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Abstract

Measurement of a non-zero permanent electric dipole moment (EDM) in fundamental parti-
cles, such as in an electron or a neutron, or in nuclei or atoms, can help us gain a handle on the
sources of Charge-Parity (CP) violation, both in the Standard Model (SM) and beyond. The
nuclear magnetic quadrupole moment (MQM), the central topic of this work, is also CP, P, and
T violating. Nucleons and nuclei have a non-zero MQM from sources within the SM, but the
nuclear MQM is dramatically enhanced if the nuclei are structurally quadrupole deformed.
Multiple sources contribute to an atomic EDM namely: (i) nuclear EDM through its Schiff
moment, which is enhanced by nuclear octupole deformation, (ii) CP violating interactions
between the electrons and the nuclei, and (iii) the nuclear MQM that contributes to the atomic
EDM in atoms with an unpaired valence electron. Our survey of nuclear quadrupole defor-
mation identified 48 isotopes as ideal systems in which to search for a CP violating EDM
via their enhanced nuclear MQM. Of these candidates, 223.225y 223Rg, 223225227 A 229Th,
and 2*Pa also have maximally enhanced nuclear Schiff moment contribution due to their
octupole deformation. Laser cooling of the isotopes of Fr and Ra, among a few others, has
already been demonstrated, making 223-2%5Fr and 223Ra some of the best systems in which
to measure an EDM.
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1 Introduction

We exist because of charge-parity (CP) violation! According to the three Sakharov conditions
[1], the thus required baryon asymmetry of the universe demands: (i) baryon number viola-
tion, (ii) charge (C) and CP violation, and (iii) underlying interactions to be out of the thermal
equilibrium. Remnant baryon and photon densities of the universe are remarkably well mea-
sured using the cosmic microwave background [2]. But the measured baryon asymmetry of
the universe is nearly 8 orders of magnitude larger than that predicted by the Standard Model
(SM) using sources of CP violation in the CKM-matrix [3]. This demands additional sources
for baryonic CP violation.

Sub-atomic particles, like electrons and neutrons, as well as atoms can have large magnetic
dipole moments [4]. Measurement of a permanent non-zero electric dipole moment (EDM)
in subatomic particles and atoms, in addition to their non-zero magnetic dipole moment
(MDM), is an indication of P, T, and CP violation. Table 1 indicates the effect of the discrete
transforms of C, P, and T upon some relevant vector parameters of electric and magnetic
fields, as well as electric and magnetic dipole moments. Even though the MDM is C and T
odd, when taken in combination with the fact that the magnetic field is also C and T odd, it
does not violate P, CP, or T. But EDM is not simultaneously odd and even with respect to
the magnetic field, indicating P, CP, or T violation. Therefore, it is important to note that a
permanent non-zero EDM in a particularly non-scalar system, one whose spin is non-zero,
is key as a signature of P, CP, and T violation.

The only source of baryonic CP violation in the SM is within the CKM-matrix, which
describes the weak interactions [5, 6]. This source of CP violation can be used to estimate
the permanent EDM of neutrons and electrons: d,(,CKM) ~ 2 x 10732 ¢-¢m [7] and déCKM) ~
5.8 x 10740 e.cm [8], respectively. No non-zero EDM of such particles has been measured
yet. The current experimental upper bound on neutron and electron EDMs (at 90% C.L.) are
dy <1.8x1072 e.com[9]and d, <4.1 x 10739 ¢.cm [10]. However, strong interactions could
also violate CP, via the Quantum-Chromo-Dynamics (QCD) 0 parameter [11]. There could
also be mechanisms beyond the SM, like super-symmetry, that could add to these sources of
CP violation [12]. Therefore, measuring a non-zero permanent EDM in subatomic particles or
atoms, helps pin down the sources of CP violation, and aid in the search for additional sources
of baryonic CP violation beyond the CKM-matrix. The estimates of EDMs of various systems
within the SM, like that of neutrons, electrons and atoms, using sources of CP violation in
the CKM-matrix and QCD-0, have been well documented [13].

Atomic EDMs could arise from the EDM of nucleons and electrons, as well as CP violating
interactions within the nucleus and between the electrons and nucleus [14]. An atomic EDM
can also be generated by other CP violating electromagnetic moments of the nucleus, namely
the magnetic quadrupole moment (MQM), being the lowest order such magnetic moment that
could be non-zero [ 15]. The relative atomic EDM arising from the contribution of an enhanced
nuclear Schiff moment, due to octupole and quadrupole deformations of the nucleus, was

Table 1 Effect of C,P,and T

Vector parameter P C T

transforms on vector parameters

of electric and magnetic fields - >

and dipole moments Electric Field (El - - +
Magnetic Field (B) + — —
Electric dipole moment (J) - - +
Magnetic dipole moment (z1) + - —
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previous surveyed and the isotopes of 22!Rn, 221,223.225.227y, 221,223,225R5 223,225,227 Ac,

229Th, and 229Pa were identified as attractive candidates [16]. In this work, we have surveyed
the quadrupole deformation of nuclei to identify candidate isotopes whose atomic EDM
arising from the contribution of the nuclear MQM is maximally enhanced.

Many of these exotic and highly deformed isotopes can, for the first time, be produced in
large numbers at the Facility for Rare Isotope Beams (FRIB). Furthermore, certain isotopes
lend themselves to laser based cooling, owing to their atomic structure. Cooling can help
increase the number density, and the measurable sensitivity to an atomic EDM. We present
here new candidate isotopes, in light of the rates deliverable at FRIB, as well as laser cooling
considerations.

2 Multipole expansion of the nuclear potentials

Writing the nuclear potentials in terms of a multipole expansion, lets us differentiate the
nuclear electromagnetic moments from structure deformation, and also gives us a clue
about the ground state nuclear spin that are apt for the measurement of the nuclear elec-
tromagnetic moments. A multipole expansion can be written for both the scalar and vector
potentials [17], where the scalar potential, ¢, is linked to the charge distribution, p, by
¢ (R) = 1/(4mep) f d3r- {o(r)/|R —r|}, and the vector potential, A, is linked to the current
density, j,by A(R) = po/(4n) [d3r-{j(r)/IR—r|} (€0 = 8.8541878128(13) x 10712 F/m
and f19 = 1.25663706212(19) x 107% N/A? are the vacuum permittivity and permeability,
respectively [4]). Here, the scalar potential satisfies E = —V¢ (R), while the vector potential
satisfies B = V x A(R), where E and B are electric and magnetic fields, respectively.

Both, scalar and vector potentials can be written as a sum of 2/-pole moments. From
the Purcell-Ramsey-Schiff theorem [18, 19], the nuclear scalar potential can be written as a
Laplace expansion [20],

I 1
¢(R) = 47{601;13— Z( DY (R)QY, ey

m=—[

0
/21 1 /d3r o(r)r! " (7) 2)

where, Qf" is the electric 2 -pole moment, and Ylm are the spherical harmonics. In a rota-
tionally symmetric system, when canonically considering the z-axis to be the direction along
the spin, the only relevant multipole moment corresponds to m = 0. The nuclear charge,
electric dipole moment (EDM: d), and electric quadrupole moment (EQM: Q), respectively,
are given by [21]:

o —/d3r-p(r>=2e, )
o5’ = / d’r - reos(6) p(r) =d, ©)
on=s0 = / dr - r? (3cos?(9) — 1) o(r) =0, )
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where Z is the atomic number of the nucleus, and e is the elementary charge. Similarly, the
vector potential can be expanded as [22]:

A(R) = ’”“)ZR,H Z( DY (R)M]', (6)

m=—I

47 3 m
M l+1,/21+1/drrY )[VX](}")] )

where Mj" is the magnetic 2/-pole moment. Along the lines of Egs. 3-5, the magnetic
monopole moment, magnetic dipole moment (MDM: 1), and magnetic quadrupole moment
(MQM: M) terms can be written as [23]:

M =0, ®)
m= 0 3 1 .
M /d ErXJ(r)sz, 9
1
M5 —/d3r' 6[(r><j(r))r+r(rXj(r))]=M- (10)

A typical source for the origin of the nuclear current density, j(r), is its spin, s.

It is important to note that the spherical harmonics are mutually orthogonal. Since the
expectation value is proportional to the square of the wave function, cases where the wave
function has a spherical harmonic term, ¥;” , forces all terms involving ¥;2, in Egs. 1 and
6 to zero. Accordingly, following the Wigner-Eckart theorem [24], from Eqgs. 1-2 and 6-7,
it can then be seen that nuclei with spin s, can have up to and including electromagnetic
225 _pole moments. Therefore we need at least a spin 1/2 nucleus to posses a non-zero EDM
and MDM, and at least a spin 1 nucleus to posses a non-zero EQM and MQM.

Furthermore, it can be seen in Table 1 and its associated text, that in a nucleus with
appropriately large MDM and non-zero spin, while EDM is CP violating, MDM obeys CP.
Generalizing this along the lines of all electromagnetic 2/-pole moments: electric 22N -pole
moments and magnetic 22N *+1_pole moments obey CP, and electric 22N +1_pole moments
and magnetic 22N -pole moments violate CP, where NV is a whole number, N € N. Therefore,
electromagnetic moments like EDM (electric dipole 22O+ _moment) and MQM (magnetic
quadrupole (22(V-moment), in the context of quantifying CP violation, are extremely attrac-
tive [25]. In this work, we are concerned with nuclei that have a ground state spin of at least 1,
so that we can study their CP violating permanent nuclear MQM, and its relative contribution
to atomic EDM.

3 Nuclear Structure Deformation

The nucleus can be non-spherical. The deviation from the perfectly spherical geometry is
successfully modeled using a rotationally symmetric two-fluid liquid drop model [26], each
fluid corresponding to the ensemble of protons or neutrons [27]. The idea of an even-even
core of the nucleus contributes significantly to the structure of the nucleus [21, 28], which
also allows us to treat most other cases effectively as single particle systems. Following
from the hydrodynamic origins of the liquid drop model [29-31], deformation in nuclei
is also described in terms of 2/-pole moments, similar to the electromagnetic moments in
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Egs. 2 and 7. The surface of a rotationally symmetric deformed nucleus can be described by
[32-35]

R =cyRo (1 +Zﬂ,Y,’"=°>, (11)

1=2

where cy = 1 — {(1/ am) > ;812} is the volume normalization which ensures that the
volume of the nucleus scales linearly with A regardless of the deformation, Ry = 1.2fm-A 173
A is the total number of nucleons in the nucleus, and j; are the 2! -pole structure deformation
coefficients.

In Eq. 11, the imposition of rotational symmetry forces m = 0, similar to the reason we
only considered electromagnetic moments in Eqs. 3-5 and 8-10 with m = 0. It must be noted
that the connection between nuclear spin and the electromagnetic moments arising from the
Wigner-Eckart theorem is not applicable to nuclear structure deformation, that is, even a
spin-0 nucleus may and routinely does have deformations corresponding to / > 2 (making
their Bj=2 # 0).

In this work, we have used structure deformation coefficients from the Moller-Nix model
[36]. The Moller-Nix model is also based on the liquid drop model, but combines it with a
folded Yukawa potential [37] in order to add shell model corrections using the Strutinsky
method [38, 39]. With this combination, the Mdller-Nix model is able to include the nucleon
pairing effect [29], and most importantly, handle rotational degrees of freedom. The Moller-
Nix model comprehensively provides deformation coefficients for all cases of even-even,
even-odd, and odd-odd nuclei.

Examples of purely quadrupole and octupole deformed nuclei using Eq. 11 can be seen
in Fig. 1 (Left) A and B, respectively. Here, for each of the two cases of quadrupole and
octupole deformation, we have presented the shape of the nuclei for both positive (A-i:
B> = +0.3, B-i: 3 = +0.2) and negative (A-ii: o = —0.3, B-ii: 83 = —0.2) deformation
coefficients. In the case of purely quadrupole deformed nuclei, Fig. 1 (Left) A-i and A-ii
clearly demonstrate prolate and oblate shapes determined by the sign of the B, coefficient.
In the case of purely octupole deformed nuclei, Fig. 1 (Left) B-i and B-ii clearly demonstrate
the pear shapes determined by the B3 coefficient. Since nuclei can be both quadrupole and
octupole deformed simultaneously, we have also further shown a combination of prolate
quadrupole deformation with both positive and negative octupole deformations in Fig. 1
(Left) C-i and C-ii, respectively.

Furthermore, we have plotted the 8> and 3 coefficient values from the Moller-Nix model
in Fig. 1 (Right-Top) and (Right-Bottom), for the ground state of the isotopes, respectively.
The collective behavior of both quadrupole and octupole deformation is clearly visible.
Islands of quadrupole deformation are identifiable on either side of a magic number of
nucleons, and the two major octupole deformation clusters, centered around Z = {56, 87}
and N = {89, 134}, are also visible. Canonically, the axis of symmetry in Fig. 1 (Left) A-C
is also the axis of rotation. In case of non-zero spin, the spin vector sets the direction, where
the positive direction is oriented along the same axis of symmetry. One of the poles, along
the axis of symmetry, where the grid lines meet, is visible in each of these example deformed
nuclei in Fig. 1 (Left). The predominance of prolate [over oblate] quadrupole deformation
arises from quantum mechanics [40]. Combining this insight with the direction set by the
spin, and considering that negative parity states (with opposite 83) in octupole deformed
nuclei arise from vibration of quadrupole deformed states, makes evident the fact that most
octupole deformed nuclei are characterized by a negative B3 [41]. Therefore, Fig. 1 (Left)
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Fig. 1 [Left] Rendering of deformed nuclei - A: Quadrupole deformation (i: prolate, B > O0; ii: oblate:
B2 < 0). B: Octupole deformation (i: B3 > 05 ii: 83 < 0). C: Prolate plus Octupole deformation (i: g > 0,
B3 > 0;ii: B > 0, B3 < 0). [Right] Quadrupole (Top) and octupole (Bottom) deformation coefficients from
the Moller-Nix model [36] for all isotopes whose binding energies are positive. Isotopes marked with light
gray indicates that their binding energies are positive but their corresponding deformation is negligible

C-ii represents the most common ground state for each isotope with significant deformation
seen in both Fig. 1 (Right-Top) and (Right-Bottom).

There are newer models which also calculate the deformation coefficients, for example
ref. [42], which uses covariant density functional theory, and ref. [43], which combines a
Skyrme Hartree-Fock model with Bardeen-Cooper-Schrieffer(BCS) type pairing. However,
ref. [42] only handles even-even nuclei, whereas ref. [43] lacks comprehensive calculation of
octupole deformation for relevant species. When available, these models predict deformation
coefficients that are mutually consistent, within their model uncertainties [16].

4 Atomic electric dipole moment due to nuclear magnetic quadrupole
moment

Typically, atomic EDMs are much smaller than nucleon EDMs, owing to the screening of
the nuclear EDM by the electron cloud [19]. However, the electron screening is imperfect
when [44]: (i) the valence electrons are highly relativistic, for example in paramagnetic
atoms like 2!9Fr [45]; (ii) the nucleus is heavily quadrupole and octupole deformed, eg.
in diamagnetic atoms like 225Ra [46]; or (iii) there are significant CP violating interactions
between the electrons and the nucleus, eg. in diamagnetic atoms like '*?Hg [47]. The residual
CP violating electromagnetic moment of a nucleus is usually referred to as the nuclear Schiff
moment.
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Furthermore, the nuclear MQM is not screened by the electron cloud, thereby dramatically
increasing its relative contribution to the atomic EDM [48]. While the nuclear Schiff moment
is enhanced by the simultaneous octupole and quadrupole deformations of the nucleus [21,
28, 46, 49], the nuclear MQM is enhanced by quadrupole deformation of the nucleus alone
[50, 51].

Nuclear MQM arise from (i) intrinsic MQM of the constituent nucleons, (ii) the intrinsic
EDM of the constituent nucleons in certain nuclear shells, and (iii) CP-violating interactions
between the nucleons. Neutrons and protons, in addition to their intrinsic EDMs [7], also
have intrinsic MQM, arising both from the CKM matrix as well as the QCD 0 [52]. An
orbiting nucleon with an EDM also generates an MQM. This effect is particularly enhanced
if the nucleus is quadrupole deformed, owing to the nucleon filling a nuclear shell which
is tri-axially asymmetric [50, 52]. This is precisely captured in Eq. 12, where the nuclear
MQM (and in turn the atomic EDM) is proportional to the quadrupole deformation, where
Bo also directly quantifies the deformation according to Eq. 11 [51]. Nuclear MQMs along
with nuclear Schiff moments are also CP violating. In addition to the intrinsic nuclear EDM,
the interaction of the nuclear MQM and the EDM of the electrons contributes to atomic
EDM as well [52, 53]. In this section, we are only concerned with the approximate trends
that dictate the enhancement of nuclear MQMs based on their quadrupole deformation, and
their contribution to atomic EDMs, without explicitly calculating them, analogous to nuclear
Schiff moments and their contributions to atomic EDMs in ref. [16]. The exact recipe for
calculating MQMs of deformed nuclei is presented in refs. [50, 51].

The trends dictating the variation of nuclear MQMs as a function of nuclear quadrupole
deformation (ref. [54], Section 10.3), and atomic EDM due to the nuclear MQM [15] are:

MZ? BaZ3 A3
M« BrZA*P  dyom X ——— = di, B

- (12)

where E+ are the energies of the ground state parity doublet. Even though ref. [54] (Section
10.3), indicates the trend M o B> Z, without the dependence on A2/3, we have included
this factor because the average rotational energy of a deformed nucleus follows the trend
hd o (45413 —25A472/3) [51, 55], which itself relies on the trend that 8> o« Al/3 [54]
(P. 197). The trends in Eq. 12 represent a relationship between electromagnetic moments,
particularly the magnetic moments in Eqgs. 8-10, to structure deformation coefficients in
Eq. 11. These trends are sufficient to survey the nuclide chart, in order to study the quadrupole
deformed systems in which atomic EDM is maximally enhanced.

5 Survey of nuclear quadrupole deformation

As a part of this survey, we considered: (i) quadrupole deformation, shown in Fig. 1 (Right-
Top), (ii) ground state spins, shown in Fig. 2 (Top-Left), (iii) ground state parity doublet
energy difference, shown in Fig. 2 (Bottom), (iv) decay lifetime, shown in Fig. 2 (Top-
Right), and (v) stopped beam rates at FRIB, of 3176 isotopes whose binding energies are
positive. For quadrupole deformation, we relied on the 8, values in ref. [36]. For the binding
energies, nuclear ground state spins, and decay lifetimes, we relied on the National Nuclear
Data Center (NNDC) database [56], and for the isomers of isotopes and their associated
energy levels in order to determine the ground state parity doublet energy difference, we
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Fig. 2 [Top-Left] Ground state spin of nuclei with positive binding energy. Black and gray colors represent
spin: |s| = 0 and spin: |s| = 1/2 species, respectively. [Top-Right] Ground state decay lifetime of nuclei with
positive binding energy, where the lifetime is > 1 minute, represented by colors corresponding to seconds in
power of 10. [Bottom] Energy difference between the states that make up the ground state parity doublet in
keV. Black represents that this energy difference is greater than 1 MeV, and gray represents that this energy
difference has not been measured

used the International Atomic Energy Agency - Nuclear Data Services (IAEA-NDS) [57],
both of which are based on ENSDF databases [58]. For the stopped beam rates at FRIB, we
used the ultimate yields from LISE*+ [59].

In this survey, we are only concerned with the quadrupole deformation and the enhance-
ment of the nuclear MQM due to it. Therefore, we only considered isotopes with a ground
state nuclear spin greater than or equal to one, j > 1. We also only considered isotopes whose
lifetimes are at least of the order of 1 minute, making it comparable to ref. [16]. Furthermore,
according to Eq. 12, the nuclear MQM and the atomic EDM due to the nuclear MQM are
proportional to the inverse of the ground state parity doublet energy difference, and therefore
we only considered isotopes where this is lower than 1 MeV. Typically, the best candidates
have a ground state parity doublet energy difference on the order of 10 keV [16].
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The relative atomic EDM:s follow the trend in Eq. 12: d™ o 8, Z3A%/3/ AEL. We present
this trend in Table 2, after normalizing them with that of 223Ra, in order to keep it consistent
with ref. [16]. Most experiments that measure EDMs in reality measure the precession fre-
quency of the species by applying magnetic and electric fields, and employing the Ramsey
technique of separated oscillating fields [18, 60, 61]. The measurement uncertainty associ-
ated with the EDM using the Ramsey technique scales as the square root of the number of
particles, v/W®RIB) where W(FRIB) ig the ultimate stopped beam rate achievable at FRIB.
Ultimately, we are concerned with the combined impact of a highly enhanced MQM contri-
bution according to Eq. 12, and access to a high experimental sensitivity. So we have also
indicated this combined impact-factor, defined by Z o {8,Z3A*3/AEL} - vV WERIB) in
Table 2, after normalizing them against 223Ra. Since atomic EDM due to nuclear MQM
scales as oc Z3, heavy elements in this list are typically more impactful.

The isotope with the best relative atomic EDM, arising from its nuclear MQM enhanced
by its quadrupole deformation, is 22°Pa. However, it is important to note that the level scheme
for 22°Pa has not been adopted by NNDC, owing to the large relative uncertainty associated
with the measurement of its ground state parity doublet energy difference of 0.06(5) keV [62].
The authors indicate that the existence of the ground state doublet in *’Pa is uncertain. An
earlier measurement by the same group had proposed the existence of a ground state doublet
with an energy difference of 0.22(5) keV [63]; while another measurement indicating an
energy difference of 99.3(4) keV [64] is also available. The next best candidate on our
list in Table 2 is 2*> Am. In Table 2, we have shown all candidate isotopes, which have a
relative atomic EDM that are up to a factor of 10 lower than 245 Am. However, the beam
rates for trans-Neptunium nuclei are not available in ref. [59]. We used the same LISE*™*
toolkit [65-70] as in ref. [59], using a 5 kW - 177 MeV/u beam of 23U incident on the
FRIB production target [71, 72]. This new calculation of the beam rates, for the isotopes
of 239:241,242,243.245 Ay and 237Pu, have also been presented in Table 2 and are highlighted
in red. Even though isotopes of Americium, like other trans-Uranium isotopes, suffer from
small rates at FRIB, an EDM experiment could potentially be conceived off the beam-line.
We have presented certain isotopes that have a relative atomic EDM that is within a factor of
10 lower than 245 Am, but whose rates are below 0. 1/day, in Table 3.

In Table 2, some isotopes have a lifetime of a few minutes, while others are on the order of
many thousand years. Statistical precision of a measured EDM using the Ramsey technique
of separated oscillating fields scales as the inverse of measurement time. The measurement
time is usually restricted by the typical spin-coherence time in experiments on the order of a
few minutes. Our choice of constraint, set to 1 minute on the decay lifetime, is long enough
so that the factor coming from decay lifetimes can be comfortably left out.

Cooling and trapping the atoms and molecules helps achieve a high number density,
increasing the statistical sensitivity of the measurement. Laser based cooling is one of the
chief methods. It needs a (nearly) closed transition, which satisfies appropriate quantum
selection rules like the 6S1/2(F = 4) — 6 P3,2(F = 5) transition in Cesium, that can also
be accessed by a commercially available laser, or in combination with secondary optics, like
frequency doublers. Laser cooling has been traditionally demonstrated in alkali (Li, Na, K,
Rb, Cs, Fr) and alkali-Earth (Mg, Ca, Sr, Ba, Ra [73]) atoms, as well as in Nobel gases
(He, Ne, Ar, Kr, Xe) [74]. Similarly, transition metals (Hg, Ag, Cd, but also Cr), P-block
elements (Al, Ga, In), F-block Lanthanides (Dy, Ho, Er, Tm, Yb), certain aspects of whose
atomic structure are comparable to the traditional candidates, have also been laser cooled
[74]. Atoms which have been laser cooled are particularly attractive to future work and have
been highlighted in yellow in Table 2.
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Table 3 Deformed nuclei whose production rates at FRIB are negligible, with the relative theoretical expec-
tation for the EDM (dM ,Eq. 12)

Tis B2 T AE(keV) aM

Z=97 241K 4.6(4) min 0.224 (7/21) 128(7) 0.79
2498k 330(4) day 0.235 72+ 82.599(13) 1.32

250K 3.212(5) hour 0.235 2~ 211.82(1) 0.52

Z =98 29¢f 351(2) year 0.235 9/2~ 243.13(7) 0.46
Z=99 253Eg 20.47(3) day 0.236 72+ 181.3(5) 0.65

Their relative theoretical expectation for the EDM has been normalized to 223Ra. Their quadrupole deformation
coefficients, B, are from the Moller-Nix model [36]. Parity doublet energy splitting, AE = E_ — E4,isin
units of keV

6 Conclusion

The field of measuring EDMs in atoms is a thriving one with measurements already made
in paramagnetic atoms of 89Rb [75], 133Cs [76], 71YDb [77] and 20°T1 [78), and diamagnetic
atoms of ]99Hg[79] and 12Xe [80]. There is only one measurement made in an octupole
deformed system: 2> Ra [73]. There are however proposals to measure the EDMs of 2!Fr
[81] and 2?Rn [82]. Similarly, measurements in molecules also exist: HfF+ [10], ThO [83],
YDF [84], PbO [85], TIF [86], as well as proposals to make measurements in BaF [53], TaN
[87], ThEFT [88, 89], PbF [90-93], WC [94, 95], RaO [96, 97], RaF [98, 99], PtH™" [100,
101], HgX [102], and FrAg [103]. Furthermore, in addition to the atoms where laser cooling
has been achieved, molecules including MgF, AlIF, CaF, SrF, YbF, BaF, RaF, TIF, BH, CH,
BaH, AICI, CaOH, SrOH, YbOH, and CaOCH3 have also been laser cooled, paving the way
for similar techniques being exploited in molecular systems [104].

It is important to note that the impact-factor, Z (o< {82Z3A%3/AEL} - VWERB)) i
Table 2 is only relevant if one were to conceive of an in-beam EDM experiment at FRIB.
However, the 22°Ra-EDM experiment [73] was an off-line measurement, using a stand alone
source of 2*Ra atoms. Likewise the planned molecular experiments involving FrAg and
RaAg [103] also plan to conduct an off-line measurement using a stand alone atomic beam
source. Other considerations like the efficiency of their cooling and the cross-section with
which these isotopes may form molecules with accessible transitions may dictate the relevant
number density in these off-line measurements.

We here surveyed over 3176 isotopes, and particularly searched for candidates with the
lowest energy difference between the states that make up their ground state parity doublet
and highest quadrupole deformation. We thus arrived at 48 isotopes listed in Table 2 which
are the most primed for a measurement of an atomic EDM, given their highly enhanced
nuclear MQM and large production rates at FRIB. Similarly, we also identified the five trans-
Uranium isotopes listed in Table 3 which are of interest, but would need to be produced at an
alternate facility due to their negligible rates at FRIB. A similar study in ref. [16] surveyed the
octupole deformations and identified a number of species among which are 223-225Fr, 223Ra,
223,225,227 A ¢, 229Th, and 22°Pa that overlap with the list presented here (Table 2). From Figs. 1
(Right-Top) and (Right-Bottom), the prevalence of quadrupole deformation compared with
octupole deformation yields more candidate isotopes in this study of quadrupole deforma-
tion compared to the study in ref. [16]. Furthermore, laser cooling of 11 isotopes 103 193Er,
161,168y 167y, 223.225p, 223,227.229.231R, from the above list has already been demon-
strated. Of all isotopes, the 3 isotopes 223-225Fr and 223Ra provide tantalizingly interesting
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possibilities by the virtue of them having very close ground state parity doublets, maximal
quadrupole and octupole deformation, as well as laser cooling already being demonstrated
for them.

It was noted in ref. [16] that the deformation coefficients (in Fig. 1 (Right-Top) and
(Right-Bottom)) sometimes differ by as much ~ 50%, depending on the model of choice.
This variation was also implicitly observed in this work. In this survey of 3176 isotopes,
90 isotopes had ground state spins which did not match the theoretical value, assuming the
deformation shown in Fig. 1 (Right-Top) and (Right-Bottom). In such cases, we used the
experimentally measured values. The relativistic term in Eq. 12 has been neglected here,
and thereby depreciates the relative enhancement of nuclear MQM in heavier isotopes. But
this source of uncertainty is typically less than that due to the variation in nuclear structure
coefficients. Lastly, the level scheme has not been well established in many isotopes. This
impacts our survey as well, particularly in the cases of 2>’ Pa and 2>3Np, as indicated in Table 2.
This work, especially in Egs. 12, relies on relative factors that contribute to the nuclear MQM
and in turn the atomic EDM. However, in order to capture the entirety of the effects that
contribute to the nuclear MQM, ultimately a full calculation of nuclear deformation using a
modified Nilsson model and based on refs. [S0-53] is underway.
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