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Scalar, tensor, and vector polarizability of Tm atoms in a 532-nm dipole trap
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Dipolar atoms have unique properties, making them interesting for laser cooling and quantum simulations.
But, due to relatively large orbital momentum in the ground state these atoms may have large dynamic tensor
and vector polarizabilities in the ground state. This enables the formation of spin-dependent optical traps. In
this paper the real part of tensor and vector dynamic polarizability was experimentally measured and compared
to a theoretical simulation. For an optical dipole trap operating around 532.07 nm, tensor polarizability was
found to be —145 &£ 53 a.u. and vector polarizability was 680 & 240 a.u. The measurements were compared
with simulations, which were done based on the known set of levels from a thulium atom. The simulations are in
good agreement with experimental results. In addition, losses of atoms from the dipole trap were measured for
different trap configurations and compared to the calculated imaginary part of vector and tensor polarizabilities.
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I. INTRODUCTION

Ultracold atoms have high potential in the field of quantum
simulations [1-3]. One of the key advantages of cold atomic
ensembles is a large degree of control over interatomic inter-
actions as well as the internal states of an atom [4]. Among
other elements, the rare earths hold a special place on the
periodic table as they have incomplete electronic f shells and
therefore also have high orbital and magnetic moments in
the ground state. This affects many properties of rare-earth
elements, including a large number of Feshbach resonances in
low fields [5,6] and strong dipole-dipole interactions [7—11].

Another important degree of control enabled with rare-
earth elements is their highly anisotropic polarizability in a
wide range of light spectrum, which is already well mani-
fested even for the atomic ground state.

Dynamic polarizability is an important property of an
atom, to a high degree determining the interaction of an atom
with a nonresonant light field. Alkali atoms are known to
have mostly scalar polarizability in the ground state due to
an s-type electronic shell in the ground state. To the contrary,
rare-earth elements have a nonzero orbital momentum in the
ground state. This gives rise to considerable contribution of
the tensor and vector polarizabilities—-even in the ground
state. In particular, polarizabilities for the erbium atom were
recently calculated [12] and measured experimentally [13].

In this paper we experimentally study the dynamic po-
larizabilities of cold thulium atoms in a 532-nm dipole trap
[14]. By manipulating the orientation of atomic ensemble
polarization and polarization of the light field, we were able
to extract tensor and vector components of the dynamic
polarizability and compare them with simulations based on
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known transitions in thulium atoms [15]. We demonstrate that
around this wavelength contributions of tensor and vector
polarizability are quite significant, thus allowing formation
of spin-dependent traps. Besides this, we also specifically
analyzed losses from the atomic trap depending on the mutual
orientation of atomic polarization and light polarization and
compared them with our simulations. We found that losses do
not follow the behavior of the imaginary part of polarizability,
thus we excluded the simplest radiative loss mechanism for
our trap.

II. SIMULATIONS

In the presence of a nonresonant light field of frequency
w, atomic energy levels undergo shift leading to trapping
potential U (w). It could be expressed as the sum of the scalar
Us, vector U, and tensor U, parts [16] as follows [13]:

1
U((,()) = _El(r)Re[atot] =U;+U, +U
0

1
U, = _2_I(F)Re[as(w)]
EoC
1
U, = —Kocl(r)e cos 6y Z—; Re[ay, (w)]
1 3m: — F(F+1)3 29, — 1
Uy = — g2~ EEED 30080 ~ gt (@,
2e0c FQF — 1) 2
(D

where g is the vacuum permittivity; c is the speed of light;
I(r) is the laser intensity profile; ¢ = |a* x ii] is the ellipticity
parameter with ii the normalized Jones vector; 6, = Z(E, 73))
and 6, = 4(12, 73)) [see Fig. 1(a)]; F is the total angular
momentum quntum number inclusive of nuclear spin; mpg
is the total angular-momentum projection quantum number;
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FIG. 1. (a) Idea of the experiment: polarized atomic cloud (orientated always along magnetic field) in a single-beam ODT with elliptical
polarization that is propagated along the y axis (¢ vector). (b) Real and imaginary parts of ground-state polarizabilities in the region of
532.07-nm laser light. The black vertical line is the wavelength of our ODT.

oyor 18 the total atomic polarizability; o (), oy (@), o (w)
are scalar, vector, and tensor dynamic dipole polarizabilities,
respectively.

Imaginary parts of polarization values set photon scattering
rates that are given by a similar expression:

1
T(w) = —I(r)[lm[as(w)] + e cosb F Imfay ()]
higge 2F
3m% —F(F+1) y 300529,, —1
FQF — 1) 2

Im[c; (a))]:| .
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To calculate all parts of dynamic dipole polarizability,
we follow the sum-over-state approach (see Appendix A).
Energy levels and corresponding natural linewidths for dipole-
allowed transitions were taken from the National Institute of
Standard (NIST) database [15].

Figure 1(b) depicts calculated values of the thulium atom’s
real and imaginary parts of ground-state polarizabilities in
the region of 532 nm. The experimentally measured wave-
length of the optical dipole trap (ODT) light was found to be
532.07 nm (using Wavelength Meter WS-7, calibrated by the
thulium transition line). For this wavelength the simulation
gives values of 583, 684, and —140 a.u. for real parts of
scalar, vector, and tensor polarizabilities, respectively; imag-
inary parts are 446 x 1077 a.u., 836 x 10~/ a.u., and 183 x
1077 a.u., respectively. These quantities are strongly affected
by the near-lying 530.7-nm optical transition with a level’s
width of 345 kHz. Thus, it was found that vector and tensor
part are almost entirely formed by this transition, while for
scalar polarizability it provides about half of the value.

III. EXPERIMENT

To measure the polarizability of thulium at a wavelength
of 532.07 nm, an atomic cloud of '®*Tm was initially cooled
down with a magneto-optical trap (MOT) [14]. In this type
of MOT, the atomic cloud is spin polarized to the lowest
ground-state Zeeman sublevel (J =7/2, F =4, mp = —4)
with a population of mr = —4 higher than 97%. Atoms were
then loaded to ODT and maintained in the magnetic field of

3.91 G [17]. The hyperfine splitting of the ground state of
thulium atom is around 1.5 GHz (nuclear spin is 1/2) and
is larger than any ground-state related energy scale in the
frame of this paper. The residual gradient of magnetic field
in the ODT region was estimated via microwave experiment
[18] and does not exceed 40 mG/cm. Then atoms were trans-
ferred into a single-beam optical dipole trap [19] operating
at 532.07 nm, formed by Verdy-V10 laser (Coherent Inc.)
with a specified spectral linewidth of 5 MHz. After 300 ms
of holding time in the ODT, about 1.5 x 10° atoms with a
temperature of around 18 uK were typically achieved with
vertical orientation of the magnetic field [along the z axis
in Fig. 1(a) and linear horizontal polarization of the ODT
beam 6; ~ 6, ~ 90°. Corresponding density of atoms could
be estimated as approximately 1.5 x 10'2cm™3. To detect the
atomic cloud, the absorption imaging technique was used
[20]. For this purpose, imaging beam locked in its frequency
to atomic resonance was used. The beam was in the xz plane
making 16° angle with the x axis [see Fig. 1(a)].

In some experiments, 6, was varied by changing currents
in the magnetic-field coils, thus turning the direction of the
magnetic field. This rotation was performed after the light
of MOT had been switched off. We were able to control the
magnetic-field values with 50-mG precision accuracy [17].
For angles different from 6; ~ 6, ~ 90°, the depth of the
dipole trap changes greatly due to the presence of tensor and
vector polarizabilities [see Fig. 2(a) and Eq. (1)]. Thus, after
such a rotation, the number of atoms as well as the tempera-
ture of the atomic cloud in the ODT varies greatly depending
on the rotation angle. However, even in the worst condition
for the ODT (6 = 90°, 6, = 0°), we had enough atoms to
perform an experiment. To understand the depth of the ODT
U, the standard technique of trap-frequency measurements
was used [13]. The total polarizability, o, then could be
found using Eq. (1). For the Gaussian beam which propagates
along the y axis the intensity profile is

22 272
I(x,z) =1 exp[—m— :|,

X

3)

2
w;

where w, and w, are beam waists, and Iy = 2P/mw,w;,
where P is beam power. The trap frequencies in harmonic
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FIG. 2. (a) Scheme of pulses used in the experiment with tensor polarization. (b) Typical fit of atomic cloud size oscillations in the z
direction versus time. (c¢) Dependence of fitted frequency vs position of fit. (d) Frequency vs square root of ODT beam power (without

sweeping) for both radial x- and z axes.

approximation v; could be then calculated as [19]

1 —4.U, e (2]
V= — , 1€{x,
27\l mrp, wi2 .
4)
1 —2Uy
vy =— | ——,
YT 27\ my, wy2

where my,, is the atomic mass, w, is Rayleigh length, and
Uy = — oot Ip/2e0c. Thus, using (4) one can find expres-
sion for total polarizability via parameters, measured in the
experiment:

v w

2.3
X x

2.3
W Mty 3 VW wmry

ot = T €0C =n’gpc————. (5)

A. Frequency measurements

To measure the ODT frequency, an atomic cloud was kept
in the ODT for 300 ms after ODT sweeping was turned off
[17]. After this time, evaporative cooling mostly stops and
atoms can be considered thermalized. At this point, the atoms
occupied the central part of the trap. The power of the beam
was then decreased by four times over 2 ms, followed by a
sharp increase to the required value of power, thereby causing
oscillations of atomic cloud size and position [Fig. 2(b)].

Since the ODT was formed by a single Gaussian beam, the
frequency of oscillations depends on the fitted region along
the beam. Therefore, we divided the experimental images into

25 parts of 40 pixels each. For each region the frequency was
fitted [see Fig. 2(b)] and plotted versus position along the
beam [Fig. 2(c)]. The maximum frequency found this way
was used for calculating the trap frequency, which is 1/2 of
the trap oscillation frequency.

B. Beam waist

To measure the ODT waists, we used a CMOS Thorlabs
DCU223M-GL camera by placing it into the laser beam
reflected with an additional mirror in front of the vacuum
chamber. The problem was that the size of the laser spot
occupied a small number of camera pixels, resulting in a large
inaccuracy of ODT waists. To overcome this, we performed
our measurement with a sweeping trap [17], which has an
increased waist along the x direction. Another waist can be
reconstructed from ODT frequencies with Eq. (4):

—4Uy 2.2 2.2 2.2
R o cw; = 2vwy . (6)

The waist of the sweeping ODT along the x direction is
shown in Fig. 3(a). The sweeping shape was designed to
make the beam profile parabolic [17] near its maximum. The
position of the camera was scanned around the location of
the focal spot to find the minimal beam size. Due to the
large size of the swept beam, the laser spot occupied a large
number of pixels. Its size was mostly determined by the
sweeping amplitude rather than the quality of beam focusing;
thus, we excluded possible aberrations on the vacuum window
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FIG. 3. (a) Sweeping trap profile (beam intensity was time averaged during imaging): dots represent intensity averaged by y dimension,
solid yellow line represents Gaussian fit. (b) Atomic polarizability vs 8,. Gray area with dot-dashed borders illustrates systematic uncertainty
of the measurements. Solid yellow line represents fit of the experimental data with sine dependence; dashed red line represents the simulations
of the real part of the polarizability. (c) Lifetime of atoms in the dipole trap vs 8,,. Dashed red line represents normalized and inversed calculated
imaginary part of the polarizability. (d) Atomic polarizability vs the linear light polarization angle. In this experiment the magnetic field was
codirected with the ODT beam and 6, = 0°. For all plots error bars indicate statistical uncertainty only. For systematic uncertainties, please

see Appendix C.

and the additional mirror. The fit of the intensity profile
measured this way returned a value for the beam width in the
x direction of wy sweeping mode on = 170 £ 2o pum. Here and
below we mark statistical uncertainty by the index stat. The
effective waist of the one-dimensional (1D) brightness profile
of the swept beam [Fig. 3(a)] gave a value of 189 um (see
Appendix B for details). Thus, we estimated error related to
the difference between the observed swept beam profile and
the Gaussian profile to be 19um. Finally, W sweeping mode on =
170 £ 19um.

Given this linear dimension, the rest of the measurements
can be done via measurements of trap frequencies. The fre-
quencies of the ODT were measured by the method described
in the Frequency Measurements section. The frequency mea-
surements were done in two configurations: one with sweep-
ing in the x-beam direction, and one without. In the latter
case, intensity of the trap beam was reduced by a factor of
6.3 times. This was done to avoid heating during turning
off the sweeping. As a result the following frequencies were
measured:

= 157 £ 3y, Hz

Vx sweeping mode on

Vz sweeping mode on = 1649 + 6stat Hz (7)
Vx sweeping mode off = 981 &+ 6stat Hz
Vz sweeping mode off = 1560 £ 8stat Hz.

Here error bars are statistical errors. Using Eq. (6) the
parameters of the beam were found to be

Vx sweeping mode on  Vz sweeping mode off

Wy = Wy sweeping mode on *

Vx sweeping mode off  Vz sweeping mode on

= 25.7 £ 3.5 um

Y sweeping mode off _ 45 g4 93

Wy = Wy - stat (M. (®
V7 sweeping mode off
Finally, we measured the dependences of the frequencies in
the two orthogonal directions versus power without sweeping
regime [Fig. 2(d)]. The ratio between the found parameters
w, and w, is constant with power much as was expected:

w,/wy = 1.63 £ 0.01 .

C. Tensor and scalar polarizability

As it can be seen from Eq. (1), when 6, = 90° or when
the ellipticity parameter ¢ = |#* x ii| = 0 (ODT beam linear
polarized) then the vector term in (1) becomes zero and
therefore

2 2
R 3mp — F(F +1) y 3 cos0, la,. ©)
FQF —-1) 2

The angle 6; was varied by adiabatic change of an external
magnetic field governing atom orientation. Orientation of the
magnetic field was calibrated with microwave spectroscopy
[18]. In addition, the ODT beam polarization was cleaned by
a polarization beam splitter in combination with a A/4 plate

ot
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6, ~ 0°. Error bars contain statistical uncertainty only. (b) Lifetime of the ODT versus ellipticity of the trap beam. Red dashed line indicates

the normalized, inversed imaginary part of the polarizability.

and thus the ellipticity parameter, ¢ = |ii* x ii|, was less than
0.03 during all the measurements.

To measure the tensor part of the polarizability, we used
a linearly polarized ODT varying angle 6, [see Fig. 3(b)].
Orientation of the ODT polarization was controlled by a half-
lambda plate. For each position of the A/2 plate, the ODT
was loaded as described above and frequency of ODT in
the z direction was measured (see Frequency Measurements).
Polarization of the beam was checked by polarization beam
splitter (PBS) placed after the vacuum chamber. The po-
larizability was calculated from measured frequencies using
Egs. (5) and (9): o = 547 £ 51 a.u, oy = —145 £ 14 a.u.
(see Appendix C for details of error calculations). While
there is good agreement between experimental and calculated
values of tensor polarizability, the scalar part is slightly lower
than the calculated value. We dedicate this deviation to sys-
tematic errors in the determination of the beam waist and its
anharmonicity. We note that while influence of the lack of
the spectroscopic data may affect calculated value, the absent
spectroscopic data is likely to be in the ultraviolet part of
the spectrum, corresponding to transitions from rather high
energy levels and therefore can only increase calculated value,
but not shift it towards measured value.

Besides measurements of polarizability, the lifetime of
thulium atoms in the ODT was measured versus 6, [see
Fig. 3(c)]. The lifetime was extracted from decay of the
number of atoms in ODT by fitting the curve with exponential
dependence. One could see that lifetime mostly follows the
real part of the polarizability. Here we see that surprisingly
the lifetime is longest when the polarization corresponds to
the largest estimated scattering rate. This observation allow
us to exclude direct absorption of the trap light as the main
loss mechanism.

Finally, to check how precisely the magnetic field is
controlled, we set the magnetic field along the direction of
light propagation. In this experiment, the magnetic field was
codirected with the ODT beam and 6, = 0°, 6, = 90°; thus,
rotation of the light polarization does not change polarizability
at all. The ODT linear light polarization was rotated using a
A/2 plate. As one can see from Fig. 3(d), indeed the measured
polarization does not change when light polarization changes
and it is equal to the expected value from Eq. (9).

D. Vector polarizability

As described above, with magnetic field aligned along
beam propagation direction 6; = 0°, tensor polarizability
does not depend on light polarization anymore. Therefore,
this configuration is perfect for measurements of the vector
part of polarizability. Thus, to determine vector polarizability,
the magnetic field (3.94 G at this experiment) was aligned
along the beam propagation direction and the ODT light
ellipticity parameter, ¢ = |i* x ii|, as well as sign of light
polarization (sign of cos[6;]) was varied. This was realized
by rotation of the A/4 plate placed into the ODT beam. The
ellipticity parameter was measured at all points by PBS and
was calculated as

e=2 P

1+ p?

Pminl (10)
P=.5 >

Pmax2

where Ppin; and Ppaxo are the minimum and maximum of
powers of the beam at two orthogonal orientations of PBS.
The circular polarization was formed by the A /4 plate; its sign

TABLE I. Polarizability of Tm atom near 532 nm.

Polarizability, Simulated, Measured Statistical Systematic Total
real part polarizability, polarizability uncertainty uncertainty uncertainty
e (a.u.) a® (a.u.) Adgy (a.u.) Acgys (a.u.) Aty (a.0.)
Scalar 583 547 13 190 190
Tensor —140 —145 14 51 53
Vector 684 676 24 240 240
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was determined from an angle between the linear polarization
of incoming light and the plate’s fast axis.

As is shown in Fig. 4(a), using fitted data from (1) with
0, =90% o, = —145 a.u., and keeping oy as a parameter
produces almost the same scalar part of polarizability: o, =
561 £ 19, a.u. and o, = 678 &= 24, a.u.

In order to relate the losses in the dipole trap to polariza-
tion, we also measured the dependence of the trap lifetime on
the ellipticity parameter [see Fig. 4(b)]. Here, lifetime of the
trap again (similarly to the tensor case) cannot be described
easily in terms of the imaginary part but rather behaves like
the real part.

The values of the atomic polarizability of the thulium
atom, including systematics uncertainties (see Appendix C)
are summarized in Table 1. Details of calculations of polar-
izability and estimations of systematic error can be found in
Appendix A and Appendix C, correspondingly.

IV. CONCLUSION

Vector, tensor, and scalar polarizabilities were measured
in thulium atoms ground state near 532.07-nm wavelength;
which is a particularly important wavelength for optical dipole
traps with thulium atoms. Experimental values were com-
pared to the theoretically calculated values and these were
in nice agreement with each other. It was found that at this
wavelength contributions of tensor and vector polarizability
are quite significant and thus allowed for the formation of
spin-dependent lattices. Besides this, the losses of the optical
dipole trap had also been measured, and these losses demon-
strated correlation with the real rather than the imaginary parts
of polarizability.
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APPENDIX A: POLARIZABILITY

Full atomic polarizability was calculated by summing the
contributions of all known polarizabilities from the NIST
database [15] and using formulas (4), (5), (6) from Ref. [21].
In the arbitrary case, angular dependence of the tensor part
of polarizability is different from expression (1) and is given
by [22]

SOk, 0p,6)=1—(3/2)sin (Qk)z[l + 1 —¢g? cos(26,)],
(AD)

where f (6, 6,, €) is function, determining the angular depen-
dence. In formula (1) thus the coefficient in front of the tensor
part of polarizability is the following:
3mE —F(F+1)  —f(O, 0, ¢)
X .
FQF —-1) 2

(A2)

Equation (A1) leads to f(6,) =1 — 3cos(9p)2 in the case
of linearly polarized light ¢ = 0 with a wave vector per-
pendicular to the magnetic-field direction (6, = 7 /2), and
degenerates to f = 1 in the case of light propagating in the
z direction (6 = 0).

APPENDIX B: FITTING DETAILS

The profile of a sweeping beam is complex; therefore,
to determine the waist the following trick was used. First,
recorded 1D distribution was analyzed from the statistical
point of view, treating the beam profile as a probability
distribution. Its center of brightness position was estimated as

m:kaIk/Zlk, (B1)
k k
and relative standard deviation was estimated as
> e —m)L / > L, (B2)
k k

with I; being the brightness of the bin number k. For Gaussian
beam one could calculate that conventional waist definition
corresponding to the 1/e? level of power density is equal
to two standard deviations in beam distribution, if treated
statistically.

Indeed, normal distribution P,om (x) is

Prom (x) = e_[(x—u-)z/Zaz],

B3
ovon (B3

where o is standard deviation and p is mean value of the
distribution. Therefore, comparing (15) and (3) one could see
that

(B4)

w = 20.

Thus, we took as the definition of effective waist for beam
with sweeping beam as two standard deviations of the beam
profile, treated as probability distribution.

APPENDIX C: SYSTEMATIC UNCERTAINTY

The systematic uncertainty was estimated as follows:

AO5sys szsys g wasys : APsys :
- (3% ) g (Bl
o w, Wy P

We estimate a power uncertainty of 2%. However, the
uncertainty in measuring waists (about 11%) made a ma-
jor contribution to systematic uncertainty. Summing up all
sources of uncertainty, the final systematic uncertainty for the
measured scalar, tensor, and vector polarization is about 35%.
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