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We give a complete phenomenological analysis of parity mixing in the hydrogen atom, showing the
connection between relativistic neutral-current interactions and nonrelativistic potentials. The matrix elements
of these potentials are evaluated for n = 2 hydrogen, and the mixing of 2S5-2P states is computed at each
of the level crossings. A systematic discussion of the invariant decomposition of 25-2S’ microwave
transitions is given, providing a catalogue of the possible parity experiments. One particular transition is
analyzed to show its sensitivity to weak interactions. We conclude that it should be possible to detect weak
interactions of universal strength by observing asymmetries of order 10~°, with integration times of order 10*

sec. Such experiments are underway at this laboratory.

I. INTRODUCTION -

The hydrogen atom has been called “the Rosetta
stone of physics,” because the analysis of its
spectrum has played such an important role in the
development of quantum theory and quantum elec-
trodynamics.! It offers unique advantages for the
study of small corrections to the dominant Cou-
lomb interaction between the electron and the
proton because of the accuracy with which one
can solve two-body systems and because of the
accidental degeneracy of its spectrum. It is
natural to ask whether the hydrogen atom can also
play a significant role in the search for weak
interactions between electrons and nucleons. In
this paper we will provide systematic answers to
such questions as: what are the perturbations
caused by parity nonconserving weak interactions
in the hydrogen atom, what can be learned about
the coupling constants, and how can one enhance
the very small effects of weak parity mixing ?

We will show that the high precision of the theory
of atomic hydrogen is indeed a major advantage

in predicting, and eventually analyzing, parity
nonconserving effects and that additional “acciden-
tal” features are an aid in the search for these
effects.

We have already provided some answers to
these questions in an earlier publication.?*® We
showed that 2S-2P level crossings serve both to
enhance the parity mixing, and to provide a natu-
ral separation of the nuclear spin-independent and
spin-dependent terms. Two different parity non-
conserving effects were analyzed. One of these,
circular dichroism in the optical transition
2S-38S, employs a classical optical technique
for the determination of handedness. The other,
which has no classical analog, involves the
quench probability of a 2S atom in parallel static
E and B fields. We concluded that a realistic

appraisal of various experimental parameters
showed that weak interactions of universal
strength could be observed with integration times
of about one day.

This paper has a similar organization and pro-
vides a more detailed analysis of related ques-
tions. In Sec. II we will review earlier theoretical
and experimental results pertaining to parity
conservation in hydrogen. In Sec. III we will give
a complete tabulation of parity mixing in n =2
atomic hydrogen, with emphasis on the level
crossings. It will be shown that there are three
different weak potentials giving parity mixing
amplitudes of the same order of magnitude, and
that there is a clear separation of these potentials
at different level crossings. In Sec. IV we will
give a systematic classification of all the scalar
and pseudoscalar terms which can arise for
microwave transitions within the » =2 shell. In
Sec. V, we will discuss a particular microwave
transition and show that it can be made to give
a larger parity nonconserving asymmetry than
either optical transitions or quenching in static
fields.

As will be discussed in Sec. II, several authors
have already emphasized the special advantages
of the hydrogen atom, but have shown that parity
mixing should occur with very small amplitude,
many orders of magnitude smaller than existing
experimental limits. On the other hand, it has
been argued that parity mixing between S and P
states in heavy atoms should occur with a size
which is accessible in experiments using avail-
able laser technology.® Our purpose here is to
show that parity conservation in hydrogen can
also be tested down to the level at which an effect
is expected. This is intended to emphasize that
parity mixing in one=-electron atoms should be
observable, and can provide a complete determi-
nation of the coupling constants. Our work goes

2421



2422 R. W. DUNFORD, R. R. LEWIS, AND W. L. WILLIAMS 18

beyond just tabulating the parity mixing effects
between various states in hydrogen, and pre-
sents a discussion of the general ideas of de-
signing parity experiments. We have arbitrarily
limited the scope of this discussion to hydrogen,
and to the atomic physics aspects of these calcu-
lations. We have stopped short of a detailed de-
scription of any specific experiment. An experi-
mental program is in progress at this laboratory,
and results will be presented at a later time.

II. REVIEW OF PARITY NONCONSERVATION IN ATOMIC
HYDROGEN

The possibility that there are weak interactions
of the form

Hy =356 [ @xteoe)Fop), 1)

between electron proton and electron neutron,
where G is the Fermi constant, has been con-
jectured by many people in the past. The first
specific consideration of parity nonconservation
in weak interactions of this type was apparently
due to Zel’dovich,’ who discussed several con-
sequences of putting 0=y,(1+y;) in Eq. (1). In
atomic hydrogen, this leads to a mixing of the
closely spaced levels 2S,, and 2P, with matrix
element

3
aO

As could be expected, the matrix element is of

order G /(atomic volume); no dependence on nuclear

spin (hyperfine effect) has been included. The
extra power of @ =5z comes from the evaluation
of the 2P amplitude at the nucleus, which arises
only from keeping first-order relativistic correc-
tions. Combining this with the energy separation
(Lamb-shift)

E(2S,;,) - E(2P,;,)= 0.4140°mc?, ®3)

leads to a mixing amplitude

_(2P,lH,2S,) . mc\?
Oy = W =+1(0.029)G ( = )
~ 48X 1071, (4)

Zel’dovich noted that this mixing would result in
a weak-induced electric dipole amplitude for the
decay 2S5 - 1S, but that this amplitude would be
smaller than the spontaneous magnetic dipole
amplitude, and would make an unobservable
change in the decay rate of the metastable 2S
state. He also considered the optical activity
which would arise from the interference of the
magnetic dipole and the electric dipole ampli-
tudes. This effect would be linear in G rather

than quadratic, and more sensitive to weak inter-
actions. Again he found a very small effect,
apparently offering no hope of detection.

Michel carried the analysis of such neutral
currents further,® writing out the parity non-
conserving electron-nucleon potentials for a par-
ticular model. He recognized the advantage of
causing the 2S-2P levels to cross in a magnetic
field ﬁ, which would increase the mixing ampli-
tude by a factor [E(2S)— E(2P)]/3#l,p =21, T,p
being the natural decay rate of the 2P state. He
also emphasized that motional electric fields
¥ xB/c would produce mixing of these same
states, putting stringent requirements on the col-
limation of velocity in any metastable beam ex-
periment.

Michel suggested another effect linear in G, in-
volving the circular dichroism (CD) of the micro-
wave transition 2P,, - 2P,,. This transition has
a magnetic dipole amplitude

M1 =po(2P |0, + L, |2Py) = V2 1o/3 (5)
and a weak-induced electric dipole amplitude

Ely =0y(2S,,lez|2P,,) = V6 by ea,. (6)
The resultant CD would be

CD=[26(E1/M1)| =12V3|5|/a= 1078, (7

This was the first suggestion of a parity experi-
ment which would enhance the contribution of
weak interactions, in this case by the factor
(E1/M1)=6+v3/a=1424. The experiment is not
practical with thermal energy beams, however,
since the transition is between unstable states
which decay in a distance of order 107% ¢cm, much
smaller than the wavelength of the microwaves.

On the experimental side, Fite et al. have mea-
sured the Lyman-« radiation from a metastable
hydrogen beam, arising primarily from collision-
induced emission.” The residual radiation »ot
associated with collisions sets an upper limit on
the spontaneous rate of one photon transitions
2S5~ 1S. Their limit gives an upper bound to the
parity mixture at zero magnetic field

|6(H)| < 8x 1074, (8)

This limits both the nuclear spin-independent
and spin-dependent contributions, but with bounds
much higher than the results expected from weak
interactions. :

Robiscoe has improved on this limit using the

‘enhanced mixing in a magnetic field, by studying

the quenching of a metastable hydrogen beam in a
magnetic field of 538 G, where a 2S-2P crossing
occurs.® At this particular level crossing, the
parity mixing occurs between states arising from
different F values, which has been shown to single



out the contributions of the nuclear spin-dependent
part of the weak interaction.? The upper bound
deduced from this measurement was

|6(H)| <9%x1075, 9)

More recently, the 2S - 1S one photon transition
has been observed in the hydrogenic ion A™ by
Marrus and Schmieder.® The calculated M1 rate
rises very rapidly with Z, becoming the dominant
decay mechanism in heavier ions. The calculated
rate is compatible with the observed rate, setting
an upper bound on the square of the weak-induced
E1 amplitude. This leads to a bound on the mixing
parameter

|[6(4) <s6x107¢, (10)

which is also much bigger than what is expected
from weak interactions. Feinberg and Chen'°
have calculated the Z-dependence of this param-
eter as a by-product of their work on parity non-
conservation in muonic atoms; it increases some-
what faster than Z, )

The largest effect predicted to this date comes
from the circular polarization or anisotropy of
the one photon transition, 25— 1S in hydrogen.
Moskalev has shown that the weak-induced E1
amplitude competes very favorably with the M1
amplitude, which is strongly suppressed in tran-
sitions between different shells.!! The parity
mixture in 2S5 is enhanced by a factor

E1/M1=(1S|ez|2P)/(1S|1,0.|25)=28/9V3 o
’ =1.06x 107, (11)

giving a polarization and anisotropy of order 1074,
This enhancement is somewhat illusory, however,
since the strong suppression of M1 makes this a
very rare decay mode. The large asymmetry is
accompanied by a very low event rate, and is an
advantage to the experiment only if background
contributions to the rate, such as collision in-
duced decays, can be kept as small as the spon-
taneous decay rate. The observation of this
polarization seems hopeless, since suitable
circular polarimeters are not available at this
wavelength (vacuum uv); however, measuring

the anisotropy may be a viable experiment with
heavy hydrogenic ions.

To summarize this brief review, it is clear that
the existing experimental evidence for parity
conservation in one-electron atoms is much too
insensitive to draw any conclusion about weak
interactions of universal strength G. This results
largely from the absence of any experiment sen-
sitive to interference effects of order G, rather
than rates of order G2, Although several such
experiments have been suggested, the theoretical
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work has concentrated on processes that lack
practical feasibility. There is a need for a more
systematic tabulation of parity nonconserving
effects in hydrogen, and a more realistic assess-
ment of the experimental realities. That is the
task which we set ourselves in the next sections.

HI. PARITY MIXING IN »=2 HYDROGEN

Gauge theories of weak and electromagnetic .
interactions offer the hope of unifying these inter-
actions into a single theoretical framework which
permits the calculation of processes involving lep-
tons and hadrons, in our case electrons and
nucleons, to any desired accuracy, free of di-
vergent integrals and arbitrary constants. At the
moment, such theories have not been refined to
the point where, like quantum electrodynamics,
one is confident of the structure of the theory and
the values of the coupling constants. On the con-
trary, it is not yet certain whether neutral cur-
rents of electrons participate in weak interactions,
and have both vector and axial vector parts. It
has not yet been established what the gauge group
is, what assignment of particle multiplets is cor-
rect and what the mixing angles are. In this
situation, we feel that the first task in analyzing
parity nonconservation is to make an empirical
approach, without reference to any particular
gauge model, This puts the burden of the deter-
mination of the coupling constants on the experi-
ments, as a guide to a specific choice of model.

The reasonable goals of parity experiments in
hydrogen are to observe an unambiguous effect
of weak interactions, and to measure its strength
to (say) 10% precision. Only in the distant future
can one foresee measurements of parity mixtures
with enough precision to measure relativistic and
radiative corrections'? of order v/c= a@=~10"2,
or recoil corrections of order m/M=~10"3, Our
goal therefore is to analyze parity mixtures to
leading order in @ and m/M. We begin the dis-
cussion by considering the general form of a
nonrelativistic potential describing the parity
nonconserving part of the energy of an electron
in the vicinity of a stationary nucleus. This po-
tential is to be used with gross structure eigen-
states. This will provide the most direct link
between experimental information and model cal-
culations.

A. Nonrelativistic parity-nonconserving potential

The form of a parity-nonconserving potential is
restricted by the general features of weak inter-
actions. We assume Hermiticity and Galilean
relativity, and retain only the P-odd (pseudosca-
lar) terms. We also assume the range of weak
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interactions to be very short compared with
atomic dimensions, and therefore choose a poten-
tial having delta function dependence on the elec-
tron-nuclear separation T. The dependence on
the relative momentum P will be treated by a
series expansion in powers of p/mc. Since suc-
cessive terms are of order (p/mc)= a, we need
keep only the leading term.

T-invariance is the only remaining general
principle which might be applied. There already
exists experimental evidence, derived from the
absence of linear Stark shifts in the levels of
heavy atoms and molecules, that P-odd T-odd
weak interactions must have coupling constants
smaller than about 1073 G.!* The parity experi-
ments under discussion in hydrogen do depend
on T-odd as well as T-even terms. However they
are not sensitive to terms as small as 1072 G,
and so in the remainder of our treatment, T
invariance will be assumed. There may be a
point to setting limits on the T'-odd contributions
in a simple atom such as hydrogen, but we will
not consider that possibility here.

The parity nonconserving electron-proton poten-
tial contains zo terms independent of momentum.
Under the assumptions listed above, the only
pseudoscalars independent of b are T, *T5(T) and
T, +T6(T), which vanish identically. Here 7, is the
electron spin and 52 the proton spin. In the next
order of p/m there are three independent pseudo-
scalars G, - po(T), T, -po(T) and T, X T, +Hd(T).

The resulting hermitian potential can conveniently
be parametrized as

s/_m —=—1{=C,[T, * D, 8(T)]. + C,,[ T, * B, 8(T)].

=4(Cyp+Cy p)[.al X'6‘2 '-ﬁa 5(?)]-} ’
(12)

where [A, B], denotes the commutator, anticom-
mutator. A dimensional constant G/v8mc has
been factored out. The remaining quantities

C.s»s Cyp, and C,, are real dimensionless param-
eters, presumably of order unity, the only un-
known quantities in our potential. The same form
can be used for the electron-neutron potential,
with C,,, C,,, and C,, instead. The terms con-
taining C, can be rewritten in the alternative form

V,=+(GC, ,/V8mc)[G,* DT, *G,5(F) +H.c.].
(13)

Our choice of constants may look a bit strange

at this point, but will be seen to be appropriate
when we discuss the connection with the relativis-
tic interactions from which they arise, and when
we evaluate parity mixing at the level crossings.

Inspection of the potentials in Eq. (12) reveals
the selection rules governing their matrix ele-
ments. The 6(T), 6’(T) singularity restricts
the orbital angular momentum to /=0 and 1,
which correspond to the only states having a
finite value or derivative at the nucleus. The
asymmetry under spatial inversions implies that
they only connect S and P states. The potential
V., defined by the coefficient of C,, is mdependent
of the nucleon spm a.nd therefore preserves i and
J but can flip L. and § (Am; =0,+1; Am =0+ 1).

The other two potentlals V, and VS, preserve
only F=0 +S +I and can fhp the individual angular
momenta L S i. We will see the implications
of these selection rules at the various level
crossings below.

B. Relativistic interaction of neutral currents

The description of this weak interaction can also
be given in terms of the local coupling of two
Lorentz-covariant neutral currents. The hadron
current will be expressed in terms of the nucleon
content rather than in terms of its quark content.
If we use a similar set of assumptions (Hermitic-
ity, Lorentz invariance, T invariance, P noncon-
servation) then it is reasonable to expect the
same number of parameters, and to recover the
same potentials in the nonrelativistic reduction.
The only thing to be learned from this reduction
is the relationship between the parameters C,,
C,, C, and the form factors of the currents.

We introduce a vector current V, and an axial-
vector current A, for both the electron and the
nucleon. According to well known arguments,'*
the matrix elements of the electron current be-
tween free in-out states have the following gen-
eral form,

(| VeLlp)=ia(p") S5y u + f30,0,u]u (D),
(0| ALlD) =iu(p") [ g5vsyu — 852y s]u(p),

where f,, 2mf,, g,, and 2mg, are called, respec-
tively, the “weak charge,” the “weak anomalous
moment,” the “axial charge,” and the “induced
pseudoscalar” form factors of the electron. They
will be considered as constants for the low mo-
menta in atoms. The terms containing g, =p, —=p,.
have been normalized by a factor (2m)~! using the
electron mass. Since we are interested in analyz-
ing experimental results without any further theo-
retical input, we shall include on an equal footing
both the “intrinsic” form factors /%, g¢ and the
“induced” terms f5, g5.

We can use the same general form of (14) for the
proton and the neutron, with appropriate changes
in the superscripts, and with replacement of the
electron mass m by the nucleon mass M.

(14)
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The parity nonconserving semileptonic interaction arising from the local coupling of those

two currents will be

.
Hoos= 356 [ axtas vt vveaz)

- 556 [ exlligi@rirne) g 20, @0 [iF1(Brad) - F10,500 )]

+[if1@rue) = f30.(e0,,0)][i gt (Pyyup) +g50u(evse)] ), (15)

which superficially appears to contain eight
terms. However, the contributions of “induced
pseudoscalar” (g,) terms vanish identically since
they can be integrated by parts to give the diver-
gence of currents which are conserved,

3;@%‘# =0, auavaoqu):O- (16)

This remains valid even for electrons bound by a
static potential. The contributions of the nucleon
“anomalous moment” (f,) terms can also be dis-
carded as negligibly small, since they are re-
duced by a factor p/Mc~ a(m/M). The remaining
terms give three interactions!®

Hy =71-§G f @x[g 1 @rurse)(Brub)
+figi@v.e)(bruysp)
+if 549, (€0,,e)(PY.¥sP)].
(17)

A nonrelativistic reduction of Eq. (17) can be
seen to reproduce the potential of Eq. (12), with
the following identification of constants

C“,=giff, Czp=fig{, Csﬁ=f;g{- (18)

This justifies our selection of the particular form
of Eq. (12). The terms containing C,, C, arise
from the “weak charge” and the “weak axial
charge” of the electron and nucleon. Measure-
ment of these quantities for both the proton and
neutron are the goals of this research; they would
provide basic constants of importance to the theory
of weak interactions, and would help to discrim-
inate among the many models already proposed.'®
The terms containing C, have attracted the most
attention, since they may be enhanced in heavy
atoms by the coherent superposition of many nu-
cleons. The terms containing C, depend on the
nutleon spin and are not enhanced in heavy atoms.
They may be detectable there if the experimental
sensitivity is sufficiently high, but are comparable
in strength with radiative corrections to C, and
will be difficult to differentiate. The values of
these constants predicted by a variety of gauge
models are given in Ref, 16. Our parametriza-
tion of the potential V [Eq. (12)] facilitates the
direct comparison of experimental results with

r

quark model results.

The terms containing C, have received little
attention. If we assume that the only neutral
vector current is the electromagnetic current,
then the form factors are known and C; is small.
Neglecting radiative and binding corrections, we
have

Cop/Cop=So/fi= a/2m+e 001, ©19)

However, we feel that it is important at this time
to provide an empirical test of such results and
to verify experimentally whether the electron
vector current does in fact have the same struc-
ture as the electromagnetic current. We will
therefore retain C; as a parameter of order unity
and discuss the problem of extracting this con-
stant along with C, and C, from experiment.

C. Weak interaction matrix elements

Next we consider the matrix elements of the
weak potential V in Eq. (12). Figure 1 shows the

- Zeeman diagram for n =2 hydrogen, with the states

labeled in the notation of Lamb and Retherford.'”
Level crossings are seen to occur for magnetic
fields between 500 and 7500 G. The representa-
tion of the bound states will be chosen to simplify
the calculation of parity mixing at the various
crossings. In this region, the energy eigenstates
are mixed by the combined effects of spin-orbit,
hyperfine, and Zeeman interactions. For most
of this range of magnetic fields, these energies
are ordered according to

ths < HZeeman < Hspin/oxbit ’ (20)

where hfs stands for hyperfine structure. This
implies that the electron spin and orbital angular
momenta are strongly coupled and oriented by the
magnetic field, but that they are decoupled from
the nuclear spin. The most appropriate represen-
tation is therefore |LSJm Im;). At the first level
crossing (B =~538 G) the mixing of states with
different m,, m; by the hyperfine interaction is
less than 6% in amplitude; at the last level cross-
ing (B =7081 G) the mixing of states of different
J by the Zeeman interaction is about 43% in am-
plitude. These mixing effects will be included in
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FIG. 1. Zeeman diagram for hydrogen, showing the
level crossings (the circles) at which parity mixtures
can occur. The states are labeled using Lamb’s
nomenclature, and the intermediate field quantum num-
bers shown. The hyperfine structure is not included in
this diagram.

our numerical calculations, and are mentioned
here only to explain our choice of basis and to
indicate the general scale of the mixing.

Having chosen the basis, we must also care-
fully specify the relative phases of the states
since they govern the phases of various ampli-
tudes. We have found it useful for many purposes
to construct the basis states explicitly by using
various operators on the S, states. We choose
the following states,!®

1
lnsllz’ my =% %, mt) = —‘/E—;R"O(‘r)x;"/{x'}ll

1 R V) > - m m
lnPuz, My =% 5,my) == 7is —"%VL—) o, -rxl/;’x,'

1 R v - -> m m,
lnP3/2’mJ =% %9 m,)::h _'\/g_,'?_ni.(—)(soezz "Ue’r)XLIgXI[

3 \2R,,(r . ®
|nPyp, my =% 3, my) =% (ﬁ) —"—‘P(xizy)xl"}{ Yr.

(21)

The matrix elements of V can be evaluated by
integration of these wave functions over the elec-
tronic variables, leaving the nuclear variables
to be evaluated separately. The nuclear matrix
elements are of two types, either independent of,
or containing the nucleon spins. To simplify the

presentation, we introduce the following notation
for these nuclear matrix elements, which is
based on the Wigner-Eckart theorem,

1
C ==
24

=ZC,,+NC,,

(Imflclp(l +Tg5) +Cpp(l = Tsj)llml)

Cutmt [Tl = SlimilofCuten)

+Cop(1 = Tsj)]llml)}
Cyttmi| Tlimy) = 3 {imilo,[Cyp(1 +75,)
)

+Cgn(1 = 75)lImy)} .

The effective coupling constant C, depends only on
the numbers of protons and neutrons, while C,
and C; are weighted averages of the nucleon spins.
This notation has the simple property that for a
proton

Ci=Cyp, C=Cy, C3=Cy, (23)

while for the deuteron (neglecting the small ad-
mixture of 3D state in the 35 ground state)

C,=Cp+Chy, Cy= %(Czp +Cyn)y G =%(Csp+csn) .
(24)

With this notation, we can now express the
matrix elements of V as follows:

(nsllzr mS‘, mIIIVInPJ,/z, my, ml)
=+iV(m}, mi| - C,+2(C, +§-C3)E'e '-flmJa m),

(nsl/zv msyml'lvlnPalzr my =% %a m[) (25)

‘ﬁ— ’ > T :
=i -3—-V03(m5-, m}|30,,1, =G, *1|m;, my;)

(nS 1y M1, mIIlVI"P::/a’ my =i"%: m[)
= _i(%)l/ZVca(m‘lr’ m;loez(lxiily)lmaf ¥ 1’ m[) .

The magnitude of these matrix elements are
governed by the dimensional factor V, defined by

_7;_)_ Gaz* Wi =1
me/) 2nV2a} nt

= 3G ’
V= 2 k.01,

-0.1182+ X2 =

Hz.

S .
[N
]

(26)

We also list the matrix elements of the Stark
interaction ® =¢E *T in this same basis,
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(S yomimt|@ 0Py gm my) = ~B6 (][5, - Elm,),

nS ymimi|®|[nPyym; =+, my)
1 - had - ES
=% ﬁ@ém; ml(m5|308‘E3—0'3 'Elmf)’ (27)

(nsllzm!fmIIanPa/sz =% %1 mp)

=¥ (%)llzq_)(ExiiEy)om; mlcm.',,m.ﬁ 19

where @ is the quantity

® =3eE f 7*d¥R, Ry, =~ ffzﬂnnm . (28)
(1]

These energy matrices, when added to the di-
agonal matrices for fine structure and Zeeman
energy,'® provide the starting point for a numeri-
cal program yielding the energy eigenvalues and
eigenvectors for » =2 hydrogen. There is no
difficulty in carrying this out to an accuracy
greater than is necessary for our purpose, using
either theoretical or experimental determinations
of the fine structure interval, Lamb shift, and
electron magnetic moment. We have chosen to
calculate energies to a precision of 10 kHz, which
is about ten times larger than any discrepancy
between theory and experiment and at least ten
times smaller than the precision required for the
"first parity experiments.

D. Parity mixing in =2 hydrogen

We consider here the question of what parity
mixing is induced by each of the terms in the weak
interaction, at each of the level crossings in the
n =2 state. This has a direct bearing on the
empirical question of what could be learned about
weak interactions in any specific parity experi-
ment. Without consideration of particular details,
such experiments generally involve the inter-
ference of a weak-induced parity nonconserving
amplitude with a parity conserving amplitude
(either a Stark-induced electric dipole amplitude,
or an intrinsic magnetic dipole amplitude). Any
such effect will be more easily detected by the
level crossing technique,?® since the vanishing
of the real part of an energy denominator can en-
hance the magnitude of the weak amplitude and
change its phase through 7, giving a character-
istic resonance line shape to the parity noncon-
serving effect.?*

At each of the four level crossings in Fig. 1,
shown by small circles, the value of the energy
denominator at the level crossing has about the
same value (3i%T,p, where I',p is the natural
decay rate of the 2P state) since each crossing
represents the degeneracy of a metastable 2S5
state (I',5 ~0) with an unstable 2P state
(I'yp/2m=99.47 MHz). Our computations show
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FIG. 2. States near the B-e level crossing, showing
the hyperfine structure for hydrogen. The intersection
of states mixed by weak interactions are indicated by a
black dot.

that the energy numerators (weak matrix elements)
at each of these points are also of comparable
size (V) =3V =4(0.013 Hz), leading to parity mix-
tures of order V /34T ,p=2.5X10"1°, These fac-
tors set the general scale of parity mixing at the
level crossings, and demonstrate that experi-
ments in hydrogen have comparable sensitivity
at each of the level crossings and can be expected
to give comparable accuracy in the determination
of the constants C,, C,, C,. v
The specific combination of these constants has
been evaluated numerically for each of the 2S-2P
level crossings circled on Fig. 1. Inspection of
the enlarged diagrams in Figs. 2-5 shows that
there are five pairs of 25-2P states with the same
mg =my +my; which cross and can be mixed by
weak interactions. We have not included the a-d
crossing at 2360 G among these because no ap-
preciable weak mixing can occur there. For the
a-d states in hydrogen, there are no levels with
the same my and so mixing is strictly forbidden
by angular momentum conservation. For the a-d
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FIG. 3. States near the B-f level crossing, showing
the hyperfine structure for hydrogen.
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FIG. 4. States near the a-c level crossing, showing
the hyperfine structure for hydrogen.

states in deuterium there is one pair of states
with the same mp, but with m; differing by 2.
Mixing of these states can only come from parity
nonconserving tensor forces, which occur in
order (p/mc) and are suppressed by an additional
power of a.

Table I gives the weak matrix elements for each
of these pairs of states, together with the mag-
netic field at which the crossing occurs. From
these results we see that the 8-e crossing is
very insensitive to C,, and determines a combina-
tion of C, and C, (approximately C,+3C,). The
B-f crossings depend on C, plus or minus the
same combination of C,, C,. The high field cross-
ings of c-a and d-pB determine essentially C, and
C,, respectively. Thus there is a natural sep-
‘aration of the contributions of C,, C,, C, at the
various level crossings in hydrogen. Similar
results pertain to deuterium.

It is important to understand these results,
rather than to simply tabulate them. The near
cancellation of C, at the g-e crossing has been -
discussed earlier.® The states 3, and e, arise
out of the 2S (£=0) and 2P (¥ =1) states with
mp =0, and have orthogonal spin wave functions
at zero field. Since C, depends only on the num-
bers of nucleons and not their spins [see Eq. (22)],
it cannot couple these states at zero field. As
the magnetic field is increased there is mixing
of the F =0 and F =1 states in both 2S and 2P

multiplets. In fact, the magnetic mixing is almost
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FIG. 5. States near the f-d level crogsing, showing
the hyperfine structure for hydrogen.

the same in these two multiplets since the mag-
netic moments and the hyperfine separations
have about the same ratio

Aw(2S,,)/Aw(2P )= 3=g,(25,,)/8,(2P) .
(29)

[l

Hence, the states remain nearly orthogonal up to
the level crossings; C, does not appreciably mix
these two states at any magnetic field. This
cancellation must be considered a fortuitous
accident of the pure Coulomb field and the Landé
formula. The implication of this accident is that
parity experiments at the §-e crossing depend only
on the spin dependent interactions C, and C,.

By contrast, the B,-f, states, both of which arise
out of states with the same F at zero field, are
mixed by both spin-independent (C,) and spin-
dependent (C,, C,) weak interactions at any field.
This is also true for B.,-f., mixing. The reason
for the nearly opposite contributions of C, and C,
at the two B-f crossings is that the states there
have nearly pure my;, m; (Paschen-Back limit)
and opposite »;; this situation pertains at any
high field B> 100 G. The implication of this is

TABLE I. Matrix elements of V for hydrogen at each of the level crossings, in units of V.
The magnetic field at each crossing is also given in Gauss.

Matrix element (ﬂ_’)

Magnetic field (Gauss)

(eo|VIBy) =0.00004C,—1.98591C,—1.31020C; 553.09

(fol VIBg) =0.99737C1+1.10622C,+0.70 358C;
(f-1 | V1 B.1) =0.99 696C; — 0.99 696C, — 0.62 736C;
(ol VIay) =-0.00229C;+0.60121C,— 0.05244C;
(d.1|V|B.1)==0.00212C,+0.00212C, — 0.81 581C;

1156.40
1230.43
4677.83
7036.43
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that in any experiment at the p-f crossing which
sums over the hyperfine structure, C, and C,
will nearly cancel and the experiment will be
sensitive primarily to C,.

At a field of 7036 G, there is a crossing be-
tween two states with nearly pure J, 8(J=%) and
d(=%). Since C, is the only interaction which
can couple 2S,,, and 2P,,, this crossing singles
out C;. At the other high field crossing of a-c
at 4678 G, the magnetic mixing results in a strong
cancellation of the C, contributions and so this
crossing is sensitive primarily to C,. The can-
cellation appears to be a numerical accident, and
pertains only to this region of magnetic field
strength. On the other hand, the vanishing of
C, and C, in the S ;, - Py, mixing is not related to
any special magnetic field, or to any property
of the Coulomb field, but can be traced to the
spin-angle factors in the matrix element. It
should occur in any atom with the same values of
L, S, and J. The implication of the cancellation
of C, and C, at the -d crossing is that a parity
experiment there can separately measure the
anomalous part of the weak magnetic moment of
the electron. This situation is reminiscent of
the equality of spin and orbital precession fre-
quencies of an electron in a uniform magnetic
field, which makes possible the direct measure-
ment of the anomaly in the magnetic moment
(g-2 experiment).

To summarize, we see that parity mixtures
resulting from weak interactions occur with
roughly equal magnitude, for equal coupling
strength, at various level crossings in the n=2
shell of hydrogen and deuterium. Experiments
at four crossings (575, 1190, 4665, and 7081 G)
can provide as many as five separate data in
hydrogen and nine in deuterium, giving an over-
constrained fit to the six parameters of the model
for any gauge theory. There is a natural sepa-
ration of the effects of C,, C,, and C, with ex-
periments at 575 G determining C, +3C;, at 1190
G determining C, % (C, +%C,), at 4665 G determin-
ing C, and at 7081 G determining C,. Although the
experiments at higher fields are probably more
difficult, it seems reasonable to assert thatn =2
hydrogen and deuterium provide the opportunity
to determine all six parameters of the model
with roughly equal sensitivity, and therefore to
test the detailed structure of the weak neutral
currents involved.

IV. INVARIANT ANALYSIS OF MICROWAVE
TRANSITION RATES

At the heart of any parity experiment is the
measurement of the rate of some process in an
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apparatus which breaks inversion symmetry.
The amplitude for any process can be separated
into a parity conserving (PC) part and a parity
nonconserving (PNC) part

R()=|Apct Apyc|? = IAPC 2+ |Apncl®+ (A¥.Apnc +C.0) .

(30)

The signs imply that reversing the sense of the
handedness of the apparatus, by inversion of the
symmetry breaking portions, will change the
relative sign of these two amplitudes. Since
Apne <Apcin atoms, we can drop |Apyc|? and
keep only the interference term. Its contribution
will not appear in the mean rate R,

R=3R(+)+R(=)= |4y 2, (31)
but will produce an asymmetry A in the rate,
_R(+)=R(=) |A pne
= =P . 32
RMH)TR()  2[Ap [°°5? 52)

Here ¢ is the relative phase of these two ampli-
tudes, which changes (¢ ~ ¢ +7) under reversal

of the handedness of the apparatus. These formu-
las make it clear that a sensitive parity experi-
ment will be possible if |Apyc| can be enhanced,
|Apc | suppressed and if the handedness can be
accurately reversed. Ideally, the decrease in the
mean rate R arising from the suppression of

|Apc | can be compensated by an increase in the
number of atoms undergoing transitions. If it

is possible to optimize all of these quantities,
then a very weak PNC interaction can be “mag-
nified” many times in the experiment, giving an
asymmetry much larger than the parity mixture
of the states.

There are important limitations to the size of the
asymmetry and the sensitivity of the experiment.
Assuming that |Apc | can be decreased by choice
of the experimental parameters, the asymmetry
will be increased (A < |Apc|™!) and the mean rate
decreased (R < |Apc |?). It is generally advan-
tageous to increase the asymmetry, since there
are always competing systematics (false asym-
metries). However, the signal-to-shot noise
ratio (S/N) is independent of |4 pc | and is not

“being improved in this way

S/Nx<AR/VR =2|Apnc| coso . (33)

In practice, a suppression of the mean rate will
always bring it into competition with some back-~
ground rate. Further reduction of |Apc | would
then begin to reduce S/N and decrease the sen-
sitivity of the experiment. The optimum condi-
tion for the experiment is for R comparable to
the background, and will result in an asymmetry
and integration time determined by |Apxc| and
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by background, but independent of |[Apc|. We
have already seen this situation arise in the
search for PNC in the 2S5~ 1S +y transition in
hydrogen, for which the strongly suppressed M1
rate is much smaller than the background. We
will see further examples in Sec. V.

The mean rate R =|Apc |? is ever under inversion
of the sense of handedness of the apparatus, in-
variant under rotations, and is therefore expres-
sible in terms of scalar combinations of the
physical variables which appear in the rate. The
asymmetry A is odd under inversions and ex-
pressible in terms of pseudoscalar combinations
of the same variables. A simple listing of all
possible scalars and pseudoscalars is a useful
preliminary to the detailed design of a parity ex-
periment. This invariant decomposition clarifies
the alternative types of asymmetries and sys-
tematic corrections which can occur. This analy-
sis requires only a knowledge of which variables
will appear in the observed rate, and how many
times they enter. We want to provide here an
example of this analysis for parity experiments
in # =2 hydrogen.

In particle physics, it is generally the case that
the only variables on the list are the momenta
and spins of the incoming and outgoing particles,
since the angular distributions are unaffected by
external fields. In nuclear and atomic physics,
many processes can be perturbed by electric
and magnetic fields, which must then be added to
the list. For n» =2 hydrogen, we have a new
situation in which the states can be selected by
static fields, and the transitions between them
generated by microwave fields; thus all of the
physical variables on our list are external fields.
All of these fields can be controlled in strength,
direction and relative phase, and this makes it
possible to adjust the amplitudes for optimum
sensitivity to weak interactions. In this situation
there are pseudoscalar asymmetries which have
not hitherto been used in parity experiments.

This added degree of flexibility is a major ad-
vantage in hydrogen and provides strong motivation
for working at microwave frequencies.

As proposed earlier it will be necessary to carry
out hydrogen parity experiments with intense atom-
ic beams.? Consider transitions between 2S states
of hydrogen (2S—~2S’) in a beam in a weak micro-
wave field. In the presence of perturbations,
these states will not have pure angular momen-
tum and parity, but we will continue to refer to
them as “S” states. They are distinguished from
“P” states by their energy and by their narrow
width., The microwave transitions under consid-
eration will be weaker and have narrower line
widths than the nearby 2S - 2P transitions.

In the absence of perturbations, the 25— 2S’
transitions have magnetic dipole amplitudes,
generated by the interaction between an oscilla-
tory magnetic field b and the intrinsic magnetic
dipole moment

Apc (M1)=-b (25| []25). (34)

If an electrostatic field E is present, then Stark
mixing of 25 and 2P states occurs with amplitude

(2P|er|2S)

R E@S)- E@P) + il 2

it

0s (35)
This- adds an electric dipole amplitude proportional
to the oscillatory electric field €,

Apc (E1)=065€+(2S'|er|2P). (36)

There is an additional contribution to this ampli-
tude from Stark mixing in the final state 257,
with the same form as Eq. (35). Although this
perturbation mixes parity of the atomic states,
it arises from PC terms in electrodynamics and
is even under inversion of all the variables, if
we remember to invert external as well as in-
ternal fields.

We must also include the weak mixing of 25
and 2P states with amplitude

6o = (2P|Vpxc|2S)
¥~ E(2S) - E(2P) +ihT,p/2’°

which adds a further PNC electric dipole ampli-
tude

Apnc (E1)==8,€+ (2S’|er|2P). (38)

(37

This amplitude is linear in the oscillatory field
Z but independent of the static field E, and is odd
under inversion.

For simplicity we restrict the discussion to
these dipole amplitudes, neglecting higher multi-
poles and spatial variation of the external fields,
since the wavelength A ~20 cm is much larger
than the beam width d~1 cm. We also suppress
amplitudes nonlinear in the microwave amplitude
E,B by choosing the microwave power low enough
to give a small transition probability in one pass
through the cavity. Under these conditions, adding
the amplitudes and squaring will give a transition
rate depending quadratically on €, B, and E. The
dependence on the static magnetic field will in-
clude all powers of ﬁ, because we choose mag-
netic fields large enough to produce a level cross-
ing. The energy denominators contain ﬁ, and so
the amplitudes and rates are nonlinear in B. .

The beam velocity is nof included on our list
of variables since it can be transformed to zero.
We will understand the rates to be evaluated in
the rest frame of the atom, and expressed in
terms of the electromagnetic fields in that frame.
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Only when we reexpress our formulas in terms
of laboratory fields will the velocity appear ex-~
plicitly. Also, we do not include on the list any
“polarization tensors” describing the orientation
of the spins in the beam. The atoms in the beam
entering and leaving the microwave region will
be prepared and detected in well defined hyperfine
states which are fully resolved by the static mag-
netic field B. The polarization of spins is there-
fore along B, the alighment along (BB, -~ $B%5;)),
ete.

The actual construction of the invariants is an
elementary task once the list of variables is
complete, Table II gives the scalars and pseudo-
scalars which can result from Apc (M1) and
Apnc(E1), appropriate to parity experiments with
no static electric field present. The scalars
are quadratic in E, and the pseudoscalars are
bilinear in € and b. Terms quadratic in€, and
in §y are dropped since they are unobservably
small. We are using a complex representation
for 'E,B to include arbitrary phase relations be-
tween the two oscillatory fields. Since damping
of the atomic states is significant during the
transit time through the cavity, there is no
simple phase relation between the dipole moments
() and (er), which are also assumed complex.

Table II shows that there are six pseudoscalars
and a separate experimental configuration for
each involving different orientations and phases
of the microwave fields. Rotating fields can be
used, for example, in the term z(ﬁ XE*+eB = ce);
oscillating fields with € and b in quadrature will
also give a contribution for this term. This table
displays the complete range of possibilities for
microwave parity experiments with zero static
electric field.

If, on the contrary, a similar analysis is
carried out for an optical M1 transition, then it
is necessary to restrict the fields 'E,E to those
of a real photon. This implies a relationship
between their relatlve strength orientation and
phase given by b=Fx T, where k is the propaga-
tion vector of the light (€ (' B=bok=0). In that
case, there are fewer invariant combinations,

TABLE II. Invariant terms in |Apc(M1)+Apyc(E]) |2
for microwave transitions.

Scalars Pseudoscalars
Bh*_ (B:2* +ce)
ifp Xp*-B) ifHE* - cq)
(®-Bb*-B)  X€*-B+ ce)
ifb X&*-B - cg)
BExB oo
i(*BEé*B —cg)
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TABLE II. Invariant terms in | Apc (M1)+ Apyc(E1) |2
for optical transitions.

Scalars Pseudoscalars
€:& €& (B:B)
iE€xE -B) ;(e ><€ -k)

Exk-B)E*xk-B) €xk B)(€ ‘B)+QC.

ilE€ xF B)(e -B)—cc.'

given in Table III,

These invariants are more familiar: the second
scalar term is just the “Zeeman” term giving a
(PC) circular polarization of the light emitted
along the magnetic field. The first pseudoscalar
term is the “Wu” term, giving the anisotropy
of light emitted parallel or antiparallel to the
magnetic field. The second pseudoscalar de-
scribes the intrinsic circular polarization of the
light. Comparison of Tables II and III shows
that some of the possible micorwave parity ex-
periments have no optical analog.

It is of greater practical interest to consider
instead the role of Apc (E1), the Stark-induced
electric dipole amplitude. This amplitude can be
adjusted to optimum size by changing the strength
of E, and can be modulated for signal averaging
to identify the interference term (A%.Apnc +cC).
In Table IV we present the list of invariants aris-
ing from |Apc (E1) +Apnc(E1)[2. To reduce the
number of terms we have made the additional
restriction that € is real, including linear but
not circular polarization. We see that there are
four separate pseudoscalar terms, and four con-
figurations of the fields €, £, and B in which
parity conservation can be tested. Since these
terms result from the oscillatory electric field
€ alone, and are independent of the magnetic
field B, they each have an optical analog. Our
earlier proposal® based on the circular dichroism
of 2S5 - 3S transitions does not appear on the list

because of our elimination of rotating fields. In

TABLE IV, Invariant terms in | Apc(E1)+ Apyc(E1) |2
for microwave transitions.

Scalars Pseudoscalars
2R E-B
€ -E)? €-BE-B)
(€ ByE? (€ ExB)E-B)
2(E+B) €-B)2(E-B)
€ B2(& - By

€-BE-B)IE:-B)
€-ExB)E-B)
€ -ExBE-BH
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FIG. 6. Block diagram for metastable hydrogen beam apparatus.

the present notation it would correspond to the
pseudoscalar terms (€ X €* ﬁ) and
i(E XE%)+ (E xB).

It is clear from this discussion that the study
of microwave transitions 2S - 2S’ in hydrogen
offers the opportunity to measure the interference
of parity conserving and parity nonconserving
amplitudes under a wide variety of experimental
configurations. The possibility of adjusting the
amplitude Apc to optimize the signal-to-noise
ratio is undoubtedly a vital option in detecting the
very small effects predicted by weak interaction
theories. The use of Stark-induced electric
dipole amplitudes is strongly suggested. In
Sec. V we will consider in more detail one par-
ticular configuration illustrative of the realistic
experimental situation.

V. SAMPLE MICROWAVE TRANSITION

The choice of a specific microwave transition
to obtain the best sensitivity to weak interactions
involves compromising many different require-
ments. In#z=2 hydrogen there are four 2S states
and six possible transitions; the invariant analysis
of Sec. IV showed that there were four different
pseudoscalar combinations of fields. The final
choice of the optimum configuration for an experi-
ment must be made in the laboratory by empirical
methods. Without trying to rationalize all the
choices, we will analyze the rate for one specific
example., This will clarify some of the techniques
available for optimizing the sensitivity to parity
nonconservation., Since it is clearly not feasible
to directly measure an asymmetry as small as the
parity mixture itself (|6y|=107'%), it is impera-
tive to examine the means of suppressing Apc
and maximizing Apyc. .

The general arrangement for experiments with
a beam of metastable hydrogen is shown in Fig. 6.
An intense few hundred electron volts proton
beam passes through a cesium vapor cell where
resonant charge exchange takes place, producing
a copious beam of 2S,, atoms (~10'*/cm?sec).
This beam passes into a state selecting region in
which a specific 2S5 state can be preferentially
populated, and then into an interaction region in
which microwave transitions between the metasta-
ble states 2S - 2S’ are induced. For a study of
parity conservation, this interaction region should
have a sense of handedness defined by one of the

pseudoscalars from Table IV, It is followed by
a suitable detector to monitor the reappearance
of the 2S5’ state.

The specific process to be considered is the
transition o(2S,my =+ 3, my ==3) to
Bo(2S, my ==3,my =+3) in the vicinity of the first
level crossing in the n =2 shell (see Fig. 7). The
microwave frequency is approximately 1600 MHz.
The final state 8, is chosen because it is the only
state at this level crossing to be mixed with the
nearby e states by weak interactions. The initial
state a, is chosen because it has (predominantly)
the opposite spin projections to g,. This will
help to suppress the parity conserving amplitude
Apc (E1), which is due to nuclear spin-independent
interactions. This transition can be measured
with very little background by depopulating both 8
states upstream from the microwave region, and
by detecting their reappearance downstream.
There are two stronger transitions a,,~ 5, and
a,—~ B.,, and another weak transition a,,~ .,
nearby. All of these lines have very harrow
width (s1 MHz) governed by the transit time
through the cavity, and by the Stark-induced width

3t o
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FIG. 7. Zeeman diagram for hydrogen at low fields,
showing the hyperfine structure. The states are desig-
nated by the good quantum number m .
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FIG. 8. Schematic diagram of interaction region for
the microwave experiment.

of the B states
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2P [E@2B) - EQe)f + (BT ,p/2)*

These four narrow lines are easily resolved.
There is also a broad resonance a— e overlapping
these lines, which depopulates the metastable
beam without contributing to the signal down-
stream. This resonance sets an upper limit to
the microwave power.

A more detailed drawing of the interaction
region is shown in Fig. 8, depicting a polarized
beam passing through the microwave region. It
consists of a solenoid which produces a static
magnetic field along the beam axis. Inside the
solenoid is a cylindrical microwave cavity operat-
ing in the lowest TM mode. This mode has an
oscillatory electric field parallel to the axis of
the cavity, but no such oscillatory magnetic field.
The cavity axis is cocked at a small angle ¢ ~5°
relative to the beam axis and to the static mag-
netic field. The cavity also contains appropriate
wire grid electrodes to produce a static electric
field E,~1 V/cm, perpendicular to the magnetic
field and in the plane defined by the cavity axis’
and the beam axis. The cavity can be tuned
through the level crossing region (Af=150 MHz)
and rotated about the magnetic field axis. With
the magnetic field set near the p-e crossing,
microwave transitions are driven from ¢, to 8,.
The atoms produced in the B, state are relatively
long lived in this weak electric field, enabling
them to leave the cavity and enter the detector.
In the detector, the B, states are selectively
quenched as before and the resulting Lyman-a
radiation is detected. The detector current is

Ty =T

(39)
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a measure of the @, to §, transition probability,
and is sensitive to the handednéss of the inter-
action region if C, and/or C, are not zero.

In this configuration of fields, E and B are
orthogonal and € is in the plane of E, B, Of the
invariants from Table IV only one pseudoscalar
and two independent scalar terms are nonvanish-
ing, those proportional to (€- E), (€-ByE,
€. ﬁ)(’ +B). We are assuming perfect alignment
of the directions of these fields and are neglecting
the systematic corrections coming from mis=~
alignment errors and motional and stray fields.
These can be also studied in detail using the in-
variant analysis. Choosing coordinates with 2
along B and X along ﬁ, the axis of the cavity is
in the (x, z) plane

€ =¢(Xsing +2 cosg), (40)

and the rate contains three terms, proportional
to

E%€;, Ei€:, E.c¢,. (41)

The pseudoscalar term is odd under the reversal
of E,, of B, and under rotation of the cavity
through 180° about z(¢ — —¢). The scalar terms
are even under each of these operations. The
presence of a small pseudoscalar term can there-
fore be discriminated from the much larger con-
tributions of the scalar terms, by subtracting
signals as each of these variables is reversed.

These properties of the signal can be traced to
the handedness of the interaction region itself
(see Fig. 8). Reflection of this apparatus in the
X%,z plane is equivalent to a reversal of the sole-
noid current alone, which reverses the magnetic
field B, but not the electric fields. Reflection in
the x, y plane is equivalent to rotating the cavity
through 7 about the z axis, which reverses the
transverse oscillatory field €; alone. Inversion
of all three coordinates is equivalent to reversing
the polarity on the dc electrodes, which reverses
the electrostatic field E, alone. Since each of
these operations can be accurately and indepen-
dently carried out, the interaction region can be
altered from right handed to left handed in three
distinct ways. The reversal of E, can be done on
a millisecond time scale, suitable for electronic
signal averaging, while the other two operations
can only be done on a longer time scale.

The invariant decomposition given in Eq. (41)
can be verified, and the coefficients evaluated,
by a simple calculation? in which the Zeeman
interaction is included in the unperturbed energy,
but the Stark and weak interactions are treated as
perturbations. The 1S,,,28S,,, states are con-
sidered as stable states, neglecting their decay
in the interaction region. The 2P, states are
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FIG. 9. Diagrams for the parity-conserving and parity-
nonconserving electric dipole amplitudes in ay— 8,
transitions.

considered as virtual damped states; the 2P,
states are neglected. The relevant diagrams for
a,~ B, transitions are shown in Fig. 9, including
only the lowest-order contributions. The matrix
elements necessary to evaluate these amplitudes
are

(€ |V lag) =V3 eaye, sinb,

(e,lV el @) = V3 eaye, cos26,
(ﬁolvmnc le+1 =3 eayE,cos0,
(BolV enc l€0) =2V (C,, +2C,,) cos26 .

Here 6 is the mixing parameter for different
my, m; components in states with given mg=m,
+my; (6-0 in the Paschen-Back limit).

The amplitudes corresponding to these two
diagrams are

(42)

Arc = E( a:)(ia%):::l)‘::sg;ici(;z‘sl‘i »/2 (43)
and
Are = (Cop + 5Co0) a:)z % EQ(ZE)V_C ;?fi%rz .
| (44)
The transition rate per atom is given by
R =21/R)|Apc +Apnc PO[E(a,) - E(B,) - Tiw],
(45)

which contains a resonance of zero width at

7w =E(a,) - E(B,). This resonance will be broad-
ened by damping and by the finite transit time,
but the integrated rate will be independent of the
width, and correctly given by integrating Eq. (45),

n? fRdw:Zn]APC +A.chl2 . (46)

Examination of Eqs. (43)—(46) gives the following
results: (i) The invariant decomposition in Eq.

(41) is verified, with one scalar term |Apc |2
proportional to €2EZ and one pseudoscalar term
(Apc A %y +cc) proportional to €,€,E,. The re-
maining scalar term, €2EZ2, does not contribute
to this particular transition because of angular
momentum selection rules. Since the solenoid
field has complete azimuthal symmetry, the un-
perturbed states have good my =0. The weak
interactions Vg and longitudinal electric field
€, preserve myp (Amyp =0); the transverse fields
€,, E, can generate an amplitude Apc for oy~ e,
- B, but the fields €,, E, cannot. The weak inter-
action, together with the longitudinal field €,
can generate an amplitude Apc for a,— e,— 8,
going through a different virtual state.

(ii) The amplitude Apc is suppressed by two
different factors. One factor (€,) can be reduced
by making the angle ¢ small; for ¢ ﬂl—l(; radian
this reduces Apc by one order of magnitude. The
factor sinf expresses the small residual mixing
of m;, m; states by the hyperfine interaction. At
575 G, the states a,, B, have predominantly op-
posite spins, with a small admixture (sin6=20.06)
of parallel spins. Since electric dipole transi~
tions preserve the proton spin, the amplitude A,
is suppressed by this additional factor by more
than one order of magnitude. There is no corre-
sponding suppression of Ay, which contains
the “large” component of the rf electric field
€,=€cos@ and which contains weak interactions
V,, V3 which can flip spins.

(iii) Since A ¢ is linear in E, and Apyc is inde-
pendent of E,, the rate will be quadratic in E,
and the asymmetry will be inversely proportional
to E,. As we showed in Sec. IV, this leads to
the possibility of increasing the asymmetry by
reduction of E,, with a corresponding loss of
event rate and a constant ratio of signal-to-shot
noise. The value of E, should be chosen to make
the shot noise comparable with other sources of
noise in the apparatus. We can estimate typical
running conditions by choosing E,=~1 V/cm, which
implies an asymmetry on resonance

4V

Apnc )
37 (V3 ea E,)p 6

A=2 -

E(Cz,+ £C

=4(C,, +3Cyp) X 1078, (47)

This represents an enhancement of the intrinsic
parity mixture by four orders of magnitude. To
estimate the shot noise, we must also specify

the microwave field strength, say e=~1 V/cm.
Then the integrated transition rate at resonance is

fRdw 27

ea ) €E,p0|?2

=~ 27 %107 (rad/sec)? .

(48)
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Taking the total transition line width as (1/2mr,
=~ (0.7 MHz, this implies a counting rate at the
center of the line, per atom,

B- ._2_.f ~
=T Rdw=10 rad/sec. (49)

Combining this with the incident flux
(J=1X10"H*/sec), the flight time through the
cavity (7=0.5 usec) and the efficiency of the
detector (7=0.25), the event rate in the detector
is :

®R=nRTJ=1x10" sec"t. (50)

This implies an integration time of approximately
2 h for S/N =1 assuming (C,, + 3C,,)~1. While
these estimates are quite provisional, they
clearly indicate the viability of microwave tran-
sitions as a means of detecting weak interactions
in the hydrogen atom. Similar considerations for
the B-f crossing give comparable sensitivity to
C, = (C, +2%C,) with integration times of several
hours. The parity mixtures at the higher field
crossings appear to be more difficult to measure,
and have not yet been given serious considera-
tion.

(iv) The contribution of different virtual states
€., €, in the two amplitudes leads to a variable
phase difference between the two amplitudes, and
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a difference in line shape between the scalar and
pseudoscalar terms. If we vary the magnetic
field, while returning the microwave cavity to
the center of the narrow resonance, then Apc

has a broad resonance (AB =52 G) centered at
the crossing of 8, and e,, (B=538 G). The am-~
plitude Apyc has a resonance at the 8, - ¢,
crossing (B =553 G). The scalar term | Apc |2 has
a Lorentzian shape centered at 538 G; the pseudo-
scalar interference term (A}.A ¥ +cc) has a
resonance midway between the level crossings

at 545 G, with a line shape which decreases
faster than a Lorentzian in the wings. This mag-
netic line shape provides an important further
criterion for recognizing the PNC term.
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