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Femtosecond time-resolved velocity map imaging experiments are reported on several vibronic lev-
els of the second absorption band (B-band) of CH3I, including vibrational excitation in the ν2 and ν3

modes of the bound 3R1(E) Rydberg state. Specific predissociation lifetimes have been determined
for the 21

0 and 31
0 vibronic levels from measurements of time-resolved I*(2P1/2) and CH3 fragment

images, parent decay, and photoelectron images obtained through both resonant and non-resonant
multiphoton ionization. The results are compared with our previously reported predissociation life-
time measurements for the band origin 00

0 [Gitzinger et al., J. Chem. Phys. 132, 234313 (2010)].
The result, previously reported in the literature, where vibrational excitation to the C-I stretching
mode (ν3) of the CH3I 3R1(E) Rydberg state yields a predissociation lifetime about four times slower
than that corresponding to the vibrationless state, whereas predissociation is twice faster if the vibra-
tional excitation is to the umbrella mode (ν2), is confirmed in the present experiments. In addition
to the specific vibrational state lifetimes, which were found to be 0.85 ± 0.04 ps and 4.34 ± 0.13 ps
for the 21

0 and 31
0 vibronic levels, respectively, the time evolution of the fragment anisotropy and

the vibrational activity of the CH3 fragment are presented. Additional striking results found in the
present work are the evidence of ground state I(2P3/2) fragment production when excitation is pro-
duced specifically to the 31

0 vibronic level, which is attributed to predissociation via the A-band 1Q1

potential energy surface, and the indication of a fast adiabatic photodissociation process through the
repulsive A-band 3A1(4E) state, after direct absorption to this state, competing with absorption to the
31

0 vibronic level of the 3R1(E) Rydberg state of the B-band. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.3683252]

I. INTRODUCTION

Photodissociation of CH3I has been extensively investi-
gated, both experimentally and theoretically, over the years,
because its apparently simple structure makes it an ideal
model for the study of multichannel photodissociation pro-
cesses in polyatomic molecules in which, in addition, non-
adiabatic effects are important. Most of these studies have
concentrated on the first absorption band (the A-band), char-
acterized by a broad structureless spectrum, which results in
a fast direct photodissociation and causes population inver-
sion between the spin-orbit excited state of the iodine atom
I*(2P1/2) and the ground state atom I(2P3/2).1–9

The next UV absorption system in CH3I, found in the
vicinity of 200 nm, is known as the B-band. It consists of
transitions from a non-bonding 5pπ orbital of the I atom
to 6s bound molecular Rydberg orbitals. Upon such excita-
tion the molecule predissociates due to crossings with repul-
sive states, and therefore the spectrum shows clear vibrational
structure10–14 with peaks that are lifetime broadened. This
system has historically received much less attention than the
A-band, but a number of works have appeared in the litera-
ture recently15–17 mainly exploring the details of the fast pre-
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dissociation process. Also very recently, Alekseyev et al.18

published new ab initio potential energy curves and transi-
tion moments in one dimension (1D) (minimal energy paths
with respect to the umbrella angle) on this system. They found
that the B-band is dominated by the perpendicular 3R1 ← XA1

transition and that the main predissociation channel occurs via
interaction with the repulsive 4E(3A1) state, which asymptoti-
cally yields spin-orbit excited iodine atoms: I*(2P1/2) + CH3.
Through their calculations, they predict that the only route to
produce ground-state iodine atoms from CH3I photodissocia-
tion in the B-band should be found above 55 000 cm−1 exci-
tation (below 182 nm) via interaction with the 1Q(E) valence
state. This finding is consistent with the I*(2P1/2) yield exper-
imentally found to be unity in recent studies.15, 16, 19

One of the most interesting aspects of the B-band sys-
tem is the fact that the details of the curve crossings between
the bound Rydberg states and the repulsive states should
have profound influences on the outcome of the process, so
that significant differences in the dynamics should be found
between different vibrational levels of the optically active
3R1 state. Early Raman scattering experiments20, 21 seemed
to indicate the opposite, since the same predissociation rates
were extracted for all vibronic excitations, although in a
later contribution22 the authors did report a longer lifetime
for excitation in the ν3 mode and a significantly shorter
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lifetime for excitation in the ν1 level. However, uniform life-
times for all vibronic levels were extracted from spectral data
(linewidths) by Syage.23 The time-resolved work of Baron-
avski and Owrustky10 provided the first direct measurements
of the lifetimes of many vibrational levels of the B-band and
concluded that the lifetimes could be as extreme as 200 fs
(for the ν6 = 2 level) and 4100 fs (for the ν3 = 1 level). Even
though the lifetime found for the vibrationless level has been
measured recently15–17 and found in agreement with Baron-
avski and Owrustky’s value, no other measurement of the life-
times for the rest of the vibronic levels has been reported. We
partially cover this matter in this work with measurements of
the lifetimes of the ν2 = 1 and ν3 = 1 levels through a variety
of time-resolved techniques.

Even stronger uncertainty remained as to the nature of
the products of the predissociation process as a function of
the vibronic level initially excited, since very scarce infor-
mation is available on the matter, and it concerns only either
the band origin15–17 or the 22

0 band, since this last one can
be accessed through the well known ArF laser transition at
193.3 nm.19, 24 Theoretical information is also scarce, the most
valuable source at present being the very recent 1D work by
Alekseyev et al.18 The experimental results that will be shown
in this paper tackle the two main issues of importance: the de-
gree and nature of vibrational excitation in the methyl frag-
ment resulting from the predissociation process, and whether
the branching ratio between the spin-orbit excited and the
ground-state iodine channels, defined as �*=[I*]/([I] + [I*]),
is unity or less than unity. The angular nature of the process is
also explored through the use of linearly polarized laser fields
and a position-sensitive particle detector.

The paper is organized as follows: Section II describes
the experimental setup and methodology. Section III presents
the most important results and the section is organized in three
parts: the first one presents time-resolved measurements of
the parent molecule decay when excited in the 00

0, 21
0, and 31

0
transitions; the second one is a extensive study of the internal
energy content of the methyl and iodine fragments appearing
upon dissociation. This section is divided in two: a first part
covering the simpler 21

0 band, and a second part describing the
results for the more complex 31

0 band. Finally, complementary
photoelectron data for the 00

0 and 31
0 transitions are shown in

the third part. The results are discussed in Sec. IV and the pa-
per closes in Sec. V with the main conclusions. An Appendix
has been included at the end of the paper presenting the details
of the multidimensional fitting procedure employed to ana-
lyze the complex ion images measured as a function of time
delay, which has revealed to be quite important to extract all
the relevant information from the images.

II. EXPERIMENTAL

The experimental setup has been described in detail in
previous works15 and only the details relevant to the present
experiments will be given here. Briefly, the femtosecond laser
system, a chirped pulse amplified Ti:sapphire, delivers 3.5 mJ
pulses of 50 fs duration at 1 kHz repetition rate with a tun-
able central wavelength of about 800 nm. The main beam is
split into two arms, one of which pumps an optical parametric

amplifier which, followed by frequency mixing, yields pulses
centered at 304.5 nm or 325–333.5 nm, with a full width at
half maximum (FWHM) bandwidth of ≈ 1.7 nm, to probe I
atoms or CH3 fragments in different vibrational states, respec-
tively, by (2 + 1) resonance enhanced multiphoton ionization
(REMPI).4, 5 Probe pulse energies are typically around 3–6
μJ. In some experiments, a non-resonant probe laser at the
fundamental ≈ 800 nm wavelength, of about 15 μJ/pulse, was
used instead of the UV probe to non-resonantly multiphoton
ionize the CH3 fragments.

The other arm is frequency quadrupled in a device con-
sisting of a tripling unit followed by a sum-frequency mixing
unit between the third harmonic and the fundamental. This
arm provides the excitation (pump) radiation at about 200 nm,
and allows some tuneability around this value by fine adjust-
ments of the central wavelength of the amplifier or of the
quadrupler unit. In this way, resonant radiation is produced
for one-photon excitation to the 21

0 or 31
0 (or 00

0) vibronic tran-
sitions of the B-band in CH3I, at 196.7 nm and 199.2 nm
(and 201.2 nm), respectively, with a FWHM bandwidth of
≈ 0.3 nm, and typical pulse energies of <1 μJ. The linear
polarization of the pump and probe laser beams is set up
horizontal or vertical by means of half-wave plates and the
propagation conditions are controlled through adjustable tele-
scopes. Pump and probe beams are propagated collinearly and
finally focused with a 25 cm focal length lens into a vacuum
chamber where they interact with a pulsed molecular beam.
The temporal delay between the pulses is controlled by a mo-
torized delay stage placed in the probe arm, with a minimum
accessible step of ≈ 1 fs. The instrument temporal response
time, considered as the temporal cross correlation of the pump
and probe pulses, was measured through multiphoton ioniza-
tion of Xe, obtaining a value of ≈ 400 fs.

The pulsed molecular beam is composed as follows:
CH3I, kept at a temperature of 0 ◦C, is seeded in Ar or He, at
a typical total pressure of 1.5–2.5 bars, depending on signal
levels, and expanded into vacuum through a 0.5 mm nozzle
diameter, 1 kHz homemade piezoelectric pulsed valve.6 The
molecular beam passes through a 1 mm diameter skimmer
that separates the source chamber from the ionization cham-
ber. We avoid clustering conditions in the beam by keeping
low enough pressure and working on the initial part of the
molecular beam pulse; no evidence of clusters has been ob-
served in the mass spectrum when subjected to femtosecond
pump or probe (or both) laser pulses.

After interaction with the laser pulses, the ions formed
are extracted vertically by a set of electrostatic lenses working
in velocity mapping configuration; typical repeller voltages
were 5200 V, with optimum velocity mapping conditions
found for Vextractor/Vrepeller = 0.76. The field-free time-of-
flight (TOF) region is 50 cm long. The detector is com-
posed of a dual microchannel plate (MCP) in Chevron con-
figuration, coupled to a phosphor screen. Mass selection was
achieved through gating the gain in the front MCP plate. The
images thus generated on the phosphor screen are recorded
with a Peltier-cooled 12-bit charge-coupled device camera.
Typical acquisition times for each image are 30 s, corre-
sponding to 30 000 laser shots. The calibration of the appa-
ratus was done by measuring the CH3

+ image upon 268 nm
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photodissociation of CH3I and resonant multiphoton ion-
ization of CH3(ν = 0), and using the known kinetic en-
ergy (KE) release of the CH3(ν = 0) + I*(2P1/2) and CH3(ν
= 0) + I(2P3/2) channels. The energy resolution obtained is
≈ 100 meV in the 2.5 eV region for the CH+

3 fragment zone
and ≈ 40 meV in the 0.3 eV region for the I+ fragment zone.
Photoelectron images were detected with the same system by
changing the polarity of the extraction field and introducing a
μ-metal shield cylinder in the TOF chamber.

The methodology for the acquisition of delay scans is re-
alized as follows. Once the proper wavelengths were chosen
and the geometry on target optimized, including spatial pump-
probe overlap, sets of images were acquired and personal
computer stored as the temporal delay was scanned across the
desired range. An experimental run consists of a repeated se-
quence (typically between 20 and 50) of such scans, and final
stored images correspond to the accumulation of the complete
sequence. This procedure proved very effective in the opti-
mization of signal-to-noise ratio. Several experimental runs
(4 to 5) were carried out in different days to get enough statis-
tics and the results of the analysis were averaged out. Images
were Abel inverted using the polar basis set expansion (pBa-
sex) method.25

Some of the mass-selected images showed several contri-
butions, corresponding to more than one formation channel.
In these cases, a multidimensional homemade software (see
Appendix) was employed to fit the sequences of images as a
sum of contributions characterized by the product of a radial,
an angular and a temporal function with adjustable parame-
ters. This method separates the contributions that often show
partial overlap in one or more dimensions.

III. RESULTS

In this work, the time-resolved photodynamics of the
B-band in CH3I has been studied using a range of approaches
that will be presented in this section. Section III A will de-
scribe experiments of (1 + 1′) parent molecule ionization,
where the CH3I+ parent ion population decay reflects the
predissociation dynamics. Both 21

0 and 31
0 bands will be pre-

sented simultaneously, together with the corresponding re-
sults for the 00

0 band that had been shown earlier in Ref. 15.
Section III B contains a study of the iodine and methyl frag-
ment products of the predissociation process. These studies
are carried out exploiting (2 + 1) REMPI schemes existing in
the 300–350 nm region both for I and CH3, the latter in sev-
eral vibrational states. The internal energy content, the angu-
lar distributions and the time-resolved characteristics of the
process will be shown separately for the 21

0 and 31
0 bands. Fi-

nally, Section III C shows time-resolved photoelectron imag-
ing experiments that have been performed for the 00

0 and 31
0

bands as further confirmation of the observed dynamics.
As was mentioned earlier, the absorption spectrum of

CH3I in the region of 200 nm (Refs. 10 and 14) contains a
series of lifetime broadened peaks corresponding to the vi-
bronic levels that are the subject of this work. The two peaks
that clearly dominate the spectrum correspond to the 00

0 and
21

0 bands, at 201.2 nm and 196.7 nm, respectively. However,
the peak assigned to the 31

0 band at 199.2 nm is much weaker

FIG. 1. Experimental transients corresponding to parent CH3I decay after
201.2 nm (black circles, 00

0 band), 196.7 nm (blue squares, 21
0 band) and

199.2 nm (red triangles, 31
0 band) B-band excitation. Probe center wavelength

was 304.5 nm. Solid lines correspond to the fit of the experimental data ac-
cording to Eq. (1).

(Refs. 10 and 13). Excitation to all these levels is expected to
be uncontaminated by other transitions in the present exper-
imental conditions, where the spectral FWHM of the pump
laser is around 0.3 nm.

A. Time-resolved parent decays

The CH3I parent decay time was measured by acquir-
ing collections of mass-selected images as a function of de-
lay time between the pump and the probe laser pulses. Ion-
ization of the parent CH3I was produced through a (1 + 1′)
REMPI scheme. Figure 1 shows transients of the CH3I+ sig-
nal obtained for excitation at 201.2 nm (00

0 band), 196.7 nm
(21

0 band), and 199.2 nm (31
0 band) and photoionization with a

single photon of 304.5 nm. Excitation with this (1 + 1′) pro-
cess provides a total of 10.3 eV, i.e., 0.8 eV above the first ion-
ization potential. Analogously to Ref. 10, the transients were
fit by the sum of a Gaussian (corresponding to a time-zero en-
hancement of the signal, most likely related to a vertical mul-
tiphoton ionization process), and an exponential decay, con-
voluted with the temporal resolution function, as follows:

S(t) = A1e
−4 ln 2[(t−t0)/τcc]2 + A2e

−4 ln 2(t/τcc)2

⊗[e−(t−t0)/τ × H(t − t0)], (1)

where τ is the lifetime of CH3I in the B-band, τ cc is the in-
strument response, t0 is the time where pump and probe laser
pulses overlap, H(t) is the heaviside function, and A1 and A2

are the amplitudes of each component. This instrument re-
sponse τ cc corresponds to the cross correlation between the
pump and the probe pulses. This last has been measured by
time-resolved photoionization of Xe and found to be ≈ 400 fs
(FWHM).

The measured lifetimes, τ , obtained through these tran-
sients, are 1.50 ± 0.10 ps, 0.80 ± 0.10 ps, and 4.33 ± 0.20 ps
for the 00

0 (Ref. 15), 21
0, and 31

0 levels, respectively. The fact
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FIG. 2. (a) Sequence of Abel-inverted iodine images, in false color, for a pump-probe delay time of 0.2, 1, 3, and 5 ps for a pump laser center wavelength of
196.7 nm and a probe laser center wavelength of 304.5 nm. The double-sided arrow indicates the polarization axis of both lasers. (b) Center-of-mass kinetic
energy distribution of the iodine atom from the angular integration of the image for a delay time of 5 ps. The vertical line indicates the maximum available
energy and the combs give different vibrational states corresponding to the ν1 and ν2 modes of the CH3 co-fragment. (c) 2D map showing the evolution of the
kinetic energy distribution of the iodine fragment as a function of the delay time.

that the transient obtained for an excitation wavelength of
199.2 nm can be fitted with a single exponential, with no con-
tamination from additional components, is an indication that
excitation to the 31

0 band has been accomplished cleanly. The
values measured in this work are consistent with those given
by Baronavski and Owrustky,10 which were 1.38 ± 0.14 ps,
1.05 ± 0.11 ps, and 4.1 ± 0.4 ps, respectively. As previously
announced, lifetimes change drastically depending on the vi-
bronic level and therefore on the pump wavelength.

B. Time-resolved fragment ion velocity map imaging

Iodine and methyl products have been measured us-
ing time-resolved mass-selected velocity map imaging for
the corresponding ions resulting from the (2 + 1) REMPI
schemes that exist in the 304.5 nm region for I(2P3/2) and
I*(2P1/2), and in the 325–334 nm region for the CH3 species in
different vibrational states. The results will be presented sep-
arately for each of the B-band vibrational levels under study.

1. The 21
0 band

Time-resolved measurements of velocity map imaging
(VMI) detection of the iodine atom will be shown in the
first part of this section. Figure 2(a) shows a series of four
Abel-inverted images corresponding to I+ measured for dif-
ferent pump-probe delay times for a pump laser centered at
196.7 nm (excitation to the 21

0 vibronic band) and a probe
laser centered at 304.5 nm ((2 + 1) REMPI for I(2P3/2) and
I*(2P1/2) at 304.67 nm and 304.02 nm, respectively;4 both I
and I* can be ionized with the femtosecond 304.5 nm laser
pulse given its bandwidth).

Two contributions are apparent in the images. The first
is concentrated in the center of the image (low kinetic

energy content) and can be related to dissociative ioniza-
tion, probably through a process such as CH3IB−band + nhν

(304.5 nm) → CH3 + I+ , since it displays a similar temporal
behavior to that of the parent ion. The second contribution
is an anisotropic ring (appearing at ≈ 0.3 eV kinetic energy),
whose intensity increases with time until a plateau is reached
after around 5 ps. Careful analysis shows that only one single
ring is observed, and it corresponds to the channel yielding the
iodine atom in its spin-orbit excited state I*(2P1/2). No ring as-
sociated with the channel producing ground state I(2P3/2) has
been observed. This result is common to measurements by us
and other authors in the origin 00

0 band,15, 17 showing a quan-
tum yield of unity for the I*(2P1/2) channel. This issue will be
discussed further below.

The corresponding center-of-mass kinetic energy (KE)
distribution (KER) of the iodine atom for a delay time of 5 ps
between the pump and probe lasers can be seen in Fig. 2(b).
The iodine peak is broad due to the contribution of several
vibrational states of the CH3 co-fragment, which give rise to
a distribution of available kinetic energies. An indication of
the maximum KE expected for the iodine atom for some vi-
brational combinations in CH3 is represented by the combs
in Fig. 2(b). A clear progression in the ν1 symmetric stretch
mode and possibly in the ν2 umbrella mode is observed. Nev-
ertheless, due to the poor resolution in the zone of iodine de-
tection at 0.3 eV (≈ 40 meV), the vibrational structure could
not be resolved; the vibrational activity of CH3 will be dis-
cussed later.

Figure 2(c) depicts a 2D map representing the kinetic
energy distributions for the iodine atom as a function of the
delay time. The contribution at ≈ 0.3 eV corresponds to the
nascent I*(2P1/2) fragments. Integration of this signal is plot-
ted as a function of time in Fig. 3(a). The curve has been fitted
by a rising exponential convoluted with the temporal response
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FIG. 3. (a) Experimental transient corresponding to I*(2P1/2) appearance after 196.7 nm B-band excitation of CH3I to the 21
0 vibronic level. (b) Experimental

anisotropy transient corresponding to I*(2P1/2) appearance after 196.7 nm B-band excitation of CH3I to the 21
0 vibronic level. Error bars correspond to the

standard deviation of each point obtained from the set of experimental runs (see Sec. II for details).

function,

S(t) = Ae−4 ln 2( t
τcc

)2 ⊗ [(1 − e− t−t0
τ ) × H(t − t0)], (2)

where τ is the lifetime of CH3I in the B-band, τ cc is the in-
strumental response time, t0 is the time of pump-probe tem-
poral overlap, and A is an amplitude factor. Through this
method, the lifetime of CH3I in the 21

0 band is found to be 0.83
± 0.10 ps, in agreement with the lifetime measured by detect-
ing the parent decay (0.80 ± 0.10 ps).

Further insight can be gained by examining the angu-
lar character of this component in the I+ image. As is ex-
pected in a situation where the effective rotational period of
the molecule is comparable with the lifetime of the excited
state, the angular distribution of the I+ signal changes with
pump-probe delay time. All images in Fig. 2 show perpendic-
ular character, but the degree of anisotropy evolves in time.
In Fig. 3(b), the points represent the anisotropy parameter β

extracted from a fit of each angular dependence according to
the equation I(θ ) = σ /4π [1 + βP2(cos θ )] (Ref. 26), where σ

is the total absorption cross section, θ is the angle between
the polarization axis and the fragment velocity vector, and
P2(cos θ ) is the second Legendre polynomial. In principle,
aligned I-atoms can be produced in the predissociation pro-
cess and thus higher order terms (including β4 and β6) have to
be considered in the above equation as additional terms. How-
ever, for linearly polarized light and (2 + 1) REMPI detection,
the I*(2P1/2) atoms cannot be aligned or oriented because the
populations of the MJ = ±1/2 levels must be equal.27 As can
be observed, for early times β≈ −1, as is expected for a per-
pendicular transition, but this extreme anisotropy is lost with
time, and β evolves towards an asymptotic value of approx-
imately −0.6 ±0.1. If this behavior is fitted with an expo-
nential function, analogous to Eq. (2), a characteristic time of
0.75±0.1 ps is obtained. These results are similar to those ob-
served for the anisotropy measured from the I+ images when
CH3I is excited to the 00

0 band (see Fig. 2(b) in Ref. 15). An
estimate of the loss of anisotropy due to molecular rotation
can be derived from a semiclassical model.28, 29 According
to this model, an asymptotic value of the anisotropy param-
eter of −0.6 is compatible with a rotational temperature of
the molecular sample of about 30 K, which seems quite rea-
sonable considering the supersonic expansion producing the
CH3I molecular beam in our experiment.

Direct detection of the CH3 co-fragment provides ad-
ditional information. Time-resolved VMI measurements of
CH3 have been carried out and are shown below. The (2 + 1)
REMPI schemes exploiting the two-photon resonance for
the 3pz(2A′′

2 ← 2A′′
2) transition in CH3 are employed.5 For

these, the probe laser has been centered at the wavelengths of
333.5 nm, 329.4 nm, or 325.8 nm for the study of the CH3 00

0,
21

1, and 22
2 bands of the transition. This allows for independent

exploration of vibrational activity in the ν2 (umbrella) mode
of nascent CH3. As will be shown, activity in the ν1 (sym-
metric stretch) mode can also be studied due to the spectral
proximity to the unexcited band and to the broad spectrum of
the probe laser pulse.

Figure 4(a) shows four mass-selected images for CH3

at selected pump-probe delay times for a probe laser center

FIG. 4. (a) Sequence of Abel-inverted methyl images, in false color, for a
pump-probe delay time of 0.2, 1, 3, and 5 ps for a pump laser center wave-
length of 196.7 nm for B-band excitation of CH3I to the 21

0 vibronic level and
a probe laser center wavelength of 333.5 nm. The double-sided arrow indi-
cates the polarization axes of both lasers. (b) 2D map of the KE distribution
of the CH3 fragment as a function of the delay time.

Downloaded 11 Mar 2013 to 161.111.20.160. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



074303-6 Gitzinger et al. J. Chem. Phys. 136, 074303 (2012)

wavelength of 333.5 nm. The images show three rings (in de-
creasing order of intensity from the outer to the inner ring)
that can be assigned to CH3(ν = 0) (outer ring), CH3(ν1 = 1)
(middle ring), and CH3(ν1 = 2) (inner ring), always in correla-
tion with I*(2P1/2). It is important to note that no indication of
a component in correlation with ground-state iodine I(2P3/2)
has been found, in agreement with the direct iodine measure-
ments shown above. As was mentioned before, CH3 excited
in the ν1 mode can be detected because of the spectral prox-
imity of the 11

1 and 12
2 bands to the target 00

0 band. Angular
integration provides the kinetic energy distributions, and the
complete measurement is shown in Fig. 4(b) in the form of a
2D map containing the CH3 KE distributions as a function of
time.

As was done for the I+ images shown above, further in-
sight can be gained by examining the angular character of the
different components in the CH+

3 images. In contrast with
the I-atom angular distributions, that were fitted using just
one overall anisotropy parameter β, in the case of CH3, it
was necessary to use β2 and β4 anisotropy parameters for
good fitting (β6 ≈ 0 in all cases), according to the equation
I(θ ) = σ /4π [1 +β2P2(cos θ ) + β4P4(cos θ ) + β6P6(cos θ )],
where P2, P4, and P6 are the second, fourth, and sixth order
Legendre polynomials. Similarly to the I-atom angular dis-
tributions, the CH3 angular distributions change with pump-
probe delay time. However, at variance with the I-atom an-
gular distribution which shows a β2 parameter close to the
−1 limiting value for a perpendicular transition at the short-
est delay times and then β evolves to approximately −0.6
± 0.1 at long enough delay times (here β4 = 0; see above),
in the case of the CH3 main component (ν = 0) angular dis-
tribution, β2 varies from −0.52 at the shortest delay time up to
−0.04 at asymptotic delay times and β4 changes from −0.11
up to −0.07. The time-dependent behavior of β2 and β4 is
shown in Fig. 5. This same complex behavior has been ob-
served by Blanchet and co-workers17 and has been assigned
to CH3 fragment rotational alignment. Work is in progress in
our group to perform a quantitative analysis of the anisotropy
of the CH3 fragment, which includes measurements at differ-
ent polarization geometries of the pump and probe lasers.

FIG. 5. Time dependence of the β2 (black) and β4 (red) anisotropy param-
eters for the CH3(ν = 0) fragments arising from the predissociation of CH3I
from the 21

0 vibronic level.

As mentioned above, vibrational activity in CH3 has
been explored by tuning the probe laser center wavelength
to the center of the 00

0, 21
1, and 22

2 bands of the 2-photon
3pz(2A′′

2 ← 2A′′
2) transition employed for REMPI. The three

KE distributions resulting from those experiments, carried out
for a long delay time (10 ps) between the pump and the probe
laser pulses, are shown in Fig. 6(a).

In order to obtain quantitative estimates of the de-
gree of vibrational activity in nascent CH3, ion images of
this fragment were also acquired by probing with a short,
non-resonant laser pulse centered at ≈ 800 nm to produce
ionization in a multiphoton ionization (MPI) process. The
corresponding images showed a similar overall structure, ex-
cept with the contributions broadened in energy, as is ex-
pected due to the lack of selectivity of the vibrational state of
the product fragment. The method has consisted of finding the
best fit to the non-resonant KE distribution curve by optimiza-
tion of the weights of the individual resonant contributions.
The curve obtained from this procedure is shown, in compar-
ison with the experimental non-resonant result, in Fig. 6(b).

Table I shows the CH3 vibrational states that have been
detected, together with the estimates of relative populations
obtained through this method. The method assumes that the
excitation efficiency is the same for all transitions observed,
which need not be the case. However, the fact that a good fit
has been found to the non-resonant probe result, indicates that
the assumption is reasonable. In any case, the relative popu-
lations thus extracted, shown in Table I, must be understood
qualitatively. As can be seen, vibrational activity into the ν1

mode of CH3 increases quite substantially when B-band exci-
tation is produced to the 21

0 vibronic level in comparison with
excitation to the band origin (00

0). In the case of CH3 detection
centered at the 21

1 and 22
2 bands, the additional inner rings in

the images (lower energy peaks in the KE distributions) are
assigned to ν1, ν2 combination bands, whose populations are
also included in Table I.

Integration of each of the components of the CH3 sig-
nal for a range of pump-probe delays yields a collection
of transients, i.e., signal magnitude as a function of time,
that are shown in Fig. 7. The curves have been fitted
by an exponential function convoluted with the temporal

TABLE I. Vibrational levels observed in the ground electronic state of CH3

in correlation with I*(2P1/2) appearing upon B-band predissociation of CH3I
from different vibronic levels, with estimated relative populations (±10%).
See text for more details.

CH3(ν1,ν2) B-band vibronic level

ν2 ν1 00
0 (Ref. 15) 21

0 31
0

0 0 37 34 29
0 1 7 23 20
0 2 <1 4 7
1 0 28 25 15
1 1 4 9 8
1 2 <1 <1 2
2 0 24 5 12
2 1 <1 <1 6
2 2 <1 <1 1

Downloaded 11 Mar 2013 to 161.111.20.160. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



074303-7 Femtosecond predissociation CH3I J. Chem. Phys. 136, 074303 (2012)

FIG. 6. (a) CM CH3 KE distributions measured at a pump-probe delay time of 10 ps, with a pump laser centered at 196.7 nm for B-band excitation of CH3I to
the 21

0 vibronic level and a probe laser centered at 333.5 nm (top), 329.4 nm (middle), and 325.8 nm (bottom), in resonance with the Q branch of the two-photon
3pz(2A′′

2 ← 2A′′
2) transition in CH3 in its 00

0, 21
1, or 22

2 bands, respectively. (b) CM CH3 KE distribution upon B-band excitation of CH3I at 196.7 nm to the
21

0 vibronic level and subsequent CH3 non-resonant MPI probing with pulses centered at ≈ 800 nm delayed by 10 ps (open circles). Colored lines contain the
resonant probing distributions shown in the left panel, at 333.5 nm (dashed purple), 329.4 nm (dashed red), and 325.8 nm (dashed blue). The solid black line is
the distribution obtained through the weighted sum of the three KE distributions for resonant CH3 probing.

response function (see Eq. (2)). The characteristic risetimes,
obtained separately for each state, are summarized in Table II
along with the lifetimes obtained from the parent decay and
the I-atom transients. As can be expected, no differences in
the lifetimes of the CH3(ν) products could be observed. The
values are also totally consistent with those obtained from the
measurement of the parent decay and iodine appearance pre-
sented in Secs. III A and III B 1.

2. The 31
0 band

The 31
0 band represents a more challenging case. As is

clear from the absorption spectra reported in Refs. 10 and 14
this vibronic band, centered at 199.2 nm, shows very low ab-
sorption compared to the 00

0 and 21
0 bands. Signals are consid-

TABLE II. Lifetimes (in ps) observed upon B-band excitation of CH3I in
the 00

0, 21
0, and 31

0 levels obtained from the different experiments carried out
in the present work.

Vibronic level

Detection method 00
0 21

0 31
0

I*(2P1/2) fragment 1.52 ± 0.10 0.83 ± 0.10 4.45 ± 0.30
Parent ion 1.50 ± 0.10 0.80 ± 0.10 4.33 ± 0.20
CH3(ν = 0) 1.44 ± 0.14 0.85 ± 0.16 . . .
CH3(ν1 = 1) 1.57 ± 0.18 0.78 ± 0.10 . . .
CH3(ν1 = 2) . . . 0.92 ± 0.24 . . .
CH3(ν2 = 1) 1.57 ± 0.20 0.88 ± 0.10 . . .
CH3(ν1 = 1; ν2 = 1) 1.76 ± 0.25 0.92 ± 0.10 . . .
CH3(ν1 = 2; ν2 = 1) . . . 0.88 ± 0.18 . . .
CH3(ν2 = 2) 1.42 ± 0.20 0.85 ± 0.14 . . .
CH3(ν1 = 1;ν2 = 2) 1.53 ± 0.20 0.90 ± 0.21 . . .
Photoelectrons 1.57 ± 0.20 . . . 4.30 ± 0.20
Average values 1.52 ± 0.05 0.86 ± 0.04 4.34 ± 0.13

erably lower in this case, and more ample statistics are nec-
essary. Also, care must be taken in order to ensure that the
least possible contamination from nearby bands is occurring.
Time-resolved experiments have been performed for the exci-
tation in this level similarly to what has been described for the
21

0 band, and the results will be presented in the same order.
Figure 8(a) shows the evolution of the kinetic energy

distribution measured for the I-atom appearance as a func-
tion of delay time for excitation at 199.2 nm (31

0 band) ex-
tracted from the corresponding I+ images. In these experi-
ment, the probe laser is centered at 304.5 nm ((2 + 1) REMPI
for I(2P3/2) and I*(2P1/2); see above). Similarly to the obser-
vations for the 21

0 band, the main component of the iodine im-
ages for long pump-probe delay times is an anisotropic ring at
≈ 0.3 eV, of perpendicular character, that can be mainly as-
signed to the formation of iodine in its spin-orbit excited state
I*(2P1/2). This component is relatively broad in energy and
can be seen in the range of 0.25–0.35 eV. The intensity of
this ring increases with time until a plateau is reached after
around 15 ps. It is signaled on the 2D maps of Fig. 8(a) with
a red arrow. Another component is present in the central part
of the image (i.e., low kinetic energy), but, in contrast to the
observations for the 21

0 band, in this case this component is
extremely short-lived (only present during pump-probe tem-
poral overlap). It is indicated on the map with a blue arrow.
We believe this component is related to multiphoton disso-
ciative ionization processes yielding CH3 + I+. No low-KER
component with a measurable decay time, such as observed
for 21

0, is detected in this case, possibly due to the low absorp-
tion for the 31

0 band.
The iodine images for this vibronic band possess, how-

ever, greater complexity when compared to the 21
0 band, show-

ing an additional component consisting of an energetically
narrow contribution appearing at ≈ 0.3 eV, indicated on the
map with a yellow arrow. This component grows very fast and
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FIG. 7. Experimental transients corresponding to the CH3(ν1, ν2) fragment
appearance after 196.7 nm B-band excitation of CH3I to the 21

0 vibronic level.
Each curve corresponds to the integration of a population component of the
CH3 signal (see text). The lines are fits to the data according to Eq. (2). All
risetimes obtained are compatible within errors. Error bars correspond to the
standard deviation of each point obtained from the set of experimental runs
(see Sec. II for details).

reaches a plateau at ≈ 0.5 ps. Only a global 3D analysis of the
measurements (see Appendix) has permitted the observation
of this component, since it is about two orders of magnitude
weaker than the main, broad component at 0.3 eV.

For a long delay time between the pump and probe pulses
(asymptotic situation), the kinetic energy distribution of io-
dine essentially contains the broad contribution around 0.3 eV,
that can be seen in Fig. 8(b). For this figure, angular integra-
tion has only been performed in the range of ±20◦ around the
equator to avoid as much as possible the contribution from
strong signal in the center of the image. From these results,
it is clear that in this band vibrational activity in the CH3 co-
fragment is higher than for the 21

0 band (it is interesting to
compare with Fig. 2(b)). It is also noteworthy that the distri-
bution presents a possible component with kinetic energy in
excess of the available energy for the I*(2P1/2) channel, be-
yond instrument resolution (compare again with Fig. 2(b)).
From this observation, together with the methyl results that
will be presented below, this component has been assigned to
the detection of a ground state I(2P3/2) channel, visible upon
excitation at this wavelength. This point will be discussed fur-
ther below.

Integration of each of the components at ≈ 0.3 eV yields
temporal transients that are shown in Fig. 9(a). The discrimi-
nation of the two components has only been possible through
the use of the 3D fitting procedure described in Appendix.
Lifetimes are found to be 0.17 ± 0.1 ps and 4.45 ± 0.3 ps for
the fast and slow signals, respectively. It is clear that the main,
slow component corresponds to iodine resulting from CH3I
predissociation from the 31

0 band, with a lifetime that is com-
patible with that obtained from parent decay measurements
in Sec. III B 1 (4.33 ± 0.20 ps). In addition, the β parame-
ter of the fast component remains unchanged and is equal to
−1 while the initial and final values of β for the slow com-
ponent are found to be −1 and −0.62. Once again, the latter
temporal change of the anisotropy parameter β has been fitted
with a function of the form Eq. (2) and a characteristic time of
3.73 ± 0.3 ps has been found (Fig. 9(b)), slightly lower than
the lifetime of the excited state.

FIG. 8. (a) 2D map showing the evolution of the KER of the iodine fragment as a function of the delay time from 0 up to 20 ps (top) and up to 1.5 ps
(bottom) for the 31

0 band. The three components that are described in the text are indicated with colored arrows. Red arrow: Main, broad component, with slow
temporal rise, centered around 0.3 eV. Yellow arrow: Energetically narrow component around 0.3 eV with a rapid temporal rise. Blue arrow: Energetically
broad component observed only during the temporal overlap of the two lasers. (b) Kinetic energy distribution of the iodine atom for a long delay time (30 ps)
between the pump and probe pulses. Integration has been performed only for the angular range of ±20◦ around the equator (see text for details). Maximum
kinetic energies expected for several channels are indicated.
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FIG. 9. (a) Experimental transient corresponding to the iodine atom appearance after 199.2 nm excitation of CH3I (slow component). (b) Same as (a), but for
the fast component. (c) Anisotropy parameter β of the iodine signal (slow component) as a function of time. Fits have been performed using the functional
form of Eq. (2), with characteristic times of 4.45 ± 0.3 ps, 0.17 ± 0.1 ps, and 3.73 ± 0.3 ps for the slow component, the fast component, and the change of the
anisotropy parameter, respectively. Error bars correspond to the standard deviation of each point obtained from the set of experimental runs (see Sec. II for
details).

Dynamics upon 31
0 B-band excitation in CH3I can be ex-

plored further by direct measurement of the CH3 fragment,
as was done for the 21

0 case. Similarly, VMI measurements of
CH3 have been performed using the (2 + 1) REMPI schemes
through the 3pz(2A′′

2 ← 2A′′
2) transition with probe laser

wavelengths of 333.5 nm, 329.4 nm, or 325.8 nm for the use
of the 00

0, 21
1, and 22

2 bands of the transition.
A contrast-enhanced asymptotic image obtained for CH3

with a probe wavelength of 333.5 nm is shown in Fig. 10(a).
The image is rather similar to that detected for the 21

0
band (see Fig. 4(a)), with three rings that can be assigned
to CH3(ν = 0) (outer ring), CH3(ν1 = 1) (middle ring), and
CH3(ν1 = 2) (inner ring), always in correlation with I*(2P1/2).
A higher degree of vibrational excitation is evident though in
the higher intensity of the inner rings. However, an impor-
tant difference must be pointed out for this case: the presence
of another (much fainter) series of rings with a larger diam-
eter (higher KER) than that corresponding to CH3(ν = 0) in
correlation with I*(2P1/2). For 329.4 nm and especially for
325.8 nm probing (images not shown), this second series of
rings becomes relatively more important. This can be seen
more clearly in Fig. 10(b), where the asymptotic KERs are
plotted. We believe that the second series of rings can be as-
signed to CH3 in correlation with ground-state iodine. In this
channel, CH3 mainly appears with one quantum of excitation
in the symmetric stretch mode, ν1 = 1. The implications of
this finding will be explored in Sec. IV.

Similarly to the procedure described for the 21
0 band,

non-resonant probing of nascent CH3 was carried out with

a short laser pulse at ≈ 800 nm that ionizes CH3 in all vi-
brational states. The CH3 KER thus obtained is shown in
Fig. 10(c). The comparison of the results with those obtained
resonantly provides estimates of the relative populations
in the vibrational states of the nascent fragment, according
to the method described in Sec. III B 1. The curve obtained
by the weighted sum of the three KERs obtained resonantly
is also shown in Fig. 10(c), together with the distribution ob-
tained non-resonantly. The values of the estimated vibrational
distributions for CH3 are shown in Table I. This non-resonant
probe experiment also allows us to provide an estimate for
the I* quantum yield in the process, for which a value of 0.93
± 0.05 has been obtained.

C. Time-resolved photoelectron velocity map imaging

Time-resolved photoelectron velocity map imaging ex-
periments have been performed for the 00

0 and 31
0 vibronic

levels of the B-band. These experiments were designed to pro-
vide a more complete picture of the process, especially in the
case of the more complex 31

0 band. In all cases, a short pump
pulse centered at the wavelength of the vibronic transition un-
der study, and a short probe pulse centered at 304.5 nm (reso-
nant ionization of iodine and non-resonant ionization of CH3I
and CH3) were employed.

Figure 11 shows the recorded images for different pump-
probe delay times for a pump laser centered at a wave-
length of 201.2 nm (left, 00

0 band) and 199.2 nm (right, 31
0

band) and a probe laser centered at 304.5 nm. At pump-probe
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FIG. 10. (a) Abel-inverted CH+
3 image, in false color, obtained upon 199.2 nm excitation of CH3I (31

0 band) and 30 ps delayed 333.5 nm probing of CH3 (00
0

band of the fragment). The contrast of the image has been increased in order to appreciate the details better. The inset to the right corresponds to a 4× contrast
enhanced portion of the image shown to the left to better appreciate the outer weak ring (indicated with the yellow arrow). (b) CM CH3 KE distributions
recorded at a pump-probe delay of 30 ps, with a pump laser centered at 199.2 nm (31

0 band) and a probe laser centered at 333.5 nm (top), 329.4 nm (middle), and
325.8 nm (bottom), in resonance with the Q branch of the two-photon 3pz(2A′′

2←2A′′
2) transition in CH3 in its 00

0, 21
1, or 22

2 bands, respectively. (c) CM CH3 KE
distribution upon B-band excitation of CH3I at 199.2 nm and subsequent CH3 non-resonant MPI probing with pulses spectrally centered at ≈ 800 nm delayed
by 30 ps (open circles). Colored lines contain the resonant probing distributions shown in the left panel, at 333.5 nm (dashed purple), 329.4 nm (dashed red),
and 325.8 nm (dashed blue). The solid black line is the distribution obtained through the weighted sum of the three KE distributions for resonant CH3 probing.

temporal overlap, we observe a series of rings that correspond
to the photoelectrons originated through ionization of CH3I,
leading to the formation of CH3I+ and the release of an elec-
tron. These rings gradually disappear, and for long delay times
(20 ps) two new rings emerge that can be attributed to the
appearance of iodine atoms. These photoelectrons are
strongly enhanced due to the use of a REMPI scheme for the
I-atom ionization.

From the photoelectron images above it is possible to ob-
tain the photoelectron spectra relative to the binding energy.

This is shown in Fig. 12, where the top row is acquired near
temporal overlap (400 fs delay between the pump and probe
pulses) for an excitation at 201.2 nm (00

0 band, Fig. 12(a))
or at 199.2 nm (31

0 band, Fig. 12(b)). At short delay times
the photoelectrons are originated in the parent molecule, and
therefore the photoelectron data are represented as a func-
tion of the binding energy of the electron in CH3I. For the
00

0 band, the most important contribution is related to the ori-
gin band of the CH3I+(E3/2) ground state. Other weaker peaks
are observed, the most prominent ones corresponding to the

FIG. 11. Left: Sequence of Abel-inverted photoelectron images, in false color, for a pump-probe delay time of 0, 0.3, 2, and 20 ps for a pump laser center
wavelength of 201.2 nm (00

0 band) and a probe laser center wavelength of 304.5 nm. The double-sided arrow indicates the polarization axis of both lasers. Right:
Sequence of Abel-inverted photoelectron images, in false color, for a pump-probe delay time of 0, 1, 5, and 20 ps for a pump laser center wavelength of 199.2
nm (31

0 band) and a probe laser center wavelength of 304.5 nm. The double-sided arrow indicates the polarization axis of both lasers.
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FIG. 12. Photoelectron spectra plotted relative to the binding energy. Top row: Pump-probe delay time of 400 fs (photoelectron kinetic energy distribution
plotted as a function of the binding energy for the parent molecule). (a) Pump laser center wavelength of 201.2 nm (00

0 band). (b) Pump laser center wavelength
of 199.2 nm (31

0 band). Bottom row: Pump-probe delay time of 30 ps (photoelectron kinetic energy distribution plotted as a function of the binding energy in
the iodine product). (c) Pump laser center wavelength of 201.2 nm (00

0 band). (d) Pump laser center wavelength of 199.2 nm (31
0 band). In all cases, the probe

laser center wavelength is 304.5 nm.

CH3I+(E3/2) ν2 = 1, ν1 = 1, and ν4=1 modes. Additionally,
a weak peak is seen at 10.14 eV, which could be assigned
to the electronically excited ion configuration CH3I+(E1/2).
Even though core conservation is primarily expected,13 we
believe that this is the most likely assignment, since no vi-
brations correspond to this value of the binding energy. It is
interesting to note that, for pump-only excitation at 201.2 nm,
only the peak corresponding to the CH3I+(E3/2) ground state
is observed ((1 + 1) process), as had been reported in Ref.
16. These parent ion excitations had been observed in old
VUV photoelectron spectra such as those reported in Ref. 30
or zero kinetic energy electron (ZEKE) measurements.31 To
our knowledge, the only previous study of photoelectrons
arising from (1 + 1′) ionization of CH3I using the resonant
Rydberg states is the measurement of Thiré et al.,16 and
was performed for the origin band of the 6s[2] state (pump
laser tuned to 201.2 nm). In that study, three different probe
wavelengths (346.0 nm, 322.8 nm, and 313.0 nm) were ex-
plored and gave similar results. Our results for the 00

0 band,
performed with a probe wavelength of 304.5 nm, yield com-
patible data, the only uncertainty being the assignment of the
CH3I+(E1/2) peak, which lies beyond their reported data.

More interesting is the case of the 31
0 band, with excita-

tion at 199.2 nm, for which the photoelectron spectra changes
significantly, as can be seen in Fig. 12(b). In this case, the

main contribution is related to the formation of CH3I+ with
one quantum of excitation in the ν3 mode. Since the poten-
tial energy surface of the B 6s[2] Rydberg state is similar to
the ground state surface of the ion, transitions with 	ν = 0
are expected to dominate.14, 16 Significant population in the ν3

= 1 state of the ion is indeed expected due to initial excitation
to the ν3 = 1 level of the Rydberg state. The fact that this ν3

= 1 component of the photoelectron spectrum is the main one,
with practically no contribution originated in the CH3I+(E3/2)
ν = 0, ν2 = 1, or ν6 = 1 levels is proof of the sole excitation
of the ν3 = 1 vibrational state of the B-band upon 199.2 nm
irradiation. Other vibrational combinations are visible in the
spectrum, but always with at least one quantum of excitation
in the ν3 mode.

When acquired with a long delay time between the pump
and probe laser pulses, the photoelectrons are originated from
the iodine atoms resulting from dissociation. (2 + 1) REMPI
schemes are resonant for both I and I* when a short pulse at
304.5 nm is employed. Figures 12(c) and 12(d) contain the
photoelectron energy distributions, with the x-axis indicating
the binding energy for the I atom. Evidence for I* formation
is clear for both the 00

0 and the 31
0 bands; evidence for ground

state I formation, on the other hand, is unclear, given that
the only signature, I(3P3/2) → I+(3P2), would appear to the
right of the I*(2P1/2) → I+(3P1) contribution, but within the
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FIG. 13. (a) Experimental transients corresponding to the photoelectron signal originated from the ionization of the parent molecule after B-band excitation of
CH3I and ionization at 304.5 nm. (b) Same as in (a) but for the ionization of the iodine atom.

resolution of the apparatus; only a slight indication of its pres-
ence appears in the 31

0 data, in the form of a shoulder to the
right of the main I* signal. No ground state iodine formation
for the 00

0 band, and a minor I channel for the 31
0 band is ex-

pected from the ion data that were presented in the preceding
section.

Since the electrons originated in CH3I and those origi-
nating in iodine are spatially separated in the velocity map
images, it is possible to perform a partial integration of the
signal. This has been done for sequences of pump-probe de-
lays and is shown in Fig. 13. Through this method, lifetimes
have been found to be 1.57 ± 0.2 ps and 4.30 ± 0.2 ps for the
excitation at the 00

0 and 31
0 levels, respectively, in agreement

with the values obtained with ion detection techniques. This
serves as a further measurement of the lifetimes and as proof
of the assigned peaks in the photoelectron spectra.

As can be seen in the images depicted in Fig. 11, the
angular distributions of the photoelectrons arising from the
parent ion CH3I+ and the fragment ion I+ are complex,
especially for the former. We have fitted the angular distri-
butions of the main ring assigned to the CH3I+ and of the
main ring assigned to the I+ using anisotropy parameters up
to the eighth order. In general, we have found that the β6 and
β8 parameters are close to zero at all time delays, whereas
the β2 and β4 parameters evolve significantly with time. In
the case of the CH3I+ photoelectrons for the 00

0 band, β2

and β4 parameters change from about 0.45 and −0.40 at zero
time delay to 0.20 and 0 at about 10 ps, respectively. For the
I+ photoelectrons, β2 and β4 change from 0.10 to −0.10 at
zero time delay to about 0.85 and −0.25 at 20 ps time de-
lay, respectively. Qualitatively same behavior is observed for
the photoelectrons when excitation is to the 31

0 vibronic band.
Figures showing the time-evolution of the β2 and β4 for both
the CH3I+ and I+ photoelectrons upon excitation to the 00

0
and 31

0 bands are included as supplementary material.39 It is
out of the scope of the present paper a quantitative analysis
and discussion of these photoelectron angular distributions.

IV. DISCUSSION

The characteristics of B-band predissociation in CH3I, in-
cluding lifetimes, anisotropy, branching ratio, and vibrational
activity of the methyl fragments, have proven to be strongly
dependent on the vibrational level of initial excitation in the

parent molecule. Figure 14 shows the detail of the poten-
tial energy curves that intervene in the excitation/deactivation
upon irradiation in this part of the spectrum, according to
the ab initio calculations of Alekseyev and co-workers,18 and
the dashed lines show the Franck-Condon region. As can be
inferred from the graph, the extreme sensitivity to the vi-
brational excitation is related to the details of the crossings
between the potential energy surfaces and the spatial dis-
tributions of the wave functions at each vibrational level.
Therefore, systematic measurements of the properties of this
predissociation process provide challenging constraints for
theoretical descriptions of this system.

Lifetimes in particular show clearly distinct behavior.
Out of those examined, excitation of the ν2 = 1 level (um-
brella mode of CH3 within the CH3I molecule; 21

0 band) re-
sults in the fastest predissociation (average value consider-
ing all measurements τ = 0.85 ±0.04 ps; see Table II), while
the ν3 = 1 level (one quantum of excitation in the C-I stretch
mode; 31

0 band) presents the slowest predissociation (τ = 4.34
± 0.13 ps; see Table II). It would seem in principle counter-
intuitive that excitation precisely in ν3 (the mode of elonga-
tion of the C-I bond) corresponds to a slower dissociation.
However, as pointed out by Alekseyev et al.,18 ab initio cal-
culations show that the 3A1 repulsive state crosses the B-band
very close to the equilibrium C-I distance of the latter. In
this case, the ground state wave function would have a larger

FIG. 14. Potential energy surfaces of CH3I in the region of 200 nm along
the C-I coordinate. The main mechanism for predissociation after excitation
in the B-band is the interaction with the 3A1(4E) curve (curved arrow), but
decay through the 1Q1 state cannot be ruled out (horizontal arrow), according
to the findings of this work (figure adapted from Ref. 18).
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overlap with the degenerate continuum state than the ν3 = 1
level, with a node in the C-I dimension near the position of
the curve crossing, which would imply a lower coupling and
therefore a slower predissociation. This qualitative descrip-
tion can justify the behavior observed; ab initio electronic
structure and quantum dynamics calculations are under way
in our group to attempt a quantitative explanation.

With regard to the lifetimes measured, it is interesting
to compare our results with those reported in Ref. 17 for
the 00

0 band. In that reference, the authors claim that the ob-
served lifetime measured through the appearance of the CH3

fragment, is sensitive to the angle between the polarization
axis of the probe laser and the C3 axis of the fragment result-
ing from dissociation. We have not observed this effect: all
lifetimes measured for a given parent excitation (parent decay,
iodine appearance, methyl appearance, and photoelectrons)
are compatible within errors. Experiments have also been car-
ried out with orthogonal polarizations of the pump and probe
lasers, with results that do indicate the existence of fragment
alignment (consistent with the results shown in Fig. 2 of
Ref. 17), but the lifetimes obtained from those are also con-
sistent with those obtained from Abel-invertible images.

The anisotropy of the iodine atom displays a similar tem-
poral behavior as the predissociation rate; the initial value is
found to be −1, which is consistent with the perpendicular
character of the transition, and then the β parameter increases
to a value that depends on the vibronic level (−0.62 ± 0.05 for
the 31

0, −0.6 ± 0.1 for 21
0, and −0.5 ± 0.1 for 00

0). Although
the rising times for the anisotropy are always lower than the
lifetimes, they turn out to be on the same order, indicating
that the evolution of the anisotropy is related to the lifetime of
predissociation. It is interesting to note that the slowest band
has the higher (in absolute value) final β; this measurement
is counter-intuitive and has not been completely understood,
since anisotropy is expected to be lost upon rotation of parent
molecules in the B-band and, and therefore, a more isotropic
trend would be expected as the lifetime increases.

As regards final product states, the results obtained for
the excitation of CH3I in the 21

0 transition of the B-band (i.e.,
one quantum of excitation in the umbrella mode of the parent
CH3I molecule) can be compared with those that had been re-
ported by us previously for the 00

0 band. In both cases, only a
single-component, spin-orbit excited I*(2P1/2) channel is ob-
served, which can be related to the interaction between the
bound 3R1 Rydberg state and the repulsive 3A1(E) state be-
longing to the A-band. However, significant differences have
been found in the vibrational excitation in the nascent CH3

fragment. It is interesting to point out that excitation of the
ν2 mode in the parent molecule does not seem to result in
a higher degree of excitation in the ν2 mode of the methyl
fragment, even though these modes are of similar nature (um-
brella motion of the CH3 species). It is possible that the fact
that this motion is not “inherited” upon dissociation is related
to the different geometry of CH3 in the molecule (pyramidal)
and as an isolated radical (planar), causing largely differing
values of the mode energy (1254 cm−1 for CH3I, 606 cm−1

for CH3). Instead, the excess vibrational energy in the parent
seems to be channelled into the ν1 mode of CH3 (symmetric
stretch). Clearly, as can be observed both through iodine and

methyl detection, more intense ν1 > 0 components have been
detected. These trends (similar degree of ν2 excitation and
higher degree of ν1 excitation in nascent CH3) are shared by
the 31

0 band (ν3 = 1 excitation of the parent CH3I molecule).
Ab initio potential energy surfaces in two dimensions would
be required to explain why excitation of the ν2 or ν3 modes
of the CH3I molecule seems to be channelled into symmetric
stretch excitation in the CH3 fragment.

Important information on the nature of the predissoci-
ation routes in the B-band is derived from the examination
of the branching ratio between the spin-orbit excited and the
ground-state iodine channels, defined as �*=[I*]/([I] + [I*]).
Some controversy has existed in the literature over this is-
sue, since values lower than unity had been found in diode
laser gain/absorption measurements.19, 33 However, we be-
lieve that consensus has been reached in this sense that the
diode laser measurements were distorted due to the presence
of molecular iodine.19 All the other previous measurements of
this quantity15, 17, 18, 24, 32 have yielded unity, except the recent
work by González et al.,34 which will be discussed below. In
his very recent theoretical work, Alekseyev and co-workers18

conclude that the only possibility to obtain I(2P3/2) ground
state atoms after B-band excitation is by interaction with
the repulsive A-band 1Q1(E) state (plotted in Fig. 14), and
this would only come into play at excitation energies above
55 000 cm−1. The authors thus conclude that it would be in-
teresting to look for the appearance of ground state I(2P3/2)
atoms through excitation around 180 nm.

Our experimental results performed around 200 nm seem
to contradict this idea in part. It is true that the branching ratio
�* has been found to be unity for the 21

0 and 00
0 bands. Nev-

ertheless, in the case of 31
0 level, methyl fragments that are

formed in correlation with I(2P3/2) have been observed, and
the direct observation of iodine atoms also shows a shoulder
towards higher kinetic energies that we believe to be related
to ground state I(2P3/2). As a further test, this component also
presents a slow (≈ 4 ps) temporal rise, as the main I*(2P1/2)
component. As was indicated in the Sec. III, through our mea-
surements we obtained an experimental branching ratio for
the 31

0 band of 0.93 ± 0.05.
From the curves shown in Fig. 14, it is clear that the cou-

pling of the low-lying levels of the 3R1 state with the repul-
sive 1Q1 state in the region explored in this work must be
low. The vibrationless level and the ν2 = 1 level dissociate
strongly via the 3A1 state, as is derived from the fast predis-
sociation times, and this leads to the formation of I*(2P1/2)
only. In contrast, the ν3 = 1 level shows considerably slower
predissociation lifetimes, which, as discussed above, could be
related to the lower coupling between this vibronic level of
the Rydberg state and the dissociative continuum of the 3A1

state. We believe that this fact opens a window that allows the
observation of the channel resulting from the interaction with
the 1Q1 state, even at these relatively low excitation energies
(≈ 50 000 cm−1). As is expected, the temporal lifetime ob-
served for this weak channel coincides with that measured for
the main I*(2P1/2) component, since it is determined by the
strength of the strongest coupling.

There exists a precedent for this observation of ground-
state iodine atom upon B-band excitation of CH3I, and it was
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found precisely for excitation to the 31
0 band in a nanosec-

ond experiment.34 In that work, the authors give values of
the branching ratio of 0.95±0.01 for the CH3(ν1 = 1) chan-
nel, and 1.00 ± 0.01 for the CH3(ν = 0) channel. These values
are consistent with those found in this work. We believe the
consistency between our results and the nanosecond results
obtained in Ref. 34 offers strong evidence for the presence of
this route in the B-band, lowering the threshold from the the-
oretically expected18 55 000 cm−1 to 50 223 cm−1. It is pos-
sible, however, that this is quite exceptional for the 31

0 band,
due to the spatial structure of the wavefunction.

Another interesting effect observed only for excitation at
199.2 nm (31

0) has been the observation of a minor channel
where the fast appearance (<200 fs) of I*(2P1/2) atoms oc-
curs. This fast component shows similar kinetic energy re-
lease (albeit narrower energy distribution) as the main, slow
component, but unchanged anisotropy (β ≈ −1). We believe
that this fast peak at ≈ 0.3 eV may be due to fast dissocia-
tion of CH3I upon direct excitation to the dissociative A-band.
Competition of the weakly absorbing states of the A-band
would be possible only because of the low absorption cross
section of the B-band 31

0 transition. That the 3Q0 state could
be responsible for this absorption can be ruled out not only on
energy grounds (unfavorable situation in the Franck-Condon
region), but also because of the angular nature of the ion frag-
ment distribution, which has been found to be perpendicular,
whereas the 3Q0 ← X1A transition is known to be parallel. We
believe that weak absorption either to the 3A1(4E) state must
be responsible for this observation.

V. CONCLUSIONS

A femtosecond pump-probe experiment carried out with
the velocity map ion and photoelectron imaging techniques
has been employed to obtain a detailed picture of the real-time
B-band photodissociation in CH3I. Separate resonant I and
CH3 measurements, together with non-resonant CH3 probing,
have demonstrated that the main channels that are open upon
excitation in the 21

0 and 31
0 bands are I*(2P1/2) + CH3(ν1 = 0,

1, 2; ν2 = 0, 1, 2). The �* branching ratio, expected to be
unity below 55 000 cm−1, was measured to be 1 for the 21

0
band but 0.93 ± 0.05 for the 31

0 band. Ground state I(2P3/2)
is found mainly in correlation with CH3(ν1 = 1). Measure-
ments of the appearance times of all fragment products are
compatible within experimental errors, and also with photo-
electron and parent molecule decay measurements, and pro-
vide values of 0.85 ± 0.04 ps and 4.34 ± 0.13 ps for the life-
times of the ν2 = 1 and the ν3 = 1 levels of the 3R1 state, re-
spectively. Finally, the angular (perpendicular) character of
the transition has been determined through real-time detec-
tion of the anisotropy observed in the iodine images. The
time-dependence of the anisotropy does not seem to be caused
completely by molecular rotation as we have obtained unex-
pected anisotropic distributions for the long-lived 31

0 vibronic
level. Lifetimes and vibrational activity in the CH3 product
have shown to be very sensitive to the vibrational level ini-
tially excited, this being proof of the sensitivity of the interac-
tion strength with the A-band surfaces to the detailed struc-

ture of each wavefunction. Additionally, a satellite process
has been detected for laser excitation at the photon energy
corresponding to the 31

0 transition, which has been ascribed to
a weak absorption to the A-band followed by fast direct dis-
sociation.
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APPENDIX A: MULTIDIMENSIONAL ANALYSIS
OF TIME-RESOLVED VELOCITY MAP IMAGING
EXPERIMENTS

In general, the analysis of the images acquired in velocity
map imaging experiments is carried out using methods that
involve cuts or partial integrations through the multidimen-
sional data. As a consequence, in many instances, the full in-
formation that can be extracted from the data is not totally and
accurately recovered. We have developed a homemade proce-
dure for the complete multidimensional fit of this type of data
(examples can be found in recent papers from our group15, 35)
that has proven to be crucial for the extraction of all the rel-
evant information from the images if, in addition, the tempo-
ral dimension is included, as it is the case in time-resolved
velocity map imaging experiments. This procedure assumes
that each image contains the sum of a number of “contribu-
tions” (related to each of the mechanisms producing a cer-
tain species with a certain velocity distribution). Each contri-
bution is parameterized as a function of all variables (radius
and angle for each image, but also time, for instance, to fit a
time-dependent series of images) with a test functional form
with physical meaning using a sufficient number of adjustable
parameters. These first test functions are chosen guided by
the known physical properties of the system. A least-squares
procedure is then applied to the complete data collection. In-
spection of the residuals (typically, also in image format),
guides the choice of the second set of functional forms. An
iterative procedure of this kind allows the complete param-
eterization of the data, and from this, quantities such as de-
cay times, anisotropy parameters, etc. can be obtained for
each contribution, with estimates of error bars. The pro-
cedure and the details of its application to time-resolved
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velocity map imaging experiments are presented in more de-
tail in Secs. A 1–A 4 of the Appendix.

1. Numerical fitting procedure

The quality of a 1D-fitting procedure is related to its abil-
ity to produce a 1D vector, constructed from a parameterized
functional form, to fit a 1D data vector. Typically, the routine
optimizes a set of parameters, pm, of a user-defined functional
F(x; pm), which minimize the global difference between the
analytical curve and the data for all values of the x variable.
No essential changes are required to fit multidimensional data,
since both the elements of the fit matrix F(x1, x2, . . . , xn; pm)
and those of the experimental data matrix can be sorted in an
array (1D), where a global minimization of the difference can
be sought. In our case, the minimization algorithm employed
is a Levenberg-Marquardt nonlinear regression method.36–38

2. Choice of dimensions and global analysis

In the work reported here, the prototype experiment im-
plies the acquisition of a series of velocity map images as a
function of time. Therefore, the obvious dimensions for sig-
nal parameterization are radius, angle, and time. We would
like to stress, however, that more sophisticated schemes can
be employed for optimum results. For instance, some of the
data shown in this paper have been fitted using four dimen-
sions, where the experimental run has been included as an
additional “dimension“. Using this strategy, we take into ac-
count that some of the parameters (relative intensity of the
multiphoton processes, time of temporal overlap, etc.) may
have differing values among experimental runs, but some oth-
ers (decay times, for instance) must retain a given value. Us-
ing this approach (artificially “extending” the number of di-
mensions to include the different measurements of the same
quantity) a significant increase of precision is obtained in the
determination of crucial values. This is equivalent to using a
global analysis procedure for a repeated experiment to deter-
mine a given quantity which is common to all experiments.

This strategy has been extensively employed in this work
to fit the lifetime of the vibrational levels of the B-state. As an
example, the transient of the parent molecule has been mea-
sured five times and has been fitted using Eq. (1). The param-
eters A1, A2, τ cc, and t0 in Eq. (1) can legitimately vary for
different runs, but the lifetime τ must be independent from
the laser properties. The complete data collection is stored in
a matrix as a function of time delay and experimental run.
While the laser-dependent parameters are set free to vary for
different runs, only a global τ parameter is extracted from
all the experiments. This strategy has revealed a high effi-
ciency to decorrelate the value of τ from the laser-dependent
parameters.

3. The radial dimension: Kinetic energy distribution

In some cases, only the analysis of the KER is required,
in which case integration over the 2π angular range of the
images is carried out. In the present work, the measure-
ment of the lifetimes τ of different vibronic levels within the

B-band of CH3I through fragment and photoelectron detec-
tion has been carried out considering the KER data as a func-
tion of time. The signal S(v, t), depending on speed (v) and
time (t), is assumed to be composed of individual contribu-
tions Ci(v, t), each of which has its own temporal shape as
a function of time, 
i(t), and speed distribution, Ri(v). It is
assumed, in general, that these contributions do not interfere
with each other, so that S(v, t) = ∑

iCi(v, t). Each contribu-
tion can typically be simulated by an asymmetric-Gaussian
function defined as

R(v)=e−4 ln 2[(v−v0)/σr ]2
H (v−v0)+e−4 ln 2[(v−v0)/σl ]2

H (v0−v),

(A1)

where v0 is the position of the peak, σ r and σ l are the right
and left widths, respectively, and H(v) is the Heaviside func-
tion. The physical meaning of the asymmetry in the peaks of
the speed distribution is related in most cases to the rotational
temperatures of both the parent molecule and the nascent frag-
ment, convoluted by the apparatus response function. The
temporal behavior can show different functional forms de-
pending on the type of mechanism, as for instance those de-
scribed by Eqs. (1) and (2), or a non-resonant MPI detection,
which gives a cross-correlation-type signal.

For the cases where no changes in the shape of each con-
tribution are expected as a function of time, we can write

Ci(v, t) = 
i(t) × Ri(v). (A2)

Once the functional forms are defined, a 2D fitting procedure
is initiated in order to provide reasonable starting values for
the parameters, and later all the experimental data are treated
in a unique 3D-fit to include the experimental run as a dimen-
sion (see Sec. 2 of Appendix).

4. The angular dimension: Anisotropy

If the analysis of the anisotropy of the time-resolved pro-
cess is of interest, the angular dimension has to be included in
the fitting procedure. If this is the case, the most straightfor-
ward strategy is to fit the complete set of Abel-inverted images
acquired as a function of time with all the contributions pa-
rameterized. However, this would require significant central
processing unit time due to the large number of data points
(some few tens of millions in a typical case). It is simpler to
perform a partial angular integration in 10◦ steps. Thus, nine
speed distributions are extracted from each image correspond-
ing to the different angular ranges. The data are then stored in
a 3D matrix with the dimensions speed, angular section, and
time.

The time-resolved anisotropy in the angular range cen-
tered at θ0 and with 	θ width is described by partial integra-
tion as

A(θ0, t) ∝
∫ θ0+ 	θ

2

θ0− 	θ
2

[1 + β(t)P2 (cos θ )] dθ, (A3)

where P2 is the second-order Legendre polynomial and β(t)
the time-dependent anisotropy parameter.
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The temporal dependence of the anisotropy parameter
β(t) can be modeled by

β(t) = β0 + Ir (t) ⊗ 	β[e−[(t−t0)/τβ ]2
H (t − t0) + H (t0 − t)],

(A4)

where β0 and τβ are the asymptotic value (long enough de-
lay time) and “relaxation time” of the anisotropy parameter,
respectively, 	β is the amplitude of variation of the exponen-
tial decay, and Ir(t) is the system response function. The β

values depicted in Figs. 3 and 9 have been evaluated by fit-
ting the data obtained for each temporal step independently
after the signal has been cleaned by subtraction of the fit of
the other overlapping contributions.

5. Summary

A multidimensional least-squares fitting methodology
has been developed for the full analysis of time-resolved ve-
locity map image sequences obtained in femtosecond pump-
probe photodissociation experiments. The key advantage of
the method consists of its capability to distinguish the dif-
ferent overlapped contributions present in the set of images
corresponding to different reaction channels of interest from
secondary signals arising from other sources. Moreover, the
contributions of interest can be cleanly isolated from the sec-
ondary signals by filtering their contributions from the data
matrix. The multidimensional fit becomes essential for in-
stance when spatially overlapped contributions are found,
which may have different time behavior. Additionally, for
those cases where the initial guesses for the parameters or
functional forms of the fit are misguided (on the number or
nature of the contributions to the image, on the time behav-
ior of anisotropy, etc.), discrepancies can be detected easily
through the use of the analysis of the residuals. It is important
to note that the multidimensional nature of the fit allows the
discrimination of the different contributions to the images,
in a manner that a reduced-dimensionality analysis cannot
achieve. In addition, there is no conceptual problem to ex-
tend the fitting procedure to n dimensions, the only limita-
tion being computational time restrictions to analyze an n-
dimensional matrix.
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