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Theoretical cstimates are made of the probabilities of electron para-ortho transitions in hydrogen
molecules, which are found to be ~10?° times less probable than the corresponding electron transitions
without reorientation of the nuclear spins. This strong forbiddenness for para—ortho transitions, and also
the proximity of states of opposite parity make it possible to use hydrogen to detect the weak interaction.
In this case, the weak interaction of the vector current of the electrons with the axial current of the
nucleons will be manifested. It is suggested that an experimental arrangement may be used in which
hydrogen is cyclically pumped from one cuvette to another. Para—ortho transitions are induced in the
main cuvette by circularly polarized laser radiation. In the second cuvette, the increase in the number of
orthohydrogen molecules is determined on the basis of the fluorescence intensity for the allowed E1
transition. The relationship between the number of para and ortho states of the hydrogen molecule can
then be used as a memory for accumulating information on the magnitude of the weak interaction. If
para—ortho transitions are alternately induced by left- and right-handed polarized laser radiation, the
fluorescence intensity should differ by ~10~3% due to nonconservation of parity by the neutral current.

PACS numbers: 33.50.Dq, 35.80. + s, 11.30.Er

Effects of nonconservation of parity in the weak inter-
action of electrons with nucleons in a nucleus have been
widely discussed.!'? In an investigation of optical trans-
itions in heavy atoms,® one can determine only one weak
constant, which characterizes the interaction of the ax-
ial current of the electrons with the vector current of
the protons. There is therefore great interest in other
possible experiments. In the present paper, we discuss
an experiment on stimulated para-ortho transitions in
hydrogen, which leads to a manifestation of the second
constant of the weak current characterizing the interac-
tion of the vector current of the electrons with the ax-
ial current of the nucleons.

Molecular hydrogen consists of a mixture of two mod-
ifications: the orthomodification with parallel spins of
the protons and the paramodification with antiparallel
spins of the protons. Because of the difference in par-
ity of the nuclear spin wave functions, the two modifi-
cations differ by the symmetry of the rotational function
under inversion of the coordinates of the four particles
at the center of the molecule. Optical transitions be-
tween the para and ortho modifications are forbidden
by the nuclear spin. In the ‘2; ground state and in the
first excited electron state B'Z}, of the hydrogen mole-
cule (which we shall consider), the electron spins are
antiparallel. Therefore, only magnetic interactions of
the spins of the nuclei with the electron orbital angular
momenta can effectively make possible para—-ortho
transitions.

In the proposed experiment it is suggested that reso-
nance laser radiation should be used to induce a suffici-
ent number of molecules of parahydrogen to go over to
the excited orthostate. As a result of intense allowed
E1 transitions [their probability is W(E1) ~107-10°
sec™], these molecules will then go over to the ortho-
sublevels of the ground electron state. Decay of the
orthostates back to the parastates will occur exclusive-

405 Sov. Phys. JETP 50(3), Sept. 1979

0038-5646/79/090405-04$02.40

ly through collisions [the probability of these transi-
tions by spontaneous emission is ~10-® sec (Refs. 4
and 5)]. According to the estimates of Ref. 4, the time
of establishment of equilibrium in the ortho-para sys-
tem under normal conditions and without allowance for
the nonideal nature of the walls is ~3 years. One can
therefore assume that for reasonable experimental per-
iods hydrogen will continuously accumulate in the or-
thostate. Since the number of molecules in the new
state is much less than the number of molecules re-
maining the parastate, it is necessary to ensure purity
of the original parahydrogen. Namely, the number of
remaining molecules of orthohydrogen in the original
mixture must at the least not exceed the number of mol-
ecules that make the transition from the para to the
orthostate as a result of the experiment. These condi-
tions are certainly satisfied at 6 °’K, which corresponds
to a hydrogen vapor pressure ~10° mm Hg. Therefore,
it is sensible to restrict the treatment to transitions
from the ground rotational state of parahydrogen K =J
=0, where K is the rotational quantum number and J

is the total angular momentum of the molecule. We
shall consider transitions to the B'Z} state. Obviously,
transitions to the levels K=0, J=1and K=2, J=1 are
possible. We shall estimate the probabilities of the M1
transitions.

The main contribution to the mixing of the ortho and
para states will be made by the operator that takes into
account the interaction of the magnetic moment of the
nucleus with the magnetic field induced by the electrons
at the nuclei:

e _l»’;l_ [l'up.] - eh -~ (1)

M=UN —— N N—Hu,
me &y Cu mc

where the subscripts 2 and 7 label the electrons and the
nuclei, respectively, and py is the nuclear magneton.

The probability of a M1 transition is proportional to
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the square of the matrix element of the magnetic mo-
ment of the molecule between the considered states.
Going over to a rotating coordinate system and making
simple transformations, we find that the required ma-
trix element is proportional to the expression

B (P UE) IHe s>+ g L 19 (54)), (2

- 2m*c?

A

where Y(*Z,,’) are the wave functions of the ground state
and the first excited state, and p3%,* are the first-order
corrections to these functions (the indices g and u indi-
cate the symmetry of the wave functions under inver-
sion of the electron coordinates). The correction func-
tions zpﬁj;," are determined by solution of an inhomogen-
eous Schrodinger equation of the type (8) from our pap-
er Ref. 6 when the operator H, and the wave functions
#*Z;) and Y*Z’) are used. The operator H, has the
form

H.=

e eft -
= L 3
2mc; [ripa] 2mcH ( )

The matrix elements A, and 4, in the expression (2),
A=A +A,, are analogous to the corresponding matrix
elements in the expression for paramagnetic screening
of the hydrogen molecule”:

’ DO Holpud. (4)

ap ~
mc?

In the calculation of the nonadiabatic corrections to
the screening,® we had to construct the functions y**
and calculate the matrix elements of the operator H,
between these functions and basis functions antisym-
metric under inversion of the electron coordinates.
The ratio of these matrix elements to the matrix ele-
ments of the operator H; between the functions }(*Z?)
and the symmetric basis functions is ~20. The wave
function can be constructed as a linear combination of
antisymmetric basis functions with coefficients ~1.
Using this circumstance, and also ¢,=0.4 X 10, we ob-
tain from our calculations of the paramegnetic screen-
ing of the protons of hydrogen an estimate for the ex-
pression (2):
A=24,2200,ux=5-10"% erg/G.

Then for the required probability, we have
W(M1)~A*0*/ hic*~10~** sec’].

Here, w/c=27x10° cm™.

This estimate of W(M1) for the forbidden para—ortho
transition is preliminary and evidently holds only in or-
der of magnitude. However, as will be shown below, an
estimate of the viability of the proposed experiment
does not depend on the probability of this transition in a
wide range.

We estimate the admixture of states of opposite parity
to the considered levels due to the weak interaction.
The potential of the weak interaction of an electron with
a nucleon, obtained from the most general considera-
tions is given, for example, in Ref. 1. Since we consi-
der states with antiparallel electron spins, and a para—
ortho transition is accompanied by reorientation of the
nuclear spin, only the second term of this potential,
which contains the spin of the nucleon of the nucleus,
will be important for us. We rewrite it in the conven-
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ient form
V.(e,n)-Vmuo,,{[-%,G(r.—rn)] —[7";-.6(:.—:.)] } (5)
+ +

where V =Gi%/23/2c*m; G is the Fermi constant; o,, p,,
M, and r, are the spin matrix, momentum, mass, and
coordinate of the electron; and « is the constant of the
interaction of the vector current of the electron with the
axial current of the nucleon. The potential for the mol-
ecule will be equal to the sum of such potentials over
all nucleons and electrons of the molecule:

V.,=2 Vole,n).

The operator V, mixes levels of opposite parity for the
same electron term. At the same time, the expectation
value of the anticommutator, which contains the elec-
tron momentum, is zero. Therefore, in the considered
matrix element only the second term in the expression
(5) will be important.

The operator V, also mixes vibration-rotation sub-
levels of opposite parity for different electron states.
At the same time, the matrix element of the first term
in (5), which depends on the electron momentum, is
nonzero, and one can therefore expect that the matrix
element of the operator V is M/m times greater than
the matrix element between sublevels of the same elec-
tron state. For the ground state, this increase will be
compensated by the approximately same increase of the
energy denominator. Much more effective is the mix-
ing for the upper B'Z} state, since the vibration—rota-
tion sublevels of this state and the mixed sublevels of
opposite parity of the C'r, state are fairly close'to each
other. It is well known that it is precisely this proxi-
mity that is responsible for the appreciable A doubling
for the C'm, state ®'°

The largest parity violation effects are attained for
the 14th vibrational level of the B'Z}, state (K=0). The
nearest vibrational level of the C'w, state (v=3, K=1)
is separated from it by less than 10 cm™. Therefore,
the A doubling for the third vibrational level of the C'm,
state also appreciably exceeds the A doubling for the
other vibrational states with the same rotational quan-
tum number.?'® The coefficient of the mixing of the lev-
els is inversely proportional to AE, the energy differ-
ence between the levels of opposite parity. The data on
the value of AE between these levels are contradictory:
AE=1.7cm™ (Ref. 10) and AE =4.6 cm™ (Ref. 11).
However, the value of the A doubling E, for the neigh-
boring C'7, level does not agree in either Ref. 10 or
Ref. 11 with the correct value E, measured in the re-
cent investigation of Takezava and confirmed by the cal-
culation of Ref. 9. If we combine the data of this paper
with the data of Ref. 11, we obtain AE=17.7 cm™. We
shall use this value to estimate the coefficient of mix-
ing. In fact, as will be shown below, the estimate of the
minimal power of the laser needed to carry out the pro-
posed experiment in realistic times (i.e., the viability
of this experiment) does not depend on the value of AE

To calculate the matrix element of the operator V,
it is necessary to take into account the strong pertur-
bation of the level C'r,, v=3, J=K=1 by the neighbor-
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ing level B'Z!, v=14, J=K=1. The interaction of these
levels is descrlbed by the operator

By = s °R2 (L-K,+L,K-), (6)
where L, is the reduced mass of the molecule, and L,
and K, are spherical components of the operator of the
electron orbital angular momentum and the operator of
the rotational angular momentum of the molecule. The
matrix elements of the operator (6) are calculated in
Refs. 8 and 9. In particular, H,, ;=-12.9 cm™. Thus,
the wave function of the state C'7,, v=3, J=K=1isa
superposition of the unperturbed (adiabatic) wave func-
tion of this state and the unperturbed wave function of
the state B'Z:, v=14, J=K=1,

Let E7. and E° be the energies of these levels in the
adiabatic approximation. It is known that E%. - E9=14.6
cm™ (Ref. 8). Therefore H,, ;=~(E%—~E?). Thus, the
weight of the admixed state B'Z!, in the wave function of
the considered state C'7, is not small in the given case.
Using the experimental value of the A doubling and the
calculated value of H,, ;, we can determine the weight
of the unperturbed functions describing the contribution
of the pure states B'Z} and C'r’, to the wave function of
the considered level: C;=0.50, C,=0.87. We calculate
the required matrix element:

X=(B'S.*, vs=14, J=1, M, K=0, I=1|V,|C'm.*, v,=3, J=1,
M, E=1, I=0).

Since K > A, the 'T}, state with rotational angular mo-
mentum K =0 is not perturbed, since the operator H,
does not depend on the nuclear spin and mixes only
states with different rotational angular momenta. We
decompose X into two terms:

XmX, oy + X,=Col B'E, vs=14, J=1, K=0|V, | B'Z,*, v;=14, K=1, I=0>
FC(B'Z,*, ve=14, J=1, K=0|V,|C'n.*, v,=3, K=1, I=0),

(7
where the subscript 0 denotes the unperturbed wave
functions. As is shown above, the matrix element X, ,
is determined by the second term in the potential V
[Eq. (5)], which depends on the momentum of the nucle-
us, and it can therefore be ignored compared with the
second term. In accordance with the Franck-Condon
principle, we represent the matrix element X, in the
form of a product of the electron part and the overlap
integral of the vibrational wave functions:

XomCoXogus=Ca(B'E.F, =1, K=0, I=1|V.[C'.*, K=1,
I=0)xCvs=14|v,=3>. (8)

As K, we must take the value of R whose neighborhood
makes the maximal contribution to the overlap integral
14,3- Since the left-hand “classical” turnmg points for
these vibrational levels virtually coincide'?

Tmin(Va=3)=1,36 au, Pmin (Ve=14) =131 au,
the maximal contribution to g,,,; is given in accordance
with the Franck-Condon principle by the neighborhood
of this point.
The wave function of the excited state C'7; was con-
structed by means of the simplest wave functions of
Heitler-London type:
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e =Na (15 (r1a) 2p70x (ras) +15 (rip) 297 (rza) + (14 2) ). 9)

The subscripts + appended to the function 2p7 indicate
the sign of the projection of the orbital angular momen-
tum of this atomic orbital. The required wave function
can be expressed as a linear combination of the func-
tions (9):

I, K=1, M, 1=05=2-" (D% bt D _ ).

The functions DﬂA depend on the spherical coordinates
6 and ¢ of the vector R and can be expressed in terms
of Wigner’s d functions:

(Eay:

Diues™ (8, @) =~ e~M*dy,"(cos 6).

As wave function of the state B'Z!, we use the wave
function of Ref. 13. The matrix element X, , was calcu-
lated for several values of R in the neighborhood of the
turning point (R =1.4-1.6 au). The necessary argu-
ments of the exponentials were calculated by means of
linear interpolation between the points known from Ref.
13. It was found that X, , depends weakly on R in this
neighborhood, its value being approximately X, ,=3.2
X 10% erg. To estimate q,, ;, We use the results of
Refs. 8 and 9. To calculate the A doubling of the C'w,
levels in these papers, it was necessary to calculate
the matrix elements of the operator H, describing the
interaction of the levels Z and 7. The matrix elements
of this operator cn be represented in the form

s
Hy= (K(K+i)) IS(R) vn=i>,
where S(R) is the matrix element of the electron part of
the operator H,. In the pure precession approxima-
tion, S(R)=1. Then in accordance with the Franck-
Condon principle, H, has a representation analogous
to the representation (8):

(K(K+1))" 1
y= T

The matrix element of H,, ; in the pure precession
approximation was calculated in Ref. 9: H, ;=-13.1
cm™. Taking R=1.45, we obtain ¢,, ;=0.08 and X,
=2.3x10°° erg. Assuming that the energy interval be-
tween the considered levels is AE=17.7 cm™, we obtain
for the coefficient of mixing of levels of opposite parity
6=X/AE =1,5X10"%«, which corresponds to degree of
circular polarization
W(E1)
w(M1)

Thus, the probabilities of para-ortho transitions in-
duced by left- or right-handed polarized radiation dif-
fer by the relative amount ~3 X 10-° (if it is assumed
that » ~1). Therefore, the numbers of orthohydrogen .
molecules in cuvettes illuminated by left- and right-
handed polarized light will differ by the same relative
amount. As we have said above, becuase of the strong
forbiddenness of the natural para-ortho transition, the
relationship between the numbers of molecules of the
two modifications of hydrogen can be used as a kind of
memory device to accumulate information about the
weak interaction. A feature of the experiment is the
possibility of separating in time the stage of accumula-
tion of information and the stage in which this informa-

* ~3-10%, (10)

P=26 [
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tion is “read out”, i.e., the accumulated difference be-
tween the numbers of molecules in the two cuvettes is
detected. This detection can be done by means of the
resonance fluorescence signal corresponding to the
allowed E1 transition, whose probability is ~10° sec™.

One can show that detection of the number of mole-
cules of orthohydrogen with an error ~10-° does not pre-
sent great difficulties. Each molecule of orthohydrogen
in the resonance light flux becomes a source of up to
~10® scattered photons in each second. Therefore, to
achieve the required accuracy, it is sufficient to use a
source of A~1110 A laser radiation of power 107 W (the
wavelength X can be varied depending on the particular
transition chosen for detection). However, to make
- ~10' molecules go over from the para to the ortho
state, a powerful source of laser radiation is required.
We estimate the minimal power of the laser, taking ~5
days as a realistic length of the experiment.

If gaseous hydrogen is illuminated by light of frequen-
cy corresponding to the forbidden M1 transition,

3+, v=0, K=0-B'3,*, v=14, J=1, K=0, I=1,

then the majority of the photons will be absorbed in the
wing of the adjacent intense line of the allowed E1 trans-
sition. Indeed, by virtue of the Breit—-Wigner formula
for the absorption line profile the probability of absorp-
tion far from the resonance is determined by

We/=W (E1)n,

where W(E1) is the absorption probability in the reson-
ance, n=(I'/Av)?, T is the natural width of the absorp-
tion line, and Av is the spectral distance from the res-
onance frequency (the Doppler broadening can be ig-
nored, since in this case I')/Av<0.1, I'~10° sec™, Av
=7.7 cmY).

Since W(E1)/W(M1)~10%, the intensity of the nonres-
onance background absorption appreciably exceeds the
intensity of the investigated para—ortho transition. Ex-
perimental conditions under which virtually all photons
from the laser beam are absorbed in the sample are
optimal. These conditions can be ensured by the choice
of the size of the sample and the gas pressure. Under
optimal experimental conditions, the number of mole-
cules induced to go over to the ortho state can be esti-
mated from

N~ ®tW (M1)/W (E1)n, ()

where & is the flux of photons in unit time, and ¢ is the
time of one cycle of the experiment. On the other hand,
to observe parity nonconservation effects, we need to
induce to go over to the ortho state not less than

N**°~5-*=10" molecules.

(12)

Comparing (10), (11), and (12), we obtain the required
estimate:

(13)

Thus, as we have said above, our estimate of the vi-
ability of the experiment does not depend on the proba-
bility of the M1 transition. For the considered transi-
tion, the background level is identical with the admixed
level, and therefore (13) simplifies even further:
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Therefore, the estimate of & does not depend on the
energy gap between the ground-state level and the ad-
mixed level. Taking ¢~5 days, we obtain &~5 X 10'®
photons/sec, which at the given frequency is ~10 W.

In recent years, laser technology has been making
rapid advances in the ultraviolet region, Several meth-
ods have been developed for obtaining ultraviolet laser
radiation: systems for frequency multiplication of high-
power lasers by means of nonlinear media, summation
of the frequencies of dye lasers, and the use of excimer
molecules, consisting of atoms of inert gases and hal-
ogens. The last method is the most promising, since
the excimer lasers have a high efficiency and high radi-
ation power.!* For example, Ref. 15 describes an ul-
traviolet laser using KrF molecules with pulse repeti-
tion frequency up to 1 kHz and mean power 10W. The
wavelengths generated by the excimer lasers depend on
the inert gas and the halogen that are used. The lumin-
escence bands of the excimer molecules are uniformly
broadened, which makes it possible to obtain a smooth
tuning of the radiation frequencies.

The rotation-vibration structure of the terms of the
hydrogen molecule is fairly rich and we have at our di-
sposal numerous possible parity nonconservation effects.
In addition, great interest attaches to the investigation
of D, and T, molecules. A reliable calculation of the
manifestation of the weak effects of the electron-nucle-
on interaction is possible on account of the simplicity of
the molecules and the large body of both experimental
and theoretical results that have been accumulated on
hydrogen and its isotopic analogs.

We are grateful to V. G. Gorshkov, L. N. Labzovskii,
and A. N. Moskalev for their interest in the work and a
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