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It is shown within the framework of the Born approximation that if a positively charged particle moving in an 
optically active medium is transformed via charge exchange into a hydrogenlike atom, this atom should have 
electron spin polarization. The expected degree of polarization is of the order of ~ ( Z a ) ~ u , / u ,  where Z is the 
charge of the heaviest of the nuclei of the asymmetric (chiral) center of the material molecule that participates 
in the charge exchange, I: is the degree of asymmetry of this center, uo is the .,+Incity of the valence electrons, 
v is the velocity of the charged particle, and a is the fine-structure constant. 

PACS numbers: 34.70. + e 

1. It was  recently1 predicted that when optically active q=x (Za)'. 

molecules a r e  ionized by fast  charged part ic les  the de- 
If we  choose an optically active substance w ~ t h  n=  1 

tached e lec t rons  should have an electron spin polariza- 
(Ref. 3) and place at  o r  near  the chiral  cen te r  of the 

tion along the momentum of the exciting part ic les .  The 
molecule a nucleus of an element  with 2 2  50, then the 

expected degree  of polarization i s  of the o r d e r  of 
degree  of the electron spin polarization of the hydrogen- 

q=x (Za) 'uoIu, (1) like a toms  A may turn out t o  be of the o r d e r  of ten per-  
cent and will r e v e r s e  sign on going from the L t o  the D 

where  Z is the charge of the heaviest nuclei of the fo rm of the mater ial .  
a symmetr ic  (chiral) center  of the molecule, n i s  the de- 
g r e e  of asymmetry  of th i s  cen te r ,  u, is the velocity of In Sec. 2 below the expected effect i s  es t imated within 
thevalence electrons,  v is thevelocity of the incident par -  the framework of the f i r s t  Born  approximation of quan- 
ticle, and LY is thefine-structure constant. tum-mechanical collision theory. In Sec. 3 a r e  dis-  

cussed briefly some of the experinlentally observed 
In a n  optically active molecule we have f o r  some of consequences that can ensue f rom the presence  of the 

the electronic transitions2 
predicted polarization. We note that the effect consid- 

R,,=Im(OJdln)(nJpIO)#O, (2) e r e d  h e r e ,  and analogously in Ref. 1 ,  can in principle 
be  included among the effects  whose exis tence w a s  pre-  

where d and p a r e  the electr ic  and magnetic dipole- 
dicted in Ref. 4. 

moment operators .  The quantity R,, i s  called the opti- 
cal  rotation force.  A s  a resul t ,  a nonzero projection of 2. We shal l  show that even in the f i r s t  Born approx- 
the orbital angular momentum on the z a x i s  imation the quantity 

is produced a s  the detached electron moves along the differs  f rom zero.  H e r e  o(i) i s  the c r o s s  section of 
z I(v axis  during the ionization t ime.  011 the other  hand, the reaction (3) with the electron spin of the atom A 
owing to the presence of a spin-orbit interaction,') the paral le l  o r  ant iparal le l  to  the exciting par t i c le  momen- 
projection o, of the detached-electron spin likewise dif- tum, and that the es t imate  (1) fo r  17 i s  valid. 
f e r s  f rom zero .  Since the quantity (2) r e v e r s e s  sign on 

F o r  collisions with redistribution of the par t i c les  
going f rom the L t o  the D form of the mate r ia l ,  the spin 

( s e e  Ref. 5, §116), the differential c r o s s  section takes  
polarization a l so  r e v e r s e s  sign. 

the fo rm 
Let now a heavy charged part ic le  A+, with m a s s  much 

l a r g e r  than that of the electron,  move through an opti- 
cally active medium. T h i s  may be a proton o r  a singly 
charged ion f rom the electron shell of an atom of one of 
the noble gases ,  o r ,  e.g., a p+ meson. The hydrogen- 
l ike atom A, produced out of th i s  par t ic le  a s  a resu l t  of 
charge exchange on the molecule M of the medium 

A++M-+A+M+ (3) 

should a l so  have a n  electron spin polarization. Since 
the physics of i t s  onset is the s a m e  a s  in  the c a s e  of 
ionization at  velocities v >> v, the degree  of polarization 
will be again of the o r d e r  of the value given by (1). Us- 
ing a l so  in th i s  velocity region expression (1) f o r  est i -  
mating purposes, we find that q can  reach  values of the 
o rder  of 

where @, and 9, a r e  the wave functions of the sys tem in 
the initial (a) and final (b) s ta tes ;  m ,  and m ,  a r e  the r e -  
duced m a s s e s  corresponding t o  these s tates;  k ,  and k ,  
a r e  the wave numbers  f o r  the incident and sca t te red  
part ic les ,  and V ,  is the potential of the interaction in 
the final s ta te .  In the c a s e  of the charge-exchange re -  
actions considered by u s  

1 Z,ez 
'"=Tc&- I t ,  C K X +  " ,  ".' 

where  the subscr ip t s  i and j number the e lec t rons ,  n 
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the nuclei, and + the part ic le  A'; V,, is the spin-orbit 
interaction operator; the s u m  C; does not contain the 
coordinates of the electron that par t ic ipates  in the r e -  
action. 

T o  simplify the analysis  we shal l  a s s u m e  that only 
one electron is localized a t  the ch i ra l  cen te r ,  and it  is 
this  e lectron which part ic ipates  in the charge-exchange 
reaction. In the r e a l  picture the es t imate  of acqui res  
an additional fac tor  of the o r d e r  of the r a t i o  of the num- 
ber  of valence electrons of the ch i ra l  cen te r  to  the total 
number of valence e lec t rons  of the molecule; th i s  fac- 
to r  cannot affect significantly the o r d e r  of magnitude of 
the est imate.  We a s s u m e  a l s o  that the react ion products 
a r e  formed in the ground s ta te  ( I s  f o r  a hydrogenlike 
atom). The molecule M i s  likewise in the ground state. 
F o r  additional simplification, we assume that i t s  wave 
function can be represented in the f o r m  cp0(r)JI,([), 
where $o(r) descr ibes  the initial s ta te  of the  electron 
that par t ic ipates  in the react ion,  and +o([) d e s c r i b e s  the 
ground s ta te  of the molecular  remainder  M+. 

We then have in (6) 
1 

a)b= - 11-r+l 
(WJ)  

a).=cpo ( r ) t o ( 2 )  esp (ikCr-), 
( 8) 

where a, is the Bohr radius.  

Integrating now in (6) over  a l l  the coordinates  [ of 
the electrons of the molecular  residue we obtain, r e -  
taining in the operator  V ,  only t e r m s  connected with the 
coordinates of the electron that par t ic ipates  in the reac-  
tion, and putting ,n,=m,=n? (where m i s  the m a s s  of 
the particle A*): 

where nl, i s  of the m a s s  of the electron,  H is i t s  self- 
consistent Hamiltonian in  the field of the molecular  
residue,  and q = k, - k,. Expanding in (8) the ground 
state  of the hydrogenlike atom in a F o u r i e r  integral  and 
integrating with respec t  to dr , ,  we obtain 

~i4;ta~~rn' kb (W-f i '42 /2m~) i  
do,. = - (2nh9' ki, [ l + ( f ~ ~ q ) ~ l '  

where W i s  the molecule ionization potential. It  can be 
seen f rom (10) that do,, d e c r e a s e s  rapidly with increas -  
ing product a,q at % q 2  1 ,  s o  that the exponential under 
the integral sign can be expanded in a s e r i e s .  

T o  es t imate  the quantity a(+) + a(-) in the denomina- 
to r  of (5),  we  rep lace  the exponential by unity and 
change over  in s tandard fashion f r o m  integration with 
respect  to  the angle 0 between the vec tors  k, and k, t o  
integration with respec t  to  q: 

d cos e=qdqlk.kb, 

after  which we obtain 
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H e r e  qo = 11- W l /Ev, where  I is the ionization potential 
of the hydrogenlike atom; q, = y/a,; y is a cer tain con- 
s tant  sl, and a, is the dimension of the chromophoric 
center .  

We es t imate  now the  numera tor  of (5). T o  th i s  end 
we s e p a r a t e  in Eq. (10) f o r  the differential c r o s s  section 
the par t  that is l inear  in the spin,  taking into account 
the  spin-orbit interaction in the s t a t e  with the wave 
function cp,: 

where  Eo i s  the energy and cp; is the wave function of 
the ground s ta te ,  but now without allowance f o r  the re l -  
ativistic effects.  Expanding next exp(-iq- r) accurate  
to  t e r m s  l inear  in qr and integrating with respec t  t o  
dn4, we obtain 

64a: I-W 
om'=----,F- (ZV) n v  Im 

The  fac tor  (I- W)/fiv in th i s  expression is the projection 
of the vector  q on the  direct ion of k,. In fact ,  

qk, - k2-k,'-q2 m qz= - - =- 
= I-W 

( I - W ) - 4 , -  
k. 2k. hzk. 2k. R v  (14) 

where  q s y /%.  

Representing the opera tor  V,, in  (13) a s  Bus L ( B  
-(Za)'R and R i s  the Rydberg constant [Ref. 6, §72]), 
and integrating over  a l l  the or ientat ions of the mole- 
cules ,  we can  t rans form the expression in the imagin- 
a r y  par t  into 

Using ( l l ) ,  (13), and (15) we readi ly find that 

With Condon's model of optical activity7 as the example, 
we shal l  show that the expression in the square  brackets  
of (16) is of the s a m e  o r d e r  as the quantity 

which i s  expressed in t e r m s  of the optical rotation 
f o r c e s  R,, [see Eq. (2)]. 

In Condon's model a chromophoric electron is r e -  
garded as a n  osci l la tor  that moves  in a field 

The t e r m  Axyz is taken into account a s  a perturbation. 

The  calculations yield 
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A s  for  the expression in the square  b racke ts  of (16), 
only i t s  f i r s t  t e r m  differs  f rom z e r o  in the Condon 
model. I t s  main contribution comes  f rom the interme- 
diate  s ta tes  Inl,n,,n3) with n ,  = 0 or  1. T h i s  contribu- 
tion equals  2C. The  remaining intermediate  s ta tes ,  
when s o m e  of the  n ,  a r e  equal to  2, yield under the con- 
dition 1 mi- w,l<< w, an additional correct ion 1 4 ~ / 2 7  
= ~ / 2 ,  and thus 

Substituting th i s  relation in (16), we obtain ultimately 

F o r  some of the electronic t ransi t ions in  optically 
active molecules  the quantities r n e c ~ , / e 2  have an abso- 
lute value mfial, but their  s u m  over al l  the s t a t e s  l n )  
is zero .  Assuming, by way of es t imate ,  that these 
quantities differ f rom z e r o  only for  cer tain two transi-  
tion, and replacing B in (21) by (Za)'R, we  find that a t  
11- WI = E l  - E,  

This  es t imate  w a s  obtained under the condition u>> u,. 
Che can expect,  however, i t  t o  be satisfied a l so  at u 
" u,. 

3. We now point out severa l  examples in  which, f rom 
our  viewpoint, the discussed electron spin polarization 
can manifest itself.  

1) Let the i r radiat ion be by p +  mesons obtained in the 
decay of mesons.  In th i s  c a s e  the par t i c les  a r e  prac- 
tically completely polarized i n  a direct ion opposite to  
the i r  emission velocity (the helicity i s  -1). When a p+ 
meson is stopped in a diamagnetic medium i t s  polariza- 
tion can be neglected. The polarization begins if a hy- 
drogenlike atom-muonium-is produced and s tops 
when the muonium r e a c t s  with a molecule of the medium 
t o  produce a diamagnetic complex.' 

We denote by T the average dwell t ime  of the p +  
meson in the muonium, by w the cyclic frequency of the 
hyperfine splitting of the muonium in the medium (w 
2 wo = 2.8 10'' sec-'), and by T ,  the relaxation t ime  of 
the electron spin in  the medium. Then, if T<< T,, the 
degree  P of the depolarization in a racemic  mixtures  
( the L and D f o r m s  of the molecules a r e  on a par) 
equals8 

whereas  a t  the antipodes 

and the o r d e r  of 77 is given by the es t imate  (22), while 
the increment  itself h a s  opposite s igns for  the L and D 
f o r m s  of the mate r ia l .  At WT>> 1 the difference between 
the depolarization d e g r e e s  in the L and D f o r m s  i s  found 
t o  be equal t o  7. The degree  of depolarization itself is 
determined f r o m  the asymmetry of the p+-meson decay. 

2) Let  a positron e +  f r o m  a radioactive source ,  say  
"Na, en te r  an optically active medium. Immediately 
a f te r  emission i t  is again practically completely polar- 
ized (the helicity equals  1).  During the initial section 
of i t s  stopping path, e+  can t rans fe r  the g r e a t e r  par t  of 
its energy to severa l  e lec t rons  of the medium and then, 
becoming thermalized,  it  lands in  the t r a i l  of one of 
these  electrons.  In an optically act ive medium, the 
e lec t rons  of the t r a i l  should be partially polarized 
ei ther  paral le l  o r  ant iparal le l  to  the momentum of the 
fast  e lectron that produces them, depending on the f o r m  
of the mater ial  ( s e e  Sec. 1). T h i s  direct ion is c lose  t o  
the direct ion of the emiss ion  of e +  f r o m  the source ,  
i.e., to  the direct ion of i t s  spin polarization. Becoming 
thermalized,  the e +  can capture an electron f rom the 
t rai l ,g  producing a hydrogenlike atom-positronium 
( P s ) .  If the medium is not magnetic, the positron hard- 
ly undergoes any depolarization during i t s  lifetime.'' 
One can expect therefore in the L and D f o r m s  of the 
mate r ia l  differences in the yield of ortho-positronium 
(3Ps) with equality of the P s  yield with allowance f o r  
the parapositronium. T h i s  difference can manifest it- 
self in the s p e c t r a  of the positron-lifetime distribution," 
and in part icular  in  the intensi t ies  of the long-lived 
components I,. It can be easi ly  shown that 

1 ( I > L - I 3 D ) / ( I ? L + I % D )  1 ~ l l I 3 .  (25) 

We note in conclusion that t o  obtain a n  electron spin 
polarization on the o r d e r  of 10% in diamagnetic sub- 
s tances  at  room tempera ture  it  would be necessary  to  
apply magnetic f ie lds  of the o r d e r  of 5 x 10' Oe. 

The author thanks B. Ya. Zel'dovich f o r  in te res t  in 
the work. 

"1t leads to the appearance of a factor (Za )2 in Eq. (1). 
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