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A calculation is made of the cross sections and orientation spin tensors of a nucleus excited in
nonradiative annihilation of a positron by an electron from an (nlj) shell of an atom. Use is made of
relativistic wave functions of the electron and positron, obtained by numerical integration of the Dirac
equation with a single average Hartree-Fock-Slater atomic potential. The results of calculations of the
factors governing the cross sections and orientation of the excited nucleus as a function of the positron
energy E, = 0.5-6.55 MeV are presented graphically for the series of multipole transitions EO, E1, and
M1 in annihilation on the K shell of an atom. The results are given for the atoms with Z = 41,49,60,70,82,
and 92. Estimates are also obtained for the annihilation of a positron on the L shell of lead (Z = 82). The
results are used to estimate the cross sections of nuclear excitation in positron annihilation and the
angular distributions of the decay products (quanta, fission fragments, etc.) of a nucleus excited in this
way. A brief discussion is made of possible applications of low-energy positron beams in nuclear
spectroscopy.

PACS numbers: 34.80.Dp

§1. INTRODUCHON K shell the value of I' is usually equal to the width of

a hole I'(K), but there are some exceptions to this
rule.” The resonance nature of the nonradiative exci-
tation of a nucleus as a result of positron annihilation
provides a new potential method for investigating the
nuclear structure, whose practical implementation re-
quired a fairly strong “monochromatic” positron beam
of controlled energy E,; we shall be concerned with the
range of low nuclear excitation energies E*< 10 MeV.

When a positron collides with an atom, we can expect
not only two- and one-photon annihilation of the posi-
tron by an atomic-shell electron but also excitation of
the nucleus of the atom as a result of nonradiative EL
or ML transition from the ground nuclear state E, to a
level E, is the sum of the positron (E,) and (nlj)-shell
electron (E,;;) energies, agrees—within the width I'—
with the nuclear transition energy E, - E,. This nu-
clear excitation process is of the resonance type and
the width T is governed by the lifetime of the excited
state of the system; in the case of annihilation on the

Our earlier!'? results of calculations of the cross
sections of some nuclei in the 40 < Z <92 range show
that it is desirable to have positron beams with a cur-

202 Sov. Phys. JETP 49(2), Feb. 1979 0038-5646/79/020202-08$02.40 © 1979 American Institute of Physics 202



rent of the order of ~10 A. It is not our task to con-
sider the technical feasibility of producing such a beam
but it seems desirable to discuss possible ways and
ranges of applications of such a beam in low-energy
nuclear physics, which may stimulate interest in this
branch of experimental physics. The proposed appli-
cations naturally do not exhaust all possible uses of
positron beams.

1. There are obvious applications of a positron beam
in generating a similarly “monochromatic” flux of
quanta as a result of one-photon positron annihilation
(OPPA) on the K and L shells of a heavy atom. Such a
photon flux can be used in the nuclear spectroscopy ex-
actly as the photons resulting from an (ny) reaction.
Very detailed investigations of the OPPA process in-
volving the K, LI, LII, and LIII shells is reported by
Broda and Johnson® who (by way of illustration) give a
number of specific results of a numerical calculation of
the OPPA cross sections for positron energies in the
range E, <1.75mc?®. We shall reproduce here some of
the results from Ref. 3 for OPPA on the lead (Z =82)
atomic shells when the positron energy is E, = 1.5mc?:

Shell: K LI LII L111
o, mb: 73527 109 338 3.28

According to Broda and Johnson, the angular distribu-
tion of the OPPA photons (in the Z =82 case) has a very
sharp maximum in the range of small angles of photon
emission relative to the positron momentum p, and ex-
hibits a very fast fall of the cross section on increase
of this angle relative to p,.

2. We shall consider a different process which is the
direct (i.e., without a preliminary conversion of a posi-
tron beam into a beam of photons) excitation of a nu-
cleus by positron annihilation on the electrons of an
(nlj) shell of an atom. In contrast to OPPA, we shall
call this process nonradiative positron annihilation in
accordance with the initial stage of the process involv-
ing excitation of a nonradiative (EL or ML) nuclear
transition E,II,I, — E,IL,[,; here and later, II,/; denote
the parity and spin of a nuclear level E;. The subse-
quent decay of a nucleus from the E,l, level may occur
in various ways: it may evolve emission of a photon
cascade, neutron evaporation, or fission. A transition
is usually possible to the ground state by the emission
of one photon, whose energy 7w is equal to the energy
of the OPPA process.

We reported earlier’:? a calculation of the cross sec-
tions of the EO, E1, E2, M1, and M2 nonradiative an-
nihilation process for nuclei in the range 40< Z <92
with energies 0.55 MeV <E, <6.55 MeV. In the case of
the strongest E1 nonradiative annihilation process on
the K shell of a heavy atom the cross section is of the
order of 50—100 mb provided the E1 nuclear transition
E|II,I, —~E,Il,l, is characterized by a reduced probabil-
ity B(E1;1, — I,) which is of the same scale as the
single-particle (sp) estimate obtained by Weisskopf*:

[B(EY) 1 =—£;e’R,’ (%)

Systematics of the experimental data shows that the
E1 transitions of nuclei in the excitation energy range
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1 MeV <E* <7 MeV are usually hindered very greatly
(by a factor of the order of 10 - 107%) compared with
the single-particle Weisskopf estimate. Therefore, in
determining the intensity of the nonradiative annihila-
tion process one has to consider cross sections of the
order of 10%° - 10" ¢m?, which are characteristics of
such E1 transitions and of the normal unhindered EO,
M1, and E2 transitions in a nucleus (see Ref. 2). For
example, in the 40<Z range the nonradiative process
should have a cross section which is a factor of ~10™
smaller than the OPPA cross section, i.e., the nuclear
transitions due to the nonradiative process have to be
separated from the background of a very intensive flux
of OPPA quanta. Nevertheless, we can identify a num-
ber of nonradiative processes which are of consider-
able interest in nuclear physics because of certain fac-
tors favorable for distinguishing these processes again-
st the OPPA background:

a) subbarrier fission in the nonradiative process;

b) excitation of spontaneously fissioning isomers of
heavy nuclei with Z=92, 94, 95, and 96 when the ener-
gy is E*~2-3 MeV and determination of the spin of
these isomeric states;

c) evaporation of a neutron from a nucleus excited in
the nonradiative positron annihilation process: the in-
terest lies in the range of the dense spectrum of nuclear
levels at the binding energy of a neutron;

d) filling of low-lying isomeric states by a cascade of
transitions developing after the excitation of a nucleus:
in contrast to an (ny) cascade, we can in this case vary
in a controlled manner the initial nuclear excitation en-
ergy E¥*=E, +E,,; (attempts to observe this process in
the case of !}3In have been made®'! on the basis of the
isomer yield);

e) observation of a cascade of characteristic photons
emitted by a nucleus excited in the nonradiative pro-
cess to a fixed level E,I,. For example, in the case of
excitation energies of even nuclei 24 <E* <34 (4~0.8
MeV), usually attributed to the breaking of a nucleon
pair, there is usually a group of 1+ levels (for exam-
ple, in the case of '°°Pt as reported in Ref. 6). Exci-
tation in the nonradiative positron annihilation of a sys-
tem of these 1+ levels and observation of characteris-
tic transitions to collective 2+ levels (vibrational or
rotational) can give very important information on the
structure of the nuclear energy levels in this range of
E*.

Another similar example is the excitation of even nu-
clei to the first 3+ levels, which are attributed (in the
vibrator model) to three-phonon excitation of a nucleus.
It is interesting to measure the probability of the
B(M3;0 — 3) transition.

3. The above processes can, of course, be pro-
duced also by a beam of “monochromatic” photons ob-
tained by conversion of a positron beam; the exception
to this rule is only the EO excitation of a nucleus and
clearly the excitation of higher multipoles. In each
specific variant one can legitimately consider the com-
parative efficiency of the use of a photon beam after
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positron conversion or the direct use of the nonradia-
tive positron annihilation process. The selection be-
tween these two approaches can be made on the basis
of the results of calculations relating to the nonradia-
tive process and more detailed calculations of the
OPPA cross sections (carried out in a wider range of
E, and for a larger number of nuclei) than those given
in Ref. 3. We shall not discuss this problem here and
we shall analyze in detail the process of nonradiative
positron annihilation.

In processes of the a)-c) type one records a fragment
or a neutron, and the contribution of OPPA is propor-
tional to the target thickness, whereas the contribution
of the nonradiative process is linear in respect of this
thickness, so that these processes can be separated
when an intense positron beam is directed onto a thin
target. In type e) reactions there is a contribution to
the background from two-photon positron annihilation
whose characteristics in the case of light atoms (Ze?/
fic < 1) were considered recently in detail by Gorshkov
et al.”; we are not aware of a similar investigation in
the Ze?/fic ~1 case.

An important and favorable factor for the observation
of the type e) nonradiative process is the radical dif-
ference between the angular distribution of the OPPA
photons and the photons emitted by a nucleus excited
and oriented in the nonradiative process (the angular
distribution is measured relative to the momentum of
the incident positron p,). The OPPA photons have a
narrow distribution and they deviate through small
angles relative to the positron momentum, whereas
the angular distribution of photons resulting from the
nuclear transitions cascade E,I,* E, ,"* E, I, (“nr”
refers to the nonradiative process) is symmetric rela-
tive to the plane perpendicular to p, and although the
anisotropy of the distribution is considerable, it is not
as pronounced as in the case of the OPPA photons.

The orientation of a nucleus excited by the nonradiative
process is naturally manifested also in the anisotropy
of the angular distribution of other products of decay
of excited nuclei (fission fragments, neutrons, etc.).

4. We shall give the results of a numerical calcula-
tion of the charactertistics of the orientation of nuclei
excited by the nonradiative annihilation of a positron
and an electron from an (nlj) atomic shell. All the
quantities necessary for numerical estimates of the
effects will be given in graphical form. We shall con-
fine our attention to the most important process of the
annihilation on the K shell of a heavy atom with 40<Z
<92, More detailed numerical results, including the
data for the L shell, will be given in a separate com-
munication. Our calculations were carried out only
for the orientation of a nucleus described by a set of
even spin tensors of the excited nucleus; if a polarized
positron is annihilated, a nucleus excited in the nonra-
diative positron annihilation process becomes polar-
ized, i.e., the odd spin tensors of the nucleus also be-
come finite. Calculations for the latter case can also
be made but there is not immediate need for this.

5. The process of excitation of an I, — I, nuclear
transition by nonradiative annihilation of a positron and
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an electron from an (nlj) atomic shell is the converse of
the pair conversion of a nuclear AL multipole by an I,

— I, transition which occurs when there is at least one
hole in an (nlj) atomic shell. Then, an electron from
such a pair is captured by the hole in the (nlj) shell and
a “monochromatic” positron is emitted with an energy
distributed in an interval of the order of the width T
near a value E,, determined by the law of energy con-
servation: E, =(E,-E,)-E,,;.

Sliv was the first to consider this variant of pair con-
version® and he carried out calculations using wave
functions of an electron in the field of a bare point nu-
cleus. We can give a refined estimate of the probabil-
ity of this process. Following Ref. 8, we shall intro-
duce w,(AL[nlj]™, I,~1,, E,); to denote the probability
of emission of a “monochromatic” positron per unit
time and per one hole in an (nlj) atomic shell (this prob-
ability is integrated over the positron spectrum); Sliv®
denoted this probability by w¥ for the K shell. In this
approach it is assumed that a hole has an indefinite
lifetime and then the finite lifetime of the hole is
allowed for by introducing relative probabilities of the
competing processes. The principle of detailed equi-
librium relates the value of w, to the cross section of
the nonradiative positron annihilation on the same shell.
Using Eq. (15) of Ref. 1, which gives the cross section
for the nonradiative process, we find that w, is given
by

w,(\L[nlj)-'I,~1: E,)

1 ¢ v _
B KLEJALILED*p,2a} " £ (AL[nlj1'E,),

-

where E, = [m?c* + B2c®p?]*/?; p, is the wave number of a
positron whose energy is E,.

Here and later, we shall use the same notation as in
Refs. 1 and 2; the formula for the nonradiative anni-
hilation cross section can also be obtained from Eq.
(10) for oq, with @ =0; the quantities occurring in that
equation are explained immediately below it.

In comparison with the probability of the usual pair
conversion w, of a nuclear AL multipole (L #0) in an
I,— I, nuclear transition we shall introduce the “mono-
chromatic” pair-conversion coefficient a,(AL[nlj]"E,)
expressing the nuclear matrix elements in terms of the
probability of a radiative I,—~ I, nuclear transition of the
AL type. In the specific case of the EL multipoles
(L #0) and one hole in an (nlj) atomic shell we obtain
(Fw=E,-E)):

3

1

=)

5
x( e )u--(mcz)w[( Et)l_l]g(EL{nlj]‘E,(),

he ho mc*

L
a,,(EL[nIi]"E+)=( SleLsnuy:

The £(AL[nljJ'E,) factors were calculated by us earlier
for a number of nuclei (see Refs. 1 and 2) and they are
also given in the figures below.

Sliv calculated w¥ and the probability of the usual
pair conversion w, for the E1 and EO processes in the
RaC’ nucleus using the electron positron functions in
the field of a point nucleus and ignoring the field
screening of the electron shell of the atom, whereas
we calculated the £(AL[nlj]'E,) factors allowing for all
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these effects. We shall not make comparison with the
case of the EQ transition because it is well known that
in this case the effect of the finite dimensions of a nu-
cleus is very large.

In the case of an electric dipole of the RaC’ nucleus
(Z =84) and the photon energy %w = 1400 keV, the ratio
of these two probabilities is wX/w,=4%. Clearly, this
is not a rational fraction because the ratio varies with
the transition energy.® Numerical accuracy of this
quantity is not known: For a bare point nucleus with
Z =84 for the photon energy 7w =3mc?, the usual pair
conversion coefficient of a heavy nucleus (hn) is °

[ax(E1) ], =1.84-10-",

Hence, we can reconstruct the coefficient of mono-
chromatic pair conversion for a bare point nucleus
(Z =84) at 7w = 1400 keV:

[ (E1[K]-*) ],~0.61-10~*.

A calculation of ¢, in accordance with our formula
allowing for the finite size of the nucleus and the
screening effect gives

a, (E1[ K1) =0.74-10"".

This value is somewhat overestimated because linear
interpolation in the estimate of the factor £ for Z =84
is used. It seems to us that the agreement between the
two values of a,(E1) is reasonable; thus, the correc-
tion for the screening effect in the OPPA process in a
nucleus with Z =82 and for E,=1.75mc? (see Ref. 3)
also increases the cross section (by about 3%).

§2. ORIENTATION SPIN TENSORS OF A NUCLEUS
EXCITED IN NONRADIATIVE POSITRON
ANNIHILATION

1. We shall begin by defining various quantities used
and calculated below.

Let us assume that the state of a nucleus with an
angular momentum I is given by a superposition of the

magnetic numbers M along a selected quantization axis: ’

"'"Z ax (1) lIM), a

where the amplitudes a,(I) are normalized to unity:
lax (I) [2=1.
;‘ (2)

The polarization and orientation of a nucleus in state
(1) is usually described by introducing a system of
spin tensors of rank Q:

pQ,(1)=2 ase (1) ase (I) IQMVIIQIM’), (3)

MM

TABLE I. Nuclear levels of 2%Pb from Ref. 13
and calculated resonance cross sections for ex-
citation of these levels due to annihilation of
positron by filled K shell.

E.Mev| I R R A It R I E
5514 | 1= Et | 2 38 6.2
6720 | 1- Ei | 145 14 25
7.061 1+ a | 23 190 33
7080 | i- El | D 0.98 18
7333 P | s 33 49
El | 18 33 42
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TABLE II. Comparison of ¢(AL[nljl'E,) factors for 1s and 2s
electrons of lead atom.

E(AL[nlj]E+)
AL [n1j)

E+=0,55MeV| 1.03 MeV | 1,51 MeV | 2.23 MeV 3,19 MeV 3.67 MeV
E0 Is 4 5.45-10° 2.04-10% | 2.48-10% [ 2.57-10° 2.49-10% 2.45-108
E0 2s | 8.44-102 3.15-104 } 3.84-10* | 3.97-10* 3.85-10¢ 3.79-10%
El Is 0.311 4.21 4.18 3.98 3.82 3.77
El 2s 4.74-10-2 0.615 0.596 0.555 0.525 0.516
E2 1s 78.1 8.16-10° | 1.97-10* | 3.34-10% 8.77-10¢ 115108
E2 2s 12.1 1.20-10° | 2.83-10°| 6.09-10° 121104 1.58-10¢
M1 Is 3.25-10-2 1.38 1.82 2.03 211 212
M1 2s | 448102 0.189 0.247 0.275 0.28% 0.283

where (ABab|ABDd) are the Clebsch-Gordan coeffi-
cients in the notation of Condon and Shortley' (Condon
and Shortley’s monograph!® also has tables). We shall
assume that the target is not oriented, i.e., that in the
initial state E,/, an ensemble of the target nuclei can be
described by a single spin tensor p,,(I,)=1 of rank zero,
whereas all the other spin tensors pg,(I,) with @ #0 are
identically equal to zero. In the nuclear transition E,I,
— E,I,, excited by nonradiative annihilation of a polar-
ized positron beam, there is only one preferred axis

in space and that coincides with the direction of the
positron momentum p,. In this case all the odd spin
tensors of an excited nucleus pg,(I,) with @ =1,3,5, ...
vanish with precision of the same order as the neglected
(by us) effects of parity nonconservation of nuclear
states. In this case the nonvanishing even spin tensors
(=0,2,4,...), which govern the orientation of an ex-
cited nucleus, must obey the axial symmetry condition

Pov(I:)=PQo(I:)6w- (4)

The corresponding angular distributions of the pho-
tons emitted from a nucleus (excited by nonradiative
positron annihilation) in the subsequent E,I,—~ E, I,
transition of multipole order AL (EL or ML) is conse-
quently given by the familiar formula

(e = 3, (0+1) e (1) Po(eos 0) (LQIOILQLYu(LIQLLL),
Q=024
(5)

where 6, is the angle between the wave vector of a pho-
ton k and positron momentum p,; u(abcd; ef) is the nor-
malized Racah function introduced by Jahn!! (convenient
algebraic tables of this function are also given in Ref.
11):

u(abed; efy=[ (2f+1) (2e+1) "W (abed; ef). (6)

Equation (5) can be generalized in an obvious manner
to the case of a mixed E(L + 1)+ ML nuclear transition
E,I,— E,I,; we shall not reproduce it here. '

In the case of fission of a nucleus excited to the E, I,
state the spin tensors py,(I,) defined in this way govern
also the angular distribution of the fission fragments
relative to the positron momentum p,; the corresponding
formulas can be found, for example, in Ref. 12. In
considering a cascade of photon emitted by a nucleus
from an initial excited state E, I, we have to consider
the transfer of a spin tensor along a chain of transi-
tions.
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2. Excitation and orientation of a nucleus in an E,I,
— E,I,M, transition of multipole order AL (ML or EL),
stimulated by nonradiative annihilation of a positron and
an (nlj) electron, in the case of an unoriented target
and unpolarized positron beam, will be described by a
cross section o(AL[nlj]'E,p,; I, ~1,M,) reduced to one
electron; the momentum p, defines the quantization
axis. It is convenient to introduce a system of spin
tensors which are the 0y, cross sections in accordance
with the definition

0go (AL[Rlj]'E 1 py; I, 1)

7
=2 (1.QM 01 1.QI.M.) 6 (AL[nlj ] 'E 1p; 1, 1.M,) )
as well as normalized to unity spin tensors of the or-
ientation of a nucleus in an excited state E, I,
0o (AL[nlj1'E 1py; 1~ 1,)
o(I2)= .
ool = = AL T E i T o) ()

The spin tensors pg,(l,) are identical with those de-
scribed by Eqgs. (3) and (4) above.

Equation (8) includes the positron annihilation cross
section o(AL(nlj]'E,;I,—~I,), defined by us earlier in

*eal1s]e,) 1077
- T i. uuun]v YT

M LLAALAAALS MAALLLALL) LAALAALLL) MAAMMALLLS AAMALLA LALLALLA WAL LAY TrrT T,

it

T

PPN TETTRTITI PP

sl

4
3 3
[ 23

S
1 sossuluuaadun da Ly alig Lasnaaasl FOYTTTTTIIeT IVPRTTPIN | sl
g5 10 15 20 30 40 50 5.0 E,,MeV

FIG. 1. Cross section factor ¢ of the EO transition plotted as
a function of the energy of a positron annihilated by a K-shell
electron of atoms with the following values of Z: 1) 41; 2) 49;
3) 60; 4) 70; 5) 82; 6) 92,
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Eq. (15) of Ref. 1 or in Eq. (9) of Ref. 2; this cross
section is a spin tensor of zero rank (@ =0) but for
simplicity we shall omit the index of this tensor.

In considering reactions caused by a strongly non-
monochromatic positron beam with a given distribution
S(E,) in the energy scatter range AE,

j' S(E,)dE,=1, 9)

when the nucleus has a dense energy level spectrum so
that the interval AE, covers several nuclear levels
E,II,, we can calculate the angular distribution of the
reaction products using naturally the spin tensors rep-
resenting the cross sections 0, integrated over the
distribution S(E,) allowing for the contribution of each
level to the observed decay channel. The general for-
mula for this variant will not be reproduced here: it

is self-evident in each specific case.

For the spin-tensor cross section oy, of the annihila-
tion of a monochromatic positron accompanied by the
excitation of a AL nuclear transition E\I, ~ E,I,, we
shall use the notation adopted earlier in Refs. 1 and 2:

E(Eif1s]'E,)
e L L B e Ly ey
50 =
- @
45 5
4“0 E
- 53
-7.5: j
Jok -
- % /\ | _5
20 \—'
g E
15 3
b 2 ]
10F 5
E E
05 F 3
o ]
]
g Bl il [PV PR L TPV RV TPV ol
a5 10 15 20 70 40 50 6.0 E4 MeV

FIG. 2. Cross section factor ¢ of the E1 transition plotted as
a function of the energy of a positron annihilated by a K-shell
electron of atoms with the following values of Z: 1) 41; 2)

49; 3) 60; 4) 70; 5) 82; 6) 92.
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0o (AL[nl)'E ,p,; 1,~1,)

20,+1 _
—a ™ (m) KLENALILE, D (E,~E\—~Eni)—E.,)
Xu(LLLQ; I.L) ¢ (AL[nl]'E,), (10)
where
A
D(t)= —————
@)= T (11)
to=h/mea0.529-10-cm, Iy=me'/A*=27.2 eV,
-2 "E0
N(L)={ for . )
_2L+2 for ML and EL for L#0 (12)

The matrix elements (I, E,lIAL|lI, E,) of EL and ML
nuclear I, E, ~ I, E, transitions are related to the re-
duced probabilitiies B(AL;I, —~I,) adopted in the liter-
ature* by

21,+1
( S ) IKLENELILE,>|*=B(EL; I,~1,),
L 2I,+1
e | ——— ) KLEIMLI\LLE>|*=B(ML; I,~1,).
e L+1(-21,+1)‘ ENMLILE>*=B(ML; 1,~1,) (13)

The atomic-positron factors £o(AL[nlj['E,), per one

4y (E11s)EL) - 10
R A et B s S

o |

25

Lt

"

20—

NS

0k

cogs el e v el e

a5

A
il

T T T

VTS PITITSTTI FISVTTITT AP

50 £, MeV

FYTPTORTS [YYPRTITI VTR, sl L I

30 4.0 &0

i FTTTOTI CYTTTITITY FTTTTTS

95 10 15 20
FIG. 3. Orientation coefficient A, plotted as a function of the
energy of a positron annihilated by a K-shell electron of
atoms with Z=41-92, The dependence on the charge Z is
weak. The upper limit corresponds to Z=92 and the lower
limit to Z=41,
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electron in an (nlj) shell do not contain any unknown
(nuclear) quantities and they can be calculated and
tabulated. In the case of a spin tensor of rank zero
representing a cross section (i.e., in the case when @
=0), the factor £, is naturally identical with the factor
£AL([nlj]'E,) for the nonradiative positron annihilation
cross section introduced earlier by Egs. (9)-(11) of
Ref. 1. The formulas for the orientation factors &
with @ #0 (@ =2,4,...) are more cumbersome than for
the £ factor; naturally, they contain all the same
radial integrals and phases for the scattering of a
positron by the screened Coulomb field of the nucleus.
These formulas are the opposite of clear and we shall
not give them because only the values of the factors £,
are of practical interest.

In estimating the effects of the orientation of a nucle-
us in nuclear reactions caused by nonradiative posi-
tron annihilation it is convenient to use the coefficients
Ao(AL[nlj]'E,) in accordance with the equation

Eo(ALIR]'E.) =Ao(ALInIj|'E.) E(AL[nI1'E,). (14)

The results of calculations of the factor £ and of the
coefficients A o(AL[nlj]'E,), together with Eqs. (10)-
(14), represent thus the solution of the problem formu-
lated above.
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FIG. 4. Cross section factor ¢ of the M1 transition plotted as

a function of the energy of a positron annihilated by a K-shell
electron of atoms with the following values of Z: 1) 41; 2)
49; 3) 60; 4) 70; 5) 82; 6) 92.
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3. The resonance nature of the cross section (10) is
given by the function D(x), which includes the width I' of
the final state that the system assumes as a result of
nonradiative positron annihilation. As a rule, T is
governed by the lifetime of a hole in an (nlj) electron
shell; for example, in the case of a K hole and Z =80-
90 the width I'(K) is of the order of ~100 eV, which is
considerably greater than the width of nuclear levels
T'y. However, there are exceptions: for example, a
group of 1+ and 1- levels with a large width I, due
to radiative transition to the ground state 0+ of the
295Pb nucleus, is reported in Ref. 13. We calculated
the cross sections for the excitation of these levels by
nonradiative positron annihilation processes (E1 and
M1) at a point E, corresponding to a resonance. The
results are given in Table I. The cross sections of
these nonradiative positron annihilation processes
reach ~2-6 mb, which is naturally much smaller than
the OPPA cross sections but the angular distribution of
the M1 and E1 photons resulting from transitions to the
ground state from the 1+ and 1- levels, relative to the
direction of the positron momentum p,,

1 1
W= 1+5VEA,(AL[1S]’E+)P2 (cos 01) } (15)

is very different from the distribution of OPPA photons
which falls rapidly in the rear hemisphere, which
makes it possible to identify these nuclear states
against the background of smooth variation of the OPPA
cross section considered as a functions of E,.

§3. RESULTS OF A NUMERICAL CALCULATION
OF THE NUCLEAR ORIENTATION FACTORS

Our earlier calculations® were carried out for the
3In and 235U nuclei. Bearing in mind, the above-men-
tioned possible applications of positron beams in nu-
clear spectroscopy, we calculated the factors
£o(AL[nli'E,) in the nuclear charge range 40< Z <92
for positron energies 0.55 MeV <E, <6.66 MeV.

All the calculations were carried out using relativis-
tic wave functions of an atomic-shell electron and a
positron, which were obtained by numerical integration
of the Dirac equation with a single average Hartree-
Fock-Slater atomic potential, which was found employ-
~ ing a program written by I. M. Band and M. B.
Trzhaskovskaya.'*

The most detailed calculations of the factor £(AL[nlj]!
E,) and the orientation coefficients A(AL[nljJ'E,) were
carried out for the series of multipoles EO, E1, and
M1 of the process of annihilation of a positron and a K
electron. Selective calculations for the LI, LI, and
L1 shells of the lead atom indicated that the factor
E(AL{nlj]'E,) is considerably less than for a K electron
and that gradation of the value of the factor £ in the LI,
LI, and LI subshells is approximately the same as
for the OPPA process, i.e., the largest factor £(AL)
is for an LI electron but it is approximately an order
of magnitude small than the corresponding factor for a
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K electron. This is illustrated for a number of ener-
gies E, in Table II, calculated for the lead atom.

It seems to us that the main task at present is to es-
timate the feasibility of using positron beams in nuclear
spectroscopy and, therefore, the data for the strongest
multipole transitions (E0, E1, M1, and E2) in nonradi-
ative annihilation of a positron by a K-shell atomic
electron are of practical interest. Consequently, Figs.
1-5 in the present paper give the results of numerical
calculations of the factors £(AL[1s]'E,) and of the nu-
clear orientation coefficients Ay(AL[1s]'E,) for the non-
radiative positron annihilation processes of the lowest
multipole order.

We must mention a characteristic feature of the non-
radiative positron annihilation processes whose multi-
pole orders are E1 and E2, discovered only as a result
of numerical calculation: the cross section factors
£(EL[1s]'E,) have a definite dependence on the nuclear
charge Z, and the coefficients Ao(EL[1s]'E,), can be
seen from Fig. 3 to depend very weakly on Z throughout
the range 40<Z <92, whereas in the case of a magnetic
multipole ML a strong dependence on Z is exhibited by
the factor £(ML[1s]'E,), and by the coefficients
AQ(ML[ls]lE,,). These results allow us interpolation
throughout the range of Z.
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FIG. 5. Orientation coefficient A, plotted as a function of the
energy of a positron annihilated by a K-shell electron of
atoms with the following values of Z: 1) 41; 2) 49; 3) 60; 4)
70; 5) 82; 6) 92.
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UIn the course of a nonradiative annihilation of a positron and
a K electron the whole system (i.e., the nucleus and the
electron shell of the atom) go over to an intermediate state
which is in resonance with the initial state; in this inter-
mediate state the nucleus is excited to a level E, and a hole
appears in the K shell of an atom, The amplitude of this
intermediate state of the whole system decays as a result of
subsequent nuclear (radiative, conversion, nucleon evapora-
tion, etc.) transitions from the level E, and also as a result
of transitions in the electron shell (radiative or Auger)
resulting in the filling of the K hole. Only in the case of
hydrogen- and helium-like ions can we regard the K-hole
lifetime as infinitely long. The width of a resonance state
of the system is thus governed by the total contribution of
the nuclear and electron processes: T =fi/Ty+%/Ty, where
Ty is the lifetime of the nucleus at the level E, and 7y is
the lifetime of a X hole. As a rule, for Z>40 and E,<6 MeV
we have Ty << Ty but there may be exceptions (for example,
the *BPb nucleus).
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Effects of nonconservation of spatial and temporal parities

in spectra of diatomic molecules

V. G. Gorshkov, L. N. Labzovskil, and A. N. Moskalev
B. P. Konstantinov Leningrad Institute of Nuclear Physics, Academy of Sciences of the USSR, Gatchina

(Submitted 18 July 1978)
Zh. Eksp. Teor. Fiz. 76, 414-421 (February 1979)

It is shown that, after allowance for the A doubling, the degree of nonconservation of the spatial parity in
the scattering of light by homonuclear diatomic molecules can reach values of the order of 10~* for the
hydrogen molecule (H,) and of unity for the jodine molecule (I,). The effects of nonconservation of the
temporal parity (T-invariance violation) in the spectra of heteronuclear diatomic molecules with the A
doubling of the ground states are enhanced by five orders of magnitude, compared with the atomic

spectra, in electric fields of a few kilovolts per centimeter.

PACS numbers: 33.80. — b, 31.90. +s

Much theoretical work has been done recently on the
effects of nonconservation of the spatial parity in atoms
associated with the existence of weak neutral currents
(see, for example, the reviews in Refs. 1-4). The re-
sults of the first experimental investigations have been
published.>™” Similar effects in molecules have also
been considered.®® Quite a few papers have been de-
voted also to the search of the effects of nonconserva-
tion of the temporal parity in atoms and molecules,
namely to the discovery of the influence of the dipole
moments of an electron and a proton and of the con-
stants of the scalar and tensor interactions violating
the temporal parity on the dipole moments of atoms and
molecules, 04
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We shall show that the effects of nonconservation of
the spatial and temporal parity in diatomic molecules
may be enhanced considerably in the case of the levels
exhibiting the A doubling effect.

1. NONCONSERVATION OF THE SPATIAL PARITY

We shall consider resonance fluorescence emitted by
the hydrogen molecule as a result of its transition from
the ground para state 'Z}(I=0,K =0; +) to the ground
ortho state 'Z;(I=1,K=1;-). Here, I is the total nu-
clear spin and K is the rotational quantum number; the
sign in parentheses is the sign of the state (total spatial
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