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We report the generation of a crossed, focused, optical vortex beam by using a pair of hybrid holograms, which
combine the vortex phase and lens phase onto a spatial light modulator. We study the intensity distributions of the vortex
beam in free propagation space, and the relationship of its dark spot size with the incident Gaussian beam’s waist, the lens’s
focal length, and its orbital angular momentum. Our results show that the crossed, focused, vortex beam’s dark spot size
can be as small as 16.3 um and adjustable by the quantum number of the orbital angular momentum, and can be used
to increase the density of trapped molecules. Furthermore, we calculate the optical potential of the blue-detuned, crossed
vortex beam for MgF molecules. It is applicable to cool and trap neutral molecules by intensity-gradient-induced Sisyphus
cooling, as the intensity gradient of such vortex beam is extremely high near the focal point.

Keywords: cold molecule, crossed focused vortex beam, propagation characteristics, optical potential

PACS: 42.40.Jv, 37.10.Mn, 87.80.Cc

1. Introduction

Recent advances in laser cooling and quantum state con-
trol of diatomic molecules propose a powerful platform for
precision measurement, ultracold chemistry and quantum in-

[1.2] Tremendous progress has been made in

formation science.
the magneto-optical trap (MOT) of diatomic molecules, i.e.,
SrE, 31 CaE,[*%) and YO.!%7! To date, the reported temperature
of the cooled diatomic molecule is well below the Doppler

48-101 Tn 2017, Anderegg et al. reported that the maxi-

limit. [
mum number of molecules, 1.0 x 10°, were captured through
radio frequency MOT on CaF molecules.!>) Most applications
of ultracold molecules require quantum state control, so the
molecules in a MOT were first loaded into a conservative trap,

12,31 and opti-

e.g., optical dipole traps,!'!! magnetic traps,!
cal tweezer arrays.['*l In 2018, Anderegg et al. loaded the
sub-Doppler cooled CaF molecules into a far-detuned opti-
cal dipole trap, and the trapped samples lasted for a lifetime
of 750 ms at a temperature of 60 puK. The achieved densi-
ties were 8 x 10’ cm ™ and in particular the phase-space den-
sities were 2 x 1072, that is, 35 times higher than that from
the sub-Doppler-cooled samples in free space.!!!! Williams et
al. achieved magnetic trapping of laser-cooled CaF molecules
in a single quantum state, and about 5 x 103 molecules were
trapped with a density of 1.2 x 10° cm™> for a lifetime of
2 s at a temperature of 70 pK!'?l McCarron et al. employed
an efficient transfer of ultracold SrF molecules from a ra-
dio frequency MOT into a magnetic quadrupole trap: 600-

DOI: 10.1088/1674-1056/abf915

800 molecules in a single quantum state were trapped with a
density of 3 x 10* cm™ for a lifetime of 1 s at a tempera-
ture of 260 pK.[31 In 2019, Anderegg et al. also reported an
optical tweezer array of single ultracold CaF molecules with
high-fidelity detection, opening the door for studying the in-
termolecular collisions and state-selective ultracold quantum
chemistry. 4]

The optical dipole trap is based on the interaction of light
with the induced electric dipole moment of the trapped atoms
and molecules, so it is applicable to the accurate, non-contact
manipulation and control of cold samples.!!>18] The far-off-
resonance optical dipole traps (FORT), composed of one or
two intense and continuous-wave laser beams, are used to con-
fine an ultracold sample. In 1995, the first type of red-detuned
FORT composed of two crossed focused YAG laser beams
was applied to study the evaporative cooling of Na atoms.!!”]
Such a FORT has a wide range of applications in areas of
high precision imaging of the optical clock, high-density trap-
ping of cold samples, and all-optical atomic Bose—FEinstein
condensate.!'3291 One can also generate a blue-detuned, hol-
low FORT, which has some unique physical properties: (i)
the mean photon scattering rate is lower, and the trap lifetime
of atoms is longer; (ii) the well depth is deeper; (iii) there
exists an intensity-gradient induced Sisyphus cooling.!'! In
1997, Kuga et al. demonstrated a Laguerre—Gaussian-beam
trap for cold °Rb atoms with a blue-detuned frequency of
~ 60 GHz. The atoms loaded from a MOT were trapped in
the dark core (a cylinder box with 1.5 mm in diameter and

*Project supported by the National Natural Science Foundation of China (Grant Nos. 11834003 and 91836103).

fCorresponding author. E-mail: ylyin@phy.ecnu.edu.cn
#Corresponding author. E-mail: jpyin@phy.ecnu.edu.cn
© 2021 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

114202-1


http://dx.doi.org/10.1088/1674-1056/abf915
mailto:ylyin@phy.ecnu.edu.cn
mailto:jpyin@phy.ecnu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 30, No. 11 (2021) 114202

2 mm in height) in the transverse direction with the help of
two additional, blue-detuned plug beams to confine the atomic
motion along the optical axis.?!! Afterwards, several different
hollow FORTSs were proposed and demonstrated.?>~2%! For ex-
ample, the other crossed hollow beam is generated by overlap-
ping two co-propagating, Laguerre—Gaussian (LGg;) beams
with orthogonal polarization. The LGy beam is then split into
two co-propagating beams separated by several mm propagat-
ing through a calcite beam displacer. Using a high numerical
aperture lens, the beams are tightly focused and overlapped at
the center of the vacuum cell. A crossed vortex bottle beam is
formed with the width of 5.5 um in the radial direction and a
longitudinal length of 52 um.?**>31 However, the current hol-
low FORTs have two main disadvantages. Firstly, there is a
large difference regarding the optical potential well between
the radial and the axial directions. The well’s structure is ei-
ther ellipsoidal or cylindrical tube, which causes an imperfect
intensity distribution, a large trapping volume and a small in-
tensity gradient. Secondly, the trapping volume cannot be dy-
namically tunable.

Here, we propose a scheme to construct an optical po-
tential wells by the crossed, focused, vortex beam (CFVB).
Such beam has a near-zero intensity distribution in the center
with a high-intensity light outwards, which provides a repul-
sive potential upon being blue-detuned from resonance, so as
to permit molecules being trapped in the central region. Com-
paring with the previous studies, the CFVB here has a much
smaller trapping volume, and is tunable by changing the quan-
tum number of the orbital angular momentum (OAM). This
report consists of five sections. In Section 1, it is the intro-
duction as already described. In Section 2, it describes the
experimental scheme. In Section 3, it describes the generation
and propagation characteristics of the vortex beams which are
divided into two parts. In the first part, it describes the gener-
ation and intensity distributions of the single, focused, vortex
beam (SFVB) in free space, and the relationship of the dark
spot size (DSS) with the incident Gaussian beam’s waist wy,
and the lens’ focal length f. In the second part, it describes the
generation and intensity distribution of the CFVB, and in par-
ticular the relationship of the DSS with the OAM’s quantum
number /. In Section 4, it describes the potential applications
of the CFVB in trapping and cooling of MgF molecules. In
Section 5, it summaries the main results and conclusions.

2. Experimental scheme

Figure 1 shows the experimental setup for the generation
of a CFVB. The Gaussian laser beam from a He—Ne laser first
passes through a linear polarizer and then an optical isolator,
and then through a collimating and expanding beam system
consisting of a spatial filter and lens L; (f; = 400 mm). The

used spatial filter consists of microscope objectives (10 times)
and an aperture (50 pum) to remove any higher-order diffracted
terms. Next, the beam passes through a beam splitter, and is
divided into two beams with equal power. Two linear polar-
izers are used to satisfy the polarization requirement of the
SLM; and SLM,. The SLM; (Holoeye) has a resolution of
1024 x 768 pixels and 19 pm of pixel pitch, and the SLM;
(Holoeye) has a resolution of 1920 x 1080 pixels and 8.0 um
of pixel pitch. The two laser beams are then modulated by the
hybrid holograms imprinted on the SLM; that is to say, each
beam passes through an azimuthally distributed 27-phase and
is focused by a thin lens phase with a focal length f, and a
SFVB will be produced behind the BS owing to the completely
destructive interference effect at the beam center. When two
SFVBs are crossed at both focal planes, a tightly focused dark
spot with a small trapping volume is formed (see the right inset
in Fig. 1). In this scheme, two SLMs function as the diffrac-
tive optical elements to control both the phase and the polar-
ization for the incident light. Through the SLM software, we
can switch the binary bitmap as the phase pattern (for exam-
ple, OAM quantum number / = 1) shown on the SLM screen,
which is shown in the left inset of Fig. 1.

LB

Fig. 1. Experimental setup for generation of crossed, focused, vortex beams.
Acronyms are: LB for laser beam, P for linear polarizer, BS for beam splitter,
SLM for spatial light modulator. The inset gray pattern is the hybrid holo-
gram (HH) by a combination of a vortex phase with OAM quantum number
[ =1 and a lens phase.

The phase pattern ¢y, used to drive the SLM includes
two contributions and reads Qrtal = Pyortex + Plens- Pvortex 1S the
vortex phase, and @5 is the phase pattern acting as a lens,
which allows us to fine-tune the focusing of the vortex beam.
The hybrid holograms and corresponding phase profiles are
shown in Fig. 2. For the OAM, the quantum number [ is 2, 5,

10, and 20, respectively.

hologram

phase of E % %’é
OAM beam 1\

Fig. 2. Hybrid holograms (upper panel) and phase profiles (lower panel) for
the generated vortex beams with the OAM’s [ = 2, 5, 10, 20.
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3. Generation and propagation characteristics
of vortex beam in free space

3.1. Single focused vortex beam

A common vortex beam has a complex amplitude with the
phase, expressed as exp(il¢), where @ is the azimuthal angle,
and [ is also called the topological charge of an OAM beam. In
our scheme, for [ = 1, the vortex phase hologram imprinted on
the SLM is equivalent to a traditional, azimuthally distributed
27 phase plate.[*’! Besides, a lens phase can be shown onto
the SLM. We calibrate the focal length f of the lens phase on
the SLM, and plot a quantitative curve for the lens phase with
the focal length f. The focal length f is inversely proportional
to the lens phase value.

The detailed mechanism of generating the SFVB is de-
scribed as follows. The phase factor of exp(i/¢@) corresponds
to a phase singularity at the beam center of which the intensity
is zero-due to the destructive interference. By taking / = 1, the
continuous azimuthal phase retardation of the vortex phase in-
creases from O to 27 while increases the SLM’s gray level. The
phase difference between the two sides of an arbitrary straight
line passing through the circular center of the hologram is al-
ways equal to 7, and the center of the hologram is a symmetric
center of this 7 phase deference and is azimuthally distributed.
These will lead to a completely destructive interference effect
at the center of the incident Gaussian laser beam. Therefore,
the axial intensity of the output beam will be reduced to zero,
and the generated beam is a vortex beam with an OAM order
of I = 1. At the same time, when a lens phase is encoded onto
the SLM, the laser beam is reflected by the hybrid hologram,
so a focused vortex beam is formed.

When a collimated Gaussian laser beam is incident on the
hybrid hologram, the field distribution of the diffraction field
— reflected by the SLM in a polar coordinate — can be ob-

tained according to the Fresnel diffraction integration!”!
E(nz) = Aexp (2(;7};‘)”2) exp [ik (z+2f)]
’ iA(z+f)
a r2m 3 ik ,
x/o /0 exp <_a)§> exp <—2fr0>
X exp [lkr%]
2(z+f)

X exp —ﬁrrocos (6o — 6)}
x exp (—il6y) rodrod 6y, (D)

where A is the complex amplitude and wy is the waist of the
incident collimated beam. a is the radius of the lens. f is the
focal length of the lens phase. A is the light wavelength. (9, z)
and (r,z) represent the coordinates on the diffraction aperture
plane and the image plane, respectively. exp [(—ik/2f)r}] is
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Fig. 3. (a)—(c) Normalized radial 1D intensity profiles and 2D intensity dis-
tributions of the SFVB at the propagation distance z = —150, 0, 150 mm,
respectively. The experimental parameters are wy = 1.2 mm, f = 250 mm.
(d) Relationship of the DSS of the SFVB with the propagation distance z for
wo = 1.2 mm and f =250 mm. The line represents the theoretical curve, and
the squares correspond to the experimental data.
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the phase of the lens. z is the propagation distance along the
beam propagation direction, and for z = 0, it shows the posi-
tion of the focal plane.

The intensity distribution of the SFVB in free space can
be given by

I(rz)=|E(rz)]. )

Based on Egs. (1) and (2), we study the propagating properties
of the SFVB in free space. We define the special parameter,
the dark spot size, i.e., DSS, as the full width at the half max-
imum (FWHM) of the radial-intensity distribution inside the
notch of the SFVB. 28] In our experiments, for / = 1, the inten-
sity profiles of the SFVB, with the beam propagation direction
at z = —150, 0 and 150 mm away from the focal plane, are
measured and shown in Figs. 3(a)-3(c), respectively. As seen
from Figs. 3(a)-3(c), owing to the completely (» = 0) and par-
tially (r # 0) destructive interference effects around the central
region of the vortex beam, a SFVB with a Gaussian intensity
profile will be generated. But with the increase of the radial
position r, the function of the 27 phase for the focused laser
beam shows periodic partially destructive and constructive in-
terference effects, which results in a periodic oscillated mod-
ulation on the Gaussian intensity profile except for the focal
plane of z =0.

The relationship of the DSS with the propagation distance
zis seen in Fig. 3(d). The line represents the calculated results,
and the squares represent the experimental results. The waist
of the incident beam is wy = 1.2 mm, and the focal length
of the lens is f = 250 mm. There is an impressive feature
of this propagation characteristic. Before the focal plane, the
DSS gradually increases up to the maximum value (202.4 pum)
at the position of z = —f/2 (half focal length), and then de-
creases to the minimum value (38.3 um) at the focal point.
After the focal plane, the focused vortex beam propagates with
a constant divergent angle. In fact, the measured DSS values
agree well with the modeling.

We then investigate the relationship of the DSS in the fo-
cal plane of z = 0 with the focal length f and the waist wy. The
experimental (dots) and theoretical (lines) results are shown
in Figs. 4(a) and 4(b), which agree with each other. From
Fig. 4(a), it is clear that the DSS increases linearly with an
increase of the focal length f. From Fig. 4(b), with an in-
crease of the waist wg, the DSS decreases exponentially in-
stead. Therefore, with a shorter focal length f and a larger
waist wo, an extremely small DSS for the vortex beam can be
obtained.

To measure the OAM of the SFVB, a straightforward in-
terferometric method can be used. The principle is that due

to the incomplete phase modulation of the SLM, the reflected

beam contains the unmodulated portion of an incident Gaus-
sian beam, which will interfere with the focused vortex beam
to generate the petal patterns. The number of petals is in agree-
ment with the value of the OAM that the modulated beam

carries. [?°]
0.25
(a)
0.20F L ”LLJO:O.G mim
e wy=1.2 mm
g 0.15 - A wy=17 mm
G
0
A o.10r
0.05F
0 1 1 1 1 1 1
100 200 300 400 500 600
f (mm)
(b)
0.20
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015k e f=300 mm

A f=500 mm

DSS (mm)
o
o
=

0.05

0 0.6 0.8 1.0 1.2 1.4 1.6 1.8

wy (mm)

Fig. 4. (a) Relationship of the DSS at the focal point with the focal length
f for wo = 0.6, 1.2 and 1.7 mm. (b) Relationship of the DSS at the focal
point with the waist wg for f = 100, 300 and 500 mm. The square, circle and
triangle are experimental data. The solid lines are theoretical ones.

3.2. Crossed focused vortex beam

The SFVB above is a kind of 2D hollow beam, which can
only be implemented for guiding and focusing of molecules.
A 3D dark hollow region can be formed by the orthogonal
superposition of a pair of SFVBs in the focal planes, i.e.,
CFVB, which is in fact capable of cooling and trapping cold
molecules. Two superimposed SFVBs do not interfere with
each other due to the different polarizations, and the output
mode can be expressed as a superposition of Mach—Zehnder
type optical components. 3!

In the experiment, a CCD with 45° relative to the horizon-
tal direction was in place to detect the intensity distributions of
the CFVB. Figure 5(a) gives a schematic diagram of the detec-
tion region at five positions z;—zs. The z; and z5 planes are far
away from the superposition region of the two SFVBs, while
the z» and z4 planes involve the partial superposition region.
The z3 plane shows a full superposition in the focal planes of
the two SFVBs. Figures 5(b)-5(f) show 1D (black lines) and
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2D (color insets) intensity distributions for these five planes,
respectively. For the case of z; (or zs) plane in Fig. 5(b) (or
Fig. 5(f)), we detect the light intensity distribution on cross
section of two SFVBs. Their 2D images show two hollow cir-
cles with the same size. When the detecting plane starts to be
closer to the center of the superposed region, the two hollow
circles cross, which are seen in Figs. 5(c) and 5(e). At the z3
plane, two hollow circles superpose completely and thus be-
come a single closed hollow circle, as seen in Fig. 5(d). So,
the 3D enclosed and focused hollow trap is eventually formed.

Importantly, we study the dependence of the DSS of the
CFVB on the OAM’s quantum number / at the focal point at
different f and wg. It can be seen from Fig. 6(a) that for fixed

(a)

21

D)

23
24

25

Normalized intensity

Normalized intensity

r (mm)

wo = 1.2 mm, the DSS of the CFVB at the z3 plane is linearly
proportional to the OAM’s quantum number /. Also, smaller
f, smaller DSS. At f = 150 mm, when / decreases from 16 to
1, the DSS decreases accordingly, from 310.7 pm to 23.5 pm,
and the corresponding trapping volume of the CFVB is com-
pressed by a factor of up to 2.3 x 103 times. From Fig. 6(b),
for fixed f = 150 mm, the DSS of the CFVB at the z3 plane
is also linearly proportional to the OAM’s quantum number
[. But, bigger wg, smaller DSS. At wg = 1.7 mm, when [ de-
creases from 16 to 1, the DSS decreases accordingly, from
388.7 um to 16.3 pum, and the corresponding trapping vol-
ume of the CFVB is compressed by a factor of up to 1.3 x 10*

times.
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Fig. 5. (a) Schematic diagram of the CCD detection near the center of the superposed region of the CFVB. zj, 22, 23, 24, and z5 represent the locations
of the detection plane. (b)—(f) The 1D (black) and 2D (color) optical intensity distributions at different planes for / = 1, wy = 1.2 mm, and f =250 mm.
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Fig. 6. (a) Relationship of the DSS of the CFVB at the z3 plane with / at
different f for fixed wo = 1.2 mm. (b) Relationship of the DSS of the CFVB
at the z3 plane with / at different wy for fixed f = 150 mm. The scatter plots
represent the experimental data, and the solid lines represent the fitted curves.

The above results clearly show that with a shorter focal
length f and a larger waist wg, a desired CFVB with an ex-
tremely small DSS can be obtained. The DSS can also be
dynamically tuned by the OAM’s quantum number to further
increase the density of trapped molecules.

If we compress the trapped volume, the temperature of the
trapped molecule will go up because of the heating effect. For
example, in Ref. [12], they demonstrate the efficient transfer
of SrF molecules from a magneto-optical trap into a conser-
vative magnetic quadrupole trap. Their scheme begins with
a blue-detuned optical molasses to cool the SrF molecules to
50 uK. The gradient of the trapping magnetic field increases
by 4 times during compression, so the temperature of trapped
molecule is increased to 260 puK.

4. Applications to cooling and trapping of MgF
molecules

When the MgF molecule, upon electronic excitation of
X%x* to AIT states, moves in an inhomogeneous light field,
it experiences an optical dipole force, which can be described
by the AC Stark shifts of the hyperfine energy levels in the 2%
state for the Hunds case (b) to them in the A2II state for the

11,31

Hunds case (a).l'!:31 The effect of the multilevel structure of

molecules on their response to an electromagnetic field may

be conveniently described with the help of the electric dipole
polarizability.
The AC Stark shift of a specific state |@,) in X?XF thus

can be given by/?!]

2

UKZAEKZ—%(ar+aV+aﬁ+aj), 3)
where & donates the electric field amplitude, o' and «" are
the rotational and vibrational polarizability, respectively, and
OclT and af are the electronic polarizability with parallel and
vertical orientations, respectively. For the electronic transi-
tion of the X2Xt to A2II state, the magnitude of of, o
and (xﬁ are much less than that of af. Hence, the contri-
butions of of, o' and aﬁ can be neglected. For the elec-

tronic transition (XZZ]L/2 (v=0) = AL, ), (V' = 0)) of MgF
molecules, we use the experimental parameters: the incident
laser is at 359 nm with the power of 100 mW, the beam waist of
1.2 mm and the laser detuning frequency of 200 MHz. From
Eq. (3), the optical potential of the blue-detuned CFVB for
MgF molecules in the focal plane can be calculated. The
result shows that the maximum optical potential is 1.3 mK
at the focal plane, high enough to trap cold MgF molecules
from a standard magneto-optical trap with a temperature of
~ 527.9 uK.!*! Due to the minimum light field in the central
region of a CFVB, the heating of trapped molecules is low.
And the maximum photon scattering rate of MgF molecule in
the optical trap is much lower than one photon per second. So,
the molecules can have the long trapping lifetime.

We can also prepare the ultracold MgF molecules from
a slowed molecular beam by using the intensity-gradient in-

31.33] The cooling is based on a blue-

duced Sisyphus cooling.!
detuned CFVB and a weak repumping laser beam. Because
of the strong intensity-gradient force and the low-rate sponta-
neous emission, the molecules in the CFVB trap can be cooled

to the lower temperature of several photon recoils.

5. Conclusion

In conclusion, we generate a dynamically adjustable,
crossed, focused, vortex beam by imprinting a pair of hybrid
holograms with the vortex phase and the lens phase onto a
SLM. We study the propagation characteristics of such vortex
beam in free space. Our study shows that at the focal point,
with a shorter focal length and a larger incident Gaussian
beam’s waist, an extremely small DSS at the 3D dark hollow
region of the crossed, focused, vortex beam can be obtained,
which is 16.3 um. For f = 150 mm and wy = 1.7 mm, when
the OAM’s quantum number / decreases from 16 to 1, the DSS
decreases accordingly, from 388.7 pm to 16.3 um, and the cor-
responding trapping volume of the CFVB can be compressed
by a factor of up to 1.3 x 10* times. Looking forward to the

114202-6
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future applications, when cold molecules are loaded from a

standard magneto-optical trap, they can be trapped in a 3D

dark hollow region, and then cooled by intensity-gradient in-

duced Sisyphus cooling. Thus, even an all-optically cooled

and trapped Bose—FEinstein condensate in the crossed, focused,

vortex beam is feasible.!

16]
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