Chin. Phys. B Vol. 21, No. 3 (2012) 033302

Laser guiding of cold molecules in a hollow optical
fiber and continuous-wave cold molecular beam
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A novel scheme for guiding arbitrary buffer-gas cooled neutral molecules in a hollow optical fiber (HOF) using a

red-detuned HE1; mode is proposed and analysed theoretically. We give the electromagnetic field distribution of the

HE11 mode in the HOF and calculate the optical potential of an Is molecule, and study the molecule guiding mechanism

using a classical Monte Carlo simulation. Using a 6 kW input laser, an S-shape HOF with a 2 ¢cm curvature radius

for both bends, and an input molecular beam with a transverse temperature of 0.5 K and longitudinal temperature of

5 K, we obtain a guiding efficiency of ~0.126% for the scheme, and the transverse and longitudinal temperatures of the

guided molecular beam are 1.9 mK and 0.5 K, respectively.
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1. Introduction

Cold molecules have potential applications in cold

molecular spectroscopy and accurate measurement, !

molecular collision and cold chemistry, !

quantum
computing and quantum information processing,[*9!,

As such, molecule decelerating,!®
[9]

and so on.
trapping,!”8 manipulating!®) and especially molecule
guiding, have attracted more and more attention. In
2000 Loesch and Scheel'®) proposed and experimen-
tally demonstrated the first electrostatic guide for
cold polar molecules,'® and in 2004 Junglen et al.['"]
proposed and demonstrated an S-shape electrostatic
guide. In 2007 Tsuji et al.'?! demonstrated a U-shape
electrostatic guide, and Patterson et al.'3] a magnetic
guide. Our group have also demonstrated two elec-
trostatic guides.'*'®) However, all these guides are
only applicable for polar molecules or paramagnetic
molecules and cannot be used to guide molecules with-

out a permanent electric or magnetic dipole moment.
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So it would be interesting and worthwhile to find a
promising optical guide which can be used not only
to guide molecules but also to produce an arbitrary
cold molecular beam by bending it to a velocity fil-
ter. In the present paper, we propose a novel scheme
to guide arbitrary buffer-gas cooled neutral molecules
with a red-detuned HE;; mode in a hollow optical
fiber (HOF), and obtain an optical velocity filter by
bending the HOF to the S shape. The rest of the pa-
per is organized as follows. In Section 2, we propose
a scheme to guide cold molecules and calculate the
optical potential for I molecules. In Section 3, we
perform a Monte Carlo simulation by using numeri-
cally integrating Newton’s equations of motion with
the Runge-Kutta method, and obtain the guiding ef-
ficiency, the transverse and longitudinal temperature,
as well as the velocity profiles of the output molecular
beam. In Section 4, some of the main results and a

conclusion are summarized.
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2. The guiding scheme and opti-
cal potential of the I, molecule
in the HOF

2.1. The cold molecule guiding scheme

A scheme to guide cold molecules using a red-
detuned HE;; Gaussian mode in a cylindrical HOF is
shown in Fig. 1. The HOF is composed of a hollow
region with radius @ and a dielectric shell. As shown
in Fig. 1(b), a red-detuned Gaussian beam (GB) with
a vertical linear polarization is coupled into the hol-
low region of the HOF to excite the HE;; mode. At
the same time, a continuous-wave (CW) molecular
beam is injected into the HOF. The HE;; mode is az-
imuthally symmetric with the maximum intensity on
the fiber axis and has almost zero intensity at the wall.
Then, in the HOF, the molecules suffer the dipole force

'

Yy

hollow

Y
dielectric A

cw incident molecular beam

arising from their alternating current (AC) stark in-
teraction with the optical field. As the laser beam is
red-detuned, the molecules are attracted to the high-
intensity region in the transverse direction, and are
consequently guided through the fiber along the axis.
The HOF is composed of two bends, and each bend
has a curvature radius R and is followed by an ap-
proximately 20 cm-long straight guide (see Figs. 1(b)
and 1(c)).
not only a dipole force but also an inertial centrifugal

In these two bends, the molecule suffers

force, and the molecule with a large longitudinal veloc-
ity can then be rejected and lost. Like the evaporative
cooling, the velocity distribution of the guided molec-
ular beam can become narrower than that of the input
beam. In this paper, the dielectric shell of the HOF
is made of sapphire, whose complex refractive index
at a wavelength of A = 10.6 um is n = 0.67-0.03i,11¢
and the input laser is a CO; laser at A = 10.6 pm.

A\ &Y

Fig. 1. (a) Structure of the HOF, (b) schematic diagram of the molecule guide, and (c) transformation of the

two coordinates.

2.2. Intensity distribution and mode
coupling of the HE;; mode

Since we use a Gaussian beam (GB) to excite the
HOF, the lowest order HEq; hybrid mode (a Gaussian
mode) in the cylindrical HOF will be excited selec-
tively, while other modes cannot be efficiently excited
(i.e. their coupling efficiencies are very low). The
electromagnetic fields of the HE;; mode in the hol-
low region of the HOF (EboHow, Ei’,‘l’lllow, E,; Hbellow,
H 3‘1’1110‘”, H,) can be expressed in the cylindrical coor-

dinate system (r, ¢, z) asl!”]
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where Jo(z) is the zeroth-order Bessel function of the

first kind, w11 ~ 2.405 is the geometrical mode factor
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of the HE1; mode, a is the radius of the hollow re-
gion, w is the angular frequency of the input laser, ¢
and po are the vacuum dielectric constant and mag-
netic permeability, respectively, and aq; and (1, are
the imaginary and the real parts of the axial propaga-
tion coefficient of the HE;; mode, respectively. The
electromagnetic fields of the HE1; mode in the dielec-
tric shell of the HOF are very small and are given by
Edielectric _, g and fdielectric _,

The intensity distribution of the HE;; mode in
the HOF can be calculated by the longitudinal com-

ponent of the time-averaged Poynting vector as!*®!

A
_ hollow hollow hollow hollow
I= i(Erll X Htpll - Ecpll X Hrll )7 (2)

where A is a constant and can be calculated by the de-
pendence of the propagating power P on the intensity
distribution in the HOF,

P :/ I x 2mrdr. (3)

0

From Egs. (1)—(3), we can obtain

e_2a11ZPJ(2) (gun)

I= ma?[J3(u1r) + I3 (u11)] W

The coupling efficiency of the HE;; mode, i.e. the
ratio of power P of the HE;; mode to the input power

of the Gaussian beam, is given by![!?!

_ an ESB (1) Jo(guu) rdr‘z
[ BSB () rdr [3I2(Zun)rdr’

()

where ESB(r) is the electric field profile of the GB
and can be described by

2P, r?
- 6
woﬁxexp< w%)’ ©)

Py, is the input power of the GB, and wy is the beam
waist width of the GB.
Based on Eq. (5), we calculate the dependence of

ECB (r) =

the coupling efficiency C' of the HE;; mode on the
beam waist of the incident GB and find that there
is a maximum coupling efficiency for a given a (see
Fig. 2). If we choose the beam waist of the GB to
be wy = 65.5 wm and the inner radius of the HOF
to be @ = 100 wm, then coupling efficiency C' of the
HE{; mode can reach a maximum value of 98%, i.e.
P =~ 0.98 P,;,, while the coupling efficiency for the other

modes is only ~ 2%.

1.0

0.8
0.6
0
0.4

0.2

0 100 200 300 400
wo/pm
Fig. 2. The dependence of coupling efficiency C for the

HE1; mode on beam waist wg of the incident Gaussian
beam.

2.3. Propagation loss of the HE;; mode
in HOF

In a straight HOF, the HE;; mode has an atten-
uation coefficient!”]

242 2
_ U1 A ne + 1
1100 = <27r) pe Re L = J . (7)

And in a bend HOF, when the bending radius R is
large, the HE;; mode has an attenuation coefficient
proportional to 1/R2.[17] On the other hand, when the
bending radius is much smaller than a critical radius
R, 129 the attenuation coefficient of the HE{; mode is
proportional to 1/R.?Y In our case, we choose the in-
ner radius to be ¢ = 100 um and the bend radius to be
R =2, 3,4, 5, 6 cm, then the attenuation coefficient
of the HE{; mode is

a1 (R) = 1 [em Re (21E) + cs Re (yrMm)],  (8)

R
2
Wher61ZTE - 1\/%’ leM - \/%al Cm = 1 -
0.231 7 — 198y +5.20 75, ¢s = 0_570% + 1121 +

1.45\/%, b= (nokoa)2 a/R, ng is the refractive index
of air, and ko = 27/\ is the wave number in the vac-

uum for the input laser.

2.4. The optical potential of the I,
molecule

When a molecule enters into the HOF, it will in-
teract with the optical field due to the AC stark effect.
The molecule has a Stark shift U (i.e. the optical po-
tential) given byl?%23]

a
U= —focl , (9)
where « is the polarizability of the molecule, and c is
the velocity of light. From Eqs. (4) and (9), we obtain

efzallzPan (gull)

 2emeoa[JE(ury) 4+ 2 (unr)]”

U= (10)
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For an I, molecule, a = 12.1 x 10740 C2.m2.J-1.[24]
According to Eq. (10), we calculate the dependence of
the optical potential of an Is molecule on radial posi-
tion r for ¢ = 100 um, A = 10.6 pm, P = 6 kW, and
z = 0. As shown in Fig. 3, it is evident that the HEq;
mode in the HOF is a Gaussian-shaped one, which
can be used to guide cold molecules when the incident
laser beam is red-detuned.

8r P=6 kW
a=100 ym
6L z=0
]
£
— 4+
Im
=
D
2_
Ok 1

90 60 30 0 30 60 9
r/um

Fig. 3. The radial distribution of the optical potential for

z=0.

3. Monte Carlo simulation

3.1. The spatial and velocity distribu-
tions of the input molecular beam
In the following discussion, we assume that the

incident molecular beam has a Gaussian transverse
spatial distribution(!!]

(11)

x? + y2
w? ’

Fa) = e (

a Gaussian transverse velocity distribution

1 v2 4+ 02
fv ,v.)zexp<— ad y), (12)
‘ y Tm}%ln v%nl

and a normalized longitudinal velocity distribution in
the flux of the molecules

F(0:) = 22 exp (— v: ) (13)

Lm ULm

where VUTm = k‘BTTm/M, VLm — V QkBTLm/M, TTm

and Ty, are the transverse and the longitudinal tem-
peratures of the molecular beam, respectively, kg is
the Boltzmann constant, and w is the molecular beam
waist width.

3.2. The reference frame for simulation

In order to simplify the simulation, we introduce a
corresponding S-shape reference frame (see Figs. 1(b)

and 1(c)). In this frame, the 2z’ axis follows the centre
of the HOF, and the z’ or ¥’ axes are perpendicular to
the guide. The transformation between this reference
frame and the Cartesian coordinate is given by!25—27]

y=R[l —cos(z'/R)] + v cos (z'/R),
z=(R—1y')sin(z/R). (14)

The unit vectors (e;, ey, e,) of the old coordinate
system are related to the new ones (e, e;, €.) by the
following equations:

e, =e

e, = e, cos(z'/R) + e, sin(z'/R),

e. = —eysin (2'/R) + e, cos(2'/R).  (15)
From Egs. (14) and (15), we obtain the acceleration of

the molecule motion expressed in the new coordinates
as

2
'UZ/
a = agez + |ay + R |

2 1Vt
+ [az/ - U%U }ezl. (16)

3.3. Monte Carlo simulation

To understand the molecule guiding mechanism,
we study the dynamic process of the guided molecules
using the classic Monte Carlo simulation. In the sim-
ulation, we make some assumptions. First, we assume
that the molecules are classical particles. Second, if
a molecule hits the wall of the HOF, we consider it
to be lost from the waveguide. Third, the transverse
and the longitudinal degrees of freedom do not mix
with each other, which is a good assumption when
the bend radius is much larger than the inner radius
of the HOF. We choose I as the test molecule, and
its trajectory is obtained by numerically integrating
Newton’s equations of motion using the Runge-Kutta
method, which converges faster than the direct inte-
gration. The guided I molecule in the HOF experi-
ence is an optical dipole gradient force, which can be
given by

ou ou ou

Fo=—"\ Fj=—"t, F,=——". 1

Oox’
According to Eq. (16), the acceleration of the
molecule motion in the HOF can be expressed as

F, F, vg F, " 2uyv,
—, Ay =— — =, a, = —
MY M R M R

where M is the mass of the guided molecules, R =

Rpenq in the two bends, and R = oo in the straight
sections of the HOF.

Ay =
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We used a homemade C++ program and a
parallel-operation computer system composed of
64 CPUs to perform the Monte Carlo simulation,
in which ~ 10° input molecules are moved quasi-
continuously with a time step of At = 1078 s. When
a molecule moves to the end of the HOF, we stop the
simulation of the molecule and begin the simulation
of the next molecule, thus every molecule has its own
motion trajectory. Finally, we collect the molecules in
the area of 0 < r < a, while those molecules localized

= R=2cm (b)

0 1 1 1 1 1 1

1 2 3 4 5 6
P/kW
15 R=2
- = cm . (C)
R=3cm @=100 pm p=
1.2F A R:4 cm TTW :05 K _,.-‘;‘
- Lot
v R=5cm TZU =5 K &7 ’,/i
L+ R=6cm e .
X 0-9 /§, /,—f &
=
&~

P/kW

Fig. 4. The dependences of (a) the guiding efficiency, (b)
the transverse temperature and (c) the longitudinal tem-
perature of the guided molecular beam on laser power P
and curvature radius R. The data points with error bars
are the simulated results, and the curves are their corre-
sponding fittings.

outside this area are considered to be lost.
The dependences of the guiding efficiency, the
transverse and the longitudinal temperatures of the

guided molecular beam on input laser power P and
curvature radius R are obtained from the Monte Carlo
simulations. The data points with error bars are
shown in Fig. 4. Every data point is simulated six
times. We can see from Fig. 4 that the guiding ef-
ficiency, the longitudinal and the transverse temper-
atures of the guided molecular beam increase with
the increase in input laser power and decrease with
the reduction in curvature radius R. In particular,
for P = 6 kW and R = 2 cm, the guiding efficiency
of the guided molecular beam is ~ 0.126%, which
shows that a CW molecular beam with a flux of
10® ~ 10° s~! can be generated by our S-shaped HOF
when the incident flux is about 10!' ~ 102 s—1.[13,28]
The transverse and longitudinal temperatures of
the guided molecular beam are about 1.9 mK and
0.5 K, respectively, which are much lower than those

12 X -
= simulation ~ Y
; 5 0.2 ’ \
L Gaussian fit 2 A
I i : 1
D ----input 2 )
2 o1 i \
g gfa= 100 pm E y ]
2 P=6kW B s Y
g |R=2 cm % 0 ’ P
5 Tppo=0.5K . Ot 8
= [Tm=19mK e/
E L
0
= L
(a)
ok 52
~1 -5 5 15 2
Vgy/ T8~ 1
6F = ?imulation % 0.02 /i““‘(\
- .1t 2 .
3 input % i ‘\
= g L]
g 5 |
i} = k
5 e 3
h ;
4 1
Q
<L
E
=
(b)
1
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v, /ms™!

Fig. 5. (a) Transverse velocity and (b) longitudinal ve-
locity distributions of the molecular beams. The inserts
show the results of the guided molecular beams. The data
points with error bars are the simulated results, the solid
curves represent the normalized distributions of the input
molecular beam, and the dotted curves (including the right
inset) denote the corresponding fittings to the simulated
results.

(0.5 K/5 K) of the input molecular beam due to the ve-
locity filtering of the input molecules. Figure 5 shows
the velocity distributions of the input molecular beam
and the guided molecular beam for P = 6 kW and
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R =2 cm. We can see from Fig. 5 that the transverse
(Fig. 5(a)) and the longitudinal (Fig. 5(b)) velocity
distributions of the guided beam have the same pro-
files as those of the input beam but are narrower and
lower.

4. Conclusion

In this paper, we proposed a novel scheme to
guide molecular beams using a red-detuned HEq;
mode in the HOF. This scheme is applicable for ar-
bitrary molecular beams. We calculated the optical
potential of an Is molecule in the HOF and simulated
the dependences of the guiding efficiency, the trans-
verse and the longitudinal temperatures of the guided
molecular beam on input laser power P and curva-
ture radius R. In particular, when P = 6 kW and
R = 2 cm, a CW molecular beam with a transverse
temperature of 1.9 mK, a longitudinal temperature
of 0.5 K and a molecular flux of 10 ~ 10° s=! can
be generated. Such a guided cold molecular beam
can be used in many research areas, such as optical
Stark deceleration,??3% frequency standards,®! cold
molecular physics and optics, cold molecular spec-
troscopy, and cold molecular chemistry,®? thus en-
riching neutral molecule manipulation and control.
Moreover, our optical guiding scheme offers not only
an effective method of generating a CW cold molecular
beam, but also a novel technique for forming various
molecule-optical devices, such as molecular funnels,
molecular beam splitters and molecular interferome-
ters.
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