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ABSTRACT 

Work l e a d i n g  t o  t h e  d i s c o v e r y  o f  t h e  minimum d i p o l e  moment f o r  

e l  e c t r o n  b i  n d i  ng , Dmi 

i n  1967-68 i s  descr ibed.  I t  was subsequent ly learned t h a t  t h i s  number 

had been pub l ished i n  1947 by Fermi and T e l l e r ,  who d i d  no t ,  however, 

i n d i c a t e  how they  d e r i v e d  i t .  The a u t h o r  has found a numerical  

s o l u t i o n  i n  Fermi 's  notebooks f rom 1946-50 a t  t h e  U n i v e r s i t y  o f  

Chicago L i b r a r y .  

r e l e v a n t  m a t e r i a l  f rom h i s  notebooks. 

= 0.639 eao (atomic u n i t s ) ,  by severa l  groups 

Fermi 's  work i s  descr ibed and presented here w i t h  
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This a r t i c l e  i s  n o t  about one of the grea t  discoveries i n  physics. 

Instead, i t  t e l l s  the his tory of a small discovery. I t  should be of 

some general i n t e r e s t  because of the physics involved, and i t  wi l l  a l so  

serve t o  record a ra ther  strange s e r i e s  of events t h a t  ended l a s t  f a l l  

i n  Fermi's Notebooks a t  the University of Chicago Library. 

ELECTRON CAPTURE BY ROTATIONAL EXCITATION OF POLAR MOLECULES 

When I reported f o r  work i n  the  Health Physics Division a t  the 

Oak Ridge National Laboratory i n  February 1962, my supervisor,  G .  S.  

Hurst, suggested several theore t ica l  problems tha t  I might work on. 

One experiment, which he and his colleagues had car r ied  out ,  pa r t i cu la r ly  

intrigued me. Hurst ' s  g roup  had performed electron-swarm experiments 

and measured d r i f t  ve loc i t ies  i n  mixtures consis t ing o f  small amounts 

of a polar gas added t o  non-polar ethylene.  They determined the r a t i o  

of thermal -energy electron sca t t e r ing  cross sect ions for various polar 

molecules r e l a t i v e  t o  ethylene and compiled these data over a range o f  

molecular dipole  moments. A plo t  o f  experimental resu l t s '  i s  shown i n  

Figure 1 .  The s t r a i g h t  l i n e  gives the theore t ica l  cross sect ion based 

on a f i r s t  Born-approximation ca lcu la t ion  by Altshuler o f  electron 

sca t t e r ing  from a s ta t ionary  point dipole.' A1 t h o u g h  general agreement 

between experiment and theory was good f o r  most molecules, a discrepancy 

was found with H20, D20, and H2S, which exhibited cross sect ions about 

a f ac to r  of two grea te r  than expected. Hurst suggested t h a t  the  torque 

exerted on the molecular dipole  by an electron might cause a rotat ional  

exc i ta t ion  of the molecule with temporary capture of the e lec t ron .  The 

excited ion would subsequently re lease  the  electron back in to  the swarm. 
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The process i s  i l l u s t r a t e d  f o r  t h e  water  molecule by w r i t i n g  

* 
H20 + e- 2 H20- . 

Th is  q u a s i - t r a p p i n g  and subsequent r e l e a s e  o f  t h e  e l e c t r o n  would, i n  

e f f e c t ,  inc rease t h e  amount o f  e l a s t i c  s c a t t e r i n g  and m i g h t  account f o r  

t h e  observed increase i n  t h e  cross s e c t i o n  over  t h a t  c a l c u l a t e d  by 

A l t s h u l e r .  

The e l e c t r o n - d i p o l e  system i s  shown s c h e m a t i c a l l y  i n  F ig .  2. The 

e l e c t r o n ,  w i t h  charge -e, moves i n  the  f i e ? d  o f  two s t a t i o n a r y  charges, 

rt: q, separated by a d i s t a n c e  R. The coord ina tes  r '  and r" g i v e  t h e  

d is tances  o f  t h e  e l e c t r o n  from t h e  ends o f  t h e  d i p o l e .  

moment i s  g i v e n  by D = qR. 

The d i p o l e  

D e t a i l e d  c a l c u l a t i o n s 3  i n d i c a t e d  t h a t  

un imo lecu la r  e l e c t r o n  capture  by r o t a t i o n a l  e x c i t a t i o n  c o u l d  occur  w i t h  

a h i g h  p r o b a b i l i t y ,  p rov ided t h e  molecule possesses a l a r g e  permanent 

d i p o l e  moment and a smal l  moment of i n e r t i a ,  I .  The l a t t e r  p r o p e r t y  i s  

i m p o r t a n t  f o r  two reasons. F i r s t ,  t h e  capture  p r o b a b i l i t y  v a r i e s  as 

I-'. 

thermal energies,  kT, o n l y  i f  t h e  moment o f  i n e r t i a  i s  smal l .  S ince 

t h e  s e l e c t i o n  r u l e s  f o r  changes i n  t h e  r o t a t i o n a l  angular  momentum J 

of t h e  molecule a r e  J = k 1 and t 2, r o t a t i o n a l  e x c i t a t i o n  w i l l  be 

accompanied by capture  i n t o  a negat ive-energy e l e c t r o n i c  s t a t e  o n l y  

when I i s  smal l .  There a r e  j u s t  a few molecules t h a t  possess t h i s  

combinat ion o f  l a r g e  D and smal l  I--NH3, HF, HC1, LiH, L iF ,  and 

H202, i n  a d d i t i o n  t o  H20, D20, and H2S. 

Second, t h e  r o t a t i o n a l  energy- leve l  spacings a r e  o f  t h e  o r d e r  o f  

The above t h e o r e t i c a l  r e s u l t s  were worked o u t  i n  a Born-Oppenheimer 

approximat ion,  i n  which t h e  mot ion  o f  t h e  e l e c t r o n  i s  c a l c u l a t e d  f o r  f i x e d  

values of the  nuc lear  coord ina tes .  I n  the  course o f  t h e  i n v e s t i g a t i o n ,  



5 

I became in te res ted  in  the general problem of the bound s t a t e s  of a n  

e lec t ron  in  the f i e l d  o f  a s t a t iona ry ,  permanent e l e c t r i c  dipole .  

ca lcu la t ing  the capture probabi l i ty  I had assumed t h a t  the electron 

would be temporarily bound in a combination of S and P s t a t e s  with a 

hydrogenic ground-state radial  dependence. Such a function gives a 

negative expectation value of the e l e c t r o n ' s  energy f o r  dipole moments 

D >0.968 e a O y 4  somewhat l a rge r  t h a n  the dipole moment of H2@, 0 .728  eao. 

The question na tura l ly  arose whether a bound s t a t e  e x i s t s  f o r  a r b i t r a r i l y  

small values of the dipole  moment. 

I n  

MINIMUM DIPOLE MOMENT 

Wallis ,  Herman, and Milne had calculated the ground-state and 

several  exc i t ed - s t a t e  energy eigenvalues over the range o f  the dipole 

moments from 0.840 t o  30 eao.5 They s e t  the dipole  charges equal t o  

the e l ec t ron ic  charge, k e ,  separated by a dis tance R ,  so t h a t  D = eR. 

When one goes t o  l a rge r  and  l a rge r  values of the dipole momemt, the 

electron tends more and more t o  be associated with the pos i t ive  charge 

of the  dipole .  A t  l a rge  R the  system i s  equivalent t o  a hydrogen atom 

perturbed by a d i s t a n t ,  s ta t ionary  e l ec t ron ic  charge. The ground-state 

binding energy when R = 30 eao i s  0.933 R Y . ~  I n  going t o  small values 

of R ,  Wallis ,  Herman, and Milnes reported t h a t  the convergence of one 

of the continued f r ac t ions  in t h e i r  ca lcu la t ions  became poor .  The binding 

energy f o r  D = 0.840 eao, where t h e i r  computations leave o f f ,  i s  4.64 x 

10-'Ry. 

e l ec t ron ,  they conclude, "One s t i l l  cannot  t e l l  f o r  sure  whether EB 

[ the binding energy] i s  g rea te r  than zero f o r  every R g rea te r  t h a n  

As t o  whether there  i s  a minimum value R > 0 needed t o  bind the 

zero . .  . I' 
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I n  t h e  summer o f  1964, Kenneth Fox j o i n e d  me i n  work ing on t h e  

e l e c t r o n - d i p o l e  system. 

t h e o r y  and found t h a t ,  c l a s s i c a l l y ,  t h e r e  i s  always a bound s t a t e ,  no 

m a t t e r  how smal l  t h e  d i p o l e  moment. 7 y 8  We a l s o  worked o u t  a quantum- 

mechanical s o l u t i o n  i n  t h e  WKB approximat ion'  and found t h a t  a non-zero 

minimum va lue  i s  r e q u i r e d  t o  g i v e  a bound s t a t e .  

g i v e s  bound s t a t e s  o n l y  when D > 0.860 eao. 

t h e  W a l l i s ,  Herman, and M i l n e  work t h a t  negat ive-energy s t a t e s  occur  

f o r  t h i s  va lue  o f  D ,  we f e l t  t h a t  t h e  requi rement  f o r  a minimum d i p o l e  

moment g r e a t e r  than zero must be due t o  t h e  quantum-mechanical n a t u r e  

of  t h e  problem r a t h e r  than t h e  WKB method. Fox and I a l s o  c a r r i e d  o u t  

a v a r i a t i o n a l  c a l c u l a t i o n ,  assuming t h a t  t h e  ground-state wave f u n c t i o n  

i s  a sum o f  S and P s t a t e s  and has a r a d i a l  dependence o f  t h e  form 

exp(-c l r  ), where a and t a r e  a d j u s t a b l e  parameters. When aand t tend 

toward zero, t h i s  f u n c t i o n  represents  a weakly bound s t a t e ,  spread o u t  

over  a l a r g e  r e g i o n  o f  space. 

s t a t e  e x i s t s  f o r  d i p o l e  moments D > 0.650 eao, lower  than t h e  s m a l l e s t  

va lue  D = 0.840 ea 

c a l c u l a t i o n s .  

We so lved t h e  problem by Hamil ton-Jacobi  

The WKB s o l u t i o n  

Whi le  we knew a l r e a d y  from 

t 

I n  t h i s  l i m i t  we foundlo t h a t  a bound 

f o r  which W a l l i s ,  Herman, and M i l n e  had made 
0 

A t  t h e  suggest ion o f  R. D. Present,  we s e t  up t h e  problem i n  

e l l i p t i c  coord inz tes .  

a c c u r a t e l y  c a l c u l a t e  t h e  v a l u e  o f  t h e  c r i t i c a l  d i p o l e  moment. 

re ference t o  F i g ,  2, one def ines t h e  coord ina tes  p = ( r l  + r l ' ) /R  and 

p = (r '  - r I4) /R.  The ranges o f  the v a r i a b l e s  a r e  g iven by 

1 5 p < m and -1 _ _  < 1~. < 1. 

I t  then became apparent how one m i g h t  

Wi th 

The Schrodinger equat ion,  
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i s  independent of t h e  az imuthal  angle about t h e  d i p o l e  a x i s .  

e l l i p t i c  coord ina tes  w i t h  q = e, t h i s  equat ion  g ives  

I n  

ap a [(p2 - 1 )  e] + & [ ( 1  - 2 )  g] - ( E P  2 - E!J2 + Bu) YJ = 0, (3) 

2 2  where E = -mR E/% 

and i t s  numerical  va lue  i n  atomic u n i t s  i s  g iven  by R = ~ / 2 .  Fox and I 

used a t r i a l  f u n c t i o n  i n  the  form o f  a s e r i e s  

and B = 2R/ao. The d i p o l e  moment appears o n l y  i n  6, 

t 
-aP / 2  1 

Y J ( P , U )  = e 
p,q=O 

i n  which a ,  t, and t h e  C 
Pq 

f i x e d  va lue  o f  R and u s i n g  

( 4 )  
P ,q=o 

a r e  ad jus tab le ,  r e a l  parameters. P i c k i n g  a 

a f i n i t e  number of terms f rom ( 4 ) ,  we ca lcu-  

l a t e d  t h e  e x p e c t a t i o n  va lue 

v a r i a t i o n  of  cx and t. Mathemat ica l l y ,  one so lves f o r  t h e  lowest  va lue  

o f  i n  t h e  de terminata l  equat ion,  

of the  Hami l ton ian  and min imized i t  by 

d e t  (H-AN) = 0 , 

i n  which t h e  m a t r i x  N has elements 

= 1 @ @ . . d ~  ( 6 )  Npq, i j  P9 1J 

where dT i s  t h e  volume element. The r a t i o s  of t h e  C can be c a l c u l a t e d  

f o r  t h i s  x f rom Eq. ( 5 )  and used i n  Eq. ( 4 )  t o  g i v e  t h e  normal ized wave 

f u n c t i o n .  

P9 

Wi th t h i s  v a r i a t i o n a l  procedure we e v e n t u a l l y  g o t  down t o  a 
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binding energy of 8.97 x lo-” Ry, f o r  which a 35-term t r i a l  function 

gave  D = 0.667 eao. 11 

I t  was not f e a s i b l e  t o  go a l l  the way t o  zero binding energy by 

the continuation of this  procedure because of rapidly increasing 

computer overflow problems. Instead, i t  was found possible t o  re- 

arrange the determinant ( 5 )  i n  the l i m i t  t = 0 with h = 0 i n  such a way 

a s  t o  f a c t o r  i t  i n t o  a product of i d e n t i c a l ,  rapidly converging sub-  

determinants.” 

D = 0.649520, the same value we found e a r l i e r ”  w i t h  the S- and P-state 

t r i a l  function; rank 3 gave 0.639370; and rank 4 ,  0.639316. The 

precise  value i s  D m i n  = 0.639315. 

The solut ion t o  the  rank-two sub-determinant gave 

11,13 

Other Invest igators  Show I n t e r e s t  

Without g i v i n g  i t  much thought one way o r  the o ther ,  I assumed 

the problem was about wrapped up;  b u t  then an unexpected f l u r r y  of 

a c t i v i t y  occurred. Fox was in  Europe a t  the time I obtained the f i n a l  

r e s u l t  i n  the summer of 1966. 

d r a f t  t o  h i m  on A u g u s t  19. Incorporating his comments, I submi t t ed  a 

manuscript t o  Physical Review Let ters  which was received on September 1 2 .  

Subsequently, a l e t t e r  dated September 27 came from Marvin Mittleman, 

with whom I had had an exchange o f  correspondence about the dipole 

problem i n  A u g u s t .  

the problem of Dmin by u s i n g  r e s u l t s  of an e a r l i e r  paper of his with 

von H 0 1 d t . l ~  Mittleman and von Holdt had found, f o r  a point  dipole ,  

t h a t  s c a t t e r i n g  amplitudes could not be obtained f o r  e lectrons when one 

of t h e i r  parameters reached the value 1.279. This number implied t h a t  

D = 1.279/2 = 0.6395 eao, b u t  they had not interpreted th i s  finding o r  

I wrote u p  our solut ion and s e n t  a 

Mittleman r e l a t e d  t h a t  he and Myerscough had solved 
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r e l a t e d  i t  t o  t h e  bound-state problem. Mi t t leman had r e c e i v e d  our  

manuscr ip t  t o  rev iew f o r  Phys ica l  Review L e t t e r s  and suggested i n  h i s  

l e t t e r  t h a t  o u r  two papers, which were e n t i r e l y  d i f f e r e n t  mathemat ica l l y ,  

be submi t ted together ,  b u t  t o  another  j o u r n a l .  He d i d  n o t  f e e l  t h a t  

r a p i d  p u b l i c a t i o n  was necessary and had r e t u r n e d  our  manuscr ip t  t o  

Goudsmit w i t h  t h a t  recommendation. By t h i s  t i m e  I was aware t h a t  

severa l  i n v e s t i g a t o r s  were f o l l o w i n g  up on papers t h a t  Fox and I had 

publ ished?’”  and so I f e l t  t h a t  speed o f  p u b l i c a t i o n  was warranted. 

We s e n t  t h e  two papers t o  Physics L e t t e r s ,  where they  appear t o g e t h e r .  12,15 

T h e i r  paper was r e c e i v e d  on October 7 and ours on October 17, e d i t o r  

t e r  Haar k i n d l y  a l l o w i n g  me one r e - w r i t e  t o  comply w i t h  t h e  j o u r n a l ’ s  

l e n g t h  r e s t r i c t i o n s .  

On October 21, W. Byers Brown s e n t  me a l e t t e r  and p r e p r i n t  o f  t h e  

s o l u t i o n  t h a t  he and Robert  E.  Roberts had ob ta ined f o r  Dmin. 

s o l u t i o n ,  which was r e c e i v e d  by t h e  Journal  o f  Chemical Physics on 

October 24, was pub l ished as a l e t t e r . 1 3  

Phys ica l  Review L e t t e r s  conta ined t h e  a b s t r a c t  o f  an a r t i c l e  w i t h  s t i l l  
16 another  s o l u t i o n  t o  be pub l ished i n  Phys ica l  Review. Th is  paper, 

by Jean-Marc Levy Leblond, was r e c e i v e d  on August 15, and so  he was 

probab ly  t h e  f i r s t  o f  these f o u r  groups t o  f i n d  t h a t  Dmin = 0.639 eao. 

H i s  method and t h a t  o f  Brown and Roberts a r e  e s s e n t i a l l y  t h e  same. 

The l a t t e r  au thors  a l s o  showed t h a t  i n c l u s i o n  o f  a r e p u l s i v e  r a d i a l  

core  does n o t  a f f e c t  t h e  v a l u e  of Dmin. 

T h e i r  

The October 31 issue o f  

A number o f  i n v e s t i g a t i o n s  r a p i d l y  added t o  the  knowledge o f  t h e  

e l e c t r o n - d i p o l e  system. Crawford and Dalgarno17 presented a general  

argument t h a t  a n o n - c r i t i c a l  va lue  e x i s t s  and gave i t s  c o r r e c t  va lue  
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based on t h e  Mit t leman-von H o l d t  paper . I4  Crawford18 showed t h a t  the 

i s  t h a t  o f  

a f i n i t e  d 

va lue  o f  D 

s t a t e s  f o r  

ex i s tence  o f  bound s t a t e s  depends o n l y  on the va lue  o f  D when the f i e l d  

core  o r  

t i c a l  

Bound 

t h e r e  i s  

e i t h e r  a p o i n t  d i p o l e  p l u s  a s u f f i c i e n t l y  r e p u l s i v e  

p o l e .  Each symmetry c l a s s  o f  s t a t e s  has i t s  own c r  

and an i n f i n i t e  number o f  s t a t e s  e x i s t  when any do. 

t h e  pure  p o i n t  d i p o l e  " f a l l  t o  t h e  c e n t e r " l g  un less  
3 A  

a s t r o n g  r e p u l s i v e  core.  

M i t t l eman  and Myerscough and c a l c u l a t e d  the  minimum d i p o l e  moments 

necessary f o r  hav ing  e x c i t e d  s t a t e s  w i t h  d i f f e r e n t  numbers o f  nodes and 

Coulson and Walmsley'" extended the work o f  

values of angu lar  momentum about t h e  d i p o l e  a x i s .  

Poss ib le  Phys i ca l  I m p l i c a t i o n s  

F i g u r e  3 summarizes some o f  t he  i n f o r m a t i o n  developed a t  t h i s  

p o i n t .  

c a l c u l a t e d  by W a l l i s ,  Herman, and M i lnes  as a f u n c t i o n  o f  d i p o l e  

m ~ m e n t . ~  The dashed curve shows ou r  values. ' '  As seen from t h e  

The s o l i d  curve shows t h e  ground-s ta te  e l e c t r o n i c  b i n d i n g  energy 

i n t r o d u c e d  t o  e x p l a i n  the 

H20 i s  s u f f i c i e n t  t o  b i n d  

o t h e r  hand, the  ex i s tence  

behav io r  i n  o t h e r  ways, s 

opened when D > Dmin. 

f i g u r e ,  t h e  c r i t i c a l  moment f a l l s  among values f o r  a number o f  common 

molecules.  The theo ry  appears t o  r u l e  o u t  t h e  cap tu re  hypothes is  

da ta  i n  F ig .  1. Whi le t h e  d i p o l e  moment o f  

an e l e c t r o n ,  t h a t  o f  H2S i s  n o t .  On the  

be expected t o  a f f e c t  s c a t t e r i n g  

channels o f  i n t e r a c t i o n  a r e  
of "min 
nce add 

An i n t e n s i v e  e f f o r t  was ma 

m igh t  

t i ona 

e--wi 

few years  t o  d e t e c t  e x p e r i m e n t a l l y  some 

hou t  success--dur ing the n e x t  

e f f e c t  t o  show t h e  ex i s tence  

o f  Dmin i n  electron-swarm exper iments.  21-24 T h e o r e t i c a l  a t t e n t i o n  

s h i f t e d  t o  p o s i t i v e - e n e r g y  e l e c t r o n i c  s t a t e s  and t o  non -s ta t i ona ry  
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d ipoles .  

t o  CERN i n  Geneva, Switzerland, and discontinued work on the problem. 

My colleague, W .  R .  Gar re t t ,  continued the important theore t ica l  i nves t i -  

gat ions a t  t h i s  time. He showed t h a t ,  f o r  a dipole  f r e e  to  r o t a t e  about 

i t s  f ixed center ,  the c r i t i c a l  dipole  moment depends on both the moment 

of i n t e r t i a  I and the length R of the d ipole ,  even f o r  f ixed D .  

Moreover, the c r i t i c a l  values f o r  ro ta t ing  dipoles increase with the 

angular-momentum quantum number. 

f o r  an e lec t ron  swarm in thermal equilibrium w i t h  a polar g a s  a t  room 

temperature could not be expected t o  permit measurement of D m i n .  

G a r r e t t ’ s  work and the contr ibut ions of  other  inves t iga tors  a re  summar- 

ized i n  h i s  1972 paper. 

In ear ly  1969, I was preparing t o  leave on a y e a r ‘ s  assignment 

T h u s ,  measurements of d r i f t  veloci ty  

25 

The Capture o f  Negative Mesotrons i n  Matter: Fermi-Teller, 1947 

I n  ear ly  1968 t h i s  s tory  took an unexpected t u r n .  A t  a seminar 

t h a t  Ken Fox gave a t  the J e t  Propulsion Laboratory, where he was 

working t h a t  yea r ,  H. B .  Snodgrass remarked t h a t  he thought the 

electron-dipole  system had been worked out by Wightman i n  a Princeton 

thes i s  in the l a t e  1940’s.  A search o f  the  Physical Review Index 

quickly uncovered A.  S.  Wightman’s 1949 paper26 e n t i t l e d  “Moderation 

of Negative Mesons i n  Hydrogen I :  Moderation from H i g h  Energies t o  

Capture by an H2 Molecule.” Wightman calculated the slowing-down times 

f o r  negative 1-1 and n mesons and p a r t i c l e s  w i t h  o ther  masses. 

meson ve loc i t i e s  ( v  >> e / h )  he used the  ordinary stopping-power 

formula and a t  intermediate speeds, an exact Born-approximation evaluation 

f o r  atomic hydrogen. 

approach in which the negative meson and nuclei a r e  regarded, t o  a f i r s t  

A t  high 
2 

2 A t  low speeds ( v  e / h )  he employed an ad iaba t ic  
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approximation, as  being a t  r e s t ,  with the electrons moving in s ta t ionary  

s t a t e s  around them. To understand molecular hydrogen, Wightman f i r s t  

mately the 

t h a t  of an 

moment eR. 

Consequent 

discussed the T -  in te rac t ion  with atomic hydrogen in some deta 

says,  "The qua l i t a t ive  nature of the electron wave function i s  

from the f a c t  t h a t  for  large proton separat ions,  R ,  i t  must be 

wave function of a hydrogen atom, and f o r  small sep, 

ence of 

proba bi 

medi urn. 

with a 1 

electron moving in the potent ia l  o f  an e l e c t r i c  

For su f f i c i en t ly  small R ,  such a dipole has no 

y ,  i t  i s  c l e a r  t h a t  there  e x i s t s  a c r i t i c a l  rad 

1 .  He 

evident 

approxi - 

ra t ions  

dipole of 

bound s t a t e s .  
us Rc ( 0 , o )  

such t h a t  for  R < Rc ( o y o )  no bound s t a t e s  ex is t .8"  Wightman's foot-  

note 8 r e fe r s  t o  s t i l l  e a r l i e r  work: 'I ... The exis tence and s i z e  of the 

c r i t i c a l  radius f o r  o u r  problem was pointed o u t  by Fermi and Te l l e r ,  Phys. 

Rev. 72, 406 (1947) . "  

The Fermi-Teller paper27 i s  e n t i t l e d  "The Capture of Negative 

They ca lcu la te  in some de ta i l  the slowing down of Mesotrons i n  Matter." 

mesons in the energy range below 2000 eV, where the f i r s t  Born-approxi- 

mation theory of stopping power i s  not va l id .  

required f o r  a meson t o  slow down and be captured i s  shor t  compared with 

the meson's natural  decay time. Fermi and Te l l e r  a l so  discuss the inf lu-  

They show t h a t  the time 

the physical and chemical s t a t e s  of matter and the r e l a t i v e  

i t i e s  o f  capture by nuclei of d i f f e r e n t  atomic number in a 

They der ive an energy-loss formula f o r  a p a r t i c l e  in te rac t ing  

egenerate e lectron gas and apply i t  t o  metals, insu la tors ,  gases, 

and chemical compounds. In discussing insu la tors  Fermi and Tel le r  

point o u t  t h a t  the energy received by an electron must be a t  l e a s t  as  

large as  the gap between two Bri l louin zones. Their discussion includes 
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t h e  f o l l o w i n g  d e s c r i p t i o n :  "Furthermore, the  a c t u a l  s i z e  o f  t h e  

B r i l l o u i n  gap i s  a f fec ted  by the  l o c a l i z a t i o n  o f  t h e  mesotron on one 

l a t t i c e  atom. Since, a t  l e a s t  i n  the  c r i t i c a l  cases, t h e  mesotron i s  

captured  f a i r l y  f a r  i n s i d e  t h e  atom, t h e  atom i s  e f f e c t i v e l y  tu rned  

i n t o  an element w i t h  atomic number (Z-1) .  

i s o l a t e d  atom, t h i s  would lower  t h e  i o n i z a t i o n  energy o f  the  atom and t u r n  

i t  i n t o  t h e  much s m a l l e r  va lue  which u s u a l l y  i s  c a l l e d  t h e  e l e c t r o n  

a f f i n i t y  o f  t h e  atom o f  charge (Z-1) .  

may even be zero.  I n  t h e  s p e c i a l  case o f  mesotron cap tu re  by t h e  hydrogen 

atom, i t  i s  found t h a t  when t h e  mesotron approaches t h e  nuc leus t o  a 

d i s t a n c e  o f  0.639 Bohr r a d i i ,  t he  b i n d i n g  energy o f  the  e l e c t r o n  becomes 

zero. I n  t h e  c losed  s h e l l  s t r u c t u r e  u s u a l l y  found i n  i n s u l a t o r s  . . . . I '  

I f  we a re  d e a l i n g  w i t h  an 

A c t u a l l y  t h i s  e l e c t r o n  a f f i n i t y  

The va lue  o f  t he  c r i t i c a l  d i p o l e  moment i s  thus g i ven  i n  pass ing,  

a lmost  as an as ide .  

T e l l e r  paper, n o r  i s  t h e r e  any i n d i c a t i o n  of how i t  was c a l c u l a t e d .  I had 

a f e a r  a t  t h i s  p o i n t  t h a t  t h e  c a l c u l a t i o n  m igh t  be t r i v i a l .  A t  any r a t e ,  

unknown t o  the  f o u r  groups 12y13 '15 '16  who were i n  p ress  s imu l taneous ly  t o  

p u b l i s h  Dmin, and unknown t o  a number o f  au thors  o f  subsequent papers-- 

and j o u r n a l  r e v i e w e r s - - t h i s  d i scove ry  was made independent ly  i n  mo lecu la r  

phys i cs  some twenty  yea rs  a f t e r  i t  had been made i n  p a r t i c l e  phys ics .  I f  

t h e  F e r m i - T e l l e r  c a l c u l a t i o n  was so  s imp le  t h a t  t he  method was n o t  wor th  

n o t i n g ,  then t h a t  f a c t ,  too,  had escaped the  mo lecu la r  t h e o r i s t s .  

No o t h e r  ment ion i s  made o f  Dmin i n  the  Fermi- 

I t r i e d  t o  t h i n k  o f  ways t o  uncover t h e  Fe rm i -Te l l e r  s o l u t i o n .  

The f i r s t  t h i n g  I d i d  was c o n s u l t  the  U n i v e r s i t y  o f  Chicago Press 

volumes o f  Fe rm i ' s  C o l l e c t e d  Papers ,28 which have i n t r o d u c t o r y  notes t o  

many o f  h i s  p u b l i c a t i o n s .  The paper i n  ques t i on  i s  No. 233, and i s  

two 
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in t roduced by T e l l e r  t o g e t h e r  w i t h  paper No. 232, e n t i t l e d  "The Decay 

o f  Negat ive Mesons i n  M a t t e r . "  T e l l e r ' s  i n t r o d u c t i o n  i s  i n c l u d e d  here:  

N o  232 and 233. 

Fermi 's  i n t e r e s t  i n  t h e  p e c u l i a r l y  smal l  i n t e r a c t i o n  
o f  t h e  p mesons w i t h  n u c l e a r  m a t t e r  was e x c i t e d  by the  work 
o f  M. Conversi,  E.  Panc in i  and 0. P i c c i o n i .  I n  a co l loqu ium 
a t  which Fermi was absent, I happened t o  hear about t h i s  work. 
A few days l a t e r  I t o l d  Fermi about t h e  p u z z l i n g  f a c t  found 
by t h e  I t a l i a n  group t h a t  decay o f  negat ive  1-1 mesons seems 
more probab le  than r e a c t i o n  w i t h  t h e  n u c l e a r  m a t t e r  i n  t h e  
carbon nucleus. I t  was a t  once obvious t h a t  t h i s  p o i n t s  toward 
a very  weak i n t e r a c t i o n  o f  1-1 mesons and nucleons. 
had a r r i v e d  a t  a s i m i l a r  conc lus ion  and through correspondence 
we arranged a s h o r t  j o i n t  note.  

a t i o n s  should be i n v e s t i g a t e d  as v i g o r o u s l y  as p o s s i b l e .  
wondered whether t h e  process o f  c a p t u r i n g  the 1~ meson i n t o  i t s  
lowest  o r b i t  around the  carbon nucleus may perhaps t a k e  a con- 
s i d e r a b l e  l e n g t h  o f  t ime.  I f  so, t h e  r e l a t i v e l y  g r e a t  number 
o f  p meson decays m i g h t  t a k e  p l a c e  d u r i n g  t h e  t ime o f  capture.  
As a r e s u l t  we looked i n t o  t h e  capture  process i n  very  g r e a t  
d e t a i l .  A c t u a l l y  i n  our  conversat ions I was most o f  t h e  t ime 
t h e  l i s t e n e r .  Due t o  t h e  f a c t  t h a t  t h e  s t a t i s t i c a l  (Fermi-  
Thomas) p i c t u r e  o f  t h e  atom proved adequate, t h e  answer 
c o u l d  be ob ta ined i n  a s t r a i g h t f o r w a r d  and conv inc ing  way. 
There was o n l y  one somewhat d i f f i c u l t  quest ion:  Whether a 
r e l a t i v e l y  h i g h  number o f  1-1 mesons c o u l d  be t rapped i n  h i g h  
angu lar  momentum s t a t e s  around t h e  nucleus. (Energy l o s s  from 
these s t a t e s  i s  more d i f f i c u l t . )  I n  the  end an o r d e r l y  survey 
o f  t h e  energy l o s s  mechanisms i n  v a r y i n g  substances proved 
f eas i b l  e. 

A t  the  t i m e  when t h i s  a r t i c l e  was w r i t t e n  Fermi and I 
shared a s e c r e t a r y  (Nancy McMi l lan)  who had a degree i n  
chemist ry .  
t o  Mrs. McMi l lan.  Since Fermi and I f r e q u e n t l y  i n t e r r u p t e d  
each o t h e r  i n  t h e  a c t u a l  f o r m u l a t i o n  t h e  f i r s t  d r a f t  became 
a l i t t l e  confused. That  a d r a f t  was produced a t  a l l  was due 
t o  t h e  e x c e l l e n t  work o f  our  s e c r e t a r y .  I t  was then my j o b  
t o  t r a n s f o r m  the  f i r s t  d r a f t  i n t o  a manuscr ip t ,  The Capture 
of Negative Mesotrons in Matter. 
w i t h  l i m i t e d  success. 

Weisskopf 

A t  t h e  same t i m e  Fermi f e l t  t h a t  a l t e r n a t i v e  explan- 
He 

The paper was a c t u a l l y  w r i t t e n  by g i v i n g  d i c t a t i o n  

T h i s  I d i d  ( I  am a f r a i d )  

E .  T e l l e r .  
No mention o f  the  c r i t i c a l  charge s e p a r a t i o n  f o r  e l e c t r o n i c  b i n d i n g .  
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Te l l e r  v i s i t s  O R N L  

I t  was about th i s  time t h a t  I learned t h a t  Edward Teller was 

coming t o  ORNL t o  v i s i t  the  Civil  Defense pro jec t .  His schedule i n  

Oak Ridge was extremely t i g h t ,  b u t  I hoped t o  have an opportunity t o  a t  

l e a s t  ask him about the 1947 paper. The program f o r  Friday afternoon, 

April 26, 1968, ca l l ed  f o r  Karl Morgan, Director o f  the Health Physics 

Division, t o  drive Te l l e r  from the X-10 s i t e  of ORNL over t o  the Biology 

Division a t  Y-lZ--about a ten-minute t r i p .  

t o  my request t o  accompany the two of them and use t h i s  opportunity t o  

ask Te l l e r  about the  ca lcu la t ion  of D m i n .  

Morgan graciously consented 

During the shor t  time ava i lab le  we only b r i e f l y  g o t  in to  the 

problem. T e l l e r  did n o t  r eca l l  o f f  hand how the number was arr ived a t  

f o r  the 1947 paper, b u t  made one o r  two suggestions a n d  sa id  he would 

wr i te  me a f t e r  looking in to  h is  f i l e s  w h e n  he returned to  Livermore. 

In May I wrote him t h a t  I was unable t o  carry t h r o u g h  a der ivat ion based 

on o u r  conversation. On October 22 Te l l e r  wrote back, " A t  l a s t  I have 

g o t t e n  around t o  considering the dipole  problem which we discussed. 

I am qu i t e  sure t h a t  a t  the time Fermi and I worked together  I handled 

this  portion by using the separa te  two-center equation and used some 

simple approximation, I forget which." He went on t o  descr ibe a hand- 
29 book a r t i c l e  he was preparing w i t h  H .  L .  Sahlin on two-center problems. 

I n  t h i  

emp 1 oy 

values 

approx 

paper Te l l e r  and Sahlin used the separated equations and 

a var ia t iona l  p r inc ip l e  t o  obtain u p p e r  bounds f o r  pa i r s  of 

of R and the separat ion constant .  They obtain a very simple 

mate so lu t ion ,  which y i e l d s  D = 0.6394 eao f o r  zero energy. 
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Wi th t h i s  development the  h i s t o r i c a l  quest  o f  t h e  problem 

appeared t o  be f i n i s h e d  w i t h o u t  hav ing uncovered the  1947 s o l u t i o n .  

Four Years Later--Lunch a t  t h e  U n i v e r s i t y  o f  Chicago 

It was n o t  u n t i l  January o f  1972 t h a t  I g o t  e x c i t e d  aga in  about 

the p o s s i b i l i t y  of t r a c k i n g  down t h e  o r i g i n a l  c a l c u l a t i o n  o f  the  

c r i t i c a l  d i p o l e  moment. Ray G a r r e t t  and I had v i s i t e d  Argonne N a t i o n a l  

Laboratory  and, before l e a v i n g  f o r  Oak Ridge, we had l u n c h  a t  t h e  

U n i v e r s t y  of Chicago w i t h  Ugo Fano and severa l  o f  h i s  graduate s tudents.  

The d i s c u s s i o n  g o t  around t o  our  d e s c r i b i n g  t h e  h i s t o r y  o f  Dmin as 

r e l a t e d  above. Fano observed t h a t  Fermi 's  c o l l e c t e d  papers and notebooks 

a r e  l o c a t e d  t h e r e  on the  campus i n  t h e  U n i v e r s i t y  L i b r a r y .  

t h e  i n f o r m a t i o n  t h a t  t h e  F e r m i - T e l l e r  paper was r e c e i v e d  by t h e  Phys ica l  

Review on May 28, 1947, one o f  t h e  s tudents,  Ted Roth, wro te  me s h o r t l y  

t h e r e a f t e r  t h a t  he had found about f i f t e e n  notebook pages on t h e  d i p o l e  

problem i n  the  Fermi c o l l e c t i o n .  The work showed a number o f  at tempted 

s o l u t i o n s  and severa l  numer ica l  i n t e g r a t i o n s  i n v o l v i n g  h y p e r b o l i c  func-  

t i o n s .  The m a t e r i a l  appears i n  Notebooks 100 ( D l Z ) ,  c o v e r i n g  t h e  

p e r i o d  October 5, 1945-January 7, 1947, and 101 ( D l l ) ,  cover ing  

January 8, 1947-June 12, 1947. Roth arranged f o r  t h e  L i b r a r y  t o  send 

me photocopies of  these pages. The f o l l o w i n g  m a t e r i a l  and photographs 

a r e  made p o s s i b l e  by t h e  Cura tor  o f  Spec ia l  C o l l e c t i o n s ,  U n i v e r s i t y  o f  

Chicago L i b r a r y .  

Armed w i t h  

F e r m i ' s  Notebooks 100 (012) and 101 ( D l l )  

F i g u r e  4 shows t h e  beg inn ing  o f  Fermi 's  c a l c u l a t i o n  on page 285, 

dated December 31, 1946. o f  Notebook 100 (D12). On t h i s  page and t h e  
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F i g .  4 
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next, F i g .  5 ,  he introduces atomic un i t s  and separates  the two- 

dimensional Schrodinger equation in  e l l i p t i c  coordinates p and 1 ~ .  

Equation ( 3 ) ,  above, with $= u ( p )  v (u) leads d i r e c t l y  t o  the two 

d i f f e r e n t i a l  equations in  the lower half of F i g .  5 ,  in  which a i s  the 

separation constant.  On the next page, which i s  dated January 3 ,  1947, 

Fermi introduces the transformation p = coth x and obtains f o r  the 

" r ad ia l "  equation 

where 0 < x < 00. The subs t i tu t ion  a = - ~ - y  leads t o  

\ 
'= ( s i n h  4 x 

{ E  

dx 

in terms o f  t he  modified separation constant y .  

equation Fermi introduces a new variable  by writ ing 1~ = tanh z ,  w i t h  

-00 < z < m. The second of the separated equations i n  Fig. 5 then 

becomes, in  terms of z ,  

I n  the "angular" 

( 9 )  
sinh z 
cosh z 

+y +B- - - -  
2 

dz  2 cosh z 2 

which appears on page 293 of the Notebook. 

The next several pages in  Notebook 100 (D12) a r e  taken up  with 

t r i a l  so lu t ions ,  numerical approximations and sketches o f  various 

functions and terms, p a r t i c u l a r l y  f o r  small E ,  y, and x .  On page 297, 

which appears a s  F i g .  6 ,  he solves the  radial  equation f o r  zero energy 

and small x ,  obtaining the condition y < 1 / 4 .  T h i s  i s  the l a s t  page 

i n  Notebook 100 ( D 1 2 ) .  
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Fermi cont inues  t h e  d i p o l e  problem by r e w r i t i n g  t h e  separated 

equat ions  on page 3 of Notebook 101 ( D l l ) ,  except  t h a t  he changes the  

separa t i on  cons tan t  f rom cx t o  -a and w r i t e s ,  now, a = E + y. 

r i g h t  angles t o  page 3 a long  the  c e n t e r  marg in of t he  notebook i s  a 

s i n g l e  sheet  o f  "Exp lanat ions  added 2/10/50" (some t h r e e  yea rs  l a t e r ) .  

The two s ides  of  t h i s  i n s e r t i o n  a r e  shown i n  F igs .  7 and 8.30 A t  t he  

bot tom o f  t h e  f r o n t  s ide ,  Fermi summarizes t h e  d e r i v a t i o n  o f  t h e  separ- 

a ted  equat ion ,  which he had w r i t t e n  on page 3 o f  Notebook 101 (D11). On 

the  back of t h e  sheet, F i g .  8, he i n d i c a t e s  t h a t ,  when E = 0, t h e  f i r s t  

[ r a d i a l ]  equat ion  g i ves  a = 1 / 4 .  

E = 0 . )  

b. He re fe rences  page 12 f o r  t h e  numer ica l  s o l u t i o n .  

Fo l l ow ing  these i n s e r t e d  exp lana t ions ,  pages 4-6 i n  Notebook 101 

Taped a t  

(W i th  re fe rence t o  F ig .  6, ~1 = y when 

The second [angu la r ]  equat ion  determines t h e  c r i t i c a l  va lue  o f  

(D11) c o n t a i n  numer ica l  c a l c u l a t i o n s ,  u s i n g  expansions f o r  t h e  powers 

o f  s i n h  and t r y i n g  a s o l u t i o n  o f  t he  form u = e- f .  

page 6 i s  w r i t t e n  t h e  l a s t  date,  January 9, 1947. Pages 7 and 8 have a 

rough numer ica l  s o l u t i o n  f o r  y= 0.09 and E= 0, based on the  f a c t  t h a t  

u i s  cons tan t  f o r  l a r g e  x .  On page 9 Fermi r e t u r n s  t o  u = e-f w i t h  x 

smal l ,  and on page 10 he c a l c u l a t e s  l / x  , l/x - l / x  and y ( l / x  - l / x  ) 

w i t h  x v a r y i n g  between 0 and 3.0 i n  s teps  o f  0.1. 

A t  t h e  bottom o f  

2 4 2  4 2  

Page 11, shown i n  F ig .  9, g i ves  a numer ica l  s o l u t i o n  o f  t he  

r a d i a l  equat ion  (8)  w i t h  E = 0 and y = 1 / 4 .  I n  t h e  o r i g i n a l  wave equat ion  

( F i g .  4 ) ,  p v a r i e s  be 

t h e  two charges. The 

so t h a t ,  when x tends 

when x i s  l a r g e  t h e  e 

ween 1 and a, p = 1 r e p r e s e n t i n g  the l i n e  connect ing  

t r a n s f o r m a t i o n  p = c o t h  x i n v e r t s  t h e  coord ina tes  

toward i n f i n i t y ,  p tends toward u n i t y .  Thus, 

e c t r o n  i s  near  the  d i p o l e  and the  r a d i a l  wave 
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func t ion ,  which Fermi denotes by y on page 11, does n o t  change much as x 

approaches i n f i n i t y .  The c o n d i t i o n  y % c o n s t a n t  a t  l a r g e  x p e r m i t s  i n t e -  

g r a t i o n  of t h e  r a d i a l  equat ion  i n  c l o s e d  form. 

c o n d i t i o n  y ( - )  = 1, t h e  approximate s o l u t i o n  f o r  l a r g e  x i s  g i v e n  a t  

t h e  bottom of page 11. The formulas can be used t o  c a l c u a t e  y and y '  

a t  l a r g e  x and beg in  t h e  numer ica l  i n t e g r a t i o n  o f  the  r a d i a l  equat ion  

toward x = 0. 

from the  values ca lcuated  f o r  y ( 3 . 0 )  and y ' ( 2 . 9 )  w i t h  A X  = 0.2. I t  i s  

c l e a r  t h a t  x = 3 i s  " la rge , "  because p = c o t h  3 = 1.0050, showing t h a t  

the  e l e c t r o n  c o o r d i n a t e  i s  a lmost  on t h e  d i p o l e  a x i s .  

( F i g .  10)  Fermi i n t e g r a t e s  over  a f i n e  mesh, A x  = 0.02, f rom x = 1.00 

t o  zero.  

(0 .99) ,  c a l c u l a t e d  f rom the  formulas on page 11. 

Wi th  t h e  boundary 

The l a s t  t h r e e  columns g i v e  y, y ' ,  and y" ,  s t a r t i n g  

On page 12 

The s t a r t i n g  e n t r i e s  i n  columns 3 and 4 a r e  y (1 .00)  and y '  

From t h e  d e s c r i p t i o n  i n  F i g .  8 I assumed t h a t  the numerical  

s o l u t i o n  f o r  t h e  c r i t i c a l  v a l u e  of b appears on page 12. A t  f i r s t  

g lance i t  i s  n o t  a l t o g e t h e r  obvious e x a c t l y  what t h e  numbers represent .  

Toward t h e  bot tom o f  page 12 t h e r e  appears t o  be an i n t e r p o l a t i o n  

around t h e  v a l u e  0.6234, which catches t h e  eye. D e t a i l e d  work shows, 

however, t h a t  t h e  l a s t  t h r e e  columns on page 12 represent  t h e  same 

q u a n t i t i e s  as they  do on page 11: y, y ' ,  and y", b u t  over  a f i n e r  mesh 

and over  t h e  s m a l l e r  i n t e r v a l ,  1 t o  0. 

Fermi began a new problem on page 13, and n o t h i n g  more on 

the  d i p o l e  appears i n  t h e  Notebook, which covers the  p e r i o d  beyond 

r e c e i p t  o f  t h e  1947 manuscr ip t  by t h e  P h y s i c a l  Review. I searched t h e  

no tes  descr ibed here h i g h  and low f o r  any c l u e  as t o  how Fermi 

determined t h e  c r i t i c a l  v a l u e  o f  b. I reproduced v i r t u a l l y  every 
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number he had wr i t ten  i n  various places.  In Fig. 9 ,  f o r  example, 

1.17520 = s i n h  1;  3.854 = 3 + I n  ’2 s i n h  1 = 4 y ( l )  = 4x.9635. Ray 

Garre t t  and Hal Schweinler went through the notes w i t h  me several  

times. After  much work, I gave up again.  

A Visit t o  the Fermi Collect ion,  June 1975 

I could never qu i t e  get the  problem out of  my m i n d ,  t h o u g h .  

I intended t o  v i s i t  the Fermi co l lec t ion  someday and have a f i r s t -  

hand look. Considerable time had passed when I received a l e t t e r  in 

the spr ing of 1975 from Fano about another matter.  

I decided t h a t  there would never be a b e t t e r  time t o  v i s i t  Fermi’s 

co l l ec t ion ;  and so I asked Fano t o  p u t  me i n  touch w i t h  the proper 

a u t h o r i t i e s .  I boned u p  again on the mathematical d e t a i l s  of Fermi’s 

notes and spent June 24 a t  the Regenstein Library,  University o f  Chicago 

In answering him, 

When you v i s i t  the Fermi co l l ec t ion ,  you a r e  shown a l i s t  t h a t  

b r i e f ly  descr ibes  the co l l ec t ion  and, i n  some d e t a i l ,  the contents 

o f  the  49 boxes t h a t  comprise i t .  The l i s t i n g  i s  not indexed, 

and so some study i s  required t o  ge t  a bearing on where s p e c i f i c  

material  migh t  be located.  T h e  photocopies t h a t  I had from Ted R o t h  

came from the Notebooks i n  Box X X  of the co l l ec t ion ,  and so I s t a r t e d  

there .  Figure 11 shows the reading room i n  the Special Collections 

Department of the Regenstein Library,  where material  i s  brought t o  

v i s i t o r s  f o r  study. From the windows o f  the reading room, one can 

see the monument t h a t  marks the s i t e  of the f i rs t  chain-reacting p i l e  

on December 2 ,  1942. 
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I looked through Notebooks 100 (D12) and 101 ( D l l )  page by page 

t o  t r y  t o  f ind  any ca lcu la t ions  Fermi had made on the dipole  problem 

i n  addi t ion t o  those I already had. I ended the  day no more enlightened 

than I had begun i t ,  except f o r  having c l a r i f i e d  one mystery. T h e  

upper right-hand corner of the  "Explanations added" sheet  ( F i g .  7 )  

bears the notat ion "See MG 3/904." I f e l t  t h a t  t h i s  reference could be 

a key t o  the missing ca lcu la t ion  of Dmin .  I searched without success 

through several  boxes t h a t  contain Fermi I s  " A r t i f i c i a l  Memory." Mary 

Janzen Wilson o f  the  Library ' s  s t a f f ,  who was helping me look through 

some fo lders  i n  another box, found a sheet  of paper bearing the label 

"MG 3/903." I t  contained, i n  Fermi's handwriting, the expressions f o r  

the square of the element of d i s tance ,  the element o f  volume, and 

the Laplacian i n  parabolic coordinates .  Behind i t  was "PIG 3/904" with 

these quan t i t i e s  wr i t ten  in e l l i p t i c  coordinates ( F i g .  1 2 ) .  

When I returned t o  Oak Ridge I went through the  numerical 

ca lcu la t ions  again t o  t r y  t o  see whether I had missed something 

e s s e n t i a l .  

more i n  d e t a i l ,  espec ia l ly  over the  region around x = 0.10, where 

Fermi had apparently in te rpola ted .  I used a mesh Ax = 0.002 and 

p lo t ted  the funct ions y ,  y '  and y" i n  an attempt t o  discaver any 

evidence of pecul ia r  behavior there .  R .  N .  Hamm and H .  A .  Wright 

joined i n  this search,  b u t  nothing new turned u p .  

special  markings near the bottom of page 1 2  remains a mystery t o  me. 

During the  next few weeks, as  I continued looking t h r o u g h  the 

I went through page 12 ( F i g .  10) of Notebook 101 (D11)  once 

The reason f o r  the 

notes I had, I thought of three o ther ,  more remote, p o s s i b i l i t i e s  

f o r  f inding the so lu t ion .  First, Fermi may have worked out Dmin 
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a f t e r  t h e  1947 a r t i c l e  was submi t ted  i n  May and i n s e r t e d  i t s  va lue  i n  

p r o o f .  

1947, by which t ime  t h e  p r o o f s  were probab ly  r e t u r n e d  t o  t h e  Phys ica l  

Review. 

February 10, 1950, t h e  da te  o f  t h e  added exp lana t ions .  

t h a t  day l e d  him t o  add t h e  sheet  t o  Notebook 101 ( D 1 1 ) .  

cou ld  see whether t h e  Fermi c o l l e c t i o n  had copies o f  g a l l e y  p r o o f s  o r  

correspondence w i t h  t h e  Phys i ca l  Review which cou ld  p o s s i b l y  e n l i g h t e n  

Therefore, I should search h i s  notebooks through t h e  end o f  

Second, I shou ld  t ry  t o  f i n d  what he was work ing  on around 

Something on 

T h i r d ,  I 

me.31 Perhaps t h e  Phys i ca l  Review s t i l l  had a f i l e  on the  paper. 32 

Second V i s i t ,  October 1975 

On October 7 I r e t u r n e d  t o  t h e  Regenstein L i b r a r y  w i t h  l i m i t e d  

optimism, f e e l i n g  t h a t  t h i s  would p robab ly  be t h e  l a s t  chance t o  f i n d  

Fe rm i ' s  s o l u t i o n .  

page by page, th rough t h e  s p r i n g  of 1948. The f i r s t  p l a n  f a i l e d .  

I f i r s t  looked th rough success ive Notebooks, 

There was no evidence of f u r t h e r  work on t h e  d i p o l e  problem. 

i n  Box X I X  I l o c a t e d  Notebook 107 (D5),  cover ing  t h e  p e r i o d  f rom 

December 24, 1949 t o  May 3, 1950. Fermi wro te  an index i n  the  back 

Next, 

pages o f  each Notebook, and so I f i r s t  t u rned  the re .  

t h i s  index,  which i s  t y p i c a l  i n  i l l u s t r a t i n g  t h e  range o f  problems 

F i g u r e  13 shows 

t r e a t e d  i n  h i s  no tes .  

en t r y ,  "Meson cap tu re  by hydrogen 54-57." Page 54 i s  shown i n  F i g .  14. 

Taped t o  t h e  bot tom h a l f  of t h i s  page i s  an o v e r l a y  sheet, which i s  

f o l d e d  o u t  i n  t h e  f i g u r e .  Page 54 bears t h e  da te  February 10, 1950 

and shows t h e  l o n g  sought c a l c u l a t i o n  o f  t he  e igenva lue  B = 1.28. 

What caught my eye a t  once, o f  course, was t h e  
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Fermi re fe rences  t h e  separated equat ions i n  Notebook 101 ( D l l ) ,  

page 3. The l e f t - h a n d  t a b l e  g i v e s  t h e  c a l c u l a t i o n  f o r  B = 1.3; t h e  

r igh t -hand,  f o r  B = 1.2. 

As seen f rom F i g .  8, t h e  wave f u n c t i o n  i s  cons tan t  f o r  l a r g e ,  

p o s i t i v e  x. Fermi e v i d e n t l y  c a l c u l a t e d  t h e  c o e f f i c i e n t  v o u t  t o  x = 

4.4, where i t  i s  a lmost  zero, and s t a r t e d  t h e  numerical  i n t e g r a t i o n  

a t  the  bottom o f  t h e  t a b l e  f o r  x > 0 by s e t t i n g  

v'(4.3) = 0. 

v (4 .4 )  = 100 and 

The numbers on t h e  le f t -hand s i d e  o f  F i g .  14 then f o l l o w  

The term w i t h  tanh x changes s i g n  when' x becomes negat ive ,  

i n t e g r a t i o n  i s  con t inued o u t  t o  x = -4, where t h e  f i r s t  d e r i v a t i v e  

becomes constant ,  v '  = -2.  The process i s  repeated w i t h  B = 1.2 i n  

t h e  r i g h t - h a n d  t a b l e ,  where t h e  f i r s t  d e r i v a t i v e  i s  found t o  approach 

the  va lue v '  = 7 f o r  l a r g e  negat ive  x. 

t h a t  the  f i r s t  d e r i v a t i v e  would approach zero when B = 1.28. Fermi 

goes on f o r  t h e  n e x t  two-plus pages t o  cons ider  the  cross s e c t i o n  

The 

L i n e a r  i n t e r p o l a t i o n  i m p l i e s  

2 (3.6 x cm ) f o r  t h i s  process. He es t imates  t h a t  a 3000 eV 

meson would exper ience 71 c o l l i s i o n s  w i t h i n  the  c r i t i c a l  d i s t a n c e  i n  

monatomic hydrogen b e f o r e  coming t o  r e s t .  

Whi le Fermi 's  s o l u t i o n  a t  l a s t  tu rned up, i t  s t i l l  leaves 

some ques t ions  unanswered. 

elsewhere--or s t i l l  l y i n g  undiscovered i n  one o f  t h e  49 boxes o f  

the  Fermi c o l l e c t i o n - - l e a d i n g  t o  t h e  knowledge t h a t  the  c r i t i c a l  B 

There must have been some work done 

2. The f i r s t  t h r e e  columns on t h e  taped- in  i s  between 1.3 and 1 

r i g h t - h a n d  s i d e  of F 

f rom notes elsewhere 

g. 14 a r e  typed, suggest ing t h a t  they  a r e  copied 
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I n  summary, I cannot say e x a c t l y  how Dmin was f i r s t  c a l c u l a t e d .  

That i t  i s  n o t  i n  Fermi 's  1947 Notebooks i s  c o n s i s t e n t  w i t h  T e l l e r ' s  

r e c o l l e c t i o n  of hav ing  done t h a t  p a r t  o f  t h e i r  paper. 

c o n s i s t e n t  w i t h  F e r m i ' s  hav ing  done i t  h i m s e l f  i n  1950, when he again 

became i n t e r e s t e d  i n  t h e  problem. On t h e  o t h e r  hand, i t  i s  c u r i o u s  

t h a t  Fermi would s o l v e  t h e  r a d i a l  equat ion  n u m e r i c a l l y  i n  1947 and n o t  

go on t o  f i n d  t h e  c r i t i c a l  r a d i u s  then.  A t  any r a t e ,  a l l  o f  t h i s  

was unknown t o  those o f  us who became i n t e r e s t e d  i n  t h e  problem and 

r e c a l c u l a t e d  Dmin = 0.639 eao twenty years  l a t e r .  A t  l e a s t  we know 

t h a t  t h e  va lue  has n o t  changed i n  t h e  i n t e r v e n i n g  years !  
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Binding  energy, - A ,  a s  a function of dipole  moment, D. 

First page o f  Fermi's work on dipole  problem. Notebook 100 
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Separated equations.  Notebook 100 (D12) , p.  286. 
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Condition on modified separation constant ,  y = -CX-E, f o r  
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F i g .  1 1 .  Reading room i n  the Special Collections Department, 

Joseph Regenstein Library, University of Chicago. 

Fig. 12. The m ssing reference,  "MG 3/904." 

Fig. 13. Index t o  Notebook 107 (D5). 

F i g .  14 .  Fermi s ca lcu la t ion  of  the c r i t i c a l  value, B = 1.28.  
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