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Parity-violation effect in heliumlike gadolinium and europium
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Parity nonconservation that originates from the weak interaction of atomic electrons with the nuclei in
heliumlike gadolinium and europium is considered. An experiment with a polarized ion beam is discussed. The
mixed hyperfine- and weak-quenching effect in Gd621 and Eu611 isotopes is shown to lead to an asymmetry of
the photon emission relative to the ion beam polarization. With complete beam polarization, the magnitude of
the asymmetry in photon counting rates reaches about 0.3931023 in gadolinium and is about 0.1131023 in
europium.
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Parity-nonconservation~PNC! effects in atomic system
are under intense theoretical and experimental investiga
Successful experiments have been performed with neu
Cs, Tl, Pb, and Bi atoms during the recent decades. The m
accurate experiments with Cs atoms show a deviation u
2.9s from the standard model of electroweak interactio
@1–3#. The main uncertainty results from the theoretic
evaluation of PNC matrix elements that require the inclus
of electron-electron correlation effects. The most natural w
to resolve this discrepancy is to turn to simpler electro
systems, in particular, to few-electron highly charged ions
this case the PNC effects have been discussed so far
theoretically@4–10#. Unlike in neutral atoms, the major co
rections to the PNC matrix elements in highly charged io
are the radiative electroweak ones. These corrections w
partly calculated in Ref.@11#. Apart from the resolution of
the discrepancy mentioned above, experiments with he
ions would provide a test of the standard model in stro
fields and beyond the tree level.

For experiments a most promising situation occurs
heavy two-electron ions due to the near-degeneracy of
levels with opposite parities, 21S0 and 23P0. These levels
cross twice: near the nuclear charge numbersZ564 ~gado-
linium! andZ592 ~uranium!. The situation in uranium was
studied earlier in Refs.@5,7–9#. In the present work, we con
sider heliumlike Gd621 and Eu611 ions employing an analo
gous scheme of the hyperfine and weak level mixing to t
of Ref. @7#. However, instead of the standard measuremen
circular dichroism which is rather difficult to perform wit
x-ray radiation, we propose a quenching-type experim
with interference of hyperfine- and weak-quenched tran
tions. The hyperfine-quenched~hfq! transitions in two-
electron ions were observed in Refs.@12–17# with the use of
a beam-foil time-of-flight technique. Similar parity-violatio
experiments require the use of a polarized ion beam. U
now no parity-violation experiments with polarized electro
in atoms have been performed.

In this paper, we will focus on the spin-independent p
of the weak interaction of an electron with the nucleus\
5c51) @18#:
1050-2947/2001/63~5!/054105~4!/$20.00 63 0541
n.
al
st
to
s
l
n
y
c
n
nly

s
re

vy
g

n
o

t
of

nt
i-

to

t

Ĥw~r!52
GF

2A2
QwrN~r !g5 , ~1!

whereGF is the Fermi constant,Qw5Z(124 sin2uw)2N is
the weak charge of the nucleus at the tree level withN being
the number of neutrons,rN is the nuclear density normalize
to unity, andg5 is the Dirac matrix. The influence of radia
tive corrections on the matrix elements of the operator~1!
has been investigated in Ref.@11#.

The one-photon hfqM1 transition 21S0→1 1S0 is due to
the hyperfine mixing of the 21S0 and 23S1 levels. The weak
interaction of electrons with the nucleus also opens ano
one-photon decay channel 21S0→1 1S0 through the mixing
of the 21S0 and 23P0 levels by the operatorĤw and due to
the hyperfine mixing of the 23P0 and 23P1 states. As a
result, the total amplitude of the one-photon transiti
2 1S0→1 1S0 is represented by a mixture of the basicM1
and of the additionalE1 amplitudes. After angular integra
tion, it can be written in matrix form as

A5
A2

AI ~ I 11!
$jsAs~ I•@e* 3n# !2 ihjpAp~ I•e* !%, ~2!

whereI is the operator of the total angular momentum of t
ion ande is the polarization vector of a photon emitted in th
directionn5k/v0. The valuesAs andAp are the radial parts
of M1 2 3S1→1 1S0 and E1 2 3P1→1 1S0 amplitudes, re-
spectively. They are both calculated at the same transi
frequencyv05E2 1S0

2E1 1S0
:

As5 iA4paE
0

`

dr j 1~v0r !@P1s~r !Q2s~r !1P2s~r !Q1s~r !#,

~3!
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TABLE I. Listed are isotopes of europium and gadolinium, their abundances~in %!, nuclear spinsI, nuclear magnetic dipole moment
m in units of nuclear magnetonsmN ~taken from Ref.@20#!, hyperfine mixing coefficientsjs andjp , hfq transition ratesWs andWp , and
weak mixing factorsh.

Nucleus Abundance I m/mN js jp Ws (s21) Wp (s21) h

63
151Eu 47.8 5/2 13.4717 20.58331022 20.42431021 0.683108 0.1131014 0.3331026

63
153Eu 52.2 5/2 11.5330 20.25731022 20.18731021 0.133108 0.2231013 0.3331026

64
155Gd 14.8 3/2 20.2591 0.48931023 0.33531022 0.583106 0.7531011 0.9131026

64
157Gd 15.65 3/2 20.3398 0.64231023 0.43931022 0.993106 0.1331012 0.9131026
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Ap5 iA4paE
0

dr F j 0~v0r !P1s~r !Q2p1/2
~r !2

1

3
@2 j 2~v0r !

2 j 0~v0r !#P2p1/2
~r !Q1s~r !G . ~4!

HerePnl j (r ) andQnl j (r ) denote the upper and lower radi
components of the electron wave function, respectively,a is
the fine-structure constant, andj l(x) are the spherical Besse
functions.

The weak mixing coefficient in Eq.~2! is determined by

ih5D0
21^2 3P0uĤwu2 1S0&52 i

GF

2A2

Qw

D0
Rsp , ~5!

Rsp5
1

4pR0
2 @P2s~R0!Q2p1/2

~R0!2P2p1/2
~R0!Q2s~R0!#,

whereD05E2 1S0
2E2 3P0

andR051.2A1/3 fm estimates the
nuclear radius for an isotope with mass numberA. The mix-
ing coefficients due to the hyperfine magnetic-dipole inter
tion operatorĤhfs are

js5Ds
21^2 3S1uĤhfsu2 1S0&

5
gI

Ds

2a

3mp
AI ~ I 11!E

0

`dr

r 2
@P1s~r !Q1s~r !2P2s~r !Q2s~r !#

52a~aZ!3
gI

Ds

2me
2

3mp
AI ~ I 11!F ~12d1s!

g~2g21!

2
~2g121A2g12!

~2g12!2g~4g221!
~12d2s!G , ~6!

jp5Dp
21^2 3P1uĤhfsu2 3P0&

5
gI

Dp

2a

3mp
AI ~ I 11!E

0

`dr

r 2
@P1s~r !Q1s~r !

1P2p1/2
~r !Q2p1/2

~r !#

52a~aZ!3
gI 2me

2

AI ~ I 11!F ~12d1s!
Dp 3mp g~2g21!

05410
-

2
~2g122A2g12!

~2g12!2g~4g221!
~12d2p1/2

!G , ~7!

whereg5A12(aZ)2, mp is the proton mass,me is the elec-
tron mass,Ds5E2 1S0

2E2 3S1
, Dp5E2 3P0

2E2 3P1
, andgI is

the nuclearg factor. The correctionsdnl j account for the
finite nuclear charge distribution.

The polarization of the heliumlike ion in the 21S0 state is
described by the density matrix

r5
1

2I 11 F11
3l0

~ I 11!
~z•I !G , ~8!

wherez is the unit vector in the direction of polarization o
the ion, andl0 is the degree of polarization (l0<1). Then
the probability for the emission of a photon with polarizatio
e in directionn is evaluated according to

dW~n,e!5
v0

8p2
Tr$ArA †%dV, ~9!

where the amplitudeA in matrix form ~2! is used. After
some transformations and summation over the polarizat
of a photon in Eq.~9!, one obtains

dW~n!5
Ws

4p
@11«~z•n!#dV. ~10!

Here«53l0hR/(I 11) is the coefficient of asymmetry an
R5AWp /Ws. The total probabilities of the one-photon hf
M1 2 1S0→1 1S0 and E1 2 3P0→1 1S0 transitions are de-
fined asWi5(2v0/3p)j i

2uA i u2 ( i 5s,p), whereAs andAp

are given by Eqs.~3! and ~4!, respectively. The experimen
itself should consist of observing the difference« in the
counting rates of the quenched one-photon 21S0→1 1S0
transitions after changing the directionz of ion polarization
or, equivalently, after rotating the detector around the be
direction by an anglep. Correlations of the type (z•n) were
also considered for mesic atoms in Ref.@19#.

In this paper, we have investigated the quenched deca
the 21S0 level in the stable isotopes of gadolinium and e
ropium with nonzero nuclear spins. The parameters of
ions under consideration are listed in Table I. The advant
of the proposed experiment is mainly due to the close deg
eracy of levels. The level schemes for the first excited sta
in Gd621 and Eu611 ions are depicted in Figs. 1 and 2, r
5-2
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BRIEF REPORTS PHYSICAL REVIEW A 63 054105
spectively. The ionization energies are taken from Ref.@21#.
The results of theoretical evaluations for gadolinium are
fair agreement with experimental data@15#. The one-photon
transition probabilities are calculated by means of Dir
Coulomb wave functions. Our results are in agreement w
those obtained by Johnsonet al. @22#. The 2E1 two-photon
transition rates are taken from Ref.@23#. The estimates for
the E1M1 transition probabilities were deduced from t
corresponding value for heliumlike uranium@24# via scaling
in Z. For evaluation of the hyperfine mixing coefficients t
finite-size correctionsdnl j have been estimated according
the results of Ref.@25#. Note that our values for the coeffi
cients~7! for Gd621 and Eu611 are in perfect agreement wit
those obtained by more refined calculations@15,26#.

In gadolinium, the weak matrix element turns out to
ihD05 i0.15531026 eV. In this calculation we put sin2uw

FIG. 1. Energy level scheme of the first excited states of h
umlike gadolinium. Numbers on the right-hand side indicate
ionization energies in eV. The partial probabilities of radiative tra
sitions are given in s21. Numbers in parentheses indicate powers
10. The large radiative width for the 1s2p 3P1 state is indicated as
a bold line. The double lines denote two-photon transitions.

FIG. 2. Energy level scheme of the first excited states of h
umlike europium. Notations are the same as in Fig. 1.
05410
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50.2312~see Ref.@27#!. The effect arising from the differ-
ence between the nuclear weak charges of two isoto

64
155Gd and64

157Gd is rather small and therefore negligible. Th
total asymmetry effect turns out to be«.0.39l031023,
which is unusually large for parity-violation experiment
However, one should note that the lifetime of the 21S0 level
defined by the 2E1 two-photon transition is about one ord
of magnitude smaller than the hfq 23P0 lifetime. This im-
plies a strong background in experiments with Gd621 ions.

In europium, the situation is different. The weak asymm
try effect reduces to«.0.11l031023. However, the 21S0

level lives significantly longer then the hfq 23P0 level. The
2 1S0 lifetime equals about 1.19 ps and corresponds to
decay length of about 0.1 mm in the laboratory. The pe
liarity of the situation is that unlike in standard hfq expe
ments we are not aiming at the measurement of the lifet
defined in our case by the two-photon transition. The exp
ment should result in measurement of the ratioDn/n0, where
n06Dn are the numbers of counts for two directionsz of the
beam polarization. This ratio is directly proportional to th
weak interaction matrix element:Dn/n05«.

Since the photons observed in this experiment origin
from single-photon decays of the hyperfine and weak mix
F5I state, the success of the experiment will depend on
production of a significant degree of polarization of this st
of the heliumlike ion~actually nuclear polarization!. Polar-
ized hydrogenlike ions can be produced by capture from
gas of polarized hydrogen@28,29#. By means of this method
a degree of polarization for the target of about 80% is pr
ently achievable, and it is expected that almost 100% po
ization will be achieved in the near future@30#. Then passing
a polarized beam through a foil to capture an unpolariz
electron into theF5I state will still result in an ion~nuclear!
polarization. The reason is that due to the strong hyper
interaction the nuclei in the polarized H-like ions will also b
polarized. The depolarization time (;10215 s) is defined by
the hyperfine interaction energy of about 1 eV, and it
much larger than the time of formation of the 21S0 state
(;10218 s) through the capture process. The latter time
defined by the interelectron interaction energy of ab
1 keV. Thus during the capture process the nuclear polar
tion will not be destroyed.

To observe a signal from a PNC effect of the order
0.11l031023 with l0.1 over the level of fluctuations, on
needs at least 107 events. The efficiency of the photon dete
tor limited only by the solid angle in this case is of the ord
1023. Assuming a statistical distribution of the population
all L12 subshell levels and taking into account the branch
ratio of 1024 for the hfq decay compared to the 2E1 transi-
tion, one obtains the total loss in statistics of about 1028.
With reasonable beam intensity (;1010 ions/s) for the SIS/
ESR facility at GSI in Darmstadt one finds a realistic obs
vation time of about 105 s. Thus verification of the predicte
effect becomes feasible by utilizing the beam-foil time-o
flight technique.
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