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The tune-out wavelength at 413 nm for the 2 35 state of helium is expected to be sensitive to finite nuclear
mass, relativistic, and quantum electrodynamic (QED) corrections, which provides a scheme for testing atomic
structure theory [J. Mitroy and L.-Y. Tang, Phys. Rev. A 88, 052515 (2013)]. In the present work, a large-
scale full-configuration-interaction calculation based on both the Dirac-Coulomb-Breit Hamiltonian and the
nonrelativistic Hamiltonian is performed for the dynamic dipole polarizabilities of helium in the 2 35, state. The
tune-out wavelengths for the magnetic sublevels M, = 0 and M; = %1 are determined to be 413.0801(4) nm
and 413.0859(4) nm, respectively, at sub-ppm accuracy, including finite nuclear mass and relativistic corrections.
Our value for the M; = 1 sublevel agrees with the measured value of 413.0938(20)(9) nm [B. M. Henson et al.,
Phys. Rev. Lett. 115, 043004 (2015)] at the level of 19 ppm. The discrepancy between these two values is mainly
due to the uncalculated QED contribution. Our current value confirms quantitatively the prediction of Mitroy and
Tang. Also, for the state of 2 38, we find that the corrections due to finite nuclear mass and relativistic effects to
the static dipole polarizability of 315.7227(4)a; are about 600 ppm and 310 ppm, respectively, which are about
1.4 and 5.4 times larger than those for the ground state. A measurement at the level of 10 ppm for the static dipole
polarizability of helium in 2 3} can be used to determine the transition matrix element between 2 3S and 2 3P at

the level of 1072.
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Atomic helium is one of the simplest Coulomb three-body
systems. The accurate investigation of its energy levels can be
used to determine the fine-structure constant [1,2], to extract
the nuclear charge radius [3,4], and to test QED theory [5,6].
For theoretical calculations of energy levels, the most popular
approach starts with solving the eigenvalue problem for the
nonrelativistic Hamiltonian by using the correlated basis sets;
and then relativistic and QED corrections are added by using
perturbation theory [7,8]. The current comparison between
theory and experimental measurements for the ground-state
energy has reached a level of ppb [5,9]. In contrast to this,
very few experimental determinations of atomic transition
rates have a precision of 0.1% or better [10]. At present,
the most precise calculation among atomic properties that
are related to atomic transition matrix elements is the static
dipole polarizability of helium in the ground state [7,8,11],
where the measured precision has reached 9.1 ppm. However,
it is difficult to further improve this precision, since a
measurement of polarizability depends on modulating
precisely the electric field strength.

The tune-out wavelength A, is the wavelength at which
the dynamic dipole polarizability for a state of interest is
zero [12,13], which means that the atom is basically uneffected
by the irradiating laser. Since the position of the tune-out
wavelength does not depend on the details of laser power
or beam profile, a measurement of the tune-out wavelength
can have higher accuracy than a measurement of the static
dipole polarizability. For example, the tune-out wavelength
of potassium has been measured to an accuracy of 2 ppm,
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which opens the way to determine precisely the oscillator
strength ratio for the 4s — 4p spin-orbit doublet [14,15].
Recently the measurement of the tune-out wavelength for the
ground-state hyperfine of rubidium has been reported at a level
of sub-ppm [16].

In 2013 Mitroy and Tang [13] pointed out that the tune-
out wavelength around 413 nm for the helium metastable
23S, state can provide a nonenergy test of QED theory.
In 2015 Baldwin’s group [17] measured the tune-out wave-
length of that state at the M; = 1 magnetic sublevel to
be 413.0938(9star)(204ys;) With the experimental accuracy of
5 ppm. This measured value is more accurate than the
theoretical calculation of 413.02(9) nm [13] by two orders of
magnitude. Recently we used the nonrelativistic configuration
interaction (NRCI) method to obtain the tune-out wavelength
of 413.038 28(3) nm [18] for the case of infinite nuclear mass.
Compared to the experimental result, there exists a discrepancy
of 134 ppm for the NRCI value [18], which has motivated us to
do more detailed theoretical investigation on the finite nuclear
mass (FNM), relativistic, and QED effects in the tune-out
wavelength more rigorously.

The tune-out wavelength is extracted from the calculation
of dynamic dipole polarizabilities, which depend on the fun-
damental atomic structure information of energies and wave
functions. Recently Piszezatowski et al. computed the dynamic
dipole polarizability of 1.391 811 41 ag at the He-Ne laser
wavelength for the ground state of helium by using the pertur-
bation method [19]. The accuracy of their result is 0.1 ppm.
Since the He-Ne laser wavelength of 632.9908 nm is far
fromany 1 'S — n 'P resonance transition lines, the dynamic
dipole polarizability can be efficiently calculated from a power
series expansion in terms of the laser wavelength [20]. How-
ever, for the 2 35, state of He, the tune-out wavelength around
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413 nm is very near the excitation threshold of 389 nm relative
to the 1s3p 3P state. Therefore the power series expansion
method of Refs. [19,20] cannot be applied. Thus in the present
work, we carry out the relativistic configuration-interaction
(RCI) calculations for the dynamic dipole polarizabilities of
He in the 2 35 state by using the full-configuration-interaction
method based on B-spline functions to solve the eigenvalue
problems of the Dirac-Coulomb-Breit (DCB) Hamiltonian.
FNM correction to the tune-out wavelength is extracted from
the NRCI calculation. Combining the RCI and NRCI results,
we can determine the FNM and relativistic corrected tune-out
wavelength around 413 nm and the static dipole polarizability.

The RCI calculation is performed to solve the eigenvalue
problem of the DCB Hamiltonian:
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where m, is the electron mass, c is the speed of light [21], p;
is the momentum operator, &; and § are 4 x4 Dirac matrices,
15 is the unit vector of the electron-electron distance ry,, and
Hp is the Breit operator with the retardation effect excluded.
When Hg is neglected from Eq. (1), the Hamiltonian of Eq. (1)
becomes the Dirac-Coulomb (DC) Hamiltonian.

The wave function ;;(J M) of helium is expanded as a
linear combination of the configuration-state wave functions
¢ij(JM;), which are constructed by single-electron wave
functions with the orbital quantum numbers ¢; and £, less than
the maximum number of partial wave £,,,x. The configuration-
state wave functions are constructed by using the Notre Dame
basis set [22,23] with N B-spline functions to solve the single-
electron Dirac equation. The exponential knot distribution for
the B splines is the same as Eq. (24) of our previous paper [18].
Different from the most of RCI calculations [24,25], we do not
impose any truncation for the CI basis sets.
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The NRCI calculation is performed by applying the
B-spline method to solve the eigenvalue problem for the
following nonrelativistic Hamiltonian:

2 2

V: 2 1 1
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where w = m,mgy/(m, + mgy) is the reduced mass of the
electron and my = 7294.2995361m, is the nucleus mass of
“He [21]. We adopt the same computational procedure as
our previous work [18] except that the mass-polarization term
—V - V,/myg is included here.

The dynamic dipole polarizability for the magnetic sublevel
M, at the laser frequency w can be expressed as

ai(@) = &} (@) + (3M] —2)af (), 4)

where a,s (w) and o (w) are, respectively, the dynamic scalar
and tensor parts of the polarizability, which can be expressed as
the sum over all intermediate states, including the continuum:
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In the above, the dipole oscillator strength f{,) is
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where T; = Y7_, r;C(#,) is the electronic dipole transition

operator, |N, J,) is the nth intermediate eigenfunction with

principal quantum number N,, angular momentum quantum

number J,, and energy E,, and AE,, = E, — E; is the

transition energy between the initial state and the intermediate
state.

Table I presents the RCI energies for some low-lying states,

which are relevant to the dynamic dipole polarizability of the

TABLE I. Comparison of energies from the RCI and NRCI calculations for some low-lying states. The FNM column is the finite nuclear
mass corrections extracted from the NRCI values of *He and “He, and the QED column lists the QED corrections adopted from Ref. [27]. The
seventh column lists the total energies, which include the FNM, relativistic, and QED corrections. The experimental data are taken from the
National Institute of Standards and Technology (NIST) tabulation [28]. The numbers in parentheses are computational uncertainties. In atomic

units.

State RCI NRCI for *°He NRCI for “He

FNM QED [27] Total Experiment

235, —2.1753445(2) —2.17522936(2) —2.17493017(2)
23p,  —2.133269 4(2)
23p, —2.1332691(2) —2.13316417(2) —2.132 880 60(2)
23p,  —2.133 264 6(2)
33p,  —2.058 187 4(4)
33p,  —2.058 1873(4) —2.05808108(2) —2.057 801 48(2)
33p,  —2.058 186 1(5)
43P,  —2.032 430 8(5)
43P, —2.0324308(5) —2.03232435(2) —2.03204681(2)
43P,  —2.0324303(5)

2P —2.123947(2) —2.123 841 6(2) —2.123 544 2(1)
317 —2.055252(2) —2.055 145 9(2) —2.054 862 2(2)
4'p —2.031 176(2) —2.031 069 4(2) —2.030 790 2(2)

0.000 299 19(4) 0.00001672 —2.175028 6(2) —2.175 028 942
—2.132969 9(2) —2.132970 359
0.000 283 57(4) 0.00001591 —2.132969 6(2) —2.132970010
—2.1329651(2) —2.132965 509
—2.057 891 8(4) —2.057 891 998
0.000 279 60(4) 0.00001605 —2.057 8917(4) —2.057 891 898
—2.057 890 5(5) —2.057 890 665
—2.0321372(5) —2.032137409
0.000 277 54(4) 0.000016 08 —2.032 137 2(5) —2.032 137 368
—2.0321367(5) —2.032 136 865

0.000 297 4(3)  0.000016 11  —2.123 634(2) —2.123 638 389
0.000 283 7(4)  0.000016 10  —2.054 952(2) —2.054 954 059
0.0002792(4)  0.000016 10 —2.030 881(2) —2.030 881 359
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TABLE II. Comparison of reduced matrix elements for some transitions of 2 38, — n 3P of helium. The values in the FNM column are
extracted from the NRCI calculations for both *He and “He, and they represent the finite nuclear mass corrections to the reduced matrix
elements, and the sixth column lists the total reduced matrix elements with the FNM and relativistic corrections included. The values from
perturbation theory (PT) for the dipole allowed and forbidden transitions are respectively from Refs. [29] and [30]. The numbers in parentheses
represent computational uncertainties. In atomic units.

Transition RCI NRCI for *He NRCI for “He FNM Total PT for “He
238, — 273P, 2.531 323(2) 2.531 782(2) 2.531 375
238, — 23P 4.38431(2) 4.384 432 5(4) 4.384 891 3(3) 0.000 458 8(7) 4.38477(2) 4.384 692
238, - 23p, 5.660 13(2) 5.660 59(2) 5.660 605
238, — 33P, 0.524 23(2) 0.524 78(2) 0.524 549
238, — 33P 0.908 17(2) 0.908 502 9(3) 0.909 049 1(2) 0.000 546 2(5) 0.908 72(2) 0.908 546
238, - 33p, 1.172 46(2) 1.173 01(2) 1.172 934
23S, — 43P, 0.300 14(2) 0.300 39(2) 0.300 281
238, — 43P 0.51993(2) 0.520 078 8(3) 0.520 328 0(2) 0.000 249 2(5) 0.520 18(2) 0.520 103
238, — 43P, 0.671 24(2) 0.671 49(2) 0.671 450
235, —>2'p 0.001 27(2) 0.001 262
235, - 31p, 0.000 12(2) 0.000 121

2 35, state. The NRCI energies for *He and “He are also listed
in the third and fourth columns. For the RCI energies, our
values for the triplet states have seven significant digits. For
the singlet states, the present RCI energies have converged to
the sixth significant digit. For the NRCI energies, our results
have eight and seven significant digits for the triplet and singlet
states, respectively. From the RCI energies of 2 3P, ; » state, we
can obtain the fine-structure splittings of vy; = 29 609 MHz
and vy, = 31582 MHz, which may compare to the values of
29564 MHz and 31 881 MHz [26] that include the leading-
order relativistic correction. By comparing the results for
*He and “He, we can extract the FNM corrections to the
energies listed in the fifth column. Finally by adding the
QED corrections [27] listed in the sixth column and the FNM
to our RCI values we obtain the total energies listed in the
seventh column. We can see that our total energies are in good
agreement with the NIST energies [28].

Table IT lists some reduced matrix elements for 2 3§, —
n '3 P transitions in helium. The last column contains the
perturbation values of Refs. [29,30] where both the FNM

and the leading-order relativistic corrections are included. In
the last column, the results for the dipole allowed transitions
are derived from Ref. [29], and the values for the dipole
forbidden transitions are converted by using the oscillator
strengths f, and the transition energies A€, in Table 6 of
Ref. [30]. It is seen that our NRCI results for ®He and “He
have six to seven significant digits, and our RCI values have
four to six significant digits. If we add the FNM correction
of 0.0004588(7) to the RCI value of 4.38431(2) for the
238, — 2 3P transition, we obtain a value 4.38477(2), which
has five significant digits compared to the value 4.384692 [29]
using perturbation theory. The detailed comparison for the
energies and matrix elements listed in Tables I and II has
shown that the present RCI and NRCI calculations for the
dynamic dipole polarizability and the tune-out wavelength of
helium are reliable.

Table III shows a convergence study for the static dipole
polarizability and the tune-out wavelength for the M; =0
sublevel of 2 35, obtained from the RCI calculations under the
DC Hamiltonian. The numbers of configurations for the 31,

TABLE III. Convergence of the static dipole polarizability «;(0) (in aé) and the tune-out wavelength A, (in nm) under the DC Hamiltonian
for the 2 3S; (M, = 0) state of helium as the number of B-splines N increases and the number of partial wave £,,,,, is fixed at 5, and as the number
of partial wave £,,x increases and the number of B splines N is fixed at 30. Nig,, N3p, N3 p,, and Nsp, are the numbers of configurations for the
381, 3Py, 13 Py, and 3P, symmetries, respectively. The numbers in parentheses in the extrapolated values represent computational uncertainties.

Emax =35
N (Nisys Nomys Nispys Nopy) a1 (0) 1y
30 (9285, 4500, 12 600, 15 300) 315.542 767 16 412.990 357 56
35 (12 670, 6125, 17 150, 20 825) 315.542 477 89 412.990 248 23
40 (16 580, 8000, 22 400, 27 200) 315.542 403 44 412.990 219 55
Extrap. 315.542 38(2) 412.990 21(1)
N =30
Cinax (Nss,, Nap,, Nisp,, and Nip,) a1(0) A
5 (9285, 4500, 12 600, 15 300) 315.542 767 26 412.990 357 60
6 (11 055, 5400, 15 300, 18 900) 315.543 805 18 412.991 398 79
7 (12 825, 6300, 18 000, 22 500) 315.544 149 55 412.991 768 97
Extrap. 315.5443(2) 412.9919(2)
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TABLE IV. Convergence study of the tune-out wavelength A, (in nm) under the DCB Hamiltonian for the 2 3, state of He as the number
of partial wave £, increases and the number of B splines N is fixed at 30. Nsg , N3p), Ni3p, and Nsp, are the numbers of configurations
for the 35}, 3Py, Py, and 3P, symmetries, respectively. The numbers in parentheses of the extrapolated values represent computational
uncertainties from finite £.,. The last line lists the recommended values where the uncertainties are doubled due to finite sizes of CI

basis sets.

Cinax (Nsg,, Nsp,, Nisp,, N3p,) 238, (M; =0) 238, (M; = +£1)
3 (5745, 2700, 7200, 8100) 412.957 203 22 412.963 070 12
4 (7515, 3600, 9900, 11 700) 412.974 017 84 412.979 876 96
5 (9285, 4500, 12 600, 15 300) 412.977 620 94 412.983 476 59
6 (11 055, 5400, 15 300, 18 900) 412.978 662 92 412.984 516 96
7 (12 825, 6300, 18 000, 22 500) 412.979 032 83 412.984 886 06
Extrap. 412.9792(2) 412.9850(2)
Rec. 412.9792(4) 412.9850(4)

3Py, l’3P1, and 3P, symmetries are also listed as N, Nap,,
Nisp,, and Nsp,, respectively. It is seen that both the static
dipole polarizability and the tune-out wavelength converge
more rapidly as the number of B splines N increases and at the
same time the number of partial-wave £, is fixed at five, than
the case when £, increases and N is fixed at 30. When £, 18
fixed, the extrapolated values of «;(0) and A, are, respectively,
315.54238(2)518 and 412.990 21(1) nm, which are one order
of magnitude more accurate than the extrapolated results of
315.5443(2)618 and 412.9919(2) nm when N is fixed. Thus in
the following calculations, we will fix N at 30 and increase
£max to test convergence for the dynamic dipole polarizability
and the tune-out wavelength. The incompleteness of the basis
sets due to the truncation of N will be combined with the
truncation of £, to estimate the uncertainties in the final
recommended values. The same convergence style exists for
the M; = =1 sublevels, and the same extrapolated values of
o1(0) = 315.5443(2)a; and A, = 412.9919(2) nm with N =
30 are obtained for the M; = %1 sublevels, since the tensor
part of the polarizability makes small contribution to the total
dynamic polarizability in Eq. (4).

Table IV is a convergence study for the tune-out wavelength
as £ max increases under the DCB Hamiltonian for the magnetic
sublevels M; = 0and M; = %1 in the state of 2 3S; of helium.
Nsg,, Nsp,, Nisp, and Nsp, represent the total numbers of
configurations for the 381, 3Py, l’3P1, and 3P, symmetries,
respectively. According to the convergence pattern, we obtain
the extrapolated values as £,,x increases to infinity. In order to
estimate the effect from the incompleteness due to truncation
of B splines, we double the uncertainties in the recommended
values listed in the last line of Table IV. The RCI values
under the DCB Hamiltonian for the M; =0 and M; = £1
states are, respectively, 412.9792(4) nm and 412.9850(4) nm,
which have six significant digits. Compared to the DC value
of 412.9919(2) nm in Table III, we can see that the Breit
interaction reduces the tune-out wavelength by 13 picometers
for M; = 0 and by 7 picometers for M; = £1.

Table V lists the tune-out wavelength obtained from the
NRCI and RCI methods, as well as a comparison with
published values. From the NRCI values for ®He and “He,
the FNM correction to the tune-out wavelength is determined
to be 0.10091(5) nm. After adding this correction to the
RCI values, we obtain the total tune-out wavelengths of

413.0801(4) nm and 413.0859(4) nm for the sublevels of M; =
0 and M; = =1, respectively. The averaged value over the
magnetic sublevels is A, = 413.0845(4) nm with an accuracy
of sub-ppm. Compared to the hybrid value [13], which is
obtained by incorporating Hylleraas matrix elements for the
23P; and 3 3P; states and the core-polarization model matrix
elements for the rest transitions, our averaged result improves
the value of Mitroy and Tang [13] by two orders of magnitude.
Compared the present value of 413.0859(4) nm for the M; = 1
sublevel with the measured value of 413.0938(9ta)(20syst)
nm, the agreement is at the level of 19 ppm. The existing
discrepancy between the two values is from the uncalculated
QED correction.

In Table V we present a comparison for the static dipole
polarizability of helium in the 23| state. It is seen that
our NRCI value for *°He is in perfect agreement with the
result from the Hylleraas calculations [32] and is more
accurate than the NRCI result using Slater basis sets [31].
Comparing our NRCI values for both *He [18] and “He, the
FNM correction increases the «(0) by 0.1889(4)a8. After
adding this correction to our RCI values, we obtain the
values of 315.7165(4)a8 and 315.7248(4)a3 for the M; = 1
and M, = %1 sublevels, respectively. The averaged value
of 315.7227(4)a8 over the magnetic sublevels is also listed

TABLE V. Comparison of the tune-out wavelength (in nm) and
the static dipole polarizability «;(0) (in a}) for the 23S, state of
helium. The numbers in parentheses are computational uncertainties.

Method X;(nm) o1(0) (a.u.)
NRCI for *He [18] 413.038 28(3) 315.6315(2)
NRCI for “He 413.139 19(2) 315.8204(2)
Correction from FNM 0.100 91(5) 0.1889(4)
RCI for 2 3§,(M,; = 0) 412.9792(4) 315.5276(2)
RCI for 2 3§,(M; = +1) 412.9850(4) 315.5359(2)

Total for 2 35,(M; = 0)
Total for 2 3S,(M; = +1)
Averaged over M,

413.0801(4)
413.0859(4)
413.0845(4)

315.7165(4)
315.7248(4)
315.7227(4)

Hybrid [13] 413.02(9) 315.462
Expt. [17] 413.0938(95ta0)(204ys0)
Slater NRCI [31] 315.611

Hylleraas [32] 315.631 468(12)
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in the table for a direct comparison. We can see that the
present averaged value is 0.023% larger than the hybrid
value of 315.462(18 . Compared with previous experimental
measurements [33,34], our averaged value is much more
accurate than the measured result 322(6.8)613 by four orders of
magnitude.

Meanwhile, we find that for the metastable 2 3S; state, the
FNM and relativistic corrections to «(0) are, respectively,
600 ppm and 310 ppm. However, for the ground-state helium,
the corresponding corrections are 447 ppm and 58 ppm [7,8].
This means that the FNM and relativistic corrections to the
static dipole polarizability of 2 35, are, respectively, 1.4 and
5.4 times larger than those for the ground state. Therefore a
precise measurement of the static dipole polarizability of 2 35,
can test atomic structure theory related to the transition matrix
elements.

Furthermore, since the 2 35S — 2 3P transition contributes
about 304.8351a8 to the static dipole polarizability of
315.8204(2)a; for the 23S state of ‘He, the static dipole
polarizability can be expressed as

2x?

0)=-—"2
“® 3AE;35-03p

+ ttrem(0). ®)

Here X = (235|712 3P) is the reduced matrix element,
orem(0) is the contribution from all the 235 — n 3P (n >
3) transitions, which can be calculated accurately as
10.9670(8)a8 by replacing the first nine energies and matrix
elements of our RCI values with the NIST energies and
Hylleraas matrix elements. Since the accuracy of AE;3g_,p3p
is better than 0.05 ppb [35], we can derive the following rela-
tionship between the relative uncertainty for X and «(0) from
Eq. (8):

& N 18[0[1(0) — trem(0)]
X B 2 [(X](O) —arem(o)] ’

9
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At the present precision of oem(0), we have
§X _ 1601(0) 10-6
X 2 a1(0) '

(10)

If the experimental measurement accuracy for a1 (0) of the 2 3§
state can reach 10 ppm, which is possible using modern atom
interferometry technique [14], the transition matrix element
of (2357112 3P) would be determined at the level of 107>
according to Eq. (10).

In summary, the tune-out wavelengths of 413.0801(4) nm
and 413.0859(4) nm for the magnetic sublevels M; = 0 and
M, = +1, respectively, in the state of 2 35, of helium have
been determined by combining the RCI and NRCI calcu-
lations, including the FNM and relativistic corrections. The
present value for the M; = 1 sublevel reduces the discrepancy
between the previous theoretical calculation and experimental
measurement from 134 ppm to 19 ppm. The existing 19 ppm
discrepancy between theory and experiment for the tune-out
wavelength calls for further QED calculation. In addition, we
have found that the FNM and relativistic corrections to the
static dipole polarizability of the 2 3S; state of helium are
about 1.4 and 5.4 times larger than those for the ground state.
Therefore high-precision measurement of the static dipole
polarizability of helium in 2 3} will not only provide a test on
atomic structure theory, but also can determine the transition
matrix element of 2 3§ — 2 3P at a level better than 1074,

We thank Zong-Chao Yan for his helpful comments and
careful corrections on this work. We also thank Jun-Yi
Zhang and K. G. H. Baldwin for their useful suggestions.
Yong-Hui Zhang would like to thank Yong-Bo Tang for
helpful discussions about developing RCI code. This work was
supported by the National Basic Research Program of China
under Grant No. 2012CB821305, and by the National Natural
Science Foundation of China under Grants No. 11474319, No.
11274348, and No. 91536102.

[1] K. Pachucki and V. A. Yerokhin, Phys. Rev. Lett. 104, 070403
(2010).

[2] M. Smiciklas and D. Shiner, Phys. Rev. Lett. 105, 123001
(2010).

[3] R. van Rooij, J. S. Borbely, J. Simonet, M. D. Hoogerland, K. S.
E. Eikema, R. A. Rozendaal, and W. Vassen, Science 333, 196
(2011).

[4] P. Cancio Pastor, L. Consolino, G. Giusfredi, P. De Natale, M.
Inguscio, V. A. Yerokhin, and K. Pachucki, Phys. Rev. Lett. 108,
143001 (2012).

[5]1 G. W. E. Drake and Z. C. Yan, Can. J. Phys. 86, 45 (2008).

[6] E. E. Eyler, D. E. Chieda, M. C. Stowe, M. J. Thorpe, T. R.
Schibli, and J. Ye, Eur. Phys. J. D 48, 43 (2008).

[7] G. Lach, B. Jeziorski, and K. Szalewicz, Phys. Rev. Lett. 92,
233001 (2004).

[8] K. Pachucki and J. Sapirstein, Phys. Rev. A 63, 012504 (2000).

[9] D. Z. Kandula, C. Gohle, T. J. Pinkert, W. Ubachs, and K. S. E.
Eikema, Phys. Rev. A 84, 062512 (2011).

[10] N. Bouloufa, A. Crubellier, and O. Dulieu, Phys. Scr., T134,
014014 (2009).

[11] J. W. Schmidt, R. M. Gavioso, E. F. May, and M. R. Moldover,
Phys. Rev. Lett. 98, 254504 (2007).

[12] L. J. LeBlanc and J. H. Thywissen, Phys. Rev. A 75, 053612
(2007).

[13] J. Mitroy and L.-Y. Tang, Phys. Rev. A 88, 052515
(2013).

[14] A.D. Cronin, J. Schmiedmayer, and D. E. Pritchard, Rev. Mod.
Phys. 81, 1051 (2009).

[15] W. F. Holmgren, R. Trubko, I. Hromada, and A. D. Cronin,
Phys. Rev. Lett. 109, 243004 (2012).

[16] E. Schmidt, D. Mayer, M. Hohmann, T. Lausch, F. Kindermann,
and A. Widera, Phys. Rev. A 93, 022507 (2016).

[17] B. M. Henson, R. I. Khakimov, R. G. Dall, K. G. H. Baldwin,
L.-Y. Tang, and A. G. Truscott, Phys. Rev. Lett. 115, 043004
(2015).

[18] Y.-H. Zhang, L.-Y. Tang, X.-Z. Zhang, and T.-Y. Shi, Phys. Rev.
A 92,012515 (2015).

[19] K. Piszczatowski, M. Puchalski, J. Komasa, B. Jeziorski,
and K. Szalewicz, Phys. Rev. Lett. 114, 173004
(2015).

052516-5


http://dx.doi.org/10.1103/PhysRevLett.104.070403
http://dx.doi.org/10.1103/PhysRevLett.104.070403
http://dx.doi.org/10.1103/PhysRevLett.104.070403
http://dx.doi.org/10.1103/PhysRevLett.104.070403
http://dx.doi.org/10.1103/PhysRevLett.105.123001
http://dx.doi.org/10.1103/PhysRevLett.105.123001
http://dx.doi.org/10.1103/PhysRevLett.105.123001
http://dx.doi.org/10.1103/PhysRevLett.105.123001
http://dx.doi.org/10.1126/science.1205163
http://dx.doi.org/10.1126/science.1205163
http://dx.doi.org/10.1126/science.1205163
http://dx.doi.org/10.1126/science.1205163
http://dx.doi.org/10.1103/PhysRevLett.108.143001
http://dx.doi.org/10.1103/PhysRevLett.108.143001
http://dx.doi.org/10.1103/PhysRevLett.108.143001
http://dx.doi.org/10.1103/PhysRevLett.108.143001
http://dx.doi.org/10.1139/P07-154
http://dx.doi.org/10.1139/P07-154
http://dx.doi.org/10.1139/P07-154
http://dx.doi.org/10.1139/P07-154
http://dx.doi.org/10.1140/epjd/e2007-00289-y
http://dx.doi.org/10.1140/epjd/e2007-00289-y
http://dx.doi.org/10.1140/epjd/e2007-00289-y
http://dx.doi.org/10.1140/epjd/e2007-00289-y
http://dx.doi.org/10.1103/PhysRevLett.92.233001
http://dx.doi.org/10.1103/PhysRevLett.92.233001
http://dx.doi.org/10.1103/PhysRevLett.92.233001
http://dx.doi.org/10.1103/PhysRevLett.92.233001
http://dx.doi.org/10.1103/PhysRevA.63.012504
http://dx.doi.org/10.1103/PhysRevA.63.012504
http://dx.doi.org/10.1103/PhysRevA.63.012504
http://dx.doi.org/10.1103/PhysRevA.63.012504
http://dx.doi.org/10.1103/PhysRevA.84.062512
http://dx.doi.org/10.1103/PhysRevA.84.062512
http://dx.doi.org/10.1103/PhysRevA.84.062512
http://dx.doi.org/10.1103/PhysRevA.84.062512
http://dx.doi.org/10.1088/0031-8949/2009/T134/014014
http://dx.doi.org/10.1088/0031-8949/2009/T134/014014
http://dx.doi.org/10.1088/0031-8949/2009/T134/014014
http://dx.doi.org/10.1088/0031-8949/2009/T134/014014
http://dx.doi.org/10.1103/PhysRevLett.98.254504
http://dx.doi.org/10.1103/PhysRevLett.98.254504
http://dx.doi.org/10.1103/PhysRevLett.98.254504
http://dx.doi.org/10.1103/PhysRevLett.98.254504
http://dx.doi.org/10.1103/PhysRevA.75.053612
http://dx.doi.org/10.1103/PhysRevA.75.053612
http://dx.doi.org/10.1103/PhysRevA.75.053612
http://dx.doi.org/10.1103/PhysRevA.75.053612
http://dx.doi.org/10.1103/PhysRevA.88.052515
http://dx.doi.org/10.1103/PhysRevA.88.052515
http://dx.doi.org/10.1103/PhysRevA.88.052515
http://dx.doi.org/10.1103/PhysRevA.88.052515
http://dx.doi.org/10.1103/RevModPhys.81.1051
http://dx.doi.org/10.1103/RevModPhys.81.1051
http://dx.doi.org/10.1103/RevModPhys.81.1051
http://dx.doi.org/10.1103/RevModPhys.81.1051
http://dx.doi.org/10.1103/PhysRevLett.109.243004
http://dx.doi.org/10.1103/PhysRevLett.109.243004
http://dx.doi.org/10.1103/PhysRevLett.109.243004
http://dx.doi.org/10.1103/PhysRevLett.109.243004
http://dx.doi.org/10.1103/PhysRevA.93.022507
http://dx.doi.org/10.1103/PhysRevA.93.022507
http://dx.doi.org/10.1103/PhysRevA.93.022507
http://dx.doi.org/10.1103/PhysRevA.93.022507
http://dx.doi.org/10.1103/PhysRevLett.115.043004
http://dx.doi.org/10.1103/PhysRevLett.115.043004
http://dx.doi.org/10.1103/PhysRevLett.115.043004
http://dx.doi.org/10.1103/PhysRevLett.115.043004
http://dx.doi.org/10.1103/PhysRevA.92.012515
http://dx.doi.org/10.1103/PhysRevA.92.012515
http://dx.doi.org/10.1103/PhysRevA.92.012515
http://dx.doi.org/10.1103/PhysRevA.92.012515
http://dx.doi.org/10.1103/PhysRevLett.114.173004
http://dx.doi.org/10.1103/PhysRevLett.114.173004
http://dx.doi.org/10.1103/PhysRevLett.114.173004
http://dx.doi.org/10.1103/PhysRevLett.114.173004

ZHANG, TANG, ZHANG, AND SHI

[20] A. K. Bhatia and R. J. Drachman, Phys. Rev. A 58, 4470
(1998).

[21] P.J. Mohr, B. N. Taylor, and D. B. Newell, Rev. Mod. Phys. 84,
1527 (2012).

[22] W. R. Johnson, S. A. Blundell, and J. Sapirstein, Phys. Rev. A
37,307 (1988).

[23] K. Beloy and A. Derevianko, Comput. Phys. Commun. 179, 310
(2008).

[24] K. T. Cheng, M. H. Chen, W. R. Johnson, and J. Sapirstein,
Phys. Rev. A 50, 247 (1994).

[25] V. A. Yerokhin, Phys. Rev. A 77, 020501 (2008).

[26] P.-P. Zhang, Z.-X. Zhong, Z.-C. Yan, and T.-Y. Shi, Chin. Phys.
B 24, 033101 (2015).

[27] G. W. F. Drake, Handbook of Atomic, Molecular and Optical
Physics (Springer, New York, 2006).

PHYSICAL REVIEW A 93, 052516 (2016)

[28] A. Kramida, Y. Ralchenko, J. Reader, and NIST ASD
Team, NIST Atomic Spectra Database (version 5.0.0) (2012),
http://physics.nist.gov/asd.

[29] G. W. F. Drake and D. C. Morton, Astrophys. J. Suppl. Ser. 170,
251 (2007).

[30] D. C. Morton, E. E. Schulhoff, and G. W. F. Drake, J. Phys. B
48, 235001 (2015).

[31] M. K. Chen and K. T. Chung, Phys. Rev. A 53, 1439 (1996).

[32] Z. C. Yan and J. F. Babb, Phys. Rev. A §8, 1247 (1998).

[33] C. R. Ekstrom, J. Schmiedmayer, M. S. Chapman, T. D.
Hammond, and D. E. Pritchard, Phys. Rev. A 51, 3883 (1995).

[34] R. W. Molof, H. L. Schwartz, T. M. Miller, and B. Bederson,
Phys. Rev. A 10, 1131 (1974).

[35] P. C. Pastor, G. Giusfredi, P. De Natale, G. Hagel, C. de Mauro,
and M. Inguscio, Phys. Rev. Lett. 92, 023001 (2004).

052516-6


http://dx.doi.org/10.1103/PhysRevA.58.4470
http://dx.doi.org/10.1103/PhysRevA.58.4470
http://dx.doi.org/10.1103/PhysRevA.58.4470
http://dx.doi.org/10.1103/PhysRevA.58.4470
http://dx.doi.org/10.1103/RevModPhys.84.1527
http://dx.doi.org/10.1103/RevModPhys.84.1527
http://dx.doi.org/10.1103/RevModPhys.84.1527
http://dx.doi.org/10.1103/RevModPhys.84.1527
http://dx.doi.org/10.1103/PhysRevA.37.307
http://dx.doi.org/10.1103/PhysRevA.37.307
http://dx.doi.org/10.1103/PhysRevA.37.307
http://dx.doi.org/10.1103/PhysRevA.37.307
http://dx.doi.org/10.1016/j.cpc.2008.03.004
http://dx.doi.org/10.1016/j.cpc.2008.03.004
http://dx.doi.org/10.1016/j.cpc.2008.03.004
http://dx.doi.org/10.1016/j.cpc.2008.03.004
http://dx.doi.org/10.1103/PhysRevA.50.247
http://dx.doi.org/10.1103/PhysRevA.50.247
http://dx.doi.org/10.1103/PhysRevA.50.247
http://dx.doi.org/10.1103/PhysRevA.50.247
http://dx.doi.org/10.1103/PhysRevA.77.020501
http://dx.doi.org/10.1103/PhysRevA.77.020501
http://dx.doi.org/10.1103/PhysRevA.77.020501
http://dx.doi.org/10.1103/PhysRevA.77.020501
http://dx.doi.org/10.1088/1674-1056/24/3/033101
http://dx.doi.org/10.1088/1674-1056/24/3/033101
http://dx.doi.org/10.1088/1674-1056/24/3/033101
http://dx.doi.org/10.1088/1674-1056/24/3/033101
http://physics.nist.gov/asd
http://dx.doi.org/10.1086/512239
http://dx.doi.org/10.1086/512239
http://dx.doi.org/10.1086/512239
http://dx.doi.org/10.1086/512239
http://dx.doi.org/10.1088/0953-4075/48/23/235001
http://dx.doi.org/10.1088/0953-4075/48/23/235001
http://dx.doi.org/10.1088/0953-4075/48/23/235001
http://dx.doi.org/10.1088/0953-4075/48/23/235001
http://dx.doi.org/10.1103/PhysRevA.53.1439
http://dx.doi.org/10.1103/PhysRevA.53.1439
http://dx.doi.org/10.1103/PhysRevA.53.1439
http://dx.doi.org/10.1103/PhysRevA.53.1439
http://dx.doi.org/10.1103/PhysRevA.58.1247
http://dx.doi.org/10.1103/PhysRevA.58.1247
http://dx.doi.org/10.1103/PhysRevA.58.1247
http://dx.doi.org/10.1103/PhysRevA.58.1247
http://dx.doi.org/10.1103/PhysRevA.51.3883
http://dx.doi.org/10.1103/PhysRevA.51.3883
http://dx.doi.org/10.1103/PhysRevA.51.3883
http://dx.doi.org/10.1103/PhysRevA.51.3883
http://dx.doi.org/10.1103/PhysRevA.10.1131
http://dx.doi.org/10.1103/PhysRevA.10.1131
http://dx.doi.org/10.1103/PhysRevA.10.1131
http://dx.doi.org/10.1103/PhysRevA.10.1131
http://dx.doi.org/10.1103/PhysRevLett.92.023001
http://dx.doi.org/10.1103/PhysRevLett.92.023001
http://dx.doi.org/10.1103/PhysRevLett.92.023001
http://dx.doi.org/10.1103/PhysRevLett.92.023001



