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WHAT IS COLD MOLECULE?

•A neutral bound system with more than one 
atom has a very low kinetic energy 
(translational, vibrational, rotational)

•K2, KRb, Rb2,Cs2....
New problems in molecular system



WHY COLD MOLECULE?

• Fundamental research: fundamental constant, EDM, 
PNC

• New era of chemistry: superchemistry

• Quantum simulator for solid state physics

• Quantum Computer.



TEMPERATURE, DENSITY AND 
COOLING

3

Table 1. Orders of magnitude estimate of the phase space density and
temperature of molecular ensembles required to achieve the main scientific
goals that stimulate the development of ultracold molecule research. For dipolar
physics, we assume a permanent dipole moment of 1 Debye. The molecular mass
is assumed to be 100 amu.
Phase space Number Scientific
density [h̄3] density [cm!3] Temperature goal

10!17–10!14 106–109 < 1 K Tests of fundamental forces of nature
10!14 >109 < 1 K Electric dipole interactions

10!13–10!10 >1010 < 1 K Cold controlled chemistry
10!5 >109 < 1 µK Ultracold chemistry

1 >1013 100 nK Quantum degeneracy with molecules
1 >1013 100 nK Optical lattices of molecules

10 >1014 < 100 nK Novel quantum phase transitions
100 >1014 < 30 nK Dipolar crystals

Figure 1. (a) The production of cold and ultracold molecules in different regions
of spatial density (n) and temperature (T ). Some technical approaches that are
yet to be demonstrated in experiments can potentially address the important
region of n " 107–1010 cm!3 and T " 1 mK–1 µK (the panel in the middle). (b)
Applications of cold and ultracold molecules to various scientific explorations
are shown with the required values of n and T . The various bounds shown here
are not meant to be strictly applied, but rather they serve as general guidelines
for the technical requirements necessary for specific scientific topics.
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TWO MAINSTREAMS IN 
COLD MOLECULE INDUSTRY

•Cool down a molecule

•Produce molecule from cold atoms

Association: Perform chemistry using very 
cold ingredients  



HEAT INCREASES INTERACTION, BUT WE ARE 
GOING TO COOL EVERYTHING

1. higher collision rate

2.higher kinetic energy 
to penetrate chemical 
energy barrier 

Then, why shall we go cold?

Heat helps chemical 
reaction, because:



WHAT AND WHY 
“ULTRACOLD”

•The ingredients (atoms) must be cold to have 
cold products (molecules). 

•“Ultracold” → S wave scattering → enhance 
inelastic collision and chemical reaction. (increase 
by 103) ↔It contradicts with our experience in 
chemical practice. 



SCATTERING

L=r×p=0 
→S

r

p

p
r

Head-to-Head collision

Scattering of various partial wave

The collision complex 
can be decomposed 
according to the 
angular momentum. s, 
p, d ... 

During the process of 
the collision, the angular 
momentum must be 
conserved. 



ULTRACOLD COLLISION
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Rank-2 Tensor: T(2)q

Wavefunction of the complex during collision: |l,m>
The potential is:  <l,m|T(2)q|l,m>

l=0, s-wave scattering
=0

dipole-dipole interaction is vanished
inelastic collision is enhanced



CROSS SECTION 
ENHANCEMENT
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III. RESULTS

We present results for elastic and inelastic rovibrational

transitions in Ar–H2 and Ar–D2 collisions between the v
!0 and v!1 vibrational levels of the molecule. A large

number of convergence tests have been carried out to ensure

convergence of the cross sections and rate coefficients with

respect to the basis set size as well as other parameters that

enter into the solution of the Schrödinger equation. The re-

sults presented here for the v!1 level are obtained using a
basis set with vibrational levels v!0"2 and rotational lev-
els j!0"12 of the H2 molecule. For D2 , we included rota-
tional levels j!0"20 in v!0 and 1 and rotational levels
j!0"4 in v!2. For Ar–H2 collisions, cross sections have
been computed for kinetic energies ranging from 10"9 to

5000 cm"1 which required Jmax!100 in Eq. $2% to secure
convergence of the cross sections. For Ar–D2 collisions we

restricted the maximum kinetic energy to 1500 cm"1 which

required Jmax!80 in Eq. $2% to obtain converged results.

A. Ar–H2

In Fig. 1 we present state-to-state vibrational transition

cross sections "10!0 j! obtained using the potential surface of
Bissonnette et al.45 as functions of the incident kinetic en-

ergy. The energy dependence of the cross section shows three

distinct regimes: the high-energy regime above 500 cm"1 in

which the cross sections are an increasing function of the

energy; the Wigner threshold regime below 10"4 cm"1 in

which the cross sections vary inversely as the velocity, and

the intermediate energy regime in which the cross section

exhibits a minimum and shows oscillatory behavior due to

the presence of shape resonances. It can be seen that near-

resonant transitions dominate vibrational relaxation at lower

temperatures compared to higher temperatures where the

probabilities for transitions into the different rotational levels

become comparable. In particular, for incident kinetic ener-

gies below 300 cm"1 there is a strong preference for the j!
!8 rotational level which is the highest level accessible in
the v!0 manifold. Both energy and angular momentum con-
servation play a role in determining the final rotational popu-

lations. It is also interesting to note that the resonances ap-

pear in each of the final-state resolved cross sections exactly

at the same energy which suggests that it is a property of the

entrance channel potential. A partial wave analysis of the

cross sections shows that the broad peak at about 0.5 cm"1 is

due to a l!2 partial wave, the sharp peak around 4.0 cm"1

arises from l!7, and the smaller peak at about 15.0 cm"1

arises from l!8. The smallest peak at 20.0 cm"1 is due to

l!9.
In Fig. 2 we show similar results obtained using the

SWT potential. While the energy dependence of the cross

sections on both potential surfaces is very similar there is

significant differences in the magnitude of the cross sections

in the low-energy regime. In particular, at incident energies

lower than 100 cm"1 the cross sections obtained using the

SWT potential are significantly lower than those obtained

using the interaction potential by Bissonnette et al. Further-

more, the near-resonant behavior of the quenching cross sec-

tions observed for the Bissonnette potential is absent for the

SWT potential. The dominant final state is j!!6 compared
to j!!8 for the Bissonnette et al. potential. On the other
hand, the shape resonances are accurately reproduced by

both potentials.

In Fig. 3 we compare the total vibrational quenching

cross sections for the v!1, j!0 level obtained using the
two potentials as functions of the incident energy. The SWT

surface predicts about an order of magnitude smaller cross

sections in the Wigner regime compared to the Bissonnette

et al. surface. The results on both potentials merge into each

other for energies above 1000 cm"1. Vibrational transition

cross sections are, in general, sensitive to details of the in-

teraction potential. The discrepancies at low energies could

be traced to small differences in the interaction potentials. In

FIG. 1. Cross sections for quenching of the v!1, j!0 level of H2 into the
different rotational levels j! of the v!0 vibrational level in collisions with
Ar atoms, evaluated using the interaction potential of Bissonnette et al.

$Ref. 45%.

FIG. 2. The same as in Fig. 1 but obtained using the interaction potential of

Schwenke, Walch, and Taylor $Ref. 44%.
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Head-to-Head collision
Averaged force is zero
No potential barrier

H2 -Ar collision v.s temperature 

Furthermore, external 
field can be used to 
control the alignment, then 
the interaction of atoms



OUR ULTIMATE GOAL : 
TO THE GROUND STATE



FROM COLD ATOMS TO 
COLD MOLECULES

• Energy conservation: How to remove internal 
energy?

• Vibration of neutral particles can not emit 
photons→ no radiative decay! 

• The third party is needed: photon or particle(three-
body collision)

ΔE



AVAILABLE APPROACHES 

•Feshbach resonance : tuning interaction by 
external field, transfer kinetic energy to internal 
hyperfine(Adiabatic)

•Photoassociation : using photons to take out 
energy.(Adiabatic or Not)



PHOTOASSOCIATION

• Low rate, complicate laser system

CW pumping 
 low excitation rate

dump laserspontaneous decay 

Red detuned PA laser

4S+5S

4S+5P



A WEAKLY BOUND SYSTEM 
CAN INCREASE PA RATE39

(a) (b)

Figure 6. Optical methods for indirect production of ultracold molecules. Here
a laser drives a transition from the free (unbound) state of an atom pair into
an electronically excited but vibrationally bound state. This state then decays
rapidly back to both bound and free states of the ground potential. The transition
strengths for both the laser-driven upward transition and the spontaneous
downward transition are determined primarily by Franck–Condon overlaps
between initial and final states. (a) Simple PA scheme. Here the Franck–Condon
overlap is poor both for free–bound excitation and bound–bound decay, leading
to small rates of bound molecule production. (b) Enhanced production of bound
molecules via resonant coupling of excited-state potentials. Here the coupling
between two excited-state potentials (evident from the avoided crossing in the
green oval) causes the excited-state vibrational wave function to be a mixture of
states from the two potentials; one is weakly bound but the other strongly bound.
The free–bound transition has strength similar to that of the simple PA scheme,
but bound–bound transitions are greatly enhanced by the intermediate- and short-
range peaks from the strongly bound state contribution to the excited-state wave
function.

classical turning points) simultaneously at both long range (as needed for large RPA) and at
short range (as needed for large Fv!v!!). A promising new method is to use a Fano–Feshbach
resonance to enhance the amplitude of the scattering state at short range [127, 340, 355, 356].
In this focus issue, a pair of papers from the Côté group further expand the theoretical model
of this ‘Feshbach-optimized PA’ (FOPA) process, discussing the possibility of reaching the
unitarity limit for relatively small laser intensities and its application for producing ground-
state polar molecules [19, 38]. The FOPA method makes it possible to achieve large RPA,
possibly even for PA into deeply bound excited levels with good Franck–Condon overlap with
the X1!(v = 0) state (see figure 7). A similar mechanism for enhancement, due to an accidental
near Fano–Feshbach resonance in the scattering state, is reported in this focus issue [25]. Here,
it was demonstrated that even absolute ground-state [X1!(v = J = 0)] LiCs molecules could
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a laser drives a transition from the free (unbound) state of an atom pair into
an electronically excited but vibrationally bound state. This state then decays
rapidly back to both bound and free states of the ground potential. The transition
strengths for both the laser-driven upward transition and the spontaneous
downward transition are determined primarily by Franck–Condon overlaps
between initial and final states. (a) Simple PA scheme. Here the Franck–Condon
overlap is poor both for free–bound excitation and bound–bound decay, leading
to small rates of bound molecule production. (b) Enhanced production of bound
molecules via resonant coupling of excited-state potentials. Here the coupling
between two excited-state potentials (evident from the avoided crossing in the
green oval) causes the excited-state vibrational wave function to be a mixture of
states from the two potentials; one is weakly bound but the other strongly bound.
The free–bound transition has strength similar to that of the simple PA scheme,
but bound–bound transitions are greatly enhanced by the intermediate- and short-
range peaks from the strongly bound state contribution to the excited-state wave
function.

classical turning points) simultaneously at both long range (as needed for large RPA) and at
short range (as needed for large Fv!v!!). A promising new method is to use a Fano–Feshbach
resonance to enhance the amplitude of the scattering state at short range [127, 340, 355, 356].
In this focus issue, a pair of papers from the Côté group further expand the theoretical model
of this ‘Feshbach-optimized PA’ (FOPA) process, discussing the possibility of reaching the
unitarity limit for relatively small laser intensities and its application for producing ground-
state polar molecules [19, 38]. The FOPA method makes it possible to achieve large RPA,
possibly even for PA into deeply bound excited levels with good Franck–Condon overlap with
the X1!(v = 0) state (see figure 7). A similar mechanism for enhancement, due to an accidental
near Fano–Feshbach resonance in the scattering state, is reported in this focus issue [25]. Here,
it was demonstrated that even absolute ground-state [X1!(v = J = 0)] LiCs molecules could
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A weakly bound



STIMULATED RAMAN ADIABATIC 
PASSAGE: STIRAP

|A>=(a1 |1>+a2|3>)eiαt :coupled by laser 1
|B>=(b1 |2>+b2|3>)eiβt :coupled by laser 2
If laser 1,2 are coherent, 
then |1> and |2> are coupled into a coherent dark state

|coherent dark state>= (r1 |1>+r2|2>)eiγt

Population can be transfered 
between |1> and |2> with no 
access to |3>, therefore no 
spontaneous decay

Coherent Optical Transfer of Feshbach Molecules to a Lower Vibrational State
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Using the technique of stimulated Raman adiabatic passage (STIRAP) we have coherently transferred
ultracold 87Rb2 Feshbach molecules into a more deeply bound vibrational quantum level. Our measure-
ments indicate a high transfer efficiency of up to 87%. Because the molecules are held in an optical lattice
with not more than a single molecule per lattice site, inelastic collisions between the molecules are
suppressed and we observe long molecular lifetimes of about 1 s. Using STIRAP we have created
quantum superpositions of the two molecular states and tested their coherence interferometrically. These
results represent an important step towards Bose-Einstein condensation of molecules in the vibrational
ground state.

DOI: 10.1103/PhysRevLett.98.043201 PACS numbers: 34.50.Rk, 03.75.Nt, 32.80.Pj, 42.50.Gy

Recently, there has been a rapidly growing interest in
ultracold molecules since they lend themselves to a large
number of interesting studies in, for instance, few body
collision physics [1–3], chemistry in the ultracold regime,
high resolution spectroscopy, as well as quantum compu-
tation [4]. Furthermore, molecules in their vibrational
ground state are of special interest, because they allow
for the formation of an intrinsically stable molecular
Bose-Einstein condensate (BEC). Current pathways to-
wards the production of ultracold molecules in well-
defined quantum states are either based on sympathetic
cooling [5] or association of ultracold neutral atoms using
photoassociation [6] or Feshbach resonances [7]. The
method of Feshbach ramping has proved especially suc-
cessful and efficient, but it only produces molecules in the
last bound vibrational level. In order to selectively convert
molecules into more deeply bound states, it has been
proposed [8] to use a sequence of stimulated optical
Raman transitions to step molecules down the vibrational
ladder. This process takes place while the molecules are
held in an optical lattice isolating them from each other and
thus shielding them from detrimental collisions. Recently,
optical transfer of molecules into their vibrational ground
state was demonstrated experimentally using a ‘‘pump-
dump’’ method without a lattice at a moderate efficiency
and selectivity [9].

Here we report the realization of an efficient and highly
selective transfer scheme, where an ensemble of 87Rb2
Feshbach molecules in an optical lattice is coherently
converted to a deeper bound molecular state via stimulated
Raman adiabatic passage (STIRAP). STIRAP is known as
a fast, efficient, and robust process for population transfer
based on a Raman transition [10]. During transfer it keeps
the molecules in a dark superposition state, which decou-
ples from the light and thus suppresses losses due to
spontaneous light scattering. In our proof-of-principle ex-

periment we transfer the Feshbach molecules with a
STIRAP pulse from their last bound vibrational level
(binding energy 24 MHz! h), which we denote jai, to
the second-to-last bound vibrational level, jgi [see Fig. 1(a)
and 1(b)]. Both levels have a rotational quantum number
l " 0 and a total spin F " 2, mF " 2. The level jgi is
known from previous experiments [11–14]. It has a binding
energy of 637 MHz! h at 973 G and can be conveniently
reached via Raman beams generated with an acousto-optic
modulator (AOM). In order to detect the more deeply
bound molecules, a second STIRAP pulse converts the
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FIG. 1 (color online). (a) Level scheme for STIRAP. Lasers 1,
2 couple the ground state molecular levels jai, jgi to the excited
level jbi with Rabi frequencies !1, !2, respectively. " and !
denote detunings. "a, "b, "g give effective decay rates of the
levels. (b) Zeeman diagram of relevant energy levels. At
1007.4 G a molecular state crosses the threshold of the unbound
two atom continuum (dashed line) giving rise to a Feshbach
resonance. From there this molecular state adiabatically con-
nects to the last bound vibrational level jai, the state of the
Feshbach molecules.
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FESHBACH RESONANCE 
Apply external field to 
shift energy level and 
tune the interaction 
between atoms

The external 
fields can be:
magnetic, 
optical,
electrical

K+UlowHF→UhighHF

       Free→Bound

Free
BoundR

r<R

42

(a)

(b)

Figure 8. Creation of high-density ground-state polar molecules from dual
species, ultracold atoms. The conversion process is fully coherent and preserves
the phase space density of the original atomic gases in order to reach the
quantum degenerate regime for the polar molecular gas. (a) The colliding atom
pairs from a near degenerate, dual-species atomic gas are converted to weakly
bound Feshbach molecules by sweeping the magnetic field near an inter-species
Fano–Feshbach resonance. This process allows the initial scattering state to
be converted into a single bound level, albeit at a limited efficiency of about
10–20% in free space. (b) In the second step, an optical Raman transfer scheme
is employed to coherently transfer the weakly bound Feshbach molecules to
the rovibration ground level of the electronic ground potential. Rovibrational
levels in the ground electronic state are first mapped out using coherent two-
photon spectroscopy before implementing the actual state transfer. The actual
population transfer is made via stimulated Raman adiabatic passage (STIRAP).
The efficiency of the transfer process, shown to be above 90% [74], is crucial for
maintaining the molecular phase space density. This high efficiency is enabled
both by precise phase control of the pair of Raman optical fields (via connection
to a phase stable optical frequency comb) and by systematic spectroscopic
studies of the relevant transition pathways for optimized transition strengths.

in this focus issue also discusses the use of wave packets to aid the efficiency of a two-color
conversion process [2], pointing out some important differences in the wave packet dynamics
for heteronulear and homonuclear molecules.

Recently, a spectacular series of papers have demonstrated highly efficient transfer to
deeply bound levels, using the STIRAP process based on a pair of CW lasers [74, 192, 316, 332,
377], including in an optical lattice in this focus issue [27]. As shown in figure 8, the coherent
transfer process takes two steps. First, atomic pairs are converted into loosely bound molecules
using a Fano–Feshbach resonance. Then a coherent two-photon Raman process transfers the
population from the initial, highly excited, molecular level to a much more deeply bound
state. Thanks to good transition strengths, here it has been possible to transfer molecules to
a variety of different states, including the v = 0 level of the metastable a 3! potential of Rb2

and KRb, and the absolute rovibronic ground-state X1!(v = J = 0) of KRb. The latter case

New Journal of Physics 11 (2009)055049( http://www.njp.org/ )



THE BEST SOLUTION SO FAR

• Feshbach resonance+STRAP (stimulated 
Raman adiabatic passage)

• Form a very large (R, and high ν) molecule, 
then remove vibrational energy by 
stimulation emission.

• CsRb and KRb have been successfully 
produced (Ni and et al, JILA,Science, 2008. 
Sage and et al, Yale, PRL, 2005)

Very classical, and low rate.......

NEWS & VIEWS
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di!erence in energy between the photons in 
the two laser beams is tuned to match the 
di!erence in binding energy between the 
initial and "nal molecular states. #is causes 
the molecules to be resonantly transferred to 
the ground state. Although a single photon of 
the correct energy could in principle perform 
the same task, in practice the two-photon 
scheme is critical for success. #e laser 
frequencies have been chosen such that if 
the initial weakly bound state absorbed one 
of the photons, it would be transferred to 
a particular, carefully chosen excited-state 
molecular potential. #is intermediate-state 
potential serves two important purposes for 
reaching the absolute ground state. First, 
it e!ectively applies a force that pushes the 
atoms closer together. Second, by means of 
the spin–orbit interaction, it serves to $ip one 
electron spin.

#is basic method for producing 
ground-state molecules has previously 
been demonstrated for samples at lower 
phase-space density3. However, in addition 
to beginning with a colder sample, Ni 

et al. markedly improved the e%ciency 
of the transfer process — to more than 
80%  — by using the technique of stimulated 
Raman adiabatic passage4, which requires 
careful control of the laser frequencies and 
intensities over time. #e resulting KRb 
molecules were ultracold (a temperature 
of about 350 nK) and at least reasonably 
stable against collisions (the density was 
maintained for at least 30 ms). #e KRb 
electric dipole moment was found to be 
about 0.5 debye, about 3.5-fold smaller than 
that of the H2O molecule.

#e polar nature of the KRb molecules 
leads to a wide set of implications for this 
work. Because the molecular electric dipole 
is coupled to the molecular rotational states, 
which require only about 10&5 eV to excite, 
static or microwave-frequency electric "elds 
can be used to manipulate it. #e small 
energy gap associated with rotation ensures 
that electric "elds required to polarize the 
molecules fully are small enough (about 
10 kV cm&1) for them to be controllable with 
high speed and precision.

Once electrically polarized, the 
molecules can interact through the electric 
dipole–dipole force, which is remarkably 
di!erent from the typical forces between 
atoms that arise from the van der Waals 
interaction. #e van der Waals interaction 
yields a potential energy scaling with 
particle separation R as 1/R6, whereas the 
dipole–dipole potential scales as 1/R3. 
#us, polarized molecules have strong 
interactions even at large distances. 
Furthermore, unlike atomic interactions 
the dipole–dipole force is anisotropic: 
dipoles arranged head-to-tail attract, but 
arranged side-by-side they repel.

Recently there has been an explosion of 
proposals for making use of these features 
to engineer novel quantum systems. In 
these ideas, it has typically been assumed 
that the molecules are ultracold internally 
(in a single internal quantum state) and 
externally (so that the molecules can be 
tightly con"ned in weak, non-perturbative 
traps such as optical lattices). Under 
such conditions — which are closely 
approximated in this work — the dipolar 
interaction could be used to great e!ect. 
For example, it has been proposed to use 
trapped polar molecules as quantum bits, 
with conditional logic gates mediated 
by this interaction5. Similarly, dipolar 
interactions may allow the construction 
of systems, for example supersolids6 
or topologically ordered states7, with 
Hamiltonians tailored to give rise to exotic 
many-body correlations. 

Control over the molecular electric 
dipole leads to many other interesting 
possibilities. It may be possible to observe 
and even manipulate chemical reactions 
with ultracold molecules8. Here electric 
"elds may be used to control the reactions 
by tuning to scattering resonances. In 
addition, e!ects of interest in particle 
physics such as the electron’s electric 
dipole moment can be enhanced by the 
structure of polar molecules9; the precision 
spectroscopy associated with ultracold 
species should lead to important advances 
in the search for these signals. For all 
these reasons, the breakthrough made 
by Ni et al.1 heralds the opening of a new 
sub"eld in molecular physics.
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Figure 1 The formation process for ultracold KRb molecules, now demonstrated by Ni et al.1. The interaction 
potentials between the K and Rb atoms are shown as a function of separation for three different electronic 
configurations of the atom pairs. The K and Rb atoms (purple and red spheres, respectively) are initially in a state 
in which they interact with a potential given by the light blue curve. From here, weakly bound molecules are 
created in state A by tuning an external magnetic field through a Feshbach resonance. This magneto-association 
yields molecules in a state of high vibrational excitation. By using two laser pulses in a ‘counter-intuitive’ order 
(characteristic of stimulated Raman adiabatic passage, with the ‘downward’ step preceding the ‘upward’ step), the 
molecules are transferred from state A to the absolute molecular ground state B, through the intermediate state I. 
The overall process is highly efficient and leads to negligible heating of the translational motion.



A PROPOSAL TO INCREASE PA 
RATE

• Can we drive population in all levels using one laser? 

• Can we pump up population only, without 
stimulating it down? 

A broad band laser!

A pulse laser!

⇒The femtosecond laser
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(a) (b)

Figure 6. Optical methods for indirect production of ultracold molecules. Here
a laser drives a transition from the free (unbound) state of an atom pair into
an electronically excited but vibrationally bound state. This state then decays
rapidly back to both bound and free states of the ground potential. The transition
strengths for both the laser-driven upward transition and the spontaneous
downward transition are determined primarily by Franck–Condon overlaps
between initial and final states. (a) Simple PA scheme. Here the Franck–Condon
overlap is poor both for free–bound excitation and bound–bound decay, leading
to small rates of bound molecule production. (b) Enhanced production of bound
molecules via resonant coupling of excited-state potentials. Here the coupling
between two excited-state potentials (evident from the avoided crossing in the
green oval) causes the excited-state vibrational wave function to be a mixture of
states from the two potentials; one is weakly bound but the other strongly bound.
The free–bound transition has strength similar to that of the simple PA scheme,
but bound–bound transitions are greatly enhanced by the intermediate- and short-
range peaks from the strongly bound state contribution to the excited-state wave
function.

classical turning points) simultaneously at both long range (as needed for large RPA) and at
short range (as needed for large Fv!v!!). A promising new method is to use a Fano–Feshbach
resonance to enhance the amplitude of the scattering state at short range [127, 340, 355, 356].
In this focus issue, a pair of papers from the Côté group further expand the theoretical model
of this ‘Feshbach-optimized PA’ (FOPA) process, discussing the possibility of reaching the
unitarity limit for relatively small laser intensities and its application for producing ground-
state polar molecules [19, 38]. The FOPA method makes it possible to achieve large RPA,
possibly even for PA into deeply bound excited levels with good Franck–Condon overlap with
the X1!(v = 0) state (see figure 7). A similar mechanism for enhancement, due to an accidental
near Fano–Feshbach resonance in the scattering state, is reported in this focus issue [25]. Here,
it was demonstrated that even absolute ground-state [X1!(v = J = 0)] LiCs molecules could

New Journal of Physics 11 (2009) 055049 (http://www.njp.org/)



BANDWIDTH OF PUMP LASER

• The typical linewidth of molecular absorption 
without overlap with neighboring band → 
Δν=102-103 cm-1

• By uncertainty principle (Fourier transform-limited), 
τ=femtosecond



MAXIMUM INVERSION USING Π 

• Short pulse to perform π population transfer. 

• τE0μ/ħ=π
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• Problems: very large E0 ~ 1012-1014 W/cm2. 
Many subtle effects should be taken into 
account, such as multi-photon transition 



CHIRPED FEMTOSECOND 
LASER

• τE0μ/ħ=π, a longer τ can lower required E0

• To maintain the same Δν with a long τ (>1/Δν), we need a 
chirped pulse, rather than transform-limited.

Blue chirp

Red chirp

Transform-limited
Longer pulse with the same power spectrum



BLUE OR RED?

• The Blue Chirped pulse can remove energy (proposed 
by J. Cao et al, PRL 1998)

• just like Raman cooling

Laser
Excited

Red Chirped
Stimulated

2h(ν-Δν)

2h(ν+Δν)
-hΔν

+hΔν
2hν-hΔν

2hν+hΔν
Blue Chirped
h(ν-Δν)h(ν+Δν) hνhν



CHIRP EXPERIMENT

Coherent Control of Ultracold Molecule Dynamics in a Magneto-Optical Trap
by Use of Chirped Femtosecond Laser Pulses

Benjamin L. Brown,1,2,* Alexander J. Dicks,1 and Ian A. Walmsley1

1Clarendon Laboratory, Department of Physics, University of Oxford, Oxford, OX1 3PU, United Kingdom
2The Institute of Optics, University of Rochester, Rochester, New York 14627, USA

(Received 13 September 2005; published 5 May 2006)

We have studied the effects of chirped femtosecond laser pulses on the formation of ultracold molecules
in a Rb magneto-optical trap. We have found that application of chirped femtosecond pulses suppressed
the formation of 85Rb2 and 87Rb2 a 3!!

u molecules in contrast to comparable nonchirped pulses, cw
illumination, and background formation rates. Variation of the amount of chirp indicated that this
suppression is coherent in nature, suggesting that coherent control is likely to be useful for manipulating
the dynamics of ultracold quantum molecular gases.

DOI: 10.1103/PhysRevLett.96.173002 PACS numbers: 32.80.Qk, 33.80."b, 34.50.Rk, 82.53."k

Achieving control of the dynamics of quantum systems
has been a long-standing goal of physics and chemistry
[1,2]. Rapid advances in the manipulation of laser-matter
interactions to obtain desired outcomes by means of tai-
lored optical fields have been enabled by the development
of ultrafast femtosecond optical sources and pulse-shaping
techniques. In particular, recent successes include exciting
a priori specified quantum states in atoms [3] and mole-
cules [4], as well as in selectively cleaving chemical bonds
in complex molecules [5]. Simultaneously, a very different
thrust has been extending the regime of the ultracold (T #
1 mK) to simple molecular complexes [6]. Robust samples
of trapped ultracold molecules are expected to facilitate
significant advances in molecular spectroscopy, collision
studies, and perhaps quantum computation [7,8].

The difficulty in generalizing laser cooling techniques to
molecules has stimulated exploration of alternative ap-
proaches to producing ultracold molecules. One approach,
using magnetic Feshbach resonances, has led to the obser-
vation of molecular Bose-Einstein condensates [9–11].
The study of other routes to ultracold molecule formation
has also been a topic of intense activity [12]. An extremely
successful optical approach has been to photoassociate
molecules from ultracold atoms [13]. In this method, a
sample of ultracold atoms is irradiated by a cw laser tuned
to excite free atoms to weakly bound excited states. Stable
ground-state molecules may then form by spontaneous
emission, provided the Franck-Condon overlap factors
are favorable. Ultracold molecules have been observed
using this technique for a variety of homonuclear [14–
17] and heteronuclear [18–21] alkali metal species.

Recent proposals have suggested controlling the inter-
actions between ultracold atoms with tailored picosecond
optical fields [22–25]. The possibility of improved forma-
tion of ultracold molecules using femtosecond coherent
control techniques is therefore enticing. When a pulse
length is <100 ps, the light-matter interaction is entirely
coherent, and therefore the details of the temporal shape of
the pulse electric field may effect the interaction signifi-

cantly. This Letter describes the first experiments designed
to enhance the molecule formation process in a magneto-
optical trap (MOT) [26] with chirped femtosecond pulses.
A schematic of the experiments is shown in Fig. 1. The
broad bandwidth of femtosecond pulses permits excitation
over a longer range of internuclear distances than pico-
second pulses, thus addressing a larger number of atom
pairs. Introducing a positively chirped molecular ‘‘!’’
pulse allows wave packet dynamics to strongly suppress
detrimental population cycling [27]. This method also
provides a route to optimal control of ultracold molecule
formation [28]. Recent experiments using picosecond [29]
and chirped nanosecond [30] pulses for photoassociation
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FIG. 1 (color online). Schematic of the chirped fs-pulse photo-
association experiment. The potential energy curves of Rb2 in-
volved in the design of the experiment are shown. (a) Ultracold
atoms are excited over a range of internuclear separations by a
chirped fs pulse to bound states below the 5S! 5P3=2 dissocia-
tion limit. The time-dependent frequency sweep ensures the
unlikelihood of population cycling back to the ground state.
(b) Excited molecules undergo spontaneous decay, some form-
ing stable ground-state molecules. (c) These molecules are
detected by resonance-enhanced two-photon ionization and
TOF ion-mass spectroscopy.
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passing the beam 13 times through a 5.0 in-length plane-
parallel dispersive glass block. The chirped pulses had an
estimated temporal intensity FWHM of 5.8 ps. To test
whether the quenching effect involved resonant excitation
of ground-state atoms by the fs laser, we also tuned its
carrier wavelength to 850 nm (as far to the red as experi-
mentally feasible) and removed the spectral filter. A spec-
trometer was used to confirm that the power spectrum of
the chirped pulses did not differ substantially from that of
nonchirped pulses.

Because of run-to-run drift of the MOT conditions and
the significant time required to realign the setup when
removing and reinserting the glass block into the PA laser
beam path, we implemented a ‘‘real-time’’ differential
measurement to compare the effects of chirped and non-
chirped fs pulses. A schematic diagram of the experimental
setup appears in Fig. 3. A broadband 50:50 beam splitter
was used to split the fs laser beam into two identical
components. The dispersive glass block was inserted into
the path of one of these beams (hereafter the ‘‘chirped
beam’’). The second, transform-limited, beam (the ‘‘refer-
ence beam’’) was attenuated with absorptive neutral den-
sity filters so that each beam had the same average power,
to !1% accuracy. An optical chopper wheel was aligned
such that at any given instant one beam was blocked and
the other was allowed to pass. Downstream from the
chopper, the two beams were merged onto the same
beam path using a second 50:50 broadband beam splitter.
From this point forward, the two beams were aligned and
focused to the MOT position as usual.

The experiment timing was set up so that for a single
rotation of the chopper wheel, one chirped-pulse experi-
ment and one reference pulse experiment occurred in
sequence (see Fig. 3). The TOF data acquisition was
performed in ‘‘toggle’’ mode: TOF traces acquired for
chirped-pulse cases were added to the TOF histogram
and traces acquired for reference pulse cases were sub-
tracted from the histogram, yielding a net difference TOF
histogram. A baseline differential measurement for the

case with the dispersive glass block removed in Fig. 3
revealed a difference between two identical beams of fewer
than 0.04 Rb2

" ions detected per ionization pulse.
The results of an experiment comparing the effects of a

pulse train of 5.8 ps pulses to the effects of a pulse train of
100 fs pulses are shown in Fig. 4. The differential TOF
trace reveals no discernible difference in the number of
atomic ions, and a sharp negative feature in the vicinity of
the arrival time of 85Rb2

" ions. The magnitude of this
feature exceeded the baseline experiment Rb2

" detection
rate by 400%. The negative feature in Fig. 4 signifies that
appreciably more Rb2

" ions were accumulated after ap-
plication of the transform-limited reference pulses. Thus,
the chirped pulses quenched the Rb2

" ion signal more than
the reference pulses. In the coherent regime the pulse area
[/RE#t$dt], not the pulse energy [/R jE#t$j2dt], deter-
mines the nature of the light-matter interaction. The
chirped and reference pulses were designed to have equiva-
lent energies and different pulse areas. Direct comparison
of these dissimilar pulses thus revealed that the quenching
effect depended on the phase of the applied optical field.
The quenching tended to increase with increasing chirp
magnitude, although this trend was not monotonic as some
chirp values were significantly more effective than others.
These results provide evidence that the quenching effect is

!!"
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(a) chopper wheel @ 25 Hz

100 fs

ND

FIG. 3 (color online). (a) Schematic of the experimental setup.
The fs PA beam was split by a 50:50 beam splitter; one beam was
chirped by the dispersive glass block (!00), and the other (refer-
ence) beam was power balanced using neutral density filters
(ND). A chopper wheel synchronized with the detection appa-
ratus allowed only one of the two beams to pass at a given
instant. The two beams were merged at a second 50:50 beam
splitter and focused to the MOT. The dye laser was merged onto
the same beam path with a dichroic beam splitter (DC).
(b) Reference and chirp beam detection timing. Alternating
80 MHz trains of reference (b-i) and chirped (b-ii) pulses were
applied to the MOT. One dye laser ionization pulse (b-iii) fired
for each train of pulses. Not shown here is the extinction of each
pulse train for 1 "s prior to the firing of the dye pulse.

0 1 2 3 40

0.6

0.4

0.2

Peak intensity [107 W cm-2]

85
R

b 2+  c
ou

nt
s 

pe
r p

ul
se

FIG. 2. 85Rb2
" counts per ionization pulse vs peak intensity of

the applied fs pulses (filled circles). Each data point represents
the accumulated result of an identical number of ionization laser
shots. An exponential-decay fit of the data is shown (solid line).
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dispersive glass

a coherent phenomenon in which molecular quantum state
dynamics play some role.

The exponential-decay dependence of the molecular
formation rate on applied fs-pulse peak intensity is con-
sistent with a single-photon excitation loss from either the
detected a 3!!

u or the excited 1 3!!
g =0"g states. There are

several coherent excitation pathways for 850 nm light that
could be responsible for a reduction in the number of
detected a 3!!

u molecules. One is MOT-laser PA followed
by excitation of excited molecules in the 1 3!!

g =0"g states
to bound states in potentials that dissociate to 5P! 5P
(6 3!!

u , 7 3!!
u , and 4 3"u)—all of which are ‘‘dark’’ to our

detection scheme—or to dissociative states lying above
the 5S! 6P dissociation limit. Another possibility is that
the population is excited from the ground state a 3!!

u onto
the C3R"3 potential of the 1 3!!

g state. The excited state
spatial wave function may have enhanced Franck-Condon
overlaps with either continuum states lying above the 5S!
5S dissociation limit or undetected a 3!!

u bound states,
thus resulting in a decrease in the number of detected
a 3!!

u molecules [34].
In summary, we observed that application of fs pulses

designed to photoassociate ultracold atoms resulted in a
decrease, rather than an increase, in the formation of stable
ultracold a 3!!

u molecules. Related work has recently been
undertaken which provides evidence that the shape of the
pulse spectrum has an effect on the quenching of the
molecular formation rate [35]. We have shown here that
phase shaping of the applied fs pulses can be used to
control the quenching rate. This result provides evidence
that the quenching is a coherent process, although we are
unable to distinguish the specific excitation pathway stimu-
lated by the fs pulses. Further experimental and theoretical
study of fs pulses for optimal control of photoassociative

ultracold molecule formation is warranted, particularly for
the creation of stable singlet molecules whose deeper
X 1!!

g potential may be better suited to the broad inherent
bandwidth of fs pulses.
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FIG. 4. Difference (chirped case—reference case) TOF histo-
gram comparing the effects of chirped and transform-limited
reference pulses. The vertical dashed lines indicate the approxi-
mate arrival times of 85Rb atomic and molecular ions at the
channeltron. There is no difference in the atomic ion signal
between the two cases. A significant negative feature appears
at the molecular ion arrival time, indicating that more Rb2

! ions
were detected after applying the reference pulses than the
chirped pulses.
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The rate decreased !!
Very sad!!

(fs laser, not comb, no stabilization)



COMB LASER
CONTROL PHASE OF WAVE PACKET USING COHERENCE 

BETWEEN PULSES

• The phase of the final products from each pulse is 
fixed, due to the coherent nature of comb laser.

• |Φ>f=eiθ|Φ>+ei2θ|Φ>+ei3θ|Φ>.... interference of grating

Precise Control of Molecular Dynamics with a Femtosecond Frequency Comb

Avi Pe’er,1 Evgeny A. Shapiro,2 Matthew C. Stowe,1 Moshe Shapiro,2,3 and Jun Ye1

1JILA, National Institute of Standards and Technology and University of Colorado, Boulder, Colorado 80309-0440, USA
2Department of Chemistry, University of British Columbia, Vancouver, British Columbia V6T-1Z3, Canada

3Department of Chemical Physics, Weizmann Institute of Science, Rehovot 76100, Israel
(Received 1 September 2006; published 16 March 2007)

We present a general and highly efficient scheme for performing narrow-band Raman transitions
between molecular vibrational levels using a coherent train of weak pump-dump pairs of shaped ultrashort
pulses. The use of weak pulses permits an analytic description within the framework of coherent control in
the perturbative regime, while coherent accumulation of many pulse pairs enables near unity transfer
efficiency with a high spectral selectivity, thus forming a powerful combination of pump-dump control
schemes and the precision of the frequency comb. Simulations verify the feasibility and robustness of this
concept, with the aim to form deeply bound, ultracold molecules.

DOI: 10.1103/PhysRevLett.98.113004 PACS numbers: 33.80.Ps, 34.30.+h, 42.50.Hz

Although mode-locked lasers emit broadband ultrashort
pulses, they can perform frequency selective excitation just
like narrow-band cw lasers due to their precise frequency
comb [1]. This spectral selectivity arises from the long
interpulse phase coherence, permitting coherent accumu-
lation of excitation amplitudes from multiple pulses in a
material system, similar to a generalized Ramsey experi-
ment. This idea led to the realization of direct frequency
comb spectroscopy in atomic systems [2]. Here we propose
to apply the principle of coherent accumulation, combined
with weak field coherent control, to precisely control mo-
lecular dynamics with high efficiency.

While analysis of coherent quantum control is relatively
simple in the weak field perturbative domain [3], extension
to strong fields is not straightforward. Analytic models
exist only for simple cases [4,5] and solutions are often
found by numerical optimizations [6]. The core of our
approach is to exploit analytic perturbative models to
design ‘‘ideal’’ weak pulses and to achieve the high overall
efficiency by coherently accumulating many such pulses.
This avoids the complication of strong field design while
gaining high spectral selectivity offered by the frequency
comb. Since the maximal number of accumulated pulses is
inherently limited by the coherence time of the material
ensemble, we expect our approach to be applicable par-
ticularly well to ultracold atomic or molecular ensembles,
where coherence times are long.

Motivated by the goal to produce deeply bound ultracold
polar molecules from loosely bound Feshbach molecules,
we consider a Raman transition from a vibrational level
near the dissociation limit, to a deeply bound vibrational
level, as shown in Fig. 1. Feshbach molecules can be
generated with high efficiency via adiabatic sweeping
through a magnetic Feshbach resonance in an ultracold
atomic ensemble [7]. Magneto-photo-association of cold
atoms is a major avenue currently pursued for obtaining
cold molecules [8]. So far, stable, ultracold ground state
molecules have not been produced in high densities [9],

mainly due to the poor wave function overlap between the
spatially spread continuum states of colliding atoms and
the localized molecular states. Feshbach molecules thus
appear to be an important midstage towards deeply bound
ultracold molecules.

Any scheme aimed at efficiently performing a Raman
transition is challenged when the input channel is em-
bedded among other states with energy spacings smaller
than the natural width of the intermediate state. For ex-
ample, in stimulated Raman adiabatic passage (STIRAP),
the transfer efficiency generally decreases when multiple,
closely spaced input states are involved [5] since the
effective Raman linewidth covers multiple states. Thus, it
is complicated to use STIRAP for photoassociation of pairs
of atoms (even for a Bose-Einstein condensate) when con-
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FIG. 1 (color online). Basic Raman control scheme. (a) Morse
electronic potentials and vibrational levels (fit to Rb2).
Population is transferred from the input vibrational level near
the dissociation limit (v0 ! 130) to a deeply bound level (v !
45), mediated via a broadband wave packet in the excited
electronic potential. (b) Time-domain picture. A train of
phase-coherent pump-dump pulse pairs is shaped to achieve
efficient population transfer. The intrapair time is half the
vibration time (!vib) of the intermediate wave packet.
(c) Frequency domain picture, showing a tooth-to-tooth match
between the pump and the dump frequency combs, with frep
equal to a subharmonic of the net Raman energy difference.
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OUR APPROACH

•KRb mixture

•Polarization Gradient cooling

•Dipole trap

•FechBach resonance combination

•Photo-association (pulsed coherent Raman)  



LASER SYSTEM FOR DOUBLE 
SPECIES COOLING SYSTEMCHAPTER 3. Experiment Setup 38

!

! !

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

�

"!

#!

$!

%!

&'(!

&'(!

"#$%!

&'(!

)*+!(,-!

).+!(,-!

)/+0100!(,-!

'!
(!

&!

23456789!

548::6;<!

=38>!

('?!

@(?!

,2!A69534!

!"
#$%#&'()'%

*+,-&%./0&1%

!"
#$%21/''+34%

*+,-&%./0&1%

2+56/''7+1&%

@BC5C8DDC76856C;!

%8D34!

@4C=3!=38>! !

!

##$!

E//+1F.!(,-!

EGH1+!(,-!

� ��

I8J3>3534!
K1@!

@$!

@$! &'(!

K6<1F!"L:346>3;5!D35M:N! ! ! ! :BC5CO6CO3!P@$QR! ! ! ! B89A)I8J3!:9853!P,S@QR! ! ! ! TM84534)I8J3!:9853!PUS@QR!

C:56789!VDC985C4!P'VQR! ! ! ! ! ! ! ! 87CMD5C)':567!(COM985C4P&'(QR! ! ! ! ! W=!J8:C4!7399!&'(!

Figure 3.18: The optical layout for MOT

15 A(Fig). The position of the cloud, in a very large magnetic field gradient, is at the

null of the magnetic field. We then decrease the field, and adjust the trapping beam

alignment and power balance (reflected beam alignment) until the clound center is in

the same location at high and low field.

In order to examine the quality of the alignment, we quickly turn o! the magnetic

field using the computer controlling program with the periodic time of 10 sec and

look at the expanding cloud. This could be a sign of the beam imbalance, poor

alignment, or stray magnetic field. First, we adjust the current of the compensation

coils to eliminate the stray magnetic field. And then, we align the reflected trapping

beam to decrease the beam imbalance until the cloud expands uniformly in the optical

molasses. While the MOT is collecting atoms, the gradient of the magnetic field have

to be set to optimize the number of the atoms collected. We use 10 G/cm in the axial

direction.
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K AND RB MIXTURE

Chapter 3

Cold Collision Loss

A magneto-optical trap that simutaneously confines rubidium and potassium is pro-

duced, as shown in Fig. 3.1. Measuring the cold collision loss in this double species

MOT is the first step to explore the interspecies interactions between them. The trap

loss rate was measured by loading the 87Rb MOT in the presence and absence of 39K

MOT and vice versa.

Figure 3.1: Simutaneous magneto-optical trapping of 87Rb and 39K.

25
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Figure 3.10: The picture of our chamber.
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Figure 3.11: Vacuum System layout (top view). The MOT chamber is suspended with
a series of posts and clamps (not shown), so the height of center-line of the chamber
is 20cm above the optical table.

Chapter 3

Collisional loss in double-species

MOT

3.1 Introduction

A double species MOT, high density and cold atomic gas, is a method to produce

cold molecules. Collisions play an important rule in the process of atoms to molecules.

The collision loss between potassium and rubidium MOT is a clear phenomenon to

observe the interactions of double-species MOT. The rate equation would be used to

calculate collision loss between potassium and rubidium MOT. The rate equation of

potassium in rubidium MOT is [17]

dNK

dt
= L ! !NK ! "nKNK ! " !nRbNK (3.1)

Where L is loading rate, ! is the collision loss rate between the atoms of 39K and

hot background gas. " is the loss rate in 39K itself, and " ! is the loss rate due to

the collision between 39K and 87Rb . Assuming nK is constant in the process of

formation[18][19], the solution of eq.(3.1) is

NK = N0{1 ! exp[!(! + "nK + " !nRb)t]} (3.2)
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N0 = L/(! + "nRb + " !nK) is the number of potassium MOT in steady-state. By

measuring the fluorescence in a process of formation of K MOT and fitting the data

to eq.(3.2), the loading time of MOT can be found. When Rb MOT exists, ! +"nK +

" !nRb can be measured. Without Rb MOT, we can measure ! +"nK . By subtracting

! + "nK + " !nRb form ! + "nK , " !nRb was extracted. If nRb is measured, " ! would be

found.

3.2 Experimental Setup

The optical diagram is show in fig.(2.12). The Ti:sapphire Laser about 780nm is

the trap laser for 87Rb MOT. A little part of the laser is used to rubidium FM

saturation absorption spectroscopy for locking at the peak of transition 5S1/2(F = 2)

to 5P3/2(F = 3) red detuned by 14 MHz. The repump laser is provide by diode laser

(DL 100), locked at the transition 5S1/2(F = 2) to 5P3/2(F = 2). In order to generate

two spices MOT in the same place, we combine rubidium trap laser with potassium

trap and repump lasers by PBS. The repump laser of 87Rb is sent to MOT by another

channel, because it only transports 5S1/2(F = 1) to 5S1/2(F = 2), no cooling e!ect.

Finally, the image is recorded by a CCD camera. It is shown as fig.(3.1). The 87Rb

MOT is on the right side and the 39 MOT is on the left side.

3.3 Result

One of the MOT processes and fitting data are as fig.(3.2). In this case, the laser

intensity Itrap and Irepump is 46.5 and 35 mW/cm2. The magnetic gradient is 15

Gauss/cm. The data of 39K MOT and 87Rb MOT is listed as the tab.(3.1) and

tab.(3.2). The nRb was 5 ! 1010 /cm3 and then the " ! was 2.5 ! 10"12cm3/s. For

rubidium, the nK was 3! 1011 /cm3 and " ! was 2.1! 10"13cm3/s. The entire data is

shown in table.(3.3)



A LITTLE BIT COLDER USING 
PG COOLING
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Figure 3.39: Temperature measurement of the atomic cloud.
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Figure 3.38: (a)The image sequence of the expansion cloud without polarization gra-
dient cooling. (b)(c)The image sequence of the expansion cloud are taken in the
process of the polarization gradient cooling



DIPOLE TRAP FOR 
ULTRACOLD ATOM
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Figure 4.10: Image taken of freely ballistic expansion in di!erent release time in the
dipole trap experiment



CONCLUSIONS

• JILA experiment (KRb) is very successful, but the 
laser system of two cw lasers, one comb laser, and 
one ionization laser is very complicate.

• Direct comb driving PA is attractive and promising. 
Although, the oxford experiment discouraged.  How 
to optimize pulse shape and spectrum is still unclear. 
There is a long way to go.   


