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Employing the relativistic coupled-cluster method, comparative studies of the parity nonconserving electric
dipole amplitudes for the 7s S),, — 6d ?Ds/, transitions in 2'°Fr and ?''Fr isotopes have been carried out.
It is found that these transition amplitudes, sensitive only to the nuclear spin-dependent effects, are enhanced
substantially owing to the very large contributions from the electron core-polarization effects in Fr. This translates
to a relatively large and, in principle, measurable induced light shift, which would be a signature of nuclear
spin-dependent parity nonconservation that is dominated by the nuclear anapole moment in a heavy atom like
Fr. A plausible scheme to measure this quantity using the Cyclotron and Radioisotope Center (CYRIC) facility

at Tohoku University has been outlined.
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I. INTRODUCTION

The study of parity nonconservation (PNC) effects in
atomic systems, which involve the interplay between the
weak and electromagnetic interactions [1], has important
implications for atomic physics, nuclear physics, and particle
physics [2—4]. For example, it could (i) provide hints for
the possible existence of new physics beyond the standard
model (SM) of particle interactions [5], (ii) probe the existence
of the nuclear anapole moment (NAM), which is presumed
to be a fundamental property of an atomic nucleus [3,6,7],
and (iii) test the role of the electron correlation effects in a
parity-nonconserving electric dipole transition amplitude that
depends on the region near and far from the nucleus [8]. A
high-precision PNC measurement for the 6s s, pn—s 25, 2
transition in Cs has yielded a result that is in good agreement
with the SM [9,10], and it has also led to the observation of its
NAM with an accuracy of 15% [9]. However, it is at variance
with the results of the shell model and the nucleon-nucleon
scattering experiments [11,12]. It is, therefore, imperative to
search for NAMs in other systems. Because of this reason, a
PNC measurement was carried out on the 652 150 — 5d6s3 D
transition in Yb [13]. It is indeed desirable to observe an NAM
unambiguously in an atomic system. Fortson has made an
important proposal to measure PNC using a single trapped ion
[14] based on the observation of the PNC-induced light shift,
which arises due to the interference of the parity nonconserving
electric dipole and the electric quadrupole (E2) amplitudes of
a transition such as the 6s 2S1 2 —>5d 2 D3> transition in Ba'.
Though the choice of a single ion would limit the statistical
uncertainty, it can be partly compensated by selecting a
transition such that the upper state has a long lifetime like the
above transition in Ba™ [14], and furthermore, the large storage
time in a trap contributes to enhancing the sensitivity of the
scheme proposed by Fortson. As a consequence, the forbidden
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low-lying S-D transitions in the singly charged Ba [14-18],
Yb [18-20], and Ra [17,18,21-23] ions have been considered
for the PNC studies. In fact, it has also been pointed out that
existence of the NAM can be unambiguously inferred from the
measurements of the nuclear spin-dependent (NSD) PNC in
the S-Ds , transitions of these ions using the techniques similar
to the observation of the light shift techniques in Refs. [15,17].
The major disadvantage of these transitions is that their E 1PNC
amplitudes are small [15,17,18]. The measurement of the
NAM of Fr has been proposed in Refs. [24,25] by considering
the hyperfine transitions of the ground state of that atom. In
this article we demonstrate that the E1°N¢ amplitude for the
Ts 2S1 52— 6d 2 D5 transition in Fr, which arises only from
the NSD interaction, is enhanced relative to the same transition
in the heavy ions mentioned above. Thus, the PNC light shift
for this transition will also be enhanced. In this case, the loss
in the statistical uncertainty due to relatively shorter lifetime
of the 6d > Ds /2 state of Fr can be compensated for by using a
large number of atoms. Thus, if the above PNC amplitude can
be measured successfully, it would constitute an unambiguous
signature of the NAM.

II. THEORY AND METHOD OF CALCULATIONS

We employ the relativistic coupled cluster (RCC) theory
in the singles, doubles, and important partial triples exci-
tations approximation (CCSDy method) [28,29] to evaluate
the NSD PNC amplitudes corresponding to the transitions
between different hyperfine levels of the ground state and the
Ts 2S1/2 — 8s 2S1/2, Ts 251/2 — 6d 2D3/2, and 7s 251/2 —
6d % Ds; transitions of *'°Fr, *''Fr, and ***Fr. The principle
of the experiment to observe their signature is given later, and
it involves the measurement of the PNC-induced light shift of
the 7s 25, 2 — 6d ’Ds /2 transition in 210Fr, In addition, we
also present results for the other three transitions and for those
corresponding to >'Fr and *?3Fr isotope for three specific
reasons. First, the calculations of the NSD PNC amplitudes
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in some of these transitions for 2!'Fr and 2**Fr have already
been reported using different relativistic many-body methods
[18,26,27], and it is instructive to compare their results with
those we have obtained. Second, our calculations for 2
could be useful for another experiment involving ground state
hyperfine transitions (e.g., Refs. [24,25]). Third, the nuclear
spin I of ?!'°Fr is an integer (I = 6) while I of 2By and
223Fr are half-integers (I = 9/2 and I = 3/2), which can be
appropriately used in different experimental setups.

The Hamiltonian due to the NSD PNC interaction is given
by [7]

G
HNE = TZICWa T poue(r), (1)

where G is the Fermi constant, oy, is the nuclear density,
and « is the Dirac matrix. In the above expression the
dimensionless quantity Ky is related to NAM. The E1PNC
amplitude due to the NSD interaction between the hyperfine

TABLE I. Reduced matrix elements of the dipole operator D in
atomic unit (eaq) and of the operator K! in ilCy x 10~!" among
the S-P and S-D transitions in Fr. Here Ky is the weak coupling
coefficient.

J state J; state (JrI D) (K13
717 2Pl/2 s 2S]/z 4.26 25.03
8p 2P 7s 2812 0.34 14.64
9p 2P 7s 281 —0.11 -9.93
10p 2P 7s 281 0.06 7.39
1p2Pip 7s 281, —0.04 -5.92
Tp 2P 7s 281 5.98 2.54
8p 2 Ps 75 2812 0.95 1.02
9p 2Ps); 75 2812 0.44 0.61
10p 2P3/2 Ts 2S]/z 0.28 0.45
11p*Psp 7s 281, 0.18 0.32
85 %812 Tp 2Py —4.27 —12.96
8s 2812 8p 2P 10.08 —6.60
85 2812 9Py —1.00 453
8s 2812 10p 2 Pi 0.42 —3.38
8s 251/2 11P2P1/2 0.24 2.71
8s 2S1/2 Tp 2P3/z 7.53 —-0.73
85 °Si) 8p 2Py —13.31 —0.60
8s 81, 9p 2 Ps) —2.26 —0.36
8s 2812 10p 2 P32 —1.09 —0.26
85 81,2 11p2ps —0.63 —0.18
6d >Ds)» PPy —7.45 2.60
6d >Ds)» 8p 2P 2.75 0.49
6d > D3 9p %P1y —0.83 —0.22
6d > D32 10p 2Pi ) —0.45 0.14
6d 2Ds/z Ilp 21"1/2 —-0.29 —0.10
6d 2D3/2 Tp 21';'3/2 —3.44 —0.17
6d 2D3/2 8p 2P3/2 0.88 —0.45
6d >Ds)» 9p 2Py 0.28 —0.35
6d D3> 10p 2Py 0.15 —0.28
6d >Ds)» 11p2ps, 0.09 —0.21
6d > Ds)» 0Py —10.53 -5.10
6d > Dsa 8p 2Py 2.83 —2.01
6d > Ds) 9p 2P 0.90 —1.27
6d °Ds)2 10p %P5 0.48 —0.91
6d *Ds)» 11p 2Py 0.29 —0.68
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states |Fs,M¢) and | F;,M;) is given by

wu. F 1 F;
PNC _ ( 1\F/—M; f i
where ¢ = —1, 0 or 1 depends on the choice of the M values.

For the theoretical purpose, enhancement in the E1PNC is

estimated by calculating the reduced matrix element ) given
by [18,26,27]

i1 DI K 1)
— _1yi—ir+l
y—n(gﬁ( 1y b

o Fr F 1)1 I 1
Jo Jp I | i F

1 ALK IO (I 1D )
+ (_I)F, Fr+1
3
ey

Fp F A1 1 1
X{J,- Ji I}{Jk Ty Ff})’ )

where n = \/(I + DRI+ DQF; + 1)2Ff + 1)/1 and E are
the energies of the respective states. The above expression
is derived by rewriting HNSE = ﬁz:q(—l)qlq1 K!,. We
determine these quantities in a sum-over-states approach
by calculating the reduced matrix elements of the D and
K operators. However, we include contributions explicitly
only from the 7P — 11P low-lying states obtained using
the CCSDy; method. This method has already been applied
earlier to evaluate both the hyperfine structure constants
and radiative transition matrix elements of the Fr isotopes
accurately [28,29]. The CCSD; matrix elements of both the
electric dipole (E1) and K operators involving these P states
are quoted in Table I.

III. RESULTS AND DISCUSSION

Using the matrix elements given in Table I and experimental
energy values listed in the National Institute of Science and
Technology (NIST) database [30], we evaluate the contribution
to Y for all possible hyperfine levels among the ground,
8s 2S1/2 — Ts 2S1/2, 6d 2D3/2 — Ts 251/2, and 6d 2D5/2 —
Ts 251 /2 transitions of 210g, 2R and 223Fr isotopes. We
present these results in Table II. To understand roles of the
initial perturbed and final perturbed states in the accurate
evaluation of results, we give explicitly the results from the
initial perturbed state as “Initial” and from the final perturbed
state as “Final” in the same table. Again, we have also
estimated contributions from the core valence correlations and
the higher level excited states using a second order perturbation
theory [MBPT(2) method]. These quantities are also given
explicitly as “Core” and “Tail” contributions in the table.
As can be seen magnitudes of both the “Core” and “Tail”
contributions are extremely small; hence obtaining them using
the MBPT(2) method seems to be reasonable. As noticed from
Table II, the “Final” contributions are large than the “Initial”
contributions for the S — S and S-Ds/, transitions, while this
trend is the other way around for the S-D3, transitions. In fact,
the “Final” contributions in the §-Ds, transitions are as large
as the corresponding contributions in the S-S transitions. The
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TABLEIIL. Contributions to the reduced matrix elements of ) in ieag/Cy x 107! from the final perturbed state (Final) and initial perturbed
state (Initial) considering intermediate states up to the 11P states in the corresponding transitions of 2!°Fr, 2!!Fr, and ***Fr. Contributions from
the core valence and higher level excited states are given as “Core” and “Tail”, respectively. The total results are compared against the values

reported in.
This work Other
Jy = J; Fy F; Final Initial Core Tail Total works
HOEr (1 = 6)
752812 = 75 *Si 11/2 13/2 —2.907 —2.414 —0.172 —0.035 —5.529
852812 — 75 281 1172 11/2 1.284 —0.545 —0.002 0.008 0.745
13/2 11/2 2.029 0.893 —0.077 —0.063 1.847
1172 13/2 2.321 0.401 —0.077 —0.062 2.026
13/2 13/2 1.389 —0.589 —0.002 —0.008 0.789
6d >D3jn — 15 2S1)2 9/2 11/2 —0.089 3.341 0.127 —0.085 3.294
11/2 11/2 —0.480 —3.205 —0.118 0.078 —3.725
13/2 11/2 0.905 2.631 0.093 —0.062 3.568
11/2 13/2 —0.853 —1.832 —0.063 0.042 —2.706
13/2 13/2 0.700 2.800 0.102 —0.068 3.531
15/2 13/2 0.096 —3.622 —0.138 0.092 —3.572
6d >Ds;y — s 2812 9/2 11/2 —1.555 0.233 ~0.0 ~0.0 —1.323
1172 11/2 1.929 —0.288 ~0.0 ~0.0 1.641
13/2 11/2 —1.652 0.247 ~0.0 ~0.0 —1.405
11/2 13/2 —1.209 0.181 ~0.0 ~0.0 —1.028
13/2 13/2 2.090 —0.312 ~0.0 ~0.0 1.777
15/2 13/2 —2.503 0.374 ~0.0 ~0.0 —2.129
HEr (I =9/2)
75 2810 — 75 2Sip 4.0 5.0 —2.677 —2.101 —0.153 —0.031 —4.962 —5.2874, —4.9°
852812 — 75 281 4.0 4.0 1.133 —0.481 —0.002 0.007 0.657 0.687*
5.0 4.0 1.782 0.488 —0.069 —0.056 2.145 2.050°
4.0 5.0 2.123 0.343 —0.069 —0.056 2.342 2.258%
5.0 5.0 1.255 0.040 —0.002 0.007 0.728 0.761*
6d *Ds;y — s *Si 3.0 4.0 —1.256 0.188 ~0.0 ~0.0 —1.068 —0.243¢
4.0 4.0 1.685 —0.252 ~0.0 ~0.0 1.433 0.326°
5.0 4.0 —1.531 0.229 ~0.0 ~0.0 —1.302 —0.296¢
4.0 5.0 —1.016 0.152 ~0.0 ~0.0 —0.864 —0.197¢
5.0 5.0 1.875 —0.280 ~0.0 ~0.0 1.594 0.363¢
6.0 5.0 —2.365 0.354 ~0.0 ~0.0 —2.011 —0.458¢
R (I =3/2)
6d 2Dsjy — s 281 0.0 1.0 —0.041 1.509 0.060 —0.040 1.489 1.816¢
1.0 1.0 —0.157 —2.427 —0.093 0.060 —2.617 —2.928¢
2.0 1.0 0.598 2.509 0.093 —0.060 3.140 3.033¢
1.0 2.0 —0.476 —0.732 —0.027 0.013 —1.221 —0.891¢
2.0 2.0 0.623 1.554 0.053 —0.033 2.197 1.882¢
3.0 2.0 0.064 —2.396 —0.093 0.060 —2.365 —2.886¢

“Refs. [27] (to be consistent values are divided by nuclear spin 7).
b[26].
°[18].

main reason for this is due to large reduced matrix elements
of the K'! operator in the 6d 2 Dsj2 — np 2 Ps> transitions, for
the intermediate states n.

We also compare our results with the other available calcu-
lations for 2! Fr [18,26,27] in Table II. All these calculations
start with a VN~! potential, but Johnson et al. have employed
the random phase approximation (RPA) to calculate the )
values only for the S-S transitions [27]. Our CCSDy; method
contains these effects implicitly along with the core-correlation
and pair-correlation effects to all orders. Nevertheless our
calculations agree quite well with these RPA results, the
differences mainly owing to the pair-correlation effects that are

significant for the S states as seen in the studies of the hyperfine
structure constants of >'°Fr [29]. Recently, Roberts et al. have
calculated ) values for the 7s 2S] 52— 6d 2 Ds > transition that
take into account the core-valence correlation effects using
the correlation potential (CP) method and the polarization
of the core electrons and interactions with the external
fields using RPA. But they mention that their results can be
improved after inclusion of the other higher order correlation
corrections such as the double-core-polarization, structural
radiation, and ladder diagrams [18]. On comparison, we find at
least one order of magnitude difference between their results
and ours. Our analysis shows that the extraordinarily large
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core polarization effects enhance the (64 ’Ds 2K Hnp 2ps /2)
matrix elements that appear in the second term of Eq. (3),
and their values become more than two times larger than the
(np 2ps 2K N7s 28, »2) matrix elements, where n represents
the principal quantum numbers of p orbitals. The two factors
that are responsible for such enhancements are the small
energy difference between the 64 ’Ds s2and7p 2 ps /2 states and
large overlap between the valence 7s orbital and the occupied
p1,2 orbitals. The other factors that also play vital roles here are
the large (6d 2Ds/> |D|7p * P3/>) matrix element [~10.51(7)
eay [28]] and the positioning of the the 7p ’p; /2 state between
the 7s 28, /2 and 6d ’Ds /2 states. Due to the same reason, the
enhancement for this transition in Fr is much larger than its
isoelectronic partner Ra™ and for the 6s 251 2 — 5d 2 Dsp»
transition of Ba* [17,18]. It is also observed that ) values in
210Fr are larger than >!'Fr due to its large 1.

We suggest an approach similar to that proposed by Fortson
[14] to measure the NSD PNC-induced light shift (w"N¢)
arising from the interference of the NSD EI1PNC and E2
amplitudes between the hyperfine states of the 7s S, n =
6d >Ds /2 transition in 210gy, Figure 1 shows schematic
diagrams of the relevant transitions for the PNC measurement
and indicates that the 7s ZS] 52— 6d 2 Ds/» transition is in the
optical regime. The frequency for a transition with the same
hyperfine sublevels M can be estimated using the expression
[14]

_Re X (e i)

PNC
AWENC ~ - : )
/ 2
ZM’ |QMM’|
(@) (b)
1704 ns Energy level MW field
1772 F=11/2 without E2 laser
6d D), -2
609 nm
21 L
ns —15/2
— AO)3/2
detection
718 nm
F
— 13/2
7s Sy MW
J 46.8 GHz -
—11/2 R
All)g/z
Awh N~
M= -3/2

FIG. 1. Schematic energy level diagrams of ?'°Fr. (a) Arrows
indicate laser-induced transitions for observing the E2 light shifts,
detecting the states, and carrying out the microwave (MW) transitions
between the hyperfine levels. (b) Magnetic sublevels (shown only for
M = +£3/2 and M = +1/2) of the F = 11/2 level of the 7s 251/2
state with the corresponding RF transitions. The solid and dashed
arrows indicate the resonant RF transitions in the presence and
absence of the PNC-induced light shift, respectively.
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where QPNC and QF? are the Rabi frequencies due to the
E1PNC and E2 amplitudes, and the summation over M’ is for
all possible allowed intermediate states. This will be much
smaller compared to the changes in the transition frequency
due to the E2 shift alone, which is given by

(wy — )
~ 02 - Z |S2115421l4’

M’

E2 2
Awyy

®)

for the respective frequencies wy and w corresponding to the
transition before and after applying the laser. In the nuclear
shell model, >'°Fr has an odd proton in the 7 hg> shell and an
odd neutron in the v f5, shell. We determine Ky of this isotope
considering the dominant contribution from the odd proton due
to the NAM using the expression in natural unit [3,31]

9 a A%
Ky~ — _— 6
w logp,up Mpr() ( )

where g, >~ 5.0 is the nucleon-nucleon parity-odd coupling
and p, >~ 2.8 is the magnitude of the magnetic moment of the
proton, A is the atomic number, M, is the proton mass, and
ro =~ 1.2 fm. Considering the ) values from Table [, M = 1/2,
Kw =~ 0.568 from the above formula, the values of the electric
field and the E2 amplitude are 2 x 10°® V/m and 39.33 ea?
[28], respectively, we have estimated Aw%? and Aw{NC values
for different hyperfine levels of the 7s Zs,  — 6d 2 Ds)2
transition in 2!°Fr and presented in Table III. We find that there
is significant enhancement in the PNC-induced light shift for
the F; = 11/2 — Fy = 11/2 transition. The measurements of
these quantities are possible using the laser-cooled 2'°Fr atoms
in an optical lattice that is being set up at the Cyclotron and
Radioisotope Center at Tohoku University. We plan to irradiate
two standing-wave laser fields (similar to that suggested in
Ref. [14]) with wavelengths of 609 nm, which are resonant
with the 7s %8;2(F = 11/2) — 6d *Ds;»(F' = 11/2) E2
transition, as shown in the black solid arrow in Fig. 1(a).
The PNC-induced light shift, which is given by Eq. (4), can
be measured from the Ramsey resonance by applying the
radio frequency (RF) field, as shown in Fig. 1(b), arising
from two pulses separated in time. Thus, the magnetic
sublevels M = £1/2 of the 7s 251/2(F = 11/2) state can
be shifted in this scheme by the E2 light field (Aa)ﬁ%‘),

Zeeman effect (Aa)ﬁ,”) and the PNC-induced effect (Aa)ﬁfc);
where |M| in the subscripts indicate that the corresponding

TABLE III. Estimated light shifts in the hyperfine levels of the
7s 2812(F;) — 6d *Ds;(Fy) transition of 2'°Fr due to the E2 (in
MHz) and NSD PNC (in x10~* Hz) interactions with the applied
electric field 2 x 10° V/m. Here we have used /Cy =~ 0.568 and E2
amplitude as 39.33 ea?.

Fy F, M Awfij /27 Ao € /2
9/2 11/2 1/2 9.15 10.5
11/2 11/2 1/2 2.32 —288.4
13/2 11/2 1/2 6.41 -10.2
11/2 13/2 1/2 5.46 -5.5
13/2 13/2 1/2 1.70 289.9
15/2 13/2 1/2 791 10.5
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shifts are independent of the sign of M. We estimate the
values of Aa)ﬁf‘ between the M = £1/2 and £3/2 sublevels
as ~1.70 MHz and ~3.70 MHz, respectively, for the
7s 2812(F = 11/2) — 6d *Ds;(F' = 11/2) transition.
Similarly, Awf,/27 is ~ 0.1 MHz for a magnetic field
strength of 1 G, which is much smaller than the estimated
E2 light shifts. The frequency of the RF field will be
resonant only with the M = —1/2 <+ M = 1/2 transition. As
shown in Fig. 1(b), this RF field will not induce a transition
between any other magnetic sublevels. Interactions of the
two-pulses with the >'°Fr atoms can produce the Ramsey
fringes. After the application of the two pulses of the RF
field, the states selective detection can be achieved from
the following manner: (i) A microwave (MW) field of 46.8
GHz is applied as a w pulse, causing a transition from the
|F =11/2,M = 1/2) level to the |F =13/2,M =1/2)
level, as shown in Fig. 1(a) and (b). (ii)) Using laser to
drive the transition from the 7s 25, 2(F = 13/2) state to the
Tp 2 P32(F' = 15/2) state (718 nm optical transition) and
detecting the fluorescence, representing the Ramsey fringes
from this transition, can be detected by a photo multiplier
tube in order to measure the final population in the M = 1/2
state. The RF transition mentioned earlier will not be affected
by the E2 light shift fluctuation due to the amplitude noise of
the laser fields but by the PNC light shifts owing to opposite
signs for the Aa)i,,NC values for the M = —1/2and M = 1/2
levels. Therefore, comparing the phase shifts of the Ramsey
fringes in the presence and absence of the E2 laser field would
yield a net shift equal to 2A@!NC. The uncertainty in the
measurement would be restricted by the shot noise limit given

PHYSICAL REVIEW A 93, 032520 (2016)

by dw/2mr = 1/2n~/tNT) [14], where T is the separation
time between the two RF pulses, N is the number of trapped
atoms, and T is the total measurement time. If t is ~1704 ns,
the lifetime of the 6d > Dsj» state [28], and N = 10%, the
number of atoms that is expected to be trapped in CYRIC, T
should be more than 442 s in order to obtain the PNC-induced
light shift of 0.058 Hz.

IV. CONCLUSION

We have analyzed the PNC-induced light shifts in the
7s 28, 2 — 6d ’Ds /2 transition in 219%; and have proposed
a plausible experimental scheme to measure them using
the CYRIC facility. Calculations in 20py 21 Er and 22Fr
using the RCC theory showed large enhancements of the
PNC amplitudes due to strong core-polarization effects. This
suggests that an unambiguous observation of the NAM in
Fr is possible. Our calculations of the PNC amplitudes for
2By and *’Fr could be useful if the corresponding PNC-
induced light shift measurements are carried out in another
facility.
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