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The multiphoton dynamics of CH3Br were probed by Mass Resolved MultiPhoton Ionization (MR-MPI),
Slice Imaging and Photoelectron Imaging in the two-photon excitation region of 66 000 to 80 000 cm 1.
Slice images of the CH3+ and Br+ photoproducts of ten two-photon resonant transitions to np and nd
Rydberg states of the parent molecule were recorded. CH3+ ions dominate the mass spectra. Kinetic
energy release spectra (KERs) were derived from slice and photoelectron images and anisotropy
parameters were extracted from the angular distributions of the ions to identify the processes and the
dynamics involved. At all wavelengths we observe three-photon excitations, via the two-photon resonant
transitions to molecular Rydberg states, forming metastable, superexcited (CH3Br#) states which dissociate
to form CH3 Rydberg states (CH3**) along with Br/Br*. A correlation between the parent Rydberg states
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excited and CH3** formed is evident. For the three highest excitation energies used, the CH3Br#
metastable states also generate high kinetic energy fragments of CH3(X) and Br/Br*. In addition for two
out of these three wavelengths we also measure one-photon photolysis of CH3Br in the A band forming
CH3(X) in various vibrational modes and bromine atoms in the ground (Br) and spin–orbit excited (Br*)

rsc.li/pccp

states.

I. Introduction
The methyl halides play an important role in the chemistry of
the atmosphere.1–4 Although far less abundant than methyl
chloride in the stratosphere, methyl bromide is found to be
much more efficient in ozone depletion.4 Furthermore, bromocarbons are known to have a high global warming potential.5 This
has triggered a considerable interest in the spectroscopy3,6–11 and
photofragmentation dynamics11–19 of methyl bromide over the last
few decades. Additionally, the molecule is a simple prototype of a
halogen-containing organic molecule for fundamental studies of
photodissociation and photoionization involving formation of the
cornerstone fragment CH3.15,18,20
Photofragmentation studies of methyl bromide can be classified
into two groups. One group focuses on the characterization
of photofragments CH3 + Br(2P3/2)/Br*(2P1/2) resulting from
a
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photodissociation in the A band13–15,18,21–23 whereas the other
group concerns the involvement of higher energy Rydberg
and ion-pair states (‘‘the Rydberg state region’’).11,16,17,19,20 In
the first group, single-wavelength excitation studies (193 and
222 nm,12,23 205 nm,13 213 and 230 nm,15,24 and 216 nm15) as well
as wavelength range excitations (215–251 nm14 and 240–280 nm22)
have been performed by the use of time-of-flight12,22 and
imaging13–15,23,24 techniques. In the second group the emphasis
has been on the involvement of Rydberg and ion-pair states in
photodissociation processes to form ion pairs.11,16,17,20 Photoionization studies are focused on the lowest energies of the ion
and its breakdown.11,25,26 Multiphoton dissociation studies
focus on excitations to the lowest Rydberg states (5s) of the
molecule.19 The energetics of methyl bromide (CH3Br) in the
Rydberg state region have been studied quite thoroughly to map
the Rydberg state structure of the molecule both by absorption
spectroscopy7 and by Resonance Enhanced MultiPhoton Ionization (REMPI),11,20 as well as theoretically.27
Recently we have been exploring the eﬀect of state interactions within the Rydberg state region on photofragmentation
processes for the hydrogen halides.28–33 These studies have revealed
effect of Rydberg to valence as well as Rydberg to Rydberg state
interactions on both the photodissociation and photoionization
mechanisms within the molecules on a rotational and vibrational
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energy level basis. We now expand this approach to polyatomic
molecules, starting with methyl bromide (CH3Br). In this paper we
present (1) Mass-Resolved MultiPhoton Ionization (MR-MPI) for
both Resonance Enhanced MPI (REMPI) and Non-Resonant MPI,
(2) slice imaging and (3) photoelectron imaging data for excitation
of CH3Br involving two-photon resonant excitation to np and nd
Rydberg states of the molecule for the two-photon wavenumber
region of 66 000–80 000 cm 1 by a one-color excitation scheme.
Despite the use of two-photon resonances, three-photon excitations followed by dissociations to form Rydberg states of CH3 are
found to dominate the dynamics. For the three highest energy
excitations an additional three-photon channel opens, generating
translationally hot CH3(X) and Br/Br* and for two of these three
excitations one-photon processes are also observed. These results
are discussed in view of previous work on the low and high energy
excited state dynamics of CH3Br.

II. Experimental

PCCP

Rydberg states and m refers to the number of additional
photons needed to generate the observed ions) and spectral
assignments for CH3Br have been reported in ref. 20 and 11.
The (2 + m) REMPI spectrum for CH3+ ion detection from
ref. 11 for the two-photon resonant excitation region of
66 000–80 000 cm 1 is reproduced in Fig. 1 along with mass
spectra for selected molecular Rydberg state resonances normalized
to the CH3+ signal intensity. All the mass spectra show the CH3+ ion
mass signal (I(CH3+)) to be the strongest and the signal intensities
to vary as, CH3+ 4 CH2+ 4 CH+ 4 (Br+, CBr+). 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 ; Fig. 1b).
Closer inspection of the REMPI spectra shows that these have two
major contributions, an underlying continuum, gradually increasing with excitation wavenumber and superimposed REMPI peaks.
The latter are due to transitions to discrete quantum levels and,
therefore, by definition, involve resonant transitions (i.e. REMPI).
They correspond to two-photon resonant transitions to the parent

The Velocity Map Imaging (VMI)/Slicing setup used in this work
has been described in detail before.34,35 Hence, only a brief
description will be given here. A supersonic molecular beam,
typically a mixture of 20% CH3Br in He, was formed by expansion
through a home-made piezoelectrically-actuated nozzle valve (+
1 mm orifice) and skimmed (+ 1.5 mm, Beam Dynamics) prior to
entering the interaction region of a slice imaging setup. A stagnation pressure of P0 B 1 bar was used. A photolysis/photofragment
ionization laser beam was focused (f = 30 cm) on the geometric
focal point of a single-electrode repeller-extractor plate arrangement
where it intersected the collimated molecular beam at right
angles. The laser beam (typically 1.5 mJ per pulse) was generated
by a pulsed Nd3+:YAG laser (Spectra Physics Quanta Ray Pro 250)
pumping a master oscillator–power oscillator system (Spectra
Physics MOPO 730-10) set at the appropriate wavelength.
For the slicing experiments, reported here, the repeller is
pulsed ON at the appropriate time delay (B300 ns) following
the photolysis/ionization. The charged photofragments traverse
a field-free time-of-flight region (45 cm) and a gated, positionsensitive detector (dual, imaging-quality Micro-Channel Plates
(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 ChargeCoupled Device (CCD) camera and several thousand frames are
averaged to form images. Each final image is integrated from
its center over angle to extract the speed and over radius to
extract the angular distributions of the corresponding fragments. For photoelectrons, the repeller is negatively charged
and both the repeller electrode and the detector are not gated
(i.e. they are always ON).

III. Results and analysis
A.

Mass resolved MPI

(2 + m) as well as (3 + m) REMPI spectra (where 2 and 3 refer to
the number of photons for resonant excitation to CH3Br

17424 | Phys. Chem. Chem. Phys., 2018, 20, 17423--17433

Fig. 1 Mass Resolved (MR) MPI for CH3Br: (a) CH3+ signal (MPI spectrum)
for the two-photon wavenumber range of 66 000–80 000 cm 1 and
CH3Br Rydberg state (CH3Br**) assignments. Separation of the spectrum
into resonant and non-resonant contributions is indicated. The numbers of
slice images recorded are indicated (see Table 1). (b) Mass spectra of
selected CH3Br Rydberg state resonances. Signals for masses larger than
78 amu have been expanded by a factor of 2.5.

This journal is © the Owner Societies 2018

PCCP

Paper

molecular Rydberg states as an initial excitation11,20 prior to further
excitation/dissociation/ionization processes (i.e. (2 + m) REMPI).
The continuum, on the other hand, involves transitions to nonquantized energy levels, i.e. non-resonant transitions (Fig. 1a), of
which initial one-photon transitions to repulsive molecular valence
states are the most likely.14,15,22 Such transitions are followed by
dissociation (i.e. one-photon photodissociation) to form CH3 in the
ground electronic state (X) and bromine atoms in their ground
(Br(2P3/2), henceforth denoted Br) or spin–orbit excited (Br(2P1/2),
henceforth denoted Br*) states, which are subsequently ionized by
(non-resonant) multiphoton ionization (MPI). From now on these
two contributions will be referred to as resonant and non-resonant
contributions to the MPI spectrum, respectively.

B.

Slice images and kinetic energy release spectra (KERs)

CH3+. CH3+ ion slice images (Fig. 2) were recorded for MPI of
CH3Br corresponding to (2 + m) REMPI for resonant excitation
to a total of ten molecular Rydberg states (with np and nd
Rydberg electron configurations and diﬀerent vibrational
states), converging to both spin–orbit components of the
ground ionic states X(2P3/2) and X*(2P1/2) in the two-photon
excitation region of 66 000–80 000 cm 1 (see Table 1). Kinetic
energy release spectra (KERs) were derived from the images (see
Fig. 3). Two major spectral components could be identified
from the images/KERs corresponding to the non-resonant and
resonant contributions mentioned above. Large non-resonant contributions are observed at two of the highest energy two-photon
resonant excitations only (77 165 cm 1 and 79 610 cm 1; transitions no. 8 and 10 in Table 1). The non-resonant MPI spectral
contributions (see Fig. 1a) appear as clear rings in the images/sharp
peaks in the KERs (Fig. 2 and 3) as to be expected for direct nonresonant photodissociation processes (see further discussion in
Section IV.B). Very small non-resonant spectral contributions
were also observed for the excitations 75 905 cm 1 (7) and
78 370/78 401 cm 1 (9). The MPI spectral contributions (Fig. 1a)
due to the resonant transitions are observed for all the data as
broad ‘‘underlying’’ KER spectral structures peaking at low KER
as to be expected for resonance excitations followed by delayed
dissociation processes (see further discussion in Section IV.A.
Vibrational structure is exhibited for the lowest four energy
excitations (66 019–68 684 cm 1) (Fig. 3).
The non-resonant contributions observed can be assigned to
the stepwise processes,
CH3Br + 1hn - CH3Br*;

Fig. 2 CH3+ slice images and the corresponding kinetic energy release
spectra (KERs) for excitation numbers 2 (a), 5 (b), 8 (c) and 10 (d) (see
Table 1). The image intensity scale has been adjusted to show all major
features. The KERs are normalized to the strongest peak in each spectrum.
The laser polarization is indicated by the double arrow in panel (a).

non-resonant transition

(1a)

CH3Br* - CH3(X; v1v2v3v4) + Br/Br*; dissociation

(1b)

CH3(X; v1v2v3v4) + 3hn - CH3+ + e ;

(1c)

photoionization

where CH3(X; v1v2v3v4) refers to the ground electronic state of
CH3(X) and vibrational levels v1,v2,v3,v4 and Br/Br* refer to the
ground (Br) and spin–orbit excited (Br*) states of bromine,
respectively. Since the kinetic energy release by the CH3+ ions

Table 1 Velocity map images for CH3+ and Br+ and the corresponding photoelectron images recorded for (2 + m) REMPI of CH3Br via resonant
excitation to specified molecular Rydberg states

Image no. CH3Br Rydberg states; [Oc]nl; o,(v1v2v3)a

One-photon excitation/nm Two-photon excitation/cm

1
2
3
4
5
6
7
8
9
10

302.943
300.738
297.287
291.188
274.059
269.364
263.487
259.185
255.199, 255.099
251.225

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

66 019c
66 503d
67 275d
68 684c
72 977c
74 249d
75 905c
77 165d
78 370c, 78 401c
79 610c

1

CH3 Rydberg states detected
3p;
3p;
3p;
3p;
3d;
3d;
4p;
4p;
4p;
4p;

2

A2
A2
2
A2
2
A2
2 2
E/ A1
2 2
E/ A1
2
A2, 3d;
2
A2, 3d;
2
A2, 3d;
2
A2, 3d;
2

2

E/2A1
E/2A1
2 2
E/ A1, 4f; 2E
2 2
E/ A1
2

a
[Oc]: total angular momentum quantum number for the core ion. n: principal quantum number for the Rydberg electron. l: Rydberg electron
orbital (p,d). o: total angular momentum quantum number for the Rydberg electron. (v1, v2, v3): vibrational quantum numbers referring to
vibrational modes, n1 (symmetric stretch), n2 (umbrella) and n3 (C–Br stretch). b Spectral overlap. c Ref. 20. d Ref. 11.

This journal is © the Owner Societies 2018

Phys. Chem. Chem. Phys., 2018, 20, 17423--17433 | 17425

Paper

Fig. 3 CH3+ kinetic energy release spectra (KERs) derived from images
no. 1–10 (see Table 1 and Fig. 1a). The spectra are normalized to the height
of the lowest KER spectra contributions, corresponding to resonant
contributions (see main text) in each spectrum. The spectra are plotted
as a function of a relative scale D(1hn)*f (CH3) (a) and D(3hn)*f (CH3)
(for CH379Br) (b) (see explanation in main text) and tilted to the right (i.e.
plotted vertically). Common energy thresholds (energy maxima) for the
formation of CH3(X, v1v2v3v4) + Br/Br* after non-resonant one-photon
photodissociation of CH3Br are indicated in (a). Common energy thresholds (energy maxima) for the formation of CH3**(Ry, v1v2v3v4) + Br/Br*
after three-photon photodissociation of CH3Br via resonant excitation to
CH3Br Rydberg states are indicated in (b).

formed is determined by the initial step (1a) it is convenient to
compare the corresponding KERs contributions on a relative
one-photon energy scale (D(1hn) = 1hni 1hn0, where n0 and ni
are one-photon excitation frequencies of a reference spectrum
(n0) and a spectrum i (ni) for n0 4 ni) weighted by the mass ratio
factor for CH3, f (CH3) = m( jBr)/m(CH3 jBr) ( j = 79, 81), to take
account of the conservation of momentum. Thus, spectral peaks due
to the formation of the same species/thresholds, CH3(X; v1v2v3v4) +
Br/Br*, will match. This has been carried out in Fig. 3a, which shows
the KERs shifted by the weighted one-photon energy difference
(D(1hn)*f (CH3)) where the ‘‘zero kinetic energy released’’ for
the two-photon excitation to the [3/2]7p; 0, (000) CH3Br Rydberg
state (image/KER no. 10/79 610 cm 1; see Table 1) has been set
to zero (reference spectrum). Thresholds corresponding to the
‘‘maximum possible kinetic energy released’’ for formation
of the various CH3(X; v1v2v3v4) species (along with Br/Br*) are
also marked in Fig. 3a. All sharp peaks observed in spectrum
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no. 8/77 165 cm 1 are found to match peaks in no. 10/79 610 cm 1.
Some overlap of the peaks is observed in spectrum no. 10/
79 610 cm 1. The peaks observed in the region of D(1hn)*f (CH3) =
1.6 to 0.0 eV are due to excitations of CH3Br(X) in its ground
vibrational state, whereas those of D(1hn)*f (CH3) o 1.6 eV are
due to excitations of vibrationally excited CH3Br(X) molecules
(‘‘hot bands’’). We assign the peaks at about D(1hn)*f (CH3) =
1.49 eV (Fig. 3a), both in spectra no. 8 and 10 and at about
D(1hn)*f (CH3) = 1.13 eV in no. 10 to the formation of a
vibrationally excited CH3(X) in the out-of-plane bending
(umbrella) mode (v2 = 1), i.e. CH3(X; 0100) along with Br and
Br*, respectively. The peaks at about D(1hn)*f (CH3) = 1.27 eV
(Fig. 3a), both in spectra no. 8 and 10 are due to the formation
of a vibrationally excited CH3(X) in stretching modes (v1 = 1
and/or v3 = 1), i.e. CH3(X; 1000) and/or CH3(X; 0010), along
with Br.
Comparison of the KERs of the resonant contributions as
well as analysis of the corresponding photoelectron spectra
(PES, see below) reveals that the kinetic energy released by the
CH3+ ions is determined by a dissociation after an initial threephoton excitation step. Therefore, in Fig. 3b, the corresponding
KER spectra are compared on a weighted relative three-photon
energy scale (D(3hn)*f (CH3); D(3hn) = 3hni
3hn0). Furthermore, analysis of the PES (see below) suggests that electrons
are released by one-photon ionization of Rydberg states of CH3
(CH3**). We, therefore, propose that the overall excitation process
involves formation of CH3** along with Br/Br* by three-photon
photodissociation (two photons to an intermediate Rydberg state
(see Table 1) plus one additional photon to reach one or more
‘‘superexcited’’ repulsive state denoted here as CH3Br#) followed by
one-photon ionization of CH3** to form CH3+ as follows,
CH3Br + 2hn - CH3Br**(Ry; v1v2v3); resonant transition (2a)
CH3Br**(Ry; v1v2v3) + 1hn - CH3Br#; photoexcitation

(2b)

CH3Br# - CH3** + Br/Br*;

dissociation

(2c)

CH3** + 1hn - CH3+ + e ;

photoionization

(2d)

where CH3Br**(Ry; v1v2v3) represents vibrational levels v1, v2, v3 of a
parent molecular Rydberg state and CH3Br# represents one or more
superexcited state.
The vibrational structure with a progression frequency
corresponding to about 1300 cm 1 observed for the lowest
excitation KERs (no. 1–4; Fig. 3) resembles that to be expected
for transitions to vibrational levels of a CH3** Rydberg state of
an out of plane/umbrella mode.36,37 The position of the thresholds for CH3**(3p2A2) + Br/Br* formation following the threephoton excitation process (Fig. 3b; see also text above) in the
tail of the KER spectra on the high energy side of the vibrational
structure, as well as analysis of the corresponding photoelectron spectra (see below) suggests that the vibrational structure
corresponds to the formation of CH3**(3p2A2; v1v2v3v4) for
varying quantum levels of the out-of-plane bending mode (v2).
Structure analysis of the four lowest excitation energy KER
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Fig. 5 Br+ (black, above) and CH3+ (grey, below) kinetic energy release
spectra (KERs) as a function of total kinetic energy released. Common
energy thresholds for the formation of CH3(X, v1v2v3v4) + Br/Br* after nonresonant one-photon photodissociation of CH3Br are indicated.
Fig. 4 Br+ kinetic energy release spectra (KERs) derived from images
no. 1, 3–5, and 7–10 (see Table 1 and Fig. 1a). The spectra are normalized
to the height of the lowest KER spectra contributions, corresponding to
resonant contributions (see main text) in each spectrum. The spectra are
plotted as a function of a relative scale D(3hn)*f (Br) (for CH379Br) (see
explanation in main text of Section IV) and tilted to the right (i.e. plotted
vertically). Common energy thresholds for the formation of CH3**(Ry,
v1v2v3v4) + Br/Br* as well as CH3(X, v1v2v3v4) + Br/Br* after three-photon
photodissociation of CH3Br via resonant excitation to CH3Br Rydberg
states are indicated.

spectra in the two-photon region of 66 019–68 684 cm 1 revealed the
vibrational constants oe = 1311  5 cm 1 and oexe = 11  1 cm 1
for the out-of-plane (n2) vibrational mode of CH3**(3p2A2). This is to
be compared with the vibrational wavenumber value of 1323 cm 1
reported for CH3**(3p2A2) in NIST.36,37
Br+. Br+ ion slice images were recorded following CH3Br
resonance excitations to Rydberg states in the two-photon
excitation region of 66 000–80 000 cm 1 listed in Table 1 (except
for no. 2/66 503 and no. 6/74 249 cm 1). KERs were derived
from the images (see Fig. 4). All the KERs exhibit a broad
spectral structure peaking at low kinetic energies in the region
of about 0.2 eV KER. The peak shifts to lower KER as the
excitation energy increases. An additional broad peak is present
at around 1 eV KER for the excitations no. 8/77 165 cm 1,
no. 9/78 370 cm 1 and no. 10/79 610 cm 1 spectra (Fig. 4). For
the no. 10/79 610 cm 1 spectrum there is also a sharp peak at
about 0.27 eV KER.
We attribute the sharp peak in the no. 10/79 610 cm 1 KER
spectrum to the non-resonant contribution producing Br
ground state along with CH3(X; v1v2v3v4) by one-photon dissociation, i.e.
CH3Br + 1hn - CH3Br*;

non-resonant transition

(3a)

CH3Br* - CH3(X; v1v2v3v4) + Br;

dissociation

(3b)

Br + 3hn - Br+ + e ;

photoionization

(3c)

This journal is © the Owner Societies 2018

Comparison of the total KERs (see Fig. 5) derived from the no.
10 images of Br+ and CH3+ shows a sharp peak for Br to match
the strongest sharp peak for CH3, which corresponds to the
formation of CH3 with one quantum in the umbrella mode
(CH3(X; 0100)).
The broad low kinetic energy peak present in all KERs
(Fig. 4) fits energetically the production of Br/Br* along with
CH3** Rydberg states (channels (2a)–(2c)). As discussed for CH3
this is a three-photon process in two steps: First CH3Br is
excited resonantly with two photons (channel 2a) to a Rydberg state
(Table 1), which subsequently absorbs an additional photon towards
a superexcited CH3Br# state (or states; 2b) dissociating to CH3** +
Br/Br*. The broad, high kinetic energy contribution, only seen in the
no. 8/77 165 cm 1, no. 9/78 370 cm 1 and no. 10/79 610 cm 1 spectra
(Fig. 4), on the other hand, is due to Br/Br* formed along with
CH3(X, v1v2v3v4) after a three-photon photodissociation process
via the molecular Rydberg states ((2a) and (2b)). In both cases,
Br+ is subsequently generated by three-photon-MPI of Br/Br*.
Relevant energy thresholds for these two processes are shown in
Fig. 4 along with the KERs plotted on a D(3hn)*f (Br) scale.
C.

Angular distributions

CH3+. Significant variations in angular distributions are
observed for the CH3+ ions depending on the rings/channels
involved (see Fig. 2). Signals associated with the resonant
excitations mostly display shapes corresponding to parallel or
isotropic distributions, whereas those due to the non-resonant
excitations are found to display shapes corresponding to both
parallel and perpendicular transitions. In an attempt to quantify the anisotropy of the rings, angular distributions, in the
form of signal intensities as a function of the angle from 0 to
1801, derived from the images, were fitted by the simplified
expression corresponding to a one-step photodissociation,28
P(y) = A[1 + b2P2(cos(y)) + b4P4(cos(y))]

(4)

where P2 and P4 are the second and fourth order Legendre
polynomials and b2 and b4 are the corresponding anisotropy
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parameters. A is a scaling factor. The b2 parameter, which can
be in the range between +2 (purely parallel transition) and
1 (purely perpendicular transition), can then be related to the
overall transition symmetry and the corresponding dynamics.
The b4 parameter is usually associated with vector correlation
eﬀects, however considering the complexity of the processes
involved (see eqn (1)–(3) above) it is unrealistic to interpret
them in this way here, where it is better viewed simply as a
fitting parameter. b2 parameters derived for the various KERs
features can be found in the ESI.† 38
Fig. 6a shows b2 values plotted for the various rings detected
in images no. 8 and 10 (see Table 1) for the non-resonant
process. These are shown along with the corresponding KERs
plotted on a relative one-photon energy scale. A reasonably
good agreement is found between the parameter values derived
from the rings/KERs peaks of both images (no. 8 and 10) which
have been assigned to common channels (see above), which

Fig. 6 (a) Eﬀective anisotropy parameters b2 extracted from CH3+ images
no. 8 (red dots) and 10 (blue dots) (see Table 1) as a function of the kinetic
energy released (eV) along with the corresponding KER spectra plotted
on a relative energy scale (D(1hn)*f (CH3)) (see main text). Common
energy thresholds for one-photon photodissociation processes to form
CH3(X; v1v2v3v4) + Br/Br* labelled by (v1v2v3v4) are indicated. ‘‘Hot bands’’:
see Fig. 3a. (b) Eﬀective anisotropy parameters b2 extracted from CH3+
(grey dots) and Br+ (red dots) images as a function of two-photon resonant
excitations to CH3Br Rydberg states along with the corresponding CH3+
REMPI spectrum. Image numbers are indicated (see Table 1).
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further supports the validity of the assignments. The b2’s range
from a value near +2, corresponding to a purely parallel transition for the CH3(X; 0100) + Br* intermediates, to a negative
value of about 0.2 corresponding to a significant contribution of a perpendicular transition for CH3(X; 0100) + Br.
Positive values of b2 in the range of +0.8 to +1.6 obtained for
CH3(X; 1000/0010) + Br and high KER hot bands which form
CH3(X; v1v2v3v4) + Br suggest dominating parallel transitions
mixed with some character of perpendicular transitions. Since
the ion formation mechanism involves a simple one-photon
photodissociation step, the anisotropy will be largely determined by the symmetry change of the initial photoexcitation
step from the ground state of CH3Br(X; v1v2v3) to the repulsive
valence states 3Q1, 3Q0 and 1Q1 which correlate with
CH3(X; v1v2v3v4) + Br/Br*.22 Considering symmetry alterations
in possible transitions and the known shape of the potential
energy surfaces involved22 the following initial photoexcitation
processes are proposed:
(i) Formation of CH3(X; 0100) + Br*, where CH3 is vibrationally excited by one quantum in the out-of-plane bending mode
(n2), mainly occurs by a parallel transition to the 3Q0 state
followed by a dissociation on the same (i.e. the diabatic)
potential curve.
(ii) Formation of CH3(X; 1000/0010) + Br, where CH3 is
vibrationally excited by one quantum in a stretching mode
(n1 and/or n3), occurs largely by a parallel transition to the
3
Q0 state followed by a curve crossing, i.e. a dissociation on the
adiabatic potential curve.
(iii) Formation of CH3(X; 0100) + Br, where CH3 is vibrationally excited by one quantum in the out-of-plane bending mode
(n2), occurs to a significant extent by perpendicular transitions
to the 3Q1 and/or 1Q1 states followed by a dissociation on the
same/diabatic potential curve.
(iv) Formation of CH3(X; v1v2v3v4) + Br from vibrationally
excited CH3Br(X; v1v2v3) largely occurs by a parallel transition to
the 3Q0 state followed by a dissociation on the adiabatic
potential curve.
Since the resonant contributions to the CH3+ images and
KERs mostly involve three-photon excitations via molecular
Rydberg states prior to dissociation to form CH3** Rydberg
states (channel (2)) the anisotropy of the images will depend on
the two-photon resonant step as well as the one-photon dissociation step and possible mixing of states involved. Therefore, it cannot be easily interpreted. We observe a trend (Fig. 6b,
grey dots) of decreasing b2 parameter (more perpendicular
contribution) with increasing excitation energy. A correlation
with the symmetry of the parent Rydberg state seems to exist:
transitions through 5p and 4d Rydberg states of CH3Br generate
CH3+ with rather parallel distributions (b2 ranging between 1.3
and 0.7) whereas 6p and 7p Rydberg states of CH3Br generate
CH3+ with almost isotropic distributions.
Br+. Br+ images associated with the resonant excitations,
both low and high KER components (see above), mostly display
shapes corresponding to parallel transitions with positive
values of b2. Fig. 6b (red dots) shows the b2 values derived for
the broad low KER peaks of the resonant transitions along with
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the corresponding values for the CH3+ signals. Comparison of
the b2 parameters of the signals for Br+ and CH3+ reveals some
correlation (common trend and analogous values of b2)
between the signals. This is to be expected for fragments
formed by the same channel, prior to ionization, as proposed
for CH3** and Br/Br* (see eqn (2a)–(2c) above). Although close
in value they are not identical; this can be attributed to the
existence of some additional smaller contributions affecting
the CH3+ and Br+ distributions, such as dissociation of CH3+
(we do observe CH2+, CH+ and C+ ions as minor channels;
discussion of these results will be dealt with in a separate
publication).
The no. 10 excitation Br+ signal due to the non-resonant
transition cannot be separated from the underlying resonant
contribution of the same KER (B0.27 eV) which makes up
about 2/3 of the signal (Fig. 4 and 5). The total signal however,
is found to display a close to isotropic shape (Fig. 2d) with b2 of
about +0.24, suggesting that the non-resonant part of it (1/3 of
the total) is significantly perpendicular in nature. This matches
the observed angular distribution (and b2 = 0.2) of the
signal for CH3+ due to the formation of the corresponding
CH3(X, 0100) fragment which we believe to be the major
fragment produced along with Br prior to ionization (see above
and Fig. 5).
C.

Photoelectron spectra (PES)

Images of photoelectrons were recorded for the excitations
listed in Table 1. No negative ions were found to be present in the time-of-flight KER distributions (Fig. 7) derived
from the images. It is convenient to compare the photoelectron
spectra with respect to the non-resonant contributions on
a relative three-photon energy scale (D(3hn)*f (e); D(3hn) =
3hn0
3hni; f (e) = m(CH3+)/m(CH3) B 1; see text above for
comparison and definitions) and those with respect to the
resonant contributions on a relative one-photon energy scale
(D(1hn) = 1hn0 1hni).
Fig. 7a shows the photoelectron spectra plotted on the
relative one-photon energy scale, where the zero kinetic energy
release of no. 10/79 610 cm 1 has been set to zero (reference
spectrum). Thresholds corresponding to ionization of specific
CH3** states (formed along with Br/Br*) line up in the plot. One
photoelectron peak dominates the four lowest energy excitations (i.e. images/KERs no. 1–4; Table 1) which match in Fig. 7a.
The peaks correspond to the formation of the CH3** (3p2A2)
Rydberg state. These PES correspond to the images/KERs which
show vibrational structures (see above). Small satellite peaks
close by are indicative of vibrational excitations and hot bands
as shown in Fig. 7b for excitation no. 4. The next two excitations
(no. 5 and 6) generate photoelectron peaks that shift to higher
energy but also match each other, corresponding to one-photon
ionization of the CH3** (3d2E) and/or CH3** (3d2A1) states,
that lie close in energy. Finally, excitations no. 7–10 exhibit
several photoelectron peaks corresponding to ionization of
different CH3 Rydberg states (3p2A2, 3d2E, 3d2A1, 4p2A2) as
listed in Table 1. The PES structures of no. 8/77 165 and no. 10/
79 610 cm 1, which correspond to significant non-resonant
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Fig. 7 Photoelectron spectra (PES), (a) derived from images no. 1–10 (see
Table 1), plotted as a function of a relative energy scale D(1hn) (see
explanation in the main text) and tilted to the right (i.e. plotted vertically).
Common energy thresholds (energy maxima) for ionization of Rydberg
states of CH3 (CH3**(Ry)) after its formation along with Br/Br* by threephoton photodissociation of CH3Br are indicated. The inset shows detail of
the PES no. (8) at high energy with thresholds for ionization of CH3(X;
v1v2v3v4) and its formation along with Br/Br*. (b) For image no. 4 plotted as
a function of the relative kinetic energy released (eV) tilted to the right (i.e.
plotted vertically). Energy thresholds (energy maxima) for specific onephoton ionization processes of CH3**(3p2A2; v1v2v3v4) states to form
CH3+(X; v1v2v3v4), after its formation along with Br/Br* by three-photon
photodissociation of CH3Br, are indicated by (v1v2v3v4) numbers. Assignments of ionization processes with respect to changes in vibrational
quantum numbers (Dvi) are shown, furthest to the right.

contributions, are less clear. However, there are some indications of ionization/formation of CH3(X; v1v2v3v4) species based
on weak high kinetic energy electron peaks as shown by the
inserted figure expansion for no. 8 in Fig. 7a.
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IV. Discussion
As noted in the previous section, REMPI, slice and photoelectron imaging data converge on the existence of two major
pathways when CH3Br is excited at wavenumbers corresponding to two-photon transitions to reach rovibrational levels
of molecular Rydberg states in the 66 000 to 80 000 cm 1 region:
(a) two-photon-resonant transitions, followed by one-photon
photolysis to give CH3(X)/CH3** + Br/Br* and (b) non-resonant,
one-photon photolysis towards CH3(X) + Br/Br*. These two
pathways will now be discussed.
A.

Resonant processes

The results relevant to the resonant spectra contributions, as
presented above, can be interpreted as being due to dissociations on excited state potential energy surfaces to form (a)
Rydberg states of CH3 (CH3**) along with Br/Br* or (b) ground
state CH3(X) along with Br/Br* prior to ionization of either CH3
or Br. This occurs after a total of three-photon excitation to
metastable superexcited molecular states (CH3Br#) via twophoton accessible Rydberg states (Fig. 8). Formation of
CH3(X) directly following the two-photon resonant excitation
(i.e. by predissociation of the resonance-excited molecular

PCCP

Rydberg states) was not detected. Whereas a minor contribution of such a channel cannot be ruled out, the results suggest
that its probability is low.
In the case of the metastable molecular state(s) (CH3Br#),
prior to a dissociation the excess energy can be redistributed
among the molecule’s internal degrees of freedom to form
fragments of relatively low translational energy but high internal (ro-vibrational) energy, typically appearing as broad KER
spectral peaks for the CH3 and Br fragments. The relatively low
KER, broad spectral structures of the KERs observed for the
resonant contributions suggests that step (2b) involves such a
mechanism. The CH3Br# state(s), being higher in energy than
the ionization limit, is (are) most likely one or more superexcited state(s) belonging to a Rydberg series converging to an
excited ionic state (i.e. CH3Br# = [CH3Br+*]nl;o). This involves a
one-photon excitation within the ion core of the resonant
Rydberg state (CH3Br** = [CH3Br+]nl;o) to make an overall
two-electron transfer to form CH3Br#.
Looking at a summary of the CH3** Rydberg states detected
(Table 1) there seems to be a correlation between the formation
of CH3**(Ry) and excitations to CH3Br**(Ry) with respect to the
Rydberg electron orbital symmetries (l quantum numbers).
Thus, the 3p Rydberg state of CH3 (CH3**(3p2A2)) is primarily

Fig. 8 Schematic energy diagrams for excitation processes of CH3Br leading to CH3+ (a) and Br+ (b) formation showing calculated potential energies as
a function of the CH3–Br bond distance18,27 as well as relevant energy thresholds and transitions. Red vertical arrows correspond to the two-photon
resonant transition of 66 019 cm 1 (excitation no. 1) and blue vertical arrows correspond to the two-photon resonant transition 79 610 cm 1 (excitation
no. 10) (see Table 1). Broken arrows indicate paths of photodissociation processes as marked in boxes (see main text). The two-photon resonance
scanning region is indicated by grey shaded boxes. The one-photon absorption spectrum3,9 is tilted to the right (i.e. plotted vertically) in figure (a).
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formed via excitation to the 5p Rydberg state of CH3Br and the
3d Rydberg state(s) of CH3 (CH3**(3d2E; 3d2A1)) is (are) largely
formed via excitation to the 4d Rydberg state of CH3Br. This
must be associated with a conservation of momentum during
the combined process of one-photon excitation of CH3Br** to
CH3Br# and its dissociation on an excited state potential surface to form CH3** and Br/Br*. Furthermore, an increasing
number and changing proportion of CH3** states are formed as
the excitation energy increases (Table 1 and Fig. 7a). This must
be associated with an opening of an increasing number of
channels to form CH3** + Br/Br* and/or changes in transition
probabilities along diﬀerent surfaces as the energy increases.
The disappearance of the vibrational structure assigned to the
CH3**(3p2A2) state (see Section III.B) for excitation energies
beyond that for no. 4 (Fig. 3) is a further indication of an
increasing contribution of CH3** states and overlapping vibrational structures.
Whereas, no multiphoton dissociation studies for resonant
excitations via p and d Rydberg states of CH3Br exist in the
literature, Wang et al. have reported studies of excitations via
lower energy 5s Rydberg states.19 Images and corresponding
KERs for CH3+ are found to show comparable structures to
those reported here, appearing as broad peaks with vibrational
structures at low KERs and sharp peaks at medium high kinetic
energies. These observations, however, are interpreted diﬀerently as being due to photodissociation of the parent molecular
ions CH3Br+(X) to form CH3+(X) along with Br* and Br, respectively. Furthermore, rings/sharp KER peaks observed at still
higher KERs are proposed to be due to two-photon resonant
photodissociations to form CH3(X) along with Br and Br*.
B.

Non-resonant processes

The results relevant to the non-resonant contributions, as
presented above, can be interpreted as being due to onephoton excitations to repulsive electronic valence states
(CH3Br*) followed by dissociation. This agrees with the
observed increase in the corresponding spectral continuum
with photon energy (Fig. 1a) in accordance with an increasing
absorption (i.e. one-photon) cross section in the excitation
region (see Fig. 8).3,9 Relatively large signals appearing as rings
in the images/sharp KERs peaks, due to the non-resonant
contributions were seen for the excitations which show relatively large underlying non-resonant contributions in the
REMPI spectra (see Fig. 1a), i.e. in images/KERs no. 8 and 10
for CH3+ (Fig. 3) and in no. 10 for Br+ (Fig. 4).
Photodissociation studies in the first continuum absorption
band (A band) of CH3Br have been performed by a number of
groups.13–15,21–24 The reported value for b2 of 1.9  0.1 for
CH3(X; 0100) formation along with Br* for 251.00 nm
excitation22 agrees with our value (1.9) for the corresponding
fragment formation for 251.28 nm one-photon excitation (no.
10/79 610 cm 1) and the value for b2 of 0.2  0.2 for CH3(X;
0100) along with Br for 251.00 nm excitation22 is of an intermediate size analogous to our values of 0.15 and 0.24 for the
corresponding fragment formation derived for the 259.23 (no.
8/77 165 cm 1) and 251.28 nm (no. 10/79 610 cm 1) excitations,
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respectively. Furthermore, our upper limit value of b2 = +0.24,
largely due to the formation of Br along with CH3(X; 0100) (see
Section III.C) for 251.28 nm one-photon excitation can be
compared with the values of about zero for excitations in the
region of 251–278 nm.22 Thus, the formation of CH3(X) in the
out-of-plane bending mode along with Br is found to display
isotropic to perpendicular fragment angular distributions,
whereas its formation along with Br* displays a parallel angular
distribution. This is in agreement with previous observations
and has been shown to be consistent with a strong nonadiabatic coupling between spin–orbit states of the parent
molecule.22

V. Summary and conclusions
CH3+ and Br+ ion slice images as well as photoelectron velocity
map images were recorded for multiphoton excitation of CH3Br
at ten wavelengths involving two-photon – resonant transitions
to np and nd vibrational levels of molecular Rydberg states
(CH3Br**(Ry; v1v2v3)) between 66 000 and 80 000 cm 1 (Table 1).
At all wavelengths CH3+ is the majority of the ion signal (Fig. 1).
Kinetic energy release spectra (KERs) as well as angular distributions and relevant fit parameters (b2 and b4) were derived
from the ion slice images. Photoelectron spectra were derived
from the photoelectron images.
The majority of the photoelectrons formed are due to onephoton ionization of diﬀerent Rydberg states of methyl photofragments (CH3**). These states are formed by two-photonresonant excitation to an np or nd vibrational levels of parent
Rydberg states followed by one-photon excitation to metastable,
superexcited molecular states (CH3Br#) which then dissociate
towards CH3**(Ry; v1v2v3v4) + Br/Br*. This contribution dominates all but two excitation wavelengths used in this work. A
correlation is found between the angular momentum quantum
numbers (l) of the resonantly excited molecular Rydberg states,
CH3Br** and the CH3 Rydberg states formed.
For the highest excitation energies, two additional channels
are found to be present. The first channel is a dissociation of
the metastable, superexcited CH3Br# states towards CH3(X;
v1v2v3v4) + Br/Br* which generates fast CH3+ and Br+ ions. The
second channel is the formation of CH3(X; v1v2v3v4) + Br/Br*
assigned as a one-photon photolysis via the A band with
angular distributions of CH3 and Br/Br* fragments agreeing
well with the literature.
The results of this paper add to information relevant to the
energetics and fragmentation processes of the methyl halides.
It will hopefully render further theoretical interpretation of the
characteristic processes involved in the very interesting
dynamics observed here. Furthermore, the content of this
paper is of relevance to various intriguing fields. The observed
involvement of high energy superexcited molecular states in the
formation of halogen atom radicals and fragment ions and
electrons is of relevance to further understanding of atmospheric photochemistry as well as plasma chemistry/physics.
Selective photoexcitation to form the reactive electronically

Phys. Chem. Chem. Phys., 2018, 20, 17423--17433 | 17431

Paper

excited state of the CH3, as identified, could be of interest for
organic photosynthesis purposes.
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Á. Kvaran, Eﬀect of a triplet to singlet interaction on
photofragmentation dynamics: Highly excited states of

This journal is © the Owner Societies 2018

Paper

33

34

35

36

37

38

HBr probed by VMI and REMPI as a case study, Phys. Chem.
Chem. Phys., 2016, 18(37), 26291–26299.
D. Zaouris, A. Kartakoullis, P. Glodic, P. C. Samartzis,
H. R. Hrodmarsson and A. Kvaran, Rydberg and valence
state excitation dynamics: a velocity map imaging study
involving the E-V state interaction in HBr, Phys. Chem.
Chem. Phys., 2015, 17(16), 10468–10477.
C. R. Gebhardt, T. P. Rakitzis, P. C. Samartzis,
V. Ladopoulos and T. N. Kitsopoulos, Slice Imaging: A
New Approach to Ion Imaging and Velocity Mapping, Rev.
Sci. Instrum., 2001, 72(10), 3848.
V. Papadakis and T. N. Kitsopoulos, Slice Imaging and
Velocity Mapping Using a Single Field, Rev. Sci. Instrum.,
2006, 77(8), 5.
B. Zhang, J. Zhang and K. Liu, Imaging the ‘‘missing’’ bands
in the resonance-enhanced multiphoton ionization detection of methyl radical, J. Chem. Phys., 2005, 122, 104310.
NIST Chemistry WebBook - (National Institute of Standards
and Technology) https://webbook.nist.gov/chemistry/nameser/, accessed Jan 2018.
See ESI†.

Phys. Chem. Chem. Phys., 2018, 20, 17423--17433 | 17433

