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Two-color studies of CH3Br excitation dynamics
with MPI and slice imaging†
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Two-color pump–probe experiments were performed to explore the multiphoton dynamics of CH3Br at
high excitation energies of 8–10 eV, involving two-photon resonant excitations to a number of np and
nd Rydberg states (pump) followed by REMPI detection (probe) of the Br, Br* and CH3(X) photoproducts.
Slice images of Br+ and CH3+ ions were recorded in pump-only, probe-only and pump and probe
experiments. Kinetic-energy release spectra (KERs), as well as spatial anisotropy parameters, were
extracted from the images to identify the processes and the dynamics involved. Predissociation channels,
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following the two-photon resonant excitations and non-resonant photodissociation forming CH3(X) and
Br/Br*, were identified and characterized. Furthermore, the probe excitations for CH3(X) involved near-
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resonant excitations to lower energy 5s Rydberg states of CH3Br. In three-photon excitation processes, a
striking contrast is seen between excitations via the p/d and the s Rydberg states. Involvement of high-
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energy interactions between Rydberg and ion-pair states is identified.

I. Introduction
Significant emphasis has been placed on the photodissociation
dynamics of the halocarbons for decades; in particular for the
methyl monohalides.1–13 Whereas methyl iodide (CH3I) has
attracted most attention,14–28 substantial work has also been
done on methyl bromide (CH3Br).1–5,7,10–12,19,20,29–32 Most of
those studies have explored the dynamics of repulsive valence
states in the A-band spectral region.3–9 Less is known about
excitations to higher energies where Rydberg states dominate
the spectrum.1,2,10–13 Laser excitations by the method of resonance
enhanced multi-photon ionization (REMPI) are suitable to
access Rydberg states conveniently by use of visible or near-UV
radiation.1,2,10,12,13,21,22,24,25,30,33–36 Furthermore, due to selection rules, more states may be accessed by multiphoton
excitation than by single-photon absorption.37–40 State interactions gradually increase with excitation energy as the density
of states increases. This can cause spectral perturbations such
as line shifts and/or line broadening.41–46 Interactions between
CH3Br Rydberg states and the ion-pair/valence state, CH3+Br,
could be involved in photoion pair formation, analogous to observations for some halogen-containing diatomic molecules.47–51
a
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By further analogy with observations for the hydrogen halides
there is reason to believe that Rydberg to ion-pair interactions
are important in predissociation processes.44,45,52–56
REMPI data of CH3Br for one-, two- and three-photon
resonant excitations to a series of Rydberg states have been
reported.2,10,13 In (2 + m) REMPI, formation of CH3+ ions is
found to dominate whereas parent ion signals are negligible
and Br+ signals are very weak. Here, (2 + m) represents twophoton resonant excitation to intermediate (Rydberg) states
followed by m-photon ionization to form M+ for M = CH3,
CH2, CH, Br or CBr. The intensities of fragment ion signals
typically vary as CH3+ 4 CH2+ 4 CH+ 4 (Br+,CBr+).1,10 Slice
imaging experiments reveal diﬀerent mechanisms for CH3+,
CH3Br+ and Br+ ion formation, depending on the excitation
energy and resonant Rydberg states.1,2 These are summarized
in Fig. 1 and Table 1 in terms of the number of photons (1–4)
required prior to fragmentation (1, 2, 3c, 3b and 4 in Fig. 1) or
autoionization (3a in Fig. 1). Ion signals due to three-photon
dissociation processes appear as sharp peaks in REMPI spectra
(Fig. 2a) but as broad features peaking at low kinetic energies in
images and KER distributions (KERs). The sharp REMPI peaks
are due to the two-photon level-to-level resonant excitations
(resonant contribution) to the CH3Br Rydberg states (CH3Br**)
and the broad KERs are due to energy redistribution among the
molecule’s internal degrees of freedom prior to dissociation in
metastable states. Ion signals due to one-photon dissociation
non-resonant processes (non-resonant contributions), on the
other hand, appear as a broad underlying continuum in the
REMPI spectra (Fig. 2a) and as sharp peaks in KER distributions.
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lines of the fragment species Br, Br* and CH3 in the
ground electronic state and various vibrational modes (i.e.
CH3(X, v1v2v3v4)). Br/Br* photoproducts were probed at five
and CH3(X, v1v2v3v4) at three pump wavelengths (Rydberg
states) (see Table 1). This approach allows neutral photofragments produced by one-color (pump-only) excitations to
be detected quantum-state-specifically and revealed additional
processes and more details concerning fragmentation channels
than the use of a one-color excitation scheme.

II. Experimental
Fig. 1 Schematic energy diagram for the observed excitation processes
of CH3Br prior to this work. Vertical black arrows denote photon absorption. Blue arrows denote photolysis (1, 2, 3b, 3c, 4) and autoionization (3a)
processes involving two-photon resonant excitations to s (broken lines)2
and p/d (solid lines)1 Rydberg states. CH3Br(X), CH3Br*, CH3Br**(Ry) and
CH3Br# are CH3Br ground, repulsive valence (A band states), Rydberg and
superexcited states, respectively. CH3Br+ is the ion ground state and CH3**
denotes electronically excited states of the CH3 photofragment. Charged
particles (ions, electrons) detected are highlighted by red circles.

Signals due to ionization of CH3 Rydberg states (CH3**) were
found for all the measurements of the p/d Rydberg resonance
states (a total of ten; channel 3b in Table 1), whereas, one-photon
dissociation, non-resonant contributions were only observed for
two, high energy excitations of these (channel 1 in Fig. 1 and
Table 1). Furthermore, Br+ signals due to ionization of bromine
atoms formed by three-photon dissociation were only observed for
the three highest energy excitations (channel 3c in Fig. 1 and
Table 1). Surprisingly, no evidence was observed for two-photon
dissociation channels, which would indicate predissociation of
the p/d Rydberg states.
In this paper we present data and analysis of two-color
(pump and probe) multiphoton excitations for CH3Br. The
pump laser was set at a wavelength corresponding to twophoton resonant excitation to a chosen vibrational level of a
Rydberg state in the wavenumber region of 66 000–80 000 cm1
(8–10 eV). The probe laser pulse was tuned to specific REMPI

Table 1

The VMI/slicing apparatus used in this work has been
described in detail before,57,58 so only a brief description is
given here. A molecular beam of 20% CH3Br in He (around
1 bar total backing pressure) is formed by supersonic expansion
through a home-made piezoelectrically-actuated nozzle valve
(+1 mm diameter) and skimmed (+1.5 mm, Beam Dynamics)
before it enters the detection chamber where the ion optics are
positioned. The collimated molecular beam is intersected at right
angles by the pump and probe lasers at the geometric focal point
of a single-electrode repeller–extractor plate arrangement. The
CH3, Br and Br* photofragment images were recorded in twocolor experiments where the pump laser was used for excitation of
the parent molecule and the probe laser was used for (2 + 1)
REMPI detection of the photofragments. The pump and the probe
laser beams (typically 2–3 mJ per pulse) were generated by (pump)
a pulsed Nd3+:YAG laser (Spectra Physics Quanta Ray Pro 250)
pumping a master oscillator–power oscillator system (Spectra
Physics MOPO 730-D10), and (probe) by frequency doubling the
output of an excimer-pumped (Lambda-Physik LPX300, operating
with XeCl) dye laser (LPD3000) using the appropriate dyes. The
CH3 photofragments were probed via the 000, 111, 211 and 222
transitions from the ground electronic state CH3(X) to the Rydberg
state CH3**(3p,2A2) (Table 2).59 The probe laser transitions used
for the detection of the Br and Br* photofragments were
Br(2P3/2) -- 5p(4P03/2) and Br*(2P1/2) -- 5p (2D03/2) (see
Table 2).60 The probe laser pulses were delayed with respect
to the photolysis pulse, in order to allow a sufficient density of
photofragments to build up prior to REMPI detection.

Past and present work on MPI dynamics of CH3Br involving two-photon resonance excitations to Rydberg states with reference to Fig. 1

Two-photon (2hn)
excitations/cm1

Molecular Rydberg
state electron

Dissociation mechanismsa
(references)

58 139.6–59 952.0
66 019
66 503
67 275
68 684
72 977
74 249
75 905
77 165
78 370
79 610

5s
5p
5p
5p
5p
4d
4d
6p, 4d
6p
6p, 5d
7p

4,2 (2)
3b (1)
3b (1)
3b (1)
3b (1)
3b (1)
3b (1)
3b (1)
3b,3c,1 (1)
3b,3c (1)
3b,3c,1 (1)

a

This work;Br/Br*
probing

This work/
CH3(X) probing












See Fig. 1.
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Moreover, the time delay had to be carefully adjusted in order
to avoid ‘‘fly-out’’ of the photofragments. Typically, the delay
was set at B5 ns, which ensured both these conditions for the
10 ns (FWHM) pump and the 20 ns (FWHM) probe lasers used.
For the slicing experiments reported here, the repeller is pulsed
ON at the appropriate time delay (B300 ns) following the
photolysis/ionization. The photofragments traverse a field-free
time-of-flight region (45 cm) and a gated, position-sensitive
detector (dual, imaging-quality MCP array coupled to a
phosphor screen) images the center slice of the photofragment
sphere. The image frame is recorded asynchronously every
second (B10 laser shots) by a CCD camera and several
thousand frames are averaged to form images such as those
shown in Fig. 3a. Each final image is integrated from its center
over the angle to extract the speed and over the radius to extract
the angular distributions of the corresponding fragments.

III. Results and analysis
A.

Mass resolved MPI

The (2 + m) REMPI spectrum for CH3+ from ref. 10 for the twophoton resonant excitation region of 66 000–80 000 cm1 is
reproduced in Fig. 2a. The relative ion intensities, I(M+)/I(CH3+),
for M+ = CH2+, CH+ and Br+ are found to vary with wavenumber
and to reach maxima as the wavenumber values get closer to the
ion-pair threshold (CH3+ + Br), whereas those for M+ = CBr+
remain unchanged (see Fig. 2b and ref. 61). This suggests some
interaction between the Rydberg and ion-pair states and will be
further discussed in Section IV.
Fig. 2 Mass Resolved MultiPhoton Ionization (MR-MPI) of CH3Br: (a) CH3+
signal (MPI spectrum) and CH3Br Rydberg state (CH3Br**) assignments.
Separation of the spectrum into resonant and non-resonant contributions
is indicated. Two-photon wavenumbers mark the peaks used for pump
excitation in this work (see also Table 1). Two-photon excitation wavenumbers for Br and Br* detection are marked in green (dashed line for Br*
and solid line for Br). The ion-pair threshold is indicated. (b) Ion signal
intensity ratios, I(Br+)/I(CH3+) (open squares) and I(CBr+)/I(CH3+) (open
circles for molecular resonant signals and filled circles for non-resonant
signals), as a function of two-photon excitation wavenumber along with
the MPI spectrum in (a). The threshold for ion-pair formation (CH3+ + Br)
is indicated. See also Fig. S9 in ref. 61.

Table 2 Probing of fragment species CH3(X, v1v2v3v4) and Br/Br*: states
and transitions involved

Fragments
probed

Resonant state a;
vibrational transition

CH3(X;1000)
CH3(X;0000)
CH3(X;0100)
CH3(X;0200)
Br*(1/2)
Br(3/2)

3p 2A2;
3p 2A2;
3p 2A2;
3p 2A2;
2
D[3/2]
4
P[3/2]

111
000
211
222

a

b

One-photon/
nm

Two-photon/
cm1

333.90
333.49
329.50
325.80
266.70
266.63

59 898
59 972
60 698
61 387
74 991
75 009

Resonant Rydberg states for probed fragments.59,60 b Selected vibrational
0
transition vvnv00 for vn (vibrational mode), v00 (ground state vibrational level)
and v0 (excited state vibrational level).
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B.

Slice images and kinetic energy release spectra (KERs)

i. Br/Br*. Br+ ion slice images (see examples in Fig. 3a) were
recorded following multiphoton excitation of CH3Br. Kinetic
energy release spectra (KERs) were derived from the images.
Three types of Br+ images were recorded (Fig. 3a): First, pumponly images (Fig. 3a (left)), obtained by using one laser tuned to
two-photon Rydberg state resonances of CH3Br. Five such
transitions were explored (Table 1). Br+ is produced following
multiphoton excitation of the molecule. We have already presented such results in ref. 1 and will briefly discuss them again
here in relation to the two-color data (see below). Second,
probe-only images (Fig. 3a (middle)) using one laser to ionize
either Br or Br* photofragments by (2 + 1) REMPI (see Section II
and Table 2). In these, the probe laser acts as the CH3Br
photolysis laser as well. Similar results have been reported in
the literature.4,5 Third, pump and probe (pump/probe) images
(Fig. 3a (right)) with the pump and probe laser above overlapped in space and time to state-selectively ionize (with the
probe laser) neutral Br or Br* photofragments produced by the
pump laser (Tables 1 and 2). A slight delay (B5 ns) was used to
allow for suﬃcient neutral fragments to be generated. These
images reveal novel dynamics not previously reported.
The KERs for the pump-only laser excitations exhibit a broad
spectral feature (with vibrational structure, observed in cases of
low laser power, for some transitions) peaking around 0.1 eV
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energy (0.3 eV for the 68 684 cm1 excitation) but would not
explain the whole range of energies (0.4 to nearly 0 eV) nor the
structure observed. As discussed in ref. 1, threshold calculations and low Br+ intensities point towards a three-photon
excitation process leading to superexcited CH3Br states, via
the two-photon resonant excited Rydberg states, followed by
dissociation to form Br/Br* along with Rydberg states of CH3
(CH3**) (i.e. channel 3b in Fig. 1). Br+ is then produced by threephoton non-resonant ionization of Br/Br*:
CH3Br + 2hn - CH3Br**(p/d Ry; v1v2v3); resonant transition (1a)
CH3Br**(p/d Ry; v1v2v3) + 1hn - CH3Br#;

photoexcitation (1b)

CH3Br - CH3**(Ry; v1v2v3v4) + Br/Br*;

dissociation (1c)

#

Br/Br* + 3hn - Br+ + e

photoionization (1d)

where CH3Br**(Ry; v1v2v3) represents vibrational modes v1, v2,
and v3 of the parent molecular Rydberg state and CH3Br#
represents one or more superexcited state. The vibrational
structure observed corresponds to formation of vibrationally
excited CH3**(3p 2A2) fragments in the umbrella/bending
mode, v2 (i.e. CH3** (3p 2A2; 0v200)).1,62
The images and KERs for the probe-only excitations show
clear rings and peaks, respectively (Fig. 3a–c). The KERs peaks
typically appear slightly below and slightly above 0.2 eV KER for
Br* and Br, respectively. As seen in Fig. 2a (green bars), the
probe excitations of Br and Br* correspond to non-resonant
excitations within the CH3Br molecule. Therefore, the KERs
can be attributed to one-photon non-resonant transitions to
repulsive valence states (A band) followed by dissociation (i.e.
direct photodissociation) to form Br and Br* along with CH3
(i.e. channel 1 in Fig. 1) prior to (2 + 1) REMPI of Br/Br*, i.e.
Fig. 3 Slice images and KERs for Br+: (a) Br+ slice images and corresponding KERs obtained for pump laser only (left image), Br* probe laser
only (middle image) and pump and probe (pump/probe) lasers (right
image). Image intensities have been adjusted to show all major features.
The laser polarization is indicated by the double arrow. See also Tables 1
and 2. (b) Br+ kinetic energy release spectra (KERs) for 2hn = 68 684 cm1
for pump-only (blue), Br* probe-only (red) and pump/probe without
background subtraction (black) and pump/probe with background subtraction (gray broken curve) (see Tables 1 and 2). (c) Br+ kinetic energy
release spectra (KERs) for 2hn = 67 275 cm1 (see Table 1) for pump-only
(blue), Br probe-only (red), pump/probe without background subtraction
(black) and pump/probe with background subtraction (gray broken curve)
(see Tables 1 and 2). Intensities of the pump-only and probe-only KERs in
(b) and (c) have been normalized to match the intensity of the pump/probe
signal (without subtraction), in order to show the maximum possible
contribution of the pump and probe in the pump/probe signal. The spectra
are plotted as a function of the KER for the bromine atom in (b) and (c).

(Fig. 3b and c (blue graphs)). We tried to rationalize this
observation with two-photon resonant excitation of CH3Br
followed by predissociation, but in that case the Br+ KER would
be higher (e.g. 0.89 eV for the 68 684 cm1 line). Ionization of
CH3Br to form CH3Br+ followed by one-photon photolysis is not
very likely either, as the Br KER in this case would be close in
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CH3Br + 1hn - CH3Br*;

non-resonant transition (2a)

CH3Br* - CH3(X, v1v2v3v4) + Br/Br*;
Br/Br* + 2hn - Br**;

resonant transition (2c)

Br** + 1hn - Br + e
+

dissociation (2b)



photoionization (2d)

where CH3Br* represents a repulsive valence state, CH3(X, v1v2v3v4)
refers to the ground electronic state of CH3(X) and vibrational
modes v1, v2, v3, and v4 and Br** refers to bromine atomic Rydberg
states.
Images and KERs for the pump/probe excitations show the same
features as observed in the pump and probe spectra as well as
additional signal, which extends to higher KER (see Fig. 3a–c). Thus,
the signals due to the three-photon excitation processes (eqn (1))
clearly appear in the pump/probe signal as shoulders at low KER.
Signals formed by one-photon non-resonant photodissociation
processes analogous to eqn (2) also appear in the pump/probe
signal (near 0.2 eV). As an attempt to estimate the shape of the KERs
contributions due to the probing after pumping the pump-only and
probe-only contributions were subtracted manually from the pump/
probe spectra (see Fig. 3b and c (gray broken curves) and ref. 61).
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The relative contribution of the high KER component with respect
to the pump component is found to be comparable for all the KERs
recorded for the Br detection on one hand and for the Br* detection
on the other hand, whereas the relative contribution of the probe
components varies with excitation wavelength (see Fig. 4a and b).
This suggests that an initial resonant excitation (eqn (1a)) is
common for both processes involved. Furthermore, the high energy
edges of the KERs for the Br and Br* detection are found to be
close to the thresholds for formation of CH3(X, 0000) + Br and
CH3(X, 0000) + Br*, respectively, for two-photon resonant excitation
(see Fig. 4a and b). The high KER contributions, therefore, can be
assigned to the stepwise processes,
CH3Br + 2hn - CH3Br**(Ry; v1v2v3); resonant transition (3a)
CH3Br**(Ry; v1v2v3)
- CH3(X, v1v2v3v4) + Br/Br*;
Br/Br* + 2hn - Br**;

resonant transition (3c)

Br** + 1hn - Br /Br* + e
+

predissociation (3b)

+



photoionization (3d)

which corresponds to channel 2 in Fig. 1. Since the kinetic
energy release of the Br+ ions formed is determined by the initial
two-photon excitation step (3a), it is convenient to compare the
corresponding KER spectra contributions shifted by D(2hn), for
D(2hn) = |2hni  2hn0|, where n0 and ni are photon excitation
frequencies of a reference spectrum (n0) and a spectrum i (ni). Thus,
spectral features due to the formation of the same energy species
CH3(X, v1v2v3v4) + Br/Br* after two-photon excitation and the
corresponding thresholds will match. This has been carried out
in Fig. 4a and b for the two-photon excitation energy along the
y-axis and the shifted KERs tilted to the right to give increasing KER
downwards along the y-axis (see the y-axis to the right). The figures
show the KERs shifted by the two-photon energy diﬀerence (D(2hn))
where the ‘‘zero kinetic energy released’’ for the image/KER of the
highest excitation energy (2hn = 75 905 cm1; reference spectrum)
(see Table 1) has been set to zero (see the y-axis to the right). A
pictorial clarification of such representations is to be found in
ref. 61. The corresponding thresholds for the formation of CH3(X;
0000) + Br and Br* are shown in Fig. 4a and b, respectively.
Closer investigation of the high KER components reveals the
following:
(i) The high KER/two-photon excitation contributions appear
as high energy peaks for the Br* detection but as broader overlapping structure for the Br detection (Fig. 4a and b). Furthermore, a comparable shape of relatively sharp peaks is observed in
the KERs of Br* derived for resonant transitions to 5p molecular
Rydberg states (i.e. images/KERs for 2hn = 66 019–68 684 cm1),
whereas broader structure is observed for transitions to higher
energy 4d Rydberg states (2hn = 72 977 and 75 905 cm1) (see
Fig. 2a and 4b and Table 1). Broad KERs are indications of energy
redistributed among the molecule’s internal degrees of freedom
prior to dissociation, whereas sharper KERs indicate less of such
an effect associated with a different delay prior to dissociation.1
We, therefore, first, conclude that the lifetime of the 5p molecular
Rydberg states with respect to predissociation (eqn (3b)) to form

This journal is © the Owner Societies 2019

Fig. 4 Br+ kinetic energy release spectra (KERs) for the pump and probe
(pump/probe) excitations and Br (a) and Br* (b) detection. Two-photon pump
excitation wavenumbers are indicated at the top (see also Table 1 and Fig. 2a).
The spectra are normalized to the height of the highest KER spectra contributions, corresponding to the two-photon resonant contributions (see the main
text) in each spectrum. The spectra are shifted by D(2hn) (see the explanation in
the main text, Section III, B, i) and plotted vertically as a function of the twophoton excitation wavenumber (y-axis to the left) and the total KER of the
fragments CH3 and Br/Br* for the reference spectrum of 2hn = 75 905 cm1
(y-axis to the right) to guide the eye to identify matching spectral features.
The common energy threshold (energy maximum) for the formation of
CH3(X, 0000) + Br/Br* after two-photon excitation of CH3Br is indicated.

Br* is shorter than that of the 4d states and, second, that the
lifetime of the 5p state with respect to formation of Br* is shorter
than that with respect to formation of Br.
(ii) The relative signal intensity of the high KER/two-photon
excitation components with respect to the pump/three-photon
excitation component is significantly larger for Br* than for Br
(see Fig. 3a–c and 4). Since the first step in both processes is twophoton absorption to a Rydberg state, the difference must be in the
two secondary processes that follow: predissociation vs. one-photon
absorption to the CH3Br# state (Fig. 1). This suggests that the
formation of Br* by predissociation is more favorable than by
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three-photon excitation via CH3Br#, whereas the formation of Br by
predissociation is less favorable than by three-photon excitation via
CH3Br#. This further indicates that the vibrational structure
observed following three-photon excitation (see above) is more
favorable for formation of the CH3**(3p 2A2, 0v200) fragments along
with Br rather than Br*.
ii. CH3. CH3+ ion slice images (Fig. 5a) were recorded for MPI
of CH3Br and kinetic energy release spectra (KERs) were derived
from the images. Recordings were made for excitations corresponding to (2 + m) REMPI for resonant excitation to a total of
three molecular Rydberg states in the two-photon excitation
region of 66 000–80 000 cm1 (see Table 1 and Fig. 2a and 5a).
Analogous to the Br+ data described in the previous section (III, B,
Br/Br*), images were recorded for pump-only excitations (see
Fig. 5a (left)), for probe-only excitations of CH3(X; v1v2v3v4) fragments (see Section II and Table 2) (see Fig. 5a (middle)) and for
pump/probe excitations (see Fig. 5a (right)).
The KERs for the pump-only excitations exhibit a broad
spectral structure peaking at low kinetic energies in the region
of about 0.2 eV (Fig. 5b). This structure has been attributed to
the three-photon excitation process and dissociation according
to eqn (1a)–(1c) above (i.e. channel 3b in Fig. 1) prior to onephoton ionization of CH3**(Ry; v1v2v3v4).1

Fig. 6 CH3+ kinetic energy release spectra (KERs) for probe-only excitations corresponding to the 111 (furthest to the left), 000, 211 and 222 (furthest to
the right) CH3 resonances (see Table 2). The KERs are normalized to the
strongest peak in each spectrum. The spectra are shifted by D(1hn) (see the
explanation in the main text, Section III, B, i) and plotted vertically as a
function of the one-photon excitation wavenumber (y-axis to the left) and
the total KER for the spectrum of 2hn = 61 387 cm1/222 (y-axis to the right)
to guide the eye to identify matching spectral features. Common energy
thresholds (energy maxima) for the formation of CH3+(X, 0000) + Br/Br*
after one-photon dissociation of CH3Br+ are indicated.

The images and KERs for the probe-only excitations show
vibrational structure (Fig. 5a (middle), Fig. 5b and 6) of a frequency
corresponding to an out of plane/umbrella vibrational mode (v2)
for CH3+ and CH3 fragments.62 KERs recorded for diﬀerent
CH3(X, v1v2v3v4) probe wavelengths (see Section II and Table 2)
show vibrational peaks to line up reasonably well/within experimental error for spectra shifted by D(1hn) (where D(1hn) =
|1hni  1hn0|; see definitions in Section III, B, i. Br/Br* for comparison) (see Fig. 6). The probe-only excitations used correspond to
near-resonant two-photon transitions to 5s CH3Br molecular
Rydberg states.61 Furthermore, images of CH3+ showing the vibrational structure obtained by one-color excitation in this region have
been attributed to a three-photon excitation process followed by
autoionization and one-photon dissociation of CH3Br+(X3/2) to form
CH3+(X, 0v200) for diﬀerent v2 levels (channels 3a and 4 in Fig. 1,
respectively).2 Fig. 6 shows some relevant thresholds. We, therefore,
conclude that the KERs can be assigned to the stepwise processes,
CH3Br + 2hn
- CH3Br**(5s Ry; v1v2v3);

near-resonant transition (4a)

CH3Br**(5s Ry; v1v2v3) + 1hn - CH3Br#;
CH3+:

CH3+

Fig. 5 Slice images and KERs for
(a)
slice images and corresponding KERs obtained for pump laser only (left image), probe laser only
(middle image) and pump and probe (pump/probe) lasers (right image). The
images intensities have been adjusted to show all major features. The laser
polarization is indicated by the double arrow. See also Tables 1 and 2. (b) CH3+
kinetic energy release spectra (KERs) for the images in (a). The pump-only
KER is in blue, probe-only in red and pump/probe in black. The energy
thresholds (energy maxima) for the formation of CH3(X, 0000) + Br/Br* after
one-photon excitation of CH3Br are indicated. The spectra are plotted as a
function of the KER for the CH3 fragment.
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CH3Br# - CH3Br+(X3/2) + e;
CH3Br (X3/2) + 1hn - CH3Br *;
+

+

CH3Br+* - CH3+ (X,0v200) + Br/Br*

photoexcitation (4b)
autoionization (4c)
photoexcitation (4d)
dissociation (4e)

Analysis of the vibrational structure reveals a vibrational
progression of frequency corresponding to oe = 1382  25 cm1
for the bending mode of CH3+(X, 0v200). This is to be compared
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with the vibrational value of 1359  7 cm1 reported for CH3+(X).62
Observation of a single vibrational progression suggests that either
one of the two formation channels (eqn (4e)) is dominant. By
analogy with our observations concerning the Br images mentioned
above (see Section III, B, i) and by considering the diﬀerent
energetics we believe that formation of CH3+ (X, 0v200) along with
Br dominates over its formation along with Br*.
Images and KERs for the pump/probe excitations display
structure corresponding to overlap of that observed in the
pump-only and probe-only data as well as two sharp peaks at
high KER (see Fig. 5a (left) and Fig. 5b) as inner rings of low
intensity and outer rings of high intensity. KERs shifted by
D(1hn) (where D(1hn) = |1hni  1hn0|; see definitions in Section
III, B, Br/Br* for comparison) show the positions of these peaks
to match common thresholds for CH3(X, v1v2v3v4) + Br/Br*
formation by one-photon dissociation. The sharp KER peaks
are indicative of direct non-resonant photodissociation processes (see Section I and ref. 1). Based on these observations
and analysis of angular distributions (see below) we conclude
that these high KER peaks are due to direct one-photon
dissociation (i.e. channel 1 in Fig. 1) followed by detection of
CH3(X, v1v2v3v4) by (2 + 1) REMPI, i.e.,
CH3Br + 1hn - CH3Br*;

non-resonant transition (5a)

CH3Br* - CH3(X, v1v2v3v4) + Br/Br*;
CH3(X, v1v2v3v4) + 2hn
- CH3**(3p 2A2; v1v2v3v4);
2

CH3**(3p A2; v1v2v3v4) +

dissociation (5b)
resonant transition (5c)

1hn - CH3+ + e

photoionization (5d)

In all cases, the signals for CH3(X, v1v2v3v4) + Br* formation are
found to be noticeably less than those for CH3(X, v1v2v3v4) + Br
formation.
C.

Angular distributions

Significant variations in angular distributions are observed for
the Br+ and CH3+ ions depending on the rings/channels
involved (see Fig. 3a and 5a). In an attempt to quantify the
anisotropy of the rings, angular distributions, in the form of
signal intensities as a function of the angle (y) from 0 to 1801,
derived from the images, were fitted by the expression corresponding to one-step, direct photodissociation2
"
#
X
PðyÞ ¼ A 1 þ
b2n P2n ðcosðyÞÞ
(6)
n

to derive anisotropy parameters b2n (n = 1–3; see ref. 61). n is the
number of photons involved in the photolysis, P2n are the 2n-th
order Legendre polynomials and A is a scaling factor. b2n are
weighting coefficients of the corresponding P2n polynomials.
The b2n parameter for n = 1 (b2) is in the range between +2
(purely parallel transition) to 1 (purely perpendicular transition) for prompt dissociation.63 The b4 and b6 parameters are
non-zero when the angular distribution contains cos4(y) and
cos6(y) components respectively, indicative of alignment and
orientation phenomena.2,64–67 In several cases (e.g. for the CH3
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angular distributions of the high KER rings corresponding to
CH3 + Br formation; see below) non-zero b4 and b6 parameters
are observed (see ref. 61, Table S1 (ESI†)). Such values indicate
the presence of alignment (in the case of b4) and/or orientation
(in the case of b6) (see ref. 64 and references therein) or
rotational alignment.68 The additional measurements needed
to fully quantify such phenomena69,70 are beyond the scope of
this paper.
i. Br/Br*. The angular distribution shape of the Br+ images
for the pump-only excitations indicates dominant parallel
transitions. Thus, positive values of b2 in the range between
about 1.1 and 1.4 for the broad low KER peaks were obtained,
as shown before.1 These signals are due to three-photon
excitation prior to dissociation (1a–c) as well as possible state
mixing. The involvement of two-photon resonant parallel transitions corresponding to dominant halogen p-orbital to p/d
Rydberg orbital transitions (see Fig. 2a) could be a controlling
factor in determining the anisotropy observed.
The angular distribution shape of the images for the probeonly excitations implies purely parallel transitions for Br*
detection (b2 E +2) but virtually isotropic transitions for Br
(b2 E 0) (see Fig. 3a, 5b, Table 3 and ref. 61). The former
observation is in agreement with formation of Br* along with
CH3(X) by one-photon dissociation for a parallel transition
from the ground state to the 3Q0 state followed by dissociation
on the same (i.e. the diabatic) potential curve.4,8 The latter
observation could be due to a combination of one-photon
parallel and perpendicular transitions to 3Q0 and 3Q1/1Q1,
respectively, followed by dissociation, involving curve crossing,
to form Br and CH3(X).4,8
The angular distribution of the images for the pump/probe
excitations (see Fig. 3a) at low KER is analogous to the observations for the pump-only excitations (see above) and the rings in
the intermediate KER region resemble those observed for the
probe-only excitations (see above). In addition, the broad
structure at high KER corresponds to dominant perpendicular
transitions (negative b2 values in the range of about 0.3 to 1)
for the two-photon resonant transitions to the p-orbital Rydberg states (i.e. for 2hn = 66 019, 67 275 and 68 684 cm1; see
Table 1 and Fig. 2a) both for Br* and Br detection. On the other
hand, the broad structure at high KER for the two-photon
resonant transitions to the d-orbital Rydberg states (i.e. 2hn =
72 977 and 75 905 cm1), both for Br* and Br detection,
corresponds to dominant parallel transitions (b2 values of
about +0.5).61 Most likely the observed angular distribution
diﬀerence is associated with the symmetry diﬀerence in the
two-photon transitions to the p and d molecular Rydberg states,
prior to predissociation.
ii. CH3. The shape of the CH3+ image for the pump-only
excitation 2hn = 72 977 cm1 (see Table 1 and Fig. 2a) indicates
a dominant parallel transition for the broad low KER peak
(a b2 value of about +0.9) as shown before.1 This is similar to
the observation for the corresponding Br+ image (see above),
as might be expected for fragments formed by the same
channels (see eqn (1a)–(1c)), prior to ionization. The shapes
of the corresponding CH3+ images for 2hn = 78 370 and
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Table 3

PCCP
Anisotropy parameters, b2, derived from Br+ and CH3+ for one-photon dissociation of CH3Br towards CH3(X) + Br/Br*

One-photon
excitations/cm1

b2 (Br+) for
CH3 + Br

b2 (Br+) for
CH3 + Br*

a

39 841
39 841
39 805
39 805
39 185
38 583
37 844
37 757
37 743
37 505
37 502
37 496
37 494
36 005
a

One-photon/nm
251.00
251.00b
251.22
251.22c
255.20c
259.18
264.24
264.85
264.95
266.63d
266.65
266.70d
266.71
277.74

CH3(v2 = 0).

b

b2 (CH3+) for
CH3 + Br

b2 (CH3+) for
CH3 + Br*

0.08
0.20
0.24
0.93
0.40
0.15

1.88
1.90
1.90
0.99
1.10

e

8
8
1
This
This
1
8
8
8
This
8
This
8
8

e
e

0.0
0.0
1.2
0.06
0.0
1.98
1.3
1.2

CH3(v2 = 1). c Pump/probe excitation.

d

Ref.

work, (61)
work, (61)

work, (61)
work, (61)

Probe excitation. e Lower limit value, due to overlap of signals (see ref. 61).

79 610 cm1, on the other hand, imply virtually isotropic
transitions (b2 E 0).
The shapes of the images for the probe-only excitations,
which show vibrational structure, imply dominant parallel
transitions (Fig. 5a (middle)) (b2-values in the range of about
+0.9 to +1.4). This is in close agreement with the observations
made by Wang et al.,2 who attributed it to parallel transitions
from CH3Br+(X) to the first excited electronic state of the ion
(CH3Br+*(A)) followed by dissociation (see eqn (4d) and (4e)) by
assuming Cs symmetry for the dissociative molecular ion.71
The shapes of the images for the pump/probe excitations
(see Fig. 5a (right)) at low and intermediate KER are analogous
to those observed for the pump-only and probe-only excitations
(see above). In addition the shapes of the narrow rings (sharp
peaks) at high KER correspond to dominant parallel transitions
(b2 E +1) (inner rings of low intensity) and to virtually isotropic
or perpendicular transitions (b2 E 0.4 to 0.9) (outer rings of
high intensity). This is in close agreement with our observations based on the Br+ images for the probe-only excitations
due to the one-photon dissociation processes. Thus, the former
observation (b2 E +1) suggests that CH3(X) is formed along
with Br* by a dominant parallel transition from the ground
state to the 3Q0 state followed by dissociation on the same

(i.e. the diabatic) potential curve,8 whereas the latter observation (b2 E 0.4 to 0.9) could involve a combination of parallel
and perpendicular transitions to 3Q0 and 3Q1/1Q1, respectively,
followed by dissociation to form CH3(X) and Br.8

IV. Discussion
The detection of the Br/Br* and CH3(X) fragments by REMPI
allows detection of otherwise undetected channels in addition
to those observed by a one-color scheme reported before.1
Thus, predissociation of Rydberg states following two-photon
resonant excitation (eqn (3a) and (3b)/channel 2 in Fig. 1), as
well as one-photon dissociation (eqn (2a) and (2b)/channel 1 in
Fig. 1), not previously seen, is now evident in multiphoton
excitation of CH3Br for selected p/d resonant molecular
Rydberg states in addition to channels previously observed by
one-color REMPI.1 This is summarized in Table 4.
The characteristic alteration in relative ion signals in the
REMPI spectrum (see Section III. A., Fig. 2b and ref. 1 and 61)
such as an increase in the I(Br+)/I(CH3+) ratios with excitation
wavenumber below the ion-pair threshold (CH3+ + Br)
followed by a sudden drop above it is an indication of a Rydberg

Table 4 Summary of observed multiphoton dynamic processes involving two-photon resonance excitations to p/d molecular Rydberg states with
reference to Fig. 1

Two-photon
excitations/cm1

One-photon/nm

Molecular Rydberg state electron

58 139.6–59 952.0
66 019
67 275
68 684
72 977
75 905

344.00–333.60
302.94
297.29
291.19
274.06
263.49

78 370

255.20

79 610

251.22

[3/2]5s; 0, (100)/[1/2]5s; 0, (000), (003)
[3/2]5p; 0, (000)
[3/2]5p; 0, (010)
[1/2]5p; 0, (000)
[3/2]4d; 0, (000)
[3/2]6p; 0, (000)/
[3/2]4d; 0, (100)/
[1/2]4d; 0, (001)
[1/2]6p; 0, (000)/
[3/2]5d; 0, (000)
[3/2]7p; 0, (000)

a

See Fig. 1.

b

Based on analysis of probe images/KERs. c Based on Br and Br* probing.
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d

Dissociation
mechanismsa (Ref.)

Dissociation
mechanismsa (This work)

4,2 (2)
3b (1)
3b (1)
3b (1)
3b (1)
3b (1)

4b
2c
2c
2c
2c,1d
2c

3b,3c (1)

1d

3b,3c,1 (1)

1d

Based on CH3(X; v1v2v3v4) probing.
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to ion-pair state interaction. The opening of a photodissociation
channel forming CH3(X) and Br/Br* at excitation energies higher
than the ion-pair threshold1 is another indication of such interactions. Although we searched for Br as well as for photoelectrons originating from its photodetachment, we did not detect
any in our experiments. This might suggest that the interaction
between the Rydberg and ion-pair states above the threshold
energy does not end up in the ion-pair products (CH3+ + Br).
A lack of such evidence, however, does not exclude such interactions, but suggests that they do not aﬀect significantly the exit
channels giving rise to the photoproducts detected in our experiments. An interaction between a Rydberg state and an ion-pair
state at energies lower than the ion-pair threshold corresponds to
the bound energy region of the ion-pair state and will cause an
eﬀective enhancement in the bond distance of the mixed
state. Furthermore, that bond distance will increase greatly as
the energy approaches the ion-pair threshold. In the case of the
higher energy excitations, on the other hand, an interaction will
lead to dissociation in which case the ion-pair formation
will compete with the photodissociation channel. Analogous
Rydberg-to-ion-pair interactions are well known for diatomic
molecules,39,44,45,47–56 but do not seem to be very important for
the CH3Br dynamics reported here.
Strikingly diﬀerent photofragmentation channels involving
three-photon excitation via s Rydberg states (probe-only excitations) and p/d Rydberg states (pump-only and pump/probe
excitations) were observed (see also ref. 1 and 2). In the former
case the superexcited states formed (CH3Br#) (pre)dissociate to
form CH3** Rydberg states (eqn (1)), whereas in the latter case
CH3Br# autoionizes to form CH3Br+(X) (eqn (4)). This could be
due to reasons such as:
(i) Formation of CH3Br+(X) at low vibrational energies by
autoionization of CH3Br# becomes more favorable (probable) as
the energy diﬀerence between CH3Br# and CH3Br+(X) decreases
(see ref. 61).
(ii) Three-photon excitations to CH3Br# via the 5s/5s 0 Rydberg
states are too low in energy to overcome energy barriers prior
to dissociation to form CH3** + Br/Br* whereas excitations via the
p/d state are of high enough energy.
Whereas formation of CH3(X) + Br/Br* is not detected by onephoton dissociation for excitations corresponding to two-photon
excitation to the 5s/5s 0 states (Fig. 1 and ref. 2) it is clearly
observed for those corresponding to resonant excitation to the
p and d Rydberg states. This must be for energetic reasons. The
transition probabilities and hence absorption cross section corresponding to one-photon excitations to the repulsive valence states
(A band), although low, are high enough in the latter case for
CH3(X) formed along with Br/Br* to be detected as opposed to that
in the former case. Whereas a large number of photodissociation
studies have been performed on the first continuum absorption
band (A band)3–5,7–9,72 of CH3Br, only limited results are available
for its red wing corresponding to one-photon wavenumber excitations below about 40 000 cm1 (l 4 250 nm).1,8 Our values for b2
derived from relevant Br+ and CH3+ images (see Sections III, C, i, ii
and ref. 61) are in good qualitative agreement with those observed
before for this excitation region (see Table 3).1,8
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Finally, predissociation following two-photon resonant excitation to the 5s/5s 0 Rydberg states to form CH3(X) and Br/Br*,
analogous to our observation for corresponding excitations to
the p and d Rydberg states, has been observed by Wang et al.2
This channel is evident in the Br/Br* images and KERs, whereas
the CH3 co-fragment is too fast to be measured with our current
extraction voltage/detector combination.

V. Summary and conclusions
Br+ and CH3+ ion slice images were recorded for multiphoton
excitation of CH3Br followed by REMPI probing of the Br, Br*
and CH3(X, v1v2v3v4) photofragments (two-color experiments).
Measurements were performed at seven wavelengths involving
two-photon resonant transitions to vibrational levels of np and
nd molecular Rydberg states (CH3Br**(Ry; v1v2v3)) (Table 4).
The probing of Br, Br* and CH3(X, v1v2v3v4) was done by (2 + 1)
REMPI for resonant excitation to Rydberg states of bromine
(Br**) and CH3 (CH3**(3p 2A2)) (Table 2). Slice images of Br+
and CH3+ photoproducts were recorded for the pump-only and
the probe-only wavenumber, independently, as well as for the
combination of pump followed by probe (pump/probe) excitations. Kinetic energy release spectra (KERs) as well as angular
distributions and relevant fit parameters (b2n; eqn (6)) were
derived from the ion images.
For all the pump-only excitations the major channel was
found to involve three-photon excitation of the molecule to a
superexcited state(s) (CH3Br#) followed by dissociation to form
Rydberg states of CH3** along with Br/Br*.1 For two of these
(2hn = 78 370, 79 610 cm1; Table 4) the three-photon excitations were also found to form CH3(X) along with Br/Br* and for
one of these (79 610 cm1; Table 4) one-photon dissociation
towards CH3(X) + Br/Br* was detected. The resonant detection
of the fragment species (Br, Br* and CH3(X, v1v2v3v4)) revealed
predissociation of the np and nd molecular Rydberg states
following the two-photon resonant excitations as well as onephoton dissociation in addition to that observed before as
listed in Table 4. The channels observed by the two-color
excitation scheme (this work) are shown in Fig. 7.
The comparison of results relevant to excitations involving
REMPI via the p/d Rydberg states and those of the second color/
probe-only excitations, which involved REMPI via the s Rydberg
states,2 revealed a striking diﬀerence in the excitation dynamics
following three-photon excitation. In the former case the superexcited states formed (CH3Br#) (pre)dissociate to produce
CH3** Rydberg states (eqn (1)), whereas in the latter case
CH3Br# autoionizes to form CH3Br+(X) (eqn (4)).
Abrupt variations in relative ion signal intensities and dissociation channels associated with the ion-pair energy threshold
strongly suggest that the dynamics of multiphoton dissociation
and ionization via the molecular Rydberg states is aﬀected by
Rydberg to ion-pair state interactions.
Although, primarily, this paper deals with additional information relevant to fragmentation processes of the methyl
halides we also feel that it is of importance to shed light on

Phys. Chem. Chem. Phys., 2019, 21, 10391--10401 | 10399

Paper

Fig. 7 Schematic energy diagram for the excitation processes of CH3Br
observed by the two-color excitation scheme (this work). Vertical black
arrows denote photon absorption. Red arrows denote photolysis (1,2)
processes involving two-photon resonant excitation to p/d Rydberg states.
CH3Br(X), CH3Br* and CH3Br**(p/d Ry) are CH3Br ground, repulsive
valence (A band states) and p/d Rydberg states, respectively. Charged
particles (ions, electrons) detected are highlighted by red circles.

the eﬀect of various competing channels on the photoexcitation
dynamics of molecules involving high energy Rydberg states in
general. We sincerely hope that it will render further theoretical
interpretation of the characteristic processes involved.
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