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There are several factors that lead to a huge enhancement of parity and time invariance violating effects in
the Ra atom: very close electronic levels of opposite parity, the large nuclear chaayel the collective
nature ofT,P-odd nuclear moments. Experiments with radium may be used to measure its nuclear anapole,
magnetic quadrupole, and Schiff moments. Such measurements provide information about parity and time
invariance violating nuclear forces and electron-nucleon interacti@i€50-294{@9)50610-0

PACS numbgs): 32.80.Ys, 11.30.Er, 21.10.Ky, 24.80y

Effects of time invarianceT) and parity ) violation  of the nuclear spin for these states to be mixed. Parity-
are inversely proportional to the distance between oppositeiolating effects in this case can be produced by the nuclear
parity energy levels. There is a pair of close opposite parityanapole moment, which is directed along the nuclear spin.
levels in the Ra atom, the stafté)=|7s6d JP:2+>, with An atomic electric-dipole momertEDM) appears due to the
E=13993.97 cm! and the staté¢2)=|7s7p J°=1"), with interaction between the .atomic electrons. and nuclegr
E=13999.38 cm’, which are separated by a very small in- T.P-odd moments: magnetic quadrupole, Schiff, and electric
terval (5cm~10-3eV). Note that there are also very close octupole moments. These effects also can appear due to

levels of opposite parity in rare-earth atofesg., in the Dy P,T-odd nuclear-spin-dependent electron-nucleus interac-

. : . 1. tions.
atom[1,2]), which have been used to measure parity viola- ) o
[1.2] parrty Let us start from an estimate of the contribution of the

tion. The advantage of Ra is that the electron states here are | i d | &ft The atomic EDM
simple. Therefore, the mixing of these states by the weak uc'€ar magnetic quagrupole mom € atomic

interactions is not suppressed and can be accurately calcll- the_metas_table staid) appears, due_ to mixing with the
lated (contrary to the mixing in the rare-earth atoms whereolopos.Ite panty statf®) by the HamiltoniarH, of_the mag-
netic interaction between the nuclear magnetic quadrupole

there is a strong sup_pression of the matrix elements dug tr%oment and the atomic electrons. The atomic EDM is given
the complexity and different structure of the close opposneby the following formula: '

parity electronic eigenstatesThere are also extra factors of

enhancement in Ra: the large value of the nuclear charge, (1Hy[2)(2|—er|1)

Z=88 (the P and T odd effects increase with faster than d=2 E_E : (1)

Z?) and the collectiveT,P-odd moments of deformed Ra Lo

nuclei that are much greater than the same moments ifihe spin-orbit interaction in radium is very large; therefore

spherical nuclej3,4]. This makes radium an attractive object the electronic states can be approximately describedlj by

for future experiments. coupling. In this case|l)=|7s6ds;,,J=2) and |2)

The close electron levels in Ra have different electron=|7s7p,,,,J=1). An expression for the matrix elements of

angular momenta)=1 andJ=2. The conservation of the H,, between the electronic orbitalsd§, and 7, can be

total angular momenturir=J+1 requires the involvement found in[5]. Using this expression and a simple numerical
estimate for the matrix element of the radius veatobe-
tween these orbitals, we obtain the following value for the

*Electronic address: flambaum@newt.phys.unsw.edu.au Ra atomic EDM:
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d=0.5x10°Mm,, 2) rate of a similar transition in ytterbiumThen, using the
calculated lifetime of the staté2)=7s7p (in [10] 7,

where m, is the electron mass. The magnetic quadrupole=420ns and if11] r,=250ns), they demonstrated that the
momentM is not zero in those Ra isotopes that have nuclealifetime of the staté3)=7s6d is not sensitive to the applied
spinl=1; for example, iF?*Ra wherel =3/2. This nucleus electric field. Even in a very strong field, 100 kv/cm, the
is deformed; therefore, it has a collective magnetic quadruStark-induced decay rate is about 1 thénote that a similar
pole momentM, which was estimated in Reff3] to beM  estimate for the staf@) considered in the present work gives
=(10"*cm)n e/m,, wherem, is the proton mass anglis 5 16 times higher rate due to the smaller energy interval
the dimensionless constant of tfigP-odd nucleon-nucleon petween the stateéd) and|2)). They also estimated an en-
interaction(the strength of the,P-odd interaction is mea- hancement of the electron electric-dipole momégin the
sured in units of the weak interaction Fermi constaiite  giate|3)=7s6d. The atomic electric-dipole moment in this
final result for the atomic EDM produced by tAeP-odd state isd;=1x10"d,. This enhancement is an order of

nucleon-nucleon interaction is magnitude larger than the enhancement coefficients in Tl
(500 and Fr(900). The enhancement of the electron EDM

d=2x10 “ypecm. (3 requires the mixing of atomic levels with the same electron

angular momentum. Therefore, Budker and DeMille consid-

The atomic EDM can also be produced by the nucleaf®d Mixing the statgd)=7s6d,J=1 with the state|2)
Schiff moment(see, e.g.[5]). However, the Schiff moment =7s7p,Jf11. The interval between these states is
produces a contact interaction onlgn electric field inside 258.53¢m, which is 50 times larger than the interval be-
the nucleus The mixing of &z, and 7y, states by this fween the stateld) and|2). This information may be consid-
interaction is very small. However, one can take into accoungred as an additional argument to start experiments with the
configuration mixing and use the maximal matrix elementradium atom.
between the § and 7y, stategfor example, include mixing Finally, the radium atom can be used to measure the
between the $6d and 7p7p configurations Budker and nuclear anapole moment. In principle, there are several pos-
DeMille turned my attention to the fact that there should besibilities. One can measure, for example, the interference be-
especially large mixingabout 0.27 between the configura- tween theE2 or Stark amplitudes and parity-violating am-
tions 7s7p and &7p similar to the analogous$Bp and plitude in the transition between the ground sta@®
5d6p mixing in barium[6-9]. Thus, we have a conservative =|752,J:o) and excited statgd1)=|7s6d JP=2+>, E
estimate of the matrix elements of the Schiff moment inter-=13993.97 cm®. The parity-violating amplitud€1,, ap-
action: it is about 0.1 times the matrix element between thgyears due to the weak mixing between the stitend the
7s and 7py; states. Also, there is theoretical and experimenppposite  parity ~ state [2)=|7s7p JP=17), E
tal ewc_;lence that the odd radium isotopes have octupole de= 13999 38 criil. Again, one has to take into account the
formation, which leads to a huge A@nhancement of the configuration mixing since the direct matrix element
nuclear SCh'ﬁ. mo'menE4]..A rough ejstlmate of the Sch'ff 6d3,|H,|7p10) Of the interactionH, between the atomic
moment contribution that includes this enhancement gives lectrons and the anapole magnetic field, which is localized

value of the atomic EDM inside the nucleus, is very small. A rough numerical estimate
shows that due to the closeness of the opposite parity levels
d=5x10"*pecm (4)  and the large nuclear chargethe amplitudeE1,, in Ra is
about 10 %eag, that is,~3x% 10° times larger than a similar

comparable to the magnetic quadrupole contribut@®nThe ~ @mplitude(induced by the anapdien Cs; the latter ampli-
advantage of the Schiff moment is that it exists also for théude was recently measured in REE2]. _
isotopes with nuclear spih=1/2, such ag®Ra (the mag- We stress that in Ra the anapole-induced amplitude makes
netic quadrupole is equa' to zero for Such |sot0pé’$]|s the dominant contribution to the total pal’ity-violating ampli-
value is 16 times larger than the EDM of the Hg atom, tude. This may be an advantage, since in Cs and[Bathe
which was measured in Rdf6] and gives the present best anapole contribution has to be separated from the weak
limit on 7. charge contributioridue toZ-boson exchange between elec-
Of course, this huge enhancement does not mean that thns and nucleyswhich is two orders of magnitude larger
sensitivity to theC P-violating interaction will be 10times  than the anapole contribution. We may neglect the weak
higher than in the Hg experiment. The lifetime of the meta-charge contribution in Ra since the statésand |2) have
stable leve|l) is ~1 s. Also, it decreases after application of different electron angular momenia=2 andJ=1 and can-
an external electric field, due to the Stark mixing with thenot be mixed by the weak nuclear-spin-independent interac-
level |2), which has a lifetime of about 300 risee[10,11). tion. Note that a proposal of the trap experiment to measure
A simple estimate shows that application of the electric fieldparity violation in the B& ion [7] (see alsd8]) may also be
10 kV/cm reduces the lifetime of the levid) to 0.1 ms. useful for designing of the trap experiment with Rlae pat-
Recently | received a communication from Budker andtern of E2, E1,,, and E1 electromagnetic transitions is
DeMille, who had performed unpublished estimates for ansimilar).
other radium metastable stat8)=7s6d,J=1 with E In conclusion, we have considered strongly enhanced par-
=13715.85cm?. They estimated the natural lifetime of this ity and time invariance violating effects in the Ra atom. Un-
state:73=0.8 ms.(They found it by scaling from the known fortunately, all odd Radium isotopes are unstable. However,
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recent progress in the trapping of unstable elements makeslatively simple(two electrons above closed shgll©ur
such experiments feasible. For example, an experiment ogxperience has shown that the accuracy of atomic calcula-
parity violation in the short-lived Fr atom is in progrddsl].  tions for such systems can be about 1$ée, e.g[16]).

An experiment with?*>Ra, motivated by the work4], has

been discussed by Lamoredd] and Young15]. The Los This work was supported by the Australian Research
Alamos National Laboratory has a source of this isotopeCouncil. The author is grateful to D. Budker, D. DeMille,
Note also that the electronic structure of the radium atom iend A. Young for valuable discussions and information.
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