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State-to-state cross sections for rotational excitation of OH by collisions 
with He and Ar 

K. Schreel, J. Schleipen, A. Eppink, and J. J. ter Meulen 
Department of Molecular and Laser Physics. University of Nijmegen. Toernooiveld. 6525 ED Nijmegen. 
The Netherlands 

(Received 30 July 1993; accepted 27 August 1993) 

Parity resolved state-to-state cross sections for rotational excitation ofOH(X 2n) colliding with 
He and Ar, have been obtained in a crossed molecular beam experiment. The OH radicals were 
produced in a pulsed dc discharge in a H20/ Ar gas mixture. Adiabatic expansion into vacuum 
resulted in an effective rotational cooling yielding a 94% population of the lowest A-doublet 
(X 2n3/2' J=~). Further state preparation could be achieved via electrostatic state selection in 
a hexapole electric field, resulting in a 93.5% population of the upper A-doublet component 
(f, + ). Experiments were performed both with and without the state selector to provide de
tailed information about the rotational excitation from both A-doublet states. The OH rotational 
state distribution was probed, before and after the collision event, by means of laser-induced 
fluorescence (LIF) spectroscopy of the A -X electronic band at 308 nm. The OH-Ar and 
OH-He scattering behave very similar with the exception of the J=~ A-doublet transition which 
is induced much weaker by the He collisions. For both collision systems the experimental results 
are in agreement with theoretical cross sections obtained from quantum scattering calculations 
of Werner et al. [J. Chem. Phys. (submitted)]. 

I. INTRODUCTION 

Inelastic scattering of open shell diatomics has become 
a subject of considerable interest in current experimental 
and theoretical work on molecular dynamics. At the ex
perimental side the fast development of efficient state se
lective laser detection techniques in combination with 
pulsed supersonic molecular beams has made possible the 
measurement of state-to-state cross sections for rotational 
energy transfer. Furthermore, efficient pulsed sources of 
free radical beams have become available making this field 
now also accessible for the study of scattering of chemi
cally unstable species. A strong impetus to the progress of 
theory in this field has been given by the recent observa
tions of weakly bound open shell van der Waals complexes 
which are nowadays one of the main topics in molecular 
spectroscopy. The spectroscopy of these van der Waals 
molecules as well as the dynamics of the collision process 
are governed by the same physical quantity, i.e., the poten
tial describing the intermolecular interactions. 

Of all the open shell species the OH molecule probably 
is the most frequently studied and consequently best un
derstood free radical. As an intermediate species in many 
chemical reactions it plays a crucial role in various pro
cesses which are of fundamental importance like in com
bustion, plasmas, chemical vapor deposition, and in the 
atmosphere. The study of the collision dynamics of OH is 
essential to understand and eventually control these pro
cesses. In the interstellar space the rotational energy trans
fer ofOH by collisions with H2 is one of the basic processes 
which are thought to be responsible for the observed anom
alous A-doublet emissions from this molecule. 

Despite of its relevance the rotational energy transfer 
of OH in the electronic ground state X 2n has practically 
not been studied so far. Recently Andresen et al. 1 pub-

lished the results from a crossed beam collision experiment 
in which they prepared the lowest rotational state J=~ of 
OH(X 2n3/2) as the initial state in the primary beam. Par
ity averaged cross sections were obtained for rotational 
excitation of OH by collisions with H2 and D2. The most 
interesting result was the observation that one of the 
A-doublet states of the final rotational state is preferred. 
Similar propensities were observed by MacDonald and 
Liu2 in state-to-state inelastic scattering of CH (X 2n) by 
He. The electronic structure of the CH radical resembles 
the one of OH but with only one instead of three 1r elec
trons in the outer shell, and as such similar scattering re
sults might indeed be expected. The initial state prepara
tion in their and Andresen's experiment is based on 
rotational cooling in a supersonic expansion. This results in 
the occupation of mainly the lowest rotational state. Since 
this state is split into two nearly equally populated 
A-doublet states the results obtained are parity averaged 
cross sections with respect to the initial state. The elf 
preferences observed must therefore be due to different 
propensities for transitions out of the two A-doublet states. 
It was shown by Alexander3 that the collision process of a 
2n diatomic molecule and an atom can be described by two 
potential surfaces, VA' and VA'" which are symmetric and 
antisymmetric, respectively, with respect to a reflection in 
the plane containing the diatom and the collision partner. 
The observed elf preferences can be ascribed to quantum 
interference effects between the scattering amplitUdes for 
these two potential surfaces.4 

In the present study the OH molecule is prepared in a 
single A-doublet state which makes a more direct test of 
calculated potential surfaces VA' and VA" possible. In ad
dition the size of the collision induced A-doublet transition 
can be determined relative to rotational excitation. This 
was not possible in the experiment of Andresen et aL and 
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MacDonald and Liu since both A-doublet states of the 
initial rotational state were equally populated. Up to our 
knowledge the only other parity resolved collision work on 
OH is the double resonance relaxation experiment of Cros
ley and co-workers.5 They obtained rate coefficients for 
rotational energy transfer of OH (X 2II) in the v = 2 vibra
tional state by He. A propensity for parity conservation 
was found for spin-orbit multiplet changing collisions. An
dresen et al. have tried to measure the relative strength of 
A-doublet transitions by preparing the upper J=~ 
A-doublet state in v= 1 in a double resonance experiment.! 
Due to a weak sensitivity only indications were obtained 
that the A-doublet transitions are fast compared to rota
tional transitions. 

Quantum scattering calculations on the OH-Ar and 
OH-He systems have recently been carried out by Werner 
and co-workers.6 The OH-Ar calculations are based on an 
ab initio potential that was used also for the calculations of 
the bound energy states of the OH-Ar van der Waals com
plex.7 For OH-He an ab initio potential was derived by 
Vegiri and Farantos.8 Because of its importance for chem
ical kinetics and temperature measurements in combustion 
processes, rotational relaxation rates in the A 2~ + state of 
OH were calculated by Jorg et al. for OH-He (Refs. 9 and 
10) and by Degli-Esposti and Werner for the system OH
Ar.!! 

In this study we present the results of a molecular 
beam experiment in which the OH radical is prepared in 
two ways. One in which only the upper parity substate of 
the X 2IT3/2, J;;=~ A-doublet is populated and another one 
in which both substates are populated. A setup of two 
crossed pulsed molecular beams is used, and, in the case of 
single state preparation, a hexapole electrostatic state se
lector. Final state detection is performed by electronic 
laser-induced fluorescence (LIF) spectroscopy on the OH 
radical. Parity resolved relative state-to-state cross sections 
are derived from the measurements for transitions out of 
both the J=~+ state and the J=~- state. The collision 
energy of 394 and 451 cm -! for He and Ar, respectively, 
enables determination of the cross sections for transitions 
to states with J up to ~ in IT3/2(F!) and J up to ~ in 
ITI/2(F2 ). For convenience an energy level scheme of these 
states with their parities and symmetries is given in Fig. 1. 
Our experimental results are compared with the theoretical 
cross sections of Werner et al. 6 and show good agreement 
in most cases. 

II. EXPERIMENT 

A. Experimental setup 

In the present scattering experiment use is made of a 
crossed molecular beam setup. The molecular beam ma
chine has been described in full detail in previous publica
tions. 13,!4 Two pulsed molecular beams are crossed at right 
angles, using modified Bosch-type fuel injectors with a 
pulse width [full-width at half-maximum (FWHM)] of 
-1 ms. The primary beam contains the OH radicals which 
are rotationally excited by collisions with secondary beam 
targets He or Ar. The OH radicals are produced in an 
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FIG. 1. Energy level diagram of the OH 211; electronic ground state. The 
energy levels are labeled with their rotational quantum number J, parity 
p, and A-doubling symmetry elf. The energy difference between the com
ponents of each A-doublet is exaggerated for reasons of clearness. 

electrical discharge just downstream the primary valve exit 
hole, as is illustrated in Fig. 2. For this purpose an 18 Torr 
H 20 in Ar mixture is expanded into vacuum at a total 
backing pressure of 1.5 atm. A small electrode ring is po
sitioned 3 mm downstream the nozzle exit hole. The ring is 
6 mm in diameter and is made of 1 mm thick stainless steel. 
A negative high voltage of typically 4-5 kV is applied to 
the electrode and as soon as the' expansion takes place a 
discharge occurs between the electrode and the pulsed 
valve, which is on earth potential. In the expansion the 
water molecules dissociate and the OH radicals are pro
duced very efficiently. After the expansion the OH molec
ular pulse is shaped into a primary beam by a 5 mm skim
mer - 20 mm downstream from the nozzle orifice. 

In the case of single state preparation an electrostatic 
state selector is positioned - 20 mm behind the skimmer. 
Use is made of a hexapole which acts as an electrostatic 
positive lens for molecules in an antisymmetric (/) 
A-doublet state and as a negative lens for molecules being 
in a symmetric (e) A-doublet state. The state selector is 
230 mm long and consists of six 2 mm diam rods at a 

High Voltage 

FIG. 2. Discharge radical source. A high voltage is applied to an elec
trode ring underneath the pulsed valve exit hole. During the expansion a 
discharge occurs between valve and electrode in which radicals are 
produced. 
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distance of 2 mm from each other. The hexapole is oper
ated at voltages up to 30 kV, well below electrical break
down. The focus of the state selector occurs ~40 mm 
behind the exit opening of the hexapole and coincides with 
the scattering volume and detection region. In the dis
charge producing the OH radicals also ions and electrons 
are produced inside the molecular beam, which give rise to 
an electrical current of several 100 /-LA through the hexa
pole rods. Since the high voltage power supply for the state 
selector is not able to accept these high currents, a dia
phragm, with an opening of 6 mm in diameter, is posi
tioned between the primary beam skimmer and the hexa
pole. Putting the diaphragm on earth potential and 
applying a voltage of typically 100 V to the skimmer re
sults in an efficient shielding of the hexapole from incoming 
ions or electrons. Consequently the current through the 
hexapole device is reduced to 10 /-LA or less, yielding a 
stable high voltage output and constant focusing efficiency. 

In the case of preparation of both J=~ A-doublet 
states, no use is made of the hexapole. Instead, a second 
skimmer is mounted just in front of the scattering region to 
shape the beam in a homogeneous flux of particles. The 
total distance between the nozzle and the scattering region 
is then ~ 15 cm. 

The secondary beam is produced in a differentially 
pumped vacuum chamber, separated from the scattering 
chamber by a 5 mm skimmer. As a result the scattering 
region is geometrically confined to within a volume of 
about 8X8X8 mm3

• During operation of both molecular 
beam valves the pressure inside the vacuum chamber does 
not exceed 10- 5 Torr. We measured the velocity of the 
primary and secondary beams by means of a fast ionization 
gauge positioned on the beam axis. By varying the distance 
from the nozzle to the ionization gauge and measuring the 
corresponding flight times we estimated the velocities to be 
VOH = 670 ms - I and for the secondary beam vHe = 1560 
ms- I and vAr=670 ms-I. Knowing the beam velocities it 
is possible to calculate the center-of-mass collision energies 
involved in the scattering events, Ecoll(OH-He) =394 
cm- I and Ecoll(OH-Ar) =451 cm- I. 

Before and after the collision process the rotational 
state distribution of the OH radicals is probed state selec
tively by means of LIF spectroscopy of the 
A 2l; + (v' =0) -X 2Il i (v" =0) electronic transition at 308 
nm. For this purpose the frequency doubled output of a 
XeCl excimer laser pumped dye laser is guided into the 
scattering region. The dye laser operates at Rhodamine-B 
dye, lasing between 600 and 640 nm. The output of the dye 
laser is frequency doubled in a KDP crystal yielding tun
able ultraviolet (UV) radiation in the 308 nm wavelength 
region with a bandwidth of :::::0.4 cm- I. The output power 
is typically 3 mJ/15 ns pulse, which is large enough to 
cause complete saturation of all transitions involved in this 
experiment. The wings of the laser beam, where the power 
density may be too low to saturate the transitions, are cut 
off using a diaphragm. 

Following the general selection rules for a 2l; + 
+- 2Il i electronic transition, OH molecules in the upper 
A-doublet states are probed by the Q\ and P2 rotational 
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FIG. 3. Boltzmann plot showing the rotational population distribution of 
the electronic ground state OH, directly after the expansion without elec
trostatic state selection. A rotational temperature of ;::: 35 K can be asso
ciated with the lowest rotational states. For higher J-values the rotational 
cooling is less efficient, resulting in a nonthermal Boltzmann distribution. 

transitions, while molecules in the lower A-doublet states 
are probed by the Q2 and PI transitions. The resulting LIF 
signal is imaged onto the first cathode plate of a photon 
multiplier tube by means of collecting optics using a spatial 
filtering diaphragm. A Schott color filter (UGl1) in front 
of the photon multiplier is used to suppress stray light and 
scattered light arising from the discharge. The resulting 
signal is then processed by a boxcar averager and directed 
to a strip-chart recorder and AT computer. Simultaneously 
the UV power is monitored by means of a photodiode. 

B. Initial state distribution 

Initial state preparation of the OH radicals is achieved 
by the supersonic expansion of the OH molecular pulse, 
eventually followed by electrostatic state selection in the 
hexapole electric field. During the expansion rotational and 
vibrational energy of the radical is converted into transla
tional energy which results in cooling of the internal de
grees offreedom of the OH radicals. In Fig. 3 a Boltzmann 
plot is shown of the rotational state distribution in the 
X 2Il3!2(F I ) and X 2111/2 (F2 ) states of OH in the case 
where the hexapole state selector was removed. About 
94% of the OH electronic ground state population is con
tained in the lowest rotational state J=~ of the FI state. 
The rest of the population is distributed among the higher 
rotational states and the F2 spin-orbit multiplet of OH. 
About 3.5% of the population is contained in the J=~ state 
of the FI multiplet. Although the Boltzmann plot indicates 
a nonthermal behavior of the population distribution in the 
higher rotational states, an effective rotational temperature 
can be ascribed to the two lowest rotational states of the F I 
state, yielding T rot :::::35 K. The energy difference between 
the two A-doublet components is only 0.05 cm -I for the 
J=~ rotational state in the F, state. One should therefore 
expect that both J=~ A-doublet substates are almost 
equally populated in the supersonic expansion. However, 
when they are measured by the Q, (1) and the PI (1) lines, 
they turn out to have a remarkably large popUlation dif
ference with a ratio of 100:68. 

In order to be sure that no error was made due to the 
partial overlap of the QI (1) and the Q21 (1) lines we re
peated the measurements of the population distribution at 

J. Chern. Phys., Vol. 99, No. 11, 1 December 1993 
Downloaded 03 Mar 2011 to 131.155.151.107. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



8716 Schreel et al.: Rotational excitation of OH by He and Ar 
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3244051 3244061 3247451 3247461 
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FIG. 4. Spectrum showing the QI (1) and the PI (1) lines as probed by the 
PDA system. Indicated are the underlying hyperfine transitions, F' -F", 
which are partly resolved. The frequency scale is only indicative. The 
separation of the two hyperfine components of the PI ( 1 ) line is 
0.024 em-I. 

higher resolution. Hereto a combination of a single mode 
ring dye laser and a Nd:Y AG pumped pulsed dye amplifier 
was appliedY With a Fourier limited linewidth of 150 
MHz for the frequency doubled radiation, and at nonsat
urating conditions, spectra for the QI ( 1) and PI ( 1) tran
sitions were obtained as shown in Fig. 4. The intensity 
ratios of the hyperfine components correspond exactly to 
the expected ratios for nonsaturated excitation. From the 
intensity ratio between the PI ( 1) and the QI ( 1) lines the 
same factor of 0.68 was obtained for the population ratio 
between the lower and the upper J=~ A-doublet state as 
was derived from the low resolution measurements. We 
have no definitive explanation for this high degree of in
version of the J=~ A-doublet population, considering the 
relatively large thermalizing collision rate between the 
A-doublet levels ofOH by seeding gas Ar (see later). It is 
probably due to a strong nonthermal population distribu
tion of OH in the production from H20 in the discharge. 

If use is made of the hexapole, the upper component 
(~+) of the I X 2II3/2' J =~) A-doublet is focused towards 
the beam axis, while the other component is defocused. In 
Fig. 5 the focusing efficiency of the hexapole state selector 
is illustrated. The QI ( 1) and PI ( I) LIF signals are given as 
a function of the high voltage applied to the hexapole rods. 
The high voltage was limited to a maximum value of 30 kV 
in order to avoid electrical breakdown. From the figure it 
follows that the focusing efficiency for the ~+ state, probed 
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FIG. 5. Diagram showing the focusing efficiency of the hexapole state 
selector for the F I , J p=~+ state [probed by the QI (1) transition], and the 
F I , J p=~- state [probed by the PI (1) transition]. At a voltage of 30 kV 
the separation factor of both A-doublet states is ;:::: 30. 

by the QI ( 1) transition, reaches a value of ;:::: 8 at a maxi
mum voltage of 30 kV. At this voltage the ~- state density, 
given by the PI (1) signal, is decreased by a factor of ;::::4. 
The net effect of the electrostatic state selection is an over
population of the J=~ positive parity component by a fac
tor of 30 with respect to the J=~ negative parity compo
nent. With regard to the experimental accuracy of ;:::: 10% 
the initial parity substate preparation can be considered 
adequate for performing a real state-to-state collision ex
periment. However, since the JP=~- state is also affected 
by the electrostatic state selection process, its initial popu
lation increases as a function of state selector voltage. At a 
voltage of 30 kV the population of the J P=~- state is equal 
to 7.0% of the JP=~+ state population. Consequently, 
when we neglect all the other states, the measured cross 
section aU ..... f) is made up of two contributions, 

aU ..... f) =0.935' a(FI>~+ ..... f) +0.065' a(FI'~- --+ f). 

(1) 

A similar correction should be made for the collisional 
excitation of the F I, ~ - state. Since any scattering out of 
this 6.5% initially prepared state results in a decrease of 
the scattering signal, the measured cross section for colli
sional excitation into this state is equal to 

-0.065 L 'a(FI ,~- --+ j), (2) 
j 

where the summation in the last equation is equal to the 
total inelastic cross section of the F I , J P=~- state. 

If no use is made of the hexapole similar equations as 
above hold for the cross sections, yielding 

aU--+ f) =0.574' a(FI ,~+ --+ f) +0.388 . a(FI>~- --+ f) 

+0.022' a(FI ,~- --+ f) +0.016 . a(FI ,~+ --+ f) 

(3) 

and for the measured cross sections for transitions to the 
~+ and ~- states, 

-0.022 L 'a(FI>~- --+ j), 
j 

-0.016 L 'a(FI'~+ ..... j). 
j 

(4) 

(5) 
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III. RESULTS AND INTERPRETATION 

As shown in Ref. 13 the state-to-state collision cross 
section a( i-f) for scattering out of the initially prepared 
state I i) into a final state I f) can be extracted from the 
scattering spectra in a rather straightforward manner if 
single collision conditions are fulfilled. The final state in the 
scattering process I f) is probed by a rotational transition 
I f) - If') in the electronic A <-X band, giving a LIF sig
nal S If'. The scattering signal oS ff' represents the change 
in signal S If' upon collisions with the secondary beam 
molecules. From these scattering signals oS ff' the relative 
cross sections aU -+ f) are deduced via the following for
mula: 

oSf!' 
aU-+f) ex: • • 

n(l) . .Y ff" Pff '· F 
(6) 

In this formula .Y ff' represents the rotational line 
strength of the transition, Pff, is the laser power at the 
specific transition frequency and F represents the flux
density transformation relating the particle densities mea
sured with the incoming and scattered particle fluxes. 15 

This transformation F contains the particle velocity and 
consequently its value depends on the scattered state If> 
of the OH radical. However, since the laboratory velocity 
of the OH molecules is mainly determined by the center
of-mass velocity, which does not change during the colli
sion, the outcome of the flux-density transformation is 
nearly the same for all I f> states probed. In their paper on 
the CH-He collision experiment MacDonald and Liu2 

showed that as long as single collision conditions are ful
filled and all the scattered molecules can be detected re
gardless of their final velocity, i.e., before they leave the 
detection region, the LIF detection technique can be used 
as a monitor for beam fluxes instead of beam densities. Our 
experimental conditions with respect to beam geometries 
and beam velocities fulfill the conditions required for this 
flux probe and consequently the factor F will have nearly 
the same value for all final states I f). Since we are study
ing relative integral cross sections the factor F can be omit
ted from Eq. (6). 

The relation between the relative cross section a( i --+ f) 
and the scattering signal oS If" as expressed in Eq. (6), is 
valid only if single collision conditions are obeyed. 13 Care
ful checks have been performed in order to make sure that 
collisional effects are linear with secondary beam density. 
Scattering spectra were recorded at different backing pres
sures of the secondary beam. For low pressures the inten
sities of the spectral lines show a linear dependence on the 
backing pressure. However, above a certain critical value 
for the secondary beam stagnation pressure the scattering 
spectra show different relative line intensities compared to 
the low pressure spectra, indicating that higher order col
lision processes come into play.u Under these circum
stances the relation between the scattering signal oS ff' and 
the cross sections becomes too complex to derive a state
to-state cross section aU -+ f) from the scattering spectra. 
In order to avoid these secondary or higher order collisions 

the secondary beam backing pressure was kept below 400 
Torr for both scattering partners He and Ar. 

The state-to-state cross sections reported here are ob
tained by probing the rotational population distribution by 
means of the QI' PI' Q2' and P2 branches in the A 2~+, 
v' =O<-X 2n i , v" =0 band of OH. The laser power of typ
ically 3 mJ/15 ns was enough to saturate these strong tran
sitions. Since we are determining only relative cross sec
tions the line strength .Y ff' and laser power Pff, in Eq. 
( 6) can be omitted. 

In their paper about collisions between OH and H2 
(Ref. 1) Andresen et al. argued that a P transition cannot 
couple all the substrates mJ of a rotational level in the 
lower electronic state to the upper one due to a vanishing 
matrix element for I1m.;=l=O. In the saturation limit this 
would result in a lower excitation rate for P transitions 
compared to Rand Q transitions. However, this holds only 
if the laser is purely linearly polarized and if no other 
disturbing fields (e.g., the earth's magnetic field) are 
present. In practice this situation is unlikely to occur. In 
our case we measured the same intensities for the PI (1), 
the R I (1) and the R 1(1 )' lines, indicating that both the 
saturation conditions are fulfilled and the population dis
tribution can be probed reliably by P transitions. A similar 
comparison of the PI (2) and the R I (2) lines led to the 
same conclusion. 

For scattering in the FI spin-orbit multiplet (FI-FI ) 
cross sections could be determined for J' -values up to ~, 
whereas for the spin-orbit multiplet changing FI-+F2 tran
sition excitations into rotational states up to J' =~ were 
measured. Due to coinciding Q2 (2) and Q2 (3) lines in the 
LIF spectra the scattering signal measured at these transi
tions in fact represents the sum cross section aU -+ F 2'~ - ) 

+aU-F2'~+)' 
The data were obtained by averaging the results from 

several (5 to 10 per rotational state) scattering measure
ments. Each measurement was constructed from more 
than 2000 pulses both with collisions and without colli
sions while the laser frequency was kept fixed at resonance. 
A rather large experimental error for some cross sections 
resulted from a poor signal to noise ratio for the corre
sponding lines in the LIF scattering spectra. When the 
decrease of population in the initially prepared state(s) 
was compared with the sum of populations scattered into 
all other rotational states, this balance showed, within the 
experimental accuracy, a canceling of the collisionally ex
cited population by the decrease of the population of the 
initially prepared state. As a result we may conclude that 
elastic scattering effects are not detected; as many mole
cules in the initial state(s) are scattered out of the probe 
region as there are scattered into this area. 

In Table I the relative state-to-state cross sections 
aU -+ f) for scattering out of the ~ + state as defined by Eq. 
(1) and obtained from Eq. (6), are given for the collision 
partner He. The same is done in Table II for OH-Ar scat
tering. The values for scattering into the F I , JP=~- state 
have been corrected for the scattering out of this 6.5% 
initially populated state according to Eq. (2). Hereto we 
calculated the out-scattering using the theoretical value for 
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TABLE I. Relative state-to-state cross sections 0.935 
. uenJ/2;~+,1 _2no,;J,p',E') +0.065· UenJ/2;~-,f _2no,;J,p',E') for 
rotational excitation of ground state OH by collisions with He at a colli
sion energy of 394 cm- I

. The experimental data are scaled to have the 
same total cross section as predicted by the theory. The theoretical data 
are from Werner et af. (Ref. 6) and represent absolute cross sections. All 
values are in A2. 

J' E'(p') Experiment Theory J' E'(p') Experiment Theory 

5 
"2 
7 
"2 
9 
"2 
3 
"2 
5 
"2 
7 
"2 
9 
"2 

I( -) 0.53±0.07 

I( + ) 0.23 ± 0.03 

I( -) 0.03±0.01 

e( -) 0.84±0.06 

e( +) 3.91 ±0.13 

e( - ) 0.85 ± 0.07 

e( +) 0.19±0.02 

0.316 

0.131 

0.002 

0.574 

4.484 

0.481 

0.030 

I 
"2 
3 
"2 
5 
"2 
I 
"2 
3 
"2 
5 
"2 

I( - ) 0.09 ± 0.03 

I( +) 0.95±0.1l 

I( -) 0.1O±0.04 

e( +) 2.75±0.1O 

e(-)} 
0.24±0.08 

e(+) 

0.105 

1.360 

0.082 

2.866 

0.281 

the ratio of the total inelastic cross sections of the ~+ and 
the ~- states. Since the initial population in the F 1, ~- state 
with respect to the Fl> ~+ state is well known, the scatter
ing out of the ~- state relative to the scattering out of the 
F 1, ~+ state can be derived. In the tables also the theoret
ical values for these cross sections as obtained by Wemer 
and co-workers6 are given. The experimental values are 
normalized with respect to the theoretical values by equal
izing the sum of the cross sections. 

In the Tables III and IV the cross sections for scatter
ing out of the ~- state are given for, respectively, He and 
Ar. These values were constructed using the results of the 
measurements with and without state selector via the fol
lowing procedure. The measured values for scattering into 
the F 1, ~- and the F 1, ~+ states were first corrected for the 
scattering out of these initially slightly populated states. 
This was done in the same way as described above but now 
using Eqs. (4) and (5). Then the out-scattering of the ~ + 
and ~- states was corrected for mutual in-scattering, which 

TABLE II. Relative state-to-state cross sections 0.935 
. UenJ/2;~+,f - 2no';J'P' ,E') +0.065 . uenJ/2;~-,f - 2no,;J'p' ,E') for 
rotational excitation of ground state OH by collisions with Ar at a colli
sion energy of 451 cm- I . The experimental data are scaled to have the 
same total cross section as predicted by the theory. The theoretical data 
are from Werner et af. (Ref. 6) and represent absolute cross sections. All 
values are in A2. 

2m_2m 2n~_2n! 
2 2 2 2 

J' E'(p') Experiment Theory J' E'(p') Experiment Theory 

5 
1(-) 2.23±0.65 1.088 I 

1(-) 0.18±0.18 0.302 "2 "2 
7 

1(+) 0.29±0.17 0.122 3 
1(+) 0.28±0.12 0.560 "2 "2 

9 
1(-) 0.14±0.14 0.003 

5 
1(-) 0.16±0.12 0.278 "2 "2 

3 
e(-) 14.88± 1.36 12.495 I 

e(+) 1.57±0.32 1.866 "2 "2 
5 

e(+) 9.22±0.91 11.718 
3 

e(-) } "2 "2 
7 e(-) 0.98±0.27 5 0.49±0.11 0.490 
"2 1.875 "2 e(+) 
9 

e(+) 0.66±0.34 0.279 "2 

TABLE III. Relative state-to-state cross sections 0.962 
. uenJ/2;~- ,e_2no,;J,p',E') +0.038· Uen3/2;~+,e-2no,;J,p',E') for ro
tational excitation of ground state OH by collisions with He at a collision 
energy of 394 cm- I

. The experimental data are scaled to have the same 
total cross section as predicted by the theory. The theoretical data are 
from Werner et af. (Ref. 6) and represent absolute cross sections. All 
values are in A2. 

J' E'(p') Experiment Theory J' E'(p') Experiment Theory 

5 
"2 
7 
"2 
9 
"2 
5 
"2 
7 
"2 
9 
"2 

I( -) 0.85±0.09 

I( + ) 0.08 ± 0.03 

I( - ) 0.02 ± 0.02 

e( +) <0.28 

e( -) 0.55±0.09 

e( +) 0.06±0.03 

0.370 

0.076 

0.002 

0.862 

0.900 

0.028 

I 
"2 
3 
"2 
5 
"2 
I 
"2 
3 
"2 
5 
"2 

I( -) 1.68±0.09 

I( +) 0.44±0.11 

I( -) 0.30±0.04 

e( + ) 0.49 ±0.16 

e(-)} 
1.20±0.1O 

e( +) 

2.033 

0.097 

0.203 

0.035 

1.065 

does not cancel because of the different initial populations. 
This could be done using the experimental values for the 
cross section ~+ ->~- and the ratio of the initial popula
tions. Then the experimental values for the cross sections 
as obtained with the hexapole were scaled to have the same 
total cross section as the out-scattering of the ~+ state. 
These values were then subtracted from the values ob
tained without hexapole yielding the cross sections for the 
~- state. The values presented in the table are scaled to 
have the same total cross section as the theoretical values. 
The experimental error is rather large due to the subtrac
tion procedure. 

It must be noted that the correction to the J=~ state 
had not been taken into account by Andresen et al. 1 in a 
similar OH-H2 crossed beam experiment. In their experi
ment the J=~ state was occupied for ~ 10% and a consid
erable amount of out-scattering must have taken place. 

IV. DISCUSSION 

A. Cross sections for the ~+ state 

In Figs. 6 and 7 the cross sections from Tables I and II 
are presented graphically for the OH-He and OH-Ar scat
tering, respectively. The relative cross section is given as a 

TABLE IV. Relative state-to-state cross sections 0.962 
. Uen3!2;~- ,e_ 2n o,;J,p',E') +0.038· uCZn3/d+,e-2n o,;J,p',E') for ro
tational excitation of ground state OH by collisions with Ar at a collision 
energy of 451 cm- I

. The experimental data are scaled to have the same 
total cross section as predicted by the theory. The theoretical data are 
from Werner et al. (Ref. 6) and represent absolute cross sections. All 
values are in A2. 

2n~_2n~ 2m_2111 
2 2 2 2 

J' E'(p') Experiment Theory J' E'(p') Experiment Theory 

5 
1(-) 3.16±0.54 3.139 I 

1(-) 0.80±0.16 0.389 "2 "2 
7 

1(+) 0.27±0.12 0.165 
3 

1(+) 0.51±0.13 0.050 "2 "2 
9 

1(-) <0.13 0.002 
5 

1(-) 0.27±0.1O 0.276 "2 "2 
5 

e(+) 1.77±0.85 1.803 
I 

e(+) 0.60±0.26 "2 "2 0.084 
7 

e(-) 1.98±0.32 2.197 3 
e(-) } "2 "2 

9 
e(+) <0.31 0.343 

5 0.22±O.10 1.131 
"2 "2 e(+) 
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FIG. 6. Relative state-to-state cross sections 0.935 
. aeIT312'~+./ --.2ITn,,],P',E') +0.065' aeIT3/2;~-./ --.2ITn,;J'P',E') for 
OH-He scattering. The top part of the figure shows the cross sections for 
multiplet conserving transitions (IT312 --.IT3/ 2); the lower part gives the 
multiplet changing transitions. The data indicated by the squares repre
sent the cross sections for symmetry conserving rotational excitation. The 
circles show the cross sections for symmetry changing collisional excita
tion. The experimental error is indicated by the error bars. The theoretical 
values from Ref. 6 are represented by the open squares and circles. 

function of final angular momentum J', parity p' and 
A-doublet symmetry €'. With the exception of the F I , J 
= ~ A-doublet transition, the overall behavior of the cross 
sections looks very similar for OH-Ar and OH-He scat
tering. For both collision partners a symmetry propensity 
rule shows up. For spin-orbit conserving as well as for 

OH (2n3.,,3/2·,f) + Ar Collisions 
20.0 
18.0 

F1-Fl 
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() 1 .--- • f ...... e (expt.) 
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J' 

FIG. 7. Relative state-to-state cross sections 0.935 
. aen3/2'~+./ --.2nn,,],p',E') +0.065' aeIT312;~-./ _2nn,;J,p',E') for 
OH-Ar scattering. The top part of the figure shows the cross sections for 
multiplet conserving transitions (IT3I2 --.n312 ); the lower part gives the 
multiplet changing transitions. The data indicated by the squares repre
sent the cross sections for symmetry conserving rotational excitation. The 
circles show the cross sections for symmetry changing collisional excita
tion. The experimental error is indicated by the error bars. The theoretical 
values from Ref. 6 are represented by the open squares and circles. 

spin-orbit changing transitions the symmetry changing 
/->e rotational excitations are preferred over the symme
try conserving transitions. This propensity is, however, not 
observed for the excitation into the F 2 , J=~ state. For 
OH-He scattering the cross sections for spin-orbit chang
ing transitions (F I->F2) are of the same order of magni
tude as those for scattering in the F I spin-orbit manifold. 
This is in agreement with the relaxation measurements of 
Crosley et al .. 5 For OH-Ar scattering the spin-orbit con
serving F 1-> F I rotational excitations are almost an order 
of magnitude stronger than the spin-orbit changing 
FI->F2 transitions. 

In their quantum scattering calculations Werner et al. 6 

used an OH-Ar ab initio potential that was used also for 
the calculations of the bound energy states of the OH-Ar 
van der Waals complex.? For OH-He the ab initio poten
tial derived by Degli-Esposti9 was applied. The scattering 
calculations were performed at our experimental collision 
energies of 394 and 451 cm -I for OH-He and OH-Ar 
scattering, respectively. 

Comparison of their data with our experimental cross 
sections shows a good agreement. The same overall behav
ior of experimental and calculated cross sections as a func
tion of J' is obtained as can be seen from Figs. 6 and 7. For 
OH-He scattering both theory and experiment predict that 
the F 1-> F I transitions are comparable in strength with the 
spin-orbit changing FI->F2 transitions. Furthermore the 
experimentally observed propensity for symmetry chang
ing FI->FI transitions is confirmed by theory as well. For 
the spin-orbit changing FI->F2 transitions this propensity 
rule is no longer predicted by theory for all transitions as 
observed in the experiment. Remarkable is the very weak 
F I , J=~ A-doublet transition for OH-He scattering, as 
observed in the experiment. 

Also for the OH-Ar collision system theory is in good 
agreement with experiment. Figure 7 shows the collision 
cross sections for OH-Ar scattering and the first thing to 
notice is that the F I , J=~ A-doublet transition is more 
than an order of magnitude stronger than for He scatter
ing. In general the cross sections for spin-orbit conserving 
F 1-> F I transitions are stronger than the ones for the 
FI->F2 excitations in contrast to OH-He scattering. 

The calculated contribution of the 6.5% populated ~
state to the experimental cross section (1) is - 6.5% or 
smaller for most of the transitions. However, in case of the 
spin-orbit changing collisions to the F 2 , JP=4- and JP 
= ~- states the cross sections are strongly determined by 
transitions from the F 2 , JP=~- state. This conceals the 
strong propensity for transitions to these states out of the 
F I , J P = ~ + state as predicted by theory . For He scattering 
the theoretical cross sections for the F I, J P = ~ + -> F 2, J P 

=4+ and JP=4- transitions are 3.064 and 0.009 A?, re
spectively, showing a near parity selection rule. Since the 
cross section for the F I, JP=i- ->F2' JP=4- transition is 
calculated to be 1.492 A 2 a sizable collision induced pop
ulation is measured in the F 2 , JP=4- state. A similar 
situation is present for the excitation to the F 2 , J P=~
state. Also for Ar scattering the efficient excitation from 
the FI! JP=~- state to the F2, JP=~- state prevents us 
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FIG. 8. Relative state-to-state cross sections 0.962 
. ueI13/2'~- ,e-2I10"J'p' ,E') +0.038 . ueI13/2;~+,J - 2I1o,;J'p' ,E') for 
OH-He scattering. The top part of the figure shows the cross sections for 
multiplet conserving transitions (11 3/2 - 11 3/2); the lower part gives the 
multiplet changing transitions. The data indicated by the squares repre
sent the cross sections for symmetry changing rotational excitation. The 
circles show the cross sections for symmetry conserving collisional exci
tation. The experimental error is indicated by the error bars. The theo
retical values from Ref. 6 are represented by the open squares and circles. 

from observing a near parity selection rule for the weakly 
populated Fl> JP=~+ -+F2' JP=!± transitions as pre
dicted by theory. 

B. Cross sections for the ~- state 

The results for the cross sections for the ~- state are 
presented graphically in Figs. 8 and 9. With respect to the 
Fl-+Fl transitions the overall behavior observed for He 
collisions is the same as for Ar collisions. However, when 
compared to the scattering out of the ~+ state a remarkable 
difference shows up; there is no propensity rule with re
spect to the symmetry. In particular for transitions to the 
JP=~± states a clear preference for conservation of the 
symmetry is observed instead of a symmetry change. This 
is also what theory predicts for both Ar and He collisions. 
For Ar a nearly perfect agreement is obtained as can be 
seen from the upper part of Fig. 9. In the case of He, 
however, a large deviation between the calculated and ex
perimental cross sections for the transitions to the JP=~± 
is present; instead of a symmetry change, the theory pre
dicts a preference for conservation of the symmetry, con
trary to the Ar collisions. 

For the spin-orbit changing collisions (F1-+F2) the 
overall dependence of the cross sections on J' is similar to 
the scattering of OH in J P=~+, at least for the case of He. 
We observe a clear preference for a change of symmetry in 
transitions to JP=!±, whereas transitions to JP=~± tend 
to conserve the symmetry. This is also in agreement with 
the theory. For Ar collisions, strong deviations seem to be 
present. It must be noted, however, that the cross sections 
are quite small, making deviations between theory and ex
periment easily visible on this scale. Nevertheless, from the 
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FIG. 9. Relative state-to-state cross sections 0.962 
. ueI13/2'~- ,e_2I1o"J'P',E') +0.038' UeI13/2&+,J _2I1o,;J'P',E') for 
OH-Ar scattering. The top part of the figure shows the cross sections for 
mUltiplet conserving transitions (11 3/2-113/2); the lower part gives the 
multiplet changing transitions. The data indicated by the squares repre
sent the cross sections for symmetry changing rotational excitation. The 
circles show the cross sections for symmetry conserving collisional exci
tation. The experimental error is indicated by the error bars. The theo
retical values from Ref. 6 are represented by the open squares and circles. 

differences between experimental and theoretical values 
conclusions may be drawn about the interaction potential 
used in the calculations. 

With respect to the purity of the cross sections pre
sented for the ~- state it turns out that the calculated con
tribution of the ~+ state is for most of the transitions of the 
order of 4%. For some transitions this contribution is 
much larger, but it does not prevent us from seeing the 
symmetry propensity rules as described above. 

C. Interaction potential 

The potential governing the interaction between an 
open shell IT-state diatomic molecule and a closed shell 
atom can be thought as being composed of two potential 
energy surfaces VA' and VA'" having reflection symmetry 
A' and A", respectively, in a plane containing the diatomic 
and the interacting partner. Alexanderl6 showed that for a 
pure Hund's case (a) molecule the sum potential, 
VA,+ VA'" governs the collisional excitation within each 
spin-orbit mUltiplet (Fl~Fl,F2~F2)' whereas the differ
ence potential, VA ,- VA'" controls the multiplet changing 
(Fl~F2) transitions. Due to symmetry considerations the' 
sum and difference potentials can be expanded as4 

(7) 

and 

VA,- VA,,= I Vn(R) . pf)(cos (J) (8) 
/ 

with p/(cos (J) and pV)(cos (J) the regular and associated 
Legendre polynomials and Vl)(R) and Vn(R) the expan-
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sion coefficients for the sum and difference potentials, re
spectively. For the lowest J-values the OH molecule can be 
considered as a Hund's case (a) molecule. In case of scat
tering by Ar the cross sections for spin-orbit multiplet 
conserving transitions are stronger than those for multiplet 
changing transitions, when compared to the OH-He re
sults. This may be the result of a larger ratio V l2/ V K) for the 
OH-Ar potential, where this ratio represents a measure of 
the efficiency of multiplet changing transitions. From Figs. 
6 and 7 it is evident that scattering by Ar is more effective 
in inducing the A-doublet transition 2n312 , i+ -+2n3j2' i
in the OH radical, than scattering by J:Ie. The term in the 
potential which is directly responsible for this A-doublet 
transition, is the VIO term. So a possible explanation for the 
difference between the Ar end He induced A-doublet tran
sitions could be a stronger VIO term relative to the higher 
order odd I potential terms for scattering by Ar than in the 
case of the OH-He interaction. Furthermore, the spin
orbit conserving transitions are preferred over spin-orbit 
changing collisional excitations, indicating that the sum 
potential, VA' + VA.'" plays a more important role in 
OH-Ar scattering than the difference potential VA' - VA'" 
However, the differences between Ar and He scattering 
may result also from different relative velocities for the 
OH-Ar and OH-He systems, as pointed out in Ref. 6. 

Crosley et al. 5 studied the rotational energy transfer in 
the v=2 vibrationally excited state of the electronic ground 
state of OH scattered by He. Their experiment was per
formed in bulk circumstances and consequently they ob
tained rate coefficients instead of cross sections. They 
found a pronounced parity propensity effect; conservation 
of total parity is favored in collisions which change the 
spin-orbit multiplet state. This observation is in agreement 
with our results for OH (F2 , v=O)-He scattering; a clear 
propensity for parity conserving transitions to the F 2, J 
= ~ state is observed both for transitions from the upper J P 

= ~+ state (see Fig. 6) and for transitions from the lower 
JP= ~- state (see Fig. 8). For excitation to the F 2, J= ~ 
state this parity propensity is less clear. The cross section 
in Fig. 6 for excitation to the F 2 , J P=~- state in fact 
represents the sum cross section for scattering into the F 2, 

JP=~- and~+ state. The actual valuefora(i-+F2'~-) will 
be smaller than the number indicated in the figure and 
consequently the parity propensity for excitation to the F 2 , 

J=~ state is also in agreement with the observations of 
Crosley et al. 

A strong oscillatory behavior of cross sections was re
ported by Joswig et al. 17 for scattering of NO(X 2n1l2) by 
rare gas atoms He, Ne, and Ar. Their experiment yielded 
relative cross sections ~P aen 1I2'¥ -+ 2nn"J'p') averaged 
over both initial J=~ parity substates. For the multiplet 
conserving transitions they observed that transitions with 
I::J = 2n are preferred over transitions with I::J.J = 2n - 1. In 
the case of NO-Ar scattering these oscillations are well 
understood 18 and arise from a dominant V20 term in the 
expansion of the sum potential VA' + VA'" A similar oscil
latory behavior is observed for (FI-+FI ) scattering ofOH 
in the upper J=~ A-doublet state by Ar and He if parity 
instead of symmetry is considered. Experiment as well as 

theory indicate that for l::J=even excitations the parity 
changing transitions are preferred, whereas for I::J.J=odd 
the parity conserving transitions are dominant. The ob
served propensity to change the symmetry in F 1 -+ F 1 tran
sitions indicates that for odd I::J.J the potential terms V K) 

with I even are dominant relative to the odd I terms, 
whereas for even I::J.J the reverse situation is present. 18 The 
strong transition to the ~+ state can then be explained by a 
dominant V20 term, just as for NO scattering. For OH in 
the lower J=~ A-doublet state a parity conservation is ob
served for both I::J.J = 1 and 2, which can be explained also 
by a dominant V20 term for these type of transitions. 

The difference between the collisional behavior of OH 
molecules in the upper and lower J=~ A-doublet states 
originates from the intermediate Hund's case character of 
OH. The wave functions for these states can be written as 
the same linear combinations of case (a) basis functions 
but differing in the symmetry index E. In the matrix
elements of the interaction potential which describe the 
transition probability to an excited rotational state with a 
given symmetry E' the contribution of the potential terms 
V KJ and V l2 is determined by E and E' and can be com
pletely different for both JP=i± states. 

v. CONCLUSIONS 

In this paper we report parity resolved relative state
to-state cross sections for rotational excitation of OH 
(X 2n) by collisions with He and Ar. In a crossed molec
ular beam apparatus the OH radicals are produced by gen
erating an electrical discharge in a molecular pulse, con
taining an H20 in Ar gas mixture. Two kinds of initial 
state preparation are applied. The lowest rotational state 
1
2n3!2' J =~) is prepared by rotational cooling of the OH 

molecules in a supersonic expansion. Further state selec
tion of the 12n312 state, JP=~+) is achieved by electro
static state selection in a hexapole electric field. After state 
preparation the primary beam is colliding with the target 
beam, containing the rare gases He or Ar. Checks have 
been performed in order to be sure that single collision 
conditions are fulfilled, facilitating the data reduction. The 
rotational energy transfer in both spin-orbit multiplets of 
the OH (X 2n j ) radical is studied by means of LIF spec
troscopy of the A -X electronic transition of the molecule. 
Cross sections have been obtained for both the upper, 
J=~+, and, the lower, J=~-, A doublet states. 

Scattering by Ar causes preferentially I::J.J=O (A
doublet) and I::J.J= 1 spin-orbit conserving transitions. The 
spin-orbit changing collisions are weaker by an order of 
magnitude which indicates that the sum potential 
VA' + VA" is larger than the difference potential VA' - VA'" 
For OH-He collisions the cross sections for spin-orbit con
serving rotational excitation are in the same order of mag
nitude as those for multiplet changing transitions. Remark
able is the weakness of the A-doublet transition induced by 
He scattering. A clear difference is observed for scattering 
of OH in the lower and in the upper J=~ A doublet state. 
For the upper state, ~+, a clear propensity for symmetry 
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changing F J -+ F J transitions is observed for both Ar and 
He collisions. For scattering out of the lower state, ~-, no 
propensity for the symmetry is observed; in the transitions 
to the ~± and ~± states there is a preference for parity 
conservation. 

The obtained cross sections are compared with theo
retical values from quantum scattering calculations and 
show, for most cases, remarkably good agreement. Devia
tions are observed for scattering of OH in the ~- state. In 
case of He collisions the strongest FJ-+FJ transition ob
served is to the ~- state which should be much weaker 
according to the theory. In scattering by Ar the obtained 
cross sections for F J-+F2 transitions show poor agreement 
with calculated values. 

The present experiment shows that it is possible to 
study state-to-state collision dynamics even for molecules 
having no isolated, single rotational ground state. An im
portant conclusion to be drawn is that even for an initial 
state distribution which seems quite pure at first sight siz
able effects can still be produced by weakly populated 
states. These states may have large cross sections for tran
sitions to specific states which are only weakly coupled to 
the "initial" state. This is illustrated by the spin-orbit 
changing collisions where parity propensity rules which are 
predicted by theory could not be observed due to scattering 
out of the 6% populated J=~ state. 

As mentioned earlier the state-to-state cross sections 
for OH-H2 scattering have important astrophysical rele
vance. In a forthcoming paper we discuss a similar colli
sion experiment as the one described in this article, but 
with collision partners para-H2 and normal-H2. 
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