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Two-dimensional photofragment imaging has been applied to the 355 nm photodissociation of NO, in a supersonic beam. The
NO fragments are state-selectively ionized and projected onto a two-dimensional position-sensitive detector. The original velocity
distribution is reconstructed by an Abel transform of the observed image of the fragments. The speed distribution of a single
rovibrational state of NO consists of a single peak as expected from conservation of momentum and energy. The anisotropy
parameter, 8, of the NO photofragments is found to be 1.40+0.20, which is significantly larger than previously reported values
measured with effusive molecular beams. This discrepancy is explained by the effect of the rotation of the parent molecule.

1. Introduction

Two-dimensional imaging of state-selected pho-
todissociation products detected by resonance-en-
hanced multiphoton ionization (REMPI) was first
demonstrated in the 266 nm photodissociation of
methyl iodide [1]. Briefly, this technique allows the
experimenter to “‘map” the velocity distribution of
the products in photodissociations and bimolecular
reactions by directly imaging their spatial distribu-
tion onto a two-dimensional position-sensitive de-
tector. The velocity (angle and speed) distribution
of products in a single quantum state provides more
detailed information about the reaction dynamics
than previous Doppler [2], one-dimensional time-
of-flight or “‘core-sampling” techniques [3,4], and
conventional crossed beam experiments. One ad-
vantage of this method is simuitaneous detection and
characterization of competing (e.g. parallel and per-
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pendicular) dissociation channels. Since its first
demonstration, the method has been further applied
to the 266 nm dissociation of methyl iodide [5,6]
and the 243 nm dissociation of H,S [7]. Recently
the technique has also been applied to measurements
of bond-dissociation energies [8] and reactive scat-
tering [9]. The method is similar to the technique
recently used to obtain the kinetic energy release in
dissociative electron attachment of chlorofluorocar-
bons [10]. These approaches can be considered to
be a quantitative variant of the photolysis mapping
technique [11].

The photodissociation of NO, in the UV region
has been studied by a number of researchers. It has
been well established that the pholoabsorption oc-
curs mainly to the A 2B, electronic state, which is
strongly coupled with the ground electronic state and
undergoes fast predissociation into NO(X 1) and
O(CP,, J=0, 1, 2). Busch and Wilson [12,13] per-
formed the first measurement of the angular distri-
bution of the O atoms at 347.1 nm by using a mo-
lecular beam/time-of-flight technique. Zacharias et
al. [14] measured the NO product state distribution
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following 337 nm dissociation. Internal state and an-
gular distributions of NO fragments were also mea-
sured by Mons and Dimicoli [15-17] for several
different dissociation wavelengths using one-dimen-
sional time-of-flight mass spectrometry. Recently, the
photofragment excitation (PHOFEX ) spectra were
reported in the near threshold region by monitoring
either NO [18] or oxygen atom [19]. In the present
study, we apply the imaging technique to the 355 nm
photodissociation of NO, in the supersonic beam and
determine the angular and speed distributions of the
NO fragment. The observed angular distribution is
compared with the previous reports measured using
effusive beams, and the role of rotation of the parent
molecule is discussed.

2, Experimental

The experimental apparatus will be described in
detail elsewhere [20]. A pulsed molecular beam (5%
NO,:5% O,:He at a backing pressure of 2.3 atm) is
collimated into a diameter of less than 2 mm and
crossed by the pulsed radiation from two lasers. The
first is a frequency-tripled Nd: YAG laser (Quanta-
Ray, 20 mJ/pulse at 355 nm). The second is a fre-
quency doubled (3-BaBO;) XeCl-pumped dye laser
(Lambda Physik EMG 101 and FL2002, 0.5-1.0 mJ/
pulse at =226 nm). The first laser is used to dis-
sociate the NO, molecules, while the second, delayed
by 50-100 ns, is used to ionize the NO (X 1) frag-
ment in a selected rovibrational state using (1+1)
REMPI through the A state. An electric field of 100—
500 V/cm is applied to extract the ion cloud into a
Wiley-McLaren time-of-flight (TOF) mass spec-
trometer [21] placed perpendicular to the plane de-
fined by the laser and molecular beam. The extrac-
tion and acceleration voltages are adjusted to flatten
the ion cloud into a “pancake” shape just as it hits
the microchannel (MCP) detector.

The MCP consists of two plates of 12 um diameter
channels separated by 15 um (center-to-center) and
produces a gain of 8 X 10°. Behind each point where
an ion strikes the detector, the amplified electrons
are accelerated onto the end of a fiberoptic bundle,
which is coated with a fast phosphor (P47, 80 ns re-
sponse). The bundle is fed through a flange in the
vacuum chamber, and the image, now a two-dimen-
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sional projection of the three-dimensional spatial
distribution, is photographed with a 512x 480 CID
camera equipped with a gated intensifier timed to
capture the mass of interest. Finally, the clectronic
images are sent to a computer averager system. Typ-
ically, the NO data images are accumulated for
2'1(2048) laser shots, and then a background image
caused by the probe laser alone is accumulated for
the same number of shots and subtracted from the
NO data image. The probe laser generates the weak
background image by one-color dissociation/ioni-
zation of NO, and also by ionizing residual NO im-
purity in the sample gas.

3. Results

An image of NO(2" =0, J" =251 ) is shown in fig.
1 as a density plot where the darkest areas corre-
spond to the most intense signal. The image consists
of 512x480 pixels and the entire image is approx-
imately 37 mm by 34 mm. The flight time is ad-
justed to 14.4 ps by varying the repeller voltage, thus
optimizing the resolution by making the image as
large as possible. In fig. 1, the molecular beam trav-
els from bottom to top, the pump beam enters from
the right, and the probe beam enters from the left.
Both of the lasers are polarized horizontally in the

Fig. 1. Image of NO(v" =0, J" =253). The darker areas corre-
spond to a higher density of fragments.
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plane formed by their intersection with the molec-
ular beam. Thus, the axis of cylindrical symmetry
caused by their polarization vectors corresponds to
the vertical center line of the NO image in fig. 1.

Since we know both the position of cach ion on the
screen and the flight time of the ions from the dis-
sociation laser pulse, the two-dimensional spatial
projection is easily converted to a two-dimensional
velocity projection. When the projection has been
made in a direction perpendicular to an axis of cy-
lindrical symmetry it is possible to reconstruct the
full three-dimensional velocity distribution from one
two-dimensional projection using an Abel transform
[22,23]. Since the three-dimensional velocity dis-
tribution is axisymmetric, every planar slice con-
taining the symmetry axis is equivalent, and can be
represented as a two-dimensional function of v, and
v, , the velocity parallel to and perpendicular to the
polarization of the dissociation laser beam, respec-
tively. This function, P(y, v, ), is shown in fig. 2. By
integrating over all angles at constant speeds the
speed distribution, P(v), obtained as shown in fig.
3, where v= (v} +v% )'/? is the speed of the NO. By
integrating over all speeds at constant angles the an-
gular distribution, P(8), shown in fig. 4 is obtained,
where =tan~"'(v, /v, ) is the angle between the po-
larization of the dissociation laser and the recoil ve-
locity of the NO.
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Fig. 2. Abel transform of the image in fig. 1 showing a slice of the
three-dimensional distribution. The x- and y-axes correspond to
velocity parallel to and perpendicular to the pump laser polari-
zation, respectively. The height is proportional to the number of
fragments at the given velocity.
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Fig. 3. Speed distribution of NO(v” =0, J" =25} ), obtained by
integrating over all the angles in the distribution shown in fig. 2.
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Fig. 4. Angular distribution of NO(v" =0, J” =254 ). The sym-
bols correspond to the distribution obtained by integrating over
all the speeds in fig. 2. The solid line is a fit to the data of the
functional form given ineq. (1).

4, Discussion

Following dissociation at 355 nm, NO and O can
only be formed in their ground electronic states
NO(X 2[T) and O(°P, J=0, 1, 2), respectively. Due
to conservation of energy, therefore, disregarding the
spin—orbit splitting of the oxygen atom. only a single
speed is allowed for an NO fragment in a given ro-
vibrational state. For NO(v" =0, J” =251) this speed
is 729 m/s, which corresponds to the peak of the ob-
served distribution in fig. 3. The spread in the ob-
served distribution can be attributed to the fact that
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the NO fragments do not originate from a point
source, but instead they are formed within a volume
defined by the overlap of the lasers with the molec-
ular beam.

The angular distribution of photofragments- has
been considered in detail by many authors [13,24-
26]. Typically, the photofragment distributions are
characterized by the laboratory frame anisotropy pa-
rameter, B, in the equation

I(0)=[1+pP,(cosb)]/4n, (1)

where 8 is the recoil angle relative to the polarization
vector of the photolysis laser and P,(x) is the sec-
ond-order Legendre polynomial. For instantaneous
dissociation of a diatomic molecule, the anisotropy
parameter is — 1 for dissociation perpendicular to
the transition dipole, x, or 2 for dissociation parallel
to 4. In general, since the dissociation takes place on
a finite time scale and since in the dissociation of
polyatomic molecules the recoil velocity can have
some angle which is neither parallel nor perpendic-
ular to the transition dipole, the measured f actually
falls between these two extremes. The functional form
given in eq. (1) is fit to the angular distribution of
NO(v” =0, J=25}) given in fig. 4 in order to de-
termine a value for § of 1.46 £0.20. The angular dis-
tribution was measured for several other rotational
states of NO (v =0) and all yielded very similar val-
ues of f. Averaging these, we find that f=1.4010.20.

This value does not agree favorably with previous
results of Busch and Wilson [13], who found #=0.74
(A4iss=347 nm), nor with the values of =09
(A4iss=360 nm) or f=0.6 (A4;s=348 nm) reported
by Mons and Dimicoli [15,17]. However, the dis-
crepancy can be explained by the effect of rotation
of the parent molecule. Neglecting the (small) effect
of tangential velocity due to parent rotation, the de-
pendence of § on parent lifetime may be written as
[13,25]

2.2
p=2peos) ()., (2)
where y is the angle between the parent transition
dipole moment and the recoil velocity vector of the
fragment, w is the frequency of the parent rotation,
and 7 is the lifetime of the parent.

The lifetime of the excited state, 7, is set to
2.1% 10~ 3 s by using the data of Busch and Wilson.
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The rotational frequency can be determined from
w?=1kT, 3)

where the average of the two large and nearly equal
moments of inertia is used for /, and the temperature
of our beam is estimated to be less than 30 K. The
dissociation of NO, at 355 nm has been shown by
Busch and Wilson and by Mons and Dimicoli to be
consistent with a transition to the B, state. Since the
ground state is totally symmetric, the transition di-
pole will have the same symmetry as the excited state.
This means that the transition dipole moment will
be perpendicular to the C, axis and in the plane of
the molecule. Thus, under the assumption that the
oxygen atom leaves along the breaking N-O bond,
2y is given as 180° minus the bond angle. Assuming
that the bond angle is that of the ground state (134°)
provides a value of y=23°, while assuming that bond
angle is that of the 2B, excited state (102°) provides
a value of y=239° [27]. It is reasonable to assume
that the actual recoil angle lies somewhere between
these limits. From eq. (2) with the value of 7 from
Busch and Wilson and a temperature of 30 K, we cal-
culate the expected value of g to lie between 1.0 and
1.5, in agreement with our experimental value. Us-
ing this same model and a temperature of 300 K, a
value of f~0.8 is obtained, which is close to the val-
ues obtained by Mons and Dimicoli and by Busch
and Wilson for thermal beams.

One potential problem to consider in the mea-
surements of f using the imaging technique is that
the Doppler width of the fragments may be larger
than the bandwidth of the probe laser. If this were
the case, fragments recoiling along the probe laser
propagation direction would be subject to a large
Doppler shift and would be only weakly ionized
compared to those absorbing in the center of the
Doppler profile, where the laser intensity is strong-
est. In our geometry, where the lasers are counter-
propagating, this effect would lead to an increase in
the apparent value for 5. Given a speed for the
NO(v" =0, J'=254) fragment of 729 m/s and an
estimated bandwidth at 226 nm of 0.3 cm ~! fwhm,
the fragments moving directly toward and away from
the probe laser will absorb approximately 20% less
light. If we assume that the (1+1) REMPI effi-
ciency of NO is linear in laser power, the apparent
increment of 8 by this Doppler effect is calculated to
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be less than 0.1 in our experiment, which is some-
what smaller than our experimental error.

Care must also be taken to insure that the entire
fragment sphere lies within the cross section of the
probe laser at the chosen delay time, otherwise the
fragments moving perpendicular to the laser might
not be ionized. Such an effect would lower the ap-
parent anisotropy and might occur if both the pump
and probe beams are very tightly focused and the time
delay between them is large. In our experiment the
time delay is only 50-100 ns and the pump beam is
not as tightly focused as the probe beam, so that we
probe fragments moving in all directions with nearly
equal efficiency.

Finally, one must also consider the fact that the
photofragments may be rotationally aligned with re-
spect to the relative velocity vector. Because of this
so-called »—J correlation, the measured value of § may
not reflect the true translational anisotropy, since the
detection efficiency of the fragment may depend on
the relative orientation of the photofragment with
respect to the polarization vector of the probe laser.
This effect should be particularly marked in the case
of the photodissociation of a cold triatomic mole-
cule, where » LJ correlation is expected. Although
we have investigated the possibility of such an effect,
we observe no distinguishable difference between
images taken with the probe laser polarized parallel
1o the pump polarization, as in fig. 1, and images
taken with the probe laser polarized perpendicular to
the pump polarization. We believe the reason for this
is the large cross section of the A—X transition,
which easily leads to saturation at even moderate
laser powers [28]. We have also measured the an-
isotropy of the O atoms and obtain a § value which
is, within experimental error, equal to the NO value,
indicating that the measurement is not affecled by v-
J correlation. Data on the O atom distributions will
be described in a more extensive report of the NO,
photodissociation [20].

5. Conclusion

By applying the technique to the NO, dissociation
at 355 nm, we have demonstrated that photofrag-
ment imaging can be used as a quantitative measure
of the dynamics of photodissociations. The anisot-
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ropy parameter, 8, of a state-selected NO fragment
is measured to be 1.40%0.20. Although this is a
higher 8 than reported previously by others workers,
it is consistent with a simple model which takes into
account the effect of parent rotation. Since the par-
ent is prepared in a colder rotational distribution in
our experiment than in previous ones, the value of
S we obtain is closer to the limit imposed by the lo-
cation of the transition dipole moment and the di-
rection of axial recoil. The major advantages of the
imaging technique are that the qualitative represen-
tation of the data is immediately apparent and that
the velocity distribution can be obtained for a state-
selected product. Competing product channels can
be easily distinguished, thereby reducing the com-
plexity of the quantitative analysis. This technique
is therefore suitable to complex dissociations as well
as bimolecular reactions.
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