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Magic wavelengths of the Yb (652 'Sy—6s6p 3P;) intercombination transition
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We calculate and measure the magic wavelengths for the 6s2 'Sy —6s6p 3P| intercombination transition of the
neutral ytterbium atom. The calculation is performed with the ab initio configuration interaction + all-order
method. The measurement is done with laser spectroscopy on cold atoms in an optical dipole trap. The magic
wavelengths are determined to be 1035.68(4) nm for the 7 transition (Am = 0) and 1036.12(3) nm for the o
transitions (|Am| = 1) in agreement with the calculated values. Laser cooling on the narrow intercombination
transition could achieve better results for atoms in an optical dipole trap when the trap wavelength is tuned to

near the magic wavelength.
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I. INTRODUCTION

For cold atoms in an optical dipole trap (ODT) or an optical
lattice, by tuning the wavelength of the trapping light to a
“magic wavelength” [1-5], the light shifts for the lower and
upper states of a transition cancel each other so the transition
frequency is independent of the intensity of the trapping light.
Indeed, the transition frequency is unshifted as if the atoms
were in free space. The optical lattice atomic clock based on
this concept has achieved great metrological precision [6]. For
quantum information and quantum communication applica-
tions [7-9], magic wavelength can significantly improve the
quantum coherence time by reducing position-dependent and
motional dephasing effects.

In this paper, we focus on the magic wavelength for the
65> 'Sy —6s6p 3P, intercombination transition of the neutral
ytterbium atom (Yb).

Yb is the choice for many cold-atom experiments in-
cluding Bose-Einstein condensate [10—12], degenerate Fermi
gas [13,14], optical lattice clock [15-17], and quantum gas
microscopy [3,18-21]. For laser cooling of Yb, the nar-
row 652 1Sy —6s6p 3P transition (I' /27 = 181 kHz) is widely
used to achieve uK temperature. Knowing the magic wave-
length and the gradient of differential ac Stark shifts near the
magic wavelength, narrow-line cooling can be improved by
employing Sisyphus cooling schemes [3,22].

In a previous work [23], the magic wavelength of
65 1Sy —6s6p 3P, was calculated using the configuration
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interaction (CI) + MBPT method. The results are 1035.7(2)
nm for Am = 0 and 1036.0(3) nm for |Am| = 1. (Table I).

II. THEORY

Magic wavelengths for a specific atomic transition arise
between the resonances of the relevant transitions originating
from either the lower or upper state. The wavelength, or the
corresponding frequency, can be calculated using the sum-
over-states formula for a frequency-dependent polarizability
of a state v [24]:

(D

oy (w) =
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327 +1) - (Ex — E))? — o?
In the equation above, J is the total angular moment of the
state v, (k||D]|v) is the reduced electric-dipole matrix element,
AE = E; — E, is the transition frequency, and o is the light
frequency, assumed to be at least several linewidths off the
transition resonance. Light is assumed to have linear polariza-
tion in this calculation.

For the 6s% s, —6s6p 3p, transition at 555.8 nm, there
is a resonance for the polarizability of 6s6p 3p; at
1032.45 nm [25] due to the 6s6p 3P, —5d6s 'D, transition.
The magic wavelength is determined as the crossing point of
the polarizabilities of 652 'Sy and 6s6p 3P;. The valence part of
the polarizability is calculated by solving the inhomogeneous
equation in the valence space,

(Ey — Heip)|W(v, m)) = Defr g|Wo(v, J, m)), 2

for a state v with the total angular momentum J and projection
m [26]. Here H.g includes the all-order corrections in the
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TABLE 1. The measured and calculated values of the magic
wavelengths (in vacuum) for the 65> 'S, —6s6p 3P, transition in the
neutral Yb atom.

0,=0 0, =m/2
o b4 o b4
Experiment® 1036.12(3) 1035.68(4) 1035.83(3) 1036.12(3)
Theory?* 1035.9 1035.5 1035.7 1035.9
Theory® 1036.03)  1035.7(2)
#This paper.

Z.-M. Tang et al. (2018) [23].

framework on the CI + all-order method [27] which was
used for the calculations of Yb blackbody shift and long-range
interaction coefficients in Refs. [28,29]. The effective dipole
operator D.g includes random phase approximation correc-
tions.

In atomic units, polarizability has the dimension of volume
and its numerical values presented here are expressed in the
unit of ag, where ap &~ 0.052918 nm is the Bohr radius.

The total polarizability of the 3P, state is given by [24]

N )
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where o and «; are the scalar and tensor polarizability, re-
spectively; 6, is the angle between the quantization axis and
the polarization of the light field. For all following calcula-

tions, we assume 6, = 0 for simplicity, thus the geometric

3cos?6,—1
factor ——+"— = 1. For J = 1, we have a = a¢p — 20 for

Am =0and o = oy + a for |Am| = 1.

Our ab initio CI + all-order calculations result in a
resonance wavelength for the 6s6p 3P, —5d6s'D, transition
of 1026.36 nm, 0.6% less than the experimental value of
1032.45 nm [25]. We correct the placement of this resonance,
using instead the measured value in the calculations. This is
important since the magic wavelength is only 3 nm away from
the resonance. We extract the contribution of the transition
from 6s56p 3P, (denoted v) to 5d6s 'D, (denoted k) using the
following formulas:
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where C is given by

C_( 5ju2jy — 1) y”
— 60, + DQ2jy + D(2jy +3)

The dynamic polarizabilities of Yb 65> ISy and 656p 3Py states
at a wavelength red-detuned from the 1032.45 nm resonance
are plotted in Fig. 1. The resulting recommended values of the
magic wavelengths are 1035.5 nm for Am = 0 and 1035.9 nm
for |Am| = 1 (Table I).
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FIG. 1. Calculated polarizabilities for 6s> 'S, and 6s6p 3Py, in-
dicating the magic wavelengths for 65> !5, —6s6p 3P, near the
1032.45 nm resonance.

III. EXPERIMENTAL SETUP

In the experiment (Fig. 2), atoms are trapped in the first-
stage blue magneto-optical trap (MOT) using the strong
652 1Sy —6s6p 'P; transition. The atoms are then transferred
into the second-stage green MOT using the narrow-line
65> 'Sy —6s6p 3p; transition.

Doppler cooling on the narrow transition lowers the tem-
perature of the atoms down to about 30 1K, as determined by
time-of-flight measurements. The atoms are then transferred
to an overlapping ODT formed by a focused laser beam with
a beam waist of 30 um and a Rayleigh length of 2.7 mm. At
an ODT power of 30 W, the trap depth is 500 uK. The number
of atoms in the ODT is about 1 x 10°.
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FIG. 2. (a) Energy-level structure showing the first-stage cooling
transition at 398.9 nm and the second-stage cooling transition at
555.8 nm. (b) Setup for the magic wavelength measurement. The
atoms in the optical dipole trap (ODT) of 1036 nm are under a
uniform bias field By,s of 2 G. The 555.8-nm probe laser is for
absorption spectroscopy and its two perpendicular polarizations are
for the detection of ¢ and 7 transition, respectively.

062805-2



MAGIC WAVELENGTHS OF THE YB (652 'S, ...

PHYSICAL REVIEW A 102, 062805 (2020)

For transverse cooling, Zeeman slowing and the first-stage
MOT, all on the 6s2 'S, —6s6p 'P, transition, about 1 W
of 398.9-nm light is produced by frequency doubling of
797.8-nm light from a diode-laser system. The 555.8-nm light
for the second-stage MOT is produced in a similar way with
an output power of about 200 mW. Both frequencies are
stabilized to an ultralow expansion cavity. Up to 50 W of laser
power is available for the ODT generated by an Yb-doped
fiber amplifier seeded with a diode laser.

IV. METHOD

We measure the differential ac Stark shift of
65 1Sy —6s6p P, transition and determine its magic
wavelengths. The even isotope '7*Yb is chosen for simplicity,
since it has nuclear spin zero and thus no hyperfine structure.
For experimental convenience, as shown in Fig. 2(b), By;as 1S
chosen to be in the z direction and the ODT polarization in
the x direction, so 8, = 7 /2. By measuring the shifts of both
the 7w (Am = 0) and the o (|Am| = 1) transitions, the scalar
and tensor part of the ac Stark shift can be separated, and then
recombined to yield shifts of 8, = 0 or, for that matter, any 6,
values.

The differential ac Stark shift is proportional to the light
intensity / and the differential polarizability Aa: Av o Aal,
where Ao = a® — a8 = Aoy — %(sz —2)as (0, = % in our
experiment). We denote DSSC = Av/P as the differential ac
Stark shift coefficient (DSSC), where P is the ODT laser
power. DSSC is measured at various trap laser wavelengths
to determine the magic wavelength. At a magic wavelength,
both DSSC and A« go to zero.

Absorption-image spectroscopy is used to measure the dif-
ferential ac Stark shift of the 6s2 'Sy —6s6p 3p; transition. As
shown in Fig. 2(b), the 555.8-nm probe laser passing through a
dichroic mirror is overlapped with the ODT. Under a uniform
Bpias Of 2 Gauss, the Zeeman splitting of the 3P, state is
4 MHz and the & and o transitions (linewidth 181 kHz) are
well separated in the spectrum. For each data point in Fig. 3,
we scan the frequency of 555.8-nm probe laser to record an
absorption spectrum and determine the ac Stark shift. For each
ODT wavelength, the ac Stark shift has a linear dependence on
the ODT power. The slope of this dependence gives the DSSC
at this particular ODT wavelength. Fig. 3 shows the DSSC for
the 7 transition at 1035.7 nm.

V. RESULTS AND DISCUSSION

We measure DSSCs for different ODT wavelengths, which
are measured by a calibrated wave meter (Bristol 671A) with
an uncertainty of less than 1 ppm (Table II). All wavelength
values are those of wavelengths in vacuum. By linear fitting
the data, we determine the zero crossing wavelength for each
transition. For the o transition, we average the DSSCs of
ot and o~ transitions to eliminate any residual vector shifts
(due to residual circular polarization of the ODT). Under the
experimental setting of 8, = /2, the magic wavelengths are
1035.83(3) nm (o transitions, |Am| = 1) and 1036.10(3) nm
(v transition, Am = 0). With the corresponding geometric
factors, we separate the scalar and tensor parts of DSSCs for
0, = /2 and recombine them for 8, = 0. The zero crossing
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FIG. 3. Ac Stark shift (A f) vs ODT laser power for the 7 transi-
tion at the ODT wavelength of 1035.7 nm. The slope of the fit line is
DSSC. The ac Stark shift is determined by the center position of the
absorption spectrum (see inset). A Gaussian fit (solid curve) gives
a FWHM of 1.8 MHz for an ODT power of 15.5 W. The peak is
broadened due to both the ac Stark shift of the ODT and the Zeeman
shift in the MOT.

wavelengths for 6, = 0, and thus the magic wavelengths are
1036.10(3) nm (o transitions, |Am| = 1) and 1035.69(4) nm
(r transition, Am = 0) (Fig. 4).

In the experiment, a deviation of 6, from 7 /2 causes a
systematic error. We evaluate 6, using an indirect method.
First, the polarizing beam splitter (PBS) that defines the ODT
polarization is verified to be parallel to another PBS for the
555.8-nm probe laser beam. Second, the angular relation be-
tween the polarization of the 555.8-nm probe laser and By,
can be directly measured relying on the fact that the 7 transi-
tion is forbidden at 6, = 7 /2. At the maximum o -to-7 peak
ratio of (59 £9), we determine that 6, = 82.6 4= 0.6°. Other
systematic effects are also investigated, and the results are
listed in Table II. The statistical uncertainty dominates in this
measurement. The final results are listed in Table 1.

VI. OUTLOOK

By tuning the ODT wavelength to or near the magic
wavelength, Sisyphus-type narrow-line laser cooling can be

TABLE II. Error evaluation. The wavelength error is given in the
unit of pm for picometer.

Correction (pm) Uncertainty (pm)

Contribution o b4 o b4
Statistics 0 0 29 38
0, +15 -7 2 1
ODT power (5%) 0 0 4

Wave meter 0 0 0.5 0.5
Total +15 -7 29 38
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FIG. 4. DSSC vs ODT wavelength. Error bar indicates the stan-
dard deviation of each data point and the two thin lines illustrate the
confidence bounds (95%). The zero crossing points are 1036.10(3)
nm for the o transition and 1035.69(4) nm for the 7 transition.

investigated to achieve a sub-Doppler temperature. It may
also help enhance the MOT-to-ODT transfer efficiency since
laser cooling can be applied continuously as the atoms fall
into the ODT. Furthermore, since an ODT operating at this
magic wavelength provides an environment without ac Stark
shift or broadening, for the odd-isotope !”!Yb, optical pump-
ing and spin-state detection can be conducted on the narrow
652 1Sg —6s6p 3Py transition for spin-polarized cold-atom ex-
periments.
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