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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 x (Za)’v,/v, 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, x is the degree of asymmetry of this center, v, is the velocity 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 recently’ predicted that when optically active
molecules are ionized by fast charged particles the de-
tached electrons should have an electron spin polariza-
tion along the momentum of the exciting particles. The
expected degree of polarization is of the order of

n=x(Za)*vlv, (1)

where Z is the charge of the heaviest nuclei of the
asymmetric (chiral) center of the molecule, » is the de-
gree of asymmetry of this center, v, is the velocity of
the valence electrons, v is the velocity of the incident par-
ticle, and a is the fine-structure constant.

In an optically active molecule we have for some of
the electronic transitions?

Ron=Im<0|d|n><n|u|0>+#0, (2)

where d and u are the electric and magnetic dipole-
moment operators. The quantity R,, is called the opti-
cal rotation force. As a result, a nonzero projection of
the orbital angular momentum on the z axis

L.=xhv,[v

is produced as the detached electron moves along the

z || v axis during the ionization time. On the other hand,
owing to the presence of a spin-orbit interaction,!) the
projection o, of the detached-electron spin likewise dif-
fers from zero. Since the quantity (2) reverses sign on
going from the L to the D form of the material, the spin
polarization also reverses sign.

Let now a heavy charged particle A*, with mass much
larger than that of the electron, move through an opti-
cally active medium. This may be a proton or a singly
charged ion from the electron shell of an atom of one of
the noble gases, or, e.g., a u* meson. The hydrogen-
like atom A, produced out of this particle as a result of
charge exchange on the molecule M of the medium

At M~ A+M* (3)

should also have an electron spin polarization. Since
the physics of its onset is the same as in the case of
ionization at velocities v > v, the degree of polarization
will be again of the order of the value given by (1). Us-
ing also in this velocity region expression (1) for esti-
mating purposes, we find that n can reach values of the
order of
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n~x(Za)*. (4)

If we choose an optically active substance with n=1
(Ref. 3) and place at or near the chiral center of the
molecule a nucleus of an element with Z= 50, then the
degree of the electron spin polarization of the hydrogen-
like atoms A may turn out to be of the order of ten per-
cent and will reverse sign on going from the L to the D
form of the material.

In Sec. 2 below the expected effect is estimated within
the framework of the first Born approximation of quan-
tum-mechanical collision theory. In Sec. 3 are dis-
cussed briefly some of the experimentally observed
consequences that can ensue from the presence of the
predicted polarization. We note that the effect consid-
ered here, and analogously in Ref. 1, can in principle
be included among the effects whose existence was pre-
dicted in Ref. 4.

2. We shall show that even in the first Born approx-
imation the quantity

n=[o(+)—c(=))/[o(+)ta(-)], (5)

differs from zero. Here o(t) is the cross section of
the reaction (3) with the electron spin of the atom A
parallel or antiparallel to the exciting particle momen-
tum, and that the estimate (1) for n is valid.

For collisions with redistribution of the particles
(see Ref. 5, §116), the differential cross section takes
the form

mambkb

4o =5 Ty h,

KDl V| 0012 dQu,, (6)
where &, and &, are the wave functions of the system in
the initial (a) and final (b) states; m, and m, are the re-
duced masses corresponding to these states; k, and &,
are the wave numbers for the incident and scattered
particles, and V, is the potential of the interaction in
the final state. In the case of the charge-exchange re-
actions considered by us

1 e Zqe*
- - +V,
= Z:.l = Ro—rl ™
s Z.e*
_ + r . T
Z’ Ir—r, | |Ra—r4 | (™

where the subscripts i and j number the electrons, n
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the nuclei, and + the particle A*; V, is the spin-orbit
interaction operator; the sum }7; does not contain the
coordinates of the electron that participates in the re-
action.

To simplify the analysis we shall assume that only
one electron is localized at the chiral center, and it is
this electron which participates in the charge-exchange
reaction. In the real picture the estimate of acquires
an additional factor of the order of the ratio of the num-
ber of valence electrons of the chiral center to the total
number of valence electrons of the molecule; this fac-
tor cannot affect significantly the order of magnitude of
the estimate. We assume also that the reaction products
are formed in the ground state (1s for a hydrogenlike
atom). The molecule M is likewise in the ground state.
For additional simplification, we assume that its wave
function can be represented in the form @ (7)¥,(£),
where y,(7) describes the initial state of the electron
that participates in the reaction, and ¥ &) describes the
ground state of the molecular remainder M*.

We then have in (6)

1 lr—r,l
®b=ﬁ¢o(§)exp( _ArTrl

+ik,r ),
(na, ) *

ay

' (8)
Qo=@ (r)$o(§) exp(ikar.),

where g, is the Bohr radius.

Integrating now in (6) over all the coordinates & of
the electrons of the molecular residue we obtain, re-
taining in the operator V, only terms connected with the
coordinates of the electron that participates in the reac-
tion, and putting m ,~m,~m (where m is the mass of

the particle A*):
o -2

dQy,, (9)

m?

dc T T
d (2a7?)* na k.

n
X (11 +—27‘A) o (r)drdr,

where m, is of the mass of the electron, H is its 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 Fourier integral and
integrating with respect to dr,, we obtain

(W—H#g*/2m.)* .
[ (afq)z]; | fereautrar
where W is the molecule ionization potential. It can be
seen from (10) that do,, decreases rapidly with increas-
ing product a,q at a,g=2 1, so that the exponential under
the integral sign can be expanded in a series.

dow = G4na,*m® 3
T Rak) k.

dQ.,, (10)

To estimate the quantity o(+) + o( =) in the denomina-
tor of (5), we replace the exponential by unity and
change over in standard fashion from integration with
respect to the angle 6 between the vectors k, and k, to
integration with respect to q:

d cos 0=qdq/k.ks,
after which we obtain

N Lk

(11)

S (W—Hrg*/2m,)?
F= jl—(———ﬁ—)- qdq. -

[1+(a0g) 1
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Here q,= |I- W|/hv, where I is the ionization potential
of the hydrogenlike atom; g, = ¥/a,; ¥ is a certain con-
stant <1, and g, is the dimension of the chromophoric
center.

We estimate now the numerator of (5). To this end
we separate in Eq. (10) for the differential cross section
the part that is linear in the spin, taking into account
the spin-orbit interaction in the state with the wave
function ¢,:

Po=q,"+ (E,—H) ( 1 2)

where E; is the energy and ¢} is the wave function of
the ground state, but now without allowance for the rel-
ativistic effects. Expanding next exp(-iq-r) accurate
to terms linear in gv and integrating with respect to
dﬂk,» we obtain

0”“,=—?hi:;_: S m [ ( J c""'d’) E E,:H Voun'dr

- ( f Z“""d') . Eo—jq

The factor (I- W)/#v in this expression is the projection

-1 VachDly

Vg dr ] ) (13)

of the vector ¢ on the direction of k,. In fact,
qk.  ki—kS—¢* ___’_ I-w
T T R ) Y (14

where ¢< v/a,.

Representing the operator V,, in (13) as Bo-L (B
~(Za)®R and R is the Rydberg constant [Ref. 6, §72]),
and integrating over all the orientations of the mole-
cules, we can transform the expression in the imagin-
ary part into

Tl Sramrear(Jor ) -f o
Xquo'dr( '\.rqao'dr) ) ]0;. (15)
Using (11), (13), and (15) we readily find that
~58-5 [Jrgigiovar/ Jovas
_j' EDiHch“'dr(jrcpo'dr)./ l 5@0'dr|2] . (16)

With Condon’s model of optical activity” as the example,
we shall show that the expression in the square brackets
of (16) is of the same order as the quantity

_ 2mec Im<0ldIn><n|pnl0>
E—E,

C=Im<0 r , (1)

which is expressed in terms of the optical rotation
forces R, [see Eq. (2)].
In Condon’s model a chromophoric electron is re-

garded as an oscillator that moves in a field

V= —;—(k,x’-f-kzy‘-i-k,z’) +Azys, kFEhAEk, (18)

The term Axyz is taken into account as a perturbation.
The calculations yield

Ak (0).—-'(1)2) ((x)z‘—(Ds) ((Ds—(ﬂi)

c= ., (19
4m20,0:03 (0, 0:F0;) (01 0:) (0:F05) (0:10s)
o= (kidm.)", i=1,2,3.
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As for the expression in the square brackets of (16),
only its first term differs from zero in the Condon
model. Its main contribution comes from the interme-
diate states In,,n,,n;) with n,=0 or 1. This contribu-
tion equals 2C. The remaining intermediate states,
when some of the n, are equal to 2, yield under the con-
dition |w,- w,| < w, an additional correction 14C/27
=C/2, and thus

1 , .. 5 1
Il‘mL(Pn dr/ J‘(Pn dr~-—2—<0|l'~mL|0>. (20)
Substituting this relation in (16), we obtain ultimately
10 _I-W m.c on
nc3 TZ EE, " (21)

n¥0

For some of the electronic transitions in optically
active molecules the quantities m cR,,/e? have an abso-
lute value ~«fa,, but their sum over all the states |n)
is zero. Assuming, by way of estimate, that these
quantities differ from zero only for certain two transi-
tion, and replacing B in (21) by (Za)?R, we find that at
|[I-W|=E, ~E,

qzx(Za)zz‘—v—o-zx(Za)zﬂ. (22)
a,v v

This estimate was obtained under the condition v >> v,.

One can expect, however, it to be satisfied also at v

= V-

3. We now point out several examples in which, from
our viewpoint, the discussed electron spin polarization
can manifest itself.

1) Let the irradiation be by u* mesons obtained in the
decay of mesons. In this case the particles are prac-
tically completely polarized in a direction opposite to
their emission velocity (the helicity is —1). When a pu*
meson is stopped in a diamagnetic medium its polariza-
tion can be neglected. The polarization begins if a hy-
drogenlike atom—muonium—is produced and stops
when the muonium reacts with a molecule of the medium
to produce a diamagnetic complex.®

We denote by 7 the average dwell time of the u*
meson in the muonium, by w the cyclic frequency of the
hyperfine splitting of the muonium in the medium (w
S w,=2.8+10'° sec™), and by 7, the relaxation time of
the electron spin in the medium. Then, if 7« 7, the
degree P of the depolarization in a racemic mixtures
(the L and D forms of the molecules are on a par)
equals®

P=i[1+——1—], (23)

2 1+ (t0)?

whereas at the antipodes

1
P [t | 29
and the order of 7 is given by the estimate (22), while
the increment itself has opposite signs for the L and D
forms of the material. At w7>1 the difference between
the depolarization degrees in the L and D forms is found
to be equal to n. The degree of depolarization itself is
determined from the asymmetry of the u*-meson decay.
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2) Let a positron e* from a radioactive source, say
22Na, enter an optically active medium. Immediately
after emission it is again practically completely polar-
ized (the helicity equals 1). During the initial section
of its stopping path, e* can transfer the greater part of
its energy to several electrons of the medium and then,
becoming thermalized, it lands in the trail of one of
these electrons. In an optically active medium, the
electrons of the trail should be partially polarized
either parallel or antiparallel to the momentum of the
fast electron that produces them, depending on the form
of the material (see Sec. 1). This direction is close to
the direction of the emission of e* from the source,

i.e., to the direction of its spin polarization. Becoming
thermalized, the e* can capture an electron from the
trail,’ producing a hydrogenlike atom— positronium
(Ps). If the medium is not magnetic, the positron hard-
ly undergoes any depolarization during its lifetime.!®
One can expect therefore in the L and D forms of the
material differences in the yield of ortho-positronium
(®°Ps) with equality of the Ps yield with allowance for
the parapositronium. This difference can manifest it-
self in the spectra of the positron-lifetime distribution,*
and in particular in the intensities of the long-lived
components I;. It can be easily shown that

| (Ie—Isp) [ (In+150) | =1/3. (25)

We note in conclusion that to obtain an electron spin
polarization on the order of 10% in diamagnetic sub-
stances at room temperature it would be necessary to
apply magnetic fields of the order of 5x 10° QOe.

The author thanks B. Ya. Zel’dovich for interest in
the work.

D1t leads to the appearance of a factor (Za)? in Eq. (1).
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