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Laser-coolable AcOH+ ion for CP-violation searches
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The AcOH+ molecular ion is identified as a prospective system to search for CP-violation effects. According
to our study AcOH+ belongs to the class of laser-coolable polyatomic molecular cations implying a large
coherence time in the experiments to study symmetry-violating effects of fundamental interactions. We perform
both nuclear and high-level relativistic coupled cluster electronic structure calculations to express the experimen-
tally measurable T ,P-violating energy shift in terms of fundamental quantities such as the nuclear magnetic
quadrupole moment (MQM), electron electric dipole moment (eEDM) and dimensionless scalar-pseudoscalar
nuclear-electron interaction constant. We further express nuclear MQM in terms of the strength constants
of CP-violating nuclear forces: quantum chromodynamics vacuum angle θ̄ and quark chromo-EDMs. The
equilibrium structure of AcOH+ in the ground and the four lowest excited electronic states was found to be
linear. The calculated Franck-Condon factors and transition dipole moments indicate that the laser cooling using
an optical cycle involving the first excited state is possible for the trapped AcOH+ ions with the Doppler limit
estimated to be ∼4 nK. The lifetime of the (0, 11, 0) excited vibrational state considered as a working one for
MQM and eEDM search experiments is estimated to be ∼0.4 s.
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I. INTRODUCTION

Violation of the time-reversal (T ) and spatial parity (P)
symmetries of fundamental interactions is one of the most in-
triguing problems of modern physics. According to the CPT
theorem, violation of the T symmetry implies violation of the
CP symmetry, where C is the charge conjugation. CP viola-
tion was discovered in the decays of neutral kaons more than
half a century ago. According to Sakharov CP violation is a
key ingredient in understanding the baryogenesis problem [1]
and is important for cosmology and astrophysics [2] (see also
references therein). However, the known level of CP violation
in the standard model cannot explain the observed ratio of
the number of protons to number of photons in the universe
related to the predominance of the matter over antimatter. The
observed CP violation in the meson decays may be explained
by the phase in the quark mixing matrix which appears in
the weak-interaction sector of the standard model. However,
the problem remains in the quantum chromodynamics (QCD)
sector. The very strong constraint on the magnitude of the
CP violation in QCD, |θ̄ | < 10−10, is hard to explain within
the standard model. This is known as a strong CP problem.
Therefore, numerous experiments are devoted to searching for
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CP violation and it is expected that they will be able to shed
light on these problems.

In the second half of the 20th century, it was realized
that heavy atoms are very good systems to search for T ,P-
violation effects. Moreover, diatomic molecules and ions
containing heavy atoms can be much more sensitive to such
effect due to the closeness of opposite parity energy levels
[3–5]. There is a variety of possible manifestations of T ,P-
violation effects which can be treated. CP-violation forces
inside the nucleus can lead to the nonzero value of the nuclear
magnetic quadrupole moment (MQM). This moment can in-
teract with electrons and, in a molecule with open electronic
shells, induce energy shift, which in principle can be mea-
sured. MQM can be expressed in terms of the fundamental
parameters of the interactions such as the QCD parameter
θ̄ and other hadronic CP-violation parameters [6–10]. Thus,
molecular systems can be sensitive to these parameters. Be-
sides, experiments with such heavy-atom molecules can be
very sensitive to the electron electric dipole moment (eEDM)
and scalar-pseudoscalar nucleus-electron interaction. Indeed
the current best constraint on eEDM, |de| < 1.1 × 10−29 e cm,
has been obtained on the 232ThO molecule by the ACME
Collaboration [11].

Compounds of other seventh-row elements of the peri-
odic table are also very promising for considered molecular
experiments, in particular due to their high nuclear charges
resulting in large enhancement (see below) of T ,P-violating
effects. Another reason is the wide variety of known isotopes
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suitable for studying various phenomena. In addition to the
aforementioned ThO molecule, similar experiments aimed at
precision measurement of the eEDMare now carried out using
the ThF+ cation [12]. Radium-containing molecules actively
studied in recent years are also considered very promising
candidates for such measurements [13–33]. Atomic francium
was proposed for T ,P-violation studies [34–37]. Theoret-
ical proposals consider even the lawrencium diatomics for
which the eEDM enhancement factor and the constant of
the electron-nucleus scalar-pseudoscalar interaction constant
were calculated recently [38–40]. In this regard it seems im-
portant to pay some special attention to actinium-containing
compounds. Meanwhile at the moment 29 isotopes of ac-
tinium are known, 13 of them (222mAc–234Ac) having lifetimes
in the range from 40 s (234Ac) to 21.77 yr (227Ac) [41]. The
224Ac isotope (2.78 h) possesses nuclear spin I = 0 and thus
seems to be perfect for eEDM searches. All other isotopes
have nonzero nuclear spins, and for isotopes with the neutron
number 130 < N < 142 significant octupole deformations are
expected from both theoretical and experimental data [42],
which can result in the existence of nuclear levels of oppo-
site parity and hence strongly enhanced CP-violating nuclear
moments [8]. This gives opportunities for the CP-violation
searches using actinium compounds such as AcF, AcO+, and
AcN molecules [7,43]. In a recent report [44] the values of
the effective electric field required to interpret the eEDM
experiments were calculated for the AcOH+ and AcOCH+

3
molecular ions.

Recently it has been suggested to perform experiments
to search for T ,P-violating effects with linear triatomic
molecules and ions [20,25,45–53]. With such systems it is
expected to probe high-energy physics beyond the standard
model in the PeV regime [45]. Such systems as YbOH in
the ground electronic state 2�1/2 can benefit from easy po-
larization by weak external electric fields [45] in comparison
with diatomic analog YbF. This feature of triatomic quasi-
linear molecules is due to the l-doubling effect resulting in
the existence of the two closely spaced levels of opposite
parity. At the same time YbOH (as YbF) can be laser cooled
to very low temperatures. Experiments with such molecules
thus will benefit from the very large coherence time since
the uncertainty of the measurement of T ,P-violating effects
is inversely proportional to this time. Indeed, in recent years
significant progress in laser cooling of polyatomic molecules
has been made. The successful one-dimensional direct laser
cooling of the\break SrOH [54], CaOH [55], YbOH [56],
and CaOCH3 [57] molecules has been already demonstrated.
Direct laser cooling was also predicted to be feasible for
RaOH [20] and YbOCH3 [58]. Recently, there was a pro-
posal to search for T ,P-violating effects on the three-atomic
molecular ion LuOH+ which can be sympathetically cooled
[49]. In the present paper we study a system of another type,
a three-atomic cation which can potentially be laser cooled.
From the theoretical point of view, molecular ions must satisfy
actually the same requirement as molecules in order to be laser
cooled, i.e., having a nearly diagonal Franck-Condon matrix
for the working electronic transition. At the moment only
some diatomic ions have been concerned as candidates for the
cooling procedure, namely, BH+ [59], AlH+ [59,60], SiO+

[61,62], TeH+ [63], OH− [64], C−
2 [65], TlF+ [66], and some

other diatomic cations [67]. To the best of our knowledge none
of these ions has been laser cooled yet.

The paper is organized in the following way. First, we
describe details of the electronic structure models used. Sec-
ond, we present potential energy surfaces for the ground and
several electronic states of AcOH+, dipole moments of transi-
tions between them, and Franck-Condon factors, and discuss
the relevance of the molecule for direct laser cooling. Then
we express the nuclear MQM of 225Ac and 227Ac isotopes
in terms of the strength constants of CP-violating nuclear
forces, QCD vacuum angle θ̄ , and quark chromo-EDMs d̃u

and d̃d . Finally, we discuss some technical questions concern-
ing the relevance of the AcOH+ ion for T ,P-violation search
experiments and report the precise calculations of the molec-
ular T ,P-violating parameters required to interpret experi-
mental data.

II. COMPUTATIONAL DETAILS

A. Excited state calculations

Qualitatively, the ground and low-lying electronic states
of AcOH+ can be described as having one unpaired elec-
tron above the closed-shell AcOH2+ configuration. In other
words, these states can be described within the one-particle
(0h1p) Fock-space sector, assuming the ground closed-shell
state of AcOH2+ as a Fermi vacuum. Thus the relativistic
Fock-space coupled cluster method with single and double
excitations (FS-RCCSD) [68–70] was applied to obtain ex-
citation energies. This method had proven itself as a highly
precise and reliable tool for quite similar systems, e.g., RaOH
[20], RaF [18,32,71], and YbOH [46,47]. In order to make
sure that there are no low-lying charge-transfer electronic
states, additional FS-RCCSD calculations starting from the
neutral AcOH molecule ground state as an alternative Fermi
vacuum were conducted in the one-hole (1h0p) Fock-space
sector. The lowest charge-transfer-type state was found to lie
above 50 000 cm−1 and thus does not deteriorate somehow
the picture of low-lying electronic states. The other issue
which should be addressed is the stability of the AcOH+ ion
with respect to electronic excitation. The dissociation energy
for the molecule was estimated at the single-reference rela-
tivistic coupled cluster with singles and doubles (CCSD) and
perturbative triples (CCSD(T)) level. The lowest-energy de-
cay channel AcOH+ → AcO+ + H (dissociation energy ca.
29 300 cm−1) was found to lie well above any of the low-
lying electronic states considered here [namely, the (1-2)1/2,
(1-2)3/2, and (1)5/2 states]. The subspace of active parti-
cle spinors comprised the five lowest-lying virtual Kramers
pairs. The calculated excitation energies discussed below were
found to be very stable with respect to the extension of this
subspace. Electronic transition dipole moment functions were
evaluated using the FS-RCCSD method combined with the
finite-field technique [72,73].

Although the FS-RCCSD method reproduces excitation
energies fairly well, the neglect of higher excitations as well
as the basis set superposition errors (BSSEs) introduce sys-
tematic (and quite uniform) errors into the dependencies of
all electronic state energies on molecular geometry param-
eters. To reduce these errors, the technique adopted from
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Refs. [28,74] was employed: the ground-state potential energy
surface was computed within the single reference relativistic
CCSD(T) method, taking into account triple excitations in
a perturbative manner, with the counterpoise correction for
BSSE. Potential energy surfaces for excited states were ob-
tained by combining the resulting ground-state surface with
the FS-RCCSD excitation energies as functions of the inter-
nuclear distances and the valence angle.

Accurate ab initio modeling requires an adequate de-
scription of relativistic effects, including those beyond the
conventional Dirac-Coulomb Hamiltonian. The effect of the
Breit interaction on the excitation energies of atomic Ac and
its ions was demonstrated to be non-negligible in Ref. [75].
For this reason the relativistic model used in the present
paper was defined by accurate two-component relativistic
pseudopotentials (RPPs) derived from the atomic Dirac-Fock-
Breit calculations and thus implicitly incorporating the bulk
of Breit interaction effects. These RPPs correspond to the
valence part of the generalized relativistic pseudopotentials,
developed in Refs. [76–79]. The small-core RPP replacing
the shells with principal quantum number n � 4 [77] was
used for Ac, and the recently developed “empty-core” RPP
leaving all eight electrons for the explicit treatment [78] was
used for O. The pseudopotential approximation also allows
one to use large and flexible contracted Gaussian basis sets
for the explicit description of outer core and valence electrons.
The basis set for Ac comprised primitive (15s14p10d8f) Gaus-
sians loosely based on the exponents from the atomic natural
orbital set [80] and the contracted (6g5h4i)/[4g3h2i] part ob-
tained as averaged natural atomic orbitals in scalar-relativistic
CCSD calculations [81] of low-lying electronic states of Ac
and Ac2+. The aug-cc-pVQZ-DK and cc-pVQZ-DK basis
sets [82–84] were used for O and H atoms, respectively.
In all coupled cluster calculations the 5s5p shells of Ac
and 1s shell of O were not included in the correlation
treatment.

It should be emphasized that for the energies of electronic
transitions in actinides which do not involve f electrons the
typical error of the pseudopotential employed does not exceed
a couple of dozens of cm−1 [77], which is several times less
than the Breit contribution estimated in Ref. [75] for Ac ions.
Both the basis-set incompleteness issues and QED corrections
not considered in the present paper also can contribute to the
error [29]. However, the main source of uncertainty is pre-
sumably associated with the limitations of the CCSD model
(lack of connected higher excitation contributions in the wave-
function expansion). Taking into account the close analogy in
electronic structures of the AcOH+ and RaF [71] molecules,
the overall uncertainty of calculated excitation energies can be
estimated to be of order ∼300 cm−1.

Molecular integral transformation and CCSD(T) calcula-
tions were carried out using the DIRAC19 [85,86] package. For
FS-RCCSD calculations the EXP-T program system was em-
ployed [87,88]. The lifetime of the excited vibrational (0,1,0)
state was obtained using the dipole moment function esti-
mated at the two-component Kramers-unrestricted relativistic
density functional theory (DFT) level with the PBE0 func-
tional [89] using the code [90]. To solve the one-dimensional
vibrational problem and calculate Franck-Condon factors the

VIBROT program [91] was used. Spinors were visualized with
the help of the VESTA3 software [92].

B. Calculations of the molecular T ,P-violation parameters

The nucleus with spin I > 1/2 can possess nonzero nuclear
magnetic quadrupole moment M. Nuclear calculations of M
for Ac isotopes are given in the next section. The interaction
of MQM with electrons can be described by the following
Hamiltonian [93]:

HMQM = − M

2I (2I − 1)
Ti,k

3

2

[α × r]irk

r5
, (1)

where Ti,k = IiIk + IkIi − 2
3 I (I + 1)δik , α are Dirac matrices.

The electronic part of Hamiltonian (1) is characterized by the
molecular constant WM given by [94,95]

WM = 3

2�
〈�|

∑
i

(
αi × ri

r5
i

)
ζ

rζ |�〉, (2)

where sum index i is over all the electrons and ζ is a projection
on the molecular axis; � is the electronic wave function for
the considered state of the molecule and � = 〈�|J · n|�〉,
where J is the total electronic momentum. The resulting en-
ergy shift caused by the interaction of the nuclear MQM with
electrons can be written as

δE = (2π h̄)CWMM, (3)

where the parameter C depends on the considered hyperfine
sublevel of the molecule and the applied external electric field
[96–98].

Another source of T ,P-violation effects in molecules is
the eEDM. Within the Dirac-Coulomb Hamiltonian the inter-
action induced by eEDM can be written in the following form
[99,100]:

H eff
d = de

∑
j

2icγ 0
j γ

5
j p2

j , (4)

where de is the value of the eEDM, the index j runs over elec-
trons, p is the momentum operator for an electron, and γ 0 and
γ 5 = −iγ0γ1γ2γ3 are the Dirac matrices, defined according to
Refs. [101,102]. For a linear molecule this interaction can be
characterized by the molecular constant Wd :

Wd = 1

�
〈�|Hd

de
|�〉. (5)

Here n is the unit vector along the molecular axis. In these
designations the effective electric field acting on the electron
electric dipole moment is Eeff = Wd |�|.

The next considered source of T ,P violation is the nuclear
spin-independent scalar-pseudoscalar nucleus-electron inter-
action. The interaction is given by the following Hamiltonian
(see Eq. (130) of Ref. [93]; see also Ref. [5]):

HT,P = i
GF√

2
ZkT,P

∑
j

γ 0
j γ

5
j ρN (r j ), (6)

where GF is the Fermi coupling constant, kT,P is the di-
mensionless constant of the interaction, ρN (r) is the nuclear
density normalized to unity, and r is the electron radius
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FIG. 1. Potential energies of the ground (1)1/2 and excited states of the AcOH+ ion as functions of RAc-O (left), RO-H (center), and the
valence Ac-O-H angle (right) with other parameters fixed at the equilibrium values for the ground state. Energies are given with respect to the
ground-state equilibrium point.

vector with respect to the heavy-atom nucleus under con-
sideration. This interaction is characterized by the molecular
parameter WT,P:

WT,P = 1

�
〈�|HT,P

kT,P
|�〉. (7)

Molecular parameters (2), (5), and (7) are required to in-
terpret experimental data in terms of fundamental values of
M, eEDM, and kT,P, respectively. To calculate them for the
ground electronic state of AcOH+ we have used the following
scheme. The main correlation contribution to these param-
eters was calculated within the CCSD(T) approach using
the Dirac-Coulomb Hamiltonian. All 97 electrons of AcOH+

were included in this correlation calculation. The energy cut-
off for virtual spinors has been set to 10 000 hartree. The
inclusion of the high-energy virtual spinors is important for
a correct description of the contribution of spin polarization
and correlation effects of the inner-core electrons to the T ,P-
violating effects [103,104]. In this calculation we have used
the uncontracted Dyall’s all-electron triple zeta basis set for
Ac [105,106] augmented by diffuse s-, p-, d- and f -type
functions; g-type functions were reoptimized, thus the basis
set for Ac comprised 37s-, 32p-, 21d-, 14 f -, 8g-, and 1h-
type functions. For light atoms the aug-cc-pVTZ-DK basis
set [82–84] has been used. In order to account for the basis-
set size correction we have extended the basis set on Ac up
to (40s37p25d19f12g8h5i). This basis set corresponds to the
uncontracted Dyall AEQZ basis set for Ac [105,106] aug-
mented by diffuse s-, p-, d-, and f -type functions and partly
reoptimized g-, h-, and i-type functions. Note that the strongly
localized part of Dyall’s AEQZ basis was demonstrated to
be sufficiently flexible for accurate reproduction of a related

property, the hyperfine structure constant, for the Ra+ ion in
three different electronic states [24]. The basis-set extension
correction has been calculated within the CCSD(T) approach
using the Dirac-Coulomb Hamiltonian. Inner-core electrons
of Ac (1s–3d) were excluded from the correlation treatment
and the virtual energy cutoff was set to 300 hartree in these
calculations. We have also calculated the contribution of the
extended number of high harmonics up to (15g15h15i). For
this the two-step approach based on the generalized relativistic
effective core potential theory [107–112] has been used. We
employed the scalar-relativistic part of this operator. There-
fore, it was possible to use the very efficient scalar-relativistic
code CFOUR [113] and treat very large basis sets. We have
also estimated the contribution of the Gaunt interelecton in-
teraction as a difference between the values obtained at the
Dirac-Hartree-Fock level within the Dirac-Coulomb-Gaunt
and Dirac-Coulomb Hamiltonians. Calculation of the prop-
erty integrals was performed within the code developed in
Refs. [114,115].

III. RESULTS AND DISCUSSION

A. Potential energy surfaces, Franck-Condon factors,
and relevance to laser cooling

Equilibrium structures of AcOH+ in its low-lying elec-
tronic states were optimized using the combined coupled
cluster method described in the previous section. AcOH+

is predicted to be linear in all the electronic states con-
sidered; equilibrium bond distances and term energies are
listed in Table I. Cross sections of four-dimensional poten-
tial energy surfaces given in Fig. 1 are spline interpolations
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TABLE I. Calculated molecular constants of AcOH+ in its low-lying electronic states and compositions of model wave functions in terms
of their scalar relativistic counterparts at re((1)1/2) = 2.077 Å. Frequencies are calculated for the 227AcOH+ isotopolog. Compositions given
in the last column were estimated using the technique described in Ref. [117].

Equilibrium structure (Å) Normal modes (cm−1)

State Te (cm−1) re(Ac-O) re(O-H) ν1(σ+) ν2(π ) ν3(σ+) Composition

(1)1/2 0 2.077 0.960 656 423 3868 100% 2�

(1)3/2 7294 2.105 0.958 626 424 3887 99% 2 + 1% 2�

(1)5/2 9469 2.101 0.959 629 425 3884 100% 2

(2)1/2 13020 2.138 0.958 603 413 3886 89% 2� + 11% 2�

(2)3/2 15484 2.138 0.957 604 348 3898 99% 2� + 1% 2

of the pointwise potential energy cross sections provided in
the Supplemental Material [141]. It should be emphasized
that the RO-H bond distance actually remains unchanged upon
electronic excitation. Vibrational frequencies were estimated
using the assumption of valence forces (see Ref. [116] and
references therein) and are also listed in Table I. It can be
seen that for the (1)3/2 and (1)5/2 electronic states the opti-
mal geometries and frequencies closely resemble those of the
ground state, thus leaving hope that the closed optical loop
can exist for the E1-allowed (1)1/2-(1)3/2 transition. For
the other two excited states, (2)1/2 and (2)3/2, the structure
displacements are too large to keep the Franck-Condon matrix
to be diagonal, and thus these states will not be discussed
further.

The fact that the (1)1/2 and (1)3/2 potential curves are
nearly parallel to each other can be understood using a simple
one-electron picture [13,28,118]. Figure 2 visualizes approx-
imate natural transition spinors (NTSs) for the (1)1/2-(1)3/2
transition derived from the model-space projections of many-
electron wave functions; within the 0h1p Fock-space sector,
an electronic excitation can be represented by the single pair
of such approximate NTSs. One can immediately see that
one-particle densities for both hole and particle spinors are
localized on the Ac atom. Thus the excitation essentially
involves the nonbonding spinors which have most of their
density outside the bonding region. Such an excitation should
not result in any significant changes in bond lengths and force
constants, thus leaving the matrix of Franck-Condon factors
(FCFs) nearly diagonal.

To estimate vibrational branching ratios and Franck-
Condon factors for the (1)1/2-(1)3/2 transition we neglect the
anharmonic couplings between stretching and bending modes,
so that the total FCF between the (v′

1, v
′
2, v

′
3) and (v′′

1 , v′′
2 , v′′

3 )

FIG. 2. Isosurfaces and cross-section view of squared absolute
values of approximate natural transition spinors (NTSs) for the
(1)1/2 → (1)3/2 transition in AcOH+.

vibrational states (where v′
i and v′′

i stand for vibrational quan-
tum numbers) can be factorized [119]:

FCF = | 〈v′
1v

′
3|v′′

1v′′
3 〉 |2 × | 〈v′

2|v′′
2 〉 |2. (8)

The latter factor is the bending-mode FCF. For the AcOH+

cation it is expected to be very close to unity since the
corresponding sections of potential energy surfaces are per-
fectly parallel to each other. The overlap integral over the
v3 stretch mode is expected to be nearly equal to unity and,
which is more important, this factor will be the same for
the (v′

1, v
′
2, 0) and (v′′

1 , v′′
2 , 0) vibrational states analyzed here

since this stretching mode is not excited in the states un-
der consideration. Thus the total FCF can be approximated
with the squared one-dimensional 〈v′

1|v′′
1 〉 overlap integral.

The FCFs and branching ratios calculated within the Condon
approximation are listed in Table II.

The estimated Franck-Condon factors and branching ra-
tios closely resemble those obtained for the YbOH molecule
within the more precise discrete variable representation
(DVR) method [119]. The sum of the first three FCFs is
equal to 0.9999, thus allowing one to conclude that the closed
optical cycle can be implemented for the AcOH+ molecular
cation. Note that there are no electronic states lying between
the “working” ones, and no additional decay pathways exist.
The closed optical cycle will require at least three IR lasers,
one at the working (0,0,0) ← (0,0,0) frequency and two re-
pumping ones. Note that the (3,0,0) ← (0,0,0) and (0,20,0)
← (0,0,0) decay pathways are also allowed and in principle
additional repumping lasers may be important to maximize
the number of rescattered photons. A thorough analysis of
FCFs would require accounting for the anharmonic couplings
and deserves a separate detailed consideration in future work.

The last question which is to be discussed concerns the
transition dipole moments and lifetime of the excited (1)3/2
state. It is well known that the excited state lifetime is of vital
importance for laser cooling of neutral molecules. In order
to achieve substantial slowing, at least 104 photons are to be
rescattered during the flight of the molecular beam through
the setup. The shorter the lifetime, the more photons could be
rescattered. For the polyatomic molecules previously cooled
the excited state lifetimes do not exceed several dozens of
nanoseconds [119,120]. The situation for ions is quite differ-
ent, since they can be trapped relatively easily. For example,
the radio-frequency (rf) trap was recently used for the eEDM
experiment on HfF+ ions [121]. Trapped ions can be then
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TABLE II. Estimated Franck-Condon factors (FCFs) and vibra-
tional branching ratios (VBRs) for the (1)3/2 → (1)1/2 transitions.

Band

(1)3/2 (1)1/2 FCF VBR (%)

(0,0,0) → (0,0,0) 0.8892 91.6
(0,0,0) → (1,0,0) 0.1058 8.1
(0,0,0) → (2,0,0) 0.0049 0.3∑

FCF 0.9999

laser cooled to the Doppler limit. In this case the long life-
time becomes an advantage, since it allows to achieve lower
temperatures [122]. In order to estimate lifetime of the (1)3/2
state of AcOH+, the dipole moment function was calculated
for the (1)3/2-(1)1/2 transition (see Fig. 3). The lifetime was
estimated using the approximate sum rule [123,124] and is
expected to be τ ∼ 110 μs. This corresponds to the Doppler
limit of order TD ∼ 4 nK. Such a long lifetime of the (1)3/2
state is not surprising, since this state actually corresponds to
the 2 doublet (see Table I) and is formally E1 forbidden in
the absence of spin-orbit coupling.

B. Calculations of nuclear MQM

The magnetic quadrupole moment of a nucleus due to the
electromagnetic current of a single nucleon with mass m is
defined by the second-order tensor operator [94],

M̂ν
kn = e

2m

[
3μν

(
rkσn + σkrn − 2

3
δknσ̂r

)

+ 2qν (rkln + lkrn)
]
, (9)

FIG. 3. The absolute value of the (1)1/2-(1)3/2 transition dipole
moment as a function of RAc-O, calculated at the FS-RCCSD level.
Other parameters are fixed at the equilibrium values for the ground
state (RO-H = 0.960 Å, ∠(Ac-O-H) = 180◦).

where ν = p, n for protons and neutrons, respectively, and
m, μν , and qν are the mass, magnetic moment in nuclear
magnetons e

2m , and charge of the nucleon, respectively. In
the case of an axially symmetric nucleus for an orbital with
definite spin projection on the nuclear axis � and orbital
angular momentum projection � we may give the following
estimate for expectation value of MQM:

Mν
zz = 4

e

2m
μz〈 rz〉, (10)

where μz = 2�μν + qν� is the projection of the nucleon
magnetic moment and 〈rz〉 is the expectation value of the
radius vector r. The latter vanishes in the absence of the oc-
tupole deformation; therefore, 〈rz〉 ∼ β3R, where R ≈ 1.2A1/3

fm is the nuclear radius.
We presented MQM in the intrinsic frame which rotates

with the nucleus. We have to find MQM in the labora-
tory frame. Similar to a polar diatomic molecule with a
nonzero electron angular momentum, a nucleus with an oc-
tupole deformation and nonzero nucleon angular momentum
has a doublet of close opposite parity rotational states |I±〉
with the same angular momentum I [|I±〉 = 1√

2
(|�〉 ± |−�〉),

where � = � + � is the projection of I on to the nuclear
axis]. In the case of ordinary electric quadrupole moment
Q, which conserves P and T symmetries, we have the re-
lation 〈�|Qzz|�〉 = 〈−�|Qzz| − �〉 and the relation between
the intrinsic value Qzz and laboratory value Q in the ground
rotational state [125]:

Q = I (2I − 1)

(I + 1)(2I + 3)
Qzz, (11)

where I = Iz = |�| is the projection of total nuclear angular
momentum (nuclear spin I) on the symmetry axis, � = I · n.
This expression for Q shows that only in nuclei with spin
I > 1/2 can we detect these second-order tensor properties.
In the case of MQM we have 〈�|Mzz|�〉 = − 〈−�|Mzz| − �〉
and the laboratory value of M vanishes in the states of definite
parity |I±〉 = 1√

2
(|�〉 ± |−�〉) which have equal weights of

� and −� components. This is a consequence of T and
P conservation.

However, the states of this doublet are mixed by
T ,P-violating interaction W . The mixing coefficient is

α+− = 〈I−|W |I+〉
E+ − E−

. (12)

This mixing produces nonequal weights of � and −�, (1 +
α+−)2/2 and (1 − α+−)2/2, and leads to the nonzero expecta-
tion value of 〈I · n〉, i.e., the mixing polarizes the nuclear axis
n along the nuclear spin I [126,127]:

〈nz〉 = 2α+−
Iz

I + 1
. (13)

As a result all intrinsic T ,P-odd nuclear moments show up
in the laboratory frame. For MQM in the ground nuclear state,
using Eqs. (10) and (11) we obtain

M = 2α+−
I (2I − 1)

(I + 1)(2I + 3)
Mzz

= 8
I (2I − 1)

(I + 1)(2I + 3)
α+−

e

2m
μz〈rz〉. (14)
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According to Ref. [126] the T ,P-violating matrix element is
approximately equal to

〈I−|W |I+〉 ≈ β3η

A1/3
[eV]. (15)

Here η is the dimensionless strength constant of the nuclear
T ,P-violating potential W :

W = G√
2

η

2m
(σ∇ )ρ, (16)

where G is the Fermi constant, m is the nucleon mass, and ρ

is the nuclear number density. The nuclear magnetic moment
in the intrinsic frame is related to μ in the laboratory frame:

μ = I

I + 1
μz. (17)

Using 〈rz〉 ≈ 1.2β3A1/3 fm we obtain nuclear MQM

M ≈ 2I − 1

2I + 3
〈(β3)2〉 eV

E+ − E−
μη e fm2. (18)

Note that MQM in Eq. (18) is quadratic in the octupole
deformation parameter. Therefore, it is sufficient to have a
soft octupole deformation mode, i.e., dynamical deformation,
which actually gives values of 〈(β3)2〉 comparable to that for
the static octupole deformation.

Within the meson exchange theory the π -meson exchange
gives the dominating contribution to the T ,P-violating nu-
clear forces [94]. According to Ref. [6] the neutron and proton
constants in the T ,P-odd potential (16) may be presented as

ηn = −ηp = (−gḡ0 + 5gḡ1 + 2gḡ2) × 106, (19)

where g is the strong π -meson-nucleon interaction constant
and ḡ0, ḡ1, ḡ2 are the π -meson-nucleon CP-violating interac-
tion constants in the isotopic channels T = 0, 1, 2.

We can express η in terms of the QCD θ -term constant.
Using results presented in Refs. [128,129],

gḡ0 = −0.21θ̄ , (20)

gḡ1 = 0.046θ̄ , (21)

we obtain

ηn = −ηp = 4 × 105θ̄ . (22)

We also can express η via the quark chromo-EDMs d̃u and
d̃d . Using relations gḡ0 = 0.8 × 1015(d̃u + d̃d )/cm and
gḡ1 = 4 × 1015(d̃u − d̃d )/cm [130], we obtain

ηn = −ηp = (2(d̃u − d̃d ) − 0.1(d̃u + d̃d ))1022/cm. (23)

In the expressions above, interaction constants have opposite
sign for valence proton and valence neutron (which in this
case is an unpaired nucleon, which defines a nonzero value
of �). However, magnetic moments also have opposite signs
for proton and neutron, so overall sign of the product μη for
valence protons and neutrons is the same.

The 227Ac nucleus has a half-life of 21.8 yr. 227Ac is a
product of the uranium decay chain. It is also produced in
nuclear reactors by neutron capture by 226Ra. This isotope
is commercially available. It has spin I = 3/2 and magnetic
moment μ = 1.1(1). The interval between opposite parity lev-
els, which are mixed by the T ,P-odd interaction, is E ( 3

2
+

) −

E ( 3
2

−
) = 27.37 keV. Experimental nuclear excitation spectra

in this nucleus satisfy criteria for the octupole deformation.
This nucleus has a proton above 226Ra, which according to
Ref. [131] has an octupole deformation with β3 = 0.134. In
the experimental paper Ref. [42] it was found that β3 = 0.1
for 227Ac and 225Ac. Substitution of these parameters to the
formulas presented above gives

M(η) ≈ 1.3 × 10−33ηp e cm2, (24)

M(g) ≈ 1.3 × 10−27(−gḡ0 + 5gḡ1 + 2gḡ2) e cm2, (25)

M(θ ) ≈ 5 × 10−28θ̄ e cm2, (26)

M(d ) ≈ 1.3 × 10−11(2(d̃u − d̃d ) − 0.1(d̃u + d̃d )) e cm.

(27)

The energy interval within the doublet E+ − E− = 27 keV is
much smaller than the interval between the opposite-parity
orbitals in spherical nuclei (∼8 MeV). Therefore, value of
MQM is one to two orders of magnitude bigger than MQM
of a spherical nucleus estimated in Ref. [94].

The 225Ac nucleus has a half-life of 10 days. Similar calcu-
lations show that the result for 225Ac is 1.5 times smaller since
the energy interval is bigger, E ( 3

2
+

) − E ( 3
2

−
) = 40.1 keV.

Note that a comparable contribution to MQM of actinium
isotopes is given by a spin hedgehog mechanism which re-
quires quadrupole deformation (but does not require octupole
deformation) [132]. Magnetic quadrupoles in this case have
a collective nature, somewhat similar to collective electric
quadrupoles in deformed nuclei. Actinium isotopes have a sig-
nificant quadrupole deformation and possess collective MQM
with the values close to that of 229Th (neighbor of Ac in
periodic table) estimated in Refs. [6,133].

C. Relevance to T ,P-violation search experiments

As it was mentioned above, the l doubling leads to the
existence of the two closely spaced levels of opposite parity.
The strength of the external electric field required to polarize
the molecule is proportional to the energy spacing. Levels
with l = 2 possess very small spacing, but can hardly be
populated in actual experiments, so only the l = 1 levels are
to be considered as the working ones. To the lowest order
the energy spacing EJ for the l = 1 states can be roughly
estimated using the formula [134]

EJ ≈ B2

ν2
(v2 + 1)J (J + 1), (28)

where B is the rotational constant, ν2 is the frequency of the
bending mode, and v2 is the vibrational quantum number for
the bending mode. For the (0,11,0) J = 1 state of AcOH+

this estimate gives EJ=1 ≈ 15 MHz, which is very close to
the corresponding spacing predicted for RaOH (≈14.5 MHz
[50]) and nearly two times less than the spacing in YbOH
(≈26 MHz [51]), as expected from the smaller v2 frequency
in the latter case. Thus the external electric field strength
required to polarize the system is expected to be of the same
order as for YbOH (∼100 V/cm), and even smaller.

To estimate the lifetime of the excited (0, 11, 0) vibrational
state, we have approximated the permanent dipole moment
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TABLE III. Calculated values of the effective electric field (Eeff ),
parameter of the scalar-pseudoscalar nucleus-electron interaction
(WT,P), and parameter of the nuclear MQM interaction with electrons
(WM ).

Eeff WT,P WM

Method (GV/cm) (kHz) (1033 Hz/(e cm2))

DHF, DC −47.6 −131.3 −1.325
97e-CCSD, DC −58.7 −161.2 −1.744

97e-CCSD(T), DC −57.4 −157.6 −1.701
Basis correction 1.4 3.6 0.027
Gaunt 1.0 2.0 0.024
Final −55.0 −152.1 −1.651

of AcOH+ as a linear function and calculated its slope at the
DFT level of theory (see the Computational Details section).
The Wigner-Eckart conditions were additionally imposed to
approximately get rid of the origin dependence of the dipole
moment of a charged system. Our rough estimation gives
transition moment |d| ≈ 0.13 a.u. Combining this value with
the predicted excitation energy ν2 = 423 cm−1, we arrive at
the lifetime of ≈0.4 s, which is comparable to the lifetime
of the 31 state in HfF+ [121].

Table III gives calculated values of the molecular constants
of T ,P-violation interactions for the ground electronic state
of AcOH+. Perturbative triple cluster amplitudes contribute
about 2.5% to the final values. According to Refs. [104,110]
one can expect that higher-order correlation contributions are
small compared to this value. One can also see from Table III
that the basis-set size extension corrections are rather small,
proving a good convergence. This is also true for the Gaunt
contribution estimation. Note also that, when the Breit in-
teraction is considered, one should include additional terms
in the eEDM interaction Hamiltonian (4) (see Ref. [100] for
details and Ref. [114] for discussion). Therefore, the given
“Gaunt” correction can be considered only as a rough estimate
for the case of Eeff . The given values of WM , Eeff , and WT,P

have been calculated for the theoretical equilibrium structure
of AcOH+ determined in the present paper (see above). In
principle, it is possible to calculate the values, averaged over
the vibrational wave function. In Refs. [104,110] it was shown
that this contribution is small for ThO and ThF+ diatomic
molecules. Recently, it was also shown [51] that for YbOH the
vibrationally averaged value of the effective electric field is
very close to the value calculated for the equilibrium structure.
Therefore, we neglect this contribution in the present study. In
Ref. [135] we have analyzed that the variation of the nuclear
finite charge distribution model can contribute about 1%. In
Ref. [136] it has been shown that the contribution of the QED
effects in the related property, the hyperfine structure constant,
for the Ra+ ion is 0.6%. Ac in AcOH+ has a similar effective
configuration as Ra+. Therefore, one can suggest the QED
effects contribute about 1% in the present case. Assuming that
possible higher-order correlation effects, and contributions of
the Breit and further basis-set size increase are similar to
corrections given in Table III, as well as taking into account
uncertainty due to neglect of QED and the uncertainty of the
nuclear charge distribution model, we can estimate the final

uncertainty as a square root of the sum of squared values of
mentioned effects. So, the overall uncertainty is expected to
be less than 4.5%.

The resulting value of WM� for AcOH+ is ≈1.5 times
bigger than that of YbOH [46,47] and is slightly smaller than
in ThO [96,137], but twice as large as for HfF+ [115] (see also
Table II of Ref. [49] for comparison).

As it is mentioned above, there are several isotopes of
Ac suitable for experiments to search for the nuclear MQM.
According to Eq. (3) the WM constant is required to extract the
value of the nuclear MQM from the experimental energy shift.
Equations (24)–(27) can be used further to extract constraints
on such parameters as the quantum chromodynamics vacuum
angle θ̄ and quark chromo-EDMs. Note that the characteristic
energy shift induced by MQM is proportional to WMM. This
product expressed in terms of θ̄ is nearly the same as in the
173YbOH [47,138] molecule (see also Table II of Ref. [49] for
comparison with other molecules). Both AcOH+ and YbOH
molecules can be used to search for other T ,P-violating
effects as the electron EDM and scalar-pseudoscalar nucleus-
electron interaction. Therefore, in order to perform more clear
interpretation one has to have several independent measure-
ments with different sensitivities to different T ,P-violating
sources [139]. Here we can also note that due to different
number of protons in Ac and Yb the sensitivities of AcOH+

and YbOH to eEDM and kT,P are different.

IV. CONCLUSION

We have considered the AcOH+ molecular ion viable for
measuring T ,P-violation effects. To our best knowledge,
AcOH+ is the first polyatomic molecular ion which is possibly
coolable. The wide variety of relatively long-lived and exper-
imentally available isotopes allows one to use this molecular
ion to perform measurements of fundamentally different ef-
fects, e.g., electron EDM and nuclear magnetic quadrupole
moment. The estimates for the nuclear MQM based on nuclear
structure calculations can be used for interpretation of the
experimental data in terms of the fundamental QCD param-
eters. Finally, based on the analogy with the YbOH/YbOCH3

molecules, one can expect that the closed optical cycle can
also exist for AcOCH+

3 . If true, this will reveal the path to
the new generation of T ,P-violation search experiments with
polyatomic molecular ions.
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