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I. INTRODUCTION

Atomic physics tests of the standard model@1–3# play a
very special role because of the small momentum transfers
involved. Comparisons between their results and high energy
data are highly sensitive to radiative corrections and thus to
extensions of the standard model@4#. With the percent pre-
cision reached in the Cs experiments described in@3#, the
effect of radiative corrections is of the order of the experi-
mental accuracy. If a system is found for which a 0.1% ac-
curacy can be reached, the experimental results would allow
most interesting and far reaching conclusions~see, e.g.,@5#!.
For the atoms and experimental setups studied so far, this
unfortunately seems to be out of reach, which motivates the
search for significantly different alternatives. The possibility
we want to discuss is the use of highly charged heavy ions,
which can be produced and stored in great variety at, e.g.,
Gesellschaft fu¨r Schwerionenforschung in Darmstadt, Ger-
many. We already discussed some time ago the prospects for
inducing a two-photon transition in heliumlike uranium@6#.
In this paper we extend our studies to systems with up to five
electrons and we adopt the ingenious ideas proposed by
Botz, Bruß, and Nachtmann@7# especially suited to the in-
vestigation of parity-violating effects in storage rings.

The starting point for all such experiments is that, due to
the parity-violating exchange of neutralZ bosons between
nucleus and electrons, every electron state is mixed with
states of opposite parity. In first order perturbation theory the
coefficienth of this admixture is given by

h5
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Z D rg5U f L
Ei2Ef

, ~1!

whereGF denotes Fermi’s constant,qW the Weinberg angle,
N the neutron number,Z the proton number, andr the
nuclear density normalized toZ. From this formula we see
why heavy ions with few electrons left in inner shells are
good candidates for investigating parity-nonconservation ef-
fects: The admixture coefficienth is very large~typically
orders of magnitude larger than for usual, neutral atoms! due

to the big overlap between the nucleus and the electron
states. The other factor that can makeh large is the energy
difference between the two mixing electronic statesi and f
that ought to be very small. Therefore, we are especially
interested in level crossings of electron states with the same
spin but opposite parity.

It was pointed out in@4# that Eq.~1! has to be modified by
radiative corrections, the weak chargeQW included in ~1!
changes according to

QW5Z24Z sin2qW2N→rPV8 ~Z24ZkPV8 sin2qW2N!.
~2!

HererPV8 andkPV8 are constants that arise from the radiative
corrections mentioned above. The crucial point is that they
depend on the masses of the particles involved in the radia-
tive processes, especially the top quark and the Higgs boson.
Since it seems now that there is evidence for the top quark to
exist, it should, from a theoretical point of view, be possible
to determine fromrPV8 andkPV8 the value of the mass of the
Higgs boson that makes the standard model renormalizable,
thus giving important guidance to identify this particle in
high energy experiments.

In Sec. II, we will discuss uranium with 2–5 electrons as
a model for other heavy ions reaching from gold to pluto-
nium. In Sec. III, we will discuss the possibility of level
crossing in compound heavy ions, and, finally, in Sec. IV, we
will investigate the possibility of polarization rotations in
heavy ions.

II. HEAVY IONS WITH 2 –5 ELECTRONS
IN INNER SHELLS

For an experiment with heavy ions with few inner shell
electrons, we have to give a criterion by which we can judge
the feasibility of such an experiment. As such a criterion, we
should compare theh values of the systems regarded here
with theh value of the heliumlike uranium system discussed
in @6#, i.e., h'1026, when taking the energy difference to
DE51 eV. Even this relatively high value ofh left the
proposed experiment beyond the scope of experimental fea-
sibility for the setup discussed there.
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The following consideration leads to a second restriction.
If, for example, the electron states of interest are excited
during the stripping process of the ion in a stripping foil,
then for any realistic experiment the experimental setup
should be placed a little distance behind this foil, let’s say
one meter. Then the lifetime of these excited states should be
long enough to survive this one meter of flight. Taking into
account a time dilation factor of about 5 for an ion acceler-
ated to 5 GeV per nucleon, the lifetime should be larger than
'1029 s. This would be an optimal value, but a lifetime of
10210 s, corresponding to a distance of 10 cm, would prob-
ably do also.

We furthermore consider only the lowest lying electron
states that offer a possibility for a parity-violation experi-
ment. Since the parity admixture is proportional to the over-
lap of the electron states in question with the nucleus, this
admixture should become very large for low lying states if
the energies are sufficiently degenerate.

We should state that these criteria do not rule out all
imaginable experiments. It could be possible, for example, to
store ions in an ion trap and to generate the excited state by
a laser beam, perhaps by a laser that has yet to be invented or
that will be available in a few years; the question of the
lifetime of the electron states may then be superfluous. Also,
there could be other electronic configurations in the ions
studied here or in ions having a few more electrons, with
suitable properties. The relativistic corrections can lead to
very rich structures, with level crossings and metastable
states that have just begun to be explored~see, for example,
@8,9#! and can lead to increased sensitivity to, e.g., electric
quadrupole hyperfine interaction@10#.

The systems we are interested in are highly charged heavy
ions for which two states with equal angular momentumJ
but opposite parity have similar energy. We have investi-
gated the binding energies of the lower lying levels of ions
with 2–5 electrons to identify the most promising candidates.
When not available from the literature, energies were calcu-
lated with the multiconfiguration Dirac-Fock Program
~MCDF! published by Grantet al. @11#, which provide a
relativistic correction as well as one-electron QED correc-
tions and approximate, although inaccurate, many-body
QED corrections. For heliumlike systems, however, we can
use very precise MCDF or relativistic configuration-
interaction~RCI! calculations including correlation and QED
effects.

For each electron configuration, we show as an example
the results for uranium. There are no noticeable qualitative
differences for other heavy ions down to gold, as is graphi-
cally shown for the electron states of interest, except for the
two-electron 1s2s 1S0→1s2p 3P0 case for which two
crossings atZ'62 andZ'92 occur. Since in this section we
do only exploratory work, we do not claim a precision much
better than a few eV, except for two-electron systems. Life-
times are calculated in the LS configuration from elementary
atomic physics. We take the inverse of the main transition
probability to be the lifetime of the respective state, neglect-
ing thereby other contributions of lower order. The parity
admixture coefficient in this second section is determined
only for the main electron state and therefore also gives only
the order of magnitude.

A. Two-electron ions

Extensive calculations of the binding energies of two-
electron ions have appeared in the literature over the past ten
years@12–14#. In Fig. 1, we plot the 1s2s 1S0→1s2p 3P0

energy difference as calculated in@12# and@15#. The first one
is an all-order relativistic many-body perturbation theory
~RMBPT! calculation, which uses the two-body QED correc-
tions of Ref.@14#. The second calculation is a MCDF calcu-
lation done along the lines of@13,16#, which uses the Welton
model for two-body self-energy corrections, experimental
nuclear size when available, and includes a finite-nuclear
size correction to the self-energy@17#. The energy separation
between 1s2s 1S0 and 1s2p 3P0 is plotted in Fig. 1 as a
function ofZ. In order to show how this level crossing hap-
pens, we show in detail the contributions to the energy sepa-
ration atZ562 and 92 in Table I. It should be noted that this
crossing mostly involves the interplay between magnetic en-
ergy and QED correction contributions.

With this new energy determination, the parity admixture
uhu'531026 eV/(DE) @6# would be enhanced by a factor
of 3. For the experimental setup discussed in@6# with the
detection of a laser-induced two-photon transition, the laser
intensity required would still be unrealistically large, of order
1021 W/cm2 ~presently, only lasers up to an intensity of
101721018 W/cm2 exist!. The main problem in this context
is that the heavy ions are only available in the form of a rapid
ion beam and that the only possibility of exciting the electron
states of interest is by means of the stripping process.

One hope for improving the situation is to study different
isotopes to see if one can still reduce the energy difference.
Figure 2 shows that by choosing suitable isotopes, the degen-
eracy can be improved. Only the Coulomb energy is modi-
fied due to the change in nuclear radius. For uranium, the
energy separation does cancel between isotopes 233 and 234,
within the present calculation. One should keep in mind,

FIG. 1. Energy difference between the two nearly degenerated
electron states as a function of atomic number.
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however, that the present calculation as well as the one in
@12# are not precise enough for finding exactly at which
atomic number and for which isotope the crossing occurs.
The main uncertainty is in the self-energy screening. In
Table I the self-energy screening is evaluated with the Wel-
ton model@13#, which has been proven to be rather accurate
@19#, but which is notab initio. In @12# Drake’s screening
calculations, which are more adapted to lowZ, are used. If
one usesab initio QED calculations@18#, one gets a larger
screening. However@18#, did not include relaxation, which
seems to be sizable for the 1s2s1S0 state. For uranium, the
Welton model with relaxation gives 4.29 eV, while the result
from @18# is only 1.08 eV. It has been shown on other sys-
tems that the Welton model should not be wrong by more
than 10% for this atomic number, while it can be good to 1%
at lowerZ @19#. One should note also that higher order ra-
diative corrections~of ordera2, i.e., of ordera with respect
to the one-electron self-energy! and QED corrections to the
two-photon exchange diagrams@20# have not been evalu-
ated. Both corrections could be as large as 0.5 eV. The po-

sition of the crossing point as well as the smallest energy that
can be obtained is thus very uncertain. Also, it should be
remembered that if the energy separation is too small it may
be difficult to find a laser to excite the two-photon transition.

B. Three- to five-electron ions

The characteristic feature of the lithiumlike uranium~cf.
Table II! is the fact that the ground state and the first excited
state already fulfill the main conditions of a parity-violation
experiment, i.e., they have the same angular momentum and
opposite parity. Moreover, the lifetime of the first excited
state lies in the range of 10210 s. Very sophisticated calcu-
lations of the ionization energies in lithiumlike uranium, in-
cluding a discussion of nuclear effects, can be found in@21–
23#. Complete calculations with relativistic correlation
energy and radiative corrections for lower atomic numbers
can be found in Refs.@24–26#. Unfortunately, between these
two energy states there is a wide energy gap that reduces the
magnitude of the parity admixture, which is, in rough ap-
proximation, abouth51.431028. We shall discuss a
scheme for detecting parity violation in lithiumlike atoms in
Sec. III.

Figure 3 shows that theZ dependence of the energy dif-
ference of the first two electron states is nearly linear for
atomic numbers in the range 79<Z<92, such that no ele-
ment can be found for which the situation would be substan-
tially different.

The case of berylliumlike ions is comparable to the lithi-
umlike case. The first two electron levels are, in principle,

TABLE I. Contributions to the 1s2s 1S0→1s2p 3P0 separation near the two crossing points. All units
are given in eV.

Z562 Z592
1s2p 3P0 1s2s 1S0 Diff. 1 s2p 3P0 1s2s 1S0 Diff.

Coulomb 268 868.56 268 861.61 26.948 2165 518.05 2165 487.55 230.50
Magnetic 38.30 17.12 21.17 151.30 66.36 84.91
Retardation 23.26 1.30 24.56 210.09 5.56 215.65
Mass pol. 20.029 0.00 20.03 20.04 0.00 20.04
Correlation 20.39 20.59 0.20 21.02 21.18 0.16
1e self-energ. 82.66 95.16 212.50 364.88 420.68 255.80
2e self-energ. 20.18 21.24 1.06 21.15 25.44 4.29
Uehling 213.52 215.18 1.67 296.13 2108.71 12.59

20.02 20.10 0.087 20.28 20.89 0.61
Wichman and Kroll 0.38 0.42 20.04 4.75 5.28 20.53
Kallen and Sabry 20.11 20.12 0.01 20.73 20.83 0.09
Nuclear pol. 21.10 21.28 0.18
Total energy 268 764.71 268 764.83 0.11 2165 107.70 2165 108.00 0.30

TABLE II. Electron configuration of lithiumlike uranium.

Main conf. Parity Energy~eV! Lifetime ~s!

1s22s 2S1/2 1 22.94243105 `

1s22p 2P1/2 2 22.93953105 1.0310210

1s22p 2P3/2 2 22.89783105 1.1310214

1s23s 2S1/2 1 22.75453105 4.9310215

1s23p 2P1/2 2 22.75373105 4.6310216

FIG. 2. Energy difference between the two nearly degenerated
electron states as a function of the mean-square nuclear radius for
Z592. Values of the splitting for experimental nuclear size are
represented by squares.
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suitable for parity admixture experiments. The lifetime of the
first excited state is very large and depends crucially on the
spin of the nucleus@27#. In the case of an even-even nucleus,
e.g., uranium-238, the lifetime is dominated by a two-photon
E1M1 transition that is, in general, very slow (107 s for
Z582 @27#!, and can therefore be treated as infinity in com-
parison with the lifetimes of the next higher levels. In the
case of uranium-235, the nucleus has an angular momentum
of 7/2 and, due to hyperfine mixing of electron orbitals, the
lifetime is severely reduced to 8.56231025 s @27#.

As a model for berylliumlike heavy ions, we tabulate the
energy and lifetime of the lower level of berylliumlike ura-
nium in Table III. In order to achieve reasonable precision,
both the ground state and the 1s22p1/2

2 are calculated
as the lower and intermediate levels of the
1s22s211s22p1/2

2 11s22p3/2
2 J50 configuration set be-

cause intrashell correlation is very large in that case. As in
the lithiumlike case, the energy gap between the mixing lev-
els is large, leading to a parity admixture of about
uhu'2.431028.

For a five-electron system, we again examine uranium
ions ~cf. Table IV!. The first two electronic levels are, in
principle, usable for a parity-violation experiment, but the
comparatively short lifetimes of the first excited state and the

small admixture of onlyuhu'9.431029 make this system
completely unattractive. We shall therefore discuss in the
following mainly lithiumlike ions.

No level crossing was found for 78<Z<96 in any of the
three-, four-, and five-electron systems.

III. LITHIUMLIKE HEAVY IONS WITH HIGH Z AND N

In this section, we study superheavy lithiumlike ions. It is
interesting to see how the situation would change ifZ were
increased beyond the existing periodic system. Such high-Z
systems can be formed for a short time in heavy-ion colli-
sions. Here we treat the high-Z system as an ordinary atom
with the chargeZ5Z11Z2 being just the sum of its
components. While the energy difference
E(1s22p 2P1/2)2E(1s22s 2S1/2) is nearly linearly increas-
ing in the rangeZ579 – 94, it again decreases in the higher
Z region and has a crossing point atZunited'122. This effect
is due to the relativistic contraction of the 2p1/2 wave func-
tion, which dominates over all other contributions for very
largeZ. For further increasingZ, the 2p1/2 state, being be-
low the 2s1/2 state, reaches the negative energy continuum
@28#. We used Desclaux’s code to evaluate a number of sys-
tems for 104<Z<128, with self-consistent magnetic interac-
tion @29#, vacuum polarization of ordera(Za), a(Za)3, and
a2(Za), self-energy extrapolated from Mohr’s values and
corrected for finite nuclear size. For this to be valid, however
we had to limit ourselves toZ,137. It happens that the
region of interest lies well inside this boundary. From Table
V, one can see how for such highZ values the two lithium-
like states of interest cross around the united charge number
Zunited'122. We analyzed only symmetric collision systems,
which are parity even provided their charge states are equal.

IV. POLARIZATION ROTATIONS

This section follows the analysis given in@7# by Botz,
Bruß, and Nachtmann. We follow here their notations. The
energies, lifetimes, Stark and parity admixture coefficients
were calculated with the multiconfiguration Dirac-Fock
package from@30#. To make this paper self-contained, let us
briefly repeat some of the basic arguments of@7#.

The atomic system we are interested in is a lithiumlike ion
that has a nonzero nuclear angular momentum. For simplic-
ity, we take the nuclear angular momentaI51/2 and look at
the first four electron states~cf. Fig. 4!. The situation for ions
with other nuclear angular momentum is completely the
same except that other numbers for the total angular momen-
tum F have to be inserted.~The formalism could also be
applied to the boronlike case where we look at boronlike
uranium-235 that hasI57/2.) The experimental situation in

TABLE III. Electron configuration of berylliumlike uranium.

Main conf. Parity Energy~eV! Lifetime ~s!

1s22s2 1S0 1 2326604 `

1s22s2p 3P0 2 2326345 ` for U238

8.5631025 for U235

1s22s2p 3P1 2 2326305 1.00310210

1s22p2 3P0 1 2325894 7.87310212

1s22s2p 3P2 2 2322224 3.37310212

FIG. 3. Energy difference between the first excited state and the
ground state in lithiumlike heavy ions from gold to plutonium,
DE5E(1s22p 2P1/2)2E(1s22s 2S1/2).

TABLE IV. Electron configuration of boronlike uranium.

Main conf. Parity Energy~eV! Lifetime ~s!

1s22s22p 2P1/2 2 23.58263105 `

1s22s2p2 4P1/2 1 23.57853105 5.2310211

1s22s22p 2P3/2 2 23.54173105 3.3310212

1s22s2p2 4P3/2 1 23.53893105 7.5310213

1s22s2p2 2D5/2 1 23.53843105 6.6310211
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which we wish to place this system is shown in Fig. 5.
The lithiumlike ion moves in the 1-direction of our coor-

dinate system. This ion moves through alternating electric
fields of width x1 , at a distance ofx2 . The electric fields
point in the positive and negative 3-direction. The moving
ion sees a magnetic field due to the boost, but since this field
is even under parity transformation, we can neglect it. The
arrangement still has one symmetry operationR̂ under which
it is invariant, and this is a combination of parity transforma-
tion and rotation aboutp around the 2-axis. Together, this
gives a reflection with respect to the 1-3 plane:

R:S x1

x2

x3
D →S x1

2x2

x3
D , ~3!

R̂5eipF̂2P̂. ~4!

It is clear that the angular momentum statesuF,F3& are, in
general, not eigenstates of this operation. But from

eipF̂2uF,F3&5(
F38

uF,F38&^F,F38ue
ipF̂2uF,F3&

5(
F38

uF,F38&DF
38 ,F3

~F !*
~0,2p,0!

5(
F38

uF,F38&dF3 ,F38
~F !

~p!

5(
F38

uF,F38&~21!F2F38dF
38 ,2F3

5~21!F1F3uF,2F3& ~5!

it is easily seen that states withF350 are still eigenstates of

the reflection symmetry operator and, for simplicity, we will
constrain our considerations to those states.

This reflection symmetry is destroyed by the weak inter-
action of the electron with the nucleus, which adds to the
atomic Hamiltonian the terms

HPV5HPV
~1!1HPV

~2! ,

HPV
~1!52

GF

A2
E d3x2gA

eē~x!glg5e~x!

3S (
q

gV
qq̄~x!glq~x! D ,

HPV
~2!52

GF

A2
E d3x2gV

eē~x!gle~x!

3S (
q

gA
qq̄~x!glg5q~x! D . ~6!

Here, q runs over all quarks,GF is Fermi’s constant, and
gA,V
e,q denotes the neutral current coupling constants for the
quark flavorq or the electrone, respectively. Both terms
together have no defined parity and consequently no defined
quantum number according to the reflection symmetry opera-
tion R̂.

On its flight the ion stays for the timet1 in the Stark field
and during the timet22t1 outside of it. Following essen-
tially the notation of@7#, we get for the transition amplitude
during the timet1 , in the case where there is no change in
angular momentum,

f F,F3 ;F,F3~ t1!5expH 2 iE~2Ŝ,F !t12 i k̃F,F3SA3FL D 2Lt1
2kF,F3

1

2 SA3FL D 2Gt1J . ~7!

In this formula we takeE(2Ŝ,F) to be the energy of the
2S hyperfine states, perturbed by the parity-violating weak
interaction denoted by the hat over theS. F is the electric
stark fieldE multiplied bye and the Bohr radius:

F 5
e

Zame
E . ~8!

L5E2S1/2
2E2P1/2

is the energy difference of the two electron

states of opposite parity considered in Fig. 4 andG the decay

TABLE V. Energies of the first two electron states in lithiumlike heavy ions for high nuclear charges.

Name Z A E(1s22s 2S1/2) E(1s22p 2P1/2) D ~eV!

(JP5
1
2

1) ~eV! (JP5
1
2

2) ~eV!

Te1Te 104 260 2396 234.8 2395 910.3 324.6
Ce1Ce 116 280 2528 168.1 2527 979.6 188.5
Nd1Nd 120 288 2581 273.8 2581 267.7 6.1
Sm1Sm 124 304 2640 357.1 2640 692.8 2335.7
Gd1Gd 128 316 2706 756.4 2707 698.3 2941.9

FIG. 4. Hyperfine splitting for the parity-mixed states.
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constant of the 2P1/2 state mentioned above. Here, the hy-
perfine splitting is neglected because of its relative small-
ness. Thek ’s are perturbative constants that give the admix-
tures due to the quadratic Stark effect.

In the case where there is a transition between the angular
momentum states, the amplitude is proportional to the ap-
plied electric field, i.e., e.g.,

f 1,0;0,0;F . ~9!

The total transition amplitude for an ion flying through one
capacitor and the subsequent free drift length is given by

gF8,F38 ;F,F3
5e2 iE~2Ŝ,F8!~ t22t1! f F8,F38 ;F,F3

~ t1!. ~10!

For an experimental setup withK capacitors, the amplitude
for the R symmetry-violating transition uF50F350&
→uF51F350& is

f 1,0;0,0
~K ! 5g1,0;0,0(

k50

K21

g0,0;0,0
k g1,0;1,0

K2k21

5g1,0;0,0g1,0;1,0
K21

12S g0,0;0,0g1,0;1,0
D K

12S g0,0;0,0g1,0;1,0
D . ~11!

The basic idea is now to make the absolute value of such a
transition amplitude large. To this end, with the definitions
given before, one can express first

g0,0;0,0
g1,0;1,0

5expH 1 i FAt22~ k̃0,02k̃1,0!SA3FL D 2Lt1G
2
1

2
~k0,02k1,0!SA3FL D 2Gt1J . ~12!

Here,A5E(2Ŝ,1)2E(2Ŝ,0) denotes the energy difference
due to hyperfine splitting of the 2S electron orbitals. This
very expression can be made real by a suitable choice of the
length of the free drift space so that the condition

At22~ k̃0,02k̃1,0!SA3FL D 2Lt152pn ~13!

holds. We will come back to this later. With the above
choice oft2 we can get for the absolute value of the ampli-
tude f 1,0;0,0

(K) the expression

u f 1,0;0,0
~K ! u;~A3F t1!ug1,0;1,0uK

12S g0,0;0,0g1,0;1,0
D K

12S g0,0;0,0g1,0;1,0
D 5

1

2AQ
. ~14!

Here we have assumedK@1. Now the aim is to maximize
u f 1,0;0,0
(K) u, which is the same as minimizingQ. This quantity

Q plays an important role in this connection because, as
shown in@7#, Q is a measure of the polarization rotation of
the ion flying through the capacitor arrangement since at
t50 there is no component of angular momentumF parallel
to the direction of flight,

ue1•F̂~Kt2!u;
1

2AQ
. ~15!

For definiteness, we discuss the case of a pair of states with
F50 andF51. We abbreviate

x5
1

2
~k0,02k1,0!SA3FL D 2Gt1K, k5

2k1,0

k0,02k1,0
,

~16!

and use as independent variablesx and K. We get up to
factors independent ofK andx:

Q;
K

x
ekx

~12e2x/K!2

~12e2x!2
. ~17!

Let us assumeK to be large; thenQ is inversely proportional
to the number of capacitorsK. We now treatK as a fixed
number and then look for the minimum ofQ as a function of
x. As K@1 the formal minimum ofQ is obtained forx!1
such that in the vicinity of the minimum one has

Q;
ekx

xK
→xmin;

1

k
. ~18!

At the minimum the quantityF , essentially the electric field
E , is determined by

SA3FL D 25 1

k1,0KGt1
. ~19!

We shall discuss below that this optimal situation cannot be
reached for the ions considered here. The derivation of these
equations has been done for a pair of atomic states
F50, F51. But there is no principal difference for other
combinations such asF53, F54, which is considered here
for boronlike uranium.

While the formulas are the same as those derived in@7#,
the quantities involved are quantitatively very different.
Various large factors appear both in favor and in disfavor of
the heavy-ion system and there is no simple way to estimate
the relative size of the effect. We shall present the numerical
results for235U in Table VI. It turns out that some light ions
might also be of interest. Therefore, we also add to Table VI

FIG. 5. Experimental setup studied for possible parity-violation
measurement.
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the results for the three lithiumlike systems Be1, B21, and
C31. Their atomic properties are shown in Tables VII, VIII
and IX. The atomic properties of235U are shown in Tables
X, XI, and XII. For the calculation of thek coefficients we
use perturbation theory:

k̃F,F3SA3FL D 2L5 (
nÞm

z^nueEzum& z2

Em2En
,

kF,F3SA3FL D 2G5 (
nÞm

U^nueEzum&
Em2En

U2Gn . ~20!

Herem denotes the state with the quantum numbersF,F3
andn the other admixing states. Solving this for thek ’s and
using the Wigner-Eckart 6j and 9j theorems, one gets

k̃F,F3
5
1

3
~2F11!(

n
~2Fn11!

L

Em2En

u^n jnuuzuumjm&u2

r B~Z!2

3S Fn 1 F

2F3 0 F3D 2H Fn j n I

j F 1J 2

, ~21!

kF,F3
5
1

3
~2F11!(

n
~2Fn11!S L

Em2En
D 2

3u^n jnuuzuumjm&u2r B~Z!2

3S Fn 1 F

2F3 0 F3D 2H Fn j n I

j F 1J 2

.

Here, r B(Z)51/(Zame). The point is now that thek coef-
ficients only deviate by the small energy differences that are
due to the hyperfine splitting. In Table XIII we show thek
values for Be1, B21, C31, and U871. Together with the
numerical values of the hyperfine splitting and the Stark ma-
trix elements, which are given in Tables VII–XII, we can
calculate the expressions of interest for the polarization rota-
tion effects. Let us first start in the same way as in@7# and
analyze the situation for the minimalQ. It turns out that this
assumption would imply unrealistically large electrical fields
resulting from

t25
k̃0,02k̃1,0

k1,0

L

GA F\eG 1K ~n50!. ~22!

TABLE VII. Atomic structure for lithiumlike 9Be.

2p1/2-2s1/2 PNC matrix element –5.681 017 4310215 eV
2p1/2-2s1/2 energy difference 3.989 102 6310100 eV
2p1/2-2s1/2 lifetime ~length! 8.444 391 2310209 s
2p1/2-2s1/2 lifetime ~velocity! 7.946 391 3310209 s
2p1/2-2s1/2 Stark element 0.764 91310100 a.u.

2p1/2 F52 total hyperfine matrix element: –1.184 451 855 5310207 eV
Bohr-Weisskopf correction: 5.903 310 247 5310215 eV
total: –1.184 451 796 4310207 eV

2p1/2 F51 total hyperfine matrix element: 1.974 086 425 8310207 eV
Bohr-Weisskopf correction: –9.838 850 412 6310215 eV
total: 1.974 086 327 4310207 eV

2s1/2 F52 total hyperfine matrix element: –6.428 904 184 7310207 eV
Bohr-Weisskopf correction: 8.856 806 198 6310211 eV
total: –6.428 018 504 0310207 eV

2s1/2 F51 total hyperfine matrix element: 1.071 484 030 8310206 eV
Bohr-Weisskopf correction: –1.476 134 366 4310210 eV
total: 1.071 336 417 3310206 eV

TABLE VI. Hyperfine splitting (A), level width (G), and level separation (L) for selected ions.

Ion Be1 B21 C31 U871

Isotope 9Be 11B 13C 235U
Lower state 2S1/2 2S1/2 2S1/2 1s2 2s2 2p J51/2
Upper state 2P1/2 2P1/2 2P1/2 1s2 2s 2p2 J51/2
I 3/2 3/2 1/2 7/2
A @eV# 1.714 1431026 1.044 3831025 8.447 6031026 1.79631022

G @eV# 7.794 6731028 1.306 2931027 1.811 2131027 3.119 4931025

L @eV# 3.989 1031010 6.053 8531010 8.071 8131010 4.030 231012
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From ~12! we get the requirement for the individual effects
to add:

FAt22 k̃0,02k̃1,0

k1,0

L

KG G52pn. ~23!

This implies that the deviationdt2 in t2 should be smaller
than

dt2,
1

100

1

A F\eG . ~24!

For the timet1 , which gives the length of the capacitor, we
are required to taket1<t2 , but there are no other constraints.
To make the required electric field small, one has to choose
t1 large @see Eq.~25! below#, so we taket15t2/2. Finally,
from the relation

SA3FL D 25 1

k1,0Gt1
F\

eG 1K ~25!

one can well calculate the electric field. The terms in@•••#
always give the necessary factors for the translation into SI

TABLE VIII. Atomic structure for lithiumlike 11B.

2p1/2-2s1/2 PNC matrix element –2.731 650 5310214 eV
2p1/2-2s1/2 energy difference 6.053 853 7310100 eV
2p1/2-2s1/2 lifetime ~length! 5.038 784 2310209 s
2p1/2-2s1/2 lifetime ~velocity! 4.681 367 8310209 s
2p1/2-2s1/2 Stark element .529 70310100 a.u.

2p1/2 F52 total hyperfine matrix element: 8.710 427 352 0310207 eV
Bohr-Weisskopf correction: –8.977 200 887 8310214 eV
total: 8.710 426 454 3310207 eV

2p1/2 F51 total hyperfine matrix element: –1.451 737 892 0310206 eV
Bohr-Weisskopf correction: 1.496 200 148 0310213 eV
total: –1.451 737 742 4310206 eV

2s1/2 F52 total hyperfine matrix element: 3.917 058 660 0310206 eV
Bohr-Weisskopf correction: –6.439 542 578 7310210 eV
total: 3.916 414 705 7310206 eV

2s1/2 F51 total hyperfine matrix element: –6.528 431 100 0310206 eV
Bohr-Weisskopf correction: 1.073 257 096 5310209 eV
total: –6.527 357 842 9310206 eV

TABLE IX. Atomic structure for lithiumlike13C.

2p1/2-2s1/2 PNC matrix element –8.715 365 0310214 eV
2p1/2-2s1/2 energy difference 8.071 813 8310100 eV
2p1/2-2s1/2 lifetime ~length! 3.634 101 5310209 s
2p1/2-2s1/2 lifetime ~velocity! 3.351 582 6310209 s
2p1/2-2s1/2 Stark element .40514310100 a.u.

2p1/2 F50 total hyperfine matrix element: –1.552 929 669 2310206 eV
Bohr-Weisskopf correction: 3.024 047 382 2310213 eV

total: –1.552 929 366 8310206 eV

2p1/2 F51 total hyperfine matrix element: 5.176 432 230 7310207 eV
Bohr-Weisskopf correction: –1.008 015 794 1310213 eV

total: 5.176 431 222 7310207 eV

2s1/2 F50 total hyperfine matrix element: –6.336 986 513 0310206 eV
Bohr-Weisskopf correction: 1.285 180 953 8310209 eV

total: –6.335 701 332 0310206 eV

2s1/2 F51 total hyperfine matrix element: 2.112 328 837 7310206 eV
Bohr-Weisskopf correction: –4.283 936 512 7310210 eV

total: 2.111 900 444 0310206 eV

3922 53M. MAUL, A. SCHÄFER, W. GREINER, AND P. INDELICATO



TABLE X. Atomic level structure for boronlike235U.

Level

Binding
energy
~eV!

Excitation
energy
~eV!

ground state –358 233.01
1s22s2p2 J51/2 –357 829.98 403.02
1s22s2p2 J53/2 –353 861.72 4371.29
1s22s2p2 J55/2 –353 818.09 4414.92
1s22s22p J53/2 –354 139.11 4093.90
1s22s2p2 J51/2 –353 712.14 4520.87

TABLE XI. 1 s22s22p J5
1
2 – 1s22s2p2 J5

1
2 matrix elements

in boronlike 235U.

PNC matrix element 3.79310206 eV
Lifetime velocity gauge 3.06310211 s
Lifetime length gauge 2.11310211 s
Stark element 0.29048310203 a.u.

TABLE XII. Hyperfine structure in boronlike235U.

1s22s22p j51/2, F53, I57/2 hyperfine: 1.02310202 eV
Bohr-Weisskopf: –1.14310204 eV
total: 1.01310202 eV

1s22s22p j51/2, F54, I57/2 hyperfine: –7.95310203 eV
Bohr-Weisskopf: 8.83310205 eV
total: –7.86310203 eV

1s22s2p2 j51/2, F53, I57/2 hyperfine: 3.03310202 eV
Bohr-Weisskopf : –9.83310204 eV
total: 2.94310202 eV

1s22s2p2 j51/2, F54, I57/2 hyperfine: –2.36310202 eV
Bohr-Weisskopf : 7.65310204 eV
total: –2.28310202 eV

TABLE XIII. k values.

Ion k constants Numerical values

Be1 k1,0,k̃1,0 5.200 779 425 331021;25.200 777 874 131021

k2,0,k̃2,0 5.200 774 132 131021;25.200 775 227 531021

B21 k1,0,k̃1,0 3.896 964 035 331021;23.896 968 797 831021

k2,0,k̃2,0 3.896 980 471 431021;23.896 977 015 831021

C31 k0,0,k̃0,0 3.282 762 662 031021;23.282 765 449 231021

k1,0,k̃1,0 3.282 771 217 431021;23.282 769 726 931021

U871 k3,0,k̃3,0 3.968 320 581 931025;23.967 996 659 731025

k4,0,k̃4,0 3.966 939 125 631025;23.967 305 944 831025

TABLE XIV. Characteristic values for selected ions.

Ion Be1 B21 C31 U871

t2@s# 1.0000310208 6.1594310209 4.5248310209 8.2441310211

dt2@s# 3.8399310212 6.3024310213 7.7917310213 3.6649310216

t1 5.0000310209 3.0797310209 2.2624310209 4.1221310211

x 5.0888310207 22.1088310206 21.3031310206 1.7412310204

Qmin 2.2789310216 2.0174310216 1.8042310216 8.2689310220

E@
V
m # 3.1371310111 6.7668310111 1.1688310112 4.5952310116
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units. The resulting numbers are given in Table XIV. Here
we always setK51. The values for otherK can easily be
determined from the formulas above. Note thatK has to be
chosen very large and that the electric fieldE is, for the
choicet15t2/2 or for any choicet1;t2 , independent ofK.
Table XIV shows the results for Be1, B21, C31, and
U871. The values for the electric fieldE are so unrealisti-
cally large that such an experiment cannot be realized. The
reason for the large values ofE is the fact that in atoms with
more than one electron the energy difference between the
2p1/2 and the 2s1/2 states is orders of magnitude larger than
for hydrogenlike atoms because the 2s1/2-2p1/2 degeneracy
is eliminated by the electron-electron interaction.

We now proceed in the opposite direction. We take a
realistic fieldE and other realistic values

K51000, E51000
V

m
, t151.031028 s. ~26!

We then calculate

x5
1

2
~k0,02k1,0!SA3FL D 2Gt1KF e\G . ~27!

As x is very small, we approximate

Q5
~k0,02k1,0!GK

8L2t1

1

x
~12e2

x
K!2~12e2x!22

3expS 2k1,0

k0,02k1,0
xD→ k0,02k1,0

8L2t1
G

1

xK F\eG . ~28!

In this way we get the values of Table XV. These values
must be compared to that obtained in@7# for hydrogen
Qmin56.631029.

V. CONCLUSIONS

In principle, it is obvious that heavy ions with few inner
shell electrons offer a possibility of testing the effects of
parity admixture. This admixture is, in heavy ions, orders of
magnitude larger than in neutral atoms.

The ideal case is one in which parity-violation has a siz-
able effect without applying any of the elaborate methods
used in the cesium experiment@3#. Then, the only chance of
getting measurable parity admixtures lies in finding a pair of
energy states near the ground state with equal angular mo-
menta but opposite parity that is nearly degenerated with
respect to its energy. Unfortunately, there is no such pair of
orbitals in uranium with 2–5 electrons except for the already
known degeneracy in heliumlike uranium. As the electron
levels only change very slowly withZ, the same is true for
the neighboring heavy ions.

The next step will consequently be a very detailed analy-
sis of the degeneracy in heliumlike heavy ions including
nuclear and isotopic effects because here a level crossing
must exist. Level crossing also exists for compound nuclear
reactions but here the lifetime of the compound nucleus is
too short to allow for atomic physics experiments. Looking
for parity-violating spin rotations opened another perspec-
tive. We showed, however, that the net effect~value of
1/AQ) for heavy ions is about thirty times weaker than for
hydrogen.
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