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We analyze the sensitivity of parity experiments in singly ionized helium to the weak neutral-
current interaction between electrons and nucleons. Such experiments could eventually provide mea-
surements of the radiative corrections to the weak neutral-current coupling constants and precision
measurements of the Weinberg angle. Some new “quasioptical” techniques for measuring parity
nonconservation are discussed, and these appear to be particularly suitable for parity experiments in
He*. The problem of systematic effects caused by unwanted electric fields is considered, and the ef-
fect of electric fields arising from motion of He™ ions transverse to a magnetic field is analyzed in

detail.

I. INTRODUCTION

The standard model' of the weak and electromagnetic
interactions is in agreement with all existing experimental
data, but it is still an important task of experimental
physics to continue testing its predictions. Bouchiat and
Piketty? stress the role of the atomic-physics experiments
in testing the standard model. They point out that parity
experiments in heavy atoms place the most restrictive con-
straints on one class of alternative models which predict a
second massive neutral vector boson.? In addition, the ex-
isting neutral-current experiments do not rule out the ex-
istence of a very light neutral gauge boson which would be
observable in atomic-physics experiments but not in
high-energy scattering. Such a particle has been suggested
in connection with supersymmetric theories.*

Atomic parity experiments measure the weak neutral-
current interactions between electrons and nucleons. The
parity-nonconserving parts of these interactions are
parametrized by four coupling constants® which charac-
terize the nucleon-spin-independent couplings (C,,,C,)
and the nucleon-spin-dependent couplings (C5,,C,,) for
the proton and the neutron. Two of these couplings have
been determined to an accuracy of about 10% from parity
experiments in heavy atoms® and from the Stanford
Linear Accelerator Center (SLAC) polarized-electron-
scattering experiment.” The other two couplings
(C2p,C1s) are essentially undetermined. More precise
measurements of C,, and C;, can be expected from ex-
periments in heavy atoms, but uncertainties in the
atomic-physics calculations will ultimately limit the pre-
cision which can be achieved. Further progress in the
determination of these constants may depend on experi-
ments designed to measure parity nonconservation in
one-electron atoms where the atomic physics is known ex-
actly and where all four couplings can be determined.

In addition to testing the lowest-order predictions of the
standard model, experiments in simple atoms provide a
unique opportunity for measuring higher-order elec-
troweak radiative corrections.® These corrections are not
easily measured in other experiments. The higher-order
corrections to the electron-nucleon coupling constants
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have been calculated by Lynn® and by Marciano and Sir-
lin® and it is of considerable interest to verify these calcu-
lations.

Experiments are currently in progress to measure
the coupling constant C,, in hydrogen using atomic beam
techniques. Although preliminary results have been ob-
tained,'? these experiments have not yet reached the sensi-
tivity necessary to test the standard model because of sys-
tematic errors associated with unwanted electric fields. It
is of interest to consider whether similar experiments us-
ing hydrogenic ions of higher Z are possible. In an earlier
publication,'® we pointed out some advantages to the use
of hydrogenic ions for measurement of the coupling con-
stants Cy, and C,. We also suggested that the ions SHe*
and “He™ might be ideal candidates.'*

In this paper we consider parity experiments in ionized
helium in more detail. In Sec. II, we summarize the weak
interaction coupling constants that can be measured in
ionized helium and give their magnitudes in the standard
model. We also discuss the expected sizes of the elec-
troweak radiative corrections to these constants. Then, in
Sec. III, we give a general description of the atomic beam
method for searching for parity nonconservation and we
analyze the sensitivity of this method for measurement of
the couplings C,, and C;, using singly ionized helium.
In Sec. IV we suggest some specific experimental tech-
niques which could be used in He* parity experiments.
The emphasis will be on new techniques that are made
possible by the use of He*t. Finally, in Sec. V we consider
the sensitivity of the He™ parity experiments to systemat-
ic errors caused by unwanted electric fields. Most of the
discussion of systematic errors will concern motional elec-
tric fields.

10,11

II. PARITY MIXING IN He*

The parity-nonconserving part of the weak neutral-
current interaction causes a mixing between the nS, ,, and
nP,,, states of a hydrogenic ion with a matrix element
given by
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where the dimensional factor V is
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C, and C, are the two effective coupling constants which
characterize the weak interaction for a given nucleus.
These constants are defined in terms of the nucleon con-

stants as follows:!!
C,=2ZC,,+NC,, , (3)
Cy{Imj |1|I,m;)
E%E(I,m,’ [0;[Copl1+73;)
J

+Con(1=m3p] [ I,my),  (4)

where the sum extends over all the nucleons in the nu-
cleus. Here, 7; and o; are the isospin and spin operators
for the jth nucleon. Note that C; depends only on the
number of protons (Z) and neutrons (N) in the nucleus
whereas C, depends on a nuclear matrix element.

Lynn,® and Marciano and Sirlin,” have calculated the
electroweak radiative corrections to these couplings. They
find that the radiative corrections can be large. For exam-
ple, the lowest-order prediction for C,, is 0.046 while the
corrected value is 0.067. Although the couplings C,, and
C, are reliably calculated with almost no strong interac-
tion uncertainty, there is considerable strong interaction
uncertainty in the couplings C,, and C,,. Marciano and
Sirlin conclude that precise measurements of the cou-
plings C;, and C,, in hydrogen and deuterium provide a
probe of the electroweak radiative corrections which is in-
sensitive to both strong interaction and atomic physics un-
certainties. The same arguments could be applied to pari-
ty experiments in He*, and so it is of interest to consider
the size of the Het coupling constants and the radiative
corrections to these constants.

In Table I, we summarize the couplings that can be
measured in H, D, *He*, and “He* and give their values

TABLE 1. Lowest-order predictions and radiative corrections
for the weak interaction coupling constants in *He*, *He*, H,
and D.

Lowest-order Value including

Coupling prediction® radiative corrections®
Ci(*He*) —0.41 —0.35
C,(*Het) —0.058 —0.069
C,(*He™) —0.91 —0.84

C(H) 0.046 0.067

C,(H) 0.058 0.081

C(D) —0.45 —042

C,(D) 0.0 0.012

*Based on sin’0y =0.227 and g, =1.25.
®Based on Ref. 9.
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in lowest order and the values when the radiative correc-
tions are included. On the basis of this table, a measure-
ment of the coupling C,(*He*) appears to be the best can-
didate both for observation of parity nonconservation and
for determination of the radiative corrections to the stan-
dard model. It is the largest coupling, an order of magni-
tude larger than the coupling (C,,) that is being searched
for in the present hydrogen parity experiments, and the
radiative correction to it is about 8%. A further advan-
tage of experiments utilizing “He* is that this ion has no
hyperfine structure to complicate interpretation of the
data. This latter point is particularly relevant in a com-
parison with deuterium. Although C;(D) is relatively
large, the complicated and close-spaced hyperfine struc-
ture of this atom leads to difficult experimental problems.
The lack of hyperfine structure in “He™ also makes it a
good candidate for providing precision measurements of
the Weinberg angle because there are no contributions
from the nucleon-spin-dependent couplings to be sorted
out.

Experiments in singly ionized helium (*He*) can also
provide information on the nucleon-spin-dependent cou-
plings (C,). It is certainly important to measure these
couplings because they have not been determined to date.
On the other hand, C,(*He*) is more than an order of
magnitude smaller than C,(*He™*) and will be difficult to
observe. In this paper we will focus on the prospects for
measuring the couplings C; and we put off discussion of
the measurement of C, until later.

III. SENSITIVITY OF He* PARITY EXPERIMENTS

The beam resonance method for measuring parity non-
conservation in He™ involves the detection of a pseudo-
scalar term in the rate of a microwave transition within
the n =2 shell. The sensitivity of this type of experiment
can be characterized by two parameters. One is the
counting time T required to measure an effect, and the
other is the asymmetry 4. We define A4 to be the fraction
of the transition rate corresponding to the pseudoscalar
term. In this section we use an approximate solution for
the rate of a typical transition which can be used to mea-
sure the coupling C, in He™ and use this solution to cal-
culate the asymmetry and estimate the counting time. To
simplify the discussion, we specialize to the isotope *He*
so that we do not need to consider hyperfine structure.
Most of our conclusions, however, will apply equally well
to measurements of C; in *He*.

The energy levels of the 25, , and 2P, , states of “He™
in the presence of an external magnetic field are shown in
Fig. 1. The 25, ,, states are labeled a and 8 and 2P, ,
levels are labeled e and f. The parity experiments we con-
sider here involve the observation of the transition a—f3
in a beam of metastable He*. This transition normally
proceeds via a parity conserving M 1 amplitude but if a
and B are mixed with e and f by the weak interaction,
there will also be a parity nonconserving E 1 amplitude.
The interference term between these two amplitudes is
first order in the weak interaction mixing and is the quan-
tity which is to be measured.

The results of this section will be based on the specific
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FIG. 1. Zeeman diagram for “‘He*. The 2S,,, states are la-
beled a and B and the 2 P, states are labeled e and f.

configuration of interaction region fields, shown in Fig. 2,
which might be used in a typical parity experiment. In
the next section, we will discuss other possible field con-
figurations. In the present case, the polarization vector €
of an oscillating electric field €(¢)=e cos(vt) defines the x
axis, a static magnetic field B defines the z axis, and an
oscillating magnetic field m(¢)=m cos(vt) lies in the y-z
plane. We neglect any spatial dependence of the oscillat-
ing fields and assume that in the rest frame of an ion
passing through the transition region, these fields turn on
at time ¢ =0 and remain constant in amplitude'® until the
ion leaves the interaction region at time ¢=7. Then,
given that the ion is in the a state at time ¢ =0, we calcu-
late the amplitude b for it to be in the B state at time
t =7. An approximate solution to this problem can be ob-
tained by the method described by Levy and Williams'?
which gives the amplitude

—il@yg—VIT—Y  7/2 —~vgT/2
a'f a —e B

b=A | . 5
Ogg—V—i(Va—7g)/2 ®

In this expression the parameter A is the second-order
matrix element given by

A=ilpom,+pr&(C VA )]1/2%, (6)
where
X
rg
B
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m
y

FIG. 2. Typical interaction region field configuration consist-
ing of a static magnetic field B, an oscillating electric field
€(t)=€ecos(vt), and an oscillating magnetic field m(¢)
=mcos(vt).

A =(0ge +iY,7/2) ' —(wgr+iv,/2)7 ", )
V3e|ag
pPr= Z ) (8)

and y,=I,,/%. The real parameters wg,, wp, ¥4 and yp
are given by

(pr€s)?/4

_— 9
@af—V+iyy/2 ®

Wo—1Ya/2=0a+

(p2€x)?/4

SN (10
wBe—v+iyp/2

wp—iyp/2=wg+
and we use the notation in which w;; is the circular fre-
quency separation of state i from state j.
Taking the absolute square of Eq. (5), and neglecting
the term quadratic in 7 we obtain the transition probabili-
ty per unit time:

|b | 2=[udm}+2popoCiV | A | cos(M)mye Jp(v) . (11)

Here, A is the relative phase between the parity-conserving
and the parity-nonconserving amplitudes and we have de-
fined the function p(v) which determines the line shape of
the a— B resonance. Equation (11) can be written in a
more general form in which the rate is expressed in terms
of invariant combinations of the perturbing fields:

|b | 2=[udmxB)?
+2py1Ci V| A | cos(A)exm-Blo(v) . (12)

The M1 rate is proportional to the scalar (m X B)* and
the interference term is proportional to the pseudoscalar
(exm-B). The pseudoscalar term can be detected because
it changes sign under a reversal of B or when the angle 6
of Fig. 2 is changed to —6. The scalar term is unaffected
by these operations. The asymmetry is easily calculated
from Eq. (11) with the result

A=(4V3/Za)(€,/m,)C,V | A | cosh . (13)

This quantity is useful for discussing systematic errors,
and it gives an indication of how accurately the reversals
need to be made. The factor (e, /m,) depends on the an-
gle 8, and we can make the asymmetry large by choosing
0 to be small. The limit on how small 8 can be will ulti-
mately be set by experimental conditions such as detector
background. In the next section, we will show how the
factor cos(A) can also be adjusted experimentally. Setting
€,/my,=10 and cos(A)=1, we find that the asymmetry
has the field dependence shown in Fig. 3. The maximum
asymmetry (A4 =~ 107°) occurs near the Bf level crossing.
The counting time required to measure this asymmetry
can be estimated if we assume that the noise is dominated
by counting statistics. In this case, the counting time cor-
responding to a signal-to-noise ratio of one is given by

T=(1+«k)/|b|%nA?, (14)

where J is the number of a-state ions per second entering
the interaction region, and 7 is the overall detection effi-
ciency for ions in the 3 state. The parameter « is the ratio
of the detector background signal to the a—f3 resonance
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FIG. 3. Asymmetry as a function of magnetic field for
€ /my,=10.

signal. The counting time has a minimum T, as a func-
tion of the product €27 which sets the optimum strength
of the oscillating field |€,|. A short derivation leads to
the following form for the minimum counting time:

Tnin=(14K)/y,7Cy*cos* (A ¢ , (15)

where £ is a function depending only on the magnetic
field strength. The value of |€,| required to minimize
the counting time is dependent on the magnetic field as
shown in Fig. 4, which is the result of a computer calcula-
tion.

The magnetic field dependence of T, is shown in Fig.
5 which is based on the typical parameters'® J=6x10!!
s~1 (100 nA), 7=2 ps, n=0.05, k=0 and 1. We also take
cos(A)=1and C,=1. This figure indicates that magnetic
fields of 10 kG or larger are needed for viable experi-
ments. The counting time which would be required for an
experiment done at the SBf level crossing (15.7 kG) is on
the order of a half of a day and so an experiment just to
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FIG. 4. Oscillating field strength |[e,| (in V/cm) corre-
sponding to the minimum counting time (T, vs magnetic
field.
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FIG. 5. Minimum counting time T, vs magnetic field. The
lower curve is for the case of no background (k=0), and the
upper curve is for the case where the background signal is equal
to the a— 8 resonance signal (k=1).

observe parity nonconservation appears practical on
signal-to-noise grounds. Measurement of the radiative
corrections would require an improvement on the above
“typical” parameters. This could involve developing
larger metastable beams, more efficient metastable detec-
tors, or increasing the transit time 7. The dependence of
Tmin On 7 suggests the use of slow-ion beams and long
transition regions.

IV. QUASIOPTICAL PARITY EXPERIMENTS

The main differences among the various hydrogen pari-
ty experiments which use a microwave resonance method
are in the configurations of the transition regions.'®!!
The same configurations can, in principle, be used for ex-
periments in Het, but we will not discuss them here. In-
stead, we consider some new possibilities which are sug-
gested by the higher microwave frequencies which would
be used in the He' parity experiments. The wavelength
of the microwave radiation required is much smaller than
typical transition-region dimensions. For example, an ex-
periment done at the Bf crossing in Het would use a
microwave frequency of 44 GHz for the a— 8 resonance.
The corresponding wavelength is about 7 mm, whereas
typical transition-region dimensions would be 20 cm or
more. This situation suggests the use of “quasioptical”
microwave techniques for the He* parity experiments.
These techniques provide for precise control of the mi-
crowave polarization and propagation direction, which
can be used to good advantage in the design of parity ex-
periments.

A. Experiments involving open resonators

The first technique we will discuss involves the use of a
Fabry-Perot open resonator!” consisting of two spherical
mirrors facing each other. Consider the transition region
depicted in Fig. 6. The ion beam travels along the mag-
netic field with velocity v, and microwave radiation is ap-
plied using an open resonator whose axis makes an angle
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FIG. 6. Modes of a Fabry-Perot resonator can be expressed
as a linear combination of two traveling waves. An ion travers-
ing the resonator as shown will see two frequencies because of
the Doppler effect. If the frequency separation is larger than
the linewidth of the transition of interest, it is possible to
separately resolve the two components. This provides a means
for reversing the propagation vector k by tuning the microwave
frequency.

@’ with the ion velocity. The normal modes of the resona-
tor can be represented as a superposition of two plane
waves traveling in opposite directions. In the rest frame
of the ions the microwave frequency will be shifted by the
Doppler effect and this shift will be of opposite sign for
the two counterpropagating traveling waves. If the
Doppler shift is larger than the linewidth of the a—f
transition, the two components will be separately resolved
and the microwave propagation direction k can be re-
versed by switching between the two Doppler-shifted
components. A reversal of k is useful for detecting parity
nonconservation and in particular it could be used to mea-
sure the pseudoscalar €-m X B which was discussed in the
example of Sec. III. For optical transitions, this pseudo-
scalar is equivalent to B-k which can be detected by a re-
versal of k. The switch between the two Doppler-shifted
components can be accomplished by a small modulation
of either the microwave frequency or of the magnetic field
strength. The frequency modulation should be done
symmetrically relative to the Q curve of the resonator. It
is important to note that in the rest frame of the ions the
reversal of the direction of k will not be perfect because of
relativistic corrections. This problem requires that there
be another means for reversing the pseudoscalar term. In
the present case, both k and B could be reversed and the
pseudoscalar picked out using a double-subtraction tech-
nique. Since the scalar term is even under both reversals,
the requirement on the accuracy of each of the separate
reversals is considerably reduced.

If the transit time of an ion through the resonance re-
gion is about 1 us and the magnetic field is homogeneous
to a part in 10° in this region, the linewidth of the a—f3
transition would be about 1 MHz.!® For a 44 GHz transi-
tion frequency and a beam energy of 300 eV, the resolu-
tion of the two Doppler-shifted components requires only
that the resonator axis be tilted by three degrees or more
from a line perpendicular to the beam velocity.
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B. Linear polarization experiments

Another quasioptical microwave technique allows con-
trol of the polarization of microwaves. We will consider
here a specific scheme depicted in Fig. 7. Two rectangu-
lar waveguides (R; and R,) feed microwave power from
the same source into a ‘“‘dual orthomode transducer”
which produces an output into a circular waveguide. The
polarization of the microwaves in the circular waveguide
is determined by the relative amplitude and phase of the
orthogonal components €; and €, which can be controlled
using the phase shifter and pin modulator in series with
R,. This system allows the production of a beam of mi-
crowaves with arbitrary polarization.

Consider a configuration in the interaction region con-
sisting of an ion beam traveling along the magnetic field
(z axis) and a beam of microwaves incident from the nega-
tive y axis. We assume we have independent control over
the amplitudes and phases along two orthogonal direc-
tions €, and €, so that the oscillating field is given by

€(t)=¢€cos(vt)+€cos(vi+ @) , (16)

and m(=kxe(r). If €, and €, lie along the x and z
axes, respectively, the matrix element A’ connecting the
states a’ and /8’ has the form

A =(po/2%)e"®my +i(p,C VA | /20)€), . (17)

If =0 or 7, the polarization is linear with the plane of
polarization making an angle 8" with the x axis. The an-
gle 6" is set by adjusting the magnitude of €;,. The transi-
tion probability for this case is proportional to the square
of (17)

| A" | 2= (ud/a9?)(my, )?
+2(uop,CV/4#) | A | | cos(A Im €1, ,  (18)
where the phase factor is given by
cos(A)=Im(A )/ |A ] . (19)

The interference term in Eq. (18) changes sign under the
operation 6"'— —6@" which is accomplished by changing
the phase @ from O to .

The asymmetry for the linear polarization experiment
can be obtained from Eq. (13) by making the substitutions
my,—my,, €,—€;; and A—A'. The asymmetry is thus
proportional to the ratio (€;, /mj,). A more general form
for the transition probability is obtained by expressing Eq.
(18) in invariant form as
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FIG. 7. Scheme allowing for complete control of the polari-
zation of microwaves.



2954

| A’ |2=(u2/4#*)(m x B)?
+2(op2C V /4#) | A || cos(A)(m-B)(e-B) .
(20)

The pseudoscalar interference term is odd under polariza-
tion reversal (8"'— —@’') and reversal of k, and is even
under reversal of the magnetic field.

The counting time required to measure the pseudoscalar
(m-B)(e-B) is given by making the replacements A—A’
and £—¢' in Eq. (15). The function £ must be modified
for the linear polarization experiment because the oscillat-
ing electric field e(z) has components along both the x
and z axes. The component along the z axis gives rise to
quenching a—e and B—f that was not included in the
calculation of the last section. If the angle 8" is small,
these new couplings will have little effect on the counting
time except near the magnetic fields (7.5 and 3.8 kG)
where w,. or wgs are equal to the transition frequency
wap- At these fields there would be an increase in the
counting time caused by increased quenching of the meta-
stable states. The main difference in the counting times
required to measure the pseudoscalars (m-B)(e-B) and
ﬁ-i, however, comes from the different magnetic field
dependence of cos(A) and cos(A’). In Fig. 8, cos(A) and
cos(A’) are plotted as a function of magnetic field. Away
from the Bf crossing cos(A’) is small and so the linear po-
larization experiment is probably only feasible near the
crossing. This is a consequence of the fact that measure-
ment of (m-B)(e-B) depends on the iI"/2 term in the en-
ergy denominator of the weak mixing parameter, and this
becomes important only near the crossing. By contrast,

il

| A" 2=(ud/4%) |mx B |2
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the magnitude of cos(A) is nearly one except near the
crossing so that B-k can be measured away from the
crossing.

C. Elliptical polarization experiments

In the more general case of arbitrary ¢ the microwave
polarization will be elliptical. Equation (17) shows that
adjustment of ¢ allows complete control over the relative
phase between the parity-conserving and the parity-
nonconserving amplitudes and so in the case of elliptical
polarization we are justified in assuming that the interfer-
ence term can be maximized with respect to this phase.
In addition, this maximization can be done at any mag-
netic field so that we are no longer restricted to working
near the crossing as in the case of the linear polarization
experiment. The transition rate for elliptical polarization
assuming €; and €, lie along the x and z axes is propor-
tional to

[ A" |2=(ud/4#)(myy)?
—2ugp2C\V/47) | A || cos(A"Imyr€r, ,  (21)
where cos(A") satisfies the relation
[ A |cos(A”)=sinp Re(A ) —cosp Im(A ) . (22)

The asymmetry is proportional to (€;,/m,,) as in the
linear polarization case and it changes sign under the
operation ¢— —¢@. Other properties of the interference
term can be illustrated by expressing Eq. (21) in invariant
form. We first define the complex polarization vector

€=€,+€6e'?, (23)

in terms of which the rate is proportional to

+(pop,C V /4#3) (Im(A -k X Be* - B+c.c. ]+ Re(A ) —2ie* X e-k+i(e-k x Be*-B—c.c.)]} . (24)

This expression shows that the pseudoscalars in the in-
terference term are all odd under a reversal of k but even
under a reversal of B.

If the microwave polarization technique is used with a
tilted Fabry-Perot resonator, both the microwave polariza-
tion and k can be reversed, and we have a powerful
method for picking out the pseudoscalar term in the po-
larization dependent rate. In this case, the axis of the
Fabry-Perot must be tilted relative to a line perpendicular
to the magnetic field in order to resolve the two Doppler-
shifted components. To generalize to an arbitrary orienta-
tion of k, the following two terms must be added to Eq.
(24):

a2

—i(ud/4#)(e* x e kB k)
+[12C1 VRe(A ) /4%] | €| Bk . (25)
The first term represents the dependence of the M 1 rate

on the component of the microwave circular polarization
along the magnetic field. For the case of pure circular po-

[

larization, this is smaller than the total M1 rate by the
factor B-k, which for a three-degree tilt angle is 0.05.
This term is odd under a magnetic field reversal and
under ¢—@+7 but even under the k reversal. The
second term in Eq. (25) is the pseudoscalar discussed in
Sec. IV A.

2 1 SO N S e p s m S p e s S p

T

TT

T 't

'”ﬂ
O
o
w
1>’

TT T T

A " n + B
5 10 15
MAGNETIC FIELD (kG)
FIG. 8. Magnetic field dependence of the factors cos(A) and
cos(A').
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V. SYSTEMATIC ERRORS FROM MOTIONAL
ELECTRIC FIELDS

The sensitivity of hydrogenic atoms to electric fields
poses a major problem for parity experiments in these
atoms. Any unwanted electric field will cause mixing of
the 25 and 2P levels which could mimic the mixing by
the weak interaction. We will not give a complete discus-
sion of the problems here since they depend on experimen-
tal details that are beyond the scope of the present discus-
sion. A number of techniques for handling systematic er-
rors from stray electric fields have been discussed in con-
nection with the various hydrogen experiments'®!? and
many of these ideas can be applied to the He™' experi-
ments as well. Our main purpose in this section is to con-
sider the effects of motional electric fields. These are
electric fields associated with the velocity of the ion trans-
verse to the static magnetic field. The interference terms
induced by these fields have a different character in the
He™' experiments than they do in the hydrogen experi-
ments because the ions follow helical trajectories and so
the motional electric field rotates at the ion cyclotron fre-
quency. Before analyzing this interesting situation, how-
ever, we will make a few general comments about the ef-
fects of electric fields on the amplitude for the transition
a—p.

A. Amplitude induced by static electric fields

The second-order matrix element for the a— 3 transi-
tion in the presence of microwave fields €(t)=e€cosvt,
m(t)=m cosvt, and an arbitrary static electric field E is
given by

As= ——(/,Lo/2)(m,,+im,)—+—(p%/2)(Ex+iEy e, A,
+(P2/2)p2E, +iVC )€, +i€)A |, (26)
where A, is defined by
A =(0g +iv,/2) " —(wup+iv,/2)7" . 27)

We will assume here that the transition is primarily M 1
and the electric field is an unwanted stray field. Note that
the E,-induced amplitude and the weak-induced ampli-
tude have the same dependence on magnetic field so the
electric field strength (E,).q for which these two ampli-
tudes are equal in magnitude is independent of B. From
Eq. (26) we find this field is

(Ey)eq=VC1/p; . (28)

In the standard model, ¥C,/p,~3x107°Z°% V/cm and
for He?, it is about 0.2 uV/cm. Note that this is a factor
of 64 larger than the corresponding (E, ) in the case of
hydrogen. Fortunately, one can tolerate a much larger
stray electric field than (E, ), since, under reversal of the
magnetic field, the amplitude induced by E, changes sign
while the weak-induced amplitude does not. So there is a
means for distinguishing the E,-induced interference
term. In addition, it is possible to suppress this term if
the relative phase between the E1 and M1 amplitudes
can be precisely controlled.!” In this case, one can adjust
the phase to zero the interference term associated with E,.
Since the weak amplitude and the E,-induced amplitude
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are 90° out of phase, this also maximizes the pseudo-
scalar interference term.

For electric fields perpendicular to the magnetic field,
the size of field which gives an amplitude equal in magni-
tude to that of the weak-induced amplitude is given by

| ES | =(VCy /py)e /&) | A /Ay | (29)

where we use the notation E; =(EZ+E})'/%. It is possi-
ble to increase the size of the electric field (E,;) which is
tolerable by taking (€, /€;) and |A; /A, | to be large. In
Fig. 9 we give a plot of the ratio |A /A, | versus mag-
netic field which shows a maximum near the Bf level
crossing. An important signature for the systematic er-
rors arising from transverse electric fields is their depen-
dence on the microwave electric field component ¢,. If
the microwave polarization can be controlled, one could
intentionally make €, large in order to study the systemat-
ic effect and then reduce it to zero to eliminate the un-
desirable interference term.

B. Motional electric fields

The most important source of transverse electric field
comes from the motion of the ions transverse to the mag-
netic field. In order to study the nature of the systematic
effects arising from this field, we will present an approxi-
mate solution for the a— 3 transition amplitude for the
experimental situation illustrated in Fig. 10. The ions
travel in helical trajectories in a uniform magnetic field B
which defines the z axis and microwave radiation, polar-
ized parallel to the magnetic field, is incident from the
positive y axis. The trajectory for a given ion is described
by the position vector

x(t)=R_ [Xcos(wpmt +@m)

—§sin(@p,t +@,)]+2Zv,t +xq . (30)
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FIG. 9. Plot of the ratio | A /A, | as a function of magnetic
field.
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FIG. 10. Effect of a motional electric field is illustrated by
considering an ion traveling in a helical motion along the static
magnetic field. The ion passes through a beam of microwaves
which is polarized along the static magnetic field.

The parameters R, and w,, are the cyclotron radius and
the cyclotron frequency, respectively. The phase factor
@ is determined by the position and velocity of the ion at
time ¢ =0. The motional electric field seen in the rest
frame of the ion is given by

E,,=(v/c)XB=E,[—Xcos(omt+@p)
+9sin(@pt+@m)] 31)

which rotates at frequency w,,. The magnitude of the
motional field is given by

E,=(R.onB/c) . (32)

Because of the Doppler effect, the transverse motion will
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also cause a modulation of the microwave frequency ob-
served in the rest frame of the ion. To account for this ef-
fect, we assume that the radiation field has the time
dependence

e(t)=€ecos[Qsin(wp,t +@pm)—vt], (33)
where
Q=27R./A,, , (34)

and A,, is the wavelength of the microwave radiation in
the laboratory frame.

To further simplify the problem, we neglect the effect
of the f state, and solve the three-level problem of the
states @, B, and e. Using the approach of Levy and
Williams'? we first solve the two-level problems for the
couplings a-e and B-e. This reduces the problem to an ap-
proximate two-level problem in the subspace a”-8”. For
the solution of the mixing of a to e and 8 to e we can to
sufficient approximation neglect the dependence on w,,
because it is small compared to the width of the 2 P states.
For example, in a field of 16 kG, the ion cyclotron fre-
quency is about 6 MHz while I';, =1600 MHz. On the
other hand, w,, is important for the a—f transition
where the linewidth is on the order of 1 MHz.

It is useful to expand the time dependence of the mi-
crowave fields in a Fourier series using the formula:*°

expliQsin(w,t +@n,)]= i Ju(Q)e

n=—o

in(o,, +@,,) ) (35)

The coefficients J,({2) are Bessel functions. The approxi-
mate two-level equations of motion can then be written as

J
. wg—iv/2 S Ao tileminmlidnen =yl
) a ” n=—o all
1 S == © o _ " > (36)
b 2 Ae i[@p(n —Dt+np, —vt] O—iyy/2 b
n=—c
T
where
) —i(@yg+ N0, —VIT—y, /2 —ygT/2
~ 2 inp, | € —e
Ap=An=(uomy /2)J,(Q)—(pi€,Ep /2)A 1T, 1)), bpy=A,e - .
Oup+ Ny, —v—ilya—vp)/2
(37
o (pa€,)/4 o
Wg—iYa/2=0q+ N , (38) . .
Oge—V+iYp/2 Assuming the perturbations are very weak the full solu-
) tion is given by
" L] (szm) /4
a)ﬁ—l‘)/ﬁ/2 =wg+ (39)

Wge +i’)/p/2 ’

and we have kept only the terms which are capable of res-
onance. If we turn off all but the nth term in the off-
diagonal matrix element in (36) we can solve for the am-
plitude b, for the ion to be in the J3 state at t =7. Given
the initial conditions @ =1, b, =0 at t =0 we obtain the
approximate expression

b=3b, . (a1)

The relative sizes of the terms in this expression depend
on the argument ( of the Bessel functions in Eq. (37).
For the a—f resonance in Het, Q~7x10%v, /c). A
typical value for v, /c is 2 1073 (corresponding to an en-
ergy of about 1 eV), for which 2 =0.14. As Q—0, J,(Q)
is approximately?
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T (Q)=(Q/2)"/n! . (42)

This drops rapidly with n and so only a few of the terms
in Eq. (41) need to be considered.

The term b, which is resonant at v=wg,g is the main
M 1 resonance. It is proportional to

Ao=(ugmy /20 o(Q)—(pie,E, /2) AT _(Q). (43)

An interesting feature of this M 1 resonance is that there
is no Doppler broadening from the transverse motion.
The Doppler effect gives rise to a pattern of lines spaced
at intervals of w,, but, providing we can separately resolve
these lines, they are not broadened. In the parity experi-
ments under discussion, the linewidth would be of order 1
MHz and the ion cyclotron frequency would be about 6
MHz, so these lines should be easily resolved. The second
term in Eq. (43) in induced by the motional electric field.
It is suppressed by the Bessel function J_{(£) and since
both E,, and the Bessel function coefficient [assuming the
approximate form of Eq. (42)] are proportional to v, /c,
this term is quadratic in v, /c. Thus, one way to elim-
inate possible systematic errors arising from the motional
electric field is to make v, /c sufficiently small. It is of
interest to find the value (v, /c).q for which the magni-
tude of the motional-field-induced amplitude and the
weak-induced amplitude are equal. Using Eq. (42) for the
coefficient of the motional field term we find

(v, /¢)eq=[2(VC, /p,B)(A /A €, /€,)]' % . (44)

If we assume (€, /€;) =20, and that the magnetic field is
set at the B-f crossing point, we find (v) /¢)eqg=3X107°
which corresponds to a transverse energy of a little more
than 1 V. It is not unreasonable to require that an ion
beam developed for a He™ parity experiment have trans-
verse velocity less than this, but it does indicate that care
must be taken in the design of a suitable ion source.

The main motional-field-induced amplitude is con-
tained in the term b; which is proportional to

Ay=(uomy /20 1(Q)—(pi€,E,, /2)ATo(Q) . (45)

This term is resonant at v=wgg+w,,, and it should be
well resolved from the main M1 resonance at v=awgg.
There can be an interference term between the main M1
amplitude and the tail of the main motional field ampli-
tude, but this will tend to cancel in an average over the
metastable beam because of the factor e’m in Eq. (40).
The phase ¢, depends on the initial direction of the
transverse velocity, and this will be random. The fact that
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the main motional field resonance can be separately
resolved means that this potential systematic effect can be
studied in an amplified form. In addition, the weak-
induced amplitude which is resonant at v=wgg+o.,
would be suppressed by the factor J;(£) so the motional
field resonance provides a null experiment that can be use-
ful in searching for possible systematic effects in the mea-
surement.

VI. CONCLUSION

We have considered the prospects for microwave parity
experiments in singly ionized helium which would mea-
sure the weak interaction coupling constants C,, and Cj,.
Such experiments appear to be feasible on signal-to-noise
grounds and would tygically involve the measurement of
an asymmetry of 10° and a minimum counting time of
half a day. The experiments require a large (> 10 kG)
magnetic field and a slow, intense metastable beam. The
relatively high microwave frequencies that would be re-
quired in these experiments (mm waves) lead naturally to
the use of so called quasioptical techniques and we have
discussed some ideas that appear promising. Perhaps the
most difficult aspect of the experiments involves sys-
tematic errors involving unwanted electric fields. We con-
sidered one such effect in some detail: the systematic er-
ror caused by motional electric fields. We showed that
the cyclotron motion of the ions in the magnetic field
leads to a supression of the unwanted effects and this
problem appears to be tractable in the He™ parity experi-
ments.

It has not been possible to discuss all the details which
would have to be covered in a specific proposal for a vi-
able parity experiment in He* but we feel that an experi-
ment of this type should be given serious consideration.
There is no question that it would be quite difficult and
would require considerable effort and commitment in or-
der to produce results. On the other hand, the potential
for such an experiment to test radiative corrections to the
electroweak theory is real, and this is a matter of great
importance which will be the motivation for large scale
efforts in high-energy physics in the coming years.
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