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We demonstrate coherent control of bond making, a milestone on the way to coherent control of
photoinduced bimolecular chemical reactions. In strong-field multiphoton femtosecond photoassociation
experiments, we find the yield of detected magnesium dimer molecules to be enhanced for positively
chirped pulses and suppressed for negatively chirped pulses. Our ab initio model shows that control is
achieved by purification combined with chirp-dependent Raman transitions. Experimental closed-loop
phase optimization using a learning algorithm yields an improved pulse that utilizes vibrational coherent
dynamics in addition to chirp-dependent Raman transitions. Our results show that coherent control of
binary photoreactions is feasible even under thermal conditions.
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A long-standing yet unrealized dream since the early
days of coherent control, about 30 years ago, is the coherent
control of photoinduced bimolecular chemical reactions
[1,2]. Realizing this dream will create a new type of
photochemistry with selective control of yields and branch-
ing ratios [3.,4]. Shaped femtosecond laser pulses act there
as special photocatalysts with a first pulse inducing and
controlling the formation of a chemical bond, and a second
time-delayed pulse breaking the desired bonds in the
generated molecule. The second step, photodissociation
into target channels with the desired branching ratios, has
been demonstrated early on [5-11], once femtosecond
lasers and pulse shaping technology became available.
On the other hand, and in striking contrast, no experimental
study has previously demonstrated coherent control of
bond making. The photoinduced creation of a chemical
bond between the colliding reactants, also termed photo-
association, using femtosecond laser pulses has proven to
be much more challenging [12-16]. Particularly at high
temperature, a typical situation for chemical reactions, the
starting point for photoassociation is rather unfavorable to
coherent control since many scattering states are incoher-
ently populated. Unlike in the case of a bound initial state, a
necessary requirement for the coherent control of photo-
association is thus preparation of quantum states with some
purity and coherence. Key are vibrational coherences in the
desired bond. As we have previously demonstrated with
two-photon femtosecond photoassociation of hot magne-
sium atoms [16,17], such coherences can be generated by
Franck-Condon filtering. This selects a subensemble out of
the initial thermal ensemble, using the resonance condition
for the laser excitation and exploiting correlations between
rotational and translational motion [16]. These coherences
should be amenable to coherent control.
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PACS numbers: 42.65.Re, 82.50.Nd, 82.53.Eb, 82.53.Kp

Here we demonstrate coherent control of bond making in
strong-field multiphoton femtosecond photoassociation
(PA) of hot magnesium atoms. Our experimental results
show the PA yield of detected Mg, molecules to be
coherently controlled by linearly chirped pulses: The yield
is strongly enhanced, compared to an unshaped transform-
limited pulse, by positively chirping the pulses, and
significantly suppressed for negatively chirped pulses.
The measured PA yield is further enhanced by performing
a closed-loop phase optimization of the best positively
chirped pulse, using a genetic algorithm. Our ab initio
model reveals the control mechanism to include purifica-
tion via Franck-Condon filtering of collision energies and
partial waves, chirp-dependent coherent Raman transitions,
and vibrational coherent molecular dynamics. Our results
prove that coherent control of binary photoreactions is
feasible even under thermal conditions.

The bond-making excitation scheme for the free-to-
bound PA process, Mg+ Mg+hv — Mg, is shown in
Fig. 1(a): Pairs of magnesium atoms, part of an ensemble
held at a temperature of 1000 K, collide in the X ‘Z;
ground electronic state and are photoassociated via multi-
photon transitions by an intense phase-shaped near-infrared
(NIR) femtosecond pulse. The dominant process in the
laser excitation is indeed bond formation [16,17]: The van
der Waals well of the X'I} state supports hardly any
bound levels for partial waves with high J, which are
preferentially populated at 1000 K. Thus about 80% of the
UV signal originates from free-to-bound transitions [17].
The laser pulse is of linear polarization, 840 nm central
wavelength, 13 nm bandwidth, and 70 fs transform-limited
(TL) duration, with TL peak intensities of 5.0 x
10" W/cm? or 7.2 x 10'> W/cm?. At these intensities,
bond-making transitions dominate over Mg, ionization,
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FIG. 1 (color online). (a) The bond-making photoassociation
process involves excitation of pairs of atoms into bound levels of
electronically excited states (bold arrows) which are monitored
by UV emission (dotted arrow). (b) Emitted UV intensity
as a function of the linear chirp parameter (squares are
I, = 7.2 x 102 W/cm?; circles are It = 5 x 10'2 W/cm?).

which requires at least five additional NIR photons. For the
linearly chirped pulses, the spectral phase of the pulse is of
the form ®(w) = k(o — wy)?, with @, the central fre-
quency and k the linear chirp parameter. The PA process
involves a broadband free-to-bound nonresonant two-
photon transition from the X'3f state to the excited
(1) '11, state, as well as strong-field dynamics and resonant
dipole transitions between the latter and higher-lying elec-
tronically excited states. The pulse shape controls the PA
dynamics and the final populations of the various electroni-
cally excited states. Within this manifold, bound rovibra-
tional levels of the A 'E, (2) 'Z/, and (1) 'TI, states emit
UV light at 285.5-350.0 nm, below the ' P — 'S line of the
Mg atom at 285.3 nm. The corresponding integrated UV
intensity /gy is proportional to the total population in these
molecular states, reflecting the corresponding PA yield of
Mg, molecules. This population is our control objective.

Experimentally, magnesium vapor of about 5 torr partial
pressure in a heat pipe at 1000 K with Ar or He buffer gas is
irradiated by shaped laser pulses. All our results are found
to be independent of the choice of buffer gas. No magne-
sium clusters larger than dimers exist in the heat pipe [18].
The pulse shaping was done using a liquid-crystal spatial
light phase modulator [19,20]. The UV radiation emitted
toward the laser-beam entrance to the cell is collected at a
small angle from the beam axis using a dichroic mirror,
filter, and lens, focusing the UV light onto an optical fiber
that is coupled to a spectrometer and a time-gated camera
system with a 5-ns gate.

Coherent control of femtosecond photoassociation is
demonstrated in Fig. 1(b) by plotting the UV signal Iy,
normalized with respect to the signal obtained for the TL
pulse (k = 0), versus the chirp parameter k. An overall high
degree of chirp control and a strongly asymmetric chirp

dependence are observed. In particular, a large enhance-
ment is obtained for positively chirped pulses whereas
negatively chirped pulses lead to strong suppression.
The chirp enhancement (E) also exhibits an intensity
dependence, which is a clear indication of the strong-field
regime: As the pulse energy, or, equivalently, the peak TL
intensity /gy, increases, the maximal enhancement E,,
and the corresponding chirp k., become larger. We
find E, =42 at ky,, = 0.004 ps?> and E,, =54 at
kmax = 0.006 ps? for It = 5.0 x 1012 W/cm? and 7.2x
10'> W/cm?, respectively. The chirp enhancement rules
out Mg ionization [21] to be responsible for the UV signal
since such ionization should be most efficient here for TL
pulses. This claim is further supported by the intensity
dependence: The ratio between the UV signals measured
with Iy, = 7.2 x 10" W/cm? and 5.0 x 10" W/cm? is
about 1.9. For NIR femtosecond ionization of magnesium
atoms, the intensity dependence was found to scale as I'!
for intensities up to 15 x 10'> W/cm? [21], corresponding
to a signal ratio of about 55. Two linearly chirped pulses,
one of positive chirp |k| and the other of negative chirp
—|k|, have identical instantaneous temporal intensity but
different instantaneous temporal frequency and phase.
Thus, the degree of coherent control is best reflected by
the enhancement ratio E (K, )/ E(—kmax ). It amounts here
to about 40 for I = 7.2 x 10> W/cm?, i.e., the exper-
imentally observed PA yield is enhanced by this factor for
the positively chirped pulse with k = k,, = 0.006 ps® as
compared to the negatively chirped pulse. This striking
evidence of phase control calls for an explanation in terms
of the underlying quantum molecular dynamics.

Our first-principles modeling utilizes the theoretical
framework of Ref. [17], combining ab initio electronic
structure theory with quantum dynamics in the presence of
a strong laser field and thermal averaging based on random
phase wave functions, neglecting couplings between rota-
tions and vibrations. Here, we extend the model of Ref. [17]
and explicitly account for all electronic states shown in
Fig. 1(a), in order to improve the treatment of the Stark
shifts for the electronically excited states [22]. The UV
emission signal Iy is calculated from the final populations
of the A'Z}, (2) 'Z}, and (1) 'T1, states via their Einstein
coefficients. These states have a significant transition
dipole moment to the X 'X state and rovibrational levels
that are located below the ' P + 'S atomic threshold, giving
rise to emission at wavelengths larger than 285.3 nm.

As Fig. 1(b) shows, our theoretical model clearly
reproduces the main features of the experimental results—
enhancement of the signal for positive chirp and suppres-
sion for negative chirp. The dependence on intensity, i.e.,
larger values of E,,, and k,,, for the larger intensity, is also
predicted qualitatively correctly by the calculations.
Quantitatively, the simulations show a slightly smaller
peak enhancement, E,,, = 4.5 instead of 5.4 for the larger
intensity; and the maximum is located at larger chirps
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compared to the experimental data. The discrepancy with
respect to E,, can easily be resolved by a small scaling of
the (1) 'TI, Stark shift. For example, scaling this Stark shift
by a factor of 0.95, well within the estimated error bounds of
the calculated polarizabilities, increases E,,,, from4.5t05.8.
On the other hand, the shiftin k,,,, is most likely linked to the
relative slopes of the potentials of the (1) 'TI, state and all
highly excited states that are accessed from it. Due to the
number of electronic states that are involved, it is not possible
to identify a single or few parameters whose change would
result in an improved model. The inaccuracy of the highly
excited states of Mg, in our model is confirmed by recent
spectroscopy [23], which revealed the well depth of the
adiabatic (1) 'TI, state to be larger by nearly 50% than the
ab initio result [17]. This inaccuracy is not surprising:
Potential energy curves of highly excited states are more
prone to error since they often originate from the interaction
between two open-shell excited-state atoms. This may lead to
molecular electronic states that are very different from the
reference ground state, requiring an even more correlated
approach than the coupled cluster method with single and
double excitations employed in Ref. [ 17]. Moreover, the high
density of electronic states and the occurrence of possibly
numerous avoided crossings between them result in a
multireference nature of the electronic wave functions in
the probed energy window which cannot be accurately
described with a single-determinant assumption. More
detailed spectroscopic data would be necessary to improve
all relevant potential energy curves and allow for full
quantitative agreement between theory and experiment.
The qualitative agreement observed in Fig. 1(b) is,
however, certainly sufficient to examine the theoretical
results in view of the mechanism that underlies the chirp
control. To this end, Fig. 2(a) displays the chirp dependence
of all population that is photoassociated, given by 1 — Py,
with Py the final population in the X 'Z; ground electronic
state, comparing it to the chirp dependence of the final
population in the UV-emitting states: Whereas almost no
chirp dependence is observed in the total PAyield (1 — Py),
a clear chirp dependence is seen in the final populations of
the emitting states, in particular a large asymmetry in
the population of the A 'Y} state. This suggests that the
observed chirp dependence does not originate from the
nonresonant X ' to (1) 'TI, transition, but results mainly
from the strong-field dynamics on the (1) 'I1, and higher
lying electronically excited states. If one assumes the last
photon that excites into the UV-emitting states to constitute
a weak probe, it is the shape of the vibrational distribution
in the intermediate (1) 'TI, state that should be responsible
for the chirp dependence of the signal in Fig. 1(b). Indeed,
the final vibrational distribution in the (1) 'TI, state, plotted
for various chirps in Fig. 2(b), shows a clear dependence on
both sign and magnitude of the chirp parameter. This
analysis is further supported by Fig. 2(c) which presents,
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FIG.2 (coloronline). Theoretical results (I, =7.2 x 102 W /cm?)
for: (a) chirp dependence of the total photoassociated population
(1 — Py) and the final populations in the states of the probed UV-
emitting band. (b) Final vibrational distribution in the intermediate
(1) '11,, state for various values of the chirp parameter k. (c) Same as
in (b) but obtained within a reduced model comprising only the
X' and (1) 'T1, states.

for comparison, the final vibrational distribution in the
(1) ', state, obtained within a reduced two-state model,
comprising only the X 'S and (1) 'TI, states. The results
of the two-state model differ both qualitatively and quan-
titatively from those of the full model and show, in
particular, no dependence on the sign of the chirp. The
chirp dependence in the full model can then be rationalized
in terms of resonant Raman transitions between the (1) 'TI,
state and the higher-lying u states: The instantaneous
frequency of the chirped pulse leads to an up (down) shift
of the (1) 'Il, vibrational distribution for negative (pos-
itive) chirp. The magnitude of the up- or down-shift
depends on the absolute value of the chirp parameter.
Down-shifting the (1) 'TI, vibrational distribution results in
an enhanced UV emission signal because it favors tran-
sitions into bound levels of the A T} state in the probed
UV-emitting band, whereas an up-shifted (1) 'TI, vibra-
tional distribution is predominantly excited into dissocia-
tive states which do not contribute to the molecular
emission signal. Our picture of a perturbative final probe
photon is confirmed by comparing the calculated final
vibrational distributions in the UV emitting states to the
Franck-Condon projection of the final (1) 'TI, distribution
onto these states. The narrowing of the vibrational distri-
bution due to the chirp, observed in both Figs. 2(b) and
2(c), is readily understood in terms of a competition
between nonresonant Stark shifts and chirp. The chirp
lowers the peak intensity and thus the Stark shift such that
less power broadening of the vibrational distribution is
induced by the chirped pulses as compared to the TL pulse.
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FIG. 3 (color online). Results for experimental closed-loop
phase optimization using a learning algorithm, starting from the
best linearly chirped pulse. (a) Enhancement as a function of
generation; improvement is very fast. (b) The optimized pulse
compared to the best linearly chirped pulse (k = 0.006 ps?).

Figure 2(b) also indicates why a chirp rate of k = 0.015 ps?
is optimal: For even larger chirps, we do not observe a
further down-shift of the (1) 'TI, vibrational distribution.
This is attributed to both the limited bandwidth of the pulse
and the significantly reduced peak intensity for larger
chirps. Thus, the optimal chirp results from a competition
between sufficient intensity for the Raman transitions and
down-shifting of the vibrational distribution. This inter-
pretation is also supported by the larger peak enhancement
observed for the larger intensity in Fig. 1(b).

Our understanding of the control being facilitated by
shaping the vibrational (1) 1Hg distribution suggests further
enhancement of the PA signal to be possible by exploiting
the (1) 'TI, vibrational dynamics, in addition to the Raman
transitions. To explore this possibility, we have experimen-
tally carried out an automated closed-loop phase optimi-
zation using a learning algorithm [6], with the enhancement
relative to the TL pulse as performance criterion. Every
generation of the learning algorithm contains 24 members,
i.e., spectral phase patterns applied to the pulse. The first
generation includes the five best linearly chirped pulses,
with k = 0.004 ps” to 0.008 ps?, while all other members
are random. Figure 3(a) shows the maximally obtained PA
enhancement as a function of the generation number. A fast
increase of about 35% in the maximum enhancement is
observed, from a value of 5.4 for ky,, = 0.006 ps® to a
value of about 7.4 after 130 generations. The two corre-
sponding pulses, i.e., the best linearly chirped pulse and the
optimized pulse, are shown in Fig. 3(b). The optimization
keeps the positive linear chirp, and additionally splits the
pulse into two subpulses with a time delay of 130 fs. This
delay corresponds to the vibrational period of the (1) 'TI,
levels in the excitation region. It indicates that the opti-
mized pulse utilizes the vibrational dynamics for improving
the PA enhancement.

When testing the experimentally optimized pulse in our
theoretical model, the enhancement is increased by 60% for
k = 0.006 ps>. Compared to the best linearly chirped
pulse (kgeor = 0.015 ps), the optimized pulse is found to
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FIG. 4 (color online). Role of vibrational coherence in the
(1) ', state (with the optimized and linearly chirped pulses

in grey).

populate a significantly broader vibrational band in the
(1) '11, state, with more population in the lower levels with
one-photon transitions into the probed UV-emitting band.
The role of coherent vibrational dynamics in the (1) 'TI,
state is further analyzed in Fig. 4 which displays the
vibrational coherence measure [24], C(t) = ) _..; |pgq(t)|
of the normalized (1) 'TI, density [25]. The values of C(t)
in Fig. 4 need to be compared to the upper bound of the
maximally coherent state, d — 1, where d is the number of
levels, about 70 in our case. We thus find a substantial
amount of vibrational coherence in the (1) 'Il, state. In
particular at intermediate times, when the dynamics in the
(1) IHg state is relevant, the coherence measure is larger for
the optimized pulse than for the chirped pulses. The
optimized pulse thus outperforms the chirped pulses by
utilizing coherent vibrational dynamics in the (1) 'TI, state,
in addition to the chirp-dependent Raman transitions.

In summary, we observe strong-field coherent control of
bond formation in the femtosecond photoassociation of hot
magnesium atoms using phase-shaped laser pulses. Our
modeling from first principles has allowed us to identify a
combination of Franck-Condon filtering in the free-to-
bound nonresonant two-photon step with chirp-dependent
resonant Raman transitions and coherent vibrational
dynamics in an intermediate electronic state to be respon-
sible for the control. Whereas the purpose of the Franck-
Condon filtering is mainly purification in order to allow the
generation of molecular coherence, the Raman transitions
and vibrational dynamics serve to realize phase control.
Indeed, the quantum purity in the intermediate state and
final UV-emitting states differ by only 25% for the
experimentally optimal linear chirp. Our demonstration
of coherent control of bond-making under thermal con-
ditions points the way toward controlling transition prob-
abilities and branching ratios to different target states. For
photoinduced chemical reactions with several product
channels, suitable target states would be those that serve
as a gateway to a different product channel. A feasible route
to the coherent control of photoinduced bimolecular
chemical reactions is now open.
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