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Recently, considerable progress has been achieved in understanding phenomena 
which take place in the Coulomb field of a nucleus with Z > Z c. Here Z c is the critical 
charge (1) of the nucleus at which the lower 1S level of the discrete spectrum extends 
to the boundary of the lower cont inuum e = - - 1  (~----e= mr 1). Numerically, 
Zc ~ 170 for a spherical nucleus with radius R = 10 fm (see (2,3)). Production of a 
nucleus with Z > Z~ and an unfilled K-shell should lead to the production of two 
e+e- pairs with the electrons occupying the K-shell and the positrons, having passed 
the Coulomb barrier, going to infinity (for details see (3-5)). An experimental check of 
this prediction is of principal interest, as it means a check of quantum electrodynamics 
in the superstrong field region, where the perturbation theory in the external field is 
no longer valid (**). 

As was noted in a previous paper (9), a supercritical charge may be obtained also 
in the collision of two bare nuclei with Z I +  Z~ > Zr if the minimal distance be- 
tween nuclei is R ~  n < 1. The possibility of producing a beam of fully ionized nuclei 
with Z ~ 90 seems to be quite real at present (e.g. with the help of the ~, Smokatron ,~ 
type accelerator (,0)). However, the difficulties in an experiment with colliding beams 
are tremendous. In  this paper we will show that  spontaneous production of positrons 
takes place even when only one of the nuclei is bare (and the second one has an ordinary 
electron shell structure). This fact provides us with an opportunity to carry out the 
experiment with a heavy target. 

(*) I n s t i t u t e  f o r  T h e o r e t i c a l  a n d  E x p e r i m e n t a l  P h y s i c s  - S e r b u k h o v .  
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l~irst, l e t  us  cons ider  k inemat i c s .  T h e  m i n i m a l  d i s t ance  b e t w e e n  nucle i  for  a h e a d - o n  
coll is ion is equa l  to  R o = Z1Z2e~(1 d- M~/M1)/-E, where  E : M2v~/2 is t h e  k ine t i c  en- 
e rgy  of t h e  i n c i d e n t  nucleus .  M e a s u r e m e n t  of t h e  s c a t t e r i n g  ang le  fixes a l l  t h e  quan t i -  
t ies,  d e t e r m i n i n g  t h e  t r a j e c t o r y  of t h e  nuc leus :  

(1) / ~ = - ~  l+cosec , e = ~ - c t g ~ ,  

a n d  al lows one to select  t h e  e v e n t s  w i t h / ~  < 1 t h a t  are  of in te res t .  F o r  Z~ = Z~ : Z, 

v 2Ze 1 ~ R o  
, 

w h e r e  ~---- 2Z/137 a n d  A = 2 .5Z (R o is m e a s u r e d  in u n i t s  h/m~c = 386 fm).  F o r  ura-  
n i u m  nuc le i  ~ = 1.34, hence  vie ~ 0.025 a t  R o =  1 a n d  vie ~ 0.07 a t  R o =  0.1 (*). T h u s  
t h e  m o t i o n  of t h e  nuc leus  is non re l a t i v i s t i c ,  whi le  t he  ve loc i ty  of t he  K-she l l  e l ec t ron  is 
of t h e  o rder  of c for  la rge  Z. There fore ,  one  m a y  a s s u m e  t h a t  t he  e n e r g y  level  a n d  t he  
K - e l e c t r o n  wave  f u n c t i o n  c h a n g e  w i t h  ]7 ad i aba t i ca l l y .  This  a s s u m p t i o n  al lows one to 
fol low the  e n e r g y  levels  of t h e  e lec t rons ,  w h i c h  were  in i t i a l ly  of t h e  K-she l l  of t h e  t a r g e t  
nuc leus  (Z1, At)  as t h e  nucle i  a p p r o a c h  each  o t h e r  to  fo rm t h e  u n i t e d  a t o m  (UA).  

L e t  Z I < Z 2. T h e n ,  f rom t h e  fo rmu lae  of p a p e r  (11) i t  follows t h a t  as R - ~  0 t he se  
e lec t rons  go i n to  t h e  2 P  s t a t e  of t h e  UA,  i.e. i t s  K-she l l  will  be  comple t e ly  v a c a n t .  
Qua l i t a t i ve ly  th i s  resu l t  is e x p l a i n e d  b y  t h e  o b s e r v a t i o n  t h a t  in  t h e  s y s t e m  (Z 1, Z~, e) 
t h e  s t a t e  w i t h  b a r e  nuc leus  Z 2 a n d  t h e  e lec t ron  on t h e  K - o r b i t  of t h e  Z 1 nuc leus  is a n  
exc i t ed  one  w i t h  respec t  to  t h e  s t a t e  w i t h  ba re  Z 1 a n d  t h e  e lec t ron  a t  Z 2. On t h e  
c o n t r a r y ,  a t  Z 1 > Z2, t h e  K - o r b i t  of t he  U A  will  be  t o t a l l y  filled (11). The  case of 
Z1 = Z2 = Z requi res  special  cons ide ra t ion .  L e t  Zg a n d  X~ be  t h e  e lec t ron  w a v e  func-  
t ions  in  t h e  field of two Cou lomb cen t res  (see, e.g., (12)). A s y s t e m  of two  K-e l ec t rons  
(neglect ing t h e  Coulomb i n t e r a c t i o n  b e t w e e n  t h e m )  is desc r ibed  b y  t he  wave  func t i ons  

(3) 

T I =  2~g(1) 27g(2), 

T~= 2u(1) ~u(2), 

1 

1 
~ 4 =  - ~  {2:g(1)2:u(2)-  2:u(1) 2:g(2)}, 

S ~- 0 ,  

S = I .  

As R-+  0 these  func t ions  go to t he  fol lowing s t a t e s  of t he  U A  

(4) ~1--> l(]St~) 2, ~~ 1(2pt7)2 , ~/Ia--> l(lsc7, 2p(7), ~P'4--> 3(18~, 2pt~) . 

A t  R = c~ t h e  lower  level  is four- fo ld  degenera te .  This  degene racy  is r e m o v e d  w h e n  
i n t e r a c t i o n  b e t w e e n  t h e  e lec t rons  is t a k e n  i n to  account .  I n  t he  secular  equa t ion ,  t h e  

(*) It  should be noted that  for the approach of U nuclei at a distance of R0 = O.1 ~ 40 fm an initial 
kinctie energy of about 600 McV is necessary. 
(11) S. S. (~ERSETEIN and V. D. KRIVCHENKOV: ~urn. Eksp. Teor. Fiz., 40, 1491 (196]). 
(is) I. C. SLATER: Electronic Structure o] 3Iolecules (New York, 1963). 
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states  W a and  ~a are separa ted  and,  at R-->oo, 

(5) 

1 
~a ---> ~ {(Pa(1) ~a(2) - -  ~b(1) ~b(2)}, 

1 
Ta --> - ~  {(pa(1)(Pb(2) - -  (pb(1) ~a(2)}, 

/i73(~) = 2E~ + I ,  

E , ( ~ )  = 2E~, 

where  ~ ( i )  and  ~ ( i )  are the  wave  funct ions  of the  i - th  electron on the  K-orb i t  of t h e  
nuclei  a and  b, / ~  is the  energy of the  K-e lec t ron  in a tom Z and I is the  interac-  
t ion energy  of two K-e lec t rons  in a tom Z. Considering the  in terac t ion  be tween  the  elec- 
trons,  the  superposi t ions ~A and  T B arise f rom the  s tates  ~1 and ~2, and,  at  R-~oo,  
are  of the  form 

(6) 

1 1 
T~ = - ~  (~/ /1-  ~r~2)= ~ {~a(1)~~ qb(1)ga(2)}, 

1 ] 
1//.B = ~ (I/1"i- ~- %)  = ~ {~a(].)~a(2) ~- (pb(i)~b(2)} , 

E ~ ( ~ )  = 2 ~ ,  

EB(~)  = 2E~ + I . 

Thus ,  the  s ta te  in which bo th  K-e lec t rons  belong to one a tom has a higher  energy and 
therefore  i t  goes to the  s ta tes  l ( isa ,  2pa) and l(2pa)~ at  R = 0. In  o ther  words,  in 
the  K-she l l  of the  U A  there  will  be one vacan t  place, wi th  probabi l i ty  �89 and  two 
vacancies,  wi th  probabi l i ty  �89 

The  posi t ron produc t ion  cross-section a+ m a y  be found from the  following consid- 
erations.  L e t  R e =  Rc(Z ~, Z2) be a cr i t ical  dis tance be tween  the  nuclei  at  which 
e o = - -  1 (here e o is the  energy of the  lower s ta te  in the  field of two nuclei). As for 
R < R~, the  level  goes down to the  lower con t inuum,  then  for R close to R~, Co= 
= -  1 - - f l ( R c - - t ~ ) [ R  c ( the es t imat ion  of the  coefficient fl requires numer ica l  calcula- 
t ions similar  to those in ref. (4)). The  probabi l i ty  of posi t ron emission W is de te rmined  
by  the  pene t rab i l i ty  of the  Coulomb barrier ,  which is a lmost  spherical ly uniform for 
R 4< 1. F r o m  here a threshold  behav iour  of the  probabi l i ty  W follows: 

(7)   exp[- 
where  ~ = 2Z/137,  C =  2r t~ /~ /~ ,  E c is the  nuclear  threshold  energy at which R o = R e. 
Use of the  m e t h o d  of paper  (13) gives an approx ima te  formula  for R c which is a sympto-  
t i ca l ly  precise for R << 1. Using this formula ,  we find tha t  R c = 50 fm for U -f  U and 
R c = 100 fm for Cf-4- Cf. I t  exceeds considerably  the  radi i  of these nuclei.  I t  can be 
shown t h a t  f o r / ~  >> Ec the  cross-section a+ does not  conta in  a smal l  exponent ia l  fac tor  
and  a+ ~ R~(1--fl-1) 2. Assuming fl>> 1 in ana logy  wi th  ref. (4) implies  t ha t  a+ reaches 
t he  va lue  of 10 -~5 em ~. 

In  conclusion we note  some background  effects which make  exper imenta l  observa- 
t ion of posi t ron produc t ion  difficult. 

1) P roduc t ion  of e+e - pairs  in heavy-par t ic le  collisions (due to Four ie r  compo- 
nents  of an a l t e rna t ing  electric field wi th  f requency  ~ > 2m~). F o r  Z1Z2e~flic>> vie to 

(1,) V. S. POPOV: Zurn. Eksp. Teor. Fiz. Pis'ma, 16, 355 (1972). 
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es t imate  the  cross-section for this process one can  apply  a quasi-classical approx ima-  
t ion.  The  resul t  (14) is 

(s) 

where  ~ = 1/137, ] is a numer ica l  fac tor  of about  10 -2, and  c% = v / N  o is a character-  
ist ic f requency,  corresponding to the  Coulomb mot ion  of the  nuclei.  Hence  at  
R o = 0.1, a ~ 10 -35 cm 2 (i.e. this effect can be neglected).  I t  should also be no ted  tha t  t he  
cross-section (8) is smaller  by  several  orders in t he  case of ident ica l  nuclei  ( Z J A  1 = Z J A 2 ) .  

I t  is also probable  t h a t  t he  e+e - p roduc t ion  by  means  of pa i r  convers ion would  be more  
i m p o r t a n t  t han  the  t rans i t ion  of levels  due to nuclear  Coulomb exci ta t ion.  However ,  
t he  processes wi th  pair  p roduc t ion  are, in principle,  d iscr iminated  f rom the  process 
in which we are in te res ted  as only  the  posi t rons  go to infini ty.  

2) F i l l ing  of the  K-o rb i t  of the  U A  due to cap tu re  of the  t a rge t  electrons by  the  bare  
nucleus or direct  r ad ia t ive  t rans i t ion  at  collision. The  first demands  an  ex t r eme ly  th in  
t a rge t  (10 - 5 - 1 0  -6) em. The probabi l i ty  of the  second process in collisions wi th  Rmln < 1 
m a y  be several  percents.  I t  is i m p o r t a n t  t ha t  this  q u a n t i t y  be  de te rmined  expe r imen ta l ly  
if one studies the  yield of <~ charac ter i s t ic  ,~ y-quanta .  

The  au thors  are deeply gra tefu l  to YA. B. Z]~LDOVICH, S. ~r POLIKANOV and 
V. A. SVmIDOV for in teres t ing  and s t imulan t ing  discussions and M. S. MARI~OV for 
discussion of the  paper .  

(~*) L. B. OKuIv: Dokl. Akad. 2Vauk SSSR ,  89, 883 (1953). 
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