  th an  0 .1% .

PA R . 2. TH E M EASUREM ENTS ON 4 H eftT 2 , D T , H T)
T he quantum  p a r a m e te r s  fo r  the  above m en tio n e d  m ix tu re s  a r e :

M ix tu re A* El] LiaJ

4 He - T 2 1. 65 19. 45 2, 74
4 He -  DT 1. 75 19 .45 2 . 74
4 He - HT 1. 88 19 .45 2 . 74

s o  th a t quantum  e ffe c ts  can  be ex p ec ted .

A ll m ix tu re s  w e re  m e a s u re d  in  g e n e ra l  a t  p r e s s u r e s  of a p p ro x im a te ly
5 cm -H g  a t any  te m p e r a tu re .  T he e x a c t v a lu e s  of th e  p r e s s u r e  a t the
c o rre sp o n d in g  te m p e r a tu re  w ill be g iven  in  ta b le  IV - 1.

T he t r i t iu m  u se d  is  of h igh  p u r i ty  -  99, 9% T2 , a s  g iven  |in th e  m a n u fa c tu re 's
d a ta  -  and is  p r e s e rv e d  in  s m a ll  bu lbs co n ta in in g  abou t 2 c . c . of T2 a t
N. T . P . T he a c tiv i ty  of th is  am o u n t of t r i t iu m  is  abou t tw o c u r ie s .  The
a c t iv i t ie s  u se d  in  th e s e  m ix tu re s  a r e  le s s  th a n  10"? c u r i e / c . c . , w hich
c o r re s p o n d s  to  a  m e a s u re d  c u r r e n t  -  in  o u r  io n isa tio n  c h a m b e r  and  a t
ro o m  te m p e r a tu re  -  of abou t 1 » '13\ A. T h is  c u r r e n t  d e c r e a s e s  in  th e
low  te m p e ra tu re  re g io n  -  10 °K to  20 °K - to  abou t IOC15) A, a s  m o s t of
th e  g as  goes to  th e  low  te m p e r a tu re  r e s e r v o i r .
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TABLE IV - 1

Experimental and theoretical values - according to the Lennard - Jones
(12, 6) model * of the logarithm of the separation as a function of the
temperature.

P r e s s u r e  of
T e m p .
T  ° K

, T VK.
ln  2 9 3 . 0 I n f o  IL * J expt.. l n  classical

t h e  g a s  -
m i x t u r e  in
c m  -  H g

D T -  4H e

1 2 . 5 -  3 . 1 7 0 -  0 . 0 3 2
-  0 . 0 4 0

-  0 . 2 2 9 10

1 4 . 0 -  3 . 0 5 8 +  0 . 0 6 8
+  0 . 0 4 9

-  0 . 229

1 5 . 7 -  2 . 9 3 7 +  0 . 0 5 3
+  0 . 0 4 9
+  0 . 0 5 8
+  0 . 0

-  0 . 2 2 8

2 0 . 3 -  2 . 674 0 . 0 0 0 0
0 . 0 0 0 0

-  0 . 2 2 2 5

5 8 . 0 -  1 . 6 3 0 -  0 . 0 3 0 -  0 . 1 6 1
5 8 . 5 -  1 .6 1 9 -  0 . 0 3 3

. - 0. 030
-  0 . 0 3 4

-  0 . 1 6 0

7 7 . 5 -  1 . 347 -  0 . 0 3 5
-  0 . 0 2 8

-  0 . 1 3 7

1 8 8 . 3 -  0 . 4 4 9 -  0 . 0 1 6
-  0 . 0 1 7

-  0 . 0 4 6

H T - 4H e

1 4 . 0 ' -  3 . 0 6 + 0 . 0 1 2
+  0 . 0 1 3
+ 0 . 0 1 1

-  0 . 0 1 2 9

1 5 . 7 -  2 . 9 3 7 + 0 . 0 2 6
+ 0 . 0 2 8
+ 0 . 0 2 5

-  0 . 1 2 8

2 0 . 3 -  2 . 6 7 4 +  0 . 0 1 5
+ 0 . 0 1 3
+ 0 . 0 1 6

-  0 . 1 2 4 6 - 8

6 0 . 5 -  1. 585 + 0 . 0 0 0 -  0 . 0 8 1
0. 000

7 7 . 5 -  1. 347 0. 000
0. 000

0 .  070 7

1 8 8 . 3 -  0 . 4 4 9 0. 000
0 . 000

-  0 . 0 2 4

, T a - % e

1 2 . 5 -  3 . 17 + 0 . 0 3 8
+ 0 . 0 4 3
+  0 . 0 4 5
+ 0 . 0 5 1

-  1 . 12

1 4 . 5 -  2 . 9 8 0. 000
-  0 . 0 0 2
+ 0 . 0 0 3

- 1 . 1

2 0 . 3 -  2 . 6 8 8 -  0 . 1 3 8
-  0 . 1 6 3
-  0 . 1 6 6

1 . 0 6 4 - 6

53 1. 720 -  0 . 1 1 7
-  0 . 1 1 4
-  0 . 1 1 0

-  0 . 8 2

63 -  1 . 5 4 2 -  0 . 1 1 0
-  0 . 1 1 3  '
-  0 . 1 0 8

-  0 .  7

7 7 . 5 -  1. 336 -  0 . 0 9 6
-  0 . 100

-  0 . 62 5

1 8 8 . 3 -  0 . 4 4 9 -  0 . 0 4 0
-  0 . 0 3 8
-  0 . 0 4 3

-  0 . 22
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TA BLE IV - 1

E x p e r im e n ta l and th e o re t ic a l  v a lu e s  -  a c c o rd in g  to  the  L e n n a rd  -  Jo n e s
(12, 6) m o d e l - of th e  lo g a ri th m  of th e  s e p a ra tio n  a s  a  function  of th e
te m p e ra tu re .

P r e s s u r e  of
T em p.

T  °K
, T var.

293. 0 In Ï Q  IL s J  ex p t.
ln[Q  1

L s J c la ss ica l
th e  g as  -
m ix tu re  in
cm  - Hg

HT -  H 2

12. 5 - 3. 17 _ 0. 205 - 0 .2 7 1
- 0. 254
- 0. 166

14. 2 - 3 .037 0. 000
0. 000

- 0 .2 7 5

17. 1 - 2. 847 + 0. 049 - 0 .2 7 9
+ 0. 039
+ 0. 049

20. 3 - 2. 674 - 0. 066 - 0. 280 5
- 0. 056
- 0. 056

. - 0. 053
- 0. 053

54 - 1. 698 - 0. 052 -  0. 247
- 0. 046

63 - 1. 542 - 0. 045 - 0 .2 3 4
- 0. 035
- 0. 038

77. 5 - 1. 336 - 0. 037 - 0 .2 1 5 8
- 0. 045

188. 3 - 0 .4 4 9 - 0. 016 - 0 .0 8 1
- 0. 017
- 0. 019

D T-Ü 2

17. 7 - 2. 813 + 0. 022 - 0 .1 3 7
+ 0. 020
+ 0. 010

20. 3 - 2. 688 - 0. 038 - 0 .1 3 5 10
- 0. 036
- 0. 043
- 0. 045

53 - 1. 720 - 0. 034 - 0. 10
- 0. 032

77. 5 - 1. 34 - 0. 030 - 0. 07 1 0
0. 028

Tc
If we p lo t the  lo g a r i th m  of the  s e p a ra tio n  as  a  function  of ln ^ i  fo r  the
above m en tio n e d  m ix tu re s ,  we ob ta in  th e  g ra p h s  show n in fig . IV -1.
F ro m  th e se  g ra p h s  we se e  th a t a l l  the  th r e e  m ix tu re s  have show n a  m in i­
m um  and a  m a x im u m  fo r  th e  s e p a ra tio n ,  w hich  m e a n s  th a t th e  th e rm a l
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F ig. IV -1.

The logartihm of the experim ental values
of the separation Q , as a function of the

T
logarithm of-sr—, from room tem perature
to about 10 °K.

Q Experim ental values for D T -,4He
m ixture.

Q  Experimental values for T-2 -T lè
mixture.

4
O  Experim ental values for HT- He

mixture
- .  - .  Theoretical c la ss ica l curve for T2  - 4He

mixture only, with the inner sca le  for
In Q j. The Lennard-Jones potential
(12, 6) was used with &2=19.45 °K and
»U=2.742 A. k

diffusion fac to r a  shows a r e v e r s a l  of sign  two tim es . T his change of
sign  of a  in the  m ix tu re  4H e-T 2  ap p ea rs  to  occur a t about 20 K and 13
°K, while fo r *He-DT th is  happens a t about 21 K and 14 K, which
co rresp o n d s to  a reduced  te m p e ra tu re  of 1 and 0 .8  r e s p e c t iv e ly F o r  the
4H e-H T m ix tu re , the r e v e r s a l  of sign  of a  o ccu rs  a t about 15 K in the
positive  p a r t of the sep ara tio n , while in the negative p a r t no such  change
was detected .

F o r  4H e-Ta m ix tu re , the ca lcu la ted  c la s s ic a l cu rve  has .been a lso  shown
in the sam e figu re  fo r which the fo rce  constan ts have been taken from
H irsc h fe ld e r .1)' By com paring the experim en ta l re su lts  w ith th is  c la s s ic a l
curve we notice  the la rg e  d isc rep an cy  which am ounts from  som e p ercen ts
a t  room  te m p e ra tu re  to  about 100% a t the low te m p e ra tu re  reg ion  frbrn
20 ° K to l0  °K. T hese m easu rem en ts  show reaso n ab le  ag reem en t in the
neighbourhood of 300PK with the m easu rem en ts  done by S liek e r and De
V ries  above' 300 ° K ^ .T h e  inclination  of the cu rve  is  about the sam e.

The 4H e-D T m ix tu re  shows the sam e g enera l behav iour as 4H e-T 2  . The
only d ifference  is in the m agnitude of the sep ara tio n , which is due to  the
m ass  d ifference, and in our b e lie f to  a la rg e  extent to  the unsym m etry
of the DT m olecule , as the cen tre  of m ass  of the DT m olecule  is  not in

78



the m iddle of the two a tom s. O ur m easu rem en ts  do not ag ree  w ith recen t
m easu rem en ts  done in th is  L ab o ra to ry  by S liek er. He finds a sep a ra tio n
w ith h is T rennschaukel experim ent betw een 100 °K and 300 ,Kwhich
com e v e ry  close  to the m easu red  4H e-T 2  cu rve  of us.

F o r  the m ix tu re '4H e-H T, no sep a ra tio n  was detected  from  room  tem pe­
ra tu re  t i l l  about 30 °K. This is  due to  the fact tha t both 4He and HT
m olecu les have the  sam e  m ass and if th e re  a re  som e d iffe rences between
them , th is  w ill be due to  the m ass  d istrib u tio n , which has contribu ted
to the sep ara tio n  in the tem p e ra tu re  region ' from  20 °K to 10 °K.

PAR. 3. THE MEASUREMENTS■ON-iHa- (T a , DT, H T ).

U nfortunately the re s u lts  of the experim en ts H2 - T 2 an d H ?-D T  cannot
be tru s te d  due to the fact tha t som e exchange takes p lace - even in­
stan taneously  - in the m eta l p a r t  of the ion isation  cham ber a t room
te m p e ra tu re  accord ing  to  the re la tio n s  :

T j + H 2 ^  2 HT and
H j + DT ^  HD + HT or
H 2  + 2 D T ^  2 HD + T2

which leads to  a la rg e  uncerta in ty .

By checking the experim en ta l re su lts  o f t h e H 2 - T 2  m ix tu re  w ith those
of H 2 -H T , we have found tha t the two se ts  of values a re  approx im ate ly
the sam e w ithin the exp erim en ta l e r r o r  confirm ing the above supposition .

The ac tiv itie s  and the p re s s u re s  used  fo r th ese  m ix tu re s  a re  roughly
the sam e as m entioned in P a r . 2 of th is  chap ter.

,If the logarithm  of the  sep a ra tio n  -  for the H2-HT m ix tu re  - is  plo ttèd
as  a function of ln iE - , we obtain the cu rve  shown in fig. IV -2.

O ur H 2 -H T m easu rem en ts  betw een 50 K and 100 °K do not a g ree  with
re c e n t m easu rem en ts  done by S liek er in th is L ab o ra to ry  and by W ald-
m ann c. s .^ d o n e  above 300 °K. The [derivative of our curve  is  s m a lle r
than of th ese  m entioned re s e a rc h  w o rk ers .
F ro m  th is  figu re  we se e  tha t the experim en ta l cu rve  fo r th is m ix tu re
follows the sam e behaviour as fo r the 4He m ix tu res  d iscu ssed  in P a r . 2.
F o r  th is  m ix tu re , the th e rm a l diffusion fac to r changes sign  at about
25 K and 16 K, which co rresp o n d s to  reduced  te m p e ra tu re s  of about
0. 67 and 0. 43 re sp ec tiv e ly . In the te m p e ra tu re  reg ion  between 11 °K and
13 °K the sep a ra tio n  changes v e ry  abruptly . This m ay b e  due to  adsorp tion
of the HT m olecule  in the cold r e s e rv o ir  o r  to  condensation. A nother
im portan t re a so n  is  tha t the hydrogen p re s s u re  a t th is  reg io n  of tem pe­
ra tu re  is  too sm all so  that we m ay get p re s s u re  dependence as w ill be
d iscu ssed  now.

To deal w ith the condensation problem  we notice tha t a t 12 °K the vapour
p re s s u re  of HT is 0. 73 m m , while tha t fo r Hg is  1?. 7 m m . As ou r ac tiv ­
ity  has a p a r tia l p re s s u re  of about 10l"'ft a tm o sp h ere , then the rad io ac tiv e
p re s s u re  inside our ap p ara tu s  w ill be 10n3;m m -H g , which is fa r  below
the sa te ra te d  vapour p re s s u re  of HT a t 12 °K. No condensation is  like ly
to occur.

T here  rem a in s  the  p roblem  of adso rp tion . As the g eo m e trica l a re a  of our

79



ini- —

F ig . IV -2

The logarithm  of the experim en ta l values
of the sep a ra tio n  Q t as a  function of the
logarithm  of-^r-, w here Tc is the v a riab le
te m p e ra tu re , from  room  te m p era tu re  to
10 °K, and is  the hot te m p e ra tu re  fixed
alw ays a t 293 °K.

. E xperim en ta l values fo r the D T-D 2
m ix tu re .
E xperim en ta l va lues fo r the H T-H 2
m ix tu re .

lo w e r  r e s e r v o i r  is  abou t 100 cm ^ and if  we su p p o se  th a t th is  a r e a  is
co m p le te ly  c o v e re d  w ith  one te n th  of a  m o n o la y e r  o f a d s o rb e d  HT m o le ­
c u le s , w hich  se e m s  re a s o n a b le  a t  a  p a r t ia l  HT p r e s s u r e  s o  v e r y  f a r
aw ay f ro m  the  s a tu ra t io n  p r e s s u r e ,  then  th e  n u m b e r of n e c e s s a r y  HT
m o le c u le s  th a t w ill c o v e r  th is  a r e a ,  w ill be 10 17. The n u m b e r  of HT
m o le c u le s  p e r  c. c . in  th e  H 2 “HT m ix tu re  is  abou t 5. 10 . T h is  m e an s
th a t th e  n u m b e r  of H T m o le c u le s  co n ta in ed  in  th e  bo ttom  r e s e r v o i r  is
5. 1018, w hich  is  m u ch  m o re  th an  th e  su p p o se d  one te n th  m o n o la y e r
co n ta in s . The a d s o rp tio n  th e re fo r e  s e e m s  to  be of m in o r  in flu en ce .
M o re o v e r, th e  m e a s u r in g  te ch n iq u e  d e s c r ib e d  in  c h a p te r  II in d ic a te s
th a t ea ch  tim e  s m a ll  q u a n titie s  o f gas  a r e  ta k en  v ia  the  b y p ass  fro m  th e
co ld  r e s e r v o i r  to  th e  io n isa tio n  c h a m b e r.

T h e  on ly  f e a r  w hich  r e m a in s  is  th a t th e  in su ff ic ie n t p r e s s u r e  of H 2  a t
12 °K w ill c a u se  a  p r e s s u r e  d ependance  of th e  th e rm a l d iffu sion  fa c to r .
F o r  te m p e r a tu re s  above 12 ° K th is  is  no t p o s s ib le  s in c e  then  o u r w prk ing
p r e s s u r e  has  a lw ays been  abou t 5 cm -H g . B elow  14 °K we a r e  lim ite d
by  th e  v ap o u r p r e s s u r e  of hyd ro g en  and  o u r  w ork ing  p r e s s u r e  is  o f th e
o r d e r  of 1 cm -H g . A cc o rd in g  to  K o to u s o v 's 4) p u b lic a tio n  a t ro o m
te m p e r a tu re  a  r a p id  d e c r e a s e  in  the  th e rm a l  d iffu s io n  fa c to r  o c c u rs  below
p r e s s u r e s  of 1 o r  2 cm -H g.
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H e re  in  o u r  c a s e  the la s t  th r e e  e x p e r im e n ta l p o in ts  a t  abou t 12 °K  lie
v e r y  low , but c o r re s p o n d  w ith  a  v e ry  la rg e  a, w hich  can  n e v e r  be u n d e r ­
s to o d  fro m  the  K otousov  effec t.

PA R . 4. THE M EASUREM ENTS ON D 2 -(Ta, D T , H T ).

F ro m  th e  m ix tu re s  D 2 - T 2 a n d Ü 2 -H T , a lthough  m e a s u re d ,  th e  r e s u l t s
w ill not b e  g iven  fo r  th e  s a m e  re a s o n  a s  m en tio n e d  in  P a r .  3 of th is
c h a p te r ,  v iz . b e c a u se  of d is tu rb in g  exchange e f fe c ts .

T he only  re m a in in g  m ix tu re  is  D 2 -D T  w hich  has a  quan tum  p a r a m e te r
of 1 . 16.

T he th e rm a l d iffu s io n  fa c to r  a  fo r  th is  m ix tu re  show s a change of s ig n
a t  about 21 °K . T he m e a s u re m e n ts  fo r  th is  m ix tu re  have no t been  e x ­
te n d ed  to  12 K b e c a u se  of th e  low  v ap o u r p r e s s u r e  of D 2 a t  th is  te m p e r a tu re
(0. 73 m m -H g ). If  we p lo t th e  lo g a ri th m  of th e  e x p e r im e n ta l - se p a ra tio n
a s  a  function  of In is. , we find  th e  g ra p h  show n in fig , IV -2.

F ro m  th e  g ra p h  we s e e  th a t th e  g e n e ra l  b e h a v io u r of th is  m ix tu re  is
ro u g h ly  th e  s a m e  a s  th e  above m e n tio n ed  o n es . T he p ro b le m  of co n d e n sa t­
ion  and a d s o rp tio n  in  c a s e  of th is  m ix tu re  does no t p lay  an y  r o le  ex cep t
fo r  th e  la s t  m e a s u re d  po in t on ly .

L IST  O F R E F E R E N C E S  IN C H A PTER  IV

1. H ir s c h fe ld e r ,  J .O .  , C u r t is s ,  C .F .  and B ird , R .B . ,
M o le c u la r  th e o ry  of g a s e s  and liq u id s ,
John  W iley  & S ons, I n c . , New Y ork  (1 9 5 4 ).

2. S lie k e r , C . J .G .  an d  De V r ie s ,  A .E .
S o c ie te  de C h e m ie  P h y s iq u e , P a r i s  4 -8  June  1962.
C o m m u n ica tio n  no. 33.

3. S lie k e r , C . J .  G. ( to  be p u b lish ed )
S ch irdew ahn , J .  , K lem m , A . , W aldm ann, L .
Z . N a tu r fo rs c h  16a, 133-144 (1 9 6 1 ).

4 . K otousov , L . S . ,
S ov ie t P h y s ic s -T e c h n ic a l  P h y s ic s ,  7 , 159 (1 9 6 2 ).

L IST  O F SYMBOLS IN C H A PTER  IV

A *a q u an tity  u se d  fo r  co m p arin g  quan tum  d ev ia tio n s  due to  the
a s s o c ia te d  w ave le n g th  w ith  a  m o le cu le .

c dep th  of the  p o te n tia l f ie ld  fo r  th e  L e n n a rd - J o n e s  p o te n tia l
f ie ld

* d is ta n c e  of c lo s e s t  a p p ro a c h  be tw een  co llid in g  p a r t ic le s .
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C HAPTER V

TH E O R E TIC A L  CONSIDERATIONS

COMPARISON OF TH E O R Y  AND E X P E R IM E N T

P a r. 1. G EN ER A L IN TR O D U C TIO N

As we have mentioned in chapter I .  in o rder to calculate the therm al
diffusion factor a , we are  in need of collis ion integrals as '0 M  , Q . . . .
etc. F o r the calculation of these collision integrals the knowledge of the
phase shifts q^k) fo r every type of a b inary m ixture is necessary. These
phase shifts can be calculated by solving the rad ia l Schrodinger equation
num erica lly . This exhibits an enormous amount of w ork beyond our
existing ab ility .

To  get a somewhat rough estim ation -  though not bad -  avoiding the tre ­
mendous num erical work, we have found that it  m ay be fru itfu l to in te r­
polate the calculations from  the existing theoretical w ork done by other
people. These existing calculations are  not complete. They have been
done fo r d ifferent m ixtures at very  low tem peratures from  nearly  zero
t i l l  T *  = 0. 6. This means from  n early  zero  to about 5 °K  fo r 4He.
Nevertheless by reasonable interpolation we hope that we are not too fa r
from  re a lity  fo r those m ixtures which w ill m ain ly be of in terest to us in
this chapter, v iz . f o r K r - 4He, K r -  3He and K r -H 2 •

P a r. 2. C LA SSIFIC A TIO N  O F TH E C O LLIS IO N  IN TEG RA LS

In order to perform  such approximations, we have classified f irs tly  the
collis ion integrals available in the form  of a table (see table V - l )  as
w ell as in graphs to give the required  im pression fo r the approximation.

Before discussing the interpolation procedure, we must mention that
there are two ways of reducing the d ifferent quantities in c lassical and
in quantum mechanics. In  classical mechanics the norm al way of reducing
thecröss section as w ell as the collision in tegra ls , is to divide these iy
the corresponding regid  sphere values. In  quantum mechanics the re ­
duction appears in a logical way by reducing the Schrodinger equation in
the fo rm : *)

F ro m  this equation the cross section was derived and is given by:

dL

, * 2 1(1 + U( r  ^,) + ( r * * )  = 0

jjc j* *  # ^ h
in which r  = —  , k = k <r and A = — _ .

q c  \ /  m r

Q ^ (k ) = (1 -  cos x ) « (k, x) sinx d *
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TABLE V -l.
Tabulation of the collision  in tegral*

A veraged c ro ss- section  :
n 'f i

values of

A u  B ij c *i

* (» . 2) * ( 1 .3 ) * ( 2 . 2 )
0 u 4 OiJ OH ft i i

Hj  - iso topes. '
0 .05 8.286 7.890 0.1905 0.7856 1.0234
0. 1 8. 317 7.825 0.1641 0.7710 0.9879
0. 2 7.974 5. 642 0.1415 0.7821 0.9632
0. 3 7. 644 5. 106 0.1336 0.7723 0.9558
0 .4 7. 399 4.840 0.1308 0.7633 0.9566
0 .5 7. 230 4. 706 0.1302 0.7551 0.9612
0 .6 7. 124 4. 640 0.1303 0.7475 0.9662

0.05 9.908 9. 592 0.1936 0.8471 0.9441
0. 1 8. 726 7. 306 0.1675 0.7420 0.9346
0 .2 8.007 5.567 0.1391 0.7804 0.9559
0 .3 7. 614 5.065 0.1331 0. 7696 0.9505
0 .4 7. 365 4.819 0. 1309 0. 7540 0.9553
0 .5 7. 206 4. 699 0. 1304 0.7471 0.9635
0 .6 7. 099 4. 634 0.1306 0.7434 0.9709

0.05 4. 222 7. 677 0.3637 0.8306 0.9319
0. 1 3. 562 6. 764 0.3799 0.8200 0.8784
0. 2 2. 830 5. 652 0.3995 0. 7809 0.8661
0 .3 2.491 5. I l l 0.4103 0.7491 0.8902
0 .4 2. 326 4.842 0.4164 0.7239 0.9190
0 .5 2. 243 4. 706 0.4198 0.7079 0.9457
0. 6 2. 200 4. 641 0.4219 0.6975 0.9702

^  The H 2-isotop e co llision in teg ra ls ire  given is ft not a s  ft*.

3 He- 4 He 2>3)

0 .00 2. 21 0.400 0.600 1. 200
0.025 1. 24 1.54 0. 357 0. 656 0. 690
0.05 0. 862 1.68 0.361 0.569 0.865
0 .10 0. 869 2.32 0. 386 0. 630 1.04
0. 20 0. 989 2. 67 0.465 0.655 1. 14
0. 30 1. 14 2.91 0.474 0.655 1. 14
0.40 1.26 2.91 0.460 0. 655 1. 14

3 He- 3 He 2 s)

0 .00 0.400 0. 600 1.20
0. 025 0. 648 0. 858 0. 265 0.543 1. 13
0.05 0. 878 1.02 0. 232 0. 657 1.17
0. 10 1.07 1. 11 0. 208 0.811 1.06
0. 20 1. 13 1.42 0.250 0.574 1.06
0.30 1. 29 1.93 0. 301 0.429 1. 21
0.40 1. 54 2.46 0.318 0.408 1. 28

4 He- 4He 2|S*

0. 00 0. 267 0. 800 0.800
0.025 4. 73 4. 34 0. 184 0. 845 0. 602
0. 05 2. 36 1.87 0. 158 0.539 0. 680
0. 10 1. 77 2. 71 0. 305 0. 247 1. 14
0. 20 2.50 3. 72 0. 297 0. 750 1.21
0. 30 2.81 3. 75 0. 267 0. 831 1.08
0.40 2.95 3.42 0. 232 0. 773 1.02



fo r which the f i r s t  and second approxim ations a re  :

q ( 1 ) =  ^ i . M . » . . . . ( i + 1 ) s i n 2 ( v + 1 '  V  3110

q ( 2 ) =(— 1
\ k 2/ i  = 0, l , 2,. . .

+ 1) ( J  ♦  2)-rrtfj s in 2 ( V + 2 V ) .

T hese a re  the c ro s s  sec tio n s when the two colliding p a r tic le s  a re  not
iden tica l. H ow ever, when the two colliding p a r tic le s  a re  iden tica l, they
obey e ith e r  F e rm i-D ira c  s ta t is t ic s  o r  B o se -E inste in  s ta t is t ic s . 2»4^
In the f i r s t  case  only sum m ation  o v er odd values of 4  should be taken,
in the second case  only sum m ation over even values of £.  So fo r two
iden tica l p a r tic le s , taking the spin s into considera tion , the c ro s s  sec tions
becom e :

Q

Q'

( n)
B.E.

( “ )
F. D.

s  + 1
^  B.E.

, s
2 S + 1 ■ 2 s  + 1

S + ]
Q(n)^ F .  D.

s
2 S + 1 + 2 S + 1

Q'( n )

Q( “ )

and

*  Q
The reduced  c ro s s  sec tion  is  w ritten  as Q = —V

9 4
and the co llis ion  in teg ra ls  a re  given b y :

n n.r (T) =l/EL ƒ  e - ^ V 21*3 Q(n)(k) dy
"  T i l l  J  o

which when reduced , becom e :

0 *n.' Q n-r

V * / m
So the re la tio n  betw een the reduced  quantum co llis ion  in teg ra ls  and the
reduced  c la s s ic a l co llis ion  in te g ra ls , given by H irsch fe ld e r, is  :

Q^’ ! =

\ [ 2 >U 1 \f~ kT
V ‘ i j  *2 V 2 ' " : :i j 1J

T * ^ | - ( s  + 1) ! [ 1 -

2 (S + 1 ) ! [  1 -  i 1+ ( - 1 /
T + T

i  -i-( - 1 /
1 + £ ]n

sA fte r th e se  reduc tions have been m ade, the graphs of £1 j . a s  a  function
of-T w ere plo tted  as shown in fig. V - l .

In the c a se th a tw e  plot C fj (see  I-32d) as a function of T the following
reductions w ere  p e rfo rm e d :
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ij

* 1,2

1 1. 1 1.1
. °-V8/6
s ' ; 1 /2

i j  '

ft(s+i); {i - 1 4 V i}i K P  1,1

o 1»2 /  2 n V  \
= »1 = 1 [ ij ] 5 = 5

3 0 j* 1 *  \  5 0  J*1 /  ”* "® C 12

To p erfo rm  the in terpo la tion  of the quantum  cu rv e , we have to  d iscu ss
the cu rves in fig. V - l .  F o r  the cu rv es in fig. V - la , the co llis ion  in teg ra ls
betw een like m olecu les have been draw n a s  a function of the
te m p e ra tu re  T*. In evaluating  th ese  co llis ion  in te g ra ls , the s ta t is t ic s  of
the m olecules - i. e. not only the wave function, but a lso  the spin  function
have been taken into considera tion .

W hereas th ese  s ta tis tic a l effects d iffe r from  one atom  to  ano ther, we
se e  the s tran g e  behaviour of the co llis ion  in te g ra l c ru v es d iffering  con­
sid e rab ly  from  the c la s s ic a l behaviour which should give a lim it. A cco r­
ding to  th e se  cu rves we see  th a t the m o re  the quantum p a ra m e te r  A *
d e c re a se s , the m ore  th ese  cu rv es  deviate from  the c la s s ic a l cu rve ,
M oreover, the 3He- 3He curve goes in the opposite d irec tio n  from  the
c la s s ic a l curve.

As is  w ell known the m ore  the quantum p a ra m e te r  A* approaches z e rq
the m ore  the quantum  cu rv es approach  the c la s s ic a l ones. F o r  a tru e
com parison  of m ix tu re s  obeying d iffe ren t s ta t is t ic s , the d iffe ren t p a ra ­
m e te rs  o ccu rrin g  in the  ca lcu la tions m u st be the sam e. In ou r m ix tu re s
we lack  such  a co rrespondence . F o r  th is  rea so n  we think it m uch s a fe r
th a t the in te rac tio n s betw een identic p a r tic le s  a re  not taken into c o n s id e r­
ation . F o r  the in te rac tio n  of unlike p a r tic le s  we have only one s o r t  of
s ta t is t ic s  w hich encouraged  us in tha t c ase  to  t r y  fu r th e r  ca lcu la tions.
So we have found it s a fe r  not to  in te rp o la te  the cu rv es fo r Q**-1 .
A nother rea so n  tha t m akes th e se  in te rpo la tions v e ry  d ifficu lt is  th a t these
co llis ion  in teg ra l c ru v es have been ca lcu la ted  fo r  only sm a ll values of
T -  viz. T* < 0. 6. To find values fo r  th e se  in te g ra ls  a t T ** 2, holding
fo r ou r m ix tu res  K r - 4He, K r - 3He and K r-H 2, is  sub jec t to  a la rg e  un­
c e rta in ty  which w ill in troduce a la rg e  e r r o r  in the in te rp o la ted  curve.

The cu rv es of fig. V - lb  of the co llis ion  in te g ra ls  11*?'? be tw een like
p a rtic le s  as a  function of te m p e ra tu re , a re  m ore  reaso n ab le . The deviat­
ions of th ese  cu rves from  the c la s s ic a l one in c re a se  as the co rrespond ing
values of A in c re a se . As aur quantum p a ra m e te r  A* fo r m ost of our
85K r m ix tu res  has a m ean value of about 0. 8, the co llis ion  in te g ra ls  fo r
th is  value of A m u st lie  betw een the cu rve  co rrespond ing  to  A = 1. 22
f° r  e ith e r  pD 2• pD 2 o r  0D 2- 0D 2 and the c la s s ic a l cu rve  correspond ing
to A = 0. If we exam ine th ese  graphs care fu lly , we can see  how difficult
and u n re liab le  such  an in terpo la tion  w ill be.
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-----  p ^ - p H j  A «'-73

-----  Hp*-Hp* A*=2A7

. . .  Hp -H p3 A**3.09

___ oD2- oD2 a' s  1.22

pQL.pDn /T s l2 2

F ig . V - la .

The reduced  values of the co llis ion  in teg ra l
Q* *> 1 betw een iden tica l p a rt ic le s , both

i i
quantum m echan ical and c la s s ic a l a s  a
function of the reduced  tem p e ra tu re .
The pD2 and oD2 data  have been taken from
E . A. de K e r f s  and M .H . J. J . E rn s t , w ork
befo re publication, fo r which we thank him
v e ry  m uch. 1)
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—  PD2-P t>2

--------------- , 0  O0 A =122

--------------A*2j»7

-------------  PNj -PHj  A*dJ3

------------- A*=0

F ig . V -lb .

The reduced  values of the co llis ion  in teg ra l
ff"*'* betw een iden tica l p a rt ic le s , both
quantum m echanical and c la s s ic a l as a
function Of the reduced  tem p e ra tu re .
pD j and oD2 from  E .A . de K erf and M. H.
J . J . E rn s t.
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oD , A*=1.22

F ig . V -lc .

The reduced  values of the co llis ion  in teg ra l
Q 1,2 betw een iden tica l a s  w ell a s  d ifferen t
p a r tic le s , both quantum m echanical and
c la s s ic a l as a function of the reduced  tem p -
e ra tu re .
pD2 and oD^ as  w ell a s  H2-D 2 from  E. A.
de K erf and M. H. J . J . E rn s t .
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h.Ih . V .

Hr oH A*=1J3

—  T#

F ig . V -ld

The reduced  values of the co llis ion  in teg ra ls
* 2  2ft * betw een d iffe ren t p a r t ic le s , both

quantum m echanical and c la s s ic a l a s  a
function of the reduced  tem p e ra tu re .
pD2 and oD2 as w ell a s  H 2 - D2 from  E . A.
de K erf and M. H. J . J . E rn s t .
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■ —  He3_H*‘ A 2.89

— —  - pQ^.oDj A  1.2 2

------- oHj.pHj A 173

A u

F ig . V -le .

The reduced  values of the co llis ion  in teg ra l
0* * betw een d ifferen t p a r t ic le s , both
quantum  m echanical and c la s s ic a l as a
function of the reduced  tem p e ra tu re .
pD« and oD2 as w e l la s 'H 2 - D 2 fro m E . A.
de K e rf and M. H. J . J . E rn s t .

_ _ _ _  a >0 J  lour Kr®® m uturool

F ig . V -lf .

The reduced  values of C i both quantum
m echanical and c la s s ic a l a s  a  function of
the reduced  tem p e ra tu re .
pD2 and oD2 as w ell a s  H j - D g  from E .A .
de K erf and M. H. J . J . E rn s t .90



F ig . V - lc  shows the la rg e  d isc rep an c ies  betw een the co llision  in teg ra ls
IT V2 of d ifferen t sp ec ies  (like o rtho- p a ra ) and those of the sam e sp ec ies
(O rtho -o rtho  o r p a ra -p a ra )  fo r  the hydrogen iso topes.

The cu rves of fig. V - ld  show the co llis ion  in te g ra ls  0*  between
d ifferen t p a r tic le s  as a function of te m p e ra tu re , to g e th e r w ith the c la ss ic a l
cu rve . The reaso n ab le  behaviour of th e se  cu rv es  subm it them  to a ce rta in
kind of in terpo la tion . F o r  la rg e  values of T* - which a re  needed fo r our
Kr-(4He, 3He, H2 ) m ix tu re s  -  th is  in terpo la tion  re p re se n ts  d ifficu ltie s
and u n re liab ility . The sam e is  tru e  fo r  the cu rv es  of fig V - le . (0*  2,2 )

The cu rv es of fig. V - lf  show the re la tio n  betw een C * . and T .

T hese cu rves show only the effect of co llis ions of unlike p a r tic le s . And
in case  of our m ix tu res the whole th e rm a l diffusion effect w ill be a ssu m ­
ed to  be due to  such  co llis io n s. A lthough th is  assum ption  is not s tr ic t ly
tru e , we hope th a t th is  w ill not be too fa r  from  the tru th . O f co u rse  the
co llis ions between s im ila r  p a r tic le s  w ill a ffect the r e s u lt  to  som e extent.

A ccording to  th is  la s t  assum ption , the to ta l th e rm a l diffusion effect
should be found from  the fac to r  (6 C *- 5) w hich is  equivalent approx im ate ly
toï?T o r  a*  va lues. We m u st no tice  th a t th ese  R-r values v a ry  with c o n ­
cen tra tion  and c a re  m ust be taken when com paring the Rt values of
d iffe ren t e x p e rim en ta lis ts . We decided to  p e rfo rm  our in terpo la tion  from
the cu rves of fig. V -lf .
To do the re q u ire d  in te rpo la tion  we notice  tha t the cu rve  of fig. V - l f  has
c e r ta in  m inim a and th a t th ese  m in im a a re  sh ifted  som ew hat to  the righ t
w ith d ec reasin g  values of the  quantum p a ra m e te r  A*. The values of th ese
m in im a toge ther w ith the correspond ing  A* a re  given in  tab le  V -2 a .

TABLE V-2 a

A* T T c*  1L ^  j j J min.

2. 89 0.025 0. 575
1. 73 0.165 0. 720
1.50 0.250 0. 739
1. 22 0. 390 0. 765
0 .00 0.600 0. 820

$  r  *  - iH ere  T re p re se n ts  the  te m p e ra tu re  of the m inim um  value and |_C t j J m in
re p re s e n ts  the value of C*j a t th is  m inim um .

Jjc *  jjc
By plotting a g raph  between^ A and C j j ,  we see  tha t a t a A = 0. 78 we
have a m inim um  value fo r  C*y of 0. 792.

M oreover, by plotting a graph  betw een A* and T*, we see  tha t th is
m inim um  value of C*. -  fo r  A*~ 0. 78 - o ccu rs  a t a reduced  te m p e ra tu re
0 .5 .  1

Some e x tra  points have been in terp o la ted  accord ing  to  the fac t tha t the
ra tio  of the d is tan ces  betw een any p a ir  of points on the cu rv es df fig. V - lf
m ust be p ropo rtiona l to  the ra tio  betw een th e ir  co rrespond ing  A*. In th is
way ano ther se t of points was derived , giving the re q u ire d  in te rpo la ted
curve fo r ou r m ix tu res  ( A * s s _ 0 , . 8 ) .
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In this way the corresponding curves of a* w ere obtained, as was shown
in chapter I, fig. I - 3 .and fig. V - 2 in th is chapter.

a*

F ig . V -2

The reduced  values of the th e rm a l diffusion
fac to r a* fo r 85K r-H  m ix tu re  as  a  function
of the reduced  tem p e ra tu re .

*
th e o re tic a l quantum curve fo r A =15

♦
------- in te rp o la ted  cu rve fo r A ~  0. 8
------ c la s s ic a l cu rve  fo r A = 0

£ ex perim en ta l points w ith stan d ard
deviation

85Par. 4. INTERPRETATION OF THE K r-H 2 RESULTS.

By drawing the tangent to the experim ental curve showing the relation
between In— against In Q s , the therm al diffusion factor was deter­
mined as mentioned in chapter III. These therm al diffusion factors have
been given in table V -2 as a functioivof tem perature.

The therm al diffusion factor for the 85Kr-H 2 m ixture is  given by:

+ [M j (M 1 - M ^)] + 4S MxM2
a  = --------------—------------------------------- ---------------- 5 (C.„ - 1)

6 M2 + 5 MJ -  4 m | b i2 + 8 M ^ A  12
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TABLE V-2

The experim en ta l values of the th e rm a l diffusion fac to r  and the reduced
th e rm a l diffusioh fac to r as a function of te m p e ra tu re  fo r  the 85K r - H2
m ixture .

T  ° K T #
T ~

I n  var*303.3
at

ex p t.
“ ex p t.

°  R.E. s .
5 0 . 0 0 . 64 -  1 . 8 0 -  0 . 23 -  0 . 22
5 4 . 2 0 . 69 -  1 . 7 Ö -  0 . 18 -  0 . 17
6 0 . 0 0 . 77 -  1 . 6 2 -  0 . 15 -  0 . 14
7 0 . 8 0 . 9 0 -  1 . 4 5 0 . 0 0 -  0 . 0 0
7 6 . 8 0 . 9 8 -  1 . 35 +  0 . 0 7 +  0 . 0 6
8 0 . 0 1 . 0 2 -  1 . 3 3 +  0 . 13 +  0 . 12
8 7 . 0 1 . 1 1 -  1 . 2 5 +  0 . 15 +  0 . 14
9 6 . 0 1 . 23 -  1 . 1 5 +  0 . 1 6 +  0 . 15

1 0 4 . 0 1 . 33 -  1 . 0 7 f  0 . 17 +  0 . 16
1 0 5 . 0 1 . 34 -  1 . 0 6 +  0 . 18 +  0 . 17
1 3 0 . 0 1 . 6 6 -  0 . 85 +  0 . 24 +  0 . 23
1 4 0 . 0 1 . 78 -  0 . 77 +  0 . 27 +  0 . 25

1 5 0 . 0 1 . 9 2 -  0 . 70 +  0 . 30 +  0 . 29
1 5 5 . 0 1 . 9 8 -  0 . 67 +  0 . 32 +  0 . 30
1 6 5 . 0 ? •  11 -  0 . 61 +  0 . 35 +  0 . 33
1 7 5 . 0 2 . 24 -  0 . 55 + 0 . 38 +  0 . 36
1 8 3 . 0 2 . 34 n  0 . 50 +  0 . 4 0 + 0 . 38
1 9 5 . 0 2 . 4 9 -  0 . 4 4 +  0 . 4 2 +  0 . 39
2 0 3 . 0 2 . 59 -  0 . 4 0 + 0 . 4 3 +  0 . 4 1

. 3 0 3 . 3 3 . 86 -  0 . 0 0 + 0 . 50 +  0 . 47

R. E. s. 1,06
Kr-H.

78 .4  °K [® 12 } 85, 3. 29 A
Kr-H

w here s J _  TÏaJ
\ /2 M  8 * M ( T * )

a n d A 12=0.4, 0. 6, C 12=1. 2,

* 1
F o r  rig id  e la s tic  sp h e re s  a llfl s a re  put equal to  1. The values taken
fo r the p a ra m e te rs  v a re  the L en n ard -Jo n es values v.„ = 3. 29 and <r„ =
2.93  from  H irsch fe ld e r.

F ro m  th ese  values it  was found th a t a  „ _ „ = 1.06K. h. S.

By dividing the exp erim en ta l value a  ^ by the above value “ RE s
we get what we will ca ll a*Xpt  ̂ o r  £r t J ^  ^ . T hese exp erim en ta l values
of R T -  as shown in tab le  V-2 -  have been plotted  as a function of T*
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together with their standatd deviations.

By comparing these results with the interpolated quantum curve, we see
that there is some agreement between the experimental and the inter­
polated values. (A* = 0.8).

Par. 5. INTERPRETATION OF THE 85Kr-4He AND 85Kr-®He RESULTS

The same process as used in par. 4 has been used for the 85Kr-4He and
the R5Kr-,3He measurements. The plot of the experimental values of Rx
against T*, as tabulated in table V-3, has been shown in fig. V-3.

F ig . V-3
The reduced  values of the th e rm a l diffusion
fac to r a fo r 85 K r-  He 4 m ix tu re  as  a  function
of the reduced  tem p e ra tu re .
---------c la s s ic a l cu rve fo r A* = 0

o experim en ta l points

By comparing the experimental curve for this mixture with the classical
calculated RT = 5(Ci2 - 1) curve, we see that the zero value of the ex­
perimental thermal diffusion factor occurs at a T* value of about 2. This
is in contradiction with the classical thermal diffusion factor which
equals zero at about T* = 1. Moreover, the position of this zero value of
o* t. nearly occurs at the same absolute temperature as for the mix­
ture 8SKr-H2 . Above this temperature the experimental Rq> values deviate
appreciably from the classical curve and approach it asymtotically at
about room temperature.

The behaviour is very strange. Some trials have been done - as mentioned
in chapter III-to explain the 85Kr-4He results on a completely classical
basis. We showed in fig. Ill-5a that at high temperatures the Lennard-
Jones (12, 6) potential fits nicely, whereas in the low temperature region
the softer Lennard-Jones (4, 8) potential model gives better agreement.

The same difficulties rise if one wants to explain the 85K r-3He results.

Par. 6. THE TRITIUM MIXTURES.

By using the same interpolation technique, we have not succeeded tp
interpret the positive separation in the low temperature region for the
tritium mixtures. Moreover, the large discrepancies between the theo­
retical classical curve - according to the Lennard-Jones potential -and
the experimental one cannot also be explained by such an interpolation.

94



TABLE V-3

The experim en ta l values of the th e rm a l diffusion fac to r  and the reduced
th e rm a l diffusion fac to r a s  a function of te m p e ra tu re  fo r  the 85 K r -  4He
m ix tu re .

T °K T* a  tang-
e x p t. ,

a *

50 1. 13 - 0 .55 - 0 .47
60 1. 36 - 0. 34 - 0. 29
70 1.59 - 0. 16 - 0 .137
80 1. 81 - 0 .00 0.000
90 2. 04 + 0. 10 0.086

100 2. 27 Q. 24 0. 206
110 2.50 0. 33 0. 283
120 2. 72 0.41 0. 352
130 2.95 0.45 0. 386
140 3. 18 0.54 0.463
150 3.40 0.58 0.498
160 3. 63 0. 62 0.532
170 3. 86 0. 66 0.566
180 4 .0 8 0. 69 0. 593
190 4. 31 0. 72 0. 618
200 4 .5 3 0. 74 0. 635
250 5. 67 0. 81 0. 695
300 6. 80 0. 85 0. 73
350 7.93 0. 87 0. 747
400 9 .07 0. 88 0. 755
450 10. 02 0. 89 0. 764
500 11. 33 0. 89 0. 764

“ R. e. s. = 1. 165
Kr-H,

= 44 °K
r -4He

= 3.093 &

If we keep in m ind tha t the quantum calcu la tions - a ll the co llis ion  in te­
g ra ls  -  have been ca lcu la ted  accord ing  to  the L en n ard -Jo n es  sp h e rica l
potential field , then som e doubt m ight ex is t as to  the valid ity  of th ese
calcu la tions fo r n o n -sp h e ric a l m o lecu les. T his leads us to  t ry  som e
o ther field  which m ay explain th e se  exp erim en ta l re s u lts  in the fu tu re .
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F o r  the in te rac tio n  of two H2 m olecu les which is  calcu la ted  from  f i r s t
p rin c ip les  by de B o e r5), th e re  is  c le a r ly  a tem p e ra tu re  dependent p a rt
in the averaged  poten tia l. De B oer showed tha t fo r  the in te rac tio n  of
two H 2 m olecules th is  te m p e ra tu re  dependent p a r t  can be neglected .
H ow ever, when w orking w ith a sy m m etric  m olecu les, it m ight be that
the lin e a r  azim uthal te rm s  in the po ten tia l would not cancel out as is  the
case  w ith the sy m m etric  H2-m o lecu le . We th e re fo re  applied a m ethod,
developed by K ihara , Midzuno and Kaneko e)for e s tim ating  the influence
of n o n sp h erica llity  of sy m m etric  m olecu les to  a sy m m etric  m olecu les.
The schem e followed is  outlined h e re .

We w ill a ssum e w ith K ih ara  6Jthat w ithin each  diatom ic m olecule th e re
is  a d is trib u tio n  of ch a rg es  8 ( s ) >  0 and tha t th is  d istribu tion  sa tis f ie s
the  n o rm a lised  volum e in teg ra l :

ƒ0 (s)  ds = 1 (V -l)

w here s i s  the rad iu s  v ec to r from  the cen tre  of the m olecule to  the sou rce
elem ent. The cen tre  of the  m olecule w ill be defined as  the m ean value
of the d istribu tion , so  tha t :

r  o sy m m etric______________J  s q ( s ) ds -  ^ ,on3t. x i 2an tisy m m etrica l ^  ^

w here S is  ha lf the d istance  betw een the two m olecu les.

We w ill a lso  suppose tha t the  in te rac tio n  betw een the  m olecu les 1 and 2
w ill be given b y :

V (r) = J 9  ( s a) d lXJ  8 (7 2) u ( /r  + s 2 - a j )  d i2 (V -3)

Now, by assum ing  tha t the charge d is trib u tio n s inside the m olecule ,can
be approxim ated  by a net point charge  situ a ted  a t the "m ean  cen tre"  then
the deviation of the r e a l  d is tribu tion  from  the assum ed  one is  given by:

2r  j  sy m m etrica l
I F 2 (¥) ds = ---------------r --------------------------  (V -4)

J  const. x i a an tisy m m etrie s!

We w ill a ssum e a lso  th a t the  effective poten tia l fie ld  Veff. w ill be given
by K irkw ood's equation:

V eff. ( r )  =

V( r )r  kt du> d « Ka d (V -5)

_ V(Q
w here the fac to r e KT is a B oltzm ann weighing fac to r to  account fo r
the  fact tha t s ta tis t ic a lly  the m olecu les spend m o re  tim e in those o rien ­
ta tio n s fo r  w hich the energy  is  sm all.

When evaluating equation (V -5 ), we g e t:

Veff. = ■'W'C1’) >  iVerage + 2 kT t-< V >  average ^ ^ a v e r a g e  ^ ^
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Taking these  equations and assum ptions into considera tion  we have found
fo r the effective fie ld  of T2 - 4He the following ex p re ss io n :

Veff. ( r )  = u (r)  + u" J  (V -7)

and fo r HT-4He m ix tu re  :
tt  / % , > . 9 * 2 T 5 u ' . m"| . 8 2 . . .  2Veff. (r) = u(r)  + 4 8 - L - ^  + u J + <u )

from  which we see  th a t w ith an tisy m m etrica l m olecu les a  te m p e ra tu re
te rm  appears in the poten tia l field . This m ay con tribu te  to  som e extent
to  the d isc rep an c ies  betw een the d ifferen t m ix tu res .

As we see  a lso  in the case  of a sy m m etric  m olecu les only a  second o rd e r
c o rre c tio n  ap p ears  as well in the te m p e ra tu re  dependent p a r t as in the
te m p e ra tu re  independent p a r t. The influence of th e se  co rre c tio n s  is  very
sm a ll how ever.
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L IST  O F SYMBOLS USED IN C H A PTER  V.

A , B , C n u m b e rs  invo lved  in  th e  eq u a tio n  of th e  th e rm a l
d iffu s ion  fa c to r

* * >!<
A , B ,C re d u c e d  v a lu e s  of th e  above v a lu es

g
i .  j
K

r e la t iv e  v e lo c ity  b e tw een  tw o co llid in g  p a r t ic le s
a to m ic  sp e c ie s
B o ltzm an n  c o n s ta n t 1. 38 x 10—̂ ' e r g /d e g r e e

„ *k

w ave n u m b e r  c o rre sp o n d in g  to  the  r e la t iv e  v e lo c ity
of tw o co llid in g  m o le c u le s

If
eq u a ls  to  —

j . a n g u la r  m o m en tu m  quantum  n u m b e r betw een  two
co llid in g  p a r t ic le s

M j i Mg
m l m 2 A. ,eq u a l r  ,  i ------  r e s p e c tiv e lyn m  l + m 2 m l + m 2

Q *(k)
*r

w h ere  m  j a n d -m 2 a r e  th e  m a s s e s  of th e  tw o p a r t ic le s
ap p ro x im a tio n  in  th e  c r o s s  se c tio n

re d u c e d  d is ta n c e  betw een  tw o co llid in g  m o le c u le s
eq u a ls  -g

s ra d iu s  v e c to r  f ro m  th e  c e n tr e  o f th e  m o le cu le  to
th e  s o u rc e  e le m e n t

T a b so lu te  te m p e r a tu re

u ' ,  u" , . du d2ueq u a l t o - g j , . - ^

V (r)
“  (k, x )

p o te n tia l f ie ld  b e tw een  tw o co llid in g  p a r t ic le s
p ro b a b il ity  of find ing  a  p a r t ic le  w ith in  a  so lid  ang le  d*o

y eq u a ls  t(\ / m K T

8 eq u a ls  h a lf  th e  d is ta n c e  b e tw een  th e  tw o a to m s of a
m o le cu le

C dep th  of th e  p o te n tia l f ie ld  in  the  L e n n a rd -J o n e s  (12, 6)
m o d e l

’l ^ k )
A*

p h ase  s h if t  b e tw een  tw o co llid in g  p a r t ic le s
a  q u an tity  u se d  fo r  c o m p a rin g  quantum  d ev ia tio n s

M
m 1m 2

re d u c e d  m a s s  of tw o co llid in g  p a r t ic le s  eq u a ls  + m
1 2

Q(s) c h a rg e  d en s ity

a d is ta n c e  of c lo s e s t  a p p ro a c h  be tw een  tw o co llid in g
p a r t ic le s

X an g le  of d e fle c tio n

¥
d«> , dw.

w ave fu nction  of tw o co llid in g  p a r t ic le s
so lid  an g les
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SUMMARY

The aim  of th is  w ork was to  study the th e rm a l diffusion fac to r as a
function of te m p e ra tu re  in b in ary  m ix tu res  of the q u asi-L o ren tz ian  type.
F o r  th is  purpose we used  85 K r as a heavy rad ioac tive  t r a c e r  m olecule
in the su ccessiv e  g ase s  22Ne, 4He, 3He and H 2 . The r e s e a rc h  was done
w ith the purpose:
a. to  check the L en n ard -Jo n es  co llis ion  p a ra m e te rs  given by H irsch fe ld e r

fo r a c la s s ic a l Chapm an - Enskog desc rip tio n  of the th e rm a l diffusion
fac to r.

b. to  see  if  below 100 °K quantum effects would becom e no ticeable  which
can be expected accord ing  to  the quantum p a ra m e te rs  A* and the
(* /k ) values of the  above m ix tu res .

The te m p e ra tu re  range  was taken  from  800 °K  t i l l  50 °K . The low er
lim it was de te rm ined  by the vapour p re s s u re  of the krypton gas, although
v e ry  m ino r quan tities of th is  gas could be u sed  because of its  rad io ­
ac tiv ity . We used  counting tech n ics , and the so ca lled  tw o-bulb m ethod
The ex perim en ts w ith 22Ne w ere  only done to check the m easu ring  m ethod
as th is  gas m ix tu re  c e rta in ly  should behave c la ss ic a lly  ( A* = 0. 28 ,
« / k=  77 °K and® i2 = 3. 22 A). Indeed, p e rfec t ag reem en t was found be­
tw een experim en ts and th eo ry  (C hap ter III), down t i l l  80 °K.

The m easu rem en ts  done w ith 85K r in re sp ec tiv e ly  4He and' 3He show a
com pletely  s im ila r  behaviour. Above room  te m p e ra tu re  the descrip tio n
is  c la s s ic a l, w ith a L en n ard -Jo n es  (12, 6) poten tail w ith *i2/ k  = 44 °K
and <r12 = 3.095 A. Below 100 °K the d esc rip tio n  would fit m uch b e tte r
with a L . J . (4, 8) po ten tia l. One m ight say  that the d ec rea se  in the r e ­
duced experim en ta l th e rm a l diffusion fac to r a*XD is due to  the in c reased
so ftn ess  of the rep u ls iv e  fo rce  below T = 3 .

The 85 K r- H 2 m easu rem en ts  (C hap ter III) showed good ag reem en t in the
h ig h te m p e ra tu re re g io n (1 0 0  °K <  • T < 800 °K )w ith c la ss ic a l calcu lations
on b as is  of a  L . J . (12, 6) po ten tia l m odel w ith a 12 = 3. 29 A and * i2 /,k=
78 °K. The quantum  deviations below 100 °K down t i l l  50 °K a re  of the
sam e o rd e r  of m agnitude as  in the K r - He ca se , which, p erh ap s, can
be expected  from  A* being 0. 76 fo r K r-H 2 .- M oreover, we observe  an
e x tra  deviation betw een 100 °K and 300 °K, which probably  has to  do with
the excita tion  of the f i r s t  ro ta tio n a l energy  level in the H 2 m olecule.

In C hap ter V we have tr ie d  to  c la ss ify  a ll known quantum co llis ion  in te­
g ra ls .  We think th a t the (C *j, T*) cu rves a re  the m ost im portan t as
they  give the a* due to  co llis ions between unlike-partic les. It was possib le
to  in te rp o la te  a cu rve  betw een the vario u s th e o re tic a l (C*j, T*) curves
fo r th e (K r-H 2) case  w ith A* = 0. 8. A com parison  with the experim en ta lly
found <**exp gives qualita tive  ag reem en t w ithin the exp erim en ta l uncerta in
tie s  (15% a t 50 ° K ). F o r  K r-H e such  a  com parison  w as not possib le .

To ge t experim en ta l data  in a te m p e ra tu re  reg ion  w here m ore  com plete
quantum  calcu lations a re  availab le  we studied  a lso  hydrogen -  helium
m ix tu re s  betw een 10 °K  and 300 °K, using tr itiu m  H3 as a rad ioactive
tra c e r-g as .W e  had to  use  ion isation  cham ber techn ics now. We in vestiga t­
ed the following m ix tu re s .
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4He - T 2 w ith A* = 1. 65 H 2 - HT w ith A* = 1. 52

4He

4He

- DT w ith A* = 1. 75

- Ht w ith A* = 1. 88
D 2 ' DT w ith A* = 1.16

with a 12 = 2. 742 A with « 12 = 2.928 A

and t M / k  = 19.5 °K and «12 / k  = 37. 0 9K

A ll of th ese  m ix tu res  show two z e ro  values fo r  the th e rm a l diffusion
fac to r  a, one at about 20 °K and the o th e r one at about 15 °K. T here
a re  big quantum effec ts .
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SAMENVATTING

Het in dit proefschrift beschreven werk heeft betrekking op de therm o-
diffusie-factor van quasi L orentz-m engsels. A ls zware component werd
het radioactieve 85 K r-isotoop gebruikt, terw ijl de lichte dragergassen
respectievelijk '22Ne, 4He, 3He en H2 waren. De therm odiffusie-factor
voor deze m engsels werd gemeten in een groot temperatuurinterval van
50 °K tot 800 °K.

Het doel van deze metingen w as, om enerzijds in het hoge temperatuur-
gebied de overeenstem m ing van de experim entele waarden en de uit de
Chapman-Enskog theorie berekende theoretische waarden na te gaan,an-
derzijds om in het lage temperatuurgebied de grootte van de quantum-
effecten te kunnen bepalen'.
De metingen werdeq gedaan in een tw ee-bollenopstelling, waarbij voor
het meten van de scheiding de 85K r-concentratie bepaald werd m et b e ­
hulp van een proportionele te ller .
Bij de botsing van twee m oleculen zullen de quantummechanische dif­
fractie-effecten  invloed gaan uitoefenen, indien de De Broglie golflengte
van dezelfde orde van grootte wordt a ls de diam eter van de m oleculen.
Een maat voor deze quantumeffecten is  de quantumparameter A * gede­
finieerd door A * = h

o t

Indien A* gedeeld door \/  T* van de orde van grootte van 1 is , kunnen
quantumeffecten optreden. Hierbij is  T* de gereduceerde temperatuur,
T* = k T /t .  De grootte van de afwijkingen wordt bepaald door A .

Voor het m engsel 22N e- 85Kr zijn de bepalende param eters A = 0 ,28 ,
*/k = 77 °K en <r'i2 = 3, 22 A. De metingen m et Ne zijn uitgevoerd tot
80 °K en, zoals te verwachten valt, zijn hierbij geen quantumeffecten
gem eten. De overeenstem m ing met de k lassieke theoretische thermodif-
fusie factor is  uitstekend.

Voor de m engsels 3He- 85Kr en 4He- 85Kr zijn de quantumparameters
respectievelijk  0, 89 en 0, 78. Voor beide m engsels is  9 1 2  = 2. 095 A en
t /k  = 44 °K. De overeenstem m ing tussen de experim entele en theoretische
waarden is boven kamertemperatuur uitstekend. Hieronder treden afwij­
kingen op, welke evenwel niet verklaard kunnen worden met de quantumme-
chanische theorie van de transportverschijnselen. Een vergelijking van
de experim entele therm odiffusie factor met de theoretische waarde, w el­
ke volgt uit het door C lark-Jones gebruikte 8, 4 Lennard-Jones-model,
geeft in de buurt van 100 °K een redelijke overeenstem m ing. Mogelijk is
dit afwijkend gedrag te verklaren mét een potentiaal, die als functie van
de temperatuur varieert.

De param eters voor H2 “ .85K r-m engsels zijn  A = 0 ,7 6 , * 1 2  = 3, 29 A en
t i2/k =  78°K. Tot ca 100 ° K is de overeenstem m ing tussen theorie en ex­

periment uitstekend te noemen. Tussen 100 °K en 300 °K is  er een
geringe discrepantie tussen de theorie en h.et experim ent, welke waar­
schijnlijk het gevolg is  van de excitatie van het eerste  rotatieniveau van
w aterstof. Beneden 100 °K is  er een discrepantie tussen  de k lassiek  be­
rekende waarden van de diffusiefactor en de experim enteel gemeten
waarden.
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In hoofdstuk V hebben wij de voor d iverse quantumparameters berekende
waarden van C i j getabelleerd als functie van T*. Het is  nu m ogelijk ge­
bleken om grafisch te interpoleren tussenkrom m en|m êt verschillende
quantumparameters, hoewel bij deze methode grote voorzichtigheid ge-
b od en is. Op deze wijzehebben wijlde krom m evoorhet H2 - 85Kr-m engsel
m et A * = 0. 8 geïnterpoleerd. Het bleek dat de overeenstem m ing tussen
het experim ent en de theorie nu zeer  bevredigend was.

Teneinde m eer experim entele gegevens omtrent de quantumafwijkingen
te krijgen, hebben we vervolgens de therm odiffusie factoren gem eten van
verschillende m engsels van w aterstof en helium. Hierbij werd gebruik
gemaakt van een tritiumverbinding in sporenhoeveelheden, teneinde sch ei-
dingsfactoren te kunnen mhten met behulp van ionisatiekam ers. Gemeten
werd in een tem peratuurinterval van 10 °K -  300 °K. We onderzochten
de volgende m engsels :

*He -  T 2, A * = 1, 65 H2 -  HT. A * * 1,52

4He - DT, A* = 1,75 D 2 -  DT, A * = 1, 16

4He - HT, A * = 1,88

m et 9  -  2 ,742 R  m et * 12 = 2 ,928S

«12/k= 19,5 °K « 12/k= 37 °K

Bij al deze m engsels bleek de therm odiffusie factor cp 2 punten nul te
worden. Het ene nulpunt ligt bij ca 20'°K, het andere bij ca 15 °K. De
quantumafwijkingen blijken bijzonder groot te zijn. Een vergelijking met
de theorie bleek voor deze m engsels weinig zinvol te zijn.
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