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Crossed molecular beams scattering experiments on the O�1D��H2 reaction have been carried out in
order to study the effect of the reagent (H2) rotational excitation on the detailed dynamics of this
benchmark insertion reation. Experimental results indicate that a single quantum rotational excitation
of H2 has a significant impact on the product state distributions at the forward and backward scattering
directions, while very little effect has been found in the sideway scattering direction. No clear patterns
of this effect are found in the OH-product state distributions, indicating that the single quantum
excitation on the dynamics is rather complicated.
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Schnieder et al. [30]. Details of the Rydberg tagging TOF
machine used in this work have been described previously

can be described in terms of that from H2 at J � 0
and J � 1,
Quantum state resolved differential cross section
measurements provide the most detailed mechanistic in-
formation on a chemical reaction through reactive scat-
tering and also provide the most stringent test for a
quantitatively accurate theoretical picture for this process.
So far only a handful of reactive systems have been
studied with quantum-state resolution in a scattering
experiment [1–3]. In this Letter, we report a detailed
experimental study of the reagent rotational excitation
effect in a typical insertion chemical reaction,
O�1D��H2, at the quantum-state-to-state level.

The reaction of O�1D��H2 plays a significant role in
atmospheric [4] and combustion chemistry [5]. This re-
action is also a well-known benchmark system for an
insertion-type chemical reaction at low collision energies.
Extensive experimental and theoretical studies have been
carried out in order to elucidate the dynamics of this
reaction (and its isotope variants [6–28]. Previous experi-
mental studies indicated that this reaction is dominated
by the insertion mechanism. Recently, Liu and
co-workers [23–27] have shown that the reaction is
dominated by the insertion pathway only at low colli-
sional energies, while at higher collision energies ( >
1:8 kcal=mol) an additional abstraction channel is coming
into play. Very recently, a quantum-state-resolved scatter-
ing study was reported on the O�1D��H2�J � 0� reaction
at 1:3 kcal=mol [29]. Even though extensive theoretical
studies on this reation have been performed, the effect of
rotational excitation on the dynamics of this insertion
reaction is still not understood quantitatively.

In this work, the O�1D��H2�J � 0=1� !
OH�2�; v;N� � H reaction at 1:3 kcal=mol was studied
using the high H-atom Rydberg ‘‘tagging’’ time-
of-flight (HRTOF) technique, which was pioneered by
0031-9007=02=89(13)=133201(4)$20.00 
[29,32]. In this work, two parallel molecular beams (H2

and O2) were generated with similar pulsed valves in this
experiment. The O�1D� atom beam was produced by the
157 nm photolysis of the O2 molecule. The O�1D� beam
was then crossed at 90� with the H2 molecular beam. The
H2 molecular beam is generated by expanding the H2

sample through a pulsed nozzle, which is cooled to the
liquid nitrogen temperature. The collisional energy for
this reaction is 1:3 kcal=mol. The H-atom products were
detected using the HRTOF technique with a rotatable
multichannel plate detector. TOF spectra of H-atom prod-
uct at different laboratory (LAB) angles were measured.
In order to study the difference of the reactivities of the
H2 molecule in the J � 0 and J � 1 states, two different
H2 samples are used in the experiment: a normal H2

sample and a para-H2 sample ( > 98:5%). Since the H2

beam is produced by expanding the H2 sample via a
cooled nozzle at the liquid nitrogen temperature, the
H2 molecules in the beam are populated only in the low-
est rotational states [30]. Therefore para-H2 in the mo-
lecular beam is populated only in the J � 0 state, while
normal H2 is populated in both J � 0 and 1 with a ratio
of 1�J � 0� : 3�J � 1�. In this experiment, TOF spectra
at eight LAB scattering angles were measured for both
H2 samples with exactly the same experimental condi-
tions. These spectra were measured by switching the
two H2 samples back and forth many times to reduce
the systematic errors in the measurements. Since the
numbers of density for the two H2 samples in the beam
are controlled to be exactly the same, the TOF spectra
(TOFS) of the H-atom products from the O�1D� reactions
with H2 at both J � 0 and 1 can be obtained from these
two samples using a simple arithmetic. From the above
discussions, the TOFS for the p-H2 and n-H2 reactions
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FIG. 1. Product kinetic energy distributions for the O�1D�
reaction with H2�J � 0� and H2�J � 1� at three different labo-
ratory angles: 117:5� (B), 30� (S), and �50� (F).
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TOFS�p-H2� � TOFS�J � 0�; (1)

TOFS�n-H2� �0:75� TOFS�J � 1� � 0:25

� TOFS�J � 0�: (2)

Therefore, the TOFS for the H2 reactions at the pure J �
0 and 1 states can be determined from the experimentally
measured TOFS for the p-H2 and n-H2 reactions:

TOFS�J � 0� � TOFS�p-H2�; (3)

TOFS�J � 1� � �TOFS�n-H2� � 0:25	TOFS�p-H2��
	4=3:

(4)

After these TOF spectra were obtained, they were
converted into the product kinetic energy distributions.
Figure 1 shows the product kinetic energy distributions at
the LAB angles of 117:5�, 30�, and �50� for the O�1D�
reaction with H2 at both J � 0 and 1 rotational levels.
These angles correspond dynamically to the backward,
sideway, and forward scattering directions for the OH
product relative to the O�1D� atom beam direction or H-
atom products relative to the O�1D� beam direction. The
relative distributions for the O�1D� reaction with H2 at
J � 0 and J � 1 were therefore determined at the eight
scattering angles. The ratios of the total products from
H2�J � 0� and H2�J � 1� at eight different LAB angles
were also determined. By integrating the differences in
all eight LAB angles including the sin	 weighting factor
for the spherical integration, the ratio between the total
cross sections of the O�1D� reaction with H2 at J � 0 and
J � 1 are determined to be 
�J � 1�=
�J � 0� � 0:95

0:02. This shows that the H2 molecule at J � 0 is slightly
more reactive than that at J � 1, which agrees quite well
with quantum theoretical calculations [32].

Clearly, the single quantum H2 rotational excitation
effect on the integral cross section of the O�1D� � H2

reaction seems quite small though detectable. The more
interesting question is how the single quantum rotational
excitation of the H2 reagent affects the OH-product state
resolved differential cross sections. From Fig. 1, the prod-
uct translational energy distributions of the O�1D� �
H2�J � 1� reaction are slightly shifted to higher energy
with respect to that of the O�1D� � H2�J � 0� reaction.
This is because the total energy of the O�1D� � H2�J � 1�
reaction is slightly more than that of the O�1D� � H2�J �
0� reaction by 2Brot�H2�, i.e., 120 cm�1. If we shift the
product translational energy distributions of the O�1D� �
H2�J � 1� reaction by 120 cm�1, all the peak positions in
the distributions will be exactly aligned to those of the
O�1D� � H2�J � 0� reaction.

From the translational energy distributions shown
in Fig. 1, the distributions at the backward (117:5�)
and forward ( � 50�) directions show some significant
differences for the H2�J � 0� and H2�J � 1� reactions
133201-2
even though the distributions at the sideway scattering
direction (30�) are very similar to each other for the two
reactions. Since the rovibrational states of the OH radical
are well known through previous spectroscopic studies,
the translational energy distributions observed can be
simulated quite conveniently. From the simulations,
state-specific differential cross sections can be deter-
mined for the eight LAB angles measured. Figure 2
shows the rovibrational state distributions of the OH
radical at the backward scattering direction with an
LAB angle of 117:5�. Note here that OH products at
different rovibrational states correspond to slightly differ-
ent center-of-mass angles, but all near the backward
scattering direction. From the state distributions ob-
tained, it is clear that a single quantum rotational exci-
tation in the H2 reagent has a rather significant effect on
the OH. Generally no regular pattern is observed for this
effect. It seems that the rotational excitation seems to
have a rather irregular effect on a specific OH state
product, indicating that whether a single rotational
excitation would enhance or reduce the state-specific
133201-2



FIG. 2. Comparisons of the rovibrational state distributions
obtained from the O�1D� reaction with H2 at the J � 0 and J �
1 levels at the backward scattering 117:5� LAB angle.

FIG. 3. Comparisons of the rovibrational state distributions
obtained from the O�1D� reaction with H2 at the J � 0 and J �
1 levels at the forward scattering �50� LAB angle.
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differential cross sections for a specific state seems to be
very unpredictable. These observations are also true for
the forward scattering direction (see Fig. 3) even though
the effects are very quite different from that of the back-
ward scattering direction. For the sideway scattering,
however, the single quantum rotational excitation in H2

seems to have a very limited effect on the OH-product
state distributions, though noticeable (see Fig. 4). This is
very different from that of the forward and backward
scattering products.

Qualitatively, this phenomenon can be understood that
the sideway scattering products are normally produced
through larger impact parameter (b) collisions, i.e., larger
orbital angular momentum, L � �vb, while forward/
backward scattering products are produced via relative
smaller impact parameter (b) collisions, i.e., smaller or-
bital angular momentum. Therefore, a single quantum
rotational excitation (j) in H2 should have a larger effect
at the forward and backward directions because the total
angular momentum J � L� j for the small L collisions
is significantly changed relatively with a single rotational
133201-3
quantum excitation in H2. However, relatively speaking,
the total angular momentum J � L� j is altered only
slightly by a single rotational quantum excitation in H2

for larger impact parameter (larger L) collisions which is
mostly responsible for the sideway scattering products.
The specific effect of the single quantum rotational ex-
citation on the differential cross sections is also very
interesting. The lack of the specific patterns for the for-
ward and backward directions in this effect is probably
due to the nature of this insertion reaction, which has a
large number of reaction resonance states. Interestingly,
in a similar experiment in our laboratory, it was found
that a rotational quantum excitation in D2 does not have
any noticeable effect in the O�1D� � D2 reaction. Further
detailed theoretical studies on this specific issue would
certainly help us to better understand the nature of the
rotational excitation effect on this benchmark insertion
reaction.
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FIG. 4. Comparisons of the rovibrational state distributions
obtained from the O�1D� reaction with H2 at the J � 0 and J �
1 levels at the sideway scattering 30� LAB angle.
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