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Hyperfine quenching rates of the lowest-energy metastijand P, states of Mg, Ca, Sr, and Yb atoms
are computed. The calculations are carried out uaimgnitio relativistic many-body methods. The computed
lifetimes may be useful for designing novel ultraprecise optical clocks and trapping experiments wih the
fermionic isotopes. The resulting natural widths of tHey-1S, clock transition are 0.44 mHz fof°Mg,

2.2 mHz for*3Ca, 7.6 mHz forf’Sr, 43.5 mHz for'’vb, and 38.5 mHz fot’3Yb. Compared to the bosonic
isotopes, the lifetime of th&P, states in fermionic isotopes is noticeably shortened by the hyperfine quenching
but still remains long enough for trapping experiments.
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I. INTRODUCTION for Mg, 2.2 mHz for*3Ca, 7.6 mHz fo’Sr, 43.5 mHz for
This work is motivated by emerging experiments with '"Yb, and 38.5 mHz for'”vb. Compared to the bosonic

cold divalent atoms Mg, Ca, Sr, and Y1]. For example, the !sotop_es, the lifetime of théP, states in fermionic'isotopes '
recently attained Bose-Einstein condensate of the grounds noticeably shortened by the hyperfine quenching but still
state Yb[2] may offer new insights into the physics of de- remains long enough for trapping experiments.

generate quantum gases due to a vast number of available The paper is organized as follows. First, in Sec. Il we
isotopes and relative simplicity of molecular potentials. As toderive the hyperfine quenching rates using perturbation
the 3P, metastable statgsee Fig. 1, it was realized that the theory. The solution of many-body atomic problem and nu-
nonscalar nature of théP, states may be used to overcome merical details are given in Sec. lll. Finally, we present the
the unfeasibility of magnetic trapping of the spherically sym-results, compare with the previous calculations, and draw the
metric 'S, ground state$3—6]. Knowing radiative lifetimes conclusions in Sec. IV. Unless noted otherwise, atomic units
of the other®P, metastable states is required in developing(%=|e|=m,=1) are used throughout.

the next generation of ultraprecise optical atomic clocks

[7-10. Here the clockwork is based on cold atoms confined

to sites of an engineered optical lattice. The lifetime deter- !l DERIVATION OF HYPERFINE QUENCHING RATES

mines the natural width of the clock transition between the | the presence of nuclear moments, the total electronic

ground and théP_O state. angular momentund no longer remains a good quantum
For all bosonic isotopes of Mg, Ca, Sr, and Yb, the n mper. The atomic energy levels are characterized instead
nuclear spinl vamshes and these isotopes lack hyperﬁneOy the total angular momentu=J+1. Nevertheless, the
structure. For bosonic isotopes thre, state may decay only - cqupling of the electronic and the nuclear momenta is small
via very weak multiphotorfe.g., E1-M1) transitions. How- 514 in this section we employ the first-order perturbation

ever, forfermionicisotopes(Table I), | #0, a new radiative heory in the magnetic-dipole hyperfine interaction to com-
decay channel becomes available due to the hyperfine inte

- ' ! bute the modified atomic wave functions of tPre,., levels.
action (HFI). The HFI, although small, admixes atomic lev- ’
els of the total angular momentud=1 thus opening an
electric-dipole branch to the ground state. The resulting HFI-
inducedE1 decays do determine the lifetimes of tRi,
states. As to théP, states, here the single-photon decays are
allowed, but being of no=l character, are very weak. The
lifetimes are long and range from 15 s for Yb to 2 h for Ca
[11,17. As we demonstrate here, depending on an isotope,
the hyperfine quenching of th&P, states is either compa- —
rable to or is much faster than the small neh-rates.

A detailed theoretical analysis of the hyperfine quenching
has been limited so far to astrophysically important He, Be,

and Mg and their isoelectronic sequen¢&3-14. The hy- 1S, (ns?)
perfine quenching of théP, states of Sr and Yb has been
estimated in Refs[7,10]. Here we carry oufb initio rela- FIG. 1. Lowest-lying energy levels of M@=3), Ca(n=4),

tivistic many-body atomic structure calculations to extendsr(n=5), and Yb(n=6), relevant to the radiative decay of the
and refine these previous studies. We find that the resultingsnp®p, , states. The hyperfine quenching predominantly is caused
natural widths of thélP,—'S, clock transition are 0.44 mHz by the admixture of thesnp3P; andnsnp’P; states.
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TABLE I. Nuclear parameters of the stable fermionic isotopesthat the quadrupole moment éfYb vanishes, since the
of Mg, Ca, Sr, and Yb. Heré are the nuclear sping,/uy are the  nuclear spinl=1/2 for this isotope.
nuclear magnetic moments expressed in units of the nuclear mag- Using the Wigner-Eckart theorem, the matrix element of

netonuy, andQ are the nuclear quadrupole moments expressed ifthe hyperfine interaction in Eq1) may be simplified to
barns.

Isotope | ! py Q (v (13"); FMg[Hyg| 1(13); FME)

Mg 52 -0.85546 0.19920) = Srrr Owemr (- DS MO [T Ing)
43Ca 712 -1.31727 -0.0408) k

875y 9/2 -1.09283 0.3330) 1k

173y 12 0.4919 0 17 F 2
173yp 5/2 -0.6776 2.80@0)

Given the correction to the wave function, Edj), we derive
With these perturbed wave functions the hyperfine quenchinge hyperfine quenching rate using the standard formalism of
rates are obtained with the conventional Fermi golden rule.the Fermi golden rule. The rate of spontaneous emission

Before proceeding with the outlined derivation, we note(a—b) for an electric-dipole radiation is

that in this problem there are two types of perturbations: the
hyperfine interaction and the interaction with the electromag- 3
netic field. Here we treat the HFI as the dominant interaction, Ay b= Aﬂw3b|<a|D|b>|2, (3)
determine the hyperfine structure first, and as the next step 2
compute the lifetimes. This approach is valid as long as the
radiative width of the®P; level is much smaller than the

fine-structure intervals between the components of g where a=~1/137 is the fine-structure constanbg,=E,

multiplet [14]. We verified that this inequality holds for all _.Eb is the transition fr_equency, anp IS the electric-
dipole operator. Summing over all possitfg and mag-

the atoms under consideration. netic quantum numbernsl, of the final state, while disre-
We develop the formalism in terms of the hyperfine states q b '

17(13)FMg). Here the angular momentaand J are conven- garding smallF-dependent energy correction, one obtains
tionally coupled to produce a state of definite total momen-

tum F and its projectionMg, and y encapsulates all other A3 s 1 5
atomic quantum numbers. In the first order of perturbation Ay p= ?wabZF + 12 @l|D[[b)[. (4)
theory in the hyperfine interactiohly,, the correction to the a’ ~Fp

hyperfine subleve|y(IJ)FMg) of the metastable stateJ)

reads For the case at hand, the initial state is the HFI-perturbed
nsnp3P;,(J#1) state, and the final state is the ground
1) — ’ ’
[YIDFME T = X |y (1) FME) ng 1S, state. Taking into account E@l), we arrive at the
leI

hyperfine quenching rate as
X<7/(|J,)FMF|HHFI|y(lJ)FMF>

E(y'J') - E(1J) ’ 3
Ayr(nsnp3Py;F — ns? lSO)=4iw3
whereE(yJ) are the energies of atomic states. In the above HF! ’ 9

expression, we have taken into account tHat, is a scalar,

so the total angular momentumand its projectiorM¢ are

conserved. In general, the hyperfine coupling Hamiltoniarwith w;=E(nsnp3P;)-E(ns’ 'S and the sumss, defined
Hug may be represented as a sum over multipole nucleaas

momentsM;k) of rank k combined with the even-parity

1

> s’

k

)

electronic coupling operatorﬁx(k) of the same rank so that L1k
the total interaction is rotationally anfd invariant, Se=[MPy > 1y E
!J!
Hue = 2 (M®OT0), T
S (ns” *SIDl|y’ I')(»'I'[7¥Insnp®P,) ©)
XA 3
In the following we limit the discussion to the contributions E(y'Y') - E(nsnp°P)

from the nuclear magnetic-dipolédk=1) and -electric-
quadrupole (k=2) moments. The conventionally defined Note that due to the electric-dipole selection ruldss1.

nuclear morr;ents are related to the teQSWé\k) as u  Due to this restriction, in a particular case of thenp3P,
=M, =MP[IM =1y and Q=2(IM,=1|MP|IM|=I). We  states only the magneti&=1) HFI coupling causes thEl
list the moments for the isotopes of interest in Table I. Notetransitions and Egqg5) and (6) are simplified to
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403 | +1] « (NS 1SID)ly' I’ = 1y’ = 1TV nsnp3Py) | 2
Aup(nsnp®Py F =1 — ng 1S) = — wiu? .
Hr(NSNP~Po NS S = ey % E(y'J' = 1) - E(nsnp°Py)

)

For the case ohsnp3P, state we restrict our consideration manding Yb, the corrections to the effective hyperfine opera-

by the first two terms in the sum ovédrin Eqg. (5). In the  tor tend to cance]18], and we have simplified the calcula-

following section we carry ousb initio relativistic many- tions for Yb by using the bar@ ™ operator.

body calculations of the derived hyperfine quenching rates. To demonstrate the quality of the constructed wave func-
tions and the accuracy of the effective-operator approach, in
Table Il we present the calculated magnetic-dipole hyperfine

lll. SOLVING ATOMIC MANY-BODY PROBLEM structure constanta for the 3P, , states. These constants are
expressed in terms of expectation valuesHpf,. As seen

Theab initio relativistic atomic-structure calculations em- .
ployed here are similar to computations of electric-dipolefrom the Table Il the differences between the calculated and

amplitudes for the alkaline-earth-metal atofiid] and hy- tr:; experimental values, even for heavy Yb, do not exceed
perfine structure constants and electric-dipole amplitudes fo]r o

ytterbium[11,18. Here we only briefly recapitulate the main Further the sums, Eq. (6), are computed in the frame-

features of this method. We consider Mg, Ca, Sr, and Yb a :ar\l:tngsttheignrrLeelmg;Disl'?haemrchaes\{c\?r? moit?f ngg £1t EEZ
atoms with two valence electrons outside the closed-she 9

; rm
cores. Strong repulsion between the two valence electrons 18

treated nonperturbatively using the configuration-interaction

. I 1 k K
(Cl) method. The core-valence and core-core correlations are S = (1| M®|1) (89|78 nsnp®Py), (10)
taken into account with the help of the many-body perturba- J 1 F

tion theory(MBPT) method. In the following we refer to this
combined approach as the CI+MBPT metHad]. .

In the CI+MBPT approach, the energies and the wave'on
functions are determined from the eigenvalue equation in the
model space of the valence electrons

where|§V) satisfies the inhomogeneous Schrodinger equa-

[Her — E(nsnpP)]|8¥) = Degns® 1Sp). (11

Hei(Ep) |@p) =E, [ @), (8) Itis worth noting that because the effective operators act in
) o ) the valence model space, thé¥) solution encompasses
where the effective Hamiltonian is defined as only the excitations of the valence electrons to higher va-

Her(E) = Hee + S(E). 9) lence states. The unaccounted for core excitations involve
Here Hec is the relativistic two-electron Hamiltonian in TABLE Il. Magnetic-dipole hyperfine structure constastgor

the frozen-core approximation ant(E) is the energy- the nsnp®P,; andnsnp3P, states. The computed values are com-
dependent core-polarization correction. The all-order oppared with the experimental data.

eratorX(E) completely accounts for the second-order cor-
relation correction to the energies. The omitted diagrams ACPY (MH2) A(P) (MHz)
in higher orders may be accounted for indirectly by ad-

I . Lo ; 25 i - -
justing the effective HamiltoniafL7,20.. Namely, one in- Mg This work 146.1 ) 129-7a
troduces an energy shiff and replaces(E) with X(E Experiment -144.97B) —128.4455)
- ). The parameted is determined semiempirically from  *Ca This work -199.2 -173.1
a fit of the resulting theoretical energy levels to experi- Experiment -198.890)" -171.9622)°
mental spectrum. 875y This work -258.7 -211.4

Using the effective Hamiltonian we find the wave func- Experiment -260.083)¢ -212.76%1)
tions of the ground and th&P; states. Further we apply the 171y This work 3964 2704
technique of effective all-ordgdressey operators to calcu- . e

; ; . Experiment 3957.947) 2677.6
lations of the matrix elements. Technically, we employ the i

173vp This work -1092 -745

random-phase approximatiadiRPA). The RPA sequence of
diagrams describes a shielding of externally applied field by Experiment  -1094.260)° -737.1
the core electrons. This is the level of approximation em-< o 21.

ployed here for electric-dipole matrix elements. The hyperoamold et al. [22].

fine, 7 and 7®, matrix elements required more sophisti- ‘Grundeviket al. [23].

cated approach: for these operators we additionally¥iHeider and Brink[24].

incorporated smaller correctiotithe details can be found in “Clark et al. [25].

Ref. [18]). For the heaviest and more computationally de-'Budick and Snir[26].
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TABLE Ill. Sums S, for the metastabléP, and 3P, states for TABLE IV. The hyperfineE1-quenching rates for the metastable
different total angular momentg are presented. The values are P, and 3P, states in sl. The rates depend on the total angular
given in atomic units. momentum. The rates are compared with values by other authors,

where available.

F S;,nsnp3P,  S;,nsnp®P,  S,,nsnp3P,

Atom Transition rate F This work Other
Mg 312 -5.7x 1078 7.1x10°8
5/2 8.0x 10°6 8.1x10%  -3.8x10°% Mg AgsPPo—'S) 52 4.44x107% 4.2x1074°
712 -8.4x 1078 -5.2x10°8 Aurs(PPo—1S) 312 2.25x107%  1.4x10742
“ca 52 2.1x10°5 3.3x10°8 5/2  4.65<10% 2.9x104?
712 -3.1x10°%  -2.7x10°  -1.3x1078 7/2  5.02<10% 3.1x104?
912 27105  -2.6x10°8 $Ca  ApsPPo—'S) 72 2.22¢10°73
875r  7/2 43x10°  -6.0x107 Aurs(PP,—1S)  5/2  1.02x1073
9/2 6.2 10°° -5.5x 1075 1.9x107 7/2  1.81x10°°
11/2 5.3x10°° 4.9x107 9/2  1.74x10°8
yp 12 -1.2x104 875y AurPPo—1s) 92 7.58<103  6.3x1073°
3/2 -1.3x1074 Aurs(PPo—1S)  7/2 4.01x10°3
73yp 312 -7.5x10°5 1.1x10°% 92 6.81x10°3
5/2 -1.1x10%  -1.1x10%  -59x10° 11/2  6.38<10°3
712 -1.1x10%  -8.0x10°® p  AgpsPPo—1S) 112 435102 5.0x102°
AuesPP— 1)  3/2 9.18x1072
3vh APy —1'S) 5/2  3.85x102% 4.3x102°
Igrge energy denominators and we disregard their contribu- AursPP,—1S)  3/2  2.14x1072
tions. 52 5.32¢10°2

7/2  7.22x107?

IV. RESULTS AND CONCLUSIONS

“Garstang13].
To reiterate the discussion of the preceding section, weKatori et al. [7].
carry out the calculations in several logical steps. First, wePorsevet al. [10].
solve the CI+MBPT eigenvalue proble(8) and determine
the ground and thesnp3P; state wave functions and ener- tum F ranges fromJ-1| to J+I, the § symbol in Eq.(6)
gies. At the next step, we compute the dresBéebperator imposes an additional restrictio,—1|<F<I+1. This re-
D¢ and solve the inhomogeneous equaiibt). Finally, we  quirement can be tracked to the selection rule for the electric-
calculate the required sun;, Egs.(6) and(10), and deter- dipole transition amplitude between the ground state
mine the hyperfine quenching rates, E5). (J43=0,F4=1) and the intermediate state which has the same
The computed values of the nonvanishing si8nandS,  F as the original hyperfine stafsee Eq.(1)]. Combined
for nsnp®P, andnsnp®P, states for Mg, Ca, Sr, and Yb are selection rule reads
presented in Table IlI. For thesnp®P, the quadrupole sums
S, vanish due to the selection rules; these sums are not listed. max|J—-1],] - 1)) S Fsmin(J+1,1 + 1).
From the table, it is clear that the sums grow larger for
heavier atoms. This is due to increasing matrix elements oKeeping this restriction in mind, in Table IV we have listed
the hyperfine interactiogsee Table . Further, a direct in- the quenching rates only for such allowed value$ of
vestigation of the sums shows that the contributions of both A relative role of the quadrupole HFI contribution can be
nsnp3P; and nsnp'P; intermediate states are comparable.illuminated using Table Ill. The rati§,/S, for the nsnp®P,
Qualitatively, the triplet state is separated from the metastates is in the order of 0.01 for isotopes of Mg, Ca, and Sr,
stable states by a small fine-structure interval, butBis  while for 1"3Yb it is ~0.1. The enhancement fdr3Yb is
matrix element with the singlet ground state vanishes nonmostly due to a relatively large nuclear quadrupole moment
relativistically. For the singlet state, the situation is reversedQ=2.8 barn and a small gyromagnetic ratig=-0.2710.
compared to the triplet contribution, the involved energy de-Our computation shows that the electric-quadrupole hyper-
nominator is much larger, but the electric-dipole matrix ele-fine interaction contributes to the quenching rate at the level
ment is allowed. of 20 % for 173vb, at the level of 2—3 % fof®Mg and &’Sr
With the determined values & and Eq.(5), we obtain  and below 1% for**Ca. We also remind the reader that for
the hyperfine quenching rates for the metastdBlgand®P,  the "*Yb isotope,|=1/2 and thenuclear moments beyond
states. The resulting rates are listed in Table IV. The tabuthe magnetic-dipole moment vanish.
lated decay rates for th#®, states require some explanation.  In Table IV we also compare the computed rates with the
First of all, as follows from Eqs(5) and(6) the quenching results from the literature. For Mg the hyperfine quenching
rates depend on the total angular momentiof the hyper-  rates for the’P, state were estimated more than four decades
fine substate. Although, in general, the total angular momenago by Garstan@l3]. Our results are in a reasonable agree-
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TABLE V. Comparison of the hyperfine quenching ratesaxi-  the dominant decay branch and determines the lifetime of the
mum over the hyperfine manifold in Table JWith the nondipole  fermionic isotopes.

rates for the’P, states. The rates are given ifs It is worth mentioning one more process that can poten-
tially lead to a shortening of lifetimes of the metastable

Atom Hyperfine rate, max NoE1 raté states. As demonstrated by Yasuda and K4&$j, the blsack

25 4 4 body radiation(BBR) induced decay rate of theshp °P,
43?23 sl'gzlxx ig“ j'jji i; state for Sr is equal to 8.0810°s! at 300 K. This decay
o : . : . rate is comparaple to the I-_lFI guenching rate cqmputed in

Sr 68.1x 107 9.55x 107 this work. A detailed analysis of the BBR effects is beyond

1yp 9.18x1072 6.7x1072 the scope of this work. Our order-of-magnitude estimate of
173yh 7.22x 1072 6.7x 1072 the BBR quenching for Mg, Ca, and Yb shows that at room

temperature(T=300 K) the BBR quenching is negligible
compared to the rates caused by the vacuum fluctuations of
the electromagnetic fiel@T=0). The reader, however, should
ment with his values. Certainly, our calculations based on thée cautioned that the BBR rate strongly depends on the am-
modernab initio relativistic many-body techniques are more bient temperature and it may become important, for example,
complete. In fact, based on better than 1% accuracy ddlthe if a hot oven is used as a source of atoms.
initio hyperfine constant@able 1) and energy levelpl7,1§ To summarize, here we employed relativistic many-body
we expect that the computed hyperfine quenching rates aigethods to evaluate hyperfine quenching rates for the meta-
accurate within at least a few percent. Further, in the Ca|CUstabIe3P0 and 3P, states of Mg, Ca, Sr, and Yb. The tabu-
lation of the sumsS,, Garstang[13] kept only the two |ated rates may be useful for designing novel ultraprecise
lowest-energy intermediate statéB; and *P;. This author  gptical clocks and trapping experiments with fermionic iso-
has also employed the following=1-matrix elements topes of metastable alkaline-earth-metal atoms and Yb. The
[(*S||D|*P1)| =0.0058 a.u. and[(‘S||D[['P1)[=3.46 a.u., resulting natural widths of th8Py—1S, clock transition are
which are smaller than more accurate valugs] of 0.44 mHz for?Mg, 2.2 mHz for*3Ca, 7.6 mHz for®’Sr,
0.00647) a.u. and 4.0R)a.u., employed here. Our results 43.5 mHz for'"*yb, and 38.5 mHz fot”3Yb. Compared to
for 87Sr are in fair agreement with the estimate of R&l.  the bosonic isotopes, the lifetime of tRB, states in fermi-
Previously, we have estimated the quenching rates for Yipnic isotopes is noticeably shortened by the hyperfine
isotopes[10] by summing only over the two lowest-energy quenching but still remains long enough for trapping experi-
excited states; the present result should be considered asents.
more accurate.
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