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Characteristic Frequency and Atomic Number.

B y  H . St a n l e y  A l l e n , M .A ., D .Sc ., U n iv e r s i ty  of L o n d o n , K in g ’s C ollege.

(C om m unicated by Prof. 0 .  W . R ichardson , F .R .S . R eceived M ay 21,— R evised

J u ly -A u g u s t ,  1917.)

P a r t  I.— A t o mic  F r e q u e n c y  a n d  A t o mic  N u m b e r .

§ 1. Characteristic Atomic Frequency.

R ec e n t w o rk  on  th e  sp ec ific  h e a t  of c h e m ic a l e le m e n ts  in  th e  so lid  s ta te  

h a s  led  to  im p o r ta n t  co n c lu s io n s  w i th  re g a rd  to  th e  v a lu e s  of th e  a to m ic  

h e a t  a t  c o n s ta n t  v o lu m e . T h e  c u rv e s  sh o w in g  th e  v a r ia t io n  of a to m ic  h e a t  

w ith  te m p e ra tu re  a re  a l l  o f th e  s am e  fo rm , a n d  a n y  g iv e n  c u rv e  c a n  be 

tra n s fo rm e d  in to  a n y  o th e r  m e re ly  b y  a l te r in g  th e  sca le  o n  w h ic h  th e  

te m p e r a tu r e  is  p lo tte d . T h is  im p lie s  t h a t  th e  a to m ic  h e a t  C„ is  a  fu n c tio n  

of th e  te m p e r a tu r e  T , d e p e n d e n t  o n  a  s in g le  p a ra m e te r ,  th e  fu n c tio n  b e in g  

th e  sam e  fo r d if f e re n t  e le m e n ts . T h u s

C„ =  F ( 0 / T ) ,

w h e re  0  is  a  c e r ta in  te m p e r a tu r e  c h a r a c te r is t ic  o f th e  e le m e n t  in  q u e s tio n . 

A cco rd in g  to  th e  q u a n tu m  th e o ry  0  =  /3y =  w h e re

v is  th e  c h a r a c te r is t ic  a to m ic  fre q u e n c y , 

h is  P la n c k ’s c o n s ta n t ,  6 ‘5 5 8  x  1 0 ” 27, 

k is  th e  g as  c o n s ta n t  fo r  a  s in g le  m o lecu le , P 3 7 2  x  1 0 ~ 16.

T h e  w o rk  of M o se le y *  h a s  s h o w n  t h a t  th e  f re q u e n c y  of th e  X - ra d ia t io n  

fro m  a n  e le m e n t  d e p e n d s  u p o n  th e  a to m ic  n u m b e r , t h a t  is  th e  n u m b e r  

w h ic h  d e te rm in e s  th e  p o s it io n  o f th e  e le m e n t  in  th e  p e r io d ic  c lass if ica tio n , 

a n d  is p ro b a b ly  e q u a l  to  th e  n u m b e r  o f p o s it iv e  u n i t  c h a rg e s  in  th e  co re  o f 

th e  a to m . Is o to p ic  e le m e n ts ,  w h ic h  o c cu p y  th e  sam e  p la c e  in  th e  p e rio d ic  

ta b le , h a v e  th e  sam e  a to m ic  n u m b e r , a n d  c h e m ic a lly  a re  in se p a ra b le . T h e y  

m u s t  th e re fo re  h a v e  th e  s a m e  c h e m ic a l c o n s ta n t  o r c h e m ic a l a f fin ity . B u t  

th e  a ffin ity  m a y  be e x p re s s e d  in  te r m s  of th e  a to m ic  h e a t  a t  c o n s ta n t  

p re s su re  Cp.- H e n c e  Cp m u s t  b e  th e  sam e  fo r iso top es. B u t  C„ is a 

fu n c tio n  of th e  fr eq u e n cy . I t  is, th e n , p ro b a b ly  fa ir  to  a ssu m e  w ith  

L in d e m a n n f  t h a t  th e  a to m ic  fr e q u e n c ie s  a re  id e n t ic a l  fo r  iso to p ic  e lem en ts . 

T h is  le ad s  to  th e  c o n c lu s io n  t h a t  th e  c h a r a c te r is t ic  f re q u e n c y  is  a  fu n c tio n  of 

th e  a to m ic  n u m b e r,  a n d  is in d e p e n d e n t  of th e  a to m ic  w e ig h t. I t  is th e

*  M o se le y , ‘ P h i l .  M a g . , ’ v o l. 26 , p . 1024  (1 9 1 3 )  ; v o l. 27, p . 7 03  (1 9 1 4).

t  L in d e m a n n ,  ‘ N a t u r e , ’ v o l. 9 5 , p . 7 (1 9 1 5).
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Characteristic Frequency and Atomic 1 01

o b je c t o f P a r t  I  o f th e  p re s e n t  p a p e r  to  sh ow  fro m  th e  o b se rv e d  v a lu e s  th a t  

a s im p le  re la tio n  h o ld s  b e tw e e n  th e  a to m ic  f re q u e n c y  v a n d  th e  a to m ic  

n u m b e r  N .

§ 2. The Relation between N  and v.

D e te rm in a t io n s  of th e  c h a r a c te r is t ic  t e m p e ra tu re ,  o r of th e  a to m ic  

freq u e n c y , from  th e  o b se rv ed  v a lu e s  o f th e  specific  h e a ts ,  h a v e  b een  m a d e  

by  N e r n s t  a n d  L in d e m a n n , E . H . G rif fith s*  a n d  E . Griffiths,*!* a n d  a t  v e ry  

low  te m p e ra tu re s  b y  K eeso m  a n d  O n n es .J  S o m e  f u r th e r  r e s u l ts  h a v e  been  

co llec ted  fo r a n u m b e r  of e le m e n ts  in  a  p a p e r  b y  C. E . B lom ,§  b u t  to  th e se  

sm a lle r  v a lu e  m u s t  be a t ta c h e d .

E x a m in a tio n  of th e  g ra p h  o b ta in e d  b y  p lo t t in g  log  v a g a in s t  log  N  

su g g es ted  th a t ,  fo r c e r ta in  s e ts  of e le m e n ts , th e  p r o d u c t  N r  h a d  a  c o n s ta n t  

v a lue. F u r th e r  in v e s tig a tio n  sh o w ed  t h a t  th e  v a lu e  of th e  p ro d u c t  in  som e 

cases  w as a s im p le  m u lt ip le  of th e  v a lu e  in  o th e r  cases. T h u s , th e  v a lu e  of 

N r  x  1 0 “ 12 fo r A g  is 2 1 1 0 , fo r F e  209*0. F o r  A1 th e  v a lu e  is  107*5, w h ic h  is 

n e a r ly  o n e -h a lf  th e  fo rm e r  n u m b e r.  F o r  P t  w e  find  413*4, a n d  fo r  I r  

415*8, n u m b e rs  w h ic h  a re  n e a r ly  d o u b le  th o se  fo r A g  o r F e . F in a l ly  i t  

w as fo u n d  th a t ,  in  a lm o s t  e v e ry  case  e x a m in e d , th e  v a lu e  of N r  co u ld  be 

ex p re sse d  w ith  a n  a c c u ra c y  of 4  o r  5 p e r c e n t,  as a  s im p le  m u lt ip le  of a  

c e r ta in  d e fin ite  f req u e n cy . T h is  is i l lu s t r a te d  in  T a b le  I ,  w h ic h  c o n ta in s  

th e  r e s u lts  fo r th o se  m e ta ls  fo r w h ic h  th e  a to m ic  fr e q u e n c y  h as  been  

d e te rm in e d  w ith  th e  g re a te s t  a ccu racy . A ll  m e ta ls  a re  in c lu d e d  fo r w h ich  

low te m p e ra tu re  m e a s u re m e n ts  a re  a v a ilab le , w ith  th e  e x c e p tio n  of so d iu m . 

T h e p ro d u c t of th e  a to m ic  n u m b e r  a n d  th e  a to m ic  fr e q u e n c y  c a n  be  ex p re ss ed  

in  th e  fo rm

N r  =  a .

w h ere  nis an  in te g e r, w h ich  m a y  b e  te rm e d  th e  frequency number, a n d  

r A is  a  d e fin ite  freq u e n cy , fo r  w h ic h  th e  w e ig h te d  m e a n  v a lu e  is 

21*3 x  1 0 12 see .-1 . T h e  v a ria t io n s  in  th e  v a lu e s  o f r A re c o rd ed  in  th e  T ab le  

a re  n o t g re a te r  th a n  can  be a c c o u n te d  fo r  b y  e x p e r im e n ta l  e r ro rs  in  th e  

d e te rm in a tio n  of th e  freq u e n cy  r.

C o m m en tin g  on th e  w a n t of co nco rd an ce  in  th e  v a lu es  fo u n d  b y  N e rn s i 

for th e  a to m ic  h e a t  of lead , M essrs. G rif fith s  r e m a r k : “ L ead , fro m  o u r ow n 

ex p erien ce , a p p ea rs  to  he a  m e ta l w ith  w h ic h  i t  is d iff icu lt to  o b ta in  

co n c o rd a n t re s u lts .”

*  N e r n s t ,  ‘ V o r t r i ig e  i ib e r  d ie  K in e t i s c h e  T h e o r ie  d e r  M a t e r i a /  1914 , p . 77.

t  E . H .  G r i f f i th s  a n d  E . G r i f f i th s ,  4 P h i l .  T r a n s . /  A , v o l. 2 14 , p . 3 19  (1 9 1 4).

\  K e e s o m  a n d  O n n e s ,  4 K . A k a d .  A m s te r d a m  P r o c . /  v o l. 18, p . 1247 (1 9 16 ).

§ C . E . B lo m , 4 A n n .  d . P h y s . /  v o l. 42, p . 1397 (1 91 3 ;.
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102 D r . H .  S . A lle n .

T ab le  1.

1 N r x 10~ 12.

E lem en t. JN.

N e rn s t . | G riffiths. K eesom -O n nes . j

i

M ean .

i A1 13 5 x 21 (» 5 x 21 -4 I 5 x 21 -5

F e 26 10 x 20  -9 | | 10 x 20 -9

n n 29 9 x 21 a 9 x 21 9 9 x 21 -2 9 x 2 1 - 3

: Zn .......................... 30 7 x 20  -6 7 x 20  -6 7 x 2 0 6

: A f f ............................. 47 10 x 2 1 2 10 x 21 1 10 x 21 -1

C d ............................. 48 8 x 21 -1 8 x 2 1 - 1i .......
80 8 x 20 2 8 x 20 -2

P b  . 82 7 x 22 -2 i 7 x 22 -5 7 x 21 -6 7 x 22 -0

! ' 1
1

Wfiicrh fif'd irifhin ....... -1 2 \9 2 1

!

2 1 - 3

In  d iscu s s in g  th e  e x p e r im e n ta l  v a lu e s  re c o rd ed  in  th e  T ab le , a t te n t io n  

m u s t be  d ire c te d  to  th e  te m p e r a tu r e  a t  w h ich  th e  o b s e rv a tio n s  h a v e  been  

m ade. T h e re  a re  s e v e ra l re a so n s  w h y  d e te r m in a t io n s  a t  low  te m p e ra tu re s  

a re  to  be p re fe rre d . I n  th e  f ir s t p lace , th e  d iffe ren ce  b e tw e e n  Cp a n d  Cr 

becom es n eg lig ib le  a t  su ch  te m p e ra tu re s .  A g a in  : “ I t  is  a t  v e ry  low  te m 

p e ra tu re s  t h a t  th e  a s s u m p tio n  m a d e  b y  D ebye, n a m e ly , t h a t  th e  v ib ra t io n s  

w hose fr eq u e n cy  is  g re a te r  th a n  v a re  n e g lig ib le , c an  b e s t  be ju s ti f ie d , s in ce  

a t  su ch  te m p e ra tu re s  th e  slow  h e a t  v ib ra t io n s  w o u ld  be  th e  m o s t im p o r ta n t  ’’ 

(G riffith s) . T h ird ly , a t  su ch  te m p e r a tu r e s  th e  fo rm u la  of D e b y e  s im p lifie s 

to  th e  fo rm  C„ =  co ns t. ( T /© ) 3, w h ic h  is  p ro b a b ly  th e  c o r re c t  ty p e  a t  low  

te m p e ra tu re s ,  a n d  m u s t  be a p p ro x im a te d  to  b y  a n y  fo rm u la  t h a t  is  to  g ive  

a n  a c c u ra te  r e p re s e n ta t io n  of th e  v a r ia t io n  of specific  h e a t  w ith  te m p e ra tu re .

A cco rd in g ly  g re a te r  w e ig h t h a s  b een  a t ta c h e d  to  th e  d e te rm in a tio n s  of 

K eesom  and  O n nes, w ho  d e te rm in e d  th e  specific  h e a t  of c o p p e r b e tw ee n  14° 

a n d  90° K , a n d  t h a t  of le ad  b e tw e e n  14° a n d  80° K , ta k in g  sp ec ia l p re c a u tio n s  

a s  to  th e  te m p e ra tu re  m e a s u re m e n ts  a n d  th e  p u r i ty  of th e  m a te r ia l  em p loy ed . 

I t  is  to  be n o tic ed  t h a t  th e  v a lu e  of v\  fo r le ad  fro m  th e se  o b se rv a tio n s  is 

m u c h  n e a re r  to  th e  m e an  v a lu e  th a n  th e  r e s u l ts  o b ta in e d  b y  th e  e a r l ie r  

in v e s t ig a to rs .*

M essrs. G riffith s  g ive  tw’o se ts  of v a lu es  fo r ©  o r fiv. I n  th e  f i r s t s e t th e  

v a lu es  a re  chosen  so as  to  g ive  a g re e m e n t w ith  D e b y e ’s fo rm u la  o v e r th e  lo w est  

p o r tio n  of th e  te m p e ra tu re  ran g e  co n s id e red . I n  th e  seco nd  s e t  /3v is  chosen

'  T h e  r e s u l t s  o f K e e s o m  a n d  O n n e s  f o r  le a d  h a v e  b e e n  c o n f irm e d  b y  E u c k e n  a n d  

S e h w e rs  in  a  s e r ie s  o f  e x p e r im e n t s  f o r  w h ic h  g r e a t  a c c u r a c y  is  c la im e d . T h e  l a t e s t  

d e te r m in a t io n s  in  N e r n s t ’s l a b o r a to r y  g iv e  f o r  a lu m in iu m  N r  =  5 x  2 1 0  x  1012, a n d  f o r  

c o p p e r  9  x  21'1. x  1 0 12, s h o w in g  e v e n  b e t t e r  a g r e e m e n t  t h a n  t h e  e a r l i e r  f ig u re s . S c h w e rs ,

‘ T b y s .  R e v .,'  v o l. 8, p. 117 (1916).
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so a s  to  g iv e  co in c id en ce  a t  a b o u t  12 5 °  K , w ith  th e  r e s u l t  th a t ,  in  g e n e ra l ,  a  

s lig h tly  s m a lle r  v a lu e  of v is  o b ta in e d . I n  T a b le  I  th e  v a lu e s  fo r v a r e  th o s e  

b e lo n g in g  to  th e  f ir s t  se t.

T h ese  e x p e r im e n te r s  a lso  in v e s t ig a te d  v fo r so d iu m , w h ic h  a p p e a rs  to  b e  

so m e w h a t e x c e p tio n a l in  i ts  th e r m a l  b e h a v io u r , a n d  fo r  t h a t  rea so n  h a s  n o t  

b een  in c lu d e d  in  th e  T ab le . A t  low  te m p e r a tu r e s  th e y  fo u n d  /3v — 180, 

w h ils t a t  125° K  th e  v a lu e  is  c o n s id e ra b ly  lo w er, /3 r =  152. T a k in g  th e  low  

te m p e ra tu re  v a lu e , v =  3 '7 7  x  10 12, a n d  H e  =  2 x  2 0 '7 1  x  1 0 12, a  r e s u l t  w h ich  

is in  good a g re e m e n t w ith  th o se  re c o rd ed  in  th e  T ab le .

N e r n s t  h a s  p u b lis h e d  d e te rm in a tio n s  of th e  a to m ic  f re q u e n c y  fo r  tw o  n o n - 

m e ta ls , c a rb o n  (in  th e  fo rm  of d ia m o n d ) a n d  io d in e , a n d  i t  is  in te r e s t in g  to  

find t h a t  th e y  fa ll  in to  lin e  w ith  th e  m e ta ll ic  e le m e n ts . F o r C w e fin d  

N v =  12 x  20  x  1 0 12, a n d  fo r  I, N r  =  5 x  2 T 6  x  1 0 12.

S im ila r re s u lts  w e re  o b ta in e d  fo r n e a r ly  a l l  th e  e le m e n ts  c o n ta in e d  in  th e  

l is t  g iv en  b y  B lom . T ab le  I I  g iv es  th e  f ig u re s  fo r  th e s e  e le m e n ts  w ith  th e  

e x ce p tio n  of L i*  a n d  P f .  T h e  v a lu e  of NV x  1 0 ~ 12 is in  b ra c k e ts  in  th o se  

cases in  w h ich  th e  a to m ic  fr e q u e n c y  is  s ta t e d  b y  B lo m  to  be  le ss  re l ia b le .  

E v en  in  th e se  cases i t  w ill be n o tic e d  t h a t  vx h a s  p ra c t ic a l ly  th e  sam e  v a lu e  

as w as fo u n d  to  h o ld  w h en  a c c u ra te  d e te r m in a t io n s  of v w e re  av a ila b le .

Characteristic Frequency and Atomic 

T a b le  I I .

1 1
E lem en t. N . N r  x 1 0 - 12. E le m e n t . N.

1

N r  x 1 0 ~ 12.

B e ...... 4  i 4 x 20 *3 N i 28 1 1 x 20  -4
B  ......... 5 6 x 20 *3 M o 42 ( 1 2 x 2 1  -0) 

(11 x 20  -9) 
( 9 x 2 1  -1) 
12 x 21 -2

M g .....................
S i ....................

12 
1 14

4 x 2 0 * 1  
9 x 20 *2

B d .....................
Sn

46
50

K
1

19 1 (2 x 20 -0) 
11 x 21 *0

Sb 51
T i ................ 22 I r 77 20  x 2 0 '8

( 2 0 x 2 0 - 7 )
(16  x 20 -7) 
( 1 2 x 2 2 - 1 ;

[

C r ......................... ! 24 1 1 x 21*4 Pfc 78
M n ............... 25 8 x 21 *6 A u 79
F e  .................... I 26 10 x 21 *8 B i 83
Co ..................... ' 27 10 x 20 *8

T h e w e ig h ted  m ean  v a lu e  fo u n d  from  th e  re s u l ts  of T ab le  I I  is 

vx =  20-85 x  1012.

I t  w ill be n o tice d  th a t  th e  m ean  v a lu e  fo r vx fo u n d  fro m  T ab le  I I ,  

20 -85 x  1 0 12, is so m ew h a t sm a lle r  th a n  th e  m ean  v a lu e  fo u n d  fro m  T ab le  I , 

21*3 x  10 12. T h is  m ay a r is e  fro m  th e  fa c t th a t  th e  v a lu es  of v g iv en  b y  B lom

*  F o r  L i B lo rn  g iv e s  v — 8"3 x  1012, w h ic h  w o u ld  m a k e  N r  =  24  9  x  1 0 12. T h is  s u g g e s ts  

t h a t  n — 1 iu  th i s  case . D e te r m in a t io n s  o f th e  sp e c ilic  h e a t  a t  low  t e m p e r a t u r e s  a r e  

m u c h  to  b e  d e s ir e d .

t  F o r  r e d  p h o s p h o ru s  B lo m ’s v a lu e  is r  =  6 ‘3 x  10 12. T h is  n o n - m e ta l l ic  e le m e n t  is. 

e x c e p t io n a l ; w e  m a y  w r i te  N r  in  th e  fo rm  4 |  x  21 -O x  10 12.
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104 D r. H .  S . A lle n .

a re  d e riv ed  f ro m  o b se rv a tio n s  of th e  sp ec ific  h e a t  a t  h ig h e r  te m p e ra tu re s ,  a  

p ro c ed u re  w hich , as w e h a v e  n o tic e d  a lre a d y , u s u a lly  g iv e s  a  s m a lle r  v a lu e  fo r 

th e  freq u en cy .

§ 3. Application of the Theory of Probability.

1 n  v iew  of th e  u n e x p e c te d  c h a r a c te r  of th e s e  r e s u l ts  i t  is  d e s ir a b le  to  h av e  

som e ch eck  u p o n  th e m  in  o rd e r  to  b e  r e a s o n a b ly  s u re  t h a t  th e  a g re e m e n t 

b e tw ee n  th e  v a lu es  o f vA is  n o t  a c c id e n ta l . S u c h  a  c h ec k  is  p ro

th e o ry  of p ro b a b il ity . T h e  case  is  s im ila r  to  t h a t  d is cu s sed  b y  S t r u t t *  in  a 

p a p e r on  th e  te n d e n c y  of th e  a to m ic  w e ig h ts  to  a p p ro x im a te  to  w ho le  

n u m b ers . In d iv id u a l  v a lu es  of N r  c a n n o t  d e v ia te  b y  m o re  th a n  a  fixed  

a m o u n t  y (=  - |rA) fro m  th e  n e a r e s t  in te g ra l  m u l t ip le  of vA. “ W h a t  w e 

re q u ire  is th e  p ro b a b il i ty  t h a t  a f te r  a  g iv e n  n u m b e r  of ‘ t r i a ls  ’ th e  su m  of 

th e  re s u l ts  sh o u ld  n o t  ex ce ed  a  c e r t a i n ' g iv e n  a m o u n t  x ; th e  r e s u l t  of each  

t r i a l  ly in g  b e tw ee n  0 a n d  y,an d  a n y  v a lu e  b e tw e e n  th e s e  l im i

lik e ly .” A  fo rm u la  fo r  th e  p ro b a b i l i ty  h a s  b een  g iv e n  b y  L a p la c e .f

T h e se r ie s  is  to  b e  c o n tin u e d  o n ly  so lo n g  as th e  q u a n t i t ie s  ra is e d  to  th e  

p o w er i  a re  p o s itiv e .

A p p ly in g  th is  fo rm u la  to  th e  r e s u l ts  of T a b le  I ,  t a k in g  =  t  x  2 T o  a n d  fo r 

x  th e  su m  of th e  d iffe ren c es  b e tw e e n  th e  o b se rv e d  a n d  th e  c a lc u la te d  v a lu e s  

of N V x 1 0 ~ 12, th e  a p p ro x im a te  v a lu e  of th e  p ro b a b i l i ty  is fo u n d  to  b e :—

R e s u lts  of N e r n s t ,
1

9

R e s u lts  of G riffith s ,

M e a n  re s u lts ,

T h a t  is, th e re  is  o ne  c h a n c e  in  26  t h a t  th e  m e a n  v a lu es  of N r  x  1 0 ~ 12 sh o u ld  

a p p ro x im a te  so c lo se ly  to  in te g r a l  m u lt ip le s  of th e  n u m b e r  21*3 b y  a c c id e n t.

T h e  a p p lic a tio n  o f th e  fo rm u la  to  th e  r e s u l ts  of T a b le  I I  g iv es  fo r th e  

p ro b a b il ity  a p p ro x im a te ly  -g^. C o n s e q u e n tly  w h e n  th e  r e s u l ts  of b o th  T ab le s  

a re  ta k e n  in to  c o n s id e ra tio n  th e r e  is  b u t  a  s m a ll c h an ce  t h a t  th e  a ssu m ed  

r e g u la r i ty  m a y  b e  a c c id e n ta l.

§ 4. The Formula of Debye.

In  th e  th e o ry  of D ebye*  th e  c h a ra c te r is t ic  fr e q u e n c y  is  a  m a x im u m  

freq u e n c y  w h ich  lim its  a b r u p t ly  th e  ra n g e  of v ib ra t io n s  fo rm in g  th e

*  S t r u t t ,  ‘ P h i l .  M a g . , ’ v o l. 1, p . 311 (1 90 1 ). 

t  ‘ T h e o r ie  A n a ly t iq u e  d e s  P r o b a b i l i te s ,"  p . 259 . 

f  D e b y e , ‘ A n n .  d . P h y s . , ’ v o l. 39, p . 7 8 9  (1 9 1 2 ).
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Characteristic Frequency and Atomic Number. 1 0 5

“ s p e c tru m  ” of th e  so lid , 

b y  th e  fo rm u la

I t s  v a lu e  in  te r m s  o f th e  e la s tic  c o n s ta n ts  is  g iv en

/ 3 N ' \ 1/S 
v — ( ^ 7 7 7 ) »

\  V F

w h e re  N ' is  th e  n u m b e r  o f a to m s  in  v o lu m e  V’, a n d

— 4^p3/2K3/2 'o f  2 ( 1  +  0 -) \ *  / 1 -ho* \

. \ 3 ( l - 2 f f ) /  ,3 (1 — <r)J

p be ing  th e  d e n s ity , K  th e  c o m p re s s ib il ity , a n d  P o is so n ’s ra t io .  W h e n  th e  

m ass  of th e  so lid  c o n s id e re d  is  e q u a l  to  th e  a to m ic  w e ig h t,  Y  b eco m es  th e  

a to m ic  v o lu m e , a n d  1ST' A v o g a d ro ’s c o n s ta n t .*  It- s h o u ld  b e  n o tic e d  t h a t  th is  

fo rm u la  fo r th e  fr e q u e n c y  c o n ta in s  n o  u n d e te r m in e d  c o n s ta n t  ; a l l  th e  

q u a n t i t ie s  in v o lv e d  c a n  lie m e a su re d  e x p e r im e n ta l ly .  T a b le  I X  o f D e b y e ’s 

p a p e r  g iv es  th e  v a lu e  of th e  c h a r a c te r is t ic  t e m p e r a tu r e  fo u n d  fro m  th e  e la s tic  

c o n s ta n ts  fo r 12  m e ta ls , a n d  th e s e  r e s u l t s  h a v e  b een  e m p lo y e d  in  th e  c a lc u la 

tio n  of v a n d  o f N r  in  th e  fo llo w in g  T a b le  ( I I I ) .  I t  w il l be  seen  t h a t  in  each  

case  th e  p ro d u c t  N r  can  be e x p re s s e d  in  th e  fo rm  nvA :—

T ab le  I I I . — A to m ic  F r e q u e n c y  b y  D e b y e ’s F o rm u la .

I
E lem en t.

_  ___  .. _______  •

N . V  X 1 0 - 12. N v x 1 0 - 12.

i A , ................................ 18 8 *26 5 x 21 -5
! F e  ................................. 26 9*67 12 x 20 -9 i

N i ...... 28 9 *01 12 x 2 1  -0
j C u ................................. 29 6*81 9 x 21 *7 !
! P d  ......................... 46 4*22 9 x 21 -6
i Ag .................. ............... 47 4*39 10 x 2 0 -6
; c d  ........................... 48 3*48 8 x 20  *9
! S n .............. 50 3*83 9 x 21 -3

P t ...................... 78 4*68 18 x 2 0 -3
A u ...... 79 3*44 13 x 20  -9
P b  ..... 82 1 *49 6 x 2 1 -4
B i .............. 83 2*30 9 x 21 2

M ean  v a lu e  o f  N»< =  21 ’02 x 10 \

C alcu la tio n  ot th e  p ro b a b il ity  in  th is  case  sh o w s th a t  th e r e  is o n ly  on e  

ch an ce  in  45  t h a t  th e  p ro d u c t  N r  sh o u ld  b y  a c c id e n t a p p ro a c h  so n e a r ly  to  

in te g ra l m u tip le s  of a  s in g le  fu n d a m e n ta l  fre q u e n cy , r A . C o n sid e r in g  th e  

d ifficu ltie s  in  th e  d e te rm in a tio n  of th e  e la s tic  c o n s ta n ts , a n d  th e  u n c e r ta in ty  

a t ta c h in g  to  th e  te m p e ra tu re  a t  w h ic h  th e  m e a s u re m e n ts  sh o u ld  be m ade, 

th is  is  a  s t r ik in g  re su lt.

* D e b y e  a s s u m e s  N ' =  5*66 x  1 0 ^  ; M i l l ik a n ’s v a lu e , N ' =  64)62  x  10 |:;, w o u ld  in c re a s e  

th e  v a lu e s  o f  v b y  r a t h e r  m o re  t h a n  2 p e r  c e n t .
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106 D r . H . S . A lle n .

A  co m p ariso n  of th e  v a lu es  o f th e  f re q u e n c y  n u m b e r , n, o b ta in e d  b y  th e  

use of D eb ye ’s fo rm u la , w ith  th o se  o b ta in e d  from  th e  specific  h e a t,  re v e a ls  th e  

u n ex p e c ted  r e s u lt  th a t  in  se v e ra l c ases th e  in te g e rs  a re  n o t  th e  sam e. T h is  

d ifference in  th e  v a lu es  of n no  d o u b t a ris e s  fro m  v a r ia t io n s  in  th e  p h y s ica l 

co n d itio ns  of th e  su b s ta n c e  u n d e r  e x a m in a tio n . T h e  te m p e ra tu re  a t  w h ich  

th e  d e te rm in a tio n s  a re  m ade  m u s t  be  ta k e n  in to  co n s id e ra tio n . I t  is  w e ll 

k n o w n  th a t  in  th e  case of c e r ta in  e le m e n ts  v a rio u s  p h y s ic a l m o d ifica tio n s 

e x is t co n seq u en t u p o n  s t r u c tu r a l  ch an g es  in  th e  so lid .

§ 5. Choice of the Atomic Numbers.

I n  th e  fo reg o ing  w o rk  th e  a to m ic  n u m b e rs  em p lo y e d  h a v e  b een  th o s e  g iv e n  

by  M oseley. I t  h a s  b een  su g g es te d  b y  R y d b e rg  t h a t  tw o  u n k n o w n  e lem en ts  

sh o u ld  be in c lu d ed  in  th e  P e rio d ic  T ab le  b e tw e e n  h y d ro g en  a n d  li th iu m , so 

th a t  l i th iu m  w o u ld  h a v e  a n  a to m ic  n u m b e r  5 in s te a d  of 3. F o r  a l l  th e  

e lem en ts  la te r  in  th e  T ab le , R y d b e rg ’s o rd in a ls  a re  g re a te r  b y  2 u n i ts  th a n  

M ose ley’s n u m b ers . I t  is fo u n d  t h a t  th e  r e la t io n  NV — nvA f its  th e  r e s u lts  

of o b se rv a tio n  m o re  c lo se ly  w h e n  M o se ley ’s n u m b e rs  a re  u sed  fo r N . T h is 'is  

c le a rly  sho w n  b y  c a lc u la t in g  th e  p ro b a b il i ty  fo r th e  tw o  se ts  of n u m b e rs . 

T ak in g  th e  o b se rv a tio n s  of N e rn s t ,  th e  p ro b a b il i ty  g iv e n  b y  R y d b e rg ’s 

o rd in a ls  is  1 /1*3 in s te a d  of 1 /9 .  F o r  th e  o b se rv a tio n s  of G riffith s , th e  p ro b a 

b il i ty  g iv en  by  R y d b e rg ’s o rd in a ls  is  1/1*5 in s te a d  of 1 /1 1 .  W h e n  D e b y e ’s 

fo rm u la  fo r th e  c h a ra c te r is tic  fr eq u e n cy  is em plo y ed , th e  p ro b a b il ty  is  1 / 5 4  

fo r R y d b e rg ’s o rd in a ls , b u t  1 /4 5  fo r M o se ley ’s n u m b e rs . T h ese  r e s u l ts  m ay  

be re g a rd ed  as ev id ence  s tro n g ly  in  fa v o u r o f th e  a to m ic  n u m b e rs  p ro p o sed  by  

Moseley.'*'

§ 6. The Physical Significance of the Relation Nz> =  nvA.

T he re s u lts  so fa r  o b ta in e d  m a y  be  su m m a ris ed  in  th e  e q u a tio n  =

T h u s  fo r each  e le m e n t th e  c h a ra c te r is t ic  fr e q u e n c y  (o r  freq u en c ie s)  m a y  be 

ex p re ssed  in  te rm s  of a  s in g le  fu n d a m e n ta l frequency,*f* vA, b y  em p lo y in g  tw o  

in teg e rs  N  a n d  n. T h e  in te g e r  N  d e n o te s  M o se ley ’s a to m ic  n u m b e r ; th e  

p h y s ica l sign ificance  of n is  n o t  as y e t  c lea r, b u t  i t  m a y  be su g g es ted  t h a t  it 

is re la te d  to  th e  n u m b e r  of (v a le n cy ) e le c tro n s  w h ic h  d e te rm in e  th e  c r y s ta l

lin e  s t ru c tu re  of th e  so lids. A  p o ss ib le  in te rp re ta t io n  m a y  be g iv en  to  th e  

em p irica l re la t io n  b y  th e  Q u a n tu m  T h eo ry . M u lt ip ly  each  side of th e  

eq u a tio n  b y  P la n c k ’s c o n s ta n t,  h,wh ic h  d en o te s  th e  q u a n tu

’ "Nhv =  nhvA.

* T h e  sa m e  c o n c lu s io n  w a s  a r r i v e d  a t ,  in  a  d i f f e r e n t  w a y , b y  v a n  d e n  B ro e k , ‘ P h i l .  

M a g .,’ v o l. 28 , p. 6 3 0  (1914 ).

f  I t  is  p o s s ib le  t h a t ,  i n  so m e  case s , i n s t e a d  o f t h e  v a lu e  vA -  2 P 3 x  1012, i t  m a y  b t 

n e c e s s a ry  to  t a k e  a  s im p le  s u b m u l t ip le ,  s u c h  a s  o f  t h i s  q u a n t i t y .

i
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C o n s id e rin g  a n  a to m  of a n y  e le m e n t,  hv r e p r e s e n ts  o n e  q u a n tu m  of e n e rg y  

c o r re sp o n d in g  to  th e  c r i t ic a l  te m p e r a tu r e  ® . T h e  le f t - h a n d  side  of th e  

e q u a tio n  a c c o rd in g ly  r e p re s e n ts  th e  a m o u n t  of e n e rg y  fo r  a s  m a n y  q u a n ta  a s 

th e r e  a re  p o s it iv e  c h a rg e s  in  th e  co re  o f th e  a to m . T h e  r ig h t - h a n d  s id e  m a y  

be re g a rd e d  as  th e  e n e rg y  c o rre s p o n d in g  to  a n  in te g r a l  m u l t ip le  of a  c e r ta in  

fu n d a m e n ta l  q u a n tu m , hv\.It is  n e c e s sa ry  to  e m p h a s is e  th e  f a c t  

does n o t  im p ly  th e  a c tu a l  e x is te n c e  of “ a to m s  of e n e rg y .” W e  a re  h e re  

c o n c e rn e d  w ith  th e  c h a r a c te r is t ic  f re q u e n c y , t h a t  is, w i th  a  c e r ta in  l im i t in g  

c o n d it io n  a ffec tin g  e ach  e le m e n t  in  th e  so lid  s ta te ,  a n d  th e  o c c u rre n c e  of th e  

q u a n t i ty  hvA im p lie s  o n ly  t h a t  th e r e  is a  c e r ta in  l im i t in g  a m o u n t  o f e n e rg y  

in v o lv e d , w h ic h  is th e  sam e  fo r v a r io u s  e le m e n ts .

A cco rd in g  to  th e  th e o r ie s  of D e b y e  a n d  of B o rn  a n d  K a r m a n , th e  v ib r a 

tio n s  of th e  a to m s  in  a  so lid  fo rm  a  c o n tin u o u s  s p e c tru m , l im ite d  b y  a  d e fin ite  

b o u n d a ry  on  th e  s id e  of th e  s h o r te r  w a v e - le n g th s . I t  is  th is  lim itin g - 

fr e q u e n c y  w h ic h  is  ta k e n  a s  th e  c h a r a c te r is t ic  a to m ic  fr e q u e n c y . I t  is  n o t  

u n re a so n a b le  to  su p p o se  t h a t  th is  f r e q u e n c y  m a y  b e  s u b je c t  to  a  c o n d it io n  

s im ila r  to  t h a t  e x p re s s e d  b y  E in s te in ’s r e la t io n ,  w h ic h  h a s

b een  p ro v e d  t r u e  b y  th e  e x p e r im e n ts  of R ic h a rd s o n  a n d  C o m p to n , H u g h e s  

a n d  M il l ik a n , fo r th e  p h o to e le c tr ic  e ffect. I t  h a s , in  fac t, b e en  p ro v e d  b y  

sev e ra l in v e s t ig a to r s  t h a t  th e  r e la t io n  Ye—hv a c c u ra te ly  d e fin es  th e  b o u n d a ry  

on  th e  s id e  of th e  s h o r te r  w a v e - le n g th s  of th e  s p e c t ru m  of X - ra d ia t io n .  I n  

th e  eq u a tio n  l$hv = nhvA w e m a y  s u b s t i tu te  fo r  a n d  fo r 

w he re  Y  a n d  Y A d e n o te  p o te n t ia ls  a t  p re s e n t  u n d e fin e d , a n d  e is  th e  c h a rg e  

on  a n  e lec tro n . T h e n  N eY  =  neYx , o r N e V —neYx =  0. B u t  N e is  E , th e  

ch a rg e  on  th e  n u c le u s  of th e  a to m , a n d  —ne is  th e  c h a rg e  c a r r ie d  b y  n 

e lec tro n s. I f  w e m a y  id e n tify  Y  w i th  th e  p o te n t ia l  of th e  n u c le u s , a n d  Y A 

(e q u a l to  ab o u t v o lt )  w ith  th e  p o te n t ia l  o f a  r in g  of e le c tro n s  (o r of th e  

v a le n c y  e lec tro n s), th e  r e la t io n  ex p re ss e s  th e  fa c t  t h a t  th e  e n e rg y  of th e  

a to m ic  sy s tem  is zero , o r p e rh a p s  a  m in im u m , in  th e  c o n d it io n  c o rre sp o n d in g  

to  th e  lim it in g  fr eq u e n cy . T h is  in v o lv e s  th e  su p p o s it io n  t h a t  in  th e  l im i t 

in g  c o n d itio n  th e  p o te n t ia l  of th e  e le c tro n s  in  q u e s tio n  a ssu m e s  a  c o n s ta n t  

v a lu e  (o r  p e rh a p s  a  m u lt ip le  of som e c o n s ta n t  v a lu e , s in ce  n m a y  b e  x  

w h e re  p  a n d  q a re  in te g e r s ) . '

T h e  re la t io n  m a y  also  b e  w r i t t e n  in  th e  fo rm  E V  — nA, w h e re  A  is 

c o n s ta n t.  T h is  m a y  be  in te r p r e te d  as  e x p re ss in g  th e  f a c t  t h a t  in  th e  l im it in g  

co n d itio n  th e  en e rg y  of th e  n u c le u s  is a n  in te g ra l  m u lt ip le  of a  c e r ta in  

q u a n t i ty  of en e rg y  A .

Characteristic Frequency and Atomic Number. 10 7
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108 D r . H .  S . A lle n .

P a r t  I I . — E l e c t r o n ic  F r e q u e n c y  a n d  A t o m ic  N u m b e r .

§ 7. Electronic

A  re la t io n  s im ila r  to  t h a t  a lre a d y  d is cu ssed  a p p e a rs  to  h o ld  fo r c e r ta in  

e le c tro n ic  freq u en c ie s . W h e n , h o w ev e r, th e  v ib ra t io n  of an  e le c tro n  is  in  

q u e s tio n , i t  is  n e c e s sa ry  to  re p la ce  th e  a to m ic  c o n s ta n t  vA (2 1 ‘3 x  1 0 12 sec .-1 ) 

b y  th e  fu n d a m e n ta l  e le c tro n ic  f re q u e n c y , r E =  3 '2 8 9  x  1 0 15 sec .-1 , w h ic h  is 

B y d b e rg ’s c o n s ta n t  in  s p e c tra l  se rie s , u s u a lly  e x p re s s e d  a s  th e  w av e  n u m b e r  

1 0 9 6 7 9 '2 2  (C u rtis ) . T h e  r e la t io n  th e n  ta k e s  th e  fo rm

NV =  u v e , o r  N i/ =  (u  + ^ ) v e -

I n  th e se  cases, a s  in  d e a lin g  w ith  th e  c h a r a c te r is t ic  a to m ic  f re q u e n c y , v 

re fe rs  to  som e l im it in g  f re q u e n c y  o r to  a  f re q u e n c y  a sso c ia te d  w ith  a 

m a x im u m  v a lu e  of som e  v a r ia b le  q u a n t i ty .

§ 8. The Maximum of the Photoelectric Effect.

P o h l a n d  P r in g s h e im *  h a v e  d e te rm in e d  th e  v a lu e  of th e  w a v e - le n g th  

c o r re sp o n d in g  to  th e  m a x im u m  of th e  “ s e le c tiv e  ” p h o to e le c tr ic  e ffect w ith  

a n  a cc u ra cy  of a b o u t 2 o r  3 p e r  c e n t.  T h e ir  r e s u l ts  h a v e  b een  e m p lo y e d  in  

th e  c o n s tru c tio n  of T a b le  IY , w h ic h  g iv es  th e  v a lu e s  o f v a n d  of Nr> fo r  th e  

fo u r a lk a l i  m e ta ls  e x am in ed .

T a b le  IY .

E le m e n t . N . A in  fxfji. v  x 1 0 ~ 14. N r  x 1 0 ~ la.

3 280 1 0-7 1 1 x 3 - 2 1
N a  ...................... 11 340 8 -8 2 3 x 3  -235
K  ................................................. 19 435 6 -9 0 4 x 3  -275
R b  ............................................. 37 480 6 -2 5 7 x 3 -30

T h e figu res in  th e  la s t  c o lu m n  of th e  T a b le  sho w  t h a t  N r  m a y  be  ex p re ss ed  

in  th e  fo rm  nv E, w h e re  n is  a  s im p le  in te g e r  a n d  vE is  v e ry  n e a r ly  c o n s ta n t.  

T h e  m e an  v a lu e  of r E fo r th e se  fo u r  e le m e n ts  is 3 ‘255  x  1 0 15 sec .-1 , w h ich  is  

so n e a r  th e  B y d b e rg  v a lu e  3 -289  x  1 0 15 sec .-1  t h a t  th e r e  c an  be  l i t t l e  d o u b t 

as  to  th e  id e n t i ty  of th e  tw o  n u m b e rs .

A  m a x im u m  p h o to e le c tr ic  a c t iv i ty  h a s  b een  re c o rd e d  fo r th e  fo u r e lem en ts , 

m ag n es iu m , a lu m in iu m , ca lc iu m , a n d  b a riu m , w h ich  do  n o t  show  a  t ru e  

“ se lec tiv e  ” effect. I t  is p o ss ib le  t h a t  th e  c o rre sp o n d in g  fre q u e n c y  a n d  th e  

a to m ic  n u m b e r  a re  re la te d  in  a  s im ila r w ay  in  th e se  cases also , b u t  th e  r e s u l ts  

a re  n o t  decisive .

*  ‘ D ie  L ic i t  t e l e k t r i s c h e n  E r s c l i e in u n g e n  ’ ( V ie w e g , 1914).
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Characteristic Frequency and Atomic 109

§ 9. The Limiting Frequency of the Photoelectric Effect.

T h e  em ission  of e le c tro n s  u n d e r  th e  in flu en ce  of l ig h t  ta k e s  p la ce  

o n ly  w h en  th e  fr eq u e n c y  of th e  e x c it in g  l ig h t  ex ceed s  a  c e r ta in  l im it in g  

f req u e n cy , v0- B ic h a rd s o n  a n d  C o m p to n *  h a v e  d e te rm in e d  th is  l im it  b o th  

fro m  th e  m a x im u m  e n e rg y  of th e  e le c tro n s  e m itte d , a n d  a lso  fro m  th e i r  m e an  

en e rg y . T h e  r e s u lts  h a v e  b een  e m p lo y e d  in  th e  c o n s tru c tio n  of T a b le  Y .

T ab le  V .

E le m e n t.
.

N .

N r 0 x lO  15.

M ax im u m  ene rg y . M ean  ene rgy .

N a  ............................................ 11 2 x 2  -83 2  x 2 -86

A! ................................................ 13 3 x 2 *73 3 x 3 - 1 6

M g ............................................ 12 3 x 3 - 1 4 3 x 3 -20
Z n  ............................................ 30 8 x 3  -00 8 x 3 - 1 5
Sn ............................................ 50 13 x 3 -19 1 3 x 3  -42
B i ................................................ 83 23 x 3 -2 8 2 3 x 3 - 2 1
C u ............................................ 29 9 x 3 -22 9 x 3 - 1 3
P t ................................................ 78 25 x 3 -2 4 25 x 3 -21

W ith  th e  ex ce p tio n  of th e  v a lu es  fo r so d iu m  a n d  o ne  v a lu e  fo r a lu m in iu m , 

th e  re s u l ts  a re  in  fa ir  a g re e m e n t w ith  th e  r e la t io n  NV0 =  E .

§ 10. Ionisation Potentials.

T he m in im u m  p o te n t ia l  re q u ire d  fo r th e  io n is a tio n  of a  g a s  is  p ro b a b ly  

con n ec ted  w ith  vq, th e  le a s t  fr e q u e n c y  of ra d ia t io n  w h ic h  c an  io n ise  th e  gas 

p h o to e le c tr ic a lly .f

E in s te in ’s e q u a tio n  is

eVo — o,

w h e re  V 0 d en o tes  th e  io n is a tio n  p o te n tia l.  I f  th e n  is su b je c t to  th e  

re la tio n  =  nvE, w e sh o u ld  e x p e c t to  find  N Y 0 =  w V E , w h e re  Y E d e n o te s  

a  c o n s ta n t  p o te n tia l  d e te rm in e d  b y  F ro m  th is  re la t io n  th e

v a lu e  of Ye  is  fo u n d  to  be 1 3 ‘5 v o lts . T h is  is th e  v a lu e  in  B o h r’s th e o ry  

for th e  io n is ing  p o te n tia l  in  th e  case of (a to m ic ) h y d ro g en . F o r, a cco rd in g  to  

th is  th e o ry , th e  w ork  done  in  m o v in g  th e  e le c tro n  fro m  its  o rb i t  to  a p o s itio n  

of re s t  a t  in fin ity  is W  =  2 t rhne^h2a n d  vE =  2t  H e n ce

is e V E, is e q u a l to  hvE.

T h e v a lu e  of th e  io n isa tio n  p o te n tia l  fo r (m o lecu la r)  h y d ro g en  d e te rm in e d

* R ic h a r d s o n  a n d  C o m p to n , ‘ P h i l .  M a g . , ’ v o l.  24 , p . 575  (1 9 1 2 ) ; v o l. 26, p. 5 49  (1 91 4).

+ E in s t e in ,  ‘ A n n .  d . P h y s . , ’ v o l. 17, p . 132 ( 1 9 0 5 ) ;  R ic h a r d s o n ,  ‘ P h i l .  M a g . , ’ v o l. 24 , 

p . 57 0  (1 91 2) ; K . T . C o m p to n , ‘ P h y s .  R e v .,’ v o l. 8, p p . 386 , 412  (1 91 6).
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110 D r . H . S . A lle n .

e x p e r im e n ta lly  is of th e  r ig h t  o rd e r of m a g n itu d e , b u t  is  o n ly  11 v o lts  in s te a d  

of 13*5 vo lts .

T h e fo llow in g  T ab le  (V I )  g iv e s  th e  v a lu e  of th e  io n is a t io n  p o te n t ia l ,  V 0, a n d  

of th e  p ro d u c t N  Vo, in  a ll  c ase s  w h e re  d ir e c t  e x p e r im e n ta l  d e te rm in a t io n s  h av e  

b een  c a rrie d  o u t.*  T h e  r e s u l ts  in  th e  la s t  c o lu m n  of th e  T a b le  sho w  th a t ,  

w ith  th e  ex ce p tio n  of h y d ro g e n  a n d  o x y g e n , th e r e  is re m a rk a b le  a g re e m e n t 

w ith  th e  re la tio n  ]STV0 =  n \ E.

T a b le  V I .

E le m e n t. N . Y 0 (v o lts ) . N Y 0.

H y d ro g e n  .......................... 1 11*0 1 x 11 -0

H e liu m  ............................. 2 2 0 -5 3 x 1 3 -7
N itro g en  ............................. 7 7 -5 4 x 1 3 - 1

O xygen  ............................. 8 9 -0 5 x 1 4 - 4

N eo n  ......................... . ...... 10 16 -0 12 x 1 3 -3

A rg o n  ................. ................ 18 12 -0 16 x 13 -5

M e rc u ry  .................. ........... 80 4 - 9 30 x 1 3 -1

I n  th e  case  of m e rc u ry  io n is a tio n  of a  sec o n d  ty p e  a lso  o ccu rs  fo r a  

p o te n t ia l  of 10 v o l ts , f  w h ic h  is  a lm o s t  e x a c tly  d o u b le  th e  v a lu e  rec o rd ed  in  

th e  T ab le , so t h a t  th e  c o rre sp o n d in g  f re q u e n c y  n u m b e r , w o u ld  be 60.

§ 11. Thermionic Potentials.

I n t im a te ly  c o n n e c te d  w i th  th e  p o te n t ia ls  h e re  d is cu s sed  a re  th e  p o te n t ia ls  

o b se rv ed  in  d e a lin g  w ith  th e  em is s io n  of e le c tro n s  fro m  g lo w in g  so lid s  a n d  

th e  c o n ta c t  p o te n t ia ls  b e tw e e n  d iff e re n t m e ta ls . I n  th e se  cases  th e  r e s u l ts  

o b ta in e d  d e p e n d  to  su ch  a n  e x te n t  o n  s u rfa ce  c o n d it io n s  a n d  th e  p re sen c e  of 

gaseous film s, t h a t  a s  y e t  i t  is  h a r d ly  p o ss ib le  to  a s s ig n  to  th e  v a rio u s  

e le m e n ts  re lia b le  v a lu e s  t h a t  s h a ll  b e  c h a r a c te r is t ic  of th e  e le m e n ts  th e m s e lv es . 

T h e  w o rk  t h a t  a n  e le c tro n  w o u ld  h a v e  to  do  to  e sc ap e  fro m  th e  su b s ta n c e  

m a y  be m e as u re d  b y  th e  e q u iv a le n t  p o te n t ia l  d iffe rence , </>. T h e  v a lu es  

q u o te d  in  T ab le  V I I  fo r <£, th e  “ e le c tro n  a ffin ity  ” of th e  e le m e n ts  in  v o lts , 

a re  d e riv e d  fro m  th e rm io n ic  m e a s u re m e n ts ,!  a n d  fo r th e  re a so n  s ta te d  m u s t  

be re ce iv ed  w i th  som e re se rv e . I t  is , h o w ev e r, in te r e s t in g  to  f ind  th a t  th e  

v a lu e s  of ¥</> a p p ro x im a te  fa ir ly  c lo se ly  to  m u lt ip le s  of 1 3 '5  v o lts .

*  F r a n c k  a n d  H e r t z ,  ‘ V e r h .  D e u ts e h .  P k y s .  G e s e l l . , ’ v o l. 15, p . 3 4 ( 1 9 1 3 ) ;  v o l. 16, 

p p . 457 , 51 2  (1 9 1 4 ) ; M c L e n n a n  a n d  H e n d e r s o n ,  ‘ R o y . S oc. P r o c . , ’ A , v o l. 9 1 , p . 4 85  

( 1 9 1 5 ) ;  G o u c h e r ,  ‘ P h y s .  R e v . , ’ v o l. 8 , p . 561  (1 9 1 6 ) ; B a z z o n i,  ‘ P h i l .  M a g . , ' v o l. 3 2 , 

p . 5 6 6  (1 91 6 ).

+ T a t e ,  ‘ P h y s .  R e v . , ’ v o l. 7, p . 6 8 6  (1 9 1 6 ) .

XO. W . R ic h a r d s o n ,  ‘ T h e  E m is s io n  o f  E l e c t r i c i t y  f r o m  H o t  B o d ie s ,’ p p .  6 9 - 7 9  

1 6 4 -1 7 8  (1 9 1 6 ) ; L a n g m u i r ,  ‘ A m e r ic a n  E le c t r o c h e m ic a l  S o c ie ty ,’ p p .  3 4 1 -3 9 6  (1 91 6 ).
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Characteristic Frequency and Atomic Number. I l l

T a b le  V I I .

E lem e n t. N . cp (v o lts ) . A u th o r ity . N  <p.

C arbon  ........................................ 6 4 0 4 L a n g m u ir 2 x 12 4
4 -51 D e in in g e r 2 x 13 -5

C a lc ium  .......... . ............................. 20 3 -0 4 H o rto n 5 x 1 2 -2
T ita n iu m  ..................................... 22 2 -4 * L a n g m u ir 4 x  13 2
I ro n  ............................................ 26 3 -2 * L a n g m u ir 6  x 13 -9

N ick el ........................................ 28 2 -9 S c h lic h te r 6 x 1 3 -5

M o ly bd en um  ................................. 42 4 -3 1 L a n g m u ir 14 x 13 0
T a n ta lu m  ..................................... 73 4 -3 1 L a n g m u ir 23 x 13 -7
T u n g sten  ................... ................. 74 4 -5 2 L a n g m u ir 25 x 13 -4
P la tin u m  ..................................... 78 5 -02 D e in in g e r 30 x 13 -1

5 -1 H o rto n 30  x 1 3 -3
T h o r iu m  .................................... 90 3 36 L a n g m u ir 22 x 13 -7

* P re lim in a ry  m ea su re m e n ts  by  D r. D uslim an .

§ 12. Conclusion.

T h e em p irica l re la tio n s  d iscu ssed  in  P a r t  I I  m a y  be s u m m a ris e d  in  th e  

fo rm u la

N y  =  nvn.

O n m u ltip ly in g  each  s id e  of th is  e q u a tio n  by  w e o b ta in

N  hv =

or, by  u s in g  th e  q u a n tu m  re la t io n  hv = eV,

~NeV — neV

B u t N e is eq u a l to  th e  ch a rg e , E , on  th e  a to m ic  n u c leu s . H e n ce

E V  —neYB =  0.

T h is  sug ges ts  th a t  in  th e  l im it in g  co n d itio n s  w h ich  a ris e  in  a l l  th e  p h y s ic a l 

p h en o m en a  u n d e r d iscussion , w e h a v e  to  d ea l w ith  a  m in im u m  v a lu e  of th e  

en erg y  ol a  sy s tem  co m pris in g  th e  n u c le u s  a n d  a  c e r ta in  n u m b e r  of e lec tro n s .
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