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We propose a general scheme for sympathetic cooling of molecules to mK

temperatures on a timescale of seconds. Experimental parameters have been

estimated from theory, which indicate the viability of the scheme. This method,

which is particularly suited to optical Stark deceleration, utilises ultracold, laser

cooled metastable rare gas atoms quenched to their ground state as collision

partners to co-trapped molecular species within a deep optical trap (150 mK). We

also describe the measurement of the role of laser-induced molecular alignment

on the dipole force in optical Stark deceleration and outline progress towards the

realisation of chirped optical Stark deceleration for producing slow molecular

beams with mK energy spreads.
1 Introduction

Laser cooling, the cornerstone of cold atom physics, is capable of dissipatively cool-
ing atomic gases to ultracold temperatures (mK).1 This technique cannot, however,
be applied to most molecules due to the lack of a single or even a few cycling tran-
sitions. While ultracold molecular species can be produced by association of laser
cooled atomic species on Feshbach resonances2 and by photoassociation,3 the range
of stable molecular species that can be produced in this way is limited by the small
number of atomic species that can be laser cooled. New techniques have been devel-
oped to produce slow, cold molecules of much greater variety and complexity and
these include buffer gas cooling,4 and phase space filtering techniques such as elec-
trostatic Stark deceleration5 and more recently Zeeman deceleration.6 These tech-
niques are capable of producing cold trapped molecular ensembles and have now
been used for a range of important low energy collision experiments7 and precision
spectroscopy.8 However, they do not appear to be capable of reaching the ultracold
regime (<1 mK), where much of the interesting physics and chemistry is to be found.
To produce colder molecular gases without the losses of molecules inherent in
filtering techniques, it is generally accepted that a dissipative cooling scheme will
be required once the molecules are slowed and trapped using the techniques devel-
oped above. A number of important dissipative schemes are potentially available
for cooling molecules below the 1 mK barrier, and these include stochastic, cavity,9

and evaporative and sympathetic cooling.10 Although no progress has been reported
on stochastic cooling for atoms or molecules there is currently considerable theoret-
ical effort and some experimental effort directed towards the study of cavity cooling
of atoms and molecules. However, this technique is yet to be clearly demonstrated
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experimentally. Evaporative and sympathetic cooling of one species via thermalising
collisions with another colder species is conceptually simple and has been demon-
strated using many cold atomic species and in a variety of traps. This method there-
fore appears to be a viable first choice to cool below the current 1 mK barrier. In this
paper, we propose a promising route towards the sympathetic cooling of molecules
which utilises ultracold, laser cooled rare gas atoms in their ground state co-trapped
with molecules in an optical trap. We also describe recent developments in the
optical Stark deceleration method which include the measurement of the role of
laser-induced molecular alignment on the dipole force as well as progress towards
the realisation of chirped optical Stark deceleration for producing slow molecular
beams with mK energy spreads.
2 Sympathetic cooling with laser cooled rare gas atoms

The earliest sympathetic cooling experiments with stable cold molecules were carried
out with helium gas.4 This technique, called buffer gas cooling, uses collisions
between helium gas at temperatures in the 100 mK range with paramagnetic molec-
ular species, which are accumulated in a magnetic trap as they are cooled. This
method has proven to be very successful for a number of molecular species but it
is currently limited to temperatures in the 100 mK range. Sympathetic cooling of
Stark decelerated species with laser cooled atoms is also a potential route towards
mK temperatures. The collisional properties of a few molecular species, which can
be subsequently electrostatically or magnetically trapped with laser cooled alkali
metal atoms have been explored theoretically.11,12 These studies show that maintain-
ing a large elastic to inelastic collision ratio of rates is problematic over all of the
temperature ranges in which the molecules must be sympathetically cooled. Mole-
cules that can be electrostatically and magnetically trapped in a single quantum state
can experience trap losses when inelastic collisions promote them to untrappable
states. In addition, chemical reactions between the species can also lead to an effec-
tive trap loss.12 We propose a scheme for sympathetic cooling of optical Stark decel-
erated molecules using ground state rare gas atoms as collision partners to minimise
the possibility of reactions and avoid losses due to state changing collisions. An
optical trap is an obvious choice of trap for sympathetic cooling experiments, since
it is capable of trapping all ro-vibrational states in the electronic ground state, unlike
magnetic and electrostatic traps. However, in order to make a trap deep enough to
hold optical Stark decelerated molecules in the 10–100 mK range, it must have
a small volume with length scales of the order of a hundred microns. This type of
small volume trap does not, at first, appear attractive for electrostatic Stark and Zee-
man deceleration techniques, which produce slowed single quantum state densities in
the 108 cm�3 range over millimeter length scales, as very few molecules would be
trapped. It does, however, appear to be a feasible method for trapping optical Stark
decelerated molecules with densities in the 1012 cm�3 range, because the optical lattice
used in these experiments is spatially well matched to optical trap dimensions. In
addition, an optical trap is capable of trapping a molecular gas that is in a distribu-
tion of ro-vibrational states and these internal states may also be cooled using evap-
orative and sympathetic cooling within the trap.

2.1 State preparation for trapping and sympathetic cooling

Optical cooling of five rare gas atoms has been achieved by utilizing a closed tran-
sition from the lowest excited meta-stable state ns[3/2]2 to the higher np[5/2]3
state.13–17 We have considered viable optical quenching routes for He, Ne, Ar, Kr
and Xe, from the meta-stable ‘cooling’ states with special consideration given to
the heating effect caused by the absorption of near infra-red photons and emission
of VUV photons in the quenching process. Quenching of Ne*, Ar*, Kr* and Xe* can
be achieved by optically pumping from the meta-stable state to a higher energy state
176 | Faraday Discuss., 2009, 142, 175–190 This journal is ª The Royal Society of Chemistry 2009



Fig. 1 Energy levels relevant for laser cooling and quenching of Ar* and Kr*.
which can undergo one or more dipole transitions to the ground state. Two such
routes for Ar* and Kr* are illustrated in Fig. 1.

Argon can be optically quenched by pumping from the 4s[3/2]2 meta-stable level
to the 4p[5/2]2 excited state using light at 801.4 nm. There are two possible two-
photon decay routes from the 4p[5/2]2 level to the ground state; the intermediate
levels are 4s[3/2]1 and 4s[1/2]1. This quenching process will give a maximum photon
recoil temperature of 66 mK. A laser of wavelength 763.5 nm could also be used in an
alternative quenching process exciting the 4p[3/2]2 state from which the atom could
decay to the ground state via the same two intermediate levels as in the previous
process. A maximum temperature increase of 68 mK will result from the photon
recoil effect.

The quenching scheme for krypton is similar to that for argon; the 5s[3/2]2 meta-
stable state is optically pumped, by 810.4 nm light, to the 5p[5/2]2 state from which
dipole transitions to the ground state can proceed via either the 5s[3/2]1 or 5s[1/2]1
states. This process will produce a temperature increase of 25 mK. Laser light at
760.2 nm can also be used to quench Kr* by pumping to the 5p[3/2]2 state from
which decays to the ground state result in a heating effect of 25 mK. Ne* and Xe*
can be quenched using laser light at 633.4 nm and 979.9 nm respectively. The
quenching process heats Ne by 261 mK and the heavier Xe by 11 mK.

We note that it is not possible to quench He* in the same way but this may be
achieved by other methods.18 However, the atomic cloud will be heated by more
than 1.2 mK, due to the emission of a short wavelength (l < 64.5 nm), high energy
photon and thus He from this perspective appears to be an unsuitable species for
sympathetic cooling.

2.2 A deep optical trap for molecules and rare gas atoms

Although the ultracold atomic species can easily be trapped in conventional quasi-
electrostatic traps (QUEST),19 one of the primary challenges is to create a continuous
optical trap that is sufficiently deep to trap the initially ‘hot’ molecular species. To
create the necessary trap depth we consider an optical potential that can be created
within a high finesse optical buildup cavity.20–22 For frequencies far-detuned (to the
red) from any possible dipole-allowed transitions, a QUEST standing wave potential
takes the general form
This journal is ª The Royal Society of Chemistry 2009 Faraday Discuss., 2009, 142, 175–190 | 177



Uðx; y; zÞ ¼ �a

2
Eðx; y; zÞ2; (1)

where a is the ground state polarizability of the trapped particle, and E(x,y,z) is the

electric field distribution of an incident light field. In the specific case of a Gaussian

beam in-coupled to a Fabry–Perot buildup cavity, a stationary periodic lattice

potential is formed, which can be described by

Uðr; zÞ ¼ U0

1þ ðz=zRÞ2
exp
h
� 2ðr=wðzÞÞ2

i
cos2½kz�; (2)

where U0 ¼
2a

30c
Ic, Ic is the one-way circulating peak intensity, zR is the Rayleigh

range of the intra-cavity field (zR ¼ pw2
0/l), w is the 1/e2 beam width in the radial

direction, and k ¼ 2p/l. U0 signifies the peak well depth. The beam waist evolves

according to w(z) ¼ w0[1 + (z/zR)2]1/2, where w0 is the minimum beam waist at the

cavity centre. A plot of the intra-cavity potential is given in Fig. 2. The variation

in potential well depth for a QUEST is determined by the difference in polarizability

of each species.
2.3 Cavity design

We describe a prototypical optical trap with a well depth of 150 mK for benzene
molecules which requires a circulating intensity of Ic ¼ 2.5 � 108 W cm�2. We
consider a trap that could be constructed from a commercial, single frequency laser
of 10 W output power (Verdi V10, Coherent), operating at a wavelength of 532 nm
fed into an optical buildup cavity. In such a scheme it is possible that 65% of the
initial laser power would be lost before it is coupled into the cavity. Damage to
the mirror surfaces due to the high intra-cavity intensity necessitates a minimum
beam spot size on the mirrors such that the intensity is below � 100 MW cm�2.23

This leads to a minimum beam waist radius in the trapping region of the cavity of
w0 ¼ 55 mm. This beam waist must also be sufficient to overlap well with our optical
Stark deceleration volume so that the total number of trapped molecules is maxi-
mised. To produce the required intensity of Ic ¼ 2.5 � 108 W cm�2, we consider
Fig. 2 A plot of the intra-cavity trapping potential for benzene molecules within the high
finesse cavity.
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Fig. 3 Fused-silica cavity design. Molecular slowing beams are shown in red, intersecting at
the beam waist of the 532 nm (green) dipole trap beam at the centre of the cavity (the trapping
point).
a cavity consisting of two, high-reflectivity mirrors (radius of curvature R ¼ 5 cm)
which share the same optical axis, separated by a distance L ¼ 8.5 cm. Fig. 3 is
a diagram of the buildup cavity trap suitable for trapping optical Stark decelerated
molecules. The mirrors are assumed to be supported on a structure made of a low
thermal expansion material such as fused silica, but with optical access for the lattice
deceleration beams and for the magneto-optical trap. The mirror transmission coef-
ficients T must be chosen to enable a sufficiently large power build-up inside the
cavity to produce the required intensity. For a perfectly impedance-matched cavity,
the in-coupling mirror has transmissivity T1 given by

T1 ¼
1

G
¼ Pc

PI

; (3)

where G is the cavity power build-up factor, Pc is the intra-cavity intensity (one-

way), and PI is the in-coupled laser power. The impedance matching condition fixes

the in-coupling mirror transmission coefficient: T1 ¼ T2 + L, where T2 is the trans-

mission coefficient of the second mirror, and L is the total loss coefficient for the

cavity. This condition maximizes the power build-up. A one-way intra-cavity inten-

sity of Ic¼ 2.5� 1012 W m�2 gives a well depth of U0¼ 150 mK for benzene. With w0

¼ 55 mm we obtained Pc ¼ 23.5 � 103 W, hence the required transmission coefficient

is T1¼ 149 parts per million (ppm). Assuming realistic loss coefficients of 10 ppm for

each mirror, we then find T2 ¼ 129 ppm. Using these values we calculate a suitable

cavity’s required spectral properties. These are a finesse of F ¼ 19800, a free spectral

range FSR¼ 1.76 GHz and a linewidth of Dn ¼ 89.3 KHz, and the power buildup of

G ¼ 6710. All of these values have been achieved in many high finesse cavities20–22

and therefore we conclude deep molecular traps constructed in this way are feasible.
This journal is ª The Royal Society of Chemistry 2009 Faraday Discuss., 2009, 142, 175–190 | 179



We note that laser frequency instabilities, as well as thermal and vibrational insta-
bility in the cavity all lead to difficulties in maintaining a stable, single intra-cavity
mode. For our purposes, a TEM00 Gaussian mode is preferable for the formation
of a deep QUEST trap. Therefore, to avoid higher order TEM-modes forming,
the cavity length and/or laser frequency have to be actively stabilized using standard
Pound–Drever–Hall techniques.24,25

2.4 Dipole trap potential for rare gas atoms and optical Stark decelerated molecules

The QUEST produces different well trap depths for each of the possible rare gas
atoms and molecules due to their differing static polarizabilities. Table 1 shows
the corresponding well depth U0 for a one-way intra-cavity intensity of Ic ¼ 2.5 �
108 W cm�2.

These well depths are compared with the temperature of the atoms after laser
cooling and quenching to their ground state, since this has to be much lower
(10�) than U0 for sympathetic cooling to be effective.20

To estimate the number of molecules loaded into the lattice/dipole trap potential
sites we assume that the molecular beam has a uniform density of r ¼ 1013 cm�3, and
that the volume of a lattice potential site is VLS ¼ pw2

0 � a ¼ 2.53 � 10�9 cm3, where
a is the axial lattice spacing (a ¼ 0.266 mm). Because of the small solid angle sub-
tended by the lattice deceleration beam the transverse temperature (Tx ¼ Ty) of
benzene in a molecular beam is approximately 400 mK at 0.2 m from the orifice,
while the longitudinal temperature Tz is approximately 1 K. The total number of
molecules trapped in our lattice potential per lattice site thus depends on the density
of the beam, the size of a potential site and also the proportion of the velocity distri-
bution of molecules that can be captured by a potential depth of around 150 mK (for
benzene). To simplify the calculation, we assume 100% trapping in the transverse
direction (reasonable since Tx,y � U0), and therefore model the beam as having

a 1D velocity distribution given by f ðvzÞ ¼
 

m

2pkBTz

!
exp

"
� mv2

z

2kBTz

#
, where m is

the molecular mass, and vz is the axial velocity of a constituent molecule in the distri-
bution. During the confinement process, evaporative cooling takes place, which
rejects all molecules with temperatures approximately above 1/10th of the potential
depth (T > 15 mK). The fraction, n, of molecules captured by the trap is given by

n ¼
ðvzðT¼15 mKÞ

�vzðT¼15 mKÞ

�
m

2pkBTz

�
exp

�
� mv2

z

2kBTz

�
dvz; (4)

where vz(T ¼ 15 mK) ¼ 1.26 m s�1, and n ¼ 0.097. The total number of molecules

trapped per lattice site is then NLS ¼ r � VLS � n ¼ 2450. With a molecular

beam width of z 100 mm, this gives a total number for the whole lattice of 0.92

� 106 molecules. Using the same arguments we would expect that 700 H2 molecules

could be trapped in each lattice site and used as a starting point for sympathetic cool-

ing. This model neglects loss mechanisms that may be present during loading, and
Table 1 The calculated well depth for each rare gas species and the recoil temperature after

quenching to its ground state

Rare gas U0/mK Recoil temp./mK

He 3.08 1216.0

Ne 5.95 261.1

Ar 24.7 66.3

Kr 37.4 24.8

Xe 60.8 11.1
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assumes a high value for the molecular beam density. This number is therefore an

upper limit. Although we have considered benzene in these calculations the well

depth for any species can be scaled by its polarizability. The well depths for H2,

NH3 and CS2 are 12 mK, 33 mK and 127 mK respectively.

2.5 A case study: sympathetic cooling of molecular hydrogen

Molecular hydrogen is an interesting first species to consider for sympathetic cooling
since it is of astrophysical importance and is a candidate for ultracold chemistry
experiments. Its collisional properties, in the absence of a trapping field, can be
readily calculated, and it has a high polarizability to mass ratio which means that
it is one of the most effective species to decelerate using optical Stark decelera-
tion.26,27 In order to estimate thermalisation times in the optical trap it is necessary
to determine scattering lengths and collision cross sections for collisions between the
rare gas atoms and the molecules of interest. Cold and ultracold calculations of cross
sections for H2 with He and Ar have been already considered in some detail28,29 and
we have extended these to include all the stable rare gas atoms that can be laser
cooled and trapped.30,31 H2 is a simple first case to consider as the scattering energy
is very small compared to the vibrational–rotational excitation energies of H2, and
thus the only allowed channel is the elastic one. Under these conditions, the scat-
tering of Rg–H2 was modelled as a two-body process.32,31

Table 2 shows the range of values obtained for the Rg–H2 scattering length and
the cross section. The spread in these values for all species except Xe–H2 results
from the variation in the published potential energy surfaces (PES).31 For Xe–H2,
there is only one PES reported. The table illustrates that although there are large
uncertainties in the collisional parameters, the physics of the scattering mechanisms
is clear. The greatest cross-section is of He–H2, due to the strong halo characteristics
of this system.33,32 It is possible to show that for those systems the scattering length,
as depends on the square root of the inverse of the binding energy E, asz1=

ffiffiffiffi
E
p

. The
smaller the binding energy the larger the scattering length and the five complexes can
be interpreted in this way. The two He–H2 isotopologues are the weakest bound and
their scattering length is the greatest while the Ne–H2 system is more strongly bound
and its scattering length is smaller. The stabilization of a second vibrational band in
Ar–H2 makes this complex more reactive than its predecessor and the Xe–H2 scat-
tering length is the smallest of the whole group.

The large collisional cross-sections for 4He–H2 and Ar–H2 are comparable to that
utilized in sympathetic cooling experiments between cold alkalis10 and these values
are relatively constant over a large temperature range. We estimate a collision rate
and thermalisation time for Ar–H2 based on a cross-section of 1000 Å2 and the axial
and radial trap frequencies, assuming the harmonic approximation given as

uax ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

U0k2

m

r
and urad ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
4

U0

mw2

r
respectively. The radial and axial trap frequen-

cies for Ar are 2p � 15 kHz and 2p � 7 MHz and for H2 are 2p � 41 kHz and
Table 2 The scattering lengths as and the zero-energy elastic cross-sections s calculated for all

Rg–H2 complexes

|as|/Å s(E ¼ 0)/Å2

3He–H2 67.6–90.6 57500–103000
4He–H2 22.7–24.7 6500–7800

Ne–H2 3.30–3.85 140–190

Ar–H2 8.71–10.1 950–1300

Kr–H2 5.51–6.96 380–610

Xe–H2 1.82 42
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2p � 19 MHz. We also assume that H2 has evaporated to approximately one tenth
of the well depth before sympathetic cooling occurs. We assume that each species has
a density in the trap of the form n ¼ n0 exp [�U/kT] with peak densities of 5 � 109

cm�3 and 1011 cm�3 corresponding to 11 molecules and 1300 atoms per fringe of the
trap at initial temperatures of 1.2 mK and 66 mK respectively. The Rg–H2 collision

rate is given by g ¼ svrel

Ð
nRg(x)nH2

(x)dx, vrel is the mean relative velocity between

collision partners and nRg(x) and nH2
(x) are the densities of the rare gas and H2.

It is well known that approximately 3 collisions are required for thermalisation of
collision partners of equal mass in a gas but for unequal masses this is approximated

by
3

h
where h ¼ 4

mRg mH2

ðmRg þmH2
Þ2

. The initial time for thermalisation for two species

within a trap is given by10

s ¼ 3p2kbTH2�
NH2
þNRg

�
shmH2

uzH2
urH2

2
: (5)

For the conditions given for Ar–H2, a thermalisation time scale of 2 ms is deter-
mined. This fast thermalisation time can be accounted for by the large axial trap
frequency and the large relative velocity between the hot molecular gas and the
much colder atoms, despite the poor spatial overlap between the two species. For
Xe–H2 collisions, using the same initial densities and a collision cross-section of
42 Å2, a thermalisation time of the order of seconds is estimated. Although the
Xe–H2 collision rate is much lower than for Ar–H2, trapping of atomic species
over this time scale has been demonstrated indicating that even Xe, which forms
the deepest trap, could be used for sympathetic cooling.
3 Measuring the effect of molecular alignment on the dipole force

The optical dipole force on a ground state atomic species in a QUEST is propor-
tional to isotropic polarizability. The force on molecules however, has an orienta-
tional dependence due to their non-spherical shape and anisotropic polarizability.
In the relatively low intensity field of the QUEST described above, the rotational
motion of a molecule averages to its static value. However, in the strong non-reso-
nant laser fields (1011 W cm�2) that are used to decelerate molecular species in optical
Stark deceleration, molecules can be aligned with respect to the polarization of the
field. For a molecule irradiated by a non-resonant pulsed optical field with an electric
field of the form, E(r,t) ¼ ½3̂E(r,t)expiult + c.c., where 3̂ is a unit vector of the field
polarization, E(r,t) is its amplitude and ul its frequency, the induced dipole potential
or Stark shift is given by34,35

VðtÞ ¼ �1

4
aeff Eðr; tÞ2: (6)

The effective polarizability and the optical Stark potential are dependent on the
amplitude of the laser field and its polarization. For linearly polarized light incident
on a linear or symmetric top molecule, the effective polarizability is given by36 aeff ¼
[Dacos2q + at], where Da ¼ a|| � at and a|| and at are the parallel and perpendic-
ular polarizabilities with respect to the molecular symmetry axis. For a linear mole-
cule the symmetry axis is along the bond axis as shown in Fig. 4. For linearly
polarized light the polarization vector is perpendicular to the direction of the light
field and q is the angle between the symmetry axis and the polarization direction
as shown in Fig. 4a. For circularly polarized light, whose polarization is in a plane
orthogonal to the propagation direction, the angle q is between the symmetry axis
and the propagation direction as shown in Fig. 4b. The effective polarizability is
aeff ¼½[at + ak � Dacos2q]. These alignment-dependent optical potentials produce
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Fig. 4 The orientation of the linear molecule CS2 with respect to the polarization vector for
linearly and circularly polarized light defined by the angle q.
a centre-of-mass force that is proportional to the gradient of the potential, F ¼
�VV(r,t), which acts to push molecules into the higher field regions of an optical
field. For linearly polarized fields the maximum force is determined by the maximum
effective polarizability which occurs when cos2q ¼ 1 and the molecule is exactly
aligned with the polarization vector leading to aeff ¼ a||. For circularly polarized
light, the maximum polarizability occurs when cos2 q ¼ 0 and the molecule moves
in the plane orthogonal to the polarization vector. These values will be less than
these maximum values and this can be determined from the expectation value of
cos2q for a particular laser intensity and polarization by solution to the Schr€odinger
equation for a rigid rotor perturbed by the optical Stark potential. The aligned
molecular wavefunction, J(t) ¼

P
JMCJ,M(t)|JMi, is a superposition of the field

free rotor wave-functions37 |JMi, where J are the quantum numbers for angular
Fig. 5 The effective polarizability is plotted against the nonresonant laser intensity for rota-
tional temperatures 2 K (red), 4 K (dark blue), 6 K (orange), 8 K (black), 10 K (green),
12 K (light blue), for linearly polarized light and circularly polarized light. The average polar-
izability is also shown for comparison (dashed line).

This journal is ª The Royal Society of Chemistry 2009 Faraday Discuss., 2009, 142, 175–190 | 183



momentum and M is its projection onto a space-fixed axis. For a particular polari-
zation and laser intensity an expectation value38 of hcos2qiJ,M(t) can be determined
and averaged according to an initial population distribution allowing a calculation
of the effective polarizability as a function of laser intensity and rotational temper-
ature. These values for both circular and linear polarization are plotted as a function
of intensity for CS2 in Fig. 5. The static polarizabilities of CS2 are a|| ¼ 16.8 � 10�40

C m2 V�1 and at ¼ 6.2 � 10�40 C m2 V�1 and the rotational constant is B ¼
0.109 cm�1. Fig. 5 shows that the effective polarizability is higher for linear polari-
zation and that all values saturate at higher intensities.

To measure the effect of molecular alignment on the dipole force we have
measured the induced velocity imparted to carbon disulfide molecules in a cold
molecular beam by an optical field of nanosecond duration and intensity in the
1012 W cm�2 range. This setup has been described elsewhere35 and so we only briefly
summarize it here. A cold molecular beam of carbon disulfide is formed by expand-
ing CS2 gas diluted in argon through a pulsed solenoid valve into a vacuum
chamber. The centre of the molecular beam passes through an orifice (skimmer)
and enters a second differentially pumped vacuum chamber at a pressure of 10�7

torr. The translational temperature of the beam is 2.1 K, travelling at an average
velocity of 520 ms�1. The molecules pass into a time-of-flight mass spectrometer,
where they intersect a non-resonant infra-red (IR) optical field of wavelength 1064
nm, which induces a dipole force on the molecules. The focus of the optical field
has a Gaussian spatial profile with an e�2 radius of 20 mm and Rayleigh range
(constant spot diameter along the propagation direction) of 300 microns with
a peak intensity of 6 � 1011 W cm�2. The focusing lens is mounted on an XYZ trans-
lational stage outside the vacuum chamber which can position the beam with a reso-
lution of �1 mm. The single frequency IR laser beam is created by an injection
seeded, Q-switched Nd:YAG laser which produces a temporally smooth intensity
profile for the duration of the 15 ns pulse. The IR beam initially has a linear polar-
ization of better than 1 part in 104 by passing it through two thin film polarizers.
When required, the field polarization is converted to near circular polarization at

the same intensity by passing the light through a
l

4
zero order wave-plate. To

measure the velocity imparted to the molecules by the dipole force from the IR field
we ionize the neutral molecules once the IR field is turned off. The velocity of the
neutrals is measured in a Wiley-Maclaren time-of-flight mass spectrometer by con-
verting the change in time-of-flight (TOF) to a change in velocity. Detection of the
molecules is accomplished by ionization of the molecules after the IR field is applied
using a (3 + 1) resonance enhanced multiple photon ionization (REMPI) scheme via
the three photon transition [½]npsu(1Pu) ) X1S+

g.39,40 Using a peak intensity of
7.6 � 2.3 � 1011 W cm�2 for the linearly polarized light and 7.1 � 2.1 � 1011 W
cm�2 for near circular polarization we measure the variation in the dipole force
measured at different locations across the center of the focused IR beam along
the direction of the molecular beam. The measurements are made by alternating
between both types of polarization by rotation of the waveplate so that the measure-
ment is always taken at same position with respect to the IR beam. Velocity changes
in this direction are either due to acceleration or deceleration of the molecules due to
the dipole force. These measurements were made for both linear and circular polar-
ization and each data point corresponds to a 1200 shot average of the TOF spectrum
with the probe beam at different spatial positions across the IR beam. A typical TOF
spectra for each polarization is shown in Fig. 6 where the intensity gradient of the
IR beam is highest. For comparison the unperturbed TOF, where no IR beam is
present, is also shown. By averaging a number of these measurements we find that
the TOF and thus the velocity imparted to molecules changes by 25%. This occurs
when changing from linearly to circularly polarized when the laser intensity for
each case only changes by 6%. These results indicate that the change in the velocity
shifts and thus the dipole force is due to field induced alignment. This difference is
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Fig. 6 Time-of-flight (TOF) spectra of CS2 in the molecular beam when perturbed by a linearly
and circularly polarized field as well as the unperturbed reference TOF when the field is turned
off.
based on the peak velocity shifts of approximately 10 ms�1 for linearly polarized
light and 7 ms�1 for circularly polarized light (Table 3). To compare our results
with that predicted from field induced alignment we calculate the velocity changes
due to both polarizations for rotational temperatures from 2 to 12 K. The velocity
imparted to the molecules via the dipole force is determined by numerically
solving the classical equation of motion of a molecule in the optical field from

F ¼ m
d 2x

dt 2
¼ �VV for the experimental conditions described above. The intensity

of the laser field can be related to electric field by I ¼ 30c

2
E2. For the near impulsive

kick to the center-of-mass motion, induced by the 15 ns duration of the laser, the
induced velocity change is directly proportional to intensity and effective polariz-
ability and we find that the differences in velocity do not strongly depend on temper-
atures above 8 K. As the uncertainty in the intensity is 30%, we find a best fit to the
measured velocity shifts by allowing the intensity to vary within its uncertainty
determined by experiment. Our best fit for both polarizations gives an intensity of
6.0 � 1011 W cm�2 for the linear case and 5.6 � 1011 W cm�2 for the circularly polar-
ized case. The variation between these two values is approximately 6%, consistent
with the variation in intensity between these two polarizations. Using this peak
intensity and a rotational temperature of 12 K we obtain a maximum effective polar-
izability of 13.2� 10�40 C m2 V�1 for the linear case and 10.4� 10�40 C m2 V�1 for the
circularly polarized case, with <cos2q> ¼ 0.66 for linearly and <cos2q> ¼ 0.21 for
circularly polarized light. The average polarizability of a linear molecule that is
not aligned by the field is 9.7 � 10�40 C m2 V�1. The field free alignment expectation
value <cos2q> is equal to 1⁄3 . The well depths for the linearly polarized beam are
U/kb ¼ 72 K for linearly and U/kb ¼ 57 K for circularly polarized light.
Table 3 The measured peak velocity changes of CS2 molecules accelerated and decelerated by

the dipole force from a focused Gaussian beam, for different polarizations. The peak velocity

changes occur where the focused beam has the highest intensity gradient

Lin. Pol. Circ. Pol. Difference

Acceleration 9.9 � 0.6 6.4 � 0.5 3.5 � 0.8

Deceleration �9.9 � 0.5 �7.2 � 0.3 2.8 � 0.6
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The ability to control the effective polarizability via field polarization allows us to
tailor the optical well depth and thus optical Stark deceleration. Of perhaps even
more importance is that the effective polarizability is dependent on rotational state
when strong fields are used. This may allow the use of these fields for spatial state
selection of different rotational states when using a single focused beam before
optical Stark deceleration. Such separation may be important in evaporative and
sympathetic cooling where thermalisation of molecules in higher rotational states
will act to heat molecules trapped in an optical trap.
4 Progress towards chirped deceleration experiments

Optical Stark deceleration is a phase space filtering technique which traps and decel-
erates cold molecules produced in a molecular beam and brings them to rest. In this
typically two stage process the molecules are initially cooled by collisions with rare
gas atoms in a supersonic expansion and reach temperatures in the 1 K range. The
cold molecules in the molecular beam are, however, accelerated to supersonic
speeds, and therefore a second stage is required to trap and transport some part
of this initial phase space distribution, centered at the velocity of the molecular
beam, back to the laboratory frame. In optical Stark deceleration the potential is
created by an interaction between an induced dipole moment and the intense optical
field that induced it. Since all molecules can be polarized in this way, in principle, any
molecule or atom can be manipulated and slowed in the same manner. This capa-
bility has been demonstrated in previous experiments, where molecules were slowed
using a moving lattice potential utilising a half phase space rotation or half oscilla-
tion in the lattice to rapidly decelerate or accelerate molecules.26,27 This technique
has been shown to produce a slowed distribution with a minimum energy spread
that is at best equal to the initial energy distribution of the molecular beam.
Although this is acceptable for loading a trap, because a narrower energy distribu-
tion can be achieved in a shallower trap, it is not suitable for a range of collision
experiments where a narrow energy distribution is required. In addition, very fast
switching of the optical fields is required. The creation of slowed energy distributions
that are narrower than the molecular beam have been studied theoretically using
chirped optical Stark deceleration.41 This scheme uses a lattice that is initially
Fig. 7 Simulated velocity distribution function after chirped deceleration of H2 seeded into
a molecular beam with an initial temperature of Ar at 560 K with a FWHM energy spread
of 70 mK. The laser is chirped over 1.1 GHz in 150 ns and requires an energy of 60 mJ per
lattice beam.
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travelling at the molecular beam velocity and traps a narrow energy distribution
determined by the well depth of the potential. The lattice is constantly decelerated
to zero velocity, transporting a fraction of the cold molecules to zero velocity in
the laboratory frame. In practice the decelerating lattice is created by inducing
a linear frequency chirp onto one of two near counter-propagating laser beams
which interfere to create the moving lattice beams. A simulation of this process
for molecular hydrogen is shown in Fig. 7. In this simulation we follow the trajecto-
ries of 20000 particles placed within a decelerating lattice with a constant chirp over
150 ns and a frequency excursion of 1.1 GHz. We assume a translational gas temper-
ature of H2 at 1 K seeded in a buffer gas of argon.

To undertake these experiments we have constructed an amplified laser system
operating at a wavelength of 1064 nm. This system is largely constructed from
conventional commercial nanosecond laser components but, is configured for
chirped optical Stark deceleration. This system produces two output beams which
can be used to form a constantly decelerated lattice over a timescale from 100 ns
to a few microseconds. The laser and amplifier system that we have constructed to
accomplish this task is shown schematically in Fig. 8. The amplifier is custom
made by Continuum lasers and consists of two, separate amplifier arms each with
three 100 mm long Nd:YAG amplifier rods that are flash lamp pumped. One arm
is used to produce a constant frequency beam and the other arm for the chirped
beam. The flash lamp pumped amplifiers are well established nanosecond Nd:YAG
laser technology which are typically used in commercial Q-Switched Nd:YAG laser
systems.42 The unique feature of this system is that the two arms amplify two CW
laser beams producing a flat-top temporal profile of constant laser intensity over
most of the pulse duration. As the amplifier gain is non-linear as a function of
time, the flat-top intensity profile is created by continuously varying the input laser
intensity to produce a flat top profile after amplification. This is accomplished using
an electro-optic attenuator consisting of a Pockels cell and a polarizer. The required
input temporal profile to produce the flat-top is found for a particular pulse energy
and length by trial and error. The CW laser input intensity can be modulated by up
to 100% in increments of 7 ns for a total duration of 10 microseconds and a flat
profile with variations of the order of 5% can be achieved. The CW laser system
that is amplified in each arm is produced by a home built continuous wave (CW)
Nd:YVO4 laser which is similar in design to Li et al.43 and produces a narrow line
width (<1 MHz) which can also be rapidly tuned (chirped) in frequency. The CW
laser system consists of an optical cavity consisting of a 5 mm thick Nd:YVO4 crystal
(doping of 3% atm) which forms the gain medium, as well as the highly reflecting
back mirror. An intracavity electro-optical LiTaO3 crystal is used to rapidly tune
the laser and an output coupler with a reflectivity of 96% at 1064 nm. The physical
Fig. 8 Schematic diagram of the chirped optical Stark deceleration system which amplifies the
output from a Nd:YVO4 laser up to 700 mJ in each arm over a 1 ms interval.
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Fig. 9 Frequency of the microchip laser measured as a function of time by heterodyning a fixed
frequency laser demonstrating the greater than 1 GHz ms�1 frequency chirp required for decel-
eration experiments.
length of this cavity is approximately 5 mm and is dominated by the 5 mm long by
1 mm thick y-cut electro-optic crystal. A voltage is applied across the 1 mm thick
section to modulate the cavity length and thus the frequency of the laser. The
Nd:YVO4 laser crystal is anti-reflection (AR) coated for the 808 nm diode pump
laser light and has a highly reflecting coating for the 1064 nm. The laser is pumped
by an 808 nm laser diode. This Nd:YVO4 laser can be linearly frequency chirped
over timescales of less than 100 ns with a frequency change per volt of 7 MHz
V�1. The laser is maintained to within a few mK to ensure frequency stability. Decel-
eration experiments typically require frequency excursions of up 1 GHz and this
requires a linear voltage ramp of 160 volts over the duration of the deceleration
period, which is provided by amplification of a standard laboratory signal generator.

Fig. 9 is a graph of the instantaneous frequency of this laser system over approx-
imately 1 ms. In order to create the chirped and unchirped laser beams for amplifi-
cation to the energies (>400 mJ) required for deceleration, we firstly amplify
the low power beam from the Nd:YVO4 laser from approximately 10 mW up to
60 mW by injecting this light into a conventional InGaAs Fabry–Perot laser diode
operating at 1064 nm.44 Importantly, this step also serves to reduce intensity varia-
tions in the beam introduced by the chirping process. This beam is further amplified
in a commercial 1 W Yb fibre amplifier (IPG Photonics). Finally, the preamplified
CW beam is subsequently split into two beams of approximately equal intensity
by a 50/50 beamsplitter. As the CW beam is unchirped most of the time the chirped
temporal component can be superimposed in time with an unchirped component of
the beam by sending one of the split beams into a delay line formed by a single mode
optical fibre. When both the chirped and unchirped components are temporally
co-incident they are subsequently directed into the separate amplifier arms described
above to produce the final energies required for deceleration. We are now beginning
experiments to utilise this laser system for chirped deceleration experiments and first
plan to use this system to decelerate molecular hydrogen into the optical trap
described above. We stress that this system is, in principle, capable of decelerating
any molecular or indeed any atomic species introduced into the molecular beam,
albeit with a different efficiency due to differences in the polarizability and mass.

5 Summary and conclusions

We have outlined a general scheme for cooling molecules to mK temperatures using
sympathetic cooling within a deep optical trap and have applied this to the case of
sympathetic cooling of H2. The combination of optical trapping and the use of
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ultracold rare gas species is general in principle, and allows the trapping of essen-
tially any species. It also has the potential to mitigate trap losses due to inelastic
collisions and also reduces the potential for reactions between many ultracold
atomic and molecular species. In addition, the deep optical trap produces high
trap oscillation frequencies which help to reduce thermalisation times for species
with very different initial temperatures. Such a method also appears to be particu-
larly promising for optical Stark deceleration because the dimensions of the optical
trap match well to those of the focused beams used in optical Stark deceleration. We
have presented recent developments in the optical Stark deceleration method. This
includes the measurement of the role of molecular alignment on the optical dipole
force, where we have shown by variation of the polarization that continuous tuning
of the well depth of an optical Stark decelerator is possible by changing from linear
to circular polarization at a fixed intensity. Finally, we have also described a laser
and amplifier system that has been constructed for chirped optical Stark deceleration
experiments and have shown that it appears capable of decelerating a range of
molecular species, including molecular hydrogen, with a narrow energy spread
which can be used for future sympathetic cooling experiments and collision studies.
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