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Photofragment angle-velocity distributions are measured in a molecular beam using a new 
two-dimensional imaging technique. We report on the detection of weak perpendicular transitions 
for CH31 A state photodissociation at 266 and 304 nm. The ratio of cross sections and the 3Qo_IQ 
crossing probability are 0'.L/0'11=0.00-0.1O and p=O.22-0.27 at 266 nm and 0'.L/0'11=0.20-0.30 
and p=0.43-0.48 at 304 nm. 

The photodissociation of CH31 has become a benchmark 
for testing theories and computational methods of calculating 
potential energy surfaces of polyatomic molecules. The A 
states undergo direct dissociation to CH3 and 1. 1

-
6 Photo­

fragment anisotropy measurements indicate that I atoms 
formed in both the 2P3/2 and 2P1!2 spin-orbit states origi­
nate from an At-X transition of CH3I involving a parallel 
transition moment, even though the Ie P 3/2) ground state 
correlates to a perpendicular transition. I - 5 These observa­
tions are explained by a dominant parallel transition to a 
potential surface that correlates with Ie P 1/2) [henceforth 1*], 
but which undergoes a branching at a surface crossing with a 
state that correlates with Ie P 312) [henceforth I]. 

A crucial issue that remains unresolved is the relative 
contribution to the perpendicular states from direct excitation 
versus from surface crossing. The detection of weak perpen­
dicular transitions that are overlapped by a strong parallel 
band is achieved here by a new photofragment imaging tech­
nique that records two-dimensional images of the three­
dimensional velocity distribution in the form of 2D "slices" 
rather than projections that must be inverted. In this Com­
munication we measure the ratio of parallel and perpendicu­
lar transition cross sections, which in combination with mea­
surements of the branching ratio to I and 1* permits the 
surface crossing probability to be determined as a function of 
photolysis wavelength. 

Background: TheA states ofCH31 are due to 5pn--+0'* 
excitations that are split by spin-orbit interactions into five 
components. Transitions to three component states are 
electric-dipole allowed from the ground electronic state and 
are denoted in order of increasing energy as 3 Q I, 3 Q 0, and 
lQ (Mulliken notation, 2E, 2A I , and 3E in C3u 
symmetry).7 The 3QI and IQ states are reached by transition 
moments perpendicular to the C-I bond and the 3Qo state by 
a parallel transition moment. The perpendicular transitions 
correlate to the CH3 + Ie P 312) dissociative limit and the par­
allel transition correlates to the CH3 + I*e P 112) lirnit.7- 9 

These simple considerations predict a crossing of the 3Qo 
and I Q surfaces. 

The angular distribution of photofragments (expressed as 
a differential cross section) is given by 

(1) 

where () is the fragment ejection angle relative to the laser 
polarization axis, 0' is the integral absorption cross section, 
and f3 is the anisotropy parameter, which in the limit of direct 
dissociation is -lor +2 for perpendicular and parallel tran­
sitions, respectively. In the diabatic picture of the A state 
potentials, one would expect I and 1* to be produced with 
angular distributions corresponding to f3 values of -1 and 2, 
respectively (i.e., angular distributions peaking perpendicular 
to and parallel to the laser polarization axis, respectively). 
Instead, photofragment anisotropy measurements show that 
both I and 1* exhibit parallel-like dissociation. i - 5 These re­
sults are explained by a dominant parallel transition to 3Qo 
that undergoes a branching at the 3 Q 0 - i Q surface crossing 
to give both I and 1*. Calculations support this 
interpretation.8

,9 Butler and co-workers presented convincing 
experimental evidence for the surface crossing and branching 
by showing that the emission polarization from A state exci­
tation evolves from a pure parallel component to a mixture 
of parallel and perpendicular components. 10 

Experimental: The method of recording 2D images of 
3D angle-velocity distributions is illustrated in Fig. 1. Pho­
todissociation is initiated and products subsequently ionized 
by laser excitation. The expanding ion packet (shown as a 
sphere in Fig. I for clarity) represents the 3D angle-velocity 
distribution. A series of time-of-flight spectra are collected 
using a rastering procedure in which the position of the ion­
ized photoproduct packet is stepped across the detector ap­
erture by incrementing the voltage across a pair of deflector 
plates. 

The velocity components in a specific plane of interest 
are dispersed temporally along the z-axis and spatially along 
either the x or y axis. The c.m. velocity components in the 
laboratory axis system are given by the relations 
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FIG. 1. Time-of-flight ion optics assembly used for measuring photofrag­
ment angle-velocity distributions (not to scale). Terms are defined as fol­
lows: A, aperture; DEFL, ion deflector plates; DET, detector; L, laser, MB, 
molecular beam; POL, laser polarization axis; VO, VI, V2, ion acceleration 
grids. Deflector plates for y axis are not shown. A simulated spectrum is 
illustrated for the xz plane. 

(2) 

l 1 
v x •y = to =to (KVDEFL)· (3) 

Equation (2) assumes two-stage ion acceleration under space 
focussing conditions where E is the extraction field, q is 
charge, m is mass, and t- to is the arrival time relative to the 
center of the distribution toY In Eq. (3), K is a constant 
relating the deflection voltage V DEFL to the spatial deflection 
l at the detector. Our time-of-flight mass spectrometer con­
sists of an ion optics assembly of three grids VO-V2 each 
separated by 1 cm, aIm drift tube, and a 5 mm diam aper­
ture mounted in front of an 18 mm diam microchannel plate 
detector. The results presented here were collected using 15 
V fcm and 230 V fern for the extraction and acceleration 
fields, respectively. Under these operating conditions, r+ ions 
have flight times centered at to=72 f-LS. A combination of the 
detector aperture diameter and blurring of the ion image due 
to diffraction off grids currently limits our spatial resolution 
to about 8 mm giving a best angular resolution of about ±6° 
for the highest velocity I atom fragments. 

Photofragment images can be recorded in the xz and y z 
planes depending on whether the x or y deflector plates are 
used. The laser polarization axis P is aligned along either the 
z axis or y axis (denoted P z and P y ). We define the c.m. 
velocity components parallel and perpendicular to P as w 
and u,v, respectively. The xyz laboratory axis system, there­
fore, corresponds to the c.m. velocity components uvw and 
uwv for P z and P y polarization, respectively. Hence, the xz 
and yz laboratory planes yield three orthogonal and one re­
dundant c.m. planes of detection: uw and v w (for P z) and 
uv and wv (for P y). 

Photolysis was initiated at 266 nm or 304 nm. I and 1* 
photofragment were ionized by 2 + 1 resonance enhanced 
multiphoton ionization (REMPI) using excitation at 304.7 
nm (6P2D~/2 intermediate state) and 304.0 nm (6P4D~/2 

. state), respectively. Laser pulse energies and focussing con­
ditions were adjusted to avoid space charge repulsion and in 
the_ case of 266-nm photolysis to maximize the two-pUlse 
signal relative to the one-color signal. TOF spectra were col­
lected using a LeCroy 9450 digital scope. The images re­
ported here required about 30 minutes of data acquisition 
time at 10-Hz laser operation. 

The CH31 sample was placed in a bubbler cooled to 0 °C 
and delivered to the pulsed valve by a flow of Ar or He at 
400 psi (results were unchanged at lower temperatures). To 
irlhlbit cluster excitation, the pulsed valve was heated to 
60°C and excitation was synchronized to the leading edge of 
the gas pulse. Cluster formation was negligible under these 
conditions as verified by low energy electron impact mass 
spectra and corroborated in the angle-velocity images by the 
absence of the characteristic low energy I atoms from cluster 
photodissociation.3 

The present technique has important similarities and dif­
ferences to previous methods that use time-of-flight mass 
spectrometry (TOFIMS) to measure fragment velocity. The 
groups of Houston,3 EI-Sayed,12 and Chandler13 have ob­
tained TOF velocity distributions along one axis of the 3D 
distribution (Houston refers to it as core sampling). Measure­
ments along two axes were obtained by rotating the laser 
polarization. These measurements use delayed ion extraction 
to achieve large separation of the velocity components, but 
the lack of space focussing conditions complicate the rela­
tionship between v and t- to. The groups of Crim and 
Powis operated under space focussing conditions, but re­
corded ID projections rather than ID cores by foregoing the 
use of an aperture at the detector (i.e., the entire ion packet 
was intercepted by the detector).4 Houston and Chandler de­
veloped a TOFIMS imaging technique by impinging the ion 
packet onto an intensified microchannel plate camera 
system.5 These 2D images are projections that require an 
Abel inversion to obtain images in a single plane from which 
speed distributions are obtained. The inversion routine, how­
ever, can introduce aberrations in the processed data. Dop­
pler selection has been used to record 2D slices by ion im­
aging (Kinugawa and Arikawa) and by fluorescence imaging 
(Chen).14 These methods work best for fast, and therefore, 
light fragments. The method of photofragment translational 
energy spectroscopy using a rotating detector yields angle­
velocity distributions in a single plane, but in the laboratory 
frame.1,2 Transformation to the c.m. frame requires an intera­
tive forward convolution routine. The advantage of the 
present method is that no reconstruction of data is required to 
obtain in-plane c.m. angle-velocity distributions. 

Results: For axisymmetric systems only two planes of 
detection are needed. We choose the xz laboratory frame, 
which corresponds to the uw and uv velocity planes for P z 
and P y' respectively. The product angular distributions ex­
pected for directly dissociating parallel and perpendicular 
transitions (f3=2 and -1, respectively) are illustrated in Fig. 
2. The ID projections of the 2D images are also shown. The 
uv plane is especially important because it probes in the 
node of the parallel angular distribution and, therefore, is 
very sensitive to detecting perpendicular transitions. 

The uw and uv image planes were recorded for I and 1* 
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FIG. 2. Representation of the angular probabilities for photofragment ejec­
tion angle arising from parallel (-) and perpendicular (- - -) transitions of 
CH3I in two planes of detection that selectively probe these two transitions. 
II, v, and IV are orthogonal c.m. velocity components. The plane of detection 
was varied in this example by rotating laser polarization P. ID projections 
of the intensity profiles of the 2D velocity images are calculated along the 
edges. 

for 266 and 304 nm photolysis. The results for 304 nm pho­
tolysis and 1 atom probe are shown in Fig. 3. A strong 
forward-backward peaked angular distribution is observed in 
Fig. 3(a) for the uw plane, corresponding to the direct dis­
sociation from a dominant parallel transition. The uv plane 
in Fig. 3(b), on the other hand, shows the characteristic "do­
nut" shaped angular distribution expected for a perpendicular 
transition. Individual high sensitivity TOF spectra were also 
recorded along the image centerline at u = O. These spectra 
con-espond to scattering through angles of 8=0° [III ( w) 
trace] and 8= 90° [I.L (v ) trace]. For Ie p 3/2) detection, the 
ratio of intensity hllil is 0.00-0.05 at 266 nm and 0.10-0.15 
at 304 nm. Because of the limited angular resolution of the 
experiment (cf. Experimental), about 5-6 % of photofrag­
ments from parallel excitation, those with near orthogonal 
scattering angles, appear in the h traces, and are subtracted 
out. The ratio 1.1 I I i was much less for 1* than for I, as ex­
pected since 1* con-elates with the strong parallel 3Qo state. 
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Discussion: The ratio of cross sections for perpendicular 
and parallel transitions is straightforward to determine. 
Equation (1) leads to the simple expression 0".1 I 0"11 = 2h / III . 
Our measurements for Ie P3/2) lead to 0".1/0"11 ratios of 0.00-
0.10 at 266 nm and 0.20-0.30 at 304 nm. Gedanken and 
Rowe recorded absorption and magnetic circular dichroism 
(MCD) spectra of CH31, from which they determined the 
3Ql' 3Qo,ang lQ component contributions to the con­
tinuum A band absorption. 15 The peak component absorption 
wavelengths are reported to be 300, 261, and 240 nm, re­
spectively, and the percentage total absorption strengths are 
1:78:21, respectively. The MCD results indicate a minimum 
in 0".1 I 0"11 at 260 nm, which is consistent with our results. At 
304 nm the ratio of the weak 3 Q I band to the far wing of the 
strong 3Qo band is difficult to access from the MCD results. 

The surface crossing probability p can be deten-nined 
from measurements of 0".1 I 0"11 and the branching ratio 
f(I)lf(I*). Product yield can be expressed by 

( 
f (I) ) = ( 1 - p 
f (1*) p 

P 

I-p 
(4) 

where we assume a crossing probability for the 1 Q and 
3Qo surfaces, but not for the 3Ql surface, which lies at lower 
energy. The analysis simplifies considerably by assum­
ing, based on theory8 and MCD spectra,IS that 
O".LeQ);PO".LeQI) at 266 nm and O".LeQ)~O".LeQI) at 304 
nm. A value of f(I)/f(I*) =0.37 at 266 nm has been measured 
previously,16 which in combination with the measured cross 
section ratio 0".1/0"11=0.00-0.10 yields a value for the cross­
ing probability p of 0.22-0.27. At 304 nm, we estimate a 
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FIG. 3. Measurements of the 2D angle-velocity images of the Ie P312) atom fragment from photodissociation of CH3I at 304 run. Shown are images in planes 
that selectively probe the (a) parallel and (b) perpendicular transitions. The intensity axis of the 2D images is out-of-plane and unlabeled. The lD projections 
are obtained by summing the TOF spectra along each axis (compare to Fig. 2). Because the 3D distribution has a center of symmetry, we only recorded spectra 
for uaoO. For visual clarity an inverted mirror image of this data is shown for u<O. 
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value of f(I)/f(I*) = 1.3 by scaling the branching ratio at 266 
nm by the relative signal intensities of 1 and 1* at the two 
wavelengths. An early photo acoustic study reports a value of 
about 2.0. 17 Using our branching ratio and cross section ratio 
of 0.20-0.30 yields a crossing probability of 0.43-0.48 at 
304 nm. 

Shapiro calculated crossing probabilities from the paral­
lel transition of about 0.32 and 0.50 for 266 and 304 nm, 
respectively.8 Although larger than the observed values, they 
exhibit the trend observed here that p increases with decreas­
ing energy. Shapiro attributes this effect to the energy re­
leased into translation; the less translational energy, the 
slower is the passage through the crossing region, and con­
sequently, the greater is the crossing probability. 

In summary, the principal result here is the demonstra­
tion of a new photofragment imaging technique that delivers 
direct 2D c.m. images in the form of slices (as opposed to 
projections) of 3D velocity distributions. We have confirmed 
the existence of the weak 1 Q and 3 Q 1 perpendicular transi­
tions that overlap with the strong 3Qo parallel transition that 
make up the Ii state continuum and determined relative cross 
sections and curve crossing probabilities at 266 and 304 nm. 
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