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We investigate femtosecond photoassociation of thermally hot atoms in the gas

phase and its coherent control. In the photoassociation process, formation of

a chemical bond is facilitated by light in a free-to-bound optical transition. Here,

we study free-to-bound photoassociation of a diatomic molecule induced by

femtosecond pulses exciting a pair of scattering atoms interacting via the van-der-

Waals-type electronic ground state potential into bound levels of an

electronically excited state. The thermal gas of reactants is at temperatures in the

range of hundreds of degrees. Despite this incoherent initial state, rotational and

vibrational coherences are observed in the probing of the created Mg2 molecules.
1 Introduction

Coherent control was initiated as a scheme to steer a chemical reaction to its desired
outcome.1 In a nutshell, the quantum interference is employed to constructively
enhance the selected product and destructively suppress the other possible channels.2

A prerequisite for such control is coherent dynamics from the initial state to the final
product.3,4 The control is obtained by an external field which can alter the dynamics,
typically by temporarily altering the generator—the Hamiltonian. For the standard
situation describing single-photon transition, it reads

Ĥ ¼ Ĥ0 � m̂$3(t) , (1)

where Ĥ0 is the bare molecular Hamiltonian, m̂ the electric dipole moment operator,
and 3(t) the time-dependent external electric field. In a two-photon setting employing
adiabatic elimination of all the off-resonant single-photon transitions, a Hamiltonian
with a structure similar to that of eqn (1) is obtained except for the molecule-light
coupling where the external field enters quadratically.5

Coherent control of chemical reactions has been achieved experimentally.6,7

Almost exclusively, all demonstrations were unimolecular reactions such as photo-
dissociation or photoisomerization. Coherent control of binary reactions with pho-
toassociation as one prominent example has proven to be a much harder task.8,9 The
difficulty originates from the initial state of the reaction. In a unimolecular reaction
the final fragments are initially entangled. As a result a coherent pathway connects
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the initial state to the final outcome. To control binary chemical reactions a prereq-
uisite is to entangle the initial state.10 In ultracold conditions, initial entanglement is
present due to threshold effects such that only a few partial waves of the colliding
pair can lead to association.11,12 In thermal conditions, many partial waves partici-
pate and the colliding pair becomes unentangled.
Is coherent control of a binary reaction in a thermal state possible? The answer

depends on the ability to filter out an entangled sub-ensemble of binary states. In
the present study we demonstrate that a binary sub-ensemble with high purity is
filtered out from a thermal ensemble of hot atoms. Moreover molecular coherence
is generated. This is the prerequisite for coherent control of binary reactions.
The experiment is based on two-photon photoassociation of hot magnesium

atoms to form a boundmolecule. Magnesium in its electronic ground state is a closed
shell atom. Therefore only a weak van der Waals attractive well can be found in the
ground electronic potential of Mg2 (X1S+

g ). Upon promoting an electron to the p
orbital, a strong chemical bound is formed in the (1)1Pg state with a binding energy
of �1.8 eV or, equivalently, �14500 cm�1. This transition is induced by a femto-
second pulse of 70 fs transform-limited duration with a central wavelength of 840
nm. The energy difference corresponds to a two-photon transition. Two photon
transition selection rules differ from the common one-photon photoassociation.
As a result hidden potentials become accessible. Photoassociation of ultracold atoms
takes place at comparatively long inter-atomic distances13 where the two-photon
transition matrix elements between the electronic ground state and the (1)1Pg excited
state vanish. Different from the ultracold regime, photoassociation of hot atoms
occurs close to the repulsive wall of the ground state potential due to thermal pop-
ulation of high partial waves. The initial conditions for the experiment are a hot
vapor of Mg atoms (T � 1000 K) in Ar buffer gas. The hot conditions imply a broad
distribution of linear and angular momentum of the randomly colliding Mg atoms.
A major task of the excitation pulse is to preselect a sub-ensemble with increased
purity and coherence.
A time-delayed femtosecond probe pulse interrogates the excited dimer via a one-

photon excitation to a higher excited electronic state ((1)1Pu). This state has a strong
one-photon transition back to the ground state. The corresponding experimental
observable is the intensity of the resulting UV fluorescence (�290 nm) measured
as a function of the pump–probe time delay. An oscillating time-dependent signal
is a manifestation of coherent dynamics in the (1)1Pg state. The present experiment
is the first two-photon photoassociation experiment where the creation of molecular
coherence out of an incoherent atomic ensemble is demonstrated. It is also the first
hot femtosecond photoassociation experiment where the observed coherence is of
both vibrational and rotational nature.

View 
2 Experimental setup and theoretical model

The sequence of events that constitute the experiment is described in Fig. 1. A two-
photon broadband transition promotes a pair of Mg atoms to an electronically
excited state ((1)1Pg), forming Mg2 molecules. After a time delay, a probe photon
is absorbed transferring the molecules to a higher excited state ((1)1Pu). Emission
from the (1)1Pu state back to the ground state is detected. This signal as a function
of the time delay between pump and probe pulse, yielding a pump–probe signal
trace, is the main observable in the present study.

2.1 The experiment

The experiments are conducted in a static cell with Ar buffer gas heated to 1000 K, at
which the pressure of the Mg vapor is around 5 Torr. The 840 nm 70 fs linearly-
polarized pump and probe femtosecond pulses irradiate the sample at 1 kHz repeti-
tion rate in a collinear configuration. The measured signal results from the UV
384 | Faraday Discuss., 2011, 153, 383–394 This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 Two-photon photoassociation of magnesium atoms followed by absorption of a third
photon: The relevant potential energy curves are shown with the two-photon and single-photon
transitions indicated by red arrows. The experimentally observed fluorescence at �290 nm is
attributed to the dipole-allowed (1)1Pu ! X1S+

g transition (blue arrow). A single realization
of the random-phase thermal wavefunction used as initial state is displayed on the ground state
potential. The wavefunctions on the electronically excited states correspond to times t ¼ 320 fs
on the 1Pg potential and t¼ 640 fs on the 1Pu potentials. The inset shows a zoom of the ground
state potential with vibrational eigenfunction n ¼ 6, J ¼ 0 and some representative scattering
wavefunctions for J ¼ 0 and J ¼ 55. Note that for high partial waves such as J ¼ 55, the

potential VgðRÞ þ JðJ þ 1ÞZ2
2mR2

does not contain any bound levels.
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fluorescence at�290 nm that is emitted (with a lifetime of a few ns) toward the direc-
tion of the beam entrance and collected there at a small angle from the beam axis
using a proper optical setup. The final pump–probe trace results from an average
over several scans, which averages out most of the interferometric signature existing
in a single trace due to the collinear beam configuration.
2.2 Initial state

The thermal initial state is composed of Mg atoms at a temperature of 1000 K.
Magnesium atoms in the ground state have a closed electronic shell. As a result,
the X1S+

g ground state potential has no chemical bond. The attraction on this
surface is due to a shallow van der Walls well of a depth of approximately
400 cm�1. At the high temperature of the experiment, scattering states up to
�1000 cm�1 above threshold are thermally populated. For a Franck–Condon
window at an interatomic distance of �7 bohr, corresponding to a two-photon
excitation at 840 nm, angular momentum of up to J ¼ 100 can contribute to
the process. The centrifugal barrier at this angular momentum eliminates
completely the small potential well of the ground surface (cf. inset in Fig. 1).
For high values of angular momentum, existence of molecules before photoassoci-
ation can therefore be excluded. This is another difference compared to photoas-
sociation of ultracold atoms where a few molecules are already produced by the
trapping lasers.14,15 Some exemplary bound states and scattering states of the
ground potential surface are shown in the inset of Fig. 1.
This journal is ª The Royal Society of Chemistry 2011 Faraday Discuss., 2011, 153, 383–394 | 385
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Theoretically the initial state is modeled by a thermal density operator composed
of bound and scattering states.11 We eliminate the center of mass motion and
consider the density operator of the relative motion of a pair of atoms,

r̂T ðt ¼ 0Þ ¼ 1

Z
e
� Ĥg

kBT ; (2)

where Z denotes the partition function, Z ¼ Tr e
� Ĥg

kBT

( )
, and Ĥg ¼ P̂2

2m
þ V̂g is the

Hamiltonian for nuclear motion in the electronic ground state. kB is the Boltzmann
constant and T is the temperature. We decompose this state into partial waves
leading to

r̂Tðt ¼ 0Þ ¼
X
J

ð2J þ 1Þr̂T ; J ; (3)

where r̂T ; J ¼ 1

zJ
e
� ĤJ

kBT and ĤJ ¼ � Z2

2m

v2

vR2
þ VgðRÞ þ JðJ þ 1ÞZ2

2mR2
with Vg(R) is the

rotationless electronic ground state potential. zJ is the partition function for a given
J. Each initial angular momentum component is modeled separately and the final
results are summed. We employ an initial random phase thermal wavefunction to
model the dynamics. More details on the method of calculation are reported else-
where.16

View 
2.3 Potential energy curves and transition matrix elements

The first step in simulating the dynamics is to generate the potential energy surfaces
described in Fig. 1. In addition, two-photon transition matrix elements and dynam-
ical Stark shifts are required. State-of-the-art ab initio techniques have been applied
to compute the potential energy curves of the magnesium dimer in the Born–Oppen-
heimer approximation. In all calculations the aug-cc-pVQZ basis set of quadruple
zeta quality as the atomic basis for Mg was used. This basis set was augmented
by the set of bond functions consisting of [3s3p2d2f1g1h] functions placed in the
middle of Mg2 dimer bond.
The ground X1S+

g state potential was computed with the coupled cluster method
restricted to single, double, and noniterative triple excitations, CCSD(T). For the
excited (1)1Pg and (1)1Pu states we used the linear response theory (equation of
motion approach) within the coupled-cluster singles and doubles framework,
LRCCSD. The potential energy curve of the excited (2)1Pu state in the region of
the minimum of the potential was also obtained with the LRCCSDmethod, whereas
at larger internuclear distances this potential energy curve was represented by the
multipole expansion with electrostatic and dispersion terms Cn/R

n up to and
including n ¼ 10. The calculated potentials are shown in Fig. 1. More details on
the ab initio calculations and spectroscopic characteristics of various electronic states
of Mg2 will be reported elsewhere.17

The electric transition dipole moments between states i and f, mj ¼ hJi|m̂j|Jfi,
where the electric dipole operator, m̂j ¼ rj is given by the jth component of the posi-
tion vector andJi/f are the wave functions for the initial and final states. These terms
were computed as the first residue of the LRCCSD linear response function for
X1S+

g , (1)1Pg, and (1)1Pu states, whereas for transitions to (2)1Pu state MRCI
method was applied. Nonadiabatic radial and angular coupling matrix elements,
as well as the spin–orbit coupling matrix elements have been evaluated with the
MRCI method. The adiabatic (1)1Pu and (2)1Pu states are strongly coupled by
the nuclear momentum operator P̂R ¼ iVR/m, where m is the reduced mass of Mg2.
We include this non-adiabatic coupling in the model by switching to the diabatic
representation.
386 | Faraday Discuss., 2011, 153, 383–394 This journal is ª The Royal Society of Chemistry 2011
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We adiabatically eliminate intermediate states that are accessed by single-photon
transitions and calculate an effective two-photon coupling,

cðRÞ ¼ 1

4
jSðtÞj2

X
i; j

EiEjM
f)0
ij ðuL;RÞ ; (4)

with S(t) being the envelope of the electric field of the laser pulse and Ei being its
maximal amplitude, and with uL being the pulse carrier frequency in energy units.
It is given in terms of the tensor elements of the two-photon transition moment
between the ground 0 and excited f state,

M
f)0
ij ðuL;RÞ ¼ �

X
ns0

��
f jm̂ijn

��
njm̂jj0

�
un0 � uL

þ
�
f jm̂j jn

��
njm̂ij0

�
unf þ uL

�
; (5)

where unk ¼ un � uk is the energy difference between states n and k.
In practice, it can be obtained as a residue of the cubic response function.18 For

transitions between the X1S+
g and (1)1Pg states, Mij

f)0(uL, R) was computed as
a residue of the coupled cluster cubic response function with electric dipole operators
and wave functions within the CCSD framework.19,20

Strong field conditions require to include dynamical Stark shifts. The Stark shift
of electronic state k can be expressed through the elements of the dynamic electric
dipole polarizability tensor,

uS
k ðt;RÞ ¼ � 1

4
jSðtÞj2

X
i; j

EiEja
k
ijðuL;RÞ; (6)

where the tensor elements of the dynamic polarizability are given by

a k
ijðuL;RÞ ¼

X
nsk

"�
kjm̂ijn

��
njm̂j jk

�
unk � uL

þ
�
kjm̂j jn

��
njm̂ijk

�
unk þ uL

#
: (7)

The tensor elements of the polarizability of the ground 1S+
g state were obtained as

a coupled cluster linear response function with electric dipole operators and wave
functions within CCSD framework.21

Dynamic polarizabilities of the exited states were computed as double residues of
the coupled cluster cubic response function with electric dipole operators and wave
functions within CCSD framework.22,23

View 
2.4 Two-photon excitation

The photoassociation step is carried out by a two-photon transition from the X1S+
g

electronic ground state to the (1)1Pg excited state. The photoassociation is induced
by a femtosecond pulse of 70 fs transform-limited duration, 840 nm central wave-
length, and a transform-limited peak intensity of approximately 5 � 1012 W cm�2.
The transition takes place in a small Franck–Condon window at RL � 7 bohr.

This two-photon excitation is impulsive on the timescale of vibrational and rota-
tional periods on the excited (1)1Pg surface (�175 fs and �0.5–1 ps, respectively).
As a result, coherent transient dynamics is generated on this potential. Indirect
experimental evidence for populating the (1)1Pg state comes from emission lines
terminating on the excited triplet 3P atomic Mg state. The origin of these triplet
atoms is most probably a nonadiabatic spin–orbit induced transfer from the singlet
(1)1Pg state to the triplet (1)3Pg close to the inner turning point and to the (1)3Sg. We
calculated the lifetime on the surface to be �11 ps. The population on this state will
dissociate into 3P atoms (cf. Fig. 1).
The excitation dynamics was simulated by solving the time-dependent

Schr€odinger equation,
This journal is ª The Royal Society of Chemistry 2011 Faraday Discuss., 2011, 153, 383–394 | 387
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iZ
vJ

vt
¼ ĤpumpðtÞJ ; (8)

where J is a multi-surface wavefunction. The dynamics are generated by the time-
dependent Hamiltonian,

Ĥ pumpðtÞ ¼

0
BBB@

Ĥg cðtÞeifðtÞ 0 0

cðtÞe�ifðtÞ Ĥe VSO1 VSO2

0 VSO1 Ĥim1 VSO3

0 VSO2 VSO3 Ĥim2

1
CCCA ; (9)

where Ĥi is the nuclear Hamiltonian, given by Ĥg(e) ¼ T̂g(e) + Vg(e)(R) + uS
g(e)(t,R).

T̂g(e) is the vibrational and rotational kinetic energy, Vg(e)(R) the potential energy,
and uS

g(e)(t,R) the dynamic Stark shift. Here, g corresponds to the X1S+
g state and

e to the 1Pg state. im1 and im2 are the two intermediate triplet states, (1)3Sg and
(1)3Pg, respectively. The Hamiltonian of the intermediate states is given by Ĥim1

(im2) ¼ T̂im1(im2) + Vim1(im2)(R). VSO1(SO2, SO3) are the spin–orbit couplings. The tran-
sition is driven by the effective two-photon coupling c(R), cf. eqn (4), and f(t) is the
time-dependent two-photon phase which is zero for transform-limited pulses.
The Hamiltonian is represented on a grid of length Rmin ¼ 3.0 bohr to Rmax ¼

40.0 bohr, with 1024 grid points. The photoassociation is studied numerically by
solving the time-dependent Schr€odinger equation for the effective Hamiltonian in
eqn (9) with a Chebychev propagator.24,25 We simulate the dynamics with a pulse
duration of 100 fs full-width at half-maximum of (FWHM, with respect to the field)
for the transform-limited pulse and a central wavelength of 840 nm. Intensity values
were calculated in the range of 1010 W cm�2 to 1013 W cm�2, cf. Fig. 2. This pulse
corresponds to the experimental 70 fs pulse (where the FWHM is taken with respect
to the intensity profile).
We can estimate the purity of the sub-ensemble in the electronically excited state

by constructing the corresponding density operator,

r̂e(t) ¼ P̂er̂T(t)P̂e, (10)

where P̂e is the projector onto the (1)1Pg excited state. The normalized excited state
purity becomes

Pe ¼ Tr½r̂2
e �

Tr½P̂er̂T ðtÞ�
: (11)

The coherence measure Ce in the excited state allows one to characterize the
dynamical contribution to the purity.26 It is obtained by substracting from r̂e the
diagonal elements in the energy representation, squaring and taking the trace.
Details of the computational details will be described elsewhere.16

View 
2.5 The probe step

The main experimental observable is an emission signal at �290 nm that is emitted
following the (241) absorption of 840 nm photons, i.e., two-photon absorption fol-
lowedbya time-delayedone-photonabsorption.This emission ismeasuredasa function
of the time delay between the two-photon and single-photon transitions. The transient
signal is associated with the dynamics in the (1)1Pg excited state. The Fourier transform
of this signal should unravel the vibrational and rotational periods on this potential.
We simulate the experimental signal assuming that the population on the 1Pu

states is proportional to the emission signal. The pulse parameters remain the
same as those of the two-photon pulse. The simulation involves a total of five poten-
tial energy surfaces. The initial state for the probe step is (1)1Pg (denoted as ‘g’), the
388 | Faraday Discuss., 2011, 153, 383–394 This journal is ª The Royal Society of Chemistry 2011
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target states, (1)1Pu and (2)1Pu, are denoted by ‘e1’ and ‘e2’, respectively. The inter-
mediate states (1)3S+

g (denoted as im1) and (1)3Pg (denoted as im2) are coupled to the
‘initial’ state (1)1Pg state by spin–orbit coupling. As discussed in Sec. 2.3, the two
1Pu states exhibit a strong non-adiabatic coupling around the region R ¼ 8.1
bohr. Hence, an adiabatic-to-diabatic transformation is performed over these two
states and the corresponding diabatic potentials and the diabatic couplings are em-
ployed in the simulations.
The Hamiltonian for the probe-pulse simulations is given by

ĤprobeðtÞ ¼

0
BBBBBB@

Ĥg m1
dðRÞ3ðtÞ m2

dðRÞ3ðtÞ VSO1 VSO2

m1
dðRÞ3�ðtÞ Ĥe1 Vd

12 0 0

m2
dðRÞ3�ðtÞ Vd

12 Ĥe2 0 0

VSO1 0 0 Ĥim1 VSO3

VSO2 0 0 VSO3 Ĥim1

1
CCCCCCA

; (12)

where md
1,2 are the transition dipole operators in the diabatic basis between the 1Pu

states and the (1)1Pg state, and 3(t) is the electric field of the laser pulse. V12
d denotes

the diabatic coupling between the (1)1Pu and (2)1Pu states. The simulation includes
only vibrational dynamics, i.e., J is kept fixed.

View 
3 Evidence of coherence

The experimental pump–probe trace for the observedfluorescence and itsFourier trans-
form spectra are shown in Fig. 4 for two pulse bandwidth cases: 70 fs and 100 fs trans-
form-limited pulse duration. Even though the theoretical calculations have been
conducted with 70 fs pulse, the 100 fs case is shown here for completion. Both pump–
probe traces exhibits time dependence long after the pump (photo-associating) pulse
is over, hence they reveal molecular rovibrational coherence of the photoassociated
Mg2 molecules. The Fourier spectra of the pump–probe traces show broad peaks at
5.8 THz and 1.2 THz. The former fits a probed vibrational dynamics in the (1)1Pg state
with vibrational levels around n � 30–50, while the latter fits a probed rotational
dynamics in the (1)1Pg state with rotations around J� 40–100. As seen, the vibrational
coherence is attenuated for the 100 fs pulse as compared to the 70 fs pulse.
In the theoretical description, it is the autocorrelation function, cf. Fig. 3, that

reflects the dynamics in the (1)1Pg excited state after the pump pulse. We compare
the autocorrelation functions obtained with a single realization of a random-phase
thermal wavefunction and an average over 17 realizations of random-phase thermal
wavefunctions. An oscillatory behavior indicating coherent vibrational dynamics is
evident. This coherent dynamics survives the angular momentum averaging as can
be seen in Fig. 3(a) (blue line). These results are an indication that coherent dynamics
is distilled from an initial thermal ensemble. The probing of this coherent vibrational
dynamics into thePu states (see above) produces a corresponding oscillatory pump–
probe trace that its Fourier spectrum is shown in Fig. 4(b) (purple line) together with
the experimental results. It shows a prominent peak at a frequency of 7.2 THz. As
described above, the theoretical calculations account here only for the vibrational
dynamics on the (1)1Pg state. As seen in Fig. 4(b), the calculated vibrational Fourier
peak is located at the same region of the experimental values, however it is much nar-
rower. We attribute the difference between the experimental and theoretical results
to the large uncertainty with regard to the calculated Pu states due to their corre-
sponding strong non-adiabatic coupling (see above).
4 Prospects for coherent control

The experimental and theoretical evidence for coherent dynamics distilled out of the
initial thermal state means that coherent control should be possible. The most
This journal is ª The Royal Society of Chemistry 2011 Faraday Discuss., 2011, 153, 383–394 | 389
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Fig. 3 Autocorrelation function of the transient molecular dynamics on the (1)1Pg excited
state potential for a fixed rotational quantum number J ¼ 55 and T ¼ 1000 K. (a) The auto-
correlation as a function of time. The red curve represents a single realization of random
phases, while the green curve has been obtained by averaging over 17 realizations. The blue
curve results from an averaging over all the initial rotational quantum numbers (initial angular
momentum). (b) The Fourier transform of the autocorrelation function. The inset shows the
corresponding range of state energies that are populated on the (1)1Pg state.

Fig. 2 Thermally averaged population transferred by the 70 fs 840 nm photoassociating pulse
via two-photon transition to the (1)1Pg excited state as a function of the initial rotational
quantum number J (initial angular momentum) for different intensities. Notice that each panel
has a different scale. The highest excitation probability calculated for the experimental intensity
of 5 � 1012 W cm�2 is at J ¼ 55. In general, the peak of the distribution moves to higher J as the
intensity increases.
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Fig. 4 Bandwidth dependence of the experimentally observed fluorescence signal after excita-
tion with transform-limited femtosecond pulses: (a) the pump–probe signal trace and (b) Four-
ier spectrum of the trace. The two pulse durations are 70 fs and 100 fs. The probed vibrational
coherence is attenuated for the excitation with the 100 fs pulse as compared to the excitation
with the 70 fs pulse. The calculated Fourier spectrum for the case of 70 fs pulse is also shown.
Note that the theoretical calculations account only for the vibrational dynamics on the excited
state (see text).
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obvious target is to enhance the production of photoassociated Mg2 molecules.
Other targets could be control of the emission signal.27 Experimentally, such a target
could also be optimized by random feedback techniques.28 In the present context we
demonstrate phase-only control as could be achieved by a pulse shaper. We also
show intensity effects.

4.1 Chirp effects

The most simple phase control is a linear chirp, i.e., a time-dependent frequency
change. Experimentally it can be obtained by adding a dispersive element to the
pulse generator. More elaborate phase control is obtained in the frequency domain
by a pulse shaper. In strong fields positive chirp enhances population transfer.29,30

This is because the dynamics on the excited state does not interfere with the popu-
lation transfer. In a two-photon transition the chirp effect adds up. We simulate the
effect by employing the following pulse form in the time domain cf. eqn (4):

S2
c ðtÞ ¼

E2
0stffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

s4
t þ 16c2

II

p e
� t2s2

t

s4
tþ16c2

II (13)
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Fig. 5 The effect of the pulse chirp on the population in the (1)1Pg excited state as calculated
for the 70 fs transform-limited pulse and several cases of positive and negative chirps rates. The
pulse fluence is kept constant in all the presented cases. The intensity of the (unchirped) trans-
form-limited pulse is 5 � 1012 W cm�2.
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and the phase becomes cf. eqn (9):

fðtÞ ¼ cII4t
2

s4
t þ 16c2

II

(14)

where cII is the two-photon chirp rate in the frequency domain and st is the trans-
form limited pulse width. Eqn (13) reflects the fact that the chirped pulse is stretched
in time with respect to the transform-limited pulse with peak intensity attenuated to
keep the pulse fluence constant. The transform limited intensity is obtained by

I0 ¼ 1

2
c30E

2
0 , where c is the speed of light and 30 is the free space permittivity.

Fig. 5 shows the influence of a positively and negatively chirped pulse relative to
the transform-limited pulse. In all cases the chirp enhances the population transfer
with more than an order of magnitude enhancement for cII ¼ �8 � 10�3 ps2. For
large chirp rates the positive and negative chirps lead to different enhancements,
which is consistent with the theoretical predictions.30 We expect the chirp enhance-
ment to survive thermal averaging.

4.2 Intensity effects

The two-photon population transfer to the excited (1)1Pg state is shown as a function
of the initial angular momentum J for different intensities in Fig. 2. As the intensity
increases, the peak of the distribution shifts to larger J values. For the intensity value
used in the experiment,�1012W cm�2, the peak has itsmaximumat J¼ 55. This repre-
sents a compromise between a favorable Franck–Condon window and increasing
phase spacewith J. Otherminor peaks could be associatedwith rotational resonances.

5 Summary and conclusions

We have investigated femtosecond photoassociation of thermally hot atoms in the
gas phase and its coherent control. In the photoassociation process, formation of
392 | Faraday Discuss., 2011, 153, 383–394 This journal is ª The Royal Society of Chemistry 2011
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a chemical bond is facilitated by light in a free-to-bound optical transition. We have
demonstrated photoassociation of hot atoms experimentally by measuring fluores-
cence resulting from the absorption of (241) photons. The Fourier transform of
the experimental signal reveals molecular coherence of both vibrational and rota-
tional nature in the intermediate electronically excited state that is accessed by the
two-photon photoassociating transition. Our simulations also show molecular
coherence of the photoassociated molecules. The theoretical model is based on
a state-of-the-art treatment of the electronic structure of Mg2 including ab initio
two-photon couplings and dynamic Stark shifts and a novel quantum molecular
dynamics approach to modeling a thermal ensemble subject to coherent excitation.
The significance of coherently controlling femtosecond photoassociation is

twofold. On one hand, it addresses the fundamental problem of coherently control-
ling a system having an initial state that is an incoherent thermal mixture of different
scattering states. In thermal equilibrium the scattering states correspond to eigen-
states of the ground state Hamiltonian. On the other hand, success of femtosecond
control of free-to-bound photoassociation is an example of coherent control of
a photo-induced bimolecular chemical reaction. Chemical reaction control is
a long-standing goal from the early days of the field of coherent control as a possible
means for inducing new chemical reactions. Despite its importance, femtosecond
control of the photoassociation of ‘hot’ thermal atoms has previously been investi-
gated experimentally by only a single pioneering study more than a decade ago,8,31–37

demonstrating only the basic feasibility of spectroscopy of hot atom-atom photoas-
sociation with subsequent rotational coherence using unshaped femtosecond pulses.
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