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Energy E xchange between In er t Gas A tom s and a Solid  Surjace.

B y J . M. J a c k s o n , D epartm en t of M athem atics, U niversity  of M anchester, 

and  N. F . Mo t t , M.A., Gonville and  Cams College, Cambridge.

(Communicated by R. H. Fowler, F .R .S .—Received July 19, 1932).

§ 1. Introduction .— If gas atom s, having energy corresponding to  a tem pera

tu re  T 2, are incident on a solid surface a t  a tem peratu re  T1; th en  the  reflected 

atom s will have a m ean energy corresponding to  some new tem perature T 2', 

which is a function  of Tx and  T 2. For sim plicity  it is convenient to  define 

K nudsen’s th e rm a l accom m odation coefficient as

a  = lim
T t - > T a - >

The accom m odation coefficient depends on the  natu re  of the gas atom , the 

n a tu re  of th e  solid surface, and  the  tem peratu re  T.

Accom m odation coefficients have been m easured by various workers, and 

th e  present paper is an  a tte m p t to  give a theoretical explanation of the  results 

of R oberts,*  who has m easured the  accom m odation coefficient for helium on 

tungsten  a t  various tem peratu res, tak in g  p articu la r precautions to  obta in  a 

clean surface.

The first step  in  the  calculation  of the  accom m odation coefficient is the 

calculation of th e  p robab ility  th a t  when a gas atom  w ith energy W  hits an atom  

of the  solid in  th e  qu an tu m  sta te  i, a transition  will take  place to  the  s ta te  n. 

We denote th is  p robab ility  by  jptn (W). One m ust th en  assume some energy 

d istribution for the  v ib ra ting  solid atom s. We assume th a t they  are all 

independent, so th a t  the  num ber in the  s ta te  w ith  energy W n is proportional 

to  exp. (— W n/K T), as in the E inste in  specific heat theory. The accommo

dation  coefficient is th en  found by  averaging p t* for all W  and  all n.

A theory  of th e  accom m odation coefficient has already been given by  one of 

us,"I* the  in teraction  energy between the solid and  the gas being tak en  to be 

of the  form V =  C for r >  0 , V =  0 for r < 0, where r denotes the distance 

between th e  two atom s. W ith  a suitable choice of C it was possible to  obtain  

a fairly good fit w ith  the experim ental curve. This type of field has, however, 

little  resemblance to  the  actual field between the  gas atom  and the solid surface.

* ‘ P r o c . R o y . S o c ., ’ A , v o l .  1 29 , p . 146  ( 1 9 3 0 ) ;  v o l .  135 , p . 192  (1 9 3 2 ). 

f  J .  M . J a c k s o n ,  ‘ P r o c . C am b . P h il .  S o c ., ’ v o l .  2 8 , p . 136  (1 9 3 2 ) .
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704 J .  M . J a c k s o n  a n d  N . F .  M o tt .

The m ethod of calculating  the  accom m odation coefficient given in th is 

paper will be followed, except th a t  we shall tak e  th e  in teraction  energy between 

the  gas a tom  and  th e  solid a tom  to  be of the  form

C exp. (—

Zener* has calculated the  accom m odation coefficient using a field of th is  

type , b u t in calculating  the  tran s itio n  probabilities he approxim ates to  th e  

exponential by  m eans of an  inverse square te rm  A — b)~2 ad justed  to  fit on 

sm oothly to  th e  exponential a t  the  classical d istance of closest approach. 

This approxim ation  appears to  affect th e  answ er b y  a facto r of about 6. Good 

agreem ent w ith  experim ent was only ob ta ined  by giving a the  som ewhat large 

value 65 X 108 cm .-1 .

In  th e  presen t paper we have been able to  evaluate  the  integrals  involved 

in  the  tran sitio n  probabilities exac tly  w ithou t m aking any  approxim ations. 

Quite a simple form ula is ob tained, and good agreem ent w ith  experim ent, 

w ith  a  more reasonable value of a  (8 X 108 cm .-1 ). We also discuss the  valid ity  

of th e  p e rtu rb a tio n  m ethod  used, an d  come to  the  conclusion th a t  th is  is alm ost 

th e  only collision problem  in which th e  term s neglected in a first order per

tu rb a tio n  th eo ry  are  certa in ly  sm all.

§ 2. The Probabilities o f Energy Transfer.— In  th is  section we shall tre a t  th e  

solid surface as consisting of an  assem bly of independent atom s each free to  

v ib ra te  abou t a position of equilib rium  w ith  the  sam e frequency v. The 

problem  is to  calculate th e  p robab ility  th a t, when a gas a tom  of given energy 

collides w ith  an  a tom  of the  solid v ib ra ting  in  th e  wth s ta tio n ary  s ta te , th e  

solid a tom  will m ake a  tran s itio n  to  th e  w 'th s ta te . The model used is one 

dim ensional, b o th  a tom s being supposed to  move only a t  righ t angles to  th e  

surface of th e  solid.

L et X  denote th e  d isplacem ent a t  an y  tim e of the  solid a tom  from its  m ean 

position. The Schrodinger equation  for th e  unpertu rbed  solid a tom  is then

( H - W „ ) < M X )  =  0 ,  (1 )
where H  denotes

1)2 .7 2

- 8M ‘ + 2 “ 2’

M being th e  m ass of the  solid atom . E quation  (1) has the  usual series of 

oscillator eigenfunctions <]>„ (X) and  eigenvalues W n — -f- f )  hv. We

assume th a t  the  oscillator wave functions (X) are norm alised to  unity .

* ‘ P h y s .  R e v . , ’ v o l .  3 7 , p .  5 5 7  ( 1 9 3 1 ) ;  v o l .  4 0 ,  p p .  1 7 8 , 3 3 5  (1 9 3 2 ) .
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L et us denote by the  wave function of the  in itia l s ta te  and the  wave 

function of th e  final s ta te  of the  solid atom . L et m  denote the  mass of the  gas 

atom  and  x  its  d istance from  the  m ean position of the  solid atom .

We tak e  for the  in te raction  energy V X) between the  two atom s

E nergy Exchange between In ert Gas A tom s. 705

V (x, X) =  C exp [— a {x — X)].

L et T  (x, X ) be the  wave function which describes the  collision and  satisfies 

th e  wave equation

[ - H  +
8n2m dx2 ' h2 1 }

Y  =  0.

We require a solution w ith  th e  following p ro p e r ty ; if it  is expanded in a 

series

V ( a . X )  =  S + „ ( X ) / . ( * )  (4)
n ♦

th en  for large x  we m ust have

f i  (x ) ~  exP (— ikfX) - f  A i exp

fn  (x ) ^  A„ exp (iknx) n  s* i. (5)
Here

A'j =  ‘2nm vi/h, kn =  2nmvn/h,

v i being the  velocity  of the  gas a tom  before collision, and  vn its  velocity a fte r 

i t  has excited th e  solid a tom  to  th e  s ta te  n.

The solution (5) represents a wave of u n it am plitude falling on the  solid 

a tom  together w ith  a  num ber of reflected waves. The probability  per collision 

th a t  the  tran s itio n  i-> nwill take  place is

P," =  |  I A , |2. (6)

The m ethod appropria te  to  the  solution of equation (3) depends on the 

value of the  constan t a in  the  expression (2) for the in teraction  energy. If  a -1 

is small com pared w ith  the  am plitude of oscillations of the  solid atom , the atom s 

m ay be tre a ted  as rigid elastic spheres. In  § 3 a m ethod of solution suited 

to  th is case is given. If a -1 is large com pared with th is  am plitude, the m ethod 

employed by  Zener is appropriate . This is discussed in § 4.

From  the  two formulae one can obta in  transition  probabilities for all values 

of a by  in terpolation. We m ay rem ark  here th a t if a -1 is large compared to 

the wave-length of the  incident atom s, the collision is adiabatic and no energy 

transfer takes place.

3 AV O L .  C X X X V I I .— A .
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706 J .  M . J a c k s o n  a n d  N . F .  M o t t .

§ 3. Rigid Elastic Spheres as a Model fo r  the A tom s .— In  th is  section th e  

atom s are  tre a ted  as rig id  elastic  sp h e re s ; th a t  is to  say, we w rite th e  in te r

action  energy in  th e  fo rm

Y (X, X) =  C' 

and  le t a  -> oo. £ m ay  be in te rp re ted  as th e  sum  of the  rad ii of the  spheres.

Then

y  (x, X) =  o z - x > £

=  00 x - X < Z  

W e have therefore to  find a solu tion  of

[ - H + 8 M + W ] ’F(3:' X > = 0 '

which vanishes along th e  line x  — X  =  £. Such a solution, having th e  

asym pto tic  form  required  in  (4) and  (5), is

T  (x,X) =  <j,f (X) 2isin  k t (x - £) +  S  A„<K 
n

the  A n being chosen in  such a w ay th a t

<h (X) 2* sin  k fX  +  S  A„<K (X) exp  [ f t .  (X  +  ?)] =  0 (8)
n

for all values of X .

Now th e  w ave-length  of th e  incident helium  atom s is large com pared w ith  

th e  am plitude th ro u g h  w hich th e  solid a tom s v ib ra te  ; hence (X) is only 

finite in  a region in  w hich 7c tX , knX ,  etc., are small. W e m ay therefore replace 

exp ik nX  in  (8) b y  u n ity . W e ob ta in

(X) 2 ik tX  +  S  (X) exp =  0
n

for all X .

Hence m ultip ly ing b y  (X) and  in teg ra ting  over all X , we obta in

K  =  — 
where

Hence from  (6) the  probab ility  th a t  th e  tran sitio n  will take  place is

V ?  =  4* A . IX * . | 2. (10)

§ 4. In  th is  section we suppose th a t  a -1 is large com pared w ith  the  am plitude 

of vib rations of th e  solid atom . (This is in  fact th e  case, since for tungsten  

a t o rdinary  tem peratu res th is  am plitude is of order 2 X 10-10 cm.) The m ethod

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

4
 A

u
g
u
st

 2
0
2
2
 



E nergy Exchange between In ert Gas A tom s. 707

is th a t  used by  Zener. I t  is sim ilar to  the  Born m ethod in  collision problems, 

differing from  it  in  th a t  d isto rted  zero order wave functions m ust be used.

We substitu te  the  solution (4) in  equation (3) and  ob ta in

S
n _ < dx2

+  K 2
8n2mC _ a (a?—X )

] / . ( * )  + . ( X )  =  0 .

We now write

v „ ,  ( a s )  =  8- ~  j  ^  (X) ^  (X)

which is equal to  

where
U (x )Y ws,

U  ( x) =  8r:2m

( 1 1 )

( 11 . 1 )

Y „, =  jV < k ( X ) < h ( X ) < « C .  (11.2)

Expanding  eaX, and  rem em bering th a t  aX  is sm all in  the  region* (denoted by 

x) where 4*n is finite, we have to  a very  good approxim ation

Y = 1A nn A *

We thus have app rox im ate ly  

F u rth er, we see th a t
Vnn {x)

Y n> „±i is of order ax, 

Y w> n±2is of order (ax)2.

( 1 2 )

From  equation (11), m ultip ly ing b y  <j;a(X) and  in tegrating  w ith respect 

to  X  from — oo to  +  oo ,

+  *.*) /» (* ) +  S  V „  ( * ) / ,  (as) =  o. (13)

This equation is exact.

We have ju s t seen th a t  the  non diagonal term s Vng are small compared 

w ith  the  diagonal term s Ynn. We m ay therefore solve (13) by  the  m ethod of 

successive approxim ations. We set for the  waves representing the incident 

and elastically reflected particles

/ i ( a s ) = / . <0>+ / < “ ' +  - .  <U -X>

and for the  particles reflected after causing a transition

/ w( * ) = / n (1)+ - -

* t  is  e q u a l  t o  a b o u t  10  10 cm .

3 A  2
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708 J .  M . J a c k s o n  a n d  N . F .  M o t t .

Substitu ting  in  (13) we ob ta in

^ + V - v « ] (15)

~ ^ +  V  -  v , . ] / . "  =  Y,.„ V  (x) / » ’ ( X ) , (16)

W e note  th a t  Y {i =  Y nn =  U  (x).

L et now F n (x) denote th a t  solution of th e  equation

^  +  t ”2 _ U ( x ) ] F " (a:) =  ° ’
(17)

which tends to  zero as x-> — oo , and  is norm alised so as to  have th

form
¥ n ~  cos (Jcnx  +  7]) a:-*+G O , (18)

where is a constan t. Then we m u st ta k e

/ t(o) =  2F t- (x), (18.1)

representing an  incident an d  reflected wave each of u n it am plitude, as dem anded

ky  (5).

W e m ay solve (16) b y  th e  su b stitu tio n

/ . “ ’ (*) =  A  (x).
This gives

£ ( F ”f j = 2Y '» u < ™ -

In teg ra tin g , an d  rem em bering t h a t / w m ust vanish  as -> — oo we have

F . * f !  =  2Y <„ p  U  (x) F nF< dx. 
doo J _ oo

In teg ra tin g  th is  equation, we have, for large values of x,

y~ [ —ta n  ( knx  +  7]) +  const 2Y en f U  (x) F „ F f 
L/£n J  J — oo

Choosing the  constan t so th a t  f n shall have th e  asym pto tic  form (5), we find

9V r+°°
~  exp [ -  i  (k ,x  +  7))] U  (x) F

J — oo

Hence we have (c/. equation  (5 ))

I A .
2Y,.,

U  (x) F „F
'■'yi J  — oo

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

4
 A

u
g
u
st

 2
0
2
2
 



E nergy Exchange between In ert Gas A tom s. 709

and  from (6) the  probability  per collision th a t  the  solid atom  of energy W  will 

m ake a tran sitio n  from  the  s ta te  i to  the  s ta te  n  is

Vin =
4 (Y <w)2r 87r2mC 

k jcn L
e-a * F J« dx

] 2 -
(19)

Zener obtains the  result (19) w ithout the  factor 4. This is due to  the omission 

of a  factor 2 in  the  equation corresponding to  (18.1).

§ 5. W e now require the  exact solutions of (17) which tend  to  zero as 

x  -> — oo , an d  which have th e  asym pto tic  form (18) as oo . W riting

U (x) — B 2e_a*, 

we can transform  (17) by  m eans of th e  substitu tion

we obta in

y  —  2B ja . exp (— ;

F " »  +  S T 1 F 'n  +  (in  « T 2 -  1 )  F »  =  o ,

where th e  dashes denote d ifferentiation w ith  respect to  y, and

< =

This is Bessel’s equation  of im aginary  order iqn and  im aginary  argum ent iy. 

In  the  usual n o ta tio n  of Bessel functions* the  solution of th is equation which 

tends to  zero as x  tends to  — oo is

(y), 2 =  2V

This function can be represented by  the  integral*

K f„ (y) =  I ° V  v cosh M cos du. 
Jo

( 20 )

I t  is clear from  (20) th a t  as oo a n d y ^ + o o ,  K iq(y) ->0. In  order

to  show th a t  i t  behaves like cos ( kx  —yj) as -> -f-o° ,  

follows. M aking th e  substitu tion  q cosh =  and assum ing th a t y  is small, 

the  in tegral (20) becomes

2z\~ i9~

y

dz

z

which reduces to

( ----- —  ) cos +  7]).
\q  sxnh nq!

Thus for F„ (x) we m ust take

F „ (,)  =  (IU if± H )i K M(x).

* G . N . W a tso n , “  B e s s e l  F u n c t io n s ,”  p p . 7 3 , 181 .

(21)
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710 J .  M . J a c k s o n  a n d  N . F .  M o tt .

§ 6. Calculation o f the Transition Probabilities.— In  §§ 3 and  4, equations 

(10) an d  (19), we have ob tained expressions for th e  transition  probabilities

per collisions for gas a tom s incident on th e  solid w ith  definite energy. I t  is

readily  found th a t*

v  /w +  i  ±  £\*

M,w±i “  a \ 8t i2M hv/h2 )
(22)

y  _  -zK 1*1 +  1 i t  1) {n ±  1)]*
w>n±2 / 16t i2M hv

(23)

W e have fu rth er

X {n =  0 i5* n  ±  l

=  Y  in/a i  =  n  ±  1.

F rom  (10) we have, therefore, for elastic spheres,

rf\ ^ i  1
Fn =  4 j ( * + i ± l ) [ S ( E T l ) ] * (24)

where

E  =  W/Av.

The evaluation  of (19) depends on th e  in tegra l

*00
F ^  .

Changing th e  variable  of in teg ra tion  to  y  as before we find for th is  in tegral

ah2 ( qq's inh to/  sinh t o/)* f “

1 6 7 T 2m C  7Z J o

K iQK iQ' y  ,

here q is w ritten  for q{, q' for qn.

U sing (20) we can w rite  th e  in tegral on th e  rig h t as a  repeated  in tegral, 

nam ely

ye—y ( c o sh  t +  c o s h  u) cos qu cos q't du dt dy.

P u ttin g  th e  lower lim it of th e  y  in tegration  equal to  y 0, and  in terchanging 

th e  order of in teg ra tion  so th a t  th e  y  in tegra tion  is perform ed first, afterw ards 

allowing y Q to  ten d  to  zero, we find th a t  th is  in tegral reduces to

cos q't cos qt 

(cosh t -f- cosh
du dt.

* S om m e r fe ld , ‘ W e lle n m e k a n ik ,’ p . 6 1 .
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■ E nergy Exchange between In ert Gas A tom s. 711

M aking th e  substitu tion*  t +  «  =  2T, t -  u  =  2U, we find th a t th is in tegral 

becomes

cos ( g - f g ') T  f°° cos — gr)

cosh2 T Jo cosh2 U
tfU.

B y in tegra ting  e*^z/cosh2 z round  the  closed rectangular contour — oo , -f- oo , 

+  oo - f  t o , — oo - f  t o , enclosing th e  po in t z =  %in, we find th a t

Therefore we have

d y  K <aK i(/  =  | tc2 ( q '2 — g2) /  (cosh t o?' — cosh 7rg).

The tran sitio n  p robab ility  p f  is therefore

P in =

In  particu la r
TC2 K*Kn

M g /2- g 2) 

Lcosh nq' — cosh nq~
sinh  7u qsinh  7eg'. (25)

„ ± 1 _  32tt4 m  mhy ,, , ^  sinh q sinh q'

h2 M a 2 2 2  — cosh 7 ^ 2

and

(25.1)

* "  S ) ‘ ( .  +  > ±  ■) 1 . ±  ■) « “ >

etc.

Here q, q' are Anmv/ah, Inm v'/ah  where v, v' are th e  velocities of the  gas 

atom  before an d  a fte r the  collision.

I t  is in teresting  to  note  th a t  if we allow a to  become very large in equation 

(25.1), the  form ula (25.1) tends to  the  form (24) obtained for hard  spheres. 

Thus, a lthough  there  is no theoretical justification for using th is pertu rbation  

m ethod for large a (as th e  non-diagonal elem ents are no t small), the 

obtained seems to  be valid  for all a.

§ 7. Calculation o f the Thermal Accommodation Coefficient.— The therm al 

accom m odation coefficient a  is defined a t  the  beginning of § 1. Using th is  

definition i t  has been shown by  one of u s f  th a t  a  can be expressed as a double 

series of p a rtia l accom m odation coefficients a.{n\n'), one for each particu lar 

quan tum  tran sitio n  n-*■ n'; it was found th a t

a  =  £  £
n *» 0 n' = 0

(26)

* G . N .  W a t so n , loc. c i t p . 4 4 0 . 

|  J a c k s o n , loc. cit.
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712 J .  M . J a c k s o n  a n d  N . F .  M o tt .

where

a  (n |n ')  =  -f fx3 (1 — e~>x) (n — n ') 2 * Pnn' (jx). (27)

In  th is  expression [x =  0 / T where 0  is the  characteristic  tem peratu re  of th e  

solid, and

F»B' ([*) =  f°V wM' (E) e -^ E dE. (28)
J o

Expressions for p nn' have been given in  th e  previous section (equations (25)). 

To calculate  th e  accom m odation coefficient we m u st therefore evaluate  the  

in tegral (28).

W e w rite

a  =  a  (1) -f- a  (2) -j- ... (29)

where a  (s)is a p a rtia l accom m odation coefficient corresponding to  change of 

q u an tu m  num ber by  s.

W e obtain , sum m ing over all n, n ' which differ b y  u n ity  and  by tw o

« ( ! )  =  !  (x3 — l ) - 1 P  (1, fx) (30)

a  (2) =  [x3 (e*- 1)-2 P  (2, |x),

where P  (1, q), P  (2, jx) are to  be ob ta ined  from  (28), for th e  cases d : 1,

« ' =  n  ±  2, by  om itting  th e  fac to r (w +  | • dz | )  from  (25.1) an d  (24), and  

th e  fac to r (nd: 1) (^ +  dz 1) from  (25.2).

F u rth e r term s of th e  series (26) have n o t been investigated , as in  the  case of 

helium  on tu n g sten  a(2) is never m ore th a n  5 per cent, of a (l) . The con

vergence seems sufficiently good to  ju stify  th e  neglect of fu rth er term s of th e  

series.

Only in  th e  case of rig id  elastic  spheres [§ 3 an d  § 6, equation  (24)] is it  

possible to  evaluate  th e  in tegral (28) analy tically . In  th is  case, we have from 

(24)

p  (1> ^  = 4 i  | ” [E (E + ]* 6”'‘e d K

Changing th e  variable  of in tegra tion  to  u, where 2E -j- 1, th is  in tegral 

reduces to

where K 2 and  K 0 are Bessel functions of the  th ird  kind. We find from (29) 

and  (30)

a =  a  (1) =  £[x3 ^  cosech |(x  {K2 (J(x) — K 0 ( |(x )}. (32)
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713E nergy Exchange between In ert Gas A tom s.

This is the  result for a  m olecular m odel of rigid  elastic spheres. W ith  such a 

model the  n a tu re  of the  gas only enters in to  the  result in the m ass-ratio factor 

m /M  and  th u s the  accom m odation coefficients of various m onatom ic gases a t 

the  same tem peratu re  on a clean tungsten  surface would be proportional to  

th e ir atom ic weights.

W ith  th e  exponential in te raction  energy Ce~ar, the  transition  probabilities 

per collision are given by  (25).

We obtain , from  (25) and  (30)

/i \ 2 3 / u i \ - i  32tt4 M f
a  (1) =  |  t̂ 3 (e* — 1) 1 - v o - ------r

h* m  or J o

a sinh ¥ (E +  1)* sinh I  E * .

cosh I  (E +  1)* -  cosh I  E* f

and
a J

« ( 2 ) =  - ¥ -

/ x 2 roo sinh 1 (E +  2)* sinh 1 E * . e ~ ^  dE

{x3 (e* —  1 ) ~ 2 . 4 t c2 ( | --------t ---------------------------(1_______________

M cosh I  (E +  2)* — cosh 1  E * J

where y2 =  32t i4 m hv/h2.

The in tegrals  were evaluated  num erically  for various values of p, a. The 

results are given in  § 8.

§ 8. Modification o f the Theory when an Attractive Potential is included in  

the Field o f the Solid .— In  order to  tak e  some account of the  possibility of 

adsorption i t  is in teresting  to  include in  some way the  long range a ttrac tiv e  

field of the  solid (van der W aals forces). The sim plest m ethod of doing th is 

is to  include a sm all a ttrac tiv e  po ten tia l step  of m agnitude d> situated  a t  a 

constan t d istance d  from  the  m ean position of the  oscillating surface atom . 

F o r d we have tak en  abou t 5 A.U.

W ith  th is  very  approxim ate represen tation  of the  a ttrac tiv e  field of the solid, 

the  only modifications* which m ust be m ade in the  analysis of the preceding 

section are th a t  instead  of P  (1) one m ust write

P ( l ,  X ) =  f M 1) 6 X =  ® lh v -
* X

(1) and  (2) m ust also be m ultip lied by  the  factor exp 0>/&T. 

The expressions for a ( l )  and  a  (2) now become

f  p3 (er — l ) ^ 1 eMX P  (1, x)

V -  P 3 (eM -  1 ) ~ 2 P  ( 2 ,  x ) -

* J a c k so n , loc. cit., p .  156 .
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714 J .  M. Ja c k s o n  a n d  N . F . M ott.

The facto r eMX increases as th e  tem p era tu re  decreases, b u t th e  in tegral 

P  (1, j )decreases w ith  th e  tem p era tu re  m ore rap id ly  th a n  P  (1). The effect 

of th e  factor eMX is p redom inant, b u t th e  a lte ra tions in  the  in tegrals  P  are no t 

negligible and  are more m arked  for low tem peratures.

§ 9. Numerical Results.— The experim ents of R oberts (loe. cit.) provide th e  

only available d a ta  w ith  w hich th e  th eo ry  m ay  be com pared. The experi

m ental results for tu n g sten  an d  helium  are

295° K , a  =  0 -0 5 7 ; 195° K , a  =  0-046 ; 79° K , a  =  0-025.

Calculations have been m ade for values of a equal to  4-02, 8-05, 9-00 X  

108 c m ."1, an d  also for th e  h a rd  sphere model. The value of th e  characteristic  

tem p era tu re  0  of tu n g sten  is 205° K , if we ta k e  th e  atom ic frequency to  be 

4 - 3 . 1012. sec.-1 . This frequency is determ ined  from  L indem ann’s m elting 

po in t form ula, w hich gives good agreem ent w ith  th e  values of 0  determ ined 

from  specific h ea t d a ta , p a rticu la rly  in  th e  case of m etals. The accom m odation 

coefficient was com puted  for th e  above values of , and  for the  following values

o f  [X

(x =  0-7 , 1-0, 1-4, 2 -0 , 3 -0  

or

T =  293°, 205°, 147°, 102-5°, 68-4°.

F o r the  a ttra c tiv e  p o ten tia l step  we have tak en  /  =  0-20, 0-25, and  also zero. 

The tw o form er values correspond to  O =  3-54 and  4 - 4 3 . 1 0"3 electron volts, 

or heats of adsorption* of helium  on tu n g sten  of th e  order of 80-100 cals./gm . 

atom . These are p robably  of th e  correct order of m agnitude.

The varia tion  of the  accom m odation coefficient w ith  tem peratu re  for various 

values of a an d  is shown in  fig. 1. In  fig. 2 th e  results are shown m ultip lied 

by  an  a rb itra ry  facto r to  fit th em  to  th e  experim ental curve a t  T =  205° K . 

W e do th is  for two reasons : firstly  i t  is possible th a t  th e  use of a one dim en

sional m odel m ay  have in troduced  a co n stan t fac to r in  our results ; and 

secondly th e  experim ental values are p robably  too large, owing to  the  roughness 

of th e  solid surface. The best agreem ent is ob ta ined  w ith  =  9 X  108 cm .-1 , 

which is ra th e r large.

The value a — 4 X  108 c m ."1 is probably  approxim ately  correct. 

theoretical curve for th is  value is shown in  fig. 1. W ith  th is  value of a one

* L e n n a r d -J o n e s , ‘ T r an s . F a r a d a y  S e e . , ’ v o l .  2 8 , p . 3 4 0  (1 9 3 2 ) .
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E nergy Exchange between In er t Gas A tom s. 715

has to  m ultip ly  th e  theoretical curve by  2 in  order to  fit i t  to  th e  experim ental 

curve. This facto r 2 m ay  well be accounted for by  th e  roughness of th e  

surface. The agreem ent, fig. 2, betw een th e  fitted  curve and  the  experim ental 

is n o t qu ite  so good as for a — 9 X 108 cm .-1 , b u t is nevertheless 

F ig< i , _ _ C a lc u la t e d  v a lu e s  o f  t h e  th e rm a l a c c om m o d a t io n  c o e f f ic ien t  fo r  tu n g s t e n /h e l iu m ,

w i t h  in t e r a c t io n  e n e r g y  e~ar.

C u rv e  1 ,(1=  4 ’0 2  X  10 8 cm . 1 j

C u r ve  2, a =  9 * 0  X  10 8 cm .-1  . O n e  q u a n tu m  tr a n s it io n s  o n ly .

C u rv e  3 ,  r ig id  e la s t ic  s p h e r e  m o d e l  J
C u rv e  4 ,  a =  9 - 0  X  1 0 8 cm ." 1, tw o  q u a n tu m  tr a n s it io n s  o n ly .

C u r v e  5 ,  a =  9 * 0  X  108 cm .-1 , tw o  q u a n tu m  tr a n s it io n s  o n ly , b u t  in c lu d in g

a t t r a c t iv e  p o t e n t ia l  s t e p  x  =  0 - 2 .  [<I> =  3 - 5 4 . 10 -3  e le c tr o n  v o lt s . ]

C u r ve  6 , a = 9 - 0  X  10 8 cm .-1 , X =  0 - 2  in c lu d in g  b o th  o n e - a n d  tw o -q u a n tum

tr a n s i t io n s .

C u rv e  7 ,  a  =  9 - 0  X  108 cm .-1 , x  =  0 - 2 5  in c lu d in g  b o th  o n e - a n d  tw o -q u a n tum

tr a n s it io n s .

T h e  e x p e r im e n t a l  v a lu e s  a re  m a r k e d  w it h  a  c r o s s .
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716 J .  M. J a c k s o n  a n d  N . F . M o tt.

2 0 0 °

Temperature °/f.

F ig . 2 .— T h e rm a l a c c o m m o d a t io n  c o e f f ic ie n t s  : h e l iu m / tu n g s t e n  f i t t e d  t o  t h e  e x p e r im e n ta l  

v a lu e  a t  2 0 5 °  K .

C u r v e  1, a — 4 * 0 2  X  1 0 s c m .-1 , o n e  q u a n tu m  t r a n s it io n s  o n ly .

C u rv e  2 ,  a =9 * 0 0  X  10 8 c m .- 1 , o n e  q u a n tu m  t r a n s it io n s  o n ly .

C u rv e  3 , a  =  9 - 0 0  X  1 0 8 cm .-1 , in c lu d in g  tw o  q u a n tu m  t r a n s i t io n s .

C u r v e  4 , r ig id  e la s t ic  s p h e r e  m o d e l .

T h e  e x p e r im e n ta l  v a lu e s  a r e  m a r k e d  w i t h  a  c r o ss .

in  view of th e  difficult n a tu re  of th e  experim ents, and  the  simple model used 

in  th e  theory .

In  fig. 3 some tran s itio n  probabilities are draw n p lo tted  against B =  W jhv, 

where W  is th e  transla tional energy of a gas a tom  norm al to  the  surface. They 

are also p lo tted  against T, where W  — |K T .
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E nergy  Exchange between In ert Gas A tom s. 717

F ig . 3 .— T r a n s i t io n  p r o b a b il i t ie s  p 0' (E )  p e r  c o l l is io n . T h e  e n e r g y  s c a le  is  in  t e rm s  o f  

o s c i l l a t o r  q u a n ta ,  E  — W  /hv; a lt e r n a t iv e ly  i t  is  e x p r e s s e d  in  t e rm s  o f  th e

T  =  iW /K .

C u rv e  1 , a =  4 - 0 2  X  1 0 8 cm .- 1 .

C u r ve  2, a =  9 - 0 0  X  1 0 8 cm .- 1 .

C u rv e  3 ,  r ig id  e la s t i c  s p h e r e  m o d e l .

T h e  c u r v e  e~W/*T is  d r aw n  o n  t h e  s am e  s c a le  fo r  T  =  2 9 3 °  K .

Sum m ary.

A theory  of th e  accom m odation coefficient for helium on tungsten  is given, 

using an  exponential field between the  gas atom  and  a surface atom  of the 

solid. Good agreem ent is obtained w ith  the  experim ental results of Roberts.

In  conclusion, we would like to  th an k  Mr. J . K . Roberts for his in terest in 

th is work.
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