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Laser-induced control of (multichannel) intracluster reactions
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Abstract. An experimental and theoretical study on the excited Ba· · ·FCH3(A) photodissociation yield
as a function of the excitation laser fluence is reported. Experimentally, it was found that the two-
photodissociation channel yields, i.e. the reactive BaF and non-reactive Ba∗ products, increased exhibiting
a similar behaviour, as the laser fluence changed from 0.2 up to ca. 4 mJ/cm2. Beyond this value the
BaF yield levels off and the Ba∗ decreases over the 4–7 mJ/cm2 range. The theoretical simulation of the
excited state electron-ion dynamics within the time-dependent density functional theory revealed that the
reactive channel dominated the photofragmentation dynamics as it occurs within a femtosecond time scale
and became accelerated as the photodissociation laser fluence increased. By contrast, the non-reactive
channel only manifested for low laser fluences at the nano/picosecond time regime resulted inactive as the
laser fluence increased. A simple scheme to control the dynamics of the intracluster multichannel reaction
is suggested in which the slowest the channel the easiest to close it as the excitation laser power increases.

PACS. 36.40.Jn Reactivity of clusters – 36.40.Qv Stability and fragmentation of clusters –
34.50.Rk Laser-modified scattering and reactions

Laser control of chemical reactions is currently attracting
a considerable attention from both theoretical and exper-
imental point of view [1–3]. Among several schemes to
implement such an objective one of the most promising
is based on quantum interference. For unimolecular reac-
tions, in which a single reactant molecule is transformed to
several product molecules, two types of control have been
applied insofar. Namely, the “two-beam interference” [4–6]
and the “two-pulse time delay” control [7,8]. While these
two control schemes are based on a limited number of op-
timisation parameters (i.e., the phase difference between
the two lasers and the time delay between the pump and
dump laser pulses, respectively) a new powerful method
has been developed [9] based on the adaptative shaping of
femtosecond laser pulses which works satisfactorily even
for complex systems. Although, in many cases, the elec-
tron/ion dynamics of the system is not fully understood,
there are examples in which the dynamics of a unimolec-
ular reaction induced by an optimal femtosecond pulse,
generated from adaptative learning algorithms, has been
deciphered [10].
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In this work, we report on the control of the
Ba· · ·FCH3 + hν → BaF + CH3 intracluster reaction
achieved by changing the fluence of the excitation laser.
The spectroscopy and photofragmentation dynamics of
the Ba· · ·FCH3 weakly bound complex have been stud-
ied using both nanosecond [11,12] and femtosecond laser
techniques [13,14]. Thus, when this cluster is excited to its
A state two photofragmentation channels are opened. The
reactive one leading into BaF and FCH3. products and
the non-reactive one producing Ba∗ and FCH3. Further-
more, it is shown how these two photofragmentation chan-
nel yields exhibited distinct behaviour particularly at high
laser fluences. In other words, the product [Ba∗]/[BaF]
branching ratio changes and tends to zero going from low
to high laser fluence conditions. The present work ex-
tends the preliminary results reported in reference [15]
using different laser for the excitation step confirming
the suggested multichannel control of the Ba· · ·FCH3

photofragmentation. The experimental study is comple-
mented with extensive theoretical excited-state electron-
ion simulations based on the time-dependent density
functional theory (TDDFT) [16,17] methodology. Indeed,



194 The European Physical Journal D

the calculations of the excited state electron-ion dynam-
ics provided a clear picture of the cluster photodissocia-
tion dynamics revealing a distinct time evolution associ-
ated with each individual reaction channel. We anticipate
that the different two-channel time dynamics as the laser
intensity of the excitation step is changed, is the factor
that makes possible the control of the multichannel laser-
induced reaction.

A detailed description of the molecular beam appara-
tus is given elsewhere [12], briefly, the weakly bound com-
plex BaF· · ·CH3 is produced in a laser vaporisation source
followed by supersonic expansion, using a gas mixture of
He with a 10% of FCH3. The molecular beam is then
probed inside a different chamber using a laser ionisation
coupled with a linear time-of-flight mass spectrometer.
Two lasers are used for the probing of the molecular beam:
a tunable laser induces the reaction in the Ba· · ·FCH3

weakly bound complex, while a second laser ionises the
complex and the photofragmentation products: a dye laser
with a bandwidth of typical 0.1 cm−1 and a pulse dura-
tion of 8 ns is used for excitation of the complex, while
the fourth harmonic of a continuum NY80 Nd-YAG laser
(266 nm, pulse duration 7 ns) is used for ionisation. The
excitation laser arrives about 8–10 ns earlier to the beam-
laser interaction region than the ionisation laser [18]. A
key feature of the experimental technique is the simulta-
neous measurement of both the complex photodepletion
and the product action spectra (see Ref. [19] for further
details). We measured simultaneously the Ba· · ·FCH+

3 ,
BaF+ and Ba+ signal at two different conditions: (a) us-
ing UV photons (λ = 266 nm) only and (b) using first a
pump dye laser (λ = 617.7 nm) and then, 10 ns later, the
UV laser (λ = 266 nm). The BaF and Ba action signals
were estimated from their (b)–(a) signal, respectively. This
procedure was then repeated at different excitation laser
fluences. The latter was modified by using a high-energy
variable attenuator (Newport mod. 935-5-OPT). This pro-
cedure ensured that the focus and optical features of the
laser beam remained unchanged.

The pump and probe scheme used in the present ex-
periment is the following. First, Ba· · ·FCH3 + hνpump

(λ = 617.7 nm) → BaF + CH3 or Ba∗ + FCH3, then
the probe laser hνprobe (λ = 266 nm) is used to ionised
the BaF and Ba∗ species and measure their population.
The BaF+ signal is produced by direct one photon ionisa-
tion of BaF product absorption of the 266 nm photon, as
demonstrated in a previous work (see for example Fig. 2
of Ref. [19]). With respect to the Ba∗ product direct one
photon ionisation of Ba ground state is not possible at
266 nm, so only metastable Ba∗ product can be ionized
(see Fig. 2 of Ref. [20] for an energy diagram of the system
here investigated). Under the present experimental condi-
tions, the 266 nm probing laser intensity was always kept
at a very low intensity to guarantee that a two photon
absorption process was, if any, a very minor effect [15].
It should be recalled that the pumping laser wavelength
excites the A← X electronic transition of the Ba· · ·FCH3

complex only, i.e. it does not affect the free Ba atoms

Fig. 1. Ba· · ·FCH3 photofragmentation channel yields as a
function of the laser fluence: (top) ∆BaF signal obtained by
the procedure described in the text, (bottom) ∆Ba∗ signal.
Dotted lines are just a guide to the eye.

present in the beam expansion at all (see Ref. [12] for
details).

The measured Ba∗ and BaF photofragmentation chan-
nel yields are displayed in Figure 1 as a function of the
laser fluence. Both ∆Ba∗ and ∆BaF signals were obtained
using the same procedure. The ∆Ba∗ was calculated by
subtracting the Ba∗ (UV) signal from the Ba∗ (UV +
VIS) signal. Here UV and VIS stand for the signal mea-
sured when the ultraviolet probe laser and a dye pump
laser, respectively. The same procedure was followed to
obtain ∆BaF. The most interesting feature is the laser
fluence dependence of both reactive, ∆BaF, and non-
reactive, ∆Ba∗, yields. While ∆Ba∗ increases reaching a
maximum around 4 mJ/cm2 with a subsequent decline be-
yond this fluence value, the ∆BaF increases over the small
laser fluence range and subsequently levels off. Clearly, the
[Ba∗]/[BaF] branching ratio, as depicted in Figure 2, de-
pends on the laser field employed to induce the reaction
and, more specifically, it diminishes with the laser fluence
beyond ca. 4 mJ/cm2.

In order to understand the physical mechanism un-
derlying the electron/ion dynamics of this Ba· · ·FCH3

complex, we performed extensive excite state simulations
within a TDDFT formalism as implemented by some of
us in the octopus code [21]. In general, TDDFT has been
very successful in describing the optical spectra of small
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Fig. 2. Laser fluence dependence of the [Ba∗]/[BaF] branching
ratio. Points: present experimental results; dotted line is just
a guide through the points.

nanostructured materials [16,17], including high-intense
laser-induced electronic-ion dynamics [22]. All dynami-
cal quantities are computed by evolving the electronic
wave functions in real-time and real-space [23] and treat-
ing the electron-ion interaction by norm-conserving pseu-
dopotentials [24]. The set of equations to be solved for the
combined electron-ion dynamics are the time-dependent
Kohn-Sham equation (in atomic units): −idψi(r, t)/dt =
[H0(n(r, t)) + Vlaser(r, t)]ψi(r, t) and the Newton’s equa-
tion for the nuclei motion: Mαd

2Rα(t)/dt2 = Fα(R, t).
Here Vlaser(r, t) describes the classical time-dependent ex-
ternal electromagnetic field acting on our system, ψi are
the occupied Kohn-Sham orbitals, and H0 is the standard
Kohn-Sham Hamiltonian that includes the (pseudo)ion-
potential, the repulsive electronic Hartree potential, and
the exchange-correlation potential that in the present
work it is described in the local-density approxima-
tion (LDA) [25] that now are time-dependent functions
through the time dependence of the density (n(r, t) =
Σocc

i |ψi(r, t)|2). Finally, in the Newton equation for the
nuclei (Rα,Mα) stands for the coordinate of the nucleus
and its mass. The force Fα exerted on it is calculated
through Ehrenfest’s theorem [21]. As for technical details,
we confined the molecule within a sphere of radii 12 Å.
The space is discretised using a uniform grid spacing of
0.16 Å and for the time evolution we used a time-step
of 0.0016 fs. Those parameters ensure the stability of the
time-dependent propagation and yield spectra with a res-
olution better than 0.1 eV.

The initial configuration for the laser induced
reactivity is the ground state of the weakly bound
Ba· · ·FCH3 complex. We have relaxed the molecular
structure and obtained a rather good agreement with pre-
vious CI calculations [26] for bond lengths (differences of
2%) as well as ionisation potential (the calculated value is
4.9 eV to be compared with the CI value of 4.55 eV [26]
and the measured one of (4.5± 0.1) eV [11]). The present
approach was first tested by computing the optical absorp-
tion cross-section of Ba· · ·FCH3. The calculated and ex-
perimental spectrum is in excellent agreement (see Fig. 3).
It is interesting to note that the main peak corresponds to

a HOMO-LUMO like transition with major weight on the
Ba atom. However, this 6s → 6p atomic-like transition
of the Ba atom has been redshifted with respect to the
calculated isolated Ba absorption peak at about 2.4 eV.
This renormalization of the atomic transition stems from
a polarization of the atomic cloud around the Ba atom
due to the dipole of the FCH3 part (this is clearly seen in
the shape of the HOMO-LUMO orbitals in Fig. 3). Also
it is important to note that the Kohn-Sham difference of
HOMO-LUMO eigenvalues is 1.6 eV showing the error of
using the one-electron eigenvalues as fingerprints of elec-
tronic excitations in molecules. In particular, coulomb plus
exchange and correlation effects blueshift this independent
particle transition about 2 eV in very good agreement with
experiments (see Fig. 3). This is very important for the
proper description of the ulterior excited state dynamics
as the pump laser is tuned to resonance with this main
excitation peak. Thus one may conclude that the static
electronic properties of this complex are well described by
the present approach.

Next the evolution of the Ba· · ·FCH3 under high-field
excitation was examined. The pump laser pulse applied
had an energy of 2 eV, and power densities of 105 W/cm2,
106 W/cm2 and 5 × 106 W/cm2 (these values are within
the experimental range) and envelope formed by a linear
ramp until the tenth optical cycle and then constant for
the whole simulation. The polarisation was chosen ran-
domly with respect to the Ba–F–C molecular axis. The
dynamical simulations to be discussed below correspond
to runs of a few picoseconds as this time scale turned out
to be sufficient to get a qualitative picture of the laser
induced fragmentation process. As the laser field popu-
lates the excited Born-Oppenheimer surfaces this scheme
includes diabatic effects, while maintaining a good scaling
with the size of the system. As we are interesting in ad-
dressing the competition between the two fragmentation
channels (reactive one leading to BaF as fragment and
non reactive leading to Ba∗ as fragment) and we treat
the nuclei classically, for each random polarisation and
laser intensity we have to monitor the ion trajectories
over time corresponding to many different initial condi-
tions (vibrational state of the molecule) in order to get
some reliable statistics. With this approach we get only
a qualitative picture of the process and to be more quan-
titative a quantum-mechanical description of the nuclear
motion would be needed (which is beyond the scope of the
present work and present computer facilities). However, as
shown below, the calculations did provide insight into the
physical mechanisms underlying the photoinduced frag-
mentation and channel selectivity. The probe laser with
an energy pulse of 4.66 eV is applied at few time-delays,
between 50 to 350 fs after the pump-laser. Electron ioni-
sation is taking care by an imaginary absorbing potential
at the box boundaries, this is important to qualitatively
describe the proper physical process behind the photoin-
duced reaction. The simulations are stopped once one of
the fragments had reached the boundary of our simulation
box.
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Fig. 3. Top: first two unoccupied (LUMO and LUMO+1) and two last occupied (HOMO and HOMO-1) orbitals of the
Ba· · ·FCH3 molecule. The HOMO-LUMO orbitals are mainly located at the Ba atom. It is clear that the orbitals are modified
from being perfect atomic Ba (6s and 6p) orbital indicating that binding occurs through polarization effects and little charge
overlap. This has important implications in the optical spectra (see text for details). Bottom: comparison between the computed
and measured [12] optical absorption spectra (the calculated one has been scaled to match the strength of the experimental
main peak). The strongest absorption peak can be assigned to the HOMO-LUMO transition. The agreement is very good taking
into account the accuracy of the calculated spectrum (about 0.1 eV).

The theoretical simulation of the photodissociation
process provides a clear picture of the cluster photodisso-
ciation mechanism, whose main features are the following:
first the pump laser excited the HOMO-LUMO transition
of molecule. This excitation is mainly localised at the Ba
atom (see Fig. 3). Although this is the main excitation
effect, the laser in the short time scale does also popu-
late other Born-Oppenheimer surfaces that do play a role
in the ensuing dynamics. Then, the coupling of this elec-
tronic excitation to the ions of the molecule brings the
molecule to an excited vibrational state. The time scale
for this coupling process in the simulation is of the order
of 100–300 fs. During this vibration the laser continues to
act and, eventually, leads to the detachment of the BaF
fragment from the rest of the complex. If the probe laser is
applied shortly after the pump laser, the excited state does
not have time to decay into the excited-state molecular vi-
bration, then as product we get the ionised Ba· · ·FCH+

3
fragment. Only when the delay between pump and probe
is above 100 fs we observe the appearance of the BaF+

and Ba+ fragments. It is important to emphasize that
with only the pump laser and for all laser power densities,

polarisation and initial configurations, we do not observe
in the simulations any signal of the non-reactive channel
(Ba fragment) and only the BaF fragment is obtained.
This is in agreement with the fact that no Ba+ ion signal
was observed with the pump laser only, even though the
higher fluences were employed. Thus, taking into consid-
eration the energy of the process, one can conclude that
the non-reactive photofragmentation channel here inves-
tigated, with the λ = 266 nm probing, corresponds to
metastable Ba(1D1, 3P) states.

The pump-probe simulations carried out showed the
reactive BaF channel was always present, being the dom-
inant and even the only one at high laser fluences. On
the other hand, at small laser fluences, the non-reactive
Ba∗ channel appeared in the simulation in a few cases
only. The time scale of theses two processes were found to
be markedly different, whereas the reactive path occurs
in few hundred fs, the non reactive part became active
only at the picosecond regime and at low laser fluence
regime To the best of our knowledge there is no experi-
mental information about the reaction time associated to
the non-reactive channel yielding Ba∗ products. However,
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the reaction time for the BaF channel has been measured
to be about 270 fs by the femtosecond pump and probe
technique [13,14]. Thus one can assume that the reaction
time for the non-reactive channel could well be of the order
of picoseconds as it is the (usual) case in photodissocia-
tion dynamics of van der Waals molecules. This distinct
time dynamics of the two-photodissociation channels was
clearly confirmed our TDDFT calculations.

The finding of a different time dynamics for the two
cluster photodissociation channels does not justify by it-
self the observed laser fluence dependence of the branch-
ing ratio. It is also necessary a distinct laser fluence de-
pendence for each individual photofragmentation channel.
Interestingly, our simulation also showed that the higher
the laser power the shorter the delay for the BaF produc-
tion. In other words, the fast channel accelerates as the
laser power is increased. Hence, to prevent this channel to
full control the reaction path lower laser powers are needed
in order to stay within the picosecond regime where the
non-reactive Ba∗ formation becomes active.

Simple kinematical arguments qualitatively support
the distinct time dynamics of the two-photofragmentation
channels found by our theoretical simulations. Indeed, for
a given energy, E, the time required by the products to fly
apart a critical distance d∗ is given by t∗ = (µd∗2/2E)1/2

where µ is the product reduced mass. Thus, the two mo-
tions of the Ba· · ·F· · ·CH+

3 transition state evolving into
channel 1 (BaF + CH3) or channel 2 (Ba∗· + F· · ·CH3),
respectively, would need different times to reach the dis-
tance d∗ after which one could consider that complete
photodissociation has taken place. Actually, the kinematic
branching would be t∗1/t

∗
2 = (µ1/µ2)1/2 = 1.41. In other

words, based on this crude kinematic model the reactive
channel would be 1.41 times faster than the non-reactive
one.

Now the question arises what could be the origin for
the acceleration of the reactive BaF channel as the laser
fluence increases? A rigorous answer to this crucial ques-
tion would require a full quantum time dynamical study
of the photofragmentation processes, which is out of the
scope of the present letter. Nevertheless, some qualitative
arguments can be given mainly based on the mechanism
for the Ba· · ·FCH3 → BaF + CH3 intracluster reaction.
Certainly, based on the harpooning model reaction, which
involves the electron transfer from the excited Ba to the
F atom, an energy barrier should be expected for the re-
active channel due to the negative electron affinity of the
FCH3 [27]. According to spectroscopic measurements from
this laboratory [12] as well as from ab initio studies [26]
the resonant excitation here used corresponds to the tran-
sition from the vibronic ground state X (v′′ = 0) to the
lowest vibrational level (v′ = 0) of the excited A state of
the Ba· · ·FCH3. As a result, the necessary vibrational en-
ergy for the C–F stretch is not available and can only be
obtained by internal conversion from the A state to the
lower-lying excited electronic A’ state. Thus, the energy
transfer gained by this non-adiabatic coupling promotes
the C–F stretch and, consequently, the electron transfer
reaction. Strong support to this mechanism has been pro-

vided not only by ab initio calculations [26], but, espe-
cially, by pump and probe time-resolved photoelectron
spectroscopy of both Ba· · ·FCH+

3 and BaF+ ions [28].
Thus the acceleration effect revealed by the theoretical
calculation could perhaps be due to the lowering of the re-
action barrier by the radiation field of the excitation laser.
This type of effects has been shown in reaction dynam-
ics calculations for elementary atom-diatom barrier reac-
tions [29]. In this simple picture the higher the laser field
the lower the barrier for the harpooning Ba· · ·FCH3 →
BaF + CH3 reaction and, consequently, the faster and
more competitive the reactive channel with respect to the
non-reactive one. Ultimately, at the high fluence limit, all
the Ba· · ·FCH3 photodissociation yield would be that of
the reactive BaF product. Full quantum time dynamics
calculations will be carry out to verify this working hy-
pothesis.

The main finding of the present work is the distinct
behaviour exhibited by the two-photodissociation channel
yields, i.e. the reactive BaF and non-reactive Ba∗ prod-
ucts, as the laser fluence of the excitation laser is in-
creased. Such behaviour was attributed to (i) a different
reaction time associated to each individual Ba· · ·FCH3

photofragmentation channels and (ii) an “acceleration” ef-
fect of the faster channel as the laser power increased. The
latter was attributed to a reduction of the energy barrier
of the Ba· · ·FCH3 → BaF + CH3 reaction induced by the
coupling with the laser field. In this view, the higher the
laser field the smaller the reaction barrier and the more
competitive the BaF reactive channel. The combination of
these two effects would then explain why the (Ba∗)/(BaF)
branching ratio changes from low to high laser fluences.

A key feature of the present investigation is the use of
nanosecond laser pulses with the excitation laser fluence
as the only adjustable parameter to change the outcome
of the photoinitiated reaction. It has been shown [30] how
the intensity of a femtosecond laser affects the dynamics
of molecular vibrational wavepackets in several electronic
states of Na2, but it is, to our knowledge, the first time
that it has been observed for a chemical reaction using
nanosecond pump and probe pulses. An interesting con-
clusion of the present investigation is the possibility of
laser control of multichannel reactions as long as the in-
dividual photofragmentation channels require a different
time. In these cases the slow channel should first disap-
pear by increasing the field of the pump laser recalling us
that “the slowest the channel the easiest to take”. Conse-
quently, the different channels could be selectively closed
by a continuous increase of the laser fluence. Undoubtedly,
the simplicity of the proposed scheme makes it attractive
for practical applications.
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González Ureña, Chem. Phys. Lett. 304, 127 (1999)
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20. S. Skowronek, A. González Ureña, Progr. React. Kin.
Mech. 24, 101 (1999)

21. The octopus project in aimed at describing by first-
principles the electron-ion dynamics in finite and extended
systems under the influence of arbitrary time-dependent
electromagnetic fields. The program can be freely down-
loaded from http//:www.tddft.org/programs/octopus.
For details see M.A.L. Marques, A. Castro, G.F. Bertsch,
A. Rubio, Comp. Phys. Comm. 151, 60 (2003)

22. A. Castro, M.A.L. Marques, J.A. Alonso, G.F. Bertsch, A.
Rubio, Eur. J. Phys. B (in press, 2003)

23. This technique, first introduced in K. Yabana, G.F.
Bertsch, Phys. Rev. B 54, 4484 (1996) for the calculation
of linear optical spectra of clusters, does not rely on per-
turbation theory, and is competitive with implementations
in the frequency domain (A. Rubio, J.A. Alonso, X. Blase,
L.C. Balbás, S.G. Louie, Phys. Rev. Lett. 77, 247 (1996);
E5442 (1996))

24. N. Troullier, J. Martins, Phys. Rev. B 43, 1993 (1991).
We used the core radii rc = 1.4 and 1.29 a.u. for all the s,
p pseudopotential components of C and F, respectively.
For Ba we used a charged configuration including semicore
states (5s2(rc = 1.73) 5p6(rc = 2)). Inclusion of scalar
relativistic effects turn out to be crucial for the proper
description of the excited state properties of the Ba atom

25. D.M. Ceperley, B.J. Alder, Phys. Rev. Lett. 45, 1196
(1980); J.P. Perdew, A. Zunger, Phys. Rev. B 23, 5048
(1981). For the qualitative picture we try to discuss
in the present work the specific form of the exchange-
correlation functional should not introduce major modi-
fications (M.A.L. Marques, A. Castro, A. Rubio, J. Chem.
Phys. 115, 3006 (2001)). This is, however, untrue for stud-
ies of charge-transfer processes and isomerisation mecha-
nisms

26. V. Stert, H.H. Ritze, P. Farnamara, W. Radloff, Phys.
Chem. Chem. Phys. 3, 3939 (2001)

27. P. Piecuch, J. Mol. Struct. 503, 436 (1997)
28. V. Stert, P. Farnamara, H.H. Ritze, W. Radloff, K Gasmi,
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