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We summarize the present status of testing the standard model of parity nonconservation in neutral atoms, emphasizing the 

success in understanding the semileptonic weak interactions. There is good agreement for the nuclear spin independent contributions, 
especially in cesium. There is some evidence of nuclear spin dependent terms, probably due to hadronic weak interactions. There is 
no evidence of leptonic weak interactions. The lessons learned from atomic physics are discussed, together with strategies for parity 

experiments using highly charged ions. 

1. Inaction 

As far as I can ascertain, the subject I was urged to 
discuss is nonexistent: there have been no symmetry 
tests in highly charged ions and there are no experi- 
ments underway. Many people, some of them present, 
have considered this situation and concluded that sym- 
metry tests with highly charged ions have no advantages 
over those with neutral atoms. Nevertheless, it seems 
appropriate at a workshop like this to discuss ideas and 
guidelines for the future. Perhaps someone here will see 
the lack of results as an opportunity, and will find a 
way of adding to this “null topic”. 

My talk begins with a short review of the status of 
parity tests in atomic physics, s~m~ng the status of 
what has been learned so far. Nothing will be included 
on the subject of time reversal tests, since these effects 
are known to be at most “micro-weak”. Instead, I will 
emphasize the problems of testing the standard model, 
which makes many definite predictions. The material 
progresses from the most precise to the least, and tries 
to clarify what features are inaccessible to experiments 
with atoms. Time does not permit a complete review; I 
just pick a few good examples. Then I will try to discuss 
what the experience with atoms has to teach about the 
design of parity experiments. The talk will end with a 
brief survey of proposals for hydrogen-lye and helium- 
like ions, and a discussion of strategies based on the 
experience with atoms. 

2. Parity tests in heavy atoms 

The standard model of electroweak interactions 
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makes a definite prediction of the breaking of parity 
conservation in the semileptonic interaction between the 
electrons and nucleons [l]. Hadronic interactions be- 
tween the nucleons and leptonic interactions between 
the electrons are also predicted. Moreover, these predic- 
tions lead to observable consequences in atomic physics 
[2] which can be compared with results from high 
energy physics. The model has only one adjustable 
parameter, the Weinberg angle Bw, which appears in 
the coupling strengths. There are two types of semi- 
leptonic interactions, resulting from the exchange of a 
Z* between the electrons and nucleus. The first (A+‘“,.,) 
comes from the product of the hadronic vector current 
with the electronic axial current and has coupling con- 
stants called C,. The second (sAv) comes from the 
hadronic axial current times the electronic vector cur- 
rent, with coupling constants C,. The former is nuclear 
spin independent and the latter is nuclear spin depen- 
dent. 

The Weinberg angle has been accurately determined 
from a variety of high energy experiments involving the 
exchange of a Z* between leptons and nuclei; these 
results are shown in fig. 1. The 1987 world average 
value is [3] 

(sir&w> = 0.229 + 0.004. 
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Fig. 1. Values of sinzBw from high energy experiments. 
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There are many experiments which demonstrate the 
existence of parity nonconservation in heavy atoms 
(Tl, Bi, Pb). The most successful one comes from opti- 
cal transitions in cesium, as originally predicted by 
M.A. Bouchiat and C.C. Bouchiat [2]. They proposed 
looking for the interference between multipole ampli- 
tudes of the forbidden optical transition 6s --) 7s. The 
dominant term is either the highly forbidden magnetic 
dipole moment 

rlTT=(7S,$]6S), (I) 

or an electric dipole moment which is “Stark-induced” 
by a static E field, which mixes 7s and 7P states 

zstirk = (75 1 eE . r [7P) & (7P &6S>. (2) 

The parity violation comes from a much smaller electric 
dipole moment which is “weak-induced”, with a weak 
interaction replacing the Stark interaction, 
--jr 
El weak = (7s 1 -@&,k 17p) & (7P &6S). (3) 

These three terms add coherently to give the total 
amplitude; the rate includes their interference terms 

Transition Rate a 1 Ml + El,,, + El,, 1 2. (4) 

The original idea of using the Ml amplitude proved 
unworkable; the line was too weak. The El,,, term 
gives a transition rate quadratic in the electric field, 
which can be adjusted to locate and calibrate the line. 
The interference of EIStark and El,,, gives a term in 
the event rate linear in the electric field, involving the 
pseudoscalar Pi . P2 x E, which changes sign as the con- 
figuration is changed from “right-handed” to “left- 
handed”. Here PI,2 stands for the circular polarization 
vectors of the incident laser light and the outgoing 
fluorescence light. If a magnetic field is added, there is 
aIso a pseudoscalar PI ’ E x l3. The appearance of such 
pseudoscalar terms is evidence for parity nonconserva- 
tion, which has been clearly demonstrated in this cesium 
transition. 

The results of more than a decade of experimental 
work in Paris [4] and Boulder [5] give accurate de- 
terminations of the weak-induced dipole moment 

Im Elweak = (-0.79 * 0.10) X lo-‘“eae (Paris), (5) 

Im El,, = (-0.83 + 0.02) X lo-‘lea, (Boulder). 

The progress toward this precision is shown in fig. 2. 
Comparison of these results with atomic structure calcu- 
lations gives a value of 8, derived from atomic physics 

WI 
sin%,(Cs) = 0.222 + 0.03, (6) 

which is in excellent agreement with the world average. 
The cesium experiments, together with high energy elec- 
tron-deuteron scattering, provide an accurate confirma- 
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Fig. 2. Progress in measuring El,,,(G). 

tion over a large range of energy, of the semileptonic 
coupling constants predicted by the standard model 

C,r = -(l - 4 sin20w)/2 G -0.04, C,, = +-l/2. 

(7) 

These coefficients govern the strength of the nuclear 
spin independent interaction between electrons and 
nucleons; the coupling of electrons to neutrons is seen 
to dominate. 

The choice of heavy atoms was based mainly on the 
strong enhancement of the weak-induced dipole mo- 
ments resulting from the Coulomb attraction of elec- 
trons to the nucleus (a Z2) and from the superposition 
of the “weak charges” of a large number of nucleons, 
Q = 2( ZC,, + NC,,) a Z. This Z3 enhancement in- 
creases the weak-induced dipole moment in cesium by 
about 10’ and plays an important role in the success of 
the experiments. An equally important role is played by 
the accurate calculation of the atomic structure factors 
in El,,; cesium was chosen for its relatively simple 
structure. The future goal of this work [6] is to increase 
the precision of both experiment and theory to the 1% 
level, in hopes of seeing radiative corrections to the 
standard model, or “nonstand~~ ~ntributions. 

The same experiments give evidence for a nuclear 
spin dependent weak interaction, by comparing El,, 
for different hyperfine components of the 6s + 7s tran- 
sition. The latest results [S] show that the individual 
hyperfine transitions give 

Im El,,, = (-0.861+ 0.03) X lo-‘lea, 

(F=4-+ 3), 

Im El,,, = (-0.794 + 0.03) X 10-*leao 

(F=3-+4). 

(8) 

The differences in these dipole moments are about 12 
times smaller than the average dipole moments; the 
differences also have much less statistical significance 
(about 2~). 

The standard model predicts such an effect via semi- 
leptonic interactions, but with small coupling constants 

Czp = -C,, = -0.62(1 - 4 sin*B,) z -0.05. (9) 

II. SPECTROSCOPY/LEVEL STRUCTURE 
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This interaction is also enhanced in heavy atoms by 
Coulomb effects but not by the superposition of nucleon 
spins, which pair off rather than adding. The result is a 
weak-induced dipole moment in cesium smaller by a 
factor of about 100, not 12. There is clearly something 
else going on! 

The same effect can arise from parity nonconserving 
hadronic weak interactions within the nucleus, involving 
Z” exchange between nucleons, together with ordinary 
photon exchange to the electrons [7]. The (vector) elec- 
tromagnetic current of a nucleus acquires an axial vec- 
tor part, through hadronic weak interactions. The domi- 
nant effect at low energy is an additional multipole 
moment a, called the “anapole moment” of the nucleus, 
which produces a magnetic potential 

A(r) =aZ8(r). (10) 

This relation is obviously parity nonconserving, since 
A is a true vector and Z is a pseudovector. This vector 
potential gives rise to a contact ~tera~tion with the 
electrons having exactly the same form as zAv, with 
coupling strength C’. This coupling constant is defined 
in the same way as C, and simply adds to it. The 
anapole moment of cesium has been estimated [8) to 
have a coupling strength C, = 0.3, about six times larger 
than i&. Hadronic terms are therefore predicted to 
dominate the semileptonic terms in the spin dependent 
interaction. This estimate is based on a single particle 
model of the nucleus and is quite uncertain. For exam- 
ple, it includes only neutral hadron currents and omits 
the role of charged hadron currents; both should con- 
tribute. It is possible to separate the effects of C, from 
C,, for example by comparison of nuclear isotopes, but 
this will clearly take more work. 

Finally, we mention another possible goal of experi- 
ments with heavy atoms: observation of the leptonic 
interaction, involving Z” exchange between electrons. 
This makes a negligible contribution to the 7S-7P mix- 
ing in cesium. Parity mixing of two closely spaced 
6p-5d states in samarium has been calculated as an 
example in which e-e interactions might dominate e-n 
interactions [9]. In the central field approximation, these 
two states should not mix via semileptonic interactions 
with the nucleus, since the overlap of Sd states with the 
nucleus is suppressed by the angular momentum bar- 
rier. However, it was found that the configuration mix- 
ing resulting from residual e-e Coulomb interactions 
gave a semileptonic matrix element larger than the 
purely leptonic matrix element by about 4000. Because 
of the “accidental degeneracy” of these two states, the 
parity mixing is quite large, but is not due to e-e weak 
interactions. It appears that parity mixing in heavy 
atoms is insensitive to the purely leptonic weak interac- 
tion. 

3. Parity tests in the hydrogen atom 

There has been a substantial effort to observe parity 
mixing in the hydrogen atom, but with much less success. 
The motive for this effort was to test the standard 
model in an atom for which there is essentially zero 
theoretical error [lo]; hydrogen has always been viewed 
as the ideal testing ground for fundamental theories. 

The experiments were again based on the inter- 
ference of Stark- and weak-induced electric dipole mo- 
ments, between two metastable 2S states. These transi- 
tions are at microwave frequencies, not optical. The Z3 
enhancement of the weak matrix element is now mis- 
sing, but is replaced by a reduction of the energy 
deno~nators; the 2S-2P states are separated only by 
the Lamb shift. By applying a magnetic field of about 
570 G, adjusted to a 2S-2P level crossing, the energy 
difference can be further reduced to the 2P level width 
I’(2P)/2 = 50 MHz, which is about lo-’ atomic units. 
Another advantage was the clear separation of the ef- 
fects of C,r from Czp; state selection makes it possible 
to measure Czr alone. 

Experiments were begun at three laboratories 
(Michigan, Seattle and Yale) but after more than a 
decade of effort have yielded disappointing results. An 
upper limit Czp < 300 has been reported by the Yale 
group [ll] and Czp < 620 by Michigan [12]. The prin- 
cipal problems came from systematic effects due to 
stray electric fields. 

4. Lessons from atomic physics 

In the earliest planning of these experiments, the 
strategy was dominated by the idea of maximizing the 
asymmetry, given by the ratio of the two interfering 
amplitudes, El,,/Ml or EIWd/Elstark. Thus the 
suppression of Ml transitions was an advantage, as was 
the ability to adjust El,,, by the electric field. 

The experiment does not necessarily get easier by 
reducing MI or E, because the event rate would go 
down quadratica& with these quantities. The signal-to- 
noise ratio would be independent of MI or E. For the 
hydrogen experiments, it was shown that the optimum 
signal to noise ratio is given by a simple formula 1131 

(~/~~- 5 <2S I3fbak lWJ7172. (11) 

where pi is the time of flight through the interaction 
region, and r2 the 2P lifetime. This result (eq. (1)) is 
independent of all the applied fields, and is not en- 
hanced by choosing a level crossing! The implication is 
that, in terms of signal to noise considerations, there is 
no advantage in a large asymmetry or small energy 
spacing. There is an advantage in enhancing the weak 
matrix elements and in long interaction times. 
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The final, and for some experiments the fatal, lesson 
was that systematic errors could swamp the signal. 
Observation of an asymmetry as “big” as low5 or 10e6 
requires elaborate signal averaging and a high degree of 
control over, for example, stray electric fields. The best 
way of expressing the lessons from atomic parity experi- 
ments is to downplay the use of any single criterion, 
and to emphasize the need for satisfying all these criteria. 
Having a large asymmetry, good signal to noise and 
control of the systematics are all vital to success. 

5. Parity experiments with ions 

There are NO parity experiments with trapped ions! 
There are some obvious potential advantages coming 
from the long “transit time” and the high spatial resolu- 
tion of a trap, but there is a big disadvantage in the 
relatively small number of ions which can be stored. 
Only one experiment has been described in the litera- 
ture [14]; it was designed as a measurement of Cz 
through parity mixing of the ground state hyperfine 
multiplets in singly charged ions. It was never com- 
pleted. 

Many people have considered parity experiments in 
highly charged ions from accelerators [15,16]. These 
ions can offer both the advantages of enhanced matrix 
elements and of calculable atomic structures. Hydro- 
genie ions have the added feature of closely spaced 
levels with opposite parity. But the advantages seem to 
lie in He+, at low Z rather than at high Z [17]. 

The reasons for this can be illustrated with the 
one-photon decay of the metastable state, 2s + 1s + y. 
The spontaneous Ml moment scales like Z2, and the 
weak-induced El like QZ3/S. The enhancement of the 
weak matrix element (QZ4) is even stronger than in 
heavy atoms. This is compensated by the decrease in 
electric dipole moments and by the rapid growth of the 
energy denominator (Lamb shift) S, which scales like 
Z4F( Z). The result is a decay asymmetry fi. i( for 
polarized ions which decreases strongly with increasing 
Z: 

Asymmetry = El/Ml = (fiG,Q)/a(aZ)3F(Z). 

(12) 

The signal to noise ratio increases slowly for large Z, 
because the branching ratio for single photon decay 
grows like Z”. Thus the two criteria are mutually 
exclusive and cannot both be satisfied. There are several 
other asymmetries to consider, but this one is the most 
favorable in hydrogenic ions. 

The case of one-photon decays in He-like ions has 
also been considered [18], especially near the accidental 
degeneracy of 2%, and 23Pi which occurs near Z = 6. 

The weak-induced El is enhanced both by Coulomb 
effects and by small energy denominators, and inter- 
feres with the Ml moment which comes from hyperfine 
mixing. The maximum asymmetry at Z = 6 is about 
10m4. The branching ratio for this Ml transition grows 
strongly with Z, making the signal-to-noise ratio hope- 
lessly small for those ions near the level crossing. Again, 
these two criteria are in conflict. 

In retrospect, the advantages of close energy spacing 
and the availability of accurate atomic structure calcula- 
tions in hydrogenic ions are overemphasized; these fea- 
tures are not limited to one-electron ions. Calculations 
can be done in other highly charged ions to the required 
accuracy (1%). Remeasuring Q is not a good idea 
either; experiments with highly charged ions would be 
more worthwhile if they could solve the problems which 
remain unresolved with atoms. 

One suggestion is to re-examine the e-e interaction 
in ions. As Z increases, the contribution of central 
forces becomes larger relative to residual interactions. 
One should reconsider the calculations of ref. [lo] with 
ions, near an “accidental” degeneracy of higher angular 
momentum states. One hopes to find a case where weak 
matrix elements are enhanced, energy spacings reduced 
and central forces dominant, in a highly charged ion. 

Another goal might be to search for nuclear spin 
dependent effects in ions. For example, one could use 
ground state hyperfine transitions for this purpose, since 
these states are stable and may permit much longer 
“transit times”. Since these transitions involve flipping 
the nuclear spin, they are proportional to C, [19]. Such 
transitions in heavy ions are shifted to optical frequen- 
cies. However, it appears that the Coulomb enhance- 
ment of the weak matrix element in hydrogenic ions 
grows only linearly in Z and remains smaller than in 
heavy neutral atoms, where they exhibit a Z2 enhance- 
ment [20]. 

6. Conclusions 

There is good evidence of nuclear spin independent 
terms in cesium, consistent with the standard model of 
semileptonic weak interactions. There is some evidence 
in cesium of nuclear spin dependent terms, probably 
dominated by hadronic weak interactions. There is no 
evidence of purely leptonic weak interactions. 

One- and two-electron ions do not seem to provide 
hope of parity experiments. The best strategy for new 
experiments with highly charged ions is probably to 
search for an ion with some accidental degeneracy, 
especially higher angular momentum states which may 
be sensitive to the e-e weak interaction. 

II. SPECTROSCOPY/LEVEL STRUCTURE 
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