PCCP

Accepted Manuscript

st s s s This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
= standard Terms & Conditions and the Ethical guidelines still

‘z?@ﬁs&é%: apply. In no event shall the Royal Society of Chemistry be held

responsible for any errors or omissions in this Accepted Manuscript

Or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WWW.rsc.org/pccp


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 13

Physical Chemistry Chemical Physics

CREATED USING THE RSC LaTeX PCCP ARTICLE TEMPLATE - SEE www.rsc.org/electronicfiles FOR DETAILS

ARTICLETYPE

WWW. 15C.org/xxxxxx | XXXXXXXX

Imaging the stereodynamics of methyl iodide photodissociation in the
second absorption band: fragment polarization and the interplay be-

tween direct and pre dissociation

Marta G. Gonzalez, Javier D. Rodriguez, Luis Rubio-Lago, and Luis Baiares*

Received Xth XXXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX

First published on the web Xth XXXXXXXXXX 200X
DOI: 10.1039/b000000x

The stereochemistry of methyl iodide photodissociation in the onset of the second absorption B-band has been studied using
slice imaging of the CH3(v = 0) and I ?P, /2) photoproducts. The stereodynamical data have been crucial to disentangle the
photochemistry of methyl iodide in terms of the competition between direct dissociation and electronic predissociation. The
origin of the B-band has been established with high accuracy at 201.114+0.12 nm and a depolarization factor due to parent
molecule rotation during predissociation has been found to be 0.29£0.06. Analysis of the semiclassical Dixon’s bipolar moments
extracted from the CH3(v=0) sliced images indicates that direct excitation to the A-band A repulsive state in the vicinity of
the origin of the B-band is remarkably enhanced by vibrational coupling between the electronic states involved at the conical

intersection through in-plane vibrational motion of the molecule.

1 Introduction

Photoproduct vector correlations constitute a powerful tool to
unravel molecular photodissociation mechanisms. The signa-
ture that the torques produced by geometrical changes in the
excited parent molecule leaves in the photofragments can be
traced through the analysis of the spatial direction of the prod-
ucts angular momenta, measured with respect to certain priv-
ileged axes. Besides, the anisotropy of the photodissociation
process — represented by the § anisotropy parameter — pro-
vides direct information about the transition dipole moment
of the absorption step. The measurement of f is standardly
used to determine the symmetry of any of the states involved
in a transition, and in particular, of the excited state which
is usually the unknown. On the other hand, deviations from
the limiting values for prompt dissociation from perpendicu-
lar (B=-1) and parallel (8=2) transitions, arise in dissociation
processes mediated by predissociation, isomerization or inter-
nal conversion dynamics. In such cases, if the symmetries of
the ground and excited states are known, the anisotropy pa-
rameter is used to track down the dissociation path.

In this work, we have analyzed the stereodynamics of the
methyl iodide photodissociation in the onset of the second
absorption B-band in terms of Dixon’s semiclassical bipolar
moments. > Tn 1986 Dixon? followed the treatment of Fano
and Macek* of the interaction of light with arbitrarily aligned
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and oriented ensembles to describe the photofragment angu-
lar momentum polarization in terms of bipolar moments> de-
fined in the laboratory frame. According to the formalism, the
photofragment angular distribution for a given process can be
analytically expressed by a linear multipolar expansion of the
spherical harmonics in terms of the bipolar moments.

The number of bipolar moments that can be determined de-
pends on two factors. In first place, on the own nature of
the dissociation event. For processes where photofragments
are produced with large angular momentum, the high order
terms in the multipolar expansion take negligible values. The
so called high-J limit, where J is the photofragment total an-
gular momentum, corresponds, therefore, to a semiclassical
description of the photodissociation process where the bipolar
harmonics provide a complete description of the detectable
vector correlations.® In second place, it depends on the ex-
perimental configuration employed. A given photofragment
angular distribution depends on the particular laser induced
fluorescence (LIF) or resonance enhanced multiphoton ion-
ization (REMPI) transition employed in the detection and on
the laser polarization and irradiation geometries. Each combi-
nation of those parameters provides a photofragment angular
distribution which contains information related to all the sig-
nificant bipolar moments. A proper choice of laser detection
and irradiation configurations would provide a combination of
linearly independent equations with the desired set of bipolar
moments as solutions. In practice, the possibilities are limited
by the experimental set-up. In a molecular beam experiment,
the reaction chamber is usually designed for a fixed spatial
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configuration of the laser beams; on the other hand, for most
polyatomic fragments, the choice of the detection scheme —
involving both transition and technique — is scarce. The possi-
ble experimental configurations are often reduced to the use of
different pump and probe laser polarizations, which for veloc-
ity map imaging (VMI) experiments are limited by the Abel
inversion constrains® or by the use of the forward convolu-
tion analysis.” Due to the possibility of performing a base-
experiment using different pump and probe polarization con-
figurations without the need of any reconstruction method, the
ion imaging slicing technique has signified a considerably step
forward in the field of stereochemistry.®

The lowest energy electronic excitation in methyl iodide
corresponds to a n — o transition, where a nonbonding p
electron of iodine is promoted to the lowest energy available
antibonding molecular orbital.”® The spin-orbit (SO) coupling
is large due to the presence of the heavy iodine atom and then
a SO configuration can be used for the first excited electronic
state. 19 Between 220 and 350 nm, the so-called A-band com-
prises three dipole allowed transitions from the ground state to
the 30y, '0; and 3Qy SO (in Mulliken’s notation ') states. 12
Weak perpendicular transitions to the 3Q; and !Q; states!?
lead to CH3(X %A») and 1(>P; /2) products, while a strong par-
allel transition to the 3Q0 state produces CHsz (X %A,) and
I* (ZPI /2) products. A curve crossing between the 10, and 30y
states complicates the origin of the I(>Ps /2) fragments, since,
in principle, they can be produced both adiabatically and nona-
diabatically. The A-band includes an additional transition be-
tween the ground and the 3A1(E) state, which lies at higher
energies due to the corresponding bonding +— antibonding or-
bital origin. '

The second absorption band in methyl iodide, the B-band,
results from the excitation of a nonbonding 5p7 electron of
the I atom to a 6s molecular Rydberg orbital. The remaining
three 5p electrons are subject to strong SO coupling, yielding
M15/5(*E32) and 2I1; 5 (E) 1) ionic cores in Coy(C3,) Sym-
metry. These then couple (mainly J — j) with the Rydberg
electron, and, as a result, lead to states of A (E) and IT (E)
symmetry with a *IT; 5 (*E3,) ionic core and states (£*,%X")
(A1.A2) and IT (E) symmetry with a *TI; 5 (*E ) ionic core.
Transitions to those states related with the 2I1; /2 (’E;3 /2) ionic
core from the X ground state of the molecule, constitute the
B-band of methyl iodide, spectrally located in the region from
195 to 205 nm. Given the selection rules (no transitions to ei-
ther triplets or to states of Q=2 are allowed from the ground
state?), the !T1; state (denoted as state [2] in Refs. !>1° and as
3R in Ref. !'#) dominates absorption from the X ground state,
although weak features have been assigned to absorption to
the !T1, state 1510 (denoted as state [1] in Ref.!>16 and as R,
in Ref. %), which lies at slightly lower energies. All those tran-
sitions are of E character in C3, symmetry, and are, therefore,

perpendicular.

Contrary to the broad spectral character of the first absorp-
tion A-band in CH31, purely composed of dissociative valence
states, the B-band exhibits clear vibronic structure.!>1® The
considerable spectral broadening observed in the resonances
indicate finite lifetimes, which are related to electronic pre-
dissociation through surface crossing of the B-band bound
3R, state with the A—band repulsive 3A;(E) state.!”'® Since
the 3A|(E) and 3Qy states overlap at long C-I distances, the
main dissociation channel after excitation to the B-band yields
CH3(X 24,) and I* (P, /2) products. The production of ground

state 1P /2) products observed by our group after one photon

excitation of the B-band 3(1) vibronic transition at 199 nm, has
been assigned to an additional predissociation channel pro-
duced by the interaction between the bound *R; Rydberg state
and the repulsive A-band ! Q; state!®. Figure 1 shows the de-
tails of the potential energy curves that intervene in the excita-
tion/deactivation upon irradiation in this part of the absorption
spectrum, according to the ab initio calculations of Alekseyev
and co-workers 7. The extreme sensitivity to the vibrational
excitation is related to the details of the crossings between the
potential energy surfaces and the spatial distributions of the
wave functions at each vibrational level. In particular, the ab
initio calculations show that the 3A(E) repulsive state crosses
the B-band >Ry state very close to the equilibrium C-I distance
of the latter.

In comparison with product branching ratio and energy par-
titioning measurements, the stereodynamics of the methyl io-
dide photodynamics has received considerable less attention.
The anisotropy of the process have been characterized with
certain detail through the I*(?P, /2) product?%2! | which can-
not show angular momentum alignment and, when using lin-
early polarized light as in the present case, neither orientation.
A direct measurement of the dissociation anisotropy through
the methyl product has not been carried out, although quali-
tative information has been extracted through the f, and fB4
anisotropy parameters. Janssen et al.?> demonstrated among
others 2?4 that the CH3 fragment arising from the photodis-
sociation of CH3I in the A-band has a propensity to inherit the
K rotational quantum number of the parent molecule. As a re-
sult, rotational alignment correlation is observed. Such effect
has been measured for the heavier CD3I molecule and CD3
fragment, which possesses rotational resolved transitions. >
By measuring the dependence of the CD3; REMPI signal on
the angle between the probe and photolysis laser polarizations,
the alignment moments AE)Z) and A(()4) of the CD3 angular mo-
mentum distribution were obtained with respect to the recoil
velocity v. Both alignment moments take rather limiting val-
ues for most of the rotational transitions studied??->*, In the
B-band, a possible CH3 alignment has been proposed to lie at
the ground of the analysis of the time-dependent angular dis-
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tributions >2° and of different rise times found for the methyl

fragment in femtosecond time-resolved experiments. >

In the present work, the slice imaging technique is used in
combination with (2+1) REMPI detection of the CH3(v=0)
and I* (2P, /2) dissociation products, after excitation of CH3l
between 214 and 199 nm. Four Dixon’s bipolar moments have
been determined, 3(20), B(22), B3(02) and f3(22), which
account, respectively, forthe y —v,v—J, u—J,and u —J —v
vector correlations, where u is the transition dipole moment, v
the fragment recoil direction, and J the total angular momen-
tum of the detected fragment. The interpretation of the four
bipolar moments provides information about the coupling be-
tween the CH3I A- and B-bands, dissociation time scales and
details about forces and torques between the separating frag-
ments.

The paper is organized as follows. In Sec. II the experi-
mental approach is presented. Section III describes the exper-
imental results which are discussed in Sec. IV. Finally, Sec. V
is dedicated to present the most important conclusions of the
work.

2 Experimental

The main characteristics of the experimental setup have been
described in detail previously>!?”-?8 and thus a brief account
of the standard procedure employed in this work will be given
here. We have used delayed pulsed extraction slicing® in the
single field configuration developed by Papadakis and Kit-
sopoulos and described in detail in Ref.? Briefly, the delayed
pulsed extraction allows the ion cloud to spread in velocities
so that the arrival time of the ion packet at the detector has a
width of several hundreds of nanoseconds. By using a narrow
detector time gate of a few tens of nanoseconds, we are able
to image only the central slice of the ion packet. In the sin-
gle field configuration, only two electrodes are used and the
focusing condition is met when the starting position along the
time-of-flight (TOF) axis is at a specific distance from either
the repeller or the extractor.

The whole experiment runs at a repetition rate of 10 Hz.
A molecular beam is created by expanding a gas mixture of
CH3I in He (10 %, 1 atm backing pressure) into vacuum us-
ing a pulsed nozzle (General Valve Series 9, 0.5 mm orifice).
The gas pulse passes through a skimmer (Beam Dynamics,
Standard Model 2, 0.5 mm diameter orifice) and reaches the
ionization chamber, where the molecular beam is intersected
at right angles, in the middle of the electrical plates of a TOF
mass spectrometer, by the excitation and probe laser pulses,
which are focused (f = 25 cm) and counter propagated to each
other. To generate excitation radiation between 214 and 199
nm (=1 mJ/pulse), a sum-frequency mixing nonlinear crys-
tal is used to combine the fundamental and second harmonic
radiation of a Nd:YAG (Quanta Ray Pro 230) pumped dye

laser (Sirah Cobra-Stretch). The excitation wavelengths were
scanned between 214 and 199 nm and measured by a wave-
length meter (Wavemaster Coherent). The photoproducts are
resonantly ionized 10 ns later via (2+1) REMPI schemes, us-
ing a focused probe pulse (=1.5 mJ/pulse) generated by a
Nd:YAG (Quanta Ray Pro 190) pumped frequency doubled
dye laser (Sirah Cobra-Stretch). For CH3(v = 0) detection,
the probe laser wavelength was set at 333.45 nm, centered at
the Q branch of the 3p, (*A; <2 A;) 0) transition for a two-
photon process. For the detection of I*(2P, /2) products, the

laser was set to 305.57 nm at the 6p*P; /2 transition for a two-

photon process. 3

The generated ions are accelerated by the ion optics and
pass through a field-free TOF region (45 cm) before hitting the
impedance matched microchannel plates (MCPs) (Chevron
configuration, 40 mm diameter). The gain of the MCPs can
be gated with a high voltage pulse to allow only the ions
of interest to be detected. The resulting electron avalanche
strikes a phosphor screen (P47), thereby creating the ion im-
age, which is recorded by a charged-coupled device (CCD)
camera (SONY 1024 x 768 pixel), controlled using National
Instruments (NI) LABVIEW 7.1 and IMAQ VISION software
and analyzed with a commercial software (DAVIS). The final
image is obtained as the sum of around 40 000 laser shots
depending on the quality of the signal. Slice images of the
iodine ions are recorded using a 500 ns extraction delay ap-
plied on the repeller plate and an effective 10 ns detector gate
on the front MCP. The repeller voltage used is 2000 V and
the detector voltages are 3.4 kV between back MCP and phos-
phor screen and 1200 V between back and front MCPs. The
front MCP is gated using a pulse of 500 V. Slice images of the
methyl ions are recorded using the same conditions, except
for a repeller voltage of 5000 V. Ion images are recorded us-
ing four laser polarization configurations: X (pump)X (probe),
XZ,ZX, and ZZ, where X is perpendicular to the laser prop-
agation axis (Y) and Z is parallel to the molecular beam. The
recorded slice images of I or CH3+ are quadrant symmetrized
prior to extracting the kinetic energy and angular distributions.

Independent velocity-radius calibration of the apparatus is
done by measuring resonantly ionized CH3(v = 0) fragments
produced after the photodissociation of CH3I at 333.45 nm
(one color pump-probe experiment) at different repeller po-
tentials, taking advantage of the well known kinetic energy re-
lease of the IP; /2) yielding channel at this photolysis wave-

length?!.

3 Results

3.1 Action spectrum and slice images

A pump-probe experiment has been carried out in which the
total CH3+(V = 0) ion signal arising from the photodissocia-

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [vol], 1-13 |3



Physical Chemistry Chemical Physics

tion of CH3I at different excitation wavelengths in the range
199-214 nm has been measured (product vibrationally state-
resolved action spectrum), and it is plotted in Figure 2. The
spectrum shows two well defined peaks, corresponding to the
B-band 09 (band origin) and 3} 3Ry (E) < X('A;) vibronic
transitions 1>, seated on a weaker unstructured signal which
extends towards longer excitation wavelengths beyond the on-
set of the B-band. This latter signal arises from direct ab-
sorption to the A-band 3A1(E) repulsive state correlating with
CHj3(v = 0) and I*(ZPI /2) fragments (see Figure 1). In this
spectrum, there is a salient feature related with the broadening
of the base of the main peak corresponding to the 08 transition
that will be discussed later.

Slice images of the CH3(v=0) and I*(*P, /2) products for
different linear polarization geometries of the pump and probe
laser pulses have been measured at excitation wavelengths be-
tween 200 and 204 nm (including the B-band origin located
at 201.11 nm) indicated in red in Figure 2. CH3(v=0) sliced
images recorded at the XX polarization configuration for the
excitation wavelengths 204, 202.5, 201.75, 201.25, 201.11
and 200.25 nm are depicted in Figure 3. For all the exci-
tation wavelengths studied, the CH3(v=0) images consist of
a highly wavelength-dependent anisotropic ring and a low-
recoil anisotropic structure. The ring intensity closely fol-
lows the profile of the action spectrum shown in Figure 2, in-
creasing as the excitation wavelength is decreased, reaching
the maximum at the 0) resonance of the 3Ry (E) + X('A)
transition (at 201.11 nm) and decreasing again as the detuning
from the resonance is increased towards shorter wavelengths.
Likewise, the evolution of the ring anisotropy seems to fol-
low the pattern defined by the action spectrum: at excitation
wavelengths far from the resonant value, the ring shows no
signal at the poles of the image, a situation concordant with
a pure perpendicular transition; as the excitation wavelength
approaches the resonance at either side of the spectral peak
centered at 201.11 nm, the ring becomes gradually fuller, and
virtually isotropic at the center of the transition (maximum of
the 08 peak in the action spectrum). The low recoil feature,
which does not show any particular dependence with exci-
tation wavelength, can be associated to CH3I" ion dissocia-
tion?! and will not be subject of further analysis.

Figure 4 shows the corresponding I* *P, /2) XX sliced im-
ages recorded at the same excitation wavelengths as those of
CHj3(v=0). Interestingly, no signal was found when the de-
tection laser was tuned for resonant multiphoton ionization of
ICP; /2) fragments, which indicates a quantum yield for pro-
duction of T* of unity, in agreement with previous works !0,
The I* images depicted in Figure 4 show a single ring, whose
intensity and anisotropy follows a similar trend than that ob-
served for the CH3(v=0) fragment. The ring intensity rises
and decreases following the action spectrum profile, and so it
does the ring anisotropy, but with a significant difference in

this later case: while the CH3(v=0) ring becomes isotropic at
201.11 nm — the center of the 08 transition — the I*(2P, /2)
ring keeps a clear perpendicular intensity distribution at that
excitation wavelength.

3.2 Translational energy distributions

Angular integration of the images shown in Figures 3 and 4
yields the translational energy distributions (TEDs) depicted
in Figure 5. The energy balance for the photodissociation of
CHzl is given by:

Er[CH3(v = 0)] + Er(I*) = hv — Dy + E;(CH3I)—

E,[CH3(V=O)] —ESO[I(zpj)] (1)

where the first term collects the translational energy of the
CH3;(v=0) and I*(2P1 /2) products, v is the frequency of the
excitation laser, Dp=2.41£0.03 eV is the dissociation energy
of the C—I bond,3' Eso[I (*Py)] is the spin-orbit (SO) energy
of the iodine atom in the 2P state (for I, Ego=0 and for I*,
Eg0=0.943 ¢V)3!, and E;(CH3I) and E;[CH3(v=0)] are the in-
ternal energies of the parent molecule in the molecular beam
and of the CH3(v=0) fragment, respectively.

It must be noticed that the XX images provide the true shape
of the photofragment TEDs because they comprise all the in-
formation of the dissociation and detection processes. The
CH3(v=0) and I* TEDs shown in Figure 5 at the different ex-
citation wavelengths have been normalized to the maximum
intensity in each case. Moreover, the KEDs are represented
against the available energy fraction channeled into total trans-
lational energy (x axis). A value of x=1 provides a reference
which allows to interpret the TEDs according to the differ-
ent energy sources and energy partitioning. Thus, the portion
of the TED profiles lying at the left side of the x=1 vertical
line shown in the Figure corresponds to signal arising from
internally excited fragments. In the case of CH3(v=0), the
width of the profile is related to the rotational content of the
CH3(v=0) fragment, while the width of the I*(*P, ;) KEDs
provides information about the CH3(v) fragment vibrational
distribution. On the other hand, the portion of the TEDs at
the right side of the x=1 vertical line corresponds to contri-
butions from photodissociation of vibrationally excited CH3l,
that can be present in the molecular beam in small amounts
due to the bad vibrational relaxation in the early part of the
supersonic expansion pulse where the experiments are carried
out to avoid clusters.?!

There are relevant features in the TEDs depicted in Figure
5. For excitation wavelengths between 204 nm and 201.75 nm,
the internal (mostly vibrational) energy of the CH3; fragment
increases with excitation energy as evidenced in the I* (P, /2)
TEDs; however, this tendency is reversed for excitation wave-
lengths between 201.25 nm and 201.11 nm, where a narrow-
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ing of the I*(P, /2) distributions is observed. At 200.25 nm,
the width of the I* ?P, /2) TED is partially restored to that ob-
served at 201.75 nm. It seems then that there are two clear
groups of I* TEDs: those at 204 nm and 201.11 nm, far from
and at the 08 resonance, respectively, and those corresponding
to the rest of excitation wavelengths, which are in the near
vicinity (to the red and to the blue) of the 08 resonance at
201.11 nm.

The contribution to the total signal from photodissocia-
tion of vibrationally excited CH3l, clearly evidenced in the
CH3(v=0) TEDs, follows a similar pattern to that of the
CHj3 internal energy. Between 204 nm and 201.75 nm, the
CHj3(v=0) TED profiles shift to lower x values and become
gradually more symmetric due to an enlargement of the distri-
bution to the right side of the x=1 reference. The right shoulder
visible at 201.75 nm to the right of x=1 clearly decreases be-
tween 201.25 nm and 201.11 nm and increases again at 200.25
nm. As for the [* TEDs, we can distinguish again two groups
of CH3(v=0) TEDs depending on the excitation wavelength:
one group at 204 nm and 201.11 nm, far from and at the 08 res-
onance, respectively, and a second group for those excitation
wavelengths in the vicinity of the 08 resonance.

The non-overlapping regions of the CH3(v=0) and I* * P, /2)
distributions correspond to vibrationally excited methyl radi-
cals. The CH3(v) vibrational distribution at the 08 vibronic
transition of the B-band has been reported previously '® and
it was concluded that about two thirds of the CH3 fragments
are produced vibrationally excited, primarily in the umbrella
v, mode. In our case, a rough comparison between the two
TEDs at 201.11 nm (see Figure 5) indicates a slightly higher
contribution of vibrationless methyl radicals. The remarkable
conclusion obtained from the present TEDs is that the vibra-
tional activity of the CHj3 products increases out of the B-band
08 origin in correlation with the participation to photodissoci-
ation of vibrationally excited CH3I. We will discuss later the
important repercussions that these results have on the CH3I
photodissociation mechanism in the onset of the B-band.

3.3 Angular distributions and vector correlations

For a one-photon dissociation process and (n+m) REMPI de-
tection, the photofragment angular distribution can be ex-

pressed by an expansion of Legendre polynomials: 363233
o 2n+-2
1(6) = — ) Bifi(cos0) ©)
i=0

where 0 is the angle between the photofragment recoil direc-
tion and the photolysis laser polarization direction, o is the
absorption cross section, f3; are anisotropy parameters which
reflect the dissociation dynamics and the photofragment po-
larization, P; are the Legendre polynomials of i-th order and n
is the number of photons of the resonant step of the REMPI

process. The i=0 term corresponds to the population of the
studied species, and given that the experimental setup has not
been calibrated for total intensities, the whole distribution is
normalized to 3, and the quotient is treated as a normalization
fitting parameter. When using linearly polarized pump and
probe laser pulses, the experiment is not sensible to photofrag-
ment orientation® and, therefore, the index i takes only even
values.

If no photofragment polarization is expected, Eq. 2 can be
truncated at i=2 and then 3, coincides with the anisotropy
parameter 3.32 Such is the case of the I*(CP, /2) photofrag-
ment arising from photodissociation of CH3I at the excitation
wavelengths studied in this work using linearly polarized light,
which with a total angular momentum J=1/2 cannot show an-
gular polarization (alignment or orientation). %3233 Figure 6
shows the I*(>P, /2) photofragment angular distributions ob-
tained by radial integration of the XX sliced images measured
at the different excitation wavelengths presented in Figure 4.
The angular distributions have been fitted to Eq. 2 truncated
at i=2 and the anisotropy parameters 3 obtained are indicated
in each panel of the Figure.

In the case of the CH3 fragment, however, the rotational
angular momentum is not constrained and can be oriented or
aligned with respect to the transition dipole moment p and
the recoil velocity v. Consequently, it is in this case where
the B3(20), B9(22), B3(02) and B3 (22) Dixon’s bipolar mo-
ments representing the vector correlations of the photodissoci-
ation process for this photofragment can be extracted from the
CHj3(v=0) sliced images recorded at the four polarization con-
figurations of the pump and probe laser beams for each of the
excitation wavelengths studied in this work. In Figures 7 and
8, the images measured for the different pump and probe laser
polarization geometries at 201.11 nm — which corresponds to
the maximum of the 08 vibronic transition (see above) — and
at 200.25 nm — to the blue of the 08 vibronic transition —
are depicted as examples. Similar measurements have been
carried out at the other excitation wavelengths studied in this
work.

The XX images comprise alone all the information re-
garding the dissociation anisotropy and the orientation and/or
alignment of the products. In the XZ images, the probe po-
larization vector lies perpendicular to the detection plane and,
therefore, all the information related to the products angular
momenta is lost. Similarly, the ZX images have lost the infor-
mation related to the anisotropy of the dissociation process.
The ZZ images do not contain any dynamical information and
are used as a reference to avoid systematic errors, such as de-
tector inhomogeneities. Thus, non-zero 37# parameters ex-
tracted from these ZZ images are taken as the instrumental
function.

In particular situations, a visual inspection of the images
measured at the different polarization geometries provides
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valuable beforehand information about the photofragment po-
larization. In the present case, for instance, the fact that in Fig-
ure 8 the XZ and ZZ images do not differ significantly from
the XX and ZX images, respectively, indicates that no signif-
icant CH3 polarization is expected for this excitation wave-
length (which is out of the maximum of the Og transition).
On the contrary, the images shown in Figure 7 correspond-
ing to excitation to the center of the 08 transition indicate that
a strong fragment rotational alignment is expected at this ex-
citation wavelength.

All images were radially integrated and the resulting angu-
lar distributions were fitted to Eq. 2, resulting in a set of 3; pa-
rameters for each of the images measured. Figure 9 depicts the
CH3(v=0) angular distributions obtained from the XX sliced
images of Figure 3. The fits obtained using Eq. 2 are shown
as red lines. For a (2+m) REMPI detection scheme as the one
used in this work for CHa, three coefficients, 8, B4 and P
are needed to fit the experimental data. In the present case,
however, good fits were obtained in all cases by using 8, and
B4 (with Bg =0), and the values obtained are indicated in each
panel of Figure 9.

In this work, we have followed the formalism described
by North and co-workers to find the connection between the
phenomenological ; parameters and the Dixon’s bipolar mo-
ments developed for the case of a (1+1’) REMPI detection
scheme 2. For a (1+1') REMPI scheme, Eq. 2 is truncated
at i=4. In addition, since the XX images are the only ones
which gather all the dynamical information of the one-photon
absorption process, for the XZ and ZX polarization geome-
tries, Eq. 2 is truncated at i=2. Accordingly, the total number
of fB; parameters is reduced to four, as required to determine
the four Dixon’s second-order bipolar moments in the high-J
limit. For a (2+1) REMPI detection scheme as the one used in
the present work, the number of 3; parameters is increased to
six. This is so because the B, B¥4 and BZ¥ coefficients are
identically zero for a one-photon absorption process indepen-
dently of the REMPI scheme employed, but, in principle, ﬁ6XX
and ﬁfx can take non negligible values. In a previous pub-
lication34, we have proven that the formalism developed by
North and co-workers for a (1+1") REMPI detection scheme
is constrained only by the number of non-zero f3; parameters
and, therefore, in some particular cases, it can be applied to
higher order REMPI schemes, as in the present case.

As expected for a polyatomic fragment like CH3z, where
high order effects are minimal, the XX images can be fitted
using only two parameters (B2XX and fo ) — see above— while
a single parameter is needed to fit the ZX images (B%). This
implies that we can take BX* ~ 0 and BZX ~ 0 and, thus, the
number of fB; coefficients is virtually reduced to four, which
validates the use of the North and co-workers’ (1+1') REMPI
formalism % in the present case.>* The four measured f3; pa-

rameters — ﬁé‘x , ﬁj‘x , 2xz and ﬁZZX — are, therefore, intro-

duced in Eq. 7 of Refs.!? to calculate the corresponding
B3 (20), B2(22), B3(02) and f(22) bipolar moments assum-
ing the high-J limit approximation'. In the present case, we
are probing CH3(v=0) fragments by (2+1) REMPI through the
Q branch of the 08 transition, which is rotationally congested,
and hence the polarization dependence of the measured im-
ages permits only the determination of N,K-averaged bipolar
moments. The sensitivity factor s, (h(?) in Ref. ') for detection
of the CH3(v=0) fragment has been calculated previously**
and its value is 1.88. The results obtained are listed in Table 1.

Figure 10 depicts the anisotropy parameter 3 as a func-
tion of excitation wavelength extracted from the I*(?P /2)

images and from the CH3(v = 0) f82(20) bipolar moments
(B = 2B2(20)) superimposed to the CH3(v=0) action spec-
trum, while the B(22), B3(02) and 83 (22) bipolar moments
are plotted in Figure 11.

4 Discussion

A first and unexpected feature observed in the CH3(v=0) ac-
tion spectrum depicted in Figure 2 is the unstructured weak
signal which extends from about 214 nm down to the onset of
the B-band at about 202 nm. In the gas phase CH3I absorption
spectrum measured by Baronavski and Owrutsky !5, several
features associated to vibronic transitions starting from vibra-
tionally excited CH3I (hot bands) were visible down to 206
nm below the 08 band origin (the 3(1) and 2(1) vibronic transi-
tions) '>. The lack of structure of the weak signal observed
here points, however, towards a fast dissociation process af-
ter absorption to an electronic state with repulsive character.
Such assumption is corroborated by the highly anisotropic
ring observed in both the CH3(v=0) and I*(>P, /2) sliced im-
ages measured at 204 nm (see Figures 3 and 4) at excita-
tion wavelengths well above those corresponding to the on-
set of the B-band. Moreover, those anisotropic rings are still
visible with decreasing intensity up to 214 nm (images not
shown). According to the ab initio calculations by Alek-
seyev and co-workers !73%, excitation to the 3A;(E) state is
the only possible transition from the ground state — that it
is dipole-allowed and lies within the Franck-Condon region '
— between 225 and 200 nm, although it has been assumed to
have a negligible contribution to the overall A-band absorption
spectrum at excitation wavelengths above 200 nm. >3 In addi-
tion, the 3A;(E) <— X('A,) transition possesses perpendicular
character and correlates with CH3(v=0) and I*(2P1 /2) frag-
ments, matching the experimental observations reported in
this work. In all previous theoretical and experimental studies,
the A (E) state has been associated to the electronic predis-
sociation occurring upon excitation to the bound 3R; Rydberg
state in the three first vibrational levels, 1>17:18:26 y, — (), vi=1
and v, = 1, and only in the femtosecond experiments reported
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by Gitzinger et al. evidence of a contribution from fast dis-
sociation occurring upon direct absorption to the 3A;(E) re-
pulsive state at the excitation wavelength corresponding to the
weak 3} vibronic transition has been reported. 2°

The anisotropy of the sliced images shown in Figures 3, 4,
7 and 8 provides valuable information concerning both the ab-
sorption and the dissociation steps. Since the I*(>P, /2) prod-
uct cannot show angular momentum polarization, the fit of the
I* angular distributions to Eq. 2 provides straightforwardly
the anisotropy of the dissociation process. It is quite striking
that the 3 anisotropy parameter is —0.23 only at the very maxi-
mum of the >Ry « X'A; 0J vibronic transition found at 201.11
nm, and decreases abruptly to values of § ~—0.85 at excitation
wavelengths in the vicinity (to the red and to the blue) of that
maximum.

The symmetry of the CH3I ground X('A;) and 3R; elec-
tronic states implies that the transition between them must
have perpendicular character. The difference between the
limiting B=-1 value expected for a perpendicular transition
and that observed at the maximum of the 08 transition at
201.11 nm, B=-0.23, implies a breakdown of the axial recoil
limit (ARL). When dissociation occurs on a time scale much
faster than the period of rotation of the molecule, the frag-
ments depart along the photodissociating bond in the molec-
ular frame. Such situation corresponds typically to a disso-
ciation through a repulsive potential energy surface, where
the excess of energy is channeled preferentially into frag-
ment translational energy. In contrast, a low yu — v vector
correlation characterizes electronic predissociation dynamics,
where the lapse of time between excitation and dissociation
is governed by the coupling between the bound and dissocia-
tive electronic states. 2% The effect of the rotational motion
of the excited molecule during the photodissociation process
on the photofragment angular distribution has been studied
widely393 and can be related with the ARL values through a
depolarization factor. > In the long lifetime limit, the 3 param-
eter is reduced to 1/5 of the ARL value,>® which is in excellent
agreement with the present results.

In Figure 10, the § anisotropy parameters obtained from the
B2 (20) bipolar moments extracted from the CH3(v=0) images
are compared to those obtained directly from the I* images.
The B values from both set of data are in good agreement, al-
though the CH3(v=0) 3 are, in general, somewhat larger than
the I* B at all excitation wavelengths studied, with the excep-
tion of 201.11 nm at the maximum of the 08 vibronic transi-
tion. Several possibilities might lie behind these discrepan-
cies. In first place, it is important to remark that the I* (P, /2)
product correlates with CH3(v) fragments with a given vi-
brational state distribution, mainly in the v; (C-H stretching)
and v, (umbrella) vibrational modes'®, while in the present
work only vibrational ground state CH3(v=0) fragments have
been detected. The differences between the two sets of 8

anisotropy parameters could be related then with a vibrational
state-dependent anisotropy effect, according to which the non-
detected vibrationally excited CH3 fragments would be pro-
duced more anisotropically, i.e. B values closer to —1, than
the detected CH3(v=0) fragments. At the 08 absorption max-
imum at 201.11 nm, however, the opposite effect should be
expected since a value of $=-0.34 is obtained for CH3(v=0)
which is more negative than the value of $=-0.23 found for I*.
Considering both the CH3(v=0) and I* 3 values, an averaged
depolarization factor of 0.294-0.06 is deduced.

According to these results, we can define a boundary of
the spectral region where a pure excitation to the origin (08
transition) of the B-band is produced and electronic predisso-
ciation is the dominant photodissociation mechanism (shown
as a red shadowed area in Figure 10). Out of this area, the
anisotropy parameter 3, close to the limiting value for a pure
perpendicular transition (8=-1), is consistent with a prompt
photodissociation process that can occur only after direct ex-
citation to a purely repulsive potential energy surface, the A-
band %A (E) state. This result is remarkable since it implies
that only in a narrow range of excitation wavelengths in the
vicinity of 201.11 nm, the dominant excitation will be to the
v = 0 vibrational level of the 3R; Rydberg state comprising the
origin of the B—band, which will be followed by a predissoci-
ation mechanism due to the coupling between the vibrational
ground state wave function of the *R; Rydberg state and the
degenerate continuum of the 3A; (E) repulsive state. It is only
through stereodynamical measurements as those presented in
this work that we can reach to such a conclusion.

In a series of experiments carried out previously using fem-
tosecond lasers, the photodissociation time scales after ex-
citation to the 08 transition of the B-band have been de-
termined. 182, The lifetime of the predissociative v=0 vi-
brational state of the 3R; Rydberg state was found to be
1.5240.05 ps 826, Relevant to the present work is Figure 2a
of Ref.!® where the evolution of the B parameter extracted
from I*(2P, /2) velocity map ion images measured as a func-
tion of the time delay between the pump and probe pulses was
presented. The 8 ~—1 value obtained at about zero time de-
lay evolves towards an asymptotic (long time delays) value of
B=-0.5, providing a depolarization factor of 0.5. The 3 val-
ues obtained in the present nanosecond experiments should be
compared with the asymptotic  values obtained in the fem-
tosecond experiments, but having in mind the differences be-
tween the spectral bandwidths of the laser pulses employed
in both experiments. A crucial point is that absorption to the
v=0 vibrational state of the bound *R; Rydberg state and to
the repulsive A (E) state compete in the excitation wave-
length region around the maximum at 201.11 nm. It could
be argued that absorption to the bound B-band overwhelms
the weak absorption to the 3A; (E) state. On the contrary, the
CH3(v=0) action spectrum depicted in Figure 2 indicates that
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absorption to both electronic states lie in a comparable scale,
at least for production of vibrationless methyl radicals, which
is reflected in the substantial broadening of the 08 band and
the corresponding evolution of 8 from —0.23 at the maximum
to ~—0.85 in its vicinity. The exact weight of each contribu-
tion as a function of the excitation wavelength cannot be eas-
ily determined, but the anisotropy value given in this work at
the very maximum of the 08 band occurring at 201.11 nm can
be considered the true anisotropy for predissociation in the B-
band. The different bandwidth between the nanosecond and
femtosecond laser pulses must account for the differences in
the anisotropy values obtained in the present work and those
of Ref. 3. The broad bandwidth inherent to femtosecond laser
pulses (a value of 1 nm FWHM is provided in Ref.'® for the
excitation laser — a grey shadowed area has been included in
Figure 10 that reflects this bandwidth) implies that the con-
tribution of the 3A|(E) state to the asymptotic anisotropy in
Ref.!® with a constant 8 close to the limiting —1 value, must
be enough as to lowering the measured average asymptotic 3
value. Taking into account these considerations, we conclude
that the depolarization factor of 0.2940.06 estimated in this
work constitutes a better approximation to the true value than
that reported previously from femtosecond experiments '8.

In Figure 11, the B(22), B3(02) and B3(22) bipolar mo-
ments are plotted as a function of the excitation wavelength.
Semiclassically, the B3(20), B(22) and 33 (02) bipolar mo-
ments can be interpreted as expectation values of the second
Legendre polynomial, (P(cos6)), where 0 is the angle be-
tween the two relevant vectors in each case, taking each pa-
rameter limiting values ranging from —0.5 (if the vectors are
orthogonal) to 1 (if the vectors are parallel). Accordingly, dis-
sociation of CH3] after direct excitation to the >A;(E) state re-
sults in mild polarization effects, in agreement with the visual
analysis discussed in the previous section. The CHj rotational
angular momentum shows a modest tendency to lie parallel to
the recoil direction and perpendicular to the transition dipole
moment (small positive BY(22) and negative B3(02) values,
respectively). The triple vector bipolar moment 2(22) con-
firms the former two correlations. In the spectral region corre-
sponding to the maximum of the 08 transition of the B-band —
red shadowed area in Figure 11 — the vector correlations are
similar to those of the 3A;(E) state, although the depolariza-
tion factor would affect also to these bipolar moments.

Weak vector correlations, reflected on bipolar moments far
from the limiting values, are usually associated to vibrational
and rotational activity of the parent molecule, which provides
both out-of-plane and in-plane motions. Dissociation through
a purely repulsive state is faster than the parent molecule ro-
tational period and any photofragment polarization effect that
might be observed after photodissociation in a repulsive state
must be caused by the initial geometry of the excited photodis-
sociating parent molecule. On the other hand, thermal motion

in the electronic ground state of the parent molecule might
lead to a breakdown of the so-called unique recoil direction
(URD) approximation, which is an extension of the ARL. 4041
According to URD, the photofragment recoil v arises from a
unique parent molecule geometry. This would be the case for
diatomic molecules, where the vibrational motion is produced
along the recoil direction. However, in polyatomic molecules
the vibrational motion is not in general parallel to the recoil
direction, causing the transition dipole moment u to have a
non-single-valued distribution in the molecular frame. The
breakdown of the URD implies, consequently, that a certain
u correlates with different d-v configurations, where d is the
molecule dipole moment. Since the transition probability de-
pends on the scalar product between the photolysis laser polar-
ization direction and the transition dipole moment, for a given
u all the correlating d-v configurations are excited with the
same probability. According to the results shown in Figure 10,
photodissociation of CH3I in the 3A;(E) state is characterized
by a strong p-v correlation, which indicates that the transi-
tion dipole moment remains perpendicular to the dissociation
plane. The weak v-J and u-J correlations indicate, in addi-
tion, a scrambled CHj3 rotational angular momentum distribu-
tion. The combination of both effects suggests a preferential
contribution to the absorption process of in-plane in detriment
of out-of-plane vibrational modes.

Zero-point vibrational activity of the parent molecule might
be enough to break the URD approximation, but in the present
case, parent vibrational motion is additionally confirmed by
a non-negligible contribution of vibrationally excited CH3l
to the absorption process, as shown in Figure 5. Accord-
ing to the analysis of the CH3 internal energy carried out in
the previous section, the contribution of vibrationally excited
parent molecules increases in the vicinity of the 08 transi-
tion, but decreases at the exact resonant transition wavelength.
Such result suggests that the in-plane vibrations in the parent
molecule act as promoting modes, enhancing the transition
probability (Franck-Condon factors) as a result of the vibra-
tional coupling between the 3A4; and 3R, states at the conical
intersection. The fact that conical intersections condition dis-
sociation dynamics beyond the coupling region is well known.
In the case of the A-band, the vibrational activity of the par-
ent CH3I enhances the transition probability between 305 and
333.5 nm?!. The particular promoting mode in that case is
the C—I v3 stretching (see Figure 3 in Ref.?!) in addition to
the vg bend and other e-symmetry vibrations which enable the
C3, to Cy geometry change and, therefore, the 10,-30p conical
intersection. 2128

At the maximum absorption of the 08 transition of the B-
band the situation is different. The large transition dipole mo-
ment makes unnecessary any parent molecule vibrational pro-
moting mode and, therefore, the contribution of vibrationally
excited CH3I and, consequently, the vibrational activity of the
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CHj; fragment, decrease. The corresponding bipolar moments
differ as well from those obtained from direct excitation to
the repulsive A;(E) state. In Figure 11, the §(22), B3(02)
and f2(22) bipolar moments at 201.11 nm corrected by re-
moving the depolarization effect® are shown as well. As
can be seen, the rotationless corrected bipolar moments are
closer to the limiting values, indicating important v-J and pu-J
vector correlations produced by torques along the C—I coor-
dinate. The 3A;(E) repulsive state crosses the vibrationless
level, v=0, of the >R Rydberg state near the equilibrium ge-
ometry, where the 08 wavefunction shows maximum proba-
bility density. Since the transition from the ground state to
the 3R Rydberg state does not involve a significant change in
the CH3I geometry, !’ no significant available energy is trans-
ferred to the internal degrees of freedom of the photofrag-
ments. In fact, as described above, CH3 possesses less internal
energy at 201.11 nm than at the other excitation wavelengths
studied.

5 CONCLUSIONS

The slice imaging technique has been applied to obtain stereo-
dynamical information for the photodissociation of methyl io-
dide at different excitation wavelengths in the onset of the sec-
ond absorption B-band. The stereodynamical analysis of the
CH3(v=0) and I*(*P, /2) photofragment sliced images in terms
of semiclassical Dixon’s bipolar moments reveals a strong
competition between direct photodissociation from the repul-
sive A-band 3A(E) state and electronic predissociation from
the vibrationless level of the B-band 3R; Rydberg state. The
stereodynamical data provide a precise value for the origin of
the 08 transition of the B-band at 201.1140.12 nm and a depo-
larization factor due to parent molecule rotation of 0.29+0.06.
The analysis of the Dixon’s bipolar moments {(22), 3(02)
and B2(22) provide detailed information on the absorption
process and the dissociation step. A remarkable enhancement
of absorption to the A-band 3A;(E) state favoring prompt dis-
sociation is provided by vibrational coupling with the bound
3R} Rydberg state.
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Tables

Table 1 Dixon’s second-order bipolar moments extracted from the
analysis of the CH3(v=0) sliced images at the different excitation
wavelengths studied in this work.

Aexe /nm B (20) Br(22) By (02) B (22)
201.75 -0.39+0.02 0.18£0.03 -0.05+£0.07  0.09+0.02
201.50 -0.41+£0.04 0.12£0.02 -0.07£0.05  0.04+0.03
201.25 -0.22+0.02 0.17+£0.04 -0.13+£0.04 -0.01£0.01
201.11 -0.17£0.04 0.11£0.06 -0.084+0.06 —-0.07£0.05
201.00 -0.38+0.02 0.15£0.02 -0.17+0.04 -0.05£0.05
20090 -0.43£0.01 0.20£0.09 -0.23+0.06 -0.08=£0.06
200.75 -0.43£0.01 0.18+0.02 -0.224+0.03 -0.03£0.03
200.25 -0.48+0.05 0.18+0.02 -0.05+0.07 -0.09£0.02
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Fig. 2 CH3(v=0) fragment action spectrum from CH3I
photodissociation at the onset of the second absorption B-band. The
action spectrum covers the origin of the B-band (08 vibronic
transition) and the 3(1) vibronic band. Excitation wavelengths at
which CH3(v=0) and I*(2P1 /2) images have been measured are
shown with red circles.

Fig. 1 Ab initio potential energy curves involved in the
photodissociation of CH3I in the second absorption B-band.
Adapted from Ref.!”. See the text for details about the electronic
states involved.

204 nm 202.5 nm 201.75 nm

/

201.25 nm 201.11 nm 200.25 om

Fig. 3 Slice images (XX polarization configuration) of the
CH3(v=0) photofragment arising from CH3I photodissociation at
different excitation wavelengths covering the 200-204 nm range
around the onset of the B-band.
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Fig. 4 Slice images (XX polarization configuration) of the I* (2P, /2)
photofragment arising from CH3I photodissociation at different
excitation wavelengths covering the 200-204 nm range around the
onset of the B-band.
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Fig. 5 CH3(v=0) (red) and I* (2P1 /2) (black) translational energy
distributions represented as a function of the available energy
fraction appearing as total translational energy at different excitation
wavelengths obtained by integration of the corresponding slice
images shown in Figs. 3 and 4. En each case, the CH3(v=0) and
(P, /2) distributions are normalized to have the same intensity at
the maximum.
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Fig. 6 I*(*P, /2) angular distributions at the different excitation
wavelengths obtained by radial integration of the images shown in
Figure 4. The red curves represent the fit of the experimental data to
Eq. 2. The B anisotropy parameters obtained from the fit are
indicated in each panel.
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Fig. 7 Sliced images corresponding to CH3(v=0) fragments
produced in the photodissociation of CH3I at 201.11 nm measured
at the different pump-probe polarization configurations XX, XZ, ZX
and ZZ (see the text for details). The pump and probe laser linear
polarizations are indicated at the top right side of each image. An
arrow represents perpendicular polarization and a circle with central
dot represents parallel polarization to the Z axis, which is parallel to
the molecular beam.
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Fig. 8 Same as Figure 7, but for the excitation wavelength 200.25

nm.
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Fig. 9 CH3(v=0) angular distributions at the different excitation
wavelengths obtained by radial integration of the XX images shown
in Figure 3. The red curves represent the fit of the experimental data
to Eq. 2. The 3, and B4 anisotropy parameters obtained from the fit
are indicated in each panel.
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Fig. 10 Variation of the dissociation anisotropy 3 extracted from
the I* CP, /2) images (black squares) and from the CH3(v=0) ﬁg(ZO)
bipolar moments (red squares), superimposed to the CH3(v=0)
action spectrum (black line). The vertical scale corresponds to the
anisotropy parameter, while the action spectrum has been rescaled in
arbitrary units to fit in the graph.
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Fig. 11 Variation of the B(22), B5(02) and f33(22) bipolar
moments extracted from the CH3(v=0) images superimposed to the
CHj3(v=0) action spectrum (black line). The open symbols
correspond to the corrected bipolar moments once the depolarization
factor has been taken into account. The vertical axis scales the
bipolar moments, while the action spectrum has been rescaled in
arbitrary units to fit in the graph.
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