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Analysis of weak neutral currents in hydrogenic ions
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We have calculated the decay of a metastable hydrogenic ion through the process 25~1S + y, as a possible source
of experiments on weak interactions in atoms. Our results are fairly exhaustive for ions with atomic number up to
Z = 20 and nuclear spin I = 0. We include the effects of applied electric and. magnetic fields, and of both 2P1,2 and
2P„, virtual states. Within this framework, only one of seven possible P-odd asymmetries is a likely candidate for
experiment, the decay anisotropy of a polarized beam in vacuum. No viable experiments were found using the
quench radiation in an electric field.

I. INTRODUCTION

The subject of weak neutral currents in atoms
must be considered to have entered a new phase,
changing from a period of discovery to one of pre-
cision measurement. The earlier search for weak
neutral currents in neutrino reactions has already
gone through this same change. The first experi-
ments, establishing the existence of neutral cur-
rents, ' have progressed to a model independent
determination of the form of the interaction. The
results are now well established to agree with the
prediction of the "standard model" of Weinberg
and Salam, 3 with sin26) = 0.25.

Recent experimental results provide evidence for
the existence of weak neutral currents in the elec-.
tron-nucleon system. The first of these is a series
of measurements of optical activity in bismuth
vapor. 4 Although the results are not entirely con-
sistent, they indicate the presence of enhanced
parity-nonconserving effects of the size predicted
for heavy elements. ' An experiment on deep
inelastic scattering of polarized electrons from
deuterium provides more conclusive evidence of
parity nonconservation and confirms the standard
model. 6 Circular dichroism measurements in
cesium vapor have not yet been conclusive' but a
similar experiment in thallium is consistent with
the standard model. Thus, there is strong evi-
dence for the existence of neutral currents in
atoms. The next challenge is to provide indepen-
dent precision measurements of the four empirical
coupling constants C&&, C&„, C2, C+,

Parity-nonconserving effects in heavy atoms are
probably not suited to this task for two separate
reasons. One reason, which underlies the early
success of these experiments, is that heavy atoms
enhance one particular combination of coupling
constants @=2(C,&Z+C,„N). High-Z atoms are
sensitive primarily to this one parameter, giving

a one-parameter fit to the theory. The other rea-
son is that the atomic theory of these forbidden
transitions is very sensitive to details of the elec-
tronic wave functions, leading to significant theo-
retical uncertainties in analyzing the data. This
source of uncertainty probably explains part of
the disagreement between the standard model and
the bismuth results. It seems unlikely to us that
experiments with heavy atoms will ever lead to a
determination of all of the coupling constants, and
to complete determination of the model for weak
neutral currents in atoms.

In this next phase of precision measurements,
the role of the hydrogen atom will probably be im-
portant. ~ Our understanding of the electronic wave
functions is sufficient to reduce the theoretical un-
certainty well below exper imental errors, thus
eliminating this source of error. Experiments
with these atoms will not have the advantage of a
coherent enhancement arising from a large number
of nucleons, but this disadvantage will be offset by
a different type of enhancement, coming from the
close spacing of 2S-2P levels in the Coulomb po-
tential. It has already been shown that parity
mixing among 2S, 2P states in the vicinity of the
level crossings in hydrogen and deuterium is
equally sensitive to all'four coupling constants. '

Metastable beam experiments on microwave transi-
tions at the first level crossing (B= 572 G) are al-
ready underway at Michigan, Washington, and
Yale. These experiments are sensitive only to C»
and C~, and should eventually provide precision
measurements of these constants. Parity mixing
at the second level crossing (B = 1194 G) provides
an opportunity of. measuring C&~ and C,„, but there
are no experiments now in progress at this level
crossing.

We intend to analyze in this paper the prospects
for precision experiments sensitive to Q using
metastable beams of hydrogenic ions of moderate
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Z. Our aim is to exploit both the advantages of the
Coulomb degeneracy as well as the coherent en-
hancement due to larger numbers of nucleons. We
will single out the one-phonon decay 2S&&& -1$&&&
+y as a candidate for a parity experiment. The
analysis will be based on a spinless nucleus (I=0)
in order to remove the complications of hyperfine
structure and the contributions of C+„, C2„. Our
results provide a systematic computation of the
-various decay asymmetries, together with a dis-
cussion of some practical realities for observing
certain terms.

Various parts of this analysis have already been.
published. The 2S -1Sdecay of metastable hydro-
gen (Z= 1) was analyzed in some detail by Moskaiev
et al." They considered the parity- conserving
terms for a beam perturbed by both electric and
magnetic fields and the parity-nonconserving terms
in a pure magnetic field. Feinberg and Chen'2 have
discussed the vacuum decay asymmetry for hydro-
genic ions of arbitrary P. More recently, Mohr'

. and Drake'4 have calculated the parity-conserving
terms for a polarized hydrogenic ion of arbitrary
Z, perturbed by both electric and magnetic fields.
Our work is an extension of these previous publica-
tions, giving the decay asymmetries of a polarized
beam perturbed by electric fields, magnetic fields,
and weak interactions. The main motivation for
experiments with hydrogenic ions is stil) the mea-
surement of the Lamb shift (s) but we will direct
attention to the possibility of measuring weak. in-

teractions. As in Lamb-shift measurements, there
is a variety of different parity experiments possi-
ble, using both intrinsic or induced dipole mo-
ments, and both 2P&~& and 2P3~& virtual states.
We mill include all of these possibilities, and
assess their role in weak interaction experiments.

II. PRELIMINARY DISCUSSION

Before presenting the details of our calculation,
it is necessary to discuss why me retain certain
variables and not others. Since any experiment
aimed at detecting weak interactions will have to
cope with a very small effect, it is vital to con-
sider only processes with the largest possible
asymmetries and event rates, and to retain only
those variables which can be accurately controlled.
This requires some preliminary discussion of the
practical realities governing heavy-ion experi-
ments.

Beams of hydrogenic ions are available with
atomic numbers from 2 =1 to 2= 20, with about
1% of the beam in the metastable 2S state. " In

vacuum, this state decays with a rate dominated
by two decay modes'6

R(2S- IS) (8.2Z'+2. 5 x 10 'Z")

with units of sec . The first term, which domi-
nates at low Z, gives the rate of two-photon
(El-El) decays. The resulting continuum is very
insensitive to weak interactions, which mix in
some E1-M1 amplitude. The weak parity mixing
is suppressed. by the small size of magnetic-dipole
moments relative to electric-dipole moments M1/
El = ~0&«0=6.

The second term gives. the rate of one-photon
(Ml) decays, which form a line spectrum with en-

ergy

E~ =—10.2g 2, (2)

' in units of eV, at the upper end of the tmo-photon
continuum. The one-photon decays are more sensi-
tive to weak interactions, which are enhanced by
the inverse of the same ratio of dipole moments.
The remainder of our discussion. is- concerned with
these one-photon decays. At lom Z there is peed
for good energy resolution to separate the line from
the stronger continuum; at high g there is a need
for good spatial resolution to deal with the short
metastable lifetime. We want to explore the vari-
ous asymmetries as a function of p to assess the
exper imental opportunities.

Assuming the line spectrum ean be resolved, it
is reasonable to determine the angular distribution
of the photons and so we retain the wave vector k

in all calculations. But since polarimetry in tQe

soft x-ray region is difficult, me mill always
average over the photon polarization vector e.
On the other hand, polarization of metastable
beams can be produced by the tilted-foil method"
and perhaps other means, so we retain the inci-
dent beam polarization P in our analysis. For 2S
atoms with I=0, no other orientation tensors are
possible. We note that it is also feasible to analyze
the polarization of the transmitted metastable
beam' which would be an alternative to dealing
with a polarized incident beam.

One must not limit the discussion to spontaneous
decays in free space. These events are usually a
small fraction of the decays, and give a distributed
line source mhich is not easy to detect. A more
intense localized source can be made by applying
an electric field to the beam. This mixes the 2I'
and 2S states, alloming decay of the beam via the
E1 amplitude of the 2I' states. This Stark-induced
amplitude depends on the 28-2I' energy separa-
tion, and therefore on the magnetic-field strength.
The beam enters the E and I3 fields adiabatically
without generating quantum beats; we are only
concerned with the mean decay rate of the beam.
We will limit our treatment to fields which are
sufficiently small that the amplitudes are linear
in E and B. This can be guaranteed by keeping
only the leading terms of order
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eEa, p.g, 1 (8)Zs
in an expansion about the zero-field limit. Since g

increases strongly with g while the dipole mo-
ments either decrease or remain constant, these
field strengths can be quite strong without ex-
ceeding the linearity condition

«& 830 Z ' (V/cm), B«760 Z' (G) .
Indeed, the difficulty of perturbing these ions with
static fields makes it impossible to satisfy the
condition for a level crossing of 2$-2I"

&0 ——570 Z 0
except for very light ions. Our task will therefore
be to discuss the asymmetries in the weak-field
limit. This forces attention to the design of parity
experiments away from the level crossings, which
is of interest for hydrogen as well as for hydro-
genic ions. '8

III. ONE-PHOTON-DECAY AMPLITUDES

and where P stands for the average over initial
states and the sum over final states. Since there
are only two projections of the initial and final
spins, we can express the amplitudes in terms of
2x 2 matrices M,

1$m' e ~ —e '"' 2Sm = rn' M m (7)

where M contains all the dependence on e, k and
E, B. In relativistic units (k, m, c~l) the fre-
quency is

(d —Q g

We obtain from (6)

(8)

—g ' tr[M(1 + o P)M' j .

Here Q' is the sum over photon polarization, and
the factor ~ (1 +o P) is the density matrix of the
partially polarized incident beam. We will list the
various contributions to M, ordered roughly by
their relative magnitudes.

We will give in this section a compilation of the
decay amplitudes for the transition 2$, /2 1$»2
+y for arbitrary Z, in combined electric and mag-
netic fields. Despite our comments about the pre-
cision of atomic theory for these ions, our aim
here is to explore various asymmetries rather
than to give accurate numerical results. For this
reason, we keep only the leading contribution to
each amplitude. This is not a systematic expan-
sion in powers of nZ; some amplitudes (especially
the Ml) require inclusion of (o.Z)2 corrections to
the nonrelativistic theory, while others do not.
These omissions can be remedied, as was done
in hydrogen by Brodsky and Parsons, '~ using nu-
merical methods including the entire n =2 shell.
By limiting the treatment to the leading terms,
we are able to rely on simple matrix methods.

The basic formula for the rate is well known, 2

dg 8 co
2

p p -sk'x' 2

dQ 2 c
1Sm' e ~ —e ' ' 28, ~2mm

(6)

where co, k are the photon frequency wave vector

A. Magnetic dipole

Our basic formula does not strictly pertain to
this amplitude, which vanishes in the nonrelativis-
tic limit. A derivation which includes relativistic
and finite wavelength corrections gives the result~'

(»)'- ---
M& ——— ~o ~ eo k.

This amplitude is linear in k and grows rapidly
with nZ. It is independent of external E, B fields
except for terms arising from a shift in the Lyman-
n frequency in Eq. (8). We will not include these
corrections, which are of order (eaQ/Z By) or
(pQ/By), and are much smaller than (eaoE/ZS)
or (VP/&).

B. Stark-induced electric dipole (2P&&2 contribution)

An electric field mixes the nearby 2$»2 and
2P, » states, giving the perturbed 2S»2 state an
electric-dipole amplitude for decay to the 1$,»
ground state. To first order on E the amplitude
is given by

(1S& p 2m'
~

e ~ r
~
2&„~m")(2&, »m"

~
e E r

~
2 S, ~ 2m)m (M2)m ——uu ~ S+f(~/2)

(12)

where I' is the radiative width of the 2I' states
(we neglect the width of the 2S states). A short
derivation gives the result

328
M2 ——+i ~ qo eo' E

where q—= [S+i(i /2)j . This amplitude is in-

r

dependent of 5 and decreases like Z 4 due to the
growth of the Lamb shift 3.

C. Zeeman corrections to A2

A magnetic field alters Eq. (11), to first order
in B, by shifting the energy eigenvalues in the
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denominator, without changing the eigenfunctions,
Expanding the denominator leads to the following
additional amplitude:

e(E 8+Bio ExB). (13)

This introduces a dependence of the amplitude on

B, of order (eB/S) relative to M~.

M4 ——i ~ t(2e E~ - io e x E), (14)

where g=—[S —&&+i(I'/2)] '. Here &E=E(2P»&)
—E(2P&») is the fine-structure separation. This
amplitude is smaller than M2 by about s/&& =-10%.
It has a Zeeman correction of order eB/nE smal-
ler than M4, which we will neglect.

D. Stark-induced electric dipole |2P3&2 contribution)

We can obtain the relatively small contribution
of the 2P3&& states by extending the sum in Eq.
(11) to include them. We find for this term

E. Vfeak induced electric dipole |'2P&&2)

Finally, we come to the weak neutral-current
interaction, which. also mixes 2S&&& and 2P, &&,

giving a decay amplitude

(ISi»~' l~ r l2P»~~")(2Pi»~" 18..12S .~)
5 s+ (I/2)

(15)

QG(nz)'
324& (16)

where @=2(ZC,~+AC,„) is the coupling constant
we want to measure. We note that for I=o the
weak interaction preserves J and does not lead to
any mixing of 2P»& states.

F. Zeeman correction to N5

Expanding the energy denominators as before,
leads to a Zeeman correction of the weak ampli-
tude Me,

QG(o.z)'e
M&

——+ q o'eg
972& (17)

This completes our list of amplitudes; one need
only insert their sum in Eq. (9) and grind. The
number of terms is large and we find it appropri-
ate to present only some of them for discussion.

IV. DECAY DISTRIBUTION

The one-photon-decay distribution given by Eq.
(9) can now be examined term by term. In rela-
tivistic units, each term is in units of mc /5
=7.76 x 10~ sec '. We begin with the decay of an
unpolarized beam, neglecting the contributions of
the 2P3~~ states (M4) and of weak interactions (Ms
and M6),

The weak matrix elements have already been given
[Ref. 10, Eq. (25)] and the sum easily leads to the
amplitude

dR 64n Zc i9(nz)8
dg 2187& & 1024 (s + I' /4)

3(nZ)48I'
32(s'+I'/4)(

' )

n(nZ)'(s'- r'/4) -„--
8(s~+ I'/4)'

(18)

These terms have all been published earlier and
are given again only for reference. The first term
is the intrinsic magnetic-dipole distribution, and
the second is the electric-dipole distribution
arising from the mixing of 2S&/g and 2P&&z states
in an electric field. Intereference of these M1
and E1 amplitudes gives two additional anisotropic
terms proportional to E k and to Bx E k, pre-
viously analyzed by Moskalev, "Mohr, "and
Drake. ' Each of these anisotropies provides a
possible method of measuring the Lamb shift in
high- g ions.

The strength of these intereference terms is
dependent on the relative phases of the amplitudes
M&, Mz, and M3, which are governed by T invari-
ance. In a T-invariant theory with negligible
damping, the 9x E ~ k term occurs but not the
E k term. The reason is that 8 and k are odd,
and E is even in T; in lowest order the transition
rate can only depend on even combinations. If
damping is included in the T-invariant theory,
then the phases of the amplitudes are changed by
small angles of order I'(2P)/S, and odd terms like
E ~ k occur. This is consistent with the reciprocity
of transition rates and with the conservation of
probability. ~~ Since I (2P)/S is of order 10%, these
odd terms aie rather small.

If the incident beam is polarized, then we must
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add three further terms to the large parentheses in Eq. (18),

3(oZ) es " 2e&sI-,8( ~ Pz/4) P Exk —
3(2 q/4)2(2E 'B —E BE P)

~g
gy 2 (2' BP' 2 —2E PB'l)+2P' BE' 2)) (12)168 +I' 4

The first of these was emphasized by Drake'4 as a
means of determining the beam polarization; the
others are new results. A note of caution should
be added about the use of Eq. (19). It gives the
instantaneous decay distribution in terms of the
instantaneous polarization P(t) for fields E, B in
the proper frame of the beam. In some circum-
stances, the polarization does not depend on time,
and no problems arise. An example would be a
longitudinally polarized beam moving parallel to
the laboratory magnetic field; the polarization
stays parallel to the field. But generally the
polarization will change through precession about
the proper magnetic fields, and this precession
will tend to reduce the observed anisotropy. A
separate calculation of this spin precession is re-
quired. This precession will set an upper limit on
the magnitudes of the fields which can be applied,
often a more restrictive limit than that in Eq. (4).

If the 2P3&& states are included in the calculation,
then there are smyll changes in the anisotropic
terms in Eqs. (18) and (19), as well as some new
terms. ~3 Rather than write out the general result,

I

we v ill simply list the five new terms which ap-
pear:

E —3(E k), (E k)(Ex P ~ k),

[E2—3(E k)2j (P B),

(E k)(Ex B k),

(E P)(E B) —(E' k)(P ' k)(E B) —2(E k)(P E)(B k)

(20)

These terms are all suppressed by s/nE =10%,
and are too small to be of much interest in Lamb-
shift experiments. Their presence is simply a
complication in precision experiments, or in the
search for weak interactions, since they may con-
tribute to systematic errors, proportional to stray
fields instead of applied fields.

Finally we will give the parity-nonconserving
terms arising from the interference of the weak
amplitudes (M,, and M(, ) and the dominant ampli-
tudes (M„M2, and M3). We should add the fol-
lowing four 'terms to Eq. (19):

GQ(oZ)' ( 3(oZ)'& - " e(o.Z)'(S'- I'/4) -
k

e(nz)'s - -
k

32as
1024&M2 l, (s~, I'2/4)

' ——
(sm+ I ~/4)2

' "+
(,~, I'2/4)~

' "' 3(,2, I 2/4)~
" '

~

(21)

The first term gives an anisotropy in the vacuum
decay of a polarized beam; its coefficient is the
same as the cjrcular polarization of the emission
line from an unpolarized beam, first calculated
by Feinberg and Chen. ~4 It comes from the inter-
ference of the magnetic dipole and the weak ampli-
tude (M& and M5). The second and third terms give
the anisotropy for a polarized beam in a magnetic
field, first der ived by Moskalev. " They come
from the interference of the magnetic dipole and
the Zeeman correction to the weak amplitude (M,
and M6). The last term is a new one which gives
a dependence of the quench rate in crossed fields.
It comes from the interference of the induced
electric dipole and the weak amplitude (M2 and M,
or M~ and M5).

It should be noted that the decay distribution
does not depend on the pseudoscalars E ~ B or
E P. The absence of these terms results from
the combined effects of T invariance and uni-
tarity. Either of these terms would survive the

Asymmetry Pseudoscalar Maximum size

Ag

A2

A]

PxB k

P'B xE

A
E B—3E kB'k

A W A
E P —3E 'kP'k

v'2G Q
n4 Z3Z

27)M2G Q
e~ 8 z7~2

2"~~2G Q
37e o 8 Z7~3

4 27tG Q
e ~8 Z7+2

2 "2(G
37v 2e~7 Z7Z2

Q
3V 2+3 Z3I

E P xB-3E kPxB k ~ 7 7
PB

3 2g0.7 Z7I

TABLE I. Parity-nonconserving asymmetries in the
one-photon decay distribution. Asymmetries A &-A3 are
eva1uated at E=0 and A4-A7 at E=EO(Z) to optimize
them.
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Each of these terms produce tensor terms in the
angular distribution of the photon, odd under
spatial inversions of all the variables but even in
k.

Finally let us record the result for the total
decay rate, integrated over all photon directions,

2M+'Z' f 9(~Z)8
2187 & 1024 (S~+ r~/4)

QGn(aZ)5S
96 v 2 (s' + r'/4)' )'

(23)

This still contains a parity-nonconserving term.

V. DISCUSSION OF ASYMMETRIES

The general form of our analysis shows that
there is a wide variety of parity-nonconserving
asymrrietries in this decay mode. As a first step
in assessing the significance of the various terms
in the decay distribution, we consider the magni-
tude of the asymmetries in Eqs. (21) and (22). For
convenience we label the seven possible asym-
metries A„... ,A,. To simplify the discussion of
their Z dependence, we represent the Lamb shift
by Erickson's formula~5

S(Z) = n(oZ)'E(Z)/6&, (24)

where E(Z) is a slowly varying function decreasing
roughly as Z ' ~. Similarly, the fine-structure
interval and the 2I' level width can be written as

«(Z) = (oZ)'/32, r(Z) = (-:)'~(»)'. (26)

Using these expressions, we have listed in Table

summation over photon directions, and therefore
be related by unitarity to the total disappearance
rate of metastable states in the beam. But T in-
variance implies the absence of these T-odd terms
in the disappearance rate; they would invalidate
the reversibility of the beam-quenching reac-
tions ~~

The inclusion of 2P»2 contributions adds three
more parity-nonconserving terms to Eq. (18), with
coefficients which are suppressed by a factor S/
b,E =-10% relative to Eq. (21). We find for the
interference of M4 and M5, M~.

( QG(nZ)5 ( 8e I'
.(1024wM2 ( «(S + I' /4)

16&a r
3«(sa ~ rz/4)i

16~(s'- r'/4)
3«(s'+ r'/4)'

x(E. p x B- 3E kp x B.k)
i

. (22)i.

I the pseudoscalar asymmetries and their Z de-
pendence after optimizing the applied fields.

The asymmetry A& decreases with Z roughly as
Z ' '. Az and A, decrease with Z roughly as Z '
and Z '~~, although some of this decrease can be
offset by an increase in the value of B, according
to Eq. (4). All three of these asymmetries depend
linearly on k, and require observation of an an-
isotropy in the directional distribution. Since they
originate from the intrinsic magnetic-dipole am-
plitude, they are all optimized by choosing zero
electric field.

The other four terms come from the induced-
electric-dipole amplitude, and are optimized at a
field strength which equalizes the electric quench
rate and the spontaneous decay rate

E ='( ) ( )=-39xlo-6ZSE(Z)
64~ (26)

T = 1/fJvA2, (27)

where f is the fraction of the incident metastable
atoms which decay by emitting one photon within
the fiducial volume of the detectors, J is the
metastable beam flux, and v is the product of the
detector solid angle and quantum efficiency. It is
important to recognize that the variation of these
other variables, we well as the asymmetry A,
must be considered when we optimize Z, E, B,
and I'.

Several different cases must be examined. First
consider the vacuum decay of a low-Z beam. The
mean decay length is too long to be viewed by the
detector, and so the fraction f is determined by
the time of flight (r) through the fiducial volume
viewed by the detector

with Eo given in units of V/cm. This field strength
is easily achieved either with applied or motional
fields. For field strengths larger than Eo, these
asymmetries decrease like A (2E,/E). These
four asymmetries also fall off with increasing Z.

This approach, which concentrates on the asym-
met~ies, seems to imply that one should work with
the lightest ions, since they all decrease with Z.
This conclusion overlooks the fact that the intensity
of the one-photon line is very small there, rela-
tive to the two-photon decays and to background.
In fact, the one-photon transition has not been ob-
served for low Z, and so the asymmetry in its
distribution is somewhat irrelevant. To balance
the discussion, we will also include the role of the
intensity by giving an estimate of the integration
time T for detecting the asymmetry. This com-
plicates the presentation but makes it much more
realistic.

The time required for the signal to equal the
shot noise is
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FIG. 1. Asymmetry for the most interesting terms
versus nuclear charge &.

f="2.5 x 10 ''aZ "y (28)

given in p, sec. This result is strongly dependent
on Z, and describes the difficulty in observing M1
decays in light elements. As Z increases, the
mean decay length becomes shorter and is easily
viewed by a single detector. The fraction f then
is limited by the branching ratio for one-photon
decays

These formulas assume that f is much less than

unity.
The application of an electric field can give a

large increase in f, since the induced decay rate
is quadratic in E. Both Eqs. (28) and (29) should
be changed by a factor (1+E2/E02). For fields
stronger than the critical strength Ep, the integra-
tion time is independent of E, due to a compensa-
tion between the increase in the event rate and the
decrease in the asymmetry. Nevertheless, it is
an important advantage to have the events oc-
curring in a smaller fiducial volume, and with a
rate controlled by the field. We assume that a
measurement of A4, „,A. , would be done with

The results of this section are gathered together
in numerical form in Figs. 1 and 2. Figure 1
shows the asymmetries A&, A» A3, and A4 as a
function of nuclear charge while Fig. 2 shows the
integration time for measurement of A. , and Az
versus nuclear charge. The figures are based on
the following set of parameters26:

Q=Z, &=0.25,

Jv = 5 x 108. sec 7.=1 p.sec,
E=0 (i=1—3), E =ED(Z), (i =4—7)

B =0.8BO(Z) (Z~ 3), B =100 kG (Z ) 3)

where Ep Bp have been defined earlier. In the
next section we will use these results for an as-
sessment of the prospects for parity experiments
with hydrogenic ions.

f=3.1x-l0 YZ4.

108

1O7

CD

CDw 1P6

105 I I

0 2 4
I I I

8 10 12 14

FIG. 2. Integration time T, required to measure
asymmetries + and A2 versus nuclear charge Z.

(29)
VI. CONCLUSIONS

There is no question that weak-interaction ex-
periment;s with heavy-ion beams are much more
difficult than Lamb-shift measurements; the ex-
periments we Rre discussing Rre Rll quite difficult.
There are questions, however, as to the relative
difficulties of detecting weak-interaction effects
with light ions versus heavy ions, or with polar-
ized beams versus unpolarized beams, or with
spontaneous magnetic-dipole amplitudes versus
induced electric-dipole moments. These are the
kinds of questions we are now prepared to ad-
dress.

A

It is evident from Figs. 1 and 2 that A&c P- k is
a'promising choice for higher- Z ions. Despite the
slow decrease of 4., with Z, the rapid increase in
the one-photon rate gives an integration time
which slowly decreases with Z. Another important
consideration is that the one-photon line must be '

resolved from the two-photon continuum in order
to suppress background. It is impossible to re-
solve the line unless its integrated intensity is
at least a few percent of the total; this requires
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Z «13. All considered, it appears to us that an
experiment of this type is reasonably attractive
for moderately heavy ions. It would require
development of beams with greater intensity and
higher polarization than those available at the
present time.

Substitution of a magnetic field instead of beam
A

polarization, , for the measurement of A& ~ B k, is
a less attractive alternative. Under our assump-
tions the signal to noise is optimized at Z = 5. The
growth in the level separation at higher g makes it
increasingly difficult to perturb the states effec-
tively ruling out the extension of this measure-
ment to higher g. There would be a serious
problem in resolving the one-photon transitions
from the two-photon decays for g = 5.

The measurement of A3~ P & B k has no advan-
tages over A& and A&. The asymmetry is smaller
and falls off rapidly with Z. The resolution prob-
lem is the same, and the spin precession about B
adds further complications.

If we turn next to quenching experiments, in
which a strong electric field is applied to the
beam, then some things appear to improve sub-
stantially. There is a strong attenuation of the
beam in the quench region, giving a more local-
ized source and a more intense one-photon line.
There is the added possibility of asymmetries
which survive the average over photon directions,
such as P - E, B ~ E, and P x B.E. These asym-
metries could be detected by monitoring the meta-

stable beam intensity downstream of the quench
region where the fields are applied~ instead of the
one-photon distribution in this region. Unfor-
tunately, for reasons already described, the sim-
plest of these asymmetries do not occur in the
transitions we are discussing. Only the term A4
~P x B E will be present, and its size decreases
rapidly with Z. This experiment would also suffer
from precession of the spin in the magnetic field,
which would limit the strength of the applied mag-
netic field. It appears that quenching experiments
are not a viable source of parity experiments
under our assumptions.

The final three asymmetries A5, Ae, AY arising
from the virtual 2&»& states, are too small and
too rapidly decreasing with Z to be of interest.
Although these states have made possible some
alternative experiments on the Larib shift, the
same is apparently not true for the weak interac-
tions.
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