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NO Rotational Orientation Following 308 nm Photodissociation of NO2
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The rotational angular momentum orientation and alignment of the NO fragments generated via lin-
early polarized 308 nm photodissociation of NO2 has been determined using laser induced fluorescence.
By observing the dependence of the photofragment NO Doppler-resolved transition line shapes on experi-
mental geometry, it has proved possible to determine multipole moments of the photofragment angular
momentum distribution up to, and including, rank 3. The implications of the results for the mechanism
of the dissociation are considered.

DOI: 10.1103/PhysRevLett.86.2249 PACS numbers: 33.80.Gj, 34.50.Gb, 82.50.Hp
The complete description of molecular photodissoci-
ation requires knowledge of the correlated distribution
between photofragment recoil and angular momentum vec-
tors v and j [1–7] (i.e., the recoil angle resolved multipole
moments of the density matrix). Interest in measuring
angular momentum polarization effects [8–14] has been
motivated recently by the fact that photofragment orien-
tation [11,12,14] and alignment [8–10], characterized by
multipole moments with odd and even rank k, respectively,
are sensitive to quantum mechanical coherence and non-
adiabatic effects [4,6,7]. Most studies have probed
electronic orbital orientation and alignment in the atomic
products of diatomic [4,8,11] or triatomic [9,12,14]
molecular photodissociation. In the latter case, the atomic
products are usually accompanied by molecular cofrag-
ments, which carry the additional complexity of both
rotational and electronic angular momenta. Since the key
paper by Dixon [5] on the semiclassical theory of vector
correlations in molecular photodissociation, there have
been numerous studies of photofragment rotational align-
ment effects in polyatomic systems [15,16]. However,
apart from a few isolated, though notable exceptions
[10,13,17], measurement of the angular momentum
orientation of molecular photofragments has been largely
neglected.

In this Letter we report the rotational orientation and
alignment of the NO products generated by linearly polar-
ized excimer laser photodissociation of NO2 at 308 nm.
We have determined multipole moments of the NO angular
momentum distribution with rank k # 3 using Doppler-
resolved laser induced fluorescence (LIF) [5,18]. The
observed photofragment orientation can be rationalized
qualitatively in terms of a classical model [13,19],
analogous to that used to explain product angular momen-
tum orientation in bimolecular chemical reactions [20],
and termed planar or false chirality [13,19].

The experimental techniques employed have been de-
scribed in detail elsewhere [21]. Photodissociation of room
temperature samples of NO2, held at pressures #50 mTorr,
was achieved with pulsed, linearly polarized excimer laser
radiation at 308 nm. A portion of the 308 nm beam was
0031-9007�01�86(11)�2249(4)$15.00
employed to pump a frequency doubled dye laser operat-
ing around 225 nm, which was used to probe the NO�y �
0, N � 29� photofragments on the P11�29� transition via
the �0, 0� band of the A √ X transition [22]. Spectra of
thermalized NO were recorded to verify that the etalon nar-
rowed dye laser radiation was of near-Gaussian line shape,
with a full-width-at-half-maximum of 0.08 6 0.01 cm21.
Unresolved, polarized NO emission was detected via off-
diagonal vibronic bands at wavelengths *230 nm using a
combination of photomultiplier and boxcar integrator. The
gate delay (with respect to the photolysis pulse) and the
gate width of the latter were set at �20 and �60 ns, re-
spectively. The optical delay between the pump and probe
laser pulses was &20 ns in the interaction region.

The alignment measurements employed linearly polar-
ized pump and probe laser radiation, and the detected
emission was viewed through a linear polarizer. Doppler-
resolved spectral contours were recorded in eight of the
possible twelve pump/probe/detector geometries tabulated
by Dixon [5], in which all beam propagation and polariza-
tion vectors are fixed at 0±or 90±with respect to the electric
vector of the photolysis radiation, ep (defined as the labo-
ratory Z axis). The direction of ep was switched through
90± on alternate laser shots using a photoelastic modulator.
Odd moments of the angular momentum distribution were
determined using the pump-probe geometries illustrated in
Fig. 1. Since these measurements rely on detecting ellipti-
cally polarized emission, a quarter wave plate was placed
in front of the linear polarizer and photomultiplier detector
described above [18]. LIF signals sensitive to photofrag-
ment orientation were recorded by switching between left
and right circular polarizations of the probe laser radiation
on alternate laser shots.

The Doppler-resolved LIF profile for each geometry
D�n̄� can be represented as a linear combination of
composite Doppler profiles DK

0 �k1, k; n̄� [5,20], each pro-
portional to a single (renormalized) bipolar moment of the
correlated angular distribution, b

K
0 �k1, k� [5,23]. The

weighting coefficients of the linear combination (which
are readily evaluated using Ref. [18], together with a
generalization of Table I of Dixon [5] to include odd
© 2001 The American Physical Society 2249
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FIG. 1. Experimental geometries used to probe photofragment
orientation: (a) the geometry with ua � 645± which is most
sensitive to moments of rank k � 1, and (b) the geometry with
ua � 90± which is sensitive only to k � 3 moments. ua is
the angle between the probe laser propagation direction and the
laboratory Z-axis, which lies along ep.

moments of the angular momentum distribution) vary
with rotational transition and experimental geometry
[5,18]. The coefficients determine the sensitivity of the
experiments to a given bipolar moment [5,10,20].

The sum and difference between NO photofragment
Doppler-resolved LIF contours obtained using left and
right circularly polarized probe light in the two geometries
of Fig. 1 are shown in Figs. 2(a) and 2(b). The summed
signals, shown in the left panel of each figure, depend only
on the population and alignment of the NO photofrag-
ments, while the difference signals, shown on the right,
are a direct measure of the angular momentum orientation
of the NO photofragments. We have demonstrated that

TABLE I. Values of the bipolar moments for the NO fragments
born in y � 0, N � 29 generated via the 308 nm photodissocia-
tion of NO2. (N represents the total angular momentum quantum
number apart from electron spin.) The numbers in brackets are
the Monte Carlo determined errors (2s) in the last figure given.
b

2
0 �43� was constrained to equal 2

8
p

15
b

2
0 �23� in the fitting pro-

cedure. The moments are normalized such that b
0
0 �00� � 1.

b
2
0�20� b

2
0 �21� b

2
0 �02� b

0
0 �22� b

2
0 �22� b

2
0 �42� b

2
0 �23�

0.61 0.22 20.23 20.38 0.27 20.27 20.06
(2) (4) (2) (4) (5) (8) (5)
2250
for the geometry shown in Fig. 1(a), the orientation
signal disappears, as expected, when ua � 0± or 90±,
and changes sign when ua is varied from 145± to 245±:
analogous behavior has been reported by Cline and
co-workers using ion imaging techniques [13]. For the
particular P" branch transition in question, the geometry
shown in Fig. 1(a) is about 53 more sensitive to moments
of order k � 1, i.e., to b

2
0�21�, than to moments with

k � 3, i.e., to b
2
0�23� and b

2
0�43�. The counterpropa-

gating geometry of Fig. 1(b), on the other hand, is only
sensitive to moments with k � 3 [predominantly b

2
0�23�],

which have weighting coefficients of the same order of
magnitude as that for the k � 1 moment in geometry of
Fig. 1(a). The relative intensities of the difference profiles
shown in Figs. 2(a) and 2(b) suggest, therefore, that con-
tributions from the k � 3 moments to the photofragment
distribution are smaller than that from the k � 1 moment.

FIG. 2. (a) Sum (left) and difference (right) signals between
Doppler-resolved profiles obtained using left and right circular
polarized probe laser light in the geometry shown in Fig. 1(a).
(b) Analogous sum and difference signals for the geometry
shown in Fig. 1(b). The summed signal in each figure depends
only on population and alignment, while the difference signal
depends only on orientation (see caption to Fig. 1 and text).
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The experiments performed with linearly polarized
pump, probe, and emitted radiation have allowed the
determination of all even moments of the photofrag-
ment angular distribution with k � 0 and 2, following
procedures similar to those described elsewhere [21].
LIF signals were an order of magnitude less sensitive
to moments with k � 4, and these could not be deter-
mined in the present study. Doppler-resolved profiles,
including, for example, the summed profiles shown in
Fig. 2, were least-squares fit with a set of basis functions
which allowed for the thermal motion of the NO2 parent
molecule, and the finite resolution of the probe laser
radiation. The only adjustable parameters used in the
fitting were the bipolar moments of interest: the returned
values are given in Table I, together with their Monte
Carlo determined errors. The values reported here for
the bipolar moments with even k are consistent with the
somewhat more limited set determined previously by
Hancock and co-workers [24] for the photolysis of NO2 at
355 nm: excitation at both 355 and 308 nm are believed
to access the Ã�2B2� state [25], which has its transition
moment polarized parallel to the terminal oxygen atoms.
The greater magnitude of the translational anisotropy,
2b

2
0�20�, obtained in the present thermal measurements,

however, suggests a significant reduction in dissociation
time at the higher available energy employed here [24].

In the semiclassical limit, when the fragment rotational
angular momentum is much greater than that of the par-
ent triatomic molecule, j ¿ J , the angle between v and j
must tend to 90± [6]. Under these conditions b

0
0�22� �

2
1
2 , and b

2
0�42� should be constrained to 7

12b
2
0�02� 2

5
12b

2
0�22� [4,6,10,26,27]. Substituting the values of b

2
0�02�

and b
2
0�22� obtained here (see Table I) into the latter equa-

tion yields b
2
0�42� � 20.25, very close to the value de-

termined by the (unconstrained) fitting procedure. Small
deviations of b

0
0�22� and b

2
0�42� from these limiting val-

ues probably reflect the effects of nonzero angular mo-
mentum J in the room temperature parent molecule [10].
In the semiclassical limit, the orientation moment b

2
0�43�

must also be constrained to equal 2
8

p
15

b
2
0�23� [27]. Least-

squares fits to the orientation dependent LIF data shown in
Fig. 2, using analogous procedures to those described for
the even moments, together with the above constraint on
b

2
0�43�, lead to the values of b

2
0�21� and b

2
0�23� given in

Table I. The best fits to the data are shown as the smooth
lines in Fig. 2. Alternative fits, in which we have made the
extreme assumption that b

2
0�43� � 0.0, yield b

2
0�21� �

0.23 6 0.05 and b
2
0�23� � 20.09 6 0.05. The quality of

these fits is slightly poorer than those shown in Fig. 2. The
fact that the two analyses yield such similar values for the
b

2
0�21� and b

2
0�23� orientation moments is primarily a con-

sequence of the low sensitivity of the present experiments
to the effects of b

2
0�43�.

Semiclassically, each bipolar moment represents the
expectation value of the (complex conjugate of the)
corresponding bipolar harmonic [5]. Following the renor-
malization of Dixon [5] and Cline and co-workers [13],
the first orientation bipolar moment, b

2
0�21�, is therefore

defined

b2
0�21� � 22�sinut cosut sinur sinfr� ,

with limiting values of 61. The angles (ui, fi) are the
body fixed frame polar angles of the photofragment trans-
lational recoil (i � t) and rotational angular momentum
(i � r) vectors, respectively: the body fixed frame z axis
lies along the parent molecule transition moment m, and
the xz plane contains the recoil velocity vector [28]. The
positive sign of b

2
0�21� observed here implies that frag-

ments recoiling close to the line x � z (ut # 90±) have
angular momenta oriented preferential along the 2y direc-
tion (i.e., fr � 3p�2). Conversely, fragments recoiling in
the x � 2z direction (ut $ 90±) have momenta preferen-
tially oriented along the 1y direction. The sign of the
orientation moment b

2
0�21� is the same as that reported

previously in the 355 nm study by Cline and co-workers
[13], and in fact its magnitude is also similar to the prelimi-
nary value reported in that work [13]. The higher-order
odd moment, b

2
0�23�, has not been determined previously,

to our knowledge.
The photofragment angular momentum polarization can

be illustrated using the bipolar moments of Table I to
evaluate the (semiclassical) angular distribution function
P�ut, ur, fr�, as shown in Fig. 3. The reconstructed dis-
tribution is necessarily truncated, with the moments with
k $ 4 that were not determined in the present experiments
set equal to zero. The distribution of photofragment angu-
lar momentum vectors is shown in the form of a polar plot
in the left panels, with the bold arrow representing the di-
rection of recoil, v . The strong rotational alignment along
the body fixed y axis, perpendicular to the plane contain-
ing m and v (as expected in the semiclassical high j limit
discussed above), and the change in orientation of j with
recoil direction, are clearly visible.

The diagrams shown in the panels on the right of Figs. 3
illustrate the types of nuclear motion which might give rise
to the polarization behavior described. The orientation sig-
nals are consistent with a torque being exerted on the cen-
tral nitrogen atom during fragmentation. As noted by Cline
and co-workers [13], such a torque might be generated sim-
ply by the impulsive release of energy along the breaking
N-O bond, although it is likely that the mechanism is more
complex than this. The Ã�2B2� electronic state to which
NO2 is excited around 300 nm correlates with electron-
ically excited atomic oxygen products (a channel which
is closed at the energies supplied to the parent molecule).
Dissociation to the products O�3P� 1 NO�2P� is believed
to occur via passage through a conical intersection with
the ground X̃�2A1� electronic state (see, for example, [25]).
The geometry of the excited electronic state [which has a
smaller equilibrium bond angle than NO2�X̃�], and the pre-
dicted configuration of the conical intersection [25], are
2251
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FIG. 3. The distribution P�ut, ur, fr�. The polar plots (left
panels) show the semiclassical angular distribution of j at two
recoil angles ut (represented by the bold arrow in the left panels)
evaluated using the bipolar moments given in Table I. The
mutual orientation of the vectors is illustrated schematically in
the panels on the right.

both likely to promote NO rotational orientation with the
same sense as determined here.
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