
UC Berkeley
UC Berkeley Previously Published Works

Title
Tracing dissociation dynamics of CH3Br in the 3Q0 state with femtosecond extreme 
ultraviolet ionization

Permalink
https://escholarship.org/uc/item/28m4r3c1

Authors
Vaida, Mihai E
Leone, Stephen R

Publication Date
2014-10-01

DOI
10.1016/j.chemphys.2014.01.015
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/28m4r3c1
https://escholarship.org
http://www.cdlib.org/


Chemical Physics 442 (2014) 41–47
Contents lists available at ScienceDirect

Chemical Physics

journal homepage: www.elsevier .com/locate /chemphys
Tracing dissociation dynamics of CH3Br in the 3Q0 state with
femtosecond extreme ultraviolet ionization
http://dx.doi.org/10.1016/j.chemphys.2014.01.015
0301-0104/� 2014 Elsevier B.V. All rights reserved.

⇑ Corresponding author at: Department of Chemistry, University of California,
Berkeley, CA 94720, United States. Tel.: +1 510 643 5467; fax: +1 510 643 1367.

E-mail address: srl@berkeley.edu (S.R. Leone).
Mihai E. Vaida a, Stephen R. Leone a,b,c,⇑
a Department of Chemistry, University of California, Berkeley, CA 94720, United States
b Department of Physics, University of California, Berkeley, CA 94720, United States
c Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, United States

a r t i c l e i n f o
Article history:
Available online 11 February 2014

Keywords:
Femtosecond
High order harmonic generation
Photodissociation
Mass spectrometry
a b s t r a c t

The ultrafast photodissociation dynamics of gas phase CH3Br molecules in the red wing of the A-band, i.e.
the first molecular adsorption continuum, is investigated by pump–probe spectroscopy. The experiment
employs femtosecond laser pulses at 266 nm in the ultraviolet to dissociate the molecule and high order
harmonic extreme ultraviolet pulses in conjunction with time-of-flight mass spectrometry to ionize and
detect the fragments. A dissociation time of 116 ± 25 fs is obtained from the pump–probe risetime of the
Br+ ion signal, which originates from formation of either or both Br(2P3/2) or Br⁄(2P1/2). The timescale is in
a good agreement with the previously calculated A-band dissociation time of CH3Br using the anisotropy
parameter b deduced from angular photodissociation experiments. Based on classical molecular dynam-
ics simulations and previous spectroscopic information, the most likely pathway is dissociation of the
CH3Br molecule via the 3Q0 state of the A-band, which correlates with the formation of the spin–orbit
excited bromine fragment.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

The formation of reactive species, i.e. radicals, is of fundamental
importance in various branches of chemical sciences and engineer-
ing. Particularly, the fate of complex chemical transformations is
drastically influenced by the formation timescale of free radical
fragments. Therefore, it is of considerable interest to probe the
chemical bond breaking timescale, especially the distance over
which the molecular fragments are fully formed and the bond
completely dissolved.

In this paper femtosecond (fs) extreme ultraviolet (XUV) pulses
are used to trace when the Br atom (and the corresponding CH3

radical) appears as a free species after the photoexcitation of the
CH3Br molecule in the red wing of the A-band. The experimental
procedure employed here is able to distinguish between the
fragments produced via A-band dissociation and dissociative
photoionization.

The A-band of CH3Br can be accessed in the 170–270 nm spec-
tral range with an absorption maximum around 200 nm [1–4]. The
photodissociation of the methyl bromide molecule via A-band
excitation was investigated in the gas phase by means of
time-of-flight mass spectrometry and velocity map imaging by
excitation at several wavelengths: 193 nm and 222 nm [5],
205 nm [6], 215.9 nm [7], 213–235 nm [8], 218–245 nm [9], and
240–280 nm [10]. In principle, two dissociation channels can be
accessed by means of A-band excitation: (i) the Br-channel giving
rise to the formation of a methyl radical and a ground state
Br(2P3/2), and (ii) the Br⁄-channel giving rise to methyl and a bro-
mine atom in the spin–orbit excited state Br(2P1/2). The 1Q1 state
that correlates with the formation of Br is the main contributor
to the absorption cross section of the A-band. However, in the
red wing of the A-band (240–280 nm) the 3Q0 and 3Q1 states have
significant absorption (see Ref. [11] and references therein). The
3Q0 state correlates with the formation of Br⁄ while the 3Q1 state
correlates with the formation of Br. Experimentally it has been ob-
served that the majority of Br⁄ fragments are produced by direct
absorption to the 3Q0 state [6]. However, Br fragments can be pro-
duced directly via excitation of the 1Q1 and 3Q1 states and also by a
surface crossing mechanism via 3Q0 state excitation [6].

The direct time-resolved dissociation dynamics of the gas phase
CH3Br molecule via A-band excitation has not been investigated so
far. It was considered that CH3Br may photodissociate faster than
CH3I (about 70 fs for CH3I [12,13]) via the respective A-band
excitations, because the CH3Br A-band absorption is slightly higher
in energy and lies on an even steeper region of the excited state
potential than the CH3I A-band [6]. However, investigations
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employing photofragment anisotropy measurements provide an
estimate of the dissociation time through the rotational period.
Those investigations estimated the dissociation time of the gas
phase CH3Br molecules to be between 111 fs and 120 fs for the
Br⁄ dissociation channel and considerably longer, 188 fs for the
Br dissociation channel [9,10]. The Br⁄ is formed in a shorter time
than Br, because the CH3 is born ‘hotter’, i.e. has higher vibrational
energy, when it is formed together with the Br-channel. Although
the CH3Br A-band absorption is energetically higher and steeper
than the CH3I A-band, the CH3Br should dissociate slower than
CH3I because a larger amount of the energy available for the disso-
ciation is released into the CH3 fragment as internal energy, mak-
ing CH3 vibrationally hotter when it is produced from CH3Br than
CH3I photodissociation [14].

The only time-resolved experiment has been performed on
CH3Br molecules physisorbed on insulating ultrathin magnesia
films [15,16]. The CH3Br molecules adsorbed on the magnesia sur-
face were found to dissociate in about 150 fs after a two-photon
excitation at a central wavelength of 266 nm. However, the
dissociation time of the CH3Br molecule adsorbed on the surface
is influenced by the molecular adsorption geometry and the
changes in electronic states due to the interaction between
the molecule and the surface [16–18] and the result does not
necessarily reveal the dissociation time of the free molecule.

Here femtosecond pump–probe spectroscopy in conjunction
with high-harmonic ionization, time-of-flight mass spectrometry
is employed to quantitatively characterize the dissociation time
of the CH3Br molecule in the gas phase. After excitation at the cen-
tral wavelength of 266 nm, the bromine fragments are detected via
ionization by a single photon XUV high harmonic laser pulse. Var-
ious scenarios for the CH3Br dissociation at 266 nm are discussed
and compared with a classical molecular dynamics simulation.

2. Experimental

The experimental setup employed in the present investigation
consists of three main parts: (i) a commercial amplified femtosec-
ond laser system with a central wavelength of 800 nm, (ii) a
pump–probe setup in conjunction with a monochromatic fs ex-
treme ultraviolet high harmonic source and (iii) an investigation
chamber equipped with an effusive molecular beam and a time-
of-flight mass spectrometer (TOF-MS). Fig. 1 shows a schematic
representation of the fs XUV source together with the investigation
chamber.

The fs-laser light is produced by a Ti:Sapphire mode locked
oscillator continuously pumped by a 5 W Spectra Physics Millennia
Fig. 1. Schematic layout of the fs-soft X-ray source together with the investigation cham
into the interaction region.
Nd:YVO laser. Pulse amplification is carried out by a Nd:YLF laser
pumped Ti:Sapphire amplifier to yield 90 fs pulses, with an energy
of 2.2 mJ at a repetition rate of 1 kHz. The amplified near infrared
laser beam (800 nm) is divided into two arms to produce the pump
and the probe laser beams. One arm (30% of the total power) is
used to generate the pump beam at 266 nm by frequency tripling
of the fundamental wavelength in a homebuilt crystal-based third
harmonic generator. The pump beam is focused by a 100 cm lens
into the investigation chamber.

The second arm (70% of the total power) is used to generate the
probe pulse consisting of fs XUV light, which is produced by means
of high harmonic generation [19–22].For the high harmonic gener-
ation the 800 nm light is focused by a 40 cm lens into a 3 mm long
Ar gas cell. The generated harmonics that co-propagate with the
residual fundamental laser light are separated by means of a plane
grating. Subsequently, the harmonics are focused into the investi-
gation chamber by a cylindrical mirror and a toroidal mirror. A
2 mm slit positioned inside the investigation chamber allows a sin-
gle harmonic to pass into the interaction region; all the other har-
monics are blocked. The pressure in the gas cell as well as the
800 nm light intensity and focus position are tuned to maximize
the flux of the 15th harmonic (0.15 nm spectral width), which is
the only harmonic used. The pump beam, 266 nm, is reflected into
the interaction region by an aluminum mirror mounted in the vac-
uum apparatus a few millimeters above the XUV beam (cf. insert in
Fig. 1). The pump and the probe beams are overlapped in the inter-
action region at a 1.5� angle.

In the investigation chamber a skimmed effusive molecular
beam crosses the laser beam at a right angle. The ions formed in
the interaction region are analyzed by a 130 cm long Wiley–McLa-
ren TOF-MS positioned with the longitudinal axis perpendicular to
the plane formed by the laser beam and the molecular beam. The
molecular beam intersects the laser beams and the longitudinal
axis of the TOF-MS at the same point between the repeller elec-
trode and the extraction electrode of the TOF-MS.

The zero time delay between the pump and the probe pulse as
well as the instrumental time response function is measured in situ
by time-resolved spectroscopy using ionization of He following
excitation of the He(1s2-1s3p) transition. The 1s3p state in He
atom has a lifetime of about 1.76 ns [23] and is resonantly excited
with a pump pulse tuned to the 15th harmonic. Subsequently, a
probe pulse at 266 nm, which is delayed with respect to the pump
pulse, ionizes the excited He atoms and the ions are detected by
the TOF-MS. The resonantly excited He(1s3p) state is an instanta-
neous transition that results in a step function response when the
excited He atom is ionized by the probe pulse at variable time
ber. Insert: detail illustrating the overlap between the pump and the probe beams
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delay. The instrumental response function is a convolution of the
cross correlation function of the pump and probe pulses with a
step function. Fig. 2 shows the instrumental time response func-
tion obtained by time-resolved spectroscopy of the He(1s2-1s3p)
excitation, centered at the pump–probe zero time delay. The best
fit to the measured data assuming that the laser pulses have a
Gaussian shape gives a pulse cross correlation of 105 ± 10 fs.

For the photodissociation experiments presented below, CH3Br
(Sigma–Aldrich 99.5% purity) is used without further purification.
All investigations are performed at room temperature.
Fig. 3. Methyl bromide mass spectrum recorded at an excitation wavelength of
54 nm (15th harmonic). The spectrum has been summed over 30,000 laser pulses.
3. Results

The experiments are designed to measure the dissociation time
of the CH3Br molecule excited at 266 nm and to gain insights into
the possible dissociation pathways. The results provide an estimate
of the timescale, through ionization of the Br atoms, when the
atoms are far enough apart in the parent excited molecule, so that
the electronic structure of the Br fragments is not influenced by the
CH3 radicals, and they can be considered free atoms. Fig. 3 shows a
photoionization mass spectrum of CH3Br recorded with the probe
beam alone tuned to the 15th harmonic. The spectrum shows
two intense peaks, one at 15 amu that corresponds to the CH3

+

fragment and a double-peak structure at 94 and 96 amu that cor-
responds to the CH3Br+ parent molecule. A very low intensity dou-
ble-peak structure is observed at 79 and 81 amu that corresponds
to Br+ ions. The mass spectrum in Fig. 3 reveals that the XUV probe
beam alone is able to produce dissociative photoionization of the
CH3Br molecule. Interesting to note is the extremely low intensity
of the Br+ fragment with respect to the CH3

+ fragment detected in
the measured mass spectrum (cf. Fig. 3). The explanation of the
fragment peak intensities is presented in the following section.

In order to investigate the photodissociation dynamics of the
methyl bromide molecule, the pump–probe scheme is applied,
using the same wavelengths that are used to determine the instru-
ment time response function, but the roles of the pump and probe
pulses are reversed: the molecule is excited by the pump pulse at
266 nm. Subsequently, the CH3Br molecule dissociates and the Br
Fig. 2. Instrumental time response function determined by time-resolved spec-
troscopy of the instantaneous He(1s3p) absorption at an excitation energy of 54 nm
(15th harmonic) and probed by time-delayed ionization with a 266 nm pulse. The
open symbols represent the measured data while the solid line is a fit to the data
points assuming that the cross-correlation of the pump and probe pulses is a
Gaussian function. The fit provides the t0 time delay, as well as the width of the
cross-correlation, which is found to be 105 ± 10 fs. Each data point of the transient
represents the sum over the ion count yield from 10,000 pump and probe laser
exposures. Five single transients were averaged to improve the signal-to-noise
ratio.
fragment is detected by the TOF-MS after photoionization by the
delayed XUV probe pulse.

In order to distinguish between the Br+ produced by the pump–
probe transient signal and Br+ produced by the probe beam alone
(cf. Fig. 3), a chopper is installed in the pump laser beam path
(cf. Fig. 1). The chopper rotates with a frequency of 500 Hz and
blocks every other pump laser pulse. The integrated Br+ peak of
the mass spectrum produced by the probe pulse (XUV) alone is
subtracted from the integrated Br+ peak of the mass spectrum pro-
duced by the pump and probe pulses together. This operation, i.e.
Br+ (pump + probe) minus Br+ (probe) is performed every two
pulses, 500 times per second by the multichannel scaler/averager
electronics. The resulting mass signal is summed over 30,000 laser
pulses (15,000 pump + probe and 15,000 probe only) at each
pump–probe time delay and is subsequently acquired by a com-
puter. This process is repeated multiple times for different
pump–probe time delays. Using this procedure of the chopper
and the multichannel scaler/averager electronics, no Br+ signal is
detected by the TOF-MS when the molecules are excited by the
probe beam alone (0 to 1 counts per 30,000 laser pulses [15,000
pump + probe pulses and 15,000 probe pulses only]). However,
when both pump and probe beams are employed at a positive time
delay larger than 200 fs, an average Br+ signal of about 10 counts is
detected per 30,000 laser pulses. This Br+ transient subtraction
technique could not be applied with the same accuracy to monitor
the transient changes of the parent molecule or the CH3 fragment,
because of the high probe-only signal intensity.

Fig. 4 shows the temporal evolution of the Br+ signal intensity as
a function of the pump–probe delay time. In this plot, the average
pump intensity (about 3 � 108 W/cm2) has been carefully adjusted
so that no ion signals are produced by the pump pulse alone. To
improve the signal-to-noise ratio, 60 single transients are also
averaged (60 � [15,000 + 15,000] laser pulses). The open symbols
in Fig. 4 represent the experimental data. The Br+ transient signal
displays an abrupt rise that starts close to the zero pump–probe
time delay and it reaches a maximum around 200 fs. Subsequently,
the transient signal intensity does not change, which is a key point
in the proof that the signal arises from the ionization of free Br
atoms and not from the parent electronically excited molecule, dis-
cussed further below.

In general the molecular repulsive potentials, e.g. the CH3Br
A-band curves, can lead to product formation with a time behavior
that can be described as a single exponential decay function
[24,25]. Consequently, in experiments that can monitor the change
of the molecular electronic structure during the dissociation, i.e.



Fig. 4. Transient obtained by monitoring the Br+ signal as a function of the pump–
probe time delay (open symbols). The solid line represents the best fit of a fast rise
function model [step function convoluted with the autocorrelation function, the
same model as in Fig. 2(b)] to the measured data. The central wavelengths of the
pump and probe pulses are 266 nm and 54 nm, respectively. The dashed curve
represents the fit of the instrumental time response function from Fig. 2(b) flipped
horizontally around the zero time delay and normalized to the Br+ transient signal.

44 M.E. Vaida, S.R. Leone / Chemical Physics 442 (2014) 41–47
photoelectron spectroscopy or transient absorption spectroscopy,
the transient signals corresponding to the formation of the frag-
ments can be fitted by a single exponential function convoluted
with the pump–probe autocorrelation function [26]. However,
when the ultrafast molecular dissociation dynamics is investigated
by detecting fragment ions by mass spectrometry and the mea-
sured transient signal occurs on a comparable time scale as the
instrumental time response function, the transient fragment
signals turn on abruptly when the intramolecular distance is large
enough and the fragments are fully formed. In this case, the tran-
sient signals can be fitted by a step function convoluted with the
pump–probe autocorrelation function [27].

The solid line in Fig. 4 represents the best fit to the measured
data by a delayed fast rise function, which is a step function convo-
luted with the pump–probe autocorrelation function. The fast rise
of the Br+ transient signal is characteristic of direct gas-phase dis-
sociation. The Br+ transient signal is measured to be delayed by
116 ± 25 fs with respect to the He transient signal (cf. dashed curve
in Fig. 4).
Fig. 5. Potential energy curves of the CH3Br molecule adapted from literature
[11,28]. The vertical arrows represent the excitation and the detection laser pulses.
The curved arrow illustrates the propagation of the wave packet.
4. Discussion

4.1. Pump pulse excitation

Power dependence measurements performed on the CH3Br
molecule irradiated by the pump beam alone, at 266 nm, show that
the molecule can be dissociatively ionized by means of three
photons. As noted, in the experiment the pump power has been
carefully reduced, such that ions from neither the parent molecule
nor the fragments are detected by the TOF-MS with the pump
beam alone. Therefore, the origin of the Br+ transient signal in
Fig. 4 is not due to dissociative ionization of the parent molecule
by means of a three or more pump-only photon excitation, i.e.
CH3Br �!266nm

CH3Br�þ�!CHþ3 þ Br. The measured Br+ transient signal
displayed in Fig. 4 is therefore produced either by a single- or two-
photon pump excitation followed by the probe pulse ionization.

Due to the very low intensity of the Br+ transient signal, pump
power dependence measurements could not be made. Therefore in
the next section the various excitation scenarios gleaned from pre-
vious spectroscopic investigations and results here are considered,
providing insight into the likely pathways and the origin of the Br+

signal.
Fig. 5 illustrates the energy diagram of CH3Br adapted from Es-

cure et al [11,28] as well as the possible excitation mechanisms at
266 nm. Previous non-time-resolved gas-phase photodissociation
investigations of CH3Br demonstrate that the photodissociation
can be induced by exciting the A-band by means of a single photon
at 266 nm [10]. When the CH3Br molecule is excited in the red
wing of the A-band at this wavelength, the 3Q0 and 3Q1 states have
significant absorption [11]. Therefore the most likely scenario is
that the Br or Br⁄, or both, produced by the one-photon 266 nm
pump is ionized by the XUV probe, and this is responsible for the
Br+ ion signal.

Another possible photodissociation channel that might be
responsible for the transient Br+ shown in Fig. 4 would be absorp-
tion of two photons of 266 nm, followed by XUV ionization. Recent
photodissociation investigations of the CH3Br molecule adsorbed
at low temperature on insulating surfaces show that the molecular
photodissociation can be produced by means of two photon excita-
tion at 266 nm via the 4E state [15,16]. However, the electronic
structure and the dissociation dynamics of the adsorbed CH3Br
molecule might be altered by the presence of the surface.

Theoretical investigations of the Rydberg states of the CH3Br
molecule show that the 5p Rydberg series can also be accessed at
9.3 eV (2 � 266 nm) [28]. The Rydberg states do not have a repul-
sive character, but a crossing between one of the Rydberg states
and the 4E repulsive state is avoided and thus a potential barrier
is generated through which tunneling and subsequent transition
from a Rydberg to a dissociative state can occur. However, this sce-
nario for the initial excitation of the CH3Br, which could lead to dis-
sociation and subsequent ionization by the XUV, is ruled out
because in this case the appearance time of the Br+ transient signal
should be comparable to the lifetime of the Rydberg states, which
is predicted to be about 10 ps [11].

Ion pair formation, i.e. CH3
+–Br�, upon excitation with two pho-

tons at 266 nm is also excluded because the threshold energy for
ion pair formation in the case of CH3Br is 9.5 eV [29,30].

As mentioned above, no pump power dependence measure-
ments are possible due to the low intensity of the Br+ transient
signal. However, in order to find out whether a single- or a two-
photon excitation process is responsible for the measured Br+ tran-
sient signal in Fig. 4, time-dependent classical molecular dynamics
simulations are performed using a similar model to the ones used
by Zewail et al. [24,25] and Leone et al. [31] Two different scenarios
are considered: (i) single pump photon excitation to the 3Q0 state,
and (ii) two photon pump excitation to the 4E state (cf. Fig. 5). The
energy of the pump photon(s) represents the available energy (Eavl)



Fig. 6. (a) Classical molecular dynamics estimation of the Br–CH3 intramolecular
distance as a function of time for excitation at the central wavelength of 266 nm:
(solid red curve) two-photon excitation to the 4E state when EAVL is totally
converted into kinetic energy; (black dotted curve) single-photon excitation of the
3Q0 state when EAVL is totally converted into kinetic energy; (black dashed curve)
single-photon excitation of the 3Q0 state when 0.4 eV of the EAVL is converted into
vibrational and rotational motion and the rest into kinetic energy (black solid
curve). Fig. 6(b) For the sake of clarity the potential curves considered in this
molecular dynamics simulation are shown together with the excitation mechanism.
The blue colored area represents the non-dissociated CH3Br molecule.

Fig. 7. Simulation of the transient signal that would be detected if the CH3Br
molecule is ionized directly from the excited A-band with the XUV probe pulse
(filled curve). The simulated transient signal is a convolution of a cross correlation
curve of the pump and probe laser pulses (dashed line) with a single exponential
decay function with a time constant of 116 fs (solid line). The thick solid line
represents the fit to the measured Br+ signal from Fig. 4.
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for the dissociation. During the propagation of the wave packet on
the repulsive potentials, Eavl is converted into kinetic energy, i.e.
translational energy acquired by the fragments, as well as vibra-
tional and rotational energy. The vibrational and rotational energy
released into the methyl fragment after CH3Br photodissociation
were investigated both experimentally [9,10] and theoretically
[14] for various excitation wavelengths.

We consider that the repulsive potentials are of the exponential
form UðRÞ ¼ Uexpð� R

aÞ þ UD, where R is the Br–CH3 internuclear
distance, U is the highest energy on the repulsive potential, 1/a is
the distance by which the energy decreases to 1/e of its initial va-
lue, and UD is the dissociation energy. The equation of motion of
the wave packet, viewed as a particle on the repulsive potential
can be described by l

2
dR
dt

� �2 ¼ EAVL � UðRÞ, where l is the reduced
mass of CH3Br. The results of the numerical integration of the
above equation of motion are presented in Fig. 6(a), in which the
dissociation time is represented as a function of the Br–CH3 inter-
nuclear distance for two specific repulsive states, i.e. 3Q0 and 4E.
For the sake of clarity the potential curves considered in this
simulation are shown in Fig. 6(b). In the case of single-photon dis-
sociation via the 3Q0 state, two different situations are considered:
(i) EAVL is totally converted into kinetic energy (black dotted curve
in Fig. 6(a)), and (ii) 0.4 eV of the EAVL is converted into internal
vibrational and rotational motion and the rest into kinetic energy
(black dashed curve in Fig. 6(a)) [14]. If we consider that the disso-
ciation has occurred in the region where the potential energy
reaches a plateau on the repulsive potentials, which corresponds
to a Br–CH3 internuclear distance of about 4.25 Å [11] (cf
Fig. 6(b)), and the EAVL is converted all into kinetic energy (no en-
ergy goes into vibrational or rotational motion), the dissociation
time is 29 fs on the 4E state and 65 fs for the 3Q0 state. If 0.4 eV
from EAVL is converted into vibrational and rotational motion, the
dissociation on the 3Q0 state occurs in 79 fs. Unfortunately, the
amount of energy converted into vibrational and rotational motion
for the dissociation on the 4E state is unknown. In order to match
to the experimental results, the amount of internal energy associ-
ated with the dissociation via 4E state should be considerably
larger than the kinetic energy of the fragments, which is very un-
likely, therefore this dissociation channel is ruled out.
Considering that the dissociation occurs on the 3Q0 state (cf
Fig. 6(a)), a Br–CH3 internuclear distance of 5.5 Å corresponds to
the dissociation time measured in our experiment, i.e. 116 fs.
Although the present simulation is not accurate enough to per-
fectly reproduce the experimental results, it supports the hypoth-
esis that the CH3Br molecule is dissociated by a single pump
photon.

4.2. Probe pulse ionization

In this section, we consider other possible pathways associated
with the XUV probe that could lead to the measured Br+ transient
signal in Fig. 4. The probe pulse, i.e. 15th harmonic of the funda-
mental wavelength has enough energy to excite the CH3Br mole-
cule from the ground state into an excited cationic state that
could lead to fragmentation (dissociative ionization) and produce
the Br+ signal as observed in Fig. 3. It is clear that this Br+ back-
ground signal produced by the probe beam alone is reduced to zero
by using the chopper as explained in the ’Results’ section and has
no influence on the Br+ transient signal.

Another pertinent pathway is whether or not the probe pulse
can ionize the initially excited molecule, termed CH3Br⁄ here, in
the A-band, and if this would have an influence on the observed
Br+ transient signal. The dissociative ionization from the A-band
should result in a Br+ transient signal immediately after excitation,
close to the zero pump–probe time delay. In previous gas-phase
experiments the dissociative ionization of CH3I excited into the
A-band is reflected by a transient peak structure with a maximum
near zero pump–probe time delay [27,32]. To consider this possi-
bility, in Fig. 7 a transient signal is simulated by convoluting the
cross correlation curve of the pump and probe laser pulses with
a single exponential decay function. In this simulation we assume
that the A-band of the CH3Br molecule decays exponentially with a
time constant of 116 fs that corresponds to the observed delay of
the transient Br+ ion signal in the present experiment (cf. Fig. 4).
The simulated transient signal in Fig. 7 has a peak shape (filled
curve). It reaches its maximum intensity at a pump–probe time de-
lay of 65 fs, which is the highest overlap area between the Gaussian
and the single exponential decay functions. If the Br+ transient sig-
nal would be produced by dissociative ionization of the CH3Br⁄

molecule by the probe pulse directly from A-band, before the
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A-band decay, a transient peak structure similar to the one dis-
played in Fig. 7 should be detected in the experiment. However,
in the experiment the Br+ transient rises and stays constant, rather
than diminishing again. Therefore, the best interpretation is that
the Br+ rises with the decay of the A-band (cf. Fig. 7 solid curve),
which is correlated with the loss of CH3Br⁄. Moreover, dissociative
ionization of a molecule like CH3Br typically results in CH3

+ + Br,
rather than CH3 + Br+, and arguments can be given that this may
also hold for CH3Br⁄. This is due to the higher electronegativity of
Br (2.96) with respect to CH3 (2.40). Therefore, after dissociative
photoionization of CH3Br by XUV radiation the Br atom attracts
the electrons toward itself and will remain as a neutral fragment
while the CH3 radical appears in the mass spectrum as a cation.
This suggests the explanation for the extremely low intensity of
the Br fragment signal in Fig. 3. Consequently, even if the probe
beam does dissociatively ionize the CH3Br molecule from the ex-
cited A-band, most of the resulting bromine atoms would be neu-
tral and not influence the observed transient signal in Fig. 4.
4.3. Pump–probe dissociation dynamics

As mentioned in the ’Introduction’, the direct dissociation time
of the free CH3Br molecule via A-band excitation has not been
probed before. However, Gougousi et al., using the anisotropy
parameter b deduced from velocity map imaging experiments at
wavelengths between 215 nm and 250 nm, estimated a CH3Br dis-
sociation time of 120 ± 40 fs for the formation of Br⁄ [9]. Using the
same method, but focused on the red wing absorption of the
A-band, Underwood and Powis obtained a value 111 fs for the for-
mation of Br⁄ which occurs entirely on the 3Q0 state and 188 fs for
the formation of Br [10].

As mentioned earlier, when the CH3Br molecule is excited in the
red wing of the A-band, the 3Q0 and 3Q1 states have significant
absorption [10,11]. Consequently, two dissociation channels might
contribute to the Br+ transient signal displayed in Fig. 4 and the
coherent delay measured in Fig. 4 most likely corresponds to the
faster dissociation channel, which according to literature estimates
is the 3Q0 state.

The classical molecular dynamics simulations (see subsection
A) indicate that the CH3Br dissociation occurs due to a single pho-
ton excitation to the A-band. Moreover, the CH3Br dissociation
time measured in the present experiment is in good agreement
with the estimated dissociation time available in literature for
the 3Q0 state excitation that correlates with the formation of the
Br⁄ channel [9,10]. Therefore, it is likely that the Br+ transient sig-
nal displayed in Fig. 4 is primarily due to single pump photon dis-
sociation via 3Q0. Furthermore, the extremely low intensity of the
Br+ transient signal in Fig. 4 can be explained by the low absorption
cross section of CH3Br when excited by a single photon at the cen-
tral wavelength of 266 nm, i.e. 5.1 � 1022 cm2 molec�1 [4,33–35].

The photodissociation dynamics in our experiment can be con-
cluded as follows. Immediately after photoexcitation, before the
fragments are separated, the probe pulse can directly ionize the
excited molecule from the A-band and produce dissociative photo-
ionization that results in the formation of neutral Br and positively
charged CH3, due to the high electronegativity value of Br fragment
(see the discussion in the sub section B). After photoexcitation,
once the fragments are far enough apart and the electronegativity
difference of the fragments does not play an important role, a
positively charged Br fragment can be produced by the probe pulse
and detected. Consequently, the coherent time delay of 116 ± 25 fs
of the Br+ transient signal in Fig. 4 represents the time required for
the Br fragments to completely separate from the CH3, so that the
electronic structures of the fragments are not influenced by each
other.
5. Conclusion

In this paper the ultrafast photodissociation dynamics of CH3Br
in the red wing of the A-band has been investigated in a pump–
probe experiment as well as by classical molecular dynamics.
The CH3Br molecule was dissociated by the pump laser pulse at
the central wavelength of 266 nm. Evidence indicates that the ob-
served fragmentation channel in this investigation is due to the
excitation of the 3Q0 state of the A-band, which leads to the forma-
tion of Br⁄ and CH3. The probe laser pulse in the XUV spectral do-
main ionizes the Br fragment just after the complete separation
from CH3 radical. No indications of dissociative ionization have
been found to contribute to the detected Br+ transient signal, pre-
sumably because the electronegativity value of Br is higher than
the electronegativity value of CH3, which makes the electrons more
attracted to the Br fragment than to the CH3. After dissociative ion-
ization the CH3 fragments are positively charged and most of the Br
fragments are neutral and are not contributing to the observed
transient signal. The CH3Br dissociation time of 116 ± 25 fs mea-
sured in the present investigation is in a very good agreement with
the dissociation time calculated using the anisotropy parameter b
[9,10].
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