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Rotational excitation of OH in collisions with CO, N 2, and CO2

M. C. van Beek, K. Schreel, and J. J. ter Meulen
Molecular and Laser Physics, University of Nijmegen, P.O. Box 9010, 6500 GL Nijmegen, The Netherlands

~Received 24 December 1997; accepted 14 April 1998!

Relative state-to-state cross sections are obtained for OH colliding with CO, N2, and CO2. Hexapole
state selection is used to prepare a beam of OH molecules in the upperL-doublet component of the
lowest rotational state. The collision induced rotational energy transfer is monitored state selectively
by means of LIF~laser induced fluorescence! spectroscopy. A study is made of the symmetry effects
in the obtained cross sections. The results are compared with previously reported cross sections for
Ar, He, and H2. A general propensity is found for parity conserving transitions to theP3/2, J5 5

2 and
P1/2, J5 1

2 states. ©1998 American Institute of Physics.@S0021-9606~98!00828-9#
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I. INTRODUCTION

In the last decade a number of state-to-state scatte
experiments has been reported on rotational excitation o
atomic molecules. Because the initial state of the molecu
studied is well defined and the outcome of the collision
monitored state selectively, these measurements allow f
detailed comparison with theory. The first experiments
rotational excitation, mainly on collisions of closed shell d
atomic molecules with rare gas atoms, are described by
vine and Bernstein.1 In recent years rotational excitation o
open shell diatomic molecules in collisions with rare g
atoms have been well studied,2–6 and also a number of ex
periments on free radicals colliding with H2 has been
performed.7–9 Recent reviews of this field can be found
Refs. 10 and 11. Recently we reported measurements on
state-to-state scattering of OH (X 2P) by He, Ar, and H2.

2,7

The obtained symmetry resolved cross sections are in
good agreement with quantum-mechanical calculati
based onab initio potentials.12,13 The goal of the presen
experiment is to get insight in the mechanisms governing
more complex scattering of OH by CO, N2, and CO2. We
have chosen these collision partners because of their
evance in combustion14,15 and atmospheric processes.16 An-
other reason to choose these molecules is the que
whether the substantial differences in the potential-ene
surfaces~PES! describing the collisions with these molecul
are manifested in the rotational and symmetry dependenc
the state-to-state cross sections.

One experiment on rotational excitation of OH (X 2P)
colliding with N2 and CO has been reported so far by So
nenfrohet al.17 They measured the energy dependence of
cross sections, but were unable to prepare the OH molec
in a singleL-doublet state. As a consequence, their res
are symmetry averaged with regard to the initial state. N
ertheless, Sonnenfrohet al. observed a preference for excit
tion to high rotationalP3/2 states ofe symmetry in collisions
with N2, while no preference was found in collisions wi
CO. Moreover, it was found that the cross sections for ro
tional excitation in collisions with N2 and CO show only
minor differences despite the strong differences in PES
The OH–CO PES has two van der Waals wells18 and in
1300021-9606/98/109(4)/1302/8/$15.00
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addition a chemically bonded well19 which describes HOCO
complex formation, while the OH–N2 PES is mainly repul-
sive. Furthermore the long-range part of the potential
OH–CO is dominated by the dipole–dipole interactio
while the OH–N2 system is governed by the dipole
quadrupole interaction at long distances. Quasi classicaab
initio calculations on state-to-state scattering of OH by C
have been performed by Kudlaet al.18 No experimental or
theoretical studies have been reported thus far on state
state scattering of OH (X 2P) by CO2. State-to-state colli-
sions of vibrationally excited OH with N2 have recently been
studied by Crosley.20 He measured collision rates of OH
~X 2P, y51! scattered by N2 in a pump–probe experimen

The scattering of an open shell diatomic molecule li
OH by a structureless particle is usually described by c
sidering the symmetry of the electronic wave function. B
cause all three atoms lay in one plane, the total wave fu
tion can be either symmetric (A8) or antisymmetric (A9)
with respect to reflection in this plane. In the symmetric ca
the open electronic orbital of OH is oriented in the atom
plane, and in the antisymmetric case perpendicular to
plane. One can construct a separate potential-energy su
~PES! for both symmetries,VA8 for the symmetric case an
VA9 for the anti-symmetric case. Alexander21 has shown
that for pure Hund’s case~a! diatomics, the sum of thes
potentialsV15 1

2(VA81VA9) describes the spin–orbit con
serving transitions whereas the difference poten
V25 1

2(VA82VA9) describes the spin–orbit changing tran
tions.

For pure Hund’s case~a! molecules the following sym-
metry rules can be shown to hold for a given rotational tra
sition uJ&→uJ8&:

sJe→J8e5sJ f→J8 f ~1!

and

sJe→J8 f5sJ f→J8e , ~2!

and only differences between symmetry changing and s
metry conserving transitions are to be expected. If the dia
has an intermediate Hund’s case character, however, de
2 © 1998 American Institute of Physics
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FIG. 1. Artist’s impression of the experimental setup.
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tions from the symmetry rules are caused by the interfere
of V1 and V2 in the matrix elements describing the rot
tional excitation.

These symmetry considerations can also be used
diatom–diatom scattering calculations if the problem is
stricted to planar geometries~i.e., all four atoms have to be
in one plane!. In the scattering process, however, the out-
plane configurations may substantially contribute to the cr
section. For the scattering of OH by H2, for example, the use
of out-of-plane configurations for the development of th
PES, as done by Offeret al.,13 gives a better description o
the experiment7 than the restriction to in-plane configuration
as done by Miller and Clary.22

Kudla et al.18 restricted their calculations on OH–CO
planar geometries. Unlike Alexander they did not calcul
the cross sections by using the symmetric and a
symmetric average of the potentials, but calculated the c
sections for each potential separately. The total cross sec
for collision induced transitions within theV5 3

2 manifold
was obtained by averaging the two cross sections. Altho
this method disregards possible interference terms betw
VA8 andVA9 , it may provide a reasonable description of t
collision induced spin–orbit conserving transitions. The c
culation of the cross sections for spin–orbit changing tran
tions, however, cannot be performed this way. Kudlaet al.
also restricted their calculations to collisions of OH and C
molecules in their corresponding rotational ground state.
ab initio PES used by Kudlaet al. was designed to describ
inelastic scattering. It contains two potential wells, whi
correspond to the OH–CO and OH–OC van der Waals c
plexes. This potential-energy surface, however, is not s
able to describe the formation of the chemically bond
HOCO complex.23 To investigate the influence of the HOC
complex formation on the inelastic cross sections Ku
et al. used a potential-energy surface developed by Sc
et al.19 It was found that for low collisional energies and f
excitation to low rotational states,J5 5

2 or 7
2, the complex

cross section contributes for only a few percent to the to
cross section. For excitation to rotational states withJ5 9

2,
11
2 , or 13

2 , however, the complex cross section is calculated
be roughly 40% of the direct cross section~the cross section
for scattering processes without complex formation! with a
relatively small dependence on the collision energy. A
result one would expect that CO and N2 behave very differ-
loaded 09 Mar 2011 to 131.155.151.8. Redistribution subject to AIP licens
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ently in collision induced transitions to states withJ> 9
2 due

to the large influence of the complex formation.
In the present experiment measurements have been

formed on collision induced transitions from the lowest r
tational state (J5 3

2) to states withJ up to 9
2. The obtained

rotational state-to-state cross sections are compared with
results obtained by Sonnenfrohet al.17 and Kudla et al.18

With respect to the transitions toP3/2, J5 5
2 and P1/2,

J5 1
2 parity propensity rules are found which are obeyed a

in collisions of OH with He, Ar, and H2.
2,7

II. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1 and will on
briefly be outlined here. For a more detailed description
reader is referred to previous papers.2,7 In the pulsed crossed
molecular beam experiment two differentially pump
vacuum chambers are used: One chamber for the produc
of the primary OH beam, the state selection and the collis
process, and the other chamber for the production of
secondary beam~N2, CO, and CO2!. During operation the
pressure in the collision chamber is approximate
131025 mbar.

The primary beam is produced by expanding a 1.6
H2O in 1.5 bar Ar mixture through a modified Bosch valv
The OH radical is produced in an electrical discharge dur
this expansion. A 4 mm skimmer separates the expansi
region from the electrostatic state selector and serves ma
to prevent most of the ions produced in the discharge fr
being captured by the selector rods. The state selector
sists of a hexapole which focuses OH molecules in the up
J5 3

2 L-doublet state~f symmetry! in the collision area. In
order to obtain also data for the molecules in the low
L-doublet state~e symmetry!, the state selector can be re
moved. The distance between the focus of the state sele
which coincides with the scattering volume, and the he
pole is;4 cm. When no state selector is used, the valve
skimmer are positioned closer to the scattering region;
distance from the nozzle to the scattering region is th
;6 cm. The secondary beam is also produced using a m
fied Bosch valve. The initial rotational state distribution
the secondary beam has not been determined, but it ca
expected that not all molecules are in their rotational grou
state, because the cooling is not perfect. The average ve
ties of the different secondary beam molecules were de
e or copyright; see http://jcp.aip.org/about/rights_and_permissions
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mined by placing a fast ionization gauge on the beam a
and measuring the arrival time for different distances
tween the nozzle and the gauge.

The OH state detection after scattering is done by LIF
the 308 nm region via theA 2S1/2, y850←X 2P3/2,
y950 transition, using a frequency doubled dye laser wh
is pumped by an excimer laser and a UG11 filter to blo
stray light. The light is collected by optics and detected b
photomultiplier tube. The photomultiplier signal is integrat
on a boxcar and subsequently digitized on a shot-to-shot
sis and stored in a computer. The averaged output of
boxcar is used as a monitor via a chart recorder.

Measurements of the collision induced population dis
bution have been performed up to rotational states w
J5 9

2 for theV5 3
2 states and up toJ5 5

2 for collision induced
transitions to theV5 1

2 manifold. The upperL-doublet states
~with f -symmetry! are probed byQ1 and P2 transitions,
whereas the population of the lowerL-doublet states is mea
sured byQ2 and P1 transitions. Because theQ2(2) and the
Q2(3) lines coincide within the linewidth of the lase
(0.15 cm21) the V5 1

2, J5 3
2, e and V5 1

2, J5 5
2, e states

cannot be probed separately. It is important to keep in m
that both states are probed in one single measurement,
if only is refered to the1

2,
5
2, e state. In one measureme

session the population of each final state is probed s
rately, a thousand times with and one thousand times with
collisions, with the laser kept at a fixed frequency on top
the line. Four to six measurement sessions per scatte
partner were performed with and without a state selector

III. DATA REDUCTION

The population of an excited OH stateuk& is probed with
and without collisions. Subtraction of the results yields t
scattering signaldSk , which is the difference in total fluo
rescence with and without collisions. The cross section
collision induced excitation from an initial stateu i & to the
stateuk& can be deduced~in the case of saturation of the LI
transition! by2

s i→k}
dSk

niF
, ~3!

whereni is the population of the initial state before collision
take place andF the flux-density transformation. This facto
comes into account because the cross section depends o
flux of the molecules, while LIF probes the density of t
molecules. It can be shown that for our experimental con
tionsF is nearly the same for all final statesuk&.2 As a result
the total cross sections i→k is directly proportional to the
scattering signaldSk . When the state selector is used t
relative cross sections for transitions from the3

2,
3
2, f state

are obtained (s f→k) from dSk for all states up toV5 3
2, J

5 9
2, e and V5 1

2, J5 5
2, e, with e either e or f . When no

hexapole is used, the sum of the relative cross sect
s3/2,f→J,e10.68s3/2,e→J,e is obtained. The factor 0.68 show
up because the32,

3
2, e state contains 68% of the populatio

of the 3
2,

3
2, f state. As a consequence the results can

simply be subtracted to yield the cross sections3/2,e→J,e , but
have to be scaled first. Using the scaling method descr
by Schreel and Ter Meulen7 the cross sections for transition
from the 3

2,
3
2, e state are obtained.
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The initial state preparation is not perfect. With th
hexapole switched on 93.5% of the OH molecules in
collision area is in the upperJ5 3

2 L-doublet state and 6.5%
is in the upperJ5 5

2 state. Consequently, instead of a pu
cross section for theu i &→uk& transition rather a sum of two
cross sections is obtained. The contribution of theJ5 5

2 state
is generally small, but can be significant for excitation
states which are weakly coupled to theJ5 3

2 state.2 The mea-
sured cross sections, however, will be labeled by the ini
J5 3

2 L-doublet state and the final state, because this give
far the largest contribution to the cross section. When co
paring the measured results with theory, the contribution
the J5 5

2 molecules is taken into account on the basis of
measured population distribution. This holds for the me
surements without hexapole as well.

Since the density distribution of the secondary beam
the collision region is not exactly known, it is not possible
determine quantitative cross sections. When calculati
would be available, the sum of all measured relative cr
sections~both from the3

2,
3
2, f as well as from the3

2,
3
2, e

state! could be scaled to the sum of all calculated cross s
tions, yielding absolute state-to-state cross sections, as
done for He, Ar, and H2 by Schreelet al.2,7 No calculations
of L-doublet resolved cross sections for N2, CO, and CO2
have been reported, and only relative cross sections ca
derived from the measurements. It is, however, possible
compare the cross sections for CO, N2, and CO2. To do this,
the expression for the absolute scattering signal has to
considered

Sk5CE
coll. area

s i→ky rel~x!nsec~x!nOH~x!dx, ~4!

whereC is a constant related to the LIF detection efficienc
y rel(x) is the relative velocity between both collision par
ners,nsec(x) the density of the secondary beam, andnOH(x)
the density of OH molecules in the collision area. The in
gration has to be performed over the whole collision ar
However, since the masses of the collision partners are
much different, it seems a reasonable assumption that
flow pattern, and hence, also the spatial dependence o
density is the same for all three scatterers. As a result
may omit the integral when comparing the cross sections
CO, N2, and CO2. Approximating y rel(x) by the average
relative velocity and omittingnOH(x) because it is the sam
for all three collision partners, the relative cross sections
be compared to each other by dividing the measured sca
ing signal byy rel•nsec. The secondary beam density is n
known, but is estimated to be linearly proportional to t
backing pressure of the secondary beam valve. Since
backing pressure of the secondary valve is always adjuste
obtain a 10% decrease of theQ1(1) transition~to fulfill the
single collision condition!, the relation between the secon
ary beam densities follows:

S (
k

s i→ky relnsecD
N2

5S (
k

s i→ky relnsecD
CO

5S (
k

s i→ky relnsecD
CO2

. ~5!
e or copyright; see http://jcp.aip.org/about/rights_and_permissions
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Only the cross sections for excitation out of the3
2,

3
2, f state

are needed to scale the cross sections and the summ
ranges over all states which can be excited.

The results are scaled to each other using this equa
but also to our previous values on H2. Although this is not
the ideal scattering partner to compare to~because the den
sity distribution will be different!, it is the only one for
which we have data available with the same nozzle diam
and for which accurate scaling to theoretical values is p
sible. In this way a good estimate of the absolute value

FIG. 2. Relative state-to-state cross sections for rotational excitation of
in collisions with N2 at an energy of 410 cm21.

TABLE I. Experimental relative state-to-state cross sections of OH in c
lisions with N2, CO, and CO2. The cross sections are scaled to each other
described in Sec. III.

Initial state: 3/2, 3/2,f

Final state N2 CO CO2

V J e Ecoll5410 cm21 450 cm21 400 cm21

3/2 5/2 f 2.760.3 5.460.3 2.360.3
7/2 f 0.9960.08 1.6360.10 2.0160.08
9/2 f 0.0960.01 0.1660.05 0.2360.05
3/2 e 37.360.4 44.760.5 51.460.6
5/2 e 5.4760.08 5.5460.12 6.1160.09
7/2 e 0.8860.04 1.2760.06 1.4760.04
9/2 e 0.3360.07 0.0860.03 0.2360.03

1/2 1/2 f 1.3960.09 1.6560.10 1.1760.06
3/2 f 0.5260.07 0.6460.08 0.5460.05
5/2 f 0.0960.04 0.4860.05 0.2160.04
1/2 e 2.060.3 1.9860.06 2.0860.04
3/2 e 0.9360.05 1.3760.06 1.5560.05

Initial state: 3/2, 3/2,e

3/2 3/2 f 37.360.4 44.760.5 51.460.6
5/2 f 9.260.9 4.761.0 8.761.1
7/2 f 1.960.3 1.460.4 3.060.5
9/2 f 0.2760.12 0.4360.08 0.5960.10
5/2 e 3.560.7 3.560.9 0.760.7
7/2 e 2.260.3 1.760.3 2.260.4
9/2 e 0.8360.16 0.4660.07 0.2760.06

1/2 1/2 f 1.260.3 2.260.4 2.560.4
3/2 f 0.7060.15 1.4560.30 0.8160.14
5/2 f 0.3160.10 0.1860.09 0.4760.08
1/2 e 1.260.4 1.760.4 0.960.3
3/2 e 2.160.3 0.860.3 1.160.3
loaded 09 Mar 2011 to 131.155.151.8. Redistribution subject to AIP licens
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obtained. It should be stressed, however, that the results
sented in the next section are reliable only with respec
their relative values.

IV. RESULTS AND DISCUSSION

A. State-to-state cross sections

The obtained results for the relative cross sections
presented in Table I and in Figs. 2–4. The collision ene
~410 cm21 for N2, 450 cm21 for CO and 400 cm21 for CO2!
is the total kinetic energy in the center-of-mass system
calculated from the measured velocities. When compare
scattering by the light particles He and H2,

2,7 the most strik-
ing feature of the OH–N2, OH–CO, and OH–CO2 collisions
is the dominating ‘‘energy gap law’’ dependence of the cro
sections, particularly for the spin–orbit conserving tran
tions. TheL-doublet cross section,s3/2,f→3/2,e in which only
the orientation of the unpaired electron orbital is chang
and no rotational excitation takes place, is much larger t
the cross sections for the rotational transitions, as can
expected in view of the smallL-doublet energy splitting.
This has also been found for collisions with Ar.2 In collisions
with He, however, theL-doublet cross section is almos
zero.2 For n-H2 this cross section is definitely not zero, b

H

FIG. 3. Relative state-to-state cross sections for rotational excitation of
in collisions with CO at an energy of 450 cm21.

FIG. 4. Relative state-to-state cross sections for rotational excitation of
in collisions with CO2 at an energy of 400 cm21.
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from a comparison withp-H2 and rotationally ‘‘hot’’ n-H2

Schreelet al.7 concluded that this cross section is due
H2(JÞ0) molecules and that theL-doublet cross section in
collisions with H2(J50) is small.

One might perhaps conclude that the relative size of
L-doublet cross section is determined by the velocity of
collision partner. For light molecules the velocity is high a
the collision is described by a sudden approach, in which
electron orbital distribution tends to change its orientat
only if simultaneously the molecular rotation is changed. F
heavy molecules the velocity is low, and an adiabatic
scription is more appropriate, where the electron distribut
can adapt its orientation without a change of the nucl
rotation. This kinetic picture can be tested by varying t
relative velocity, which, in the present experimental se
could be performed by changing the carrier gas of the
mary beam. According to Espostiet al.,12 the difference in
L-doublet cross section for Ar and He is probably due to
combined effect of strongly different velocities and the mo
attractive potential of OH–Ar.

The most eye catching deviation from the energy g
law is the small cross section for the symmetry conserv
transitions3

2,
3
2→ 3

2,
5
2 induced in collisions with CO2. Also the

cross sections for excitation to theV5 1
2 states do not obey

an energy gap law for all scattering partners. Some m
deviations from the energy gap law will come to light wh
a detailed look is taken at the symmetry of the initial a
final state. First, however, the symmetry averaged cross
tions will be discussed.

B. Symmetry averaged cross sections

In Fig. 5 the symmetry averaged cross sectio
1
2(s3/2,e→J,e1s3/2,f→J,e) are compared to the results of So
nenfrohet al.17 In their experiment on OH in collisions with
CO and N2 over 98% of the OH molecules is initially in on
of both 3

2,
3
2 L-doublet states, which are equally populate

FIG. 5. Comparison between our results~d!, the data obtained by Sonnen
froh et al. ~Ref. 17! ~s! and the theoretical results of Kudlaet al. ~Ref. 18!
~L! for the symmetry averaged cross sectionse→k1s f→k for collisions of
OH with CO ~left; Ecoll5450 cm21! and N2 ~right; Ecoll5410 cm21! in the

upper part the cross sections for transitions to theV5
3
2, e and f states are

given, whereas in the lower part the cross sections for the multiplet chan
transitions are shown.
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Because no state selector was used, they were unable to
sure the cross sectionss3/2,e→J,e and s3/2,f→J,e separately,
and hence their results are symmetry averaged. For
V5 3

2 manifold components up toJ5 11
2 ~except for the

J5 7
2 state, which they cannot resolve! and up toJ5 7

2 in the
V5 1

2 manifold ~only f states, because of the spectral co
gestion in theQ2-branch! the cross sections were measur
as a function of the collision energy. They found little di
ference between the OH–N2 and OH–CO systems. For N2

induced transitions to high rotational states (J> 9
2) in the

V5 3
2 manifold they did, however, observe a preference

excitation to thee-states over thef -states. For collisions with
CO such a preference was not observed. In order to com
the results of Sonnenfrohet al. with our results~Fig. 5!, the
sum of all cross sections reported in Ref. 17 at an energ
450 cm21, was set equal to the sum of our measured cr
sections. It should be noted that in the paper of Sonnen
et al. no experimental accuracies are given. In Fig. 5 o
results on collision induced transitions to theV5 3

2 states are
also compared with the theoretical values of Kudlaet al.18

for OH–CO collisions at a collision energy of 375 cm21.
They have calculated the cross sections for excitation toue&
states only and postulated that the cross sections tou f & states
would be the same. In this graph the values obtained
Sonnenfrohet al.17 and the theoretical values of Kudlaet al.
are scaled to the present experimental values for transit
to V5 3

2 states, according to

(
J

@s3/2,e→J,e1s3/2,e→J, f1s3/2,f→J,e1s3/2,f→J, f #

52a(
J

@QA8~
3
2→J!1QA9~

3
2→J!#, ~6!

where a is the scaling factor andQA8(
3
2→J) and

QA9(
3
2→J) are the calculated symmetry averaged cross s

tions by Kudlaet al.
In general, both experiments are in relatively go

agreement with each other and with theory. Especially t
agreement with theory is somewhat surprising, beca
Kudla et al. only took OH(J5 3

2)2CO(J50) into account,
while in the experiments a significant fraction of the C
molecules will be in rotationally excited states. Apparen
the rotational state of CO has a limited influence on
rotational dependence of the cross sections. When comp
to the results of Sonnenfrohet al.17 and the theoretica
values,18 our cross sections are smaller for excitation to t
3
2,

5
2 states and larger for transitions to higherJ states. The

cross sections obtained by Sonnenfrohet al. lay in between
the present values and the theoretical results. This is p
ably due to a relatively high rotational temperature of t
primary beam in our experiment, a lower temperature in
experiment by Sonnenfrohet al. and an ideal temperature o
zero degrees in the calculations. A higher rotational tempe
ture would mean that more OH molecules are in the3

2,
5
2

states. As a result the measured net cross section to the3
2,

5
2

states is reduced, because molecules are also scattered
the 5

2 states. And the cross sections for transitions to hig
states will be enlarged because the energy gap for excita

ng
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out of the 3
2,

5
2 states is smaller than for excitation out of th

3
2,

3
2 states.

Without state selection both32,
5
2 states contain roughly

2% of the total OH population and both32,
3
2 states about

48%. In the various collision experiments, the backing pr
sure of the secondary beam is adjusted, such that a
decrease of theQ1(1) transition is measured. This mea
that 10% of the OH molecules in the32,

3
2, f state is scattered

to other states. In collisions with CO and N2, about 8% of
these molecules make a transition to the3

2,
5
2, f state. As a

result;1.6% of all OH molecules is scattered from one
the 3

2,
3
2 L-doublet states into the32,

5
2, f state. Assuming tha

10% of the molecules which are initially in the32,
5
2, f state are

scattered out of this state, one will measure the populatio
the 3

2,
5
2 state, with and without collisions to be: 1.811.6

53.4% and 2.0%, respectively. Instead of a populat
transfer of 1.6% from the32,

3
2, f to the 3

2,
5
2, f state we measure

a population transfer of 1.4%. Hence the measured cross
tion is 12.5% too small. When comparing the present res
with the results obtained by Kudlaet al. and Sonnenfroh
et al. our cross sections for excitation to the3

2,
3
2, f state are

88% of the cross sections obtained by Kudla and Sonn
froh, which is in good agreement with our explanation bas
on the initial population of the32,

5
2 state.

For the symmetry averaged cross sections for OH–2

some symmetry propensities are observed. There is a pr
ence for f -symmetry overe-symmetry in the excitation to
the 3

2,
5
2 state and a preference fore-symmetry over

f -symmetry in the excitation to the32,
9
2 and 1

2,
3
2 L-doublet

states. No propensities are observed for the symmetry a
aged cross sections for OH–CO. The symmetry propen
for 3

2,
5
2, f in collisions with N2 has not been observed b

Sonnenfrohet al.17 In order to carefully check the exper
mental accuracy, six measurement series, with and with
state selector, were performed on the cross sections to
3
2,

5
2,e states. All measurements show a good statistical

havior. The deviation cannot be explained by the initial d
ference in population between the3

2,
5
2 L-doublet states. The

measured initial relative population difference is the same
the relative difference in population of the32,

3
2 states. Hence

after scaling~in order to obtain the cross sections for tran
tions from the3

2,
3
2,e state, see Sec. III! the population of the

3
2,

5
2,e and 3

2,
5
2, f states will be equal. Moreover, the sam

initial population effects would be expected for the differe
scattering partners. For CO a good agreement with Son
froh’s values is obtained, which supports the assumption
these effects are negligible. It should be mentioned that
vibrationally excited OH colliding with N2, Crosley mea-
sured a propensity for finalf symmetry in excitation to the
3
2,

5
2 state as well.20 The preference for population of the3

2,
9
2,e

state in collisions with N2 was also reported by Sonnenfro
et al. More general, they also observed a preference
e-symmetry in spin–orbit conserving transitions to high
J-states. These states are energetically not accessible a
collisional energy. The fact that this propensity is not o
served for OH–CO may be explained by the role of HOC
complex formation.18

Remarkable is the relatively large value for the sum
the symmetry averaged cross sections for transitions to
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1
2,

3
2,e and 1

2,
5
2,e states in collisions with N2 ~plotted as a

single point in Fig. 5 since the states cannot be probed s
rately! when compared to the sum of the cross sections
transitions to the correspondingf states. This preference ha
not been observed by Sonnenfrohet al. because they have
not measured the cross section for the transition to the1

2,J,e
states.

C. Symmetry effects

Detailed information on symmetry propensities is o
tained from theL-doublet resolved state-to-state cross s
tions. In Fig. 6 the preferences for symmetry changing o
symmetry conserving transitions,s3/2,e→J, f /s3/2,e→J,e and
s3/2,f→J,e /s3/2,f→J, f , are plotted for the different scatterin
gases considered, including He, Ar, and H2. For collisional
excitation to the3

2,
5
2 L-doublet states the symmetry changin

transitions are preferred above symmetry conserving tra
tions for all molecules exceptn-H2. This effect is especially
very large in collisions with He, Ar, and CO2, but very small
for OH–CO collisions. For collisional excitation to th
higherJ states in theP3/2 manifold no general propensity i
observed.

For spin–orbit changing transitions to theV5 1
2 mani-

fold, symmetry changing transitions are preferred in tran
tions to theJ5 1

2 states for all scattering gases. This prefe
ence is remarkably large in collisions with He. F
transitions to the1

2,
3
2 states no general conclusions can

made, also because the1
2,

3
2 and 1

2,
5
2 states cannot be probe

separately. It should be noted that for CO the symmetry
fects are marginal. Obviously OH–CO is the most ‘‘clas
cal’’ system of all systems considered. When consider
parity instead of symmetry it turns out that conservation
parity is preferred in the transitions to32,

5
2 and 1

2,
1
2. A similar

parity propensity has been observed by Crosley for sp
orbit changing collisions of OH with He.24

It can be concluded that in spin–orbit conserving tran
tions to theJ5 5

2 state the orientation of the unpaired electr

FIG. 6. Ratio of cross sections for symmetry changing transitions and s
metry conserving transitions. The asterisks are fors3/2,f→J,e /s3/2,f→J, f and

the circles fors3/2,e→J, f /s3/2,e→J,e . The initial state is theV5
3
2, J5

3
2 state,

the V andJ of the final state is indicated in the upper right corner of ea
graph.
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lobe is preferably changed, whereas the reverse is true fo
spin–orbit changing transitions to theJ5 1

2 state.

D. Comparison between OH–CO, OH–N 2, and OH–CO2

As explained before the potential-energy surfaces
scribing OH–CO and OH–N2 collisions are very different.
The long-range potential for HO–CO is dominated by t
dipole–dipole interaction whereas the long-range poten
for OH–N2 is mainly determined by the dipole–quadrupo
interaction. Furthermore, the short-range potential
OH–CO has two small OH–CO and OH–OC van der Wa
wells and one deep HOCO complex well, while the poten
for OH–N2 is mainly repulsive. Hence, it is surprising to s
that the state-to-state cross sections for both collision p
ners are nearly the same, except for the cross sections t
3
2,

5
2 states, which deviate significantly. A possible explan

tion is that the rotational temperature of the secondary be
is so high that it contains a large amount of rotationa
excited molecules. As a result most anisotropic effects wo
be smeared out, reducing the differences between the po
tials for CO and N2. This could be checked by lowering th
temperature of the secondary beam source, but this i
present not possible with our setup.

One would expect that these outsmearing effects wo
be larger for heavier collision partners since higher rotatio
states are populated due to a smallerB constant. On the othe
hand the average rotational energy may be smaller as a r
of a stronger rotational cooling in the expansion. This mig
be the case for collisions between OH and CO2. Compared
to OH–N2 and OH–CO there are large differences betwe
the cross sections to the32,

5
2,e and 3

2,
5
2, f states and similarly

to the 1
2,

1
2,e and 1

2,
1
2, f states. Unfortunately, no calculation

or other measurements on OH–CO2 collisions are available
to compare our results with.

The total inelastic cross sections for all three scatter
partners vary in a way which can be understood from sim
arguments. With the scaling applied as described in Sec
the total relative inelastic cross sections for scattering fr
the 3

2,
3
2, f state for N2, CO, and CO2 are 52.7, 66.5, and 69.3

respectively. When only the physical size of the molecule
taken into account, one would expect that in the case of C2

the total cross section is the largest. This is also wha
observed. The difference between N2 and CO can be under
stood in terms of the type of interaction potential. T
dipole–dipole coupling in the case of CO gives rise to
longer range interaction potential and hence a larger t
cross section.

V. CONCLUSION

We have obtainedL-doublet resolved state-to-state cro
sections for rotational excitation of OH in collisions wit
CO, N2, and CO2. In general the results can be described
a classical energy gap law, but strong deviations are
served which are ascribed to quantum-mechanical inter
ences. Possibly these quantum-mechanical effects are
tially smeared out by the rotation of the molecules in t
secondary beam. This could be checked by lowering the
tational temperature of the collision partner.
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Apart from excitation to the3
2,

5
2 states in collisions with

N2, there is no significant preference for excitation to eith
the e or f L-doublet states when averaged over the cr
sections for bothJ5 3

2 L-doublet states, but there are prefe
ences with respect to symmetry changing or conserving t
sitions. In collision induced transitions to the3

2,
5
2 states sym-

metry changing transitions are preferred above symm
conserving transitions. This propensity is observed also
previously studied collision partners~Ar, He, p-H2!. Sym-
metry changing is also preferred in transitions to the1

2,
1
2

states, for all collision partners studied. For both transitio
the change of symmetry corresponds to a conservation
parity. For collision induced transitions to higherJ values in
the V5 3

2 as well as in theV5 1
2 manifold no general pro-

pensity rules can be deduced.
The present symmetry averaged results on OH–CO

OH–N2 agree with the results obtained by Sonnenfr
et al.17 and the calculations of Kudlaet al.18 The small dif-
ferences are probably due to a higher rotational tempera
of the primary beam in our experiment. Only the discrepan
in cross sections to the32,

5
2 states in OH–N2 collisions cannot

be explained.
No systematic differences between OH–CO and OH–2

have been measured. This can be explained if the expe
HOCO complex formation is not important for excitations
rotational states up toJ5 9

2, if the PES is smeared out b
rotation of the molecules in the secondary beam or if
differences in the PES just do not lead to differences in
cross section.

It is remarkable that the OH–CO system shows the m
classical behavior of all systems considered. This role w
expected to be played by OH–CO2 as a result of the large
number of rotational states involved in the collision proce
It turns out, however, that, compared to OH–CO a
OH–N2, this system shows the largest symmetry effe
which probably are due to quantum interference terms. P
sibly the average rotational energy of CO2 is smaller due to a
better rotational cooling in the expansion. Further conc
sions have to await detailed experiments with a full char
terization of the rotational population distribution of the co
lision partners.
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