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We report the finding of “triply magic” conditions (the doubly magic frequency-intensity conditions of
an optical dipole trap plus the magic magnetic field) for the microwave transitions of optically trapped
alkali-metal atoms. The differential light shift (DLS) induced by a degenerate two-photon process is
adopted to compensate a DLS associated with the one-photon process. Thus, doubly magic conditions for
the intensity and frequency of the optical trap beam can be found. Moreover, the DLS decouples from the
magnetic field in a linearly polarized optical dipole trap, so that the magic condition of the magnetic field
can be applied independently. Therefore, the triply magic conditions can be realized simultaneously. We
also experimentally demonstrate the doubly magic frequency-intensity conditions as well as the
independence of the magnetic field. When the triply magic conditions are fulfilled, the inhomogeneous
and homogeneous decoherences for the optically trapped atom will be dramatically suppressed, and the

coherence time can be extended significantly.
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A system of optically trapped cold neutral atoms,
especially alkali-metal atoms, is one of the most important
test beds in modern physics. It plays important roles in
many research fields, such as quantum simulation [1],
quantum metrology [2], quantum information processing
[3], and quantum computation [4]. Most applications rely
on the coherence between two ground hyperfine states,
where the transition frequency lies in the microwave
regime. The decoherence comes from the coupling of
the atomic states to the optical dipole trap (ODT) beam
and the magnetic field. The main decoherence is due to the
inhomogeneous dephasing associated with atomic motion
in the ODT [5,6], in which the fluctuation of the differential
light shift (DLS) between the two ground states depends on
the kinetic motion of the atom and the local trap intensity.
A typical coherence time 7', for atoms trapped in a red-
detuned ODT is usually on the 1-100 ms level [7].
Compared to a red-detuned ODT, a blue-detuned ODT
has weaker inhomogeneous decoherence [8,9]. By apply-
ing a series of z pulses, the inhomogeneous dephasing
process can be technically recovered, and 7', can thus be
greatly elongated [10,11]; 7, is finally limited by other
weaker homogeneous dephasing factors, such as ODT
power fluctuation, ODT beam pointing noise, and variation
in the magnetic field.

To physically suppress both inhomogeneous and homo-
geneous dephasings and extend 7,, “magic” trapping
conditions, such as magic wavelength, magic polarization,
magic intensity, and magic magnetic field, have been
proposed and investigated extensively in recent years
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[2,12-23]. By deliberately arranging the wavelength,
polarization, and intensity of the ODT beam, or the
magnetic field, some of the microwave transition can be
immune either to the fluctuations of the trapping beam or to
the magnetic field alone. This single magic condition helps
to increase T, for the corresponding microwave transition
[16,17,19-23]. To further extend time T,, “doubly magic”
conditions, where the transition is immune to fluctuations
in both the ODT beam and the magnetic field, are preferred.
A set of doubly magic conditions (the magic wavelength of
the ODT plus the magic magnetic field) were proposed for
the multiphoton (mp = —n <> myp =n between two
ground hyperfine Zeeman states with n > 2) microwave
transitions of cesium by matching the polarization, wave-
length, and direction of the ODT beam to the magnetic field
[13,14]. The most recent investigation showed that the
doubly magic conditions (the magic intensity of the ODT
plus the magic magnetic field) can also be found with
bichromatic ODT beams by taking into account the hyper-
polarizability and the coupling between the circularly
polarized ODT beam and magnetic field [15]. However,
in these doubly magic conditions, either the multiphoton
microwave transitions or bichromatic ODT beams are
prerequisite and both are not favorable for the experiment.

Here, we theoretically propose and experimentally dem-
onstrate a new scheme to realize “triply magic” conditions
(the doubly magic frequency-intensity conditions of the
ODT beam plus the magic magnetic condition) for the
microwave transition (mp = —n <> mjy = n with n > 0) of
an alkali-metal atom with a monochromatic ODT beam.
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Moreover, the doubly magic frequency-intensity conditions
of the ODT beam can be found for any microwave
transition. The magic magnetic condition does not couple
to the ODT beam with linear polarization and can be
applied independently. When the triply magic conditions
are met, T, can be substantially prolonged with current
experimental capabilities. The ultimate 7, is then limited
by the Raman scattering of the ODT photons and storage
time of the trapped atom.

The general idea of our method is to use the DLS
induced by a degenerate two-photon process (TPP) to
compensate the DLS associated with a one-photon process
(OPP). Both the TPP and OPP are induced by the same
monochromatic ODT light field. Figure 1(a) shows a
simple model with two ground states |gl) and |g2), one
intermediate state |7), and one excited state |e). |gl) and
|g2) are the two Zeeman states in the hyperfine doublet of
the ground S state for an alkali-metal atom. |e) is a
hyperfine state in the higher S or D state and [i) is a
hyperfine state in the intermediate P state. The OPP
couples [¢g1(2)) and [i), and the TPP couples |g1(2))
and |e) via |i). In this Letter, we only consider a linearly
polarized ODT with the polarization parallel to the direction
of the quantization magnetic field. The induced DLS then
decouples from the magnetic field and can be applied
independently.

Let us first consider the DLS associated with the OPP
[see lower part of Fig. 1(a)]. Regardless of whether the trap
frequency is red detuned or blue detuned to the atomic
transitions |g1(2)) <> |i), the DLS between two ground
states,
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FIG. 1. (a) Energy level scheme for atoms with the OPP and the
additional TPP. (b) A 2D plot of total DLS between cesium clock
states |68, F = 3,my = 0) and |68, 5, F = 4, mp = 0) for the
ODT beam frequency and intensity, with 7S, state as the TPP
excited state. The “star” marks the doubly magic frequency-
intensity point.

|91(2)), Sppr is the hyperfine splitting between two ground
hyperfine states, and Q; = |(i|d|g1(2))|E/h is the Rabi
frequency of the ODT beam, where E is the electric
strength of the trap beam. Therefore, the amount of the
DLS is proportional to the light intensity 7 and has the same
spatial distribution. The fluctuations in the DLS caused by
the thermal motion of the atom and the noise associated
with the ODT field result in inhomogeneous and homo-
geneous dephasings between the two ground states.

To suppress the fluctuations in the DLS, we consider an
additional DLS associated with the TPP in Fig. 1(a). The
TPP frequency detunings for transitions from |gl) and |¢2)
to excited state [e) are Aj and A, = A; — &y, respectively.
The one-photon detuning from |g2) to intermediate state |i)
is then A=(w,;—w;p+A)/2~(w,i—w;)/2 for A<
(Wei=w;p). w,; and w; are the resonant frequencies for
transitions |e) <> |i) and |i) <> |g2), respectively. Thus, the
effective Rabi frequency for the TPP is Qppp = Q,;Q,/A,
where Q; and €, are the one-photon Rabi frequencies,
which couple the lower and higher parts of the two-photon
transition. The TPP-induced hght shifts for |g1) and |¢2)
are 81" = Q2,0 /4A, and 87 = Q2,,/4,, respectively.
The DLS between |¢2) and | gl) associated with the TPP is
the subtraction
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The Rabi frequenmes Q, = |(ild|g1(2))|\/(2I ] cey)/h and
Q, = |(e|d|i)|\/(2/cey)/h, where ¢ and e, are the

speed of light and vacuum permittivity, respectively. The
total DLS A]()L)S is then the sum of Egs. (1) and (2).
Therefore, we determine that the first-order derivative of
the total DLS with respect to both A; and I vanishes at the
points of

A = 5hpf/2 (3)
and
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where the variance of the total DLS depends on the
fluctuations of A; and I only on the second order.
Equations (3) and (4) give the magic frequency and
intensity, respectively. However, these doubly magic con-
ditions are obtained from a simple model in which only one
intermediate hyperfine state and one excited hyperfine state
are involved. To apply this model to a real atom, all the
hyperfine states in the intermediate P states and higher
excited S or D state should be considered. The DLS then
takes the sum. The details of the theoretical framework are
given in the Supplemental Material (SM) [25].

To illustrate our method, we calculate the total DLS
between cesium clock states |6S,,, F = 3,mp = 0) and

(4)
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|68, /2. F = 4, mp = 0) [we denote them as (0,0) hereafter]
in a 1079-nm ODT, in which the TPP couples the two
ground states in 65/, to hyperfine states in 75, ;. Since
there are two hyperfine states with F”/ =3 and 4 in the
781/, state, only two TPP transition lines (F =3 <>
F"=3 and F =4 < F" =4) are allowed with the lin-
early polarized beam. The calculation of the DLS for the
ground states needs to sum the contributions from both
transition lines via all intermediate states in the hyperfine
multiplet of 6P/, 3/,. It should be pointed out that the TPP
selection rules of AF =0 and Amp = 0 [32,33] simplify
the calculation significantly in our special case (single
beam, degenerate two-photon excitation). If one deviates
from these assumptions, then the calculation becomes more
complicated and will change the results. The DLS of the
OPP is calculated by taking into account the states nP;; 3/,
with principle quantum number n =6,7,...,14. The
dependence of the total DLS on the frequency and intensity
of the ODT is shown in Fig. 1(b). The frequency is given
with the reference being the half-distance from 6S to 7S.
Obviously, there is a DLS minimum at vy = vgg.75/2 +
0.219 GHz and I, = 1.11 x 10® W/m?. This point is
marked by a yellow star in Fig. 1(b). The corresponding
trap depth is Uy = —22.5 uK, which can be constructed by
a strongly focused laser beam with a 2.5-ym waist and
1.1-mW power. At the points of DLS minima, the first-order
dependences of the DLS on both the trap frequency and
intensity vanish. The residual coefficients for the second-
order DLS w1th respect to the ODT frequency and intensity
are k%— A LS/81/2| lowe) = 23.6 x 1078 Hz™! and k;=
o*Aljor |(to.00) =5 93><10 SHzm*/W?. These results
are summarlzed 1n the third row of Table I.

We then experimentally demonstrate the doubly magic
frequency-intensity conditions on a single cesium atom
trapped in a microsized 1079-nm trap. The ODT is
constructed by a strongly focused laser beam with linear
polarization parallel to the direction of the magnetic field.

TABLE L.
GS means ground states with (m, n) representing (|65 /25

The details of the experimental layout can be found in
Ref. [36]. The DLS of cesium (0,0) states is obtained by
fitting the transition spectrum [inset of Fig. 2(a)] [37] at the
specific trap frequency, trap intensity, and magnetic field.

Figure 2(a) shows the measurements of the total DLS
when the frequency of the trap beam scans point by point
over the two transition lines, F =3 < F”" =3 and

=4 < F’" =4, which are located at frequencies of
1.08 GHz and —2.42 GHz in the figure, respectively.
The minima of the total DLS occurs in the right middle
of the two transitions, and the data fitting gives a residual
coefficient of 33.7(1.7) x 10~'® Hz~!. The trap power we
used for these measurements is 1.4 mW. By taking
the 2.5-um beam size into account, the light intensity is
1.54 x 108 W/m? at the trap bottom, which is higher than
the magic intensity. At this light intensity, the theoretical
second-order coefficient of the DLS on the ODT frequency
is 39.5 x 10~'8 Hz~!, which agrees well with the exper-
imental results.

Figure 2(b) shows the measurements of the total DLS
when the power of the 1079-nm ODT scans point by point
from low to high under different magnetic field strengths
(B field). The total DLS depends on the trap power
quadratically. The fitting of the experimental results by a
quadratic function gives the magic power under different B
fields, which are shown in the inset of Fig. 2(b) with black
open squares. As expected, the magic power is independent
of the B field. The average magic power is 0.91(0.15) mW,
and the residual coefficient for the second-order derivation
of the DLS to the ODT power is 67.4(2.2) Hz/mW?2.
If we consider that the ODT has a waist of approxi-
mately 2.5 ym, the deduced magic intensity and residual
second-order coefficient are 1.0(0.2) x 108 W/m? and
6.2(0.2) x 10715 Hzm*/W?2, respectively. They are in
good agreement with the theoretical calculations.

In addition to the above magic frequency-intensity
conditions of the 1079-nm ODT for (0,0), in principle,

Doubly magic frequency-intensity conditions of the ODT beam for cesium by two-photon coupling to a higher energy level.
F =3,mp =m),|6S8,,, F =4, mp = n)). ES means the TPP excited state. 4,

Avy = vy — Usne/2, and I are the wavelength, relative frequency, and intensity of the trap beam at the magic point, respectively. v, and
Vgipe are the laser freg_uency and frequency dlstance between the fine structures of ground state and higher excited state. Uz is the trap

potential. k, = BZADLS/al/ |(19.0) @0d k; =
DLS over the trap beam frequency and intensity. F

0* ADLS( { oI?| |y, bo)zare the residual coefficients for the second-order derivation of the total
) and F ?) are the one- photon Raman scattering rate and two-photon scattering

rate, respectively. The wavelengths and transition matrlces for the calculation are from Refs. [34,35].

A Ay, I Uy k, k; iy )
GS ES (mm)  (GHz) (GW/m2®)  wK)  (x10"® Hz))  (fHzm*/W?) (Hz) (Hz)
(0,0) 5Dy, 1379 0.281 0.0195 -18 0.587 8.76 20x 106 3.0x10°°
(0,0) 5Ds;, 1370 0.290 0.0146 ~14 0.462 12 1.6x10°  1.7x 107
(0,0) 781, 1079 0219 0.111 -22.5 236 5.93 34x10%  1.1x1072
-L,1) 7S, 1079 0219 0.110 -223 233 5.93 34x107%  1.1x1072
(3.4) 781, 1079 0219 0.102 -20.7 20.0 5.93 31x107*  93x107?
(0,0) 1Dy, 7678 0.286 0.429 154 125 3.63 L1x102  1.0x10°5
(0,0) D5, 7672 0.287 0.155 55.1 44.9 9.89 40x107  27x107°

253602-3



PHYSICAL REVIEW LETTERS 123, 253602 (2019)

)
2000/ 2 05 i )
5 ¢
5025 ¢
2
~ 1000} £ ot S ey
T 2 1 0 1 2
_» Frequency (kHz)
== L L e —ee®e—g— O _ _ _
S s
-1000¢ 313 414
(a) -3000 -2000 -1000 0 1000 2000
Trap frequency (MHz)
5600 - 180);- 2400
8000 @ 400, S o B25-900
° g a—>"" AD-100 o
2 200/ 3 D0
6000+ ® [ = © DLS B=3G
2 0 . B
N x &
z 0 1 2 3 .
Eg 4000+ Trap Power (mW@) . 2 g
< N ol 1
2000} o = o
ee @ @ 6 © © e
0l e —=
0 2 4 6 8 10 12

(b) Trap Power (mW)

FIG. 2. Theexperimental results for the total DLS of cesium (0,0)
states versus laser frequency (a) and laser power (b) in a 1079-nm
optical trap. 3-3 and 4—4 in (a) indicate the two TPP transition lines
of F =3 < F" =3andF =4 < F" = 4between6Sand7S.The
trap power is approximately 1.4 mW, and the strength of the
magnetic field is approximately 1 G for the measurements in (a).
The trap frequency is locked at the frequency point of —670 MHz
[the frequency atthe right middle of the two transitionlinesin (a)] for
the measurements in (b). The inset of (a) displays atypical spectrum
for the (0,0) transition. The inset of (b) shows the enlarged
dependence of total DLS on laser power around the DLS minimum
with certain DLS shifts for every set of data. The black open squares
are the magic powers under different B fields, and the vertical black
line is the mean value.

they can also be found for any microwave transitions. For
example, the states (—1, 1) have the magic condition of the
magnetic field and have great potential for obtaining a very
long coherence time when all three magic conditions are
met. Moreover, in many quantum manipulation protocols,
for example, photon-atom logic [38,39] and digital atom
interferometer [40], the atomic qubit is encoded in a pair of
hyperfine ground states in which the atom interacts with the
optical field differently. The states (3,4) or (=3,—4) in
cesium are often adopted for this purpose. For the sake of
these experiments, the frequency-intensity magic condi-
tions for (=1, 1) and (3,4) are also calculated and listed in
Table L.

In addition to the 7S/, state coupled by the 1079-nm
laser, there are many other states, such as 5D, /25 5D; /25

6D /3, 6D3/5, 8S1 /5, 7D 5, and 7Dj,, that can be used as
the higher excited states of the TPP for realizing the magic
frequency-intensity conditions of cesium. For these states,
more intermediate states, such as 7P;5 3/, and 8Py 532,
need to be taken into account. The magic conditions of
the ODT with 5D1/2, 5D3/2, 7D1/2, and 7D3/2 are also
calculated and listed in Table I. The cases for the states
6Ds/5, 6Ds/,, and 8S,/, are absent because of high one-
and two-photon scattering rates.

Since our doubly magic frequency-intensity conditions
are independent of the magnetic field, the third magic
condition of the magnetic field for states (—n,n) can be
applied independently. The magic magnetic condition of
cesium (0,0) states calculated by the Breit-Rabi formula
is Bp =0 G, at which the residual second-order coeffi-
cient for the differential Zeeman shift over the magnetic
field strength is ky = 0> Azeeman/OB?|5, = 854.9 Hz/G*.
The magic condition of the magnetic field for (—1,1) is
By = 1.39 G, and the residual second-order coefficient is
ky; = 801.5 Hz/G?. This magic magnetic-field condition
plus the magic frequency-intensity conditions makes our
scheme have triply magic conditions.

The trap depth for the magic conditions of some red
(negative) traps for cesium in Table I might be too shallow
to directly load atoms from a laser-cooled atomic ensemble.
We propose using a polychromatic trap to resolve this
dilemma. The trap beam is phase modulated with a certain
frequency, and the DLS associated with parts of non-
degenerate TPPs will compensate the DLS from the
degenerate TPP. As a result, the magic trap depth will
increase at the cost of relatively higher one- and two-photon
scattering rates. The details are shown in the SM [25].

As an outlook, when the triply magic conditions are
fulfilled, the ground states’ 7, time would be extended
dramatically. The measurable 7, time is limited by
the atom-motion-induced inhomogeneous dephasing and
the Raman-scattering-induced state lifetime 7. In the
1079-nm magic ODT, a theoretical analysis (see SM
[25]) shows that T, = 100 s could be feasible with an
atom below the temperature of 0.2 K. The one-photon
Raman scattering rate F]QS" ) can be calculated by the
Kramers-Heisenberg formula [41,42]. The two-photon

. 2p .

Raman scattering rate I'yg’ can be estimated by the
scattering rate of the higher excited state F<52p ), which sets
an upper limit on the two-photon Raman scattering rate.
Both scattering rates for the listed magic conditions in
Table I are calculated and displayed in the same table.
Then, the state lifetime 7| =91 s, which is mainly
determined by two-photon scattering, sets the new limit
for T,. Therefore, the laser frequency, laser power, and
magnetic field need to be controlled within the accuracies
of Av < +10 MHz, Al/Ij < £6%, and AB < £+2 mG,
respectively, without significantly impacting 7, [43].

In conclusion, we have presented a new scheme to
realize “triply magic” trapping conditions for cesium atom
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microwave transitions (the doubly magic frequency-
intensity conditions of the ODT plus the magic magnetic
field). The doubly magic frequency-intensity conditions of
the ODT can be found for any ground state microwave
transitions. Some experimentally favorable magic fre-
quency-intensity conditions with different wavelengths
are found. We also experimentally demonstrate the mag-
netic-field-independent magic frequency-intensity condi-
tions with a single cesium atom in a 1079-nm trap, and the
results prove the feasibility of the triply magic conditions.
In addition to cesium, similar magic conditions can also be
found for other atomic species, such as rubidium (see the
SM) [25].
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