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Relative state-to-state cross sections for inelastic collisions betweeX N, (v = 20,J = 0.5,e or f) and

He have been determined in a crossed molecular beam setup at a collision energy of 19%ffiuient

initial state preparation of the NO molecules is achieved by stimulated emission pumping by way of the NO
B 21, (v = 5) state. The rotational state distribution of the inelastically scattered NO molecules is probed
by laser induced fluorescence through thé="(v = 3) state. The measured cross sections are compared
with close-coupled quantum scattering calculations on both a recently reported ab initio potential energy
surface (PES) and an extension of this PES which takes into account the elongation of the NO dend in

20. In the latter calculations, the highly vibrationally excited molecule is treated as a rigid rotor with a bond
length equal to the average of the= 20 level. Even with such an apparently drastic assumption, agreement
between the experimental results and the scattering calculations on the latter PES is excellent.

I. Introduction differential scattering cross sections for collisions with He atoms
while Thuis et all213determined total scattering cross sections
for state-selected NO. The results of these studies yielded
considerable insight into the anisotropy of the NRG potential
energy surfaces (PESs). The phenomenological PESs for the

The pursuit of chemically accurate potential energy surfaces
(PESSs) has remained a long-standing objective of research in
the field of molecular dynamics. Comparisons of ab initio PES
and quantum scattering calculations with crossed molecular .
bean?scattering experir?wents have provided one of the cleares O—_Ar system ?gre_ed well, overall, with the PES calculated
guides to achieving this goal over the years. See for examplePY Nielson et af! using an electron gas model.
the classic work on the reactive scattering of-FH, in ref 1 The anisotropy of the NO(—Ar interaction was measured
and references therein. Up to now, little work of this kind has in @ more direct way by Andresen and co-workEr&, who
been done with highly vibrationally excited molecules. Such determined relative state-to-state integral inelastic cross sections
highly excited molecules are known to be present in many in a crossed molecular beam apparatus. They observedl a
chemical contexts, including the upper atmosphere and combus—= even propensity for scattering out of the= 0.5 level. This
tion. They may exhibit unique interactions due to their extended propensity was reproduced by coupled st#&%s3¢(CS) scat-
geometry and due to mixing with excited electronic states tering calculations based on the original and modiié8l
induced by their wild variations of bond lengths.The versions of the electron gas PES of Nielson ettaRecently,
methodology needed to treat such problems, both experimentaleven more detailed information on NORG systems has been
as well as theoretical, is still in its infancy. In this paper we obtained from the measurement of state-to-state differential cross
concern ourselves with the investigation of the interaction sections. For collisions of NO with Ar, in crossed molecular
potential between an open-shelled highly vibrationally excited beam experiments Jons et2&E® used angle-resolved, state-
diatomic molecule, NOX 21/, (v = 20) with a rare-gas (RG)  specific product detection, whereas Houston and co-wd@&rs
atom, He. This study provides a benchmark in the developmentused ion imaging. For collisions of NO with He, Meyeused
of information regarding the interactions of highly excited the ion time-of-flight technique in a counterpropagating beam
molecules. setup.

Collisional energy transfer involving radicals has been the  concurrently, Alexander and co-work&8? reported close-
subject of many experimental and theoretical studies. In coupled® (CC) scattering calculations on ab initio PESs for
part_lcular, an ove_rwhelmlng amount_of expenment_al d_ata IS the NO-Ar and NO-He systems, determined within the
available for radicals in?II electronic sta_te%f1 which is correlated electron pair (CEPA) approximatin®® The
complemented by a well-established theoretical frameWwofk. - aicylated cross sections reproduced all of the experimentally
, Because the NO radical is the only stable molecule with @ ohserved features, including the rotational rainbows. Last year
11 ground state, this molecule has become the paradigm of both, 5y | eken et a6 reported parity-resolved state-to-state cross

i —30 i 9,334 i . . .
experimentaf=° as well as theoretical ' studies. The  gactions for scattering out of the= 0.5f symmetry (negative
first crossed molecular beam studies of collisions of NO with parityy'142level of NOX 2ITy,) in collisions with Ar. The initial

RGs were performed nearly 20 years ago. Keil ét aeasured state preparation was realized in this experiment via hexapole
T Present address: FOM Institute for Atomic and Molecular Physics, state selection. Van Leuken et al. observed steg= even

Kruislaan 407, 1098 SJ Amsterdam, The Netherlands. propens!t?es fore/fit con.serving. Fransitions andJ = 00‘9‘
€ Abstract published ifAdvance ACS Abstractsuly 15, 1997. propensities foe/f changing collisions, as had been predicted
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bond lengths than does the wave function:of= 0. This

i requires an improved theoretical approach. In previous calcula-
tion of the NO-He PES%' the NO bond was held fixed at

for the X 21T state ( = 2.1746 bohr). The rotationally inelastic
scattering cross sections computed from this surface gave good
agreement with recent experiments. We describe here a new
PES, in which the NO bond has been held fixed, but this time
- at[il3p = 2.6037 bohr, the average bond length of the NO bond
in v = 20. Cross sections calculated with both this and the
previous PES will be compared with the experimental results.

v, (1)
1

T L B B —

1.5 2.0 25 3.0 3.5

r (bohr) Il. Experimental Section
Figure 1. Plots of the vibrational wavefunctions fer= 0 andv = i . ) L .
20 of theX 21 state of NO. The average valuesrah the two states A schematic overview of the experimental setup is given in
are [B[§ = 2.183 bohr andildy = 2.604 bohr. The minimum in the ~ Figure 2. A primary molecular beam is formed by expanding
RKR potential occurs ate = 2.1744 bohr. 3 atm of neat NO into a vacuum chamber through the 0.8 mm
diameter orifice of a pulsed valve (General Valve) and passing
in the earlier scattering calculations of Alexander.Very it through a conical skimmer with a diameter of 2.5 mm placed

recently the same group has observed steric effects in the2 cm downstream of the nozzle. The pulsed valve is operated

inelastic scattering of NO with A® They attributed the residual ~ at 10 Hz and has a pulse length of 268 full width. The

discrepancies between the experimental results and thosesacuum chamber is equipped tia 6 in. diffusion pump with

obtained by scattering calculations to errors in the PES. a pumping speed of 2000 L/s. The base pressure in the chamber
All of these crossed molecular beam studies involved NO in is 5 x 1077 Torr and rises to x 107 Torr with the primary

its ground vibrational state. However, in cell experiments state- molecular beam running.

to-state rate constants have been determined for rotationally Highly vibrationally excited NO molecules are produced by

inelastic relaxation of vibrationally excited NO. Two ap- means of stimulated emission pumping. The NO molecules are

proaches have been used to prepare the vibrationally excitedfirst excited 6 cm downstream of the nozzle from thell (v

molecule: IR pumping has been used to prepare molecules with= 0) ground state to thB 21 (v = 5) valence state with the

a low degree of vibrational excitation & 1 or 2)14-16.28 With PUMP laser. They are subsequently deexcited by the DUMP

these techniques, state-to-state rotational relaxation rates ovetaser to produce molecules in single quantum state¢%t (v

a wide temperature range have been determined for collisions= 20). A pulse-amplified single-mode ring dye laser system

of NO X 2IT with He, Ar, and NO!>16.28 The results of the  was used as the PUMP laser. The output of an argon ion

NO + RG systems at low vibrational excitation agreed perfectly (Spectra Physics 171) pumped single-mode ring dye laser

with the theoretical calculations. Alternatively to IR pumping, (Coherent CR-699) operated with rhodamine 6G was pulse

the stimulated emission pumping (SEP) technfdums been amplified in a home-built three-stage amplifier chain, filled with

used to prepare NO in highly excited vibrational states>(1) a mixture of rhodamine 610 and rhodamine 640 dyes. This
for use in rotational and vibrational relaxation rate experi- system is pumped by a frequency doubled, Q-switched, injec-
ments?3:24:44:45 tion-seeded Nd:YAG laser (Continuum Powerlite 7010-1S) with

The use of SEP for state preparation in crossed moleculara pulse energy of 400 mJ at 532 nm and a pulse duration of
beam experiments has been limited. Only very recently Ma et approximately 5 ns. The amplified visible radiation is frequency
al* performed the first study of this kind. They used SEP to doubled in a KDP crystal to yield 15 mJ of UV light around
prepare 4 X X4t (v = 5) in @ molecular beam and studied the 300 nm. After passing &/2 plate, the doubled and residual
subsequent vibrational relaxation. A year later, in 1992, fundamental radiation are frequency summediil cmlong
Bergmann and co-workefsused stimulated Raman with rapid  BBO crystal to yield light near 198 nm with a pulse energy of
adiabatic passage (STIRA)a technique very closely related typically 2 mJ and a Fourier transform limited bandwidth of
to SEP, to prepare vibrationally excited Nan a crossed less than 200 MHz.
molecular beam study of the chemical reaction of thesg Na  An excimer (Lambda Physik EMG 200) pumped dye laser
dimers with Cl atoms. And recently Drabbels and Woétke  (Lambda Physik FL3002) operating on coumarin 153 dye, was
employed SEP in a molecular beam experiment to determineused to stimulate molecules (DUMP) from the electronically
the IR EinsteinA coefficients for highly vibrationally excited  excitedB state down to the = 20 level of the ground electronic
NO molecules. state. The DUMP laser, which has an output energy ef2M

In the present experiment we use SEP in combination with mJ/pulse and bandwidth of 0.15 cfp counterpropagates the
crossed molecular beams to study rotational relaxation in PUMP laser and is fired 5 ns after the PUMP laser. Both the
collisions of highly vibrationally excited NO molecules with  PUMP and the DUMP laser beams have a beam diameter of
He atoms under single-collision conditions. The use of SEP approximately 3 mm. The fluorescence from Betate was
enables us to prepare the molecules in a unique rotatal collected with aF/1.6 lens system and imaged onto a photo-
A-doublet (parity) state. In contrast to the experiments of van multiplier tube (Hamamatsu R212UH) placed at right angles
Leuken et af82%where only the— parity state could be selected, to both the molecular and preparation laser beams. To reduce
we are able to prepare the NO molecules in either of the two the scattered light from both the PUMP and DUMP laser, a
possible parity states. Combined with parity resolved detection UG 5 color glass filter is placed in front of the phototube.
of the final rotational states, this provides the maximum degree Fluorescence dip measurements can be carried out with this
of state resolution. Consequently, the observed-f@ cross arrangement, to ensure periodically that the SEP procedure is
sections provide the most rigorous test of the calculated-NO effective.

He interaction potential. The secondary beam is formed by expanding 3 atm of He

As shown in Figure 1, the vibrational wave function tor= through a similar pulsed valve and conical skimmer. The
20, studied in this work, samples a far greater range of NO pressure rise in the vacuum chamber with this secondary beam
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Figure 2. Schematic diagram of the crossed molecular beam arrangement. Two pulsed molecular beams are crossed in a single chamber. Stimulated
emission pumping is used to prepare highly vibrationally excited NO in the primary (downward moving) beam using a pulse dye amplified laser
system and an excimer-pumped dye laser. Laser-induced fluorescence is used at the crossing region of the two molecular beams to determine the
state-to-state inelastic cross sections using a second excimer-pumped dye laser.

running is 5x 1076 Torr. The secondary beam crosses the Figure 3 shows a representative LIF spectrum of the band head
primary beam at an angle of 3@t a distance of approximately  of the B 21y, (v = 5) — X 2Iy;» (v = 0) system recorded at
12.5 and 6.5 cm from the primary and secondary valves, the preparation zone using the pulse-amplified ring dye laser
respectively. At this crossing region a third laser beam, 5 mm system. The 200 MHz resolution of the laser system is clearly
beam diameter, intersects both molecular beams to PROBE thesufficient to resolve the twa-doublet components and thus to
rotational distribution of the scattered NO moleculesvir- prepare a specific parity component, even for the lowest
20. To this end a similar excimer-pumped dye laser system rotational levels. The output power of the PUMP laser system
operating on coumarin 153 is employed which excites the is high enough to saturate this transition, line broadening
molecules from thes = 20 level in the electronic ground state  becomes observable at pulse energies of more than 1 mJ, so
to either theA Z=* (v = 3) state or thé 2I1 (v = 5) state. The that 50% of the population in a rotational level in the ground
laser-induced fluorescence (LIF) from the electronically excited state is transferred to tH® state. From the observe®i2I1,,
states is collected by /0.7 quartz lens system placed at right (v = 5) < X 21y, (v = 0) LIF spectrum a rotational temperature
angles to both the primary molecular beam and the PROBE of 15 K could be deduced.

laser beam and imaged onto a solar blind photomultiplier tube  \without the presence of the DUMP laser beam, the excited
(Hamamatsu 166UH). The signals from the photomultiplier g state will radiate to various vibrational levels in the ground
tubes at the preparation and the collision region are both gjectronic state. The resulting vibrational distribution in the
processed by a digital oscilloscope (LeCroy 9430) and boxcar ground electronic state is determined by the Frarkndon
integrator (SRS 250) interfaced with a 486 PC. factors between the two electronic states, while the rotational
Just as for the NO beam, the He beam is operated at 10 Hz,gjstribution in these vibrational states is governed by tfialHo
but for every other shot, the opening of this valve is delayed 1 | yndon factors and the parity selection rdte—~ F. The states
ms with respect to the primary valve. When the secondary valve prepared by this “FranckCondon pumping” travel free of
is delayed 1 ms, no collisions take place between He atoms incgjjisions in the molecular beam to the collision region where

the molecular beam and the prepared NO molecules. Thus anyie rotational distribution is probed by means of LIF via fe
scattering of the initially prepared NO molecules is the result 2s-+ (v = 3) — X 2Ty, (v = 20) transition. Although the

of collisions between the background gas and the NO beam or prancl-Condon factor for thé (v = 3) < X (v = 20) transition
due to collisions within the NO beam. By using the boxcar g yery small ¢3 x 10-4), this transition could be saturated by
integrator in “toggle mode”, where the difference between every (he ynfocussed output of the PROBE laser. When probing via
even and odd shot is integrated and averaged, the rotationako o (v = 3) state, use can be made of the fact that for this
energy transfer due to collisions with He can be monitored free 2s+_2T system the mail- (or R-) branch lines an@-branch

of contributions from collisions with the background gas in the |ines are well separated and probe differefitevels of a given

vacuum chamber. rotational stat&® This allows us to resolve the final-doublet
state using a laser with only 0.1 chresolution. This should
be contrasted with probing through tBEII (v = 5) state. For
For full initial state specification, it is necessary to prepare this 2[1—2I1 transition, the mairP-, Q-, andR-branches occur
NO molecules in a single vibrational, rotational, and parity state. out of bothe andf levels, so that the lines appear as closely

lll. Initial State Preparation
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Figure 3. Representative laser induced fluorescence spectrum in the region of tie?N@,(v = 5) — X A1(v = 0) bandhead recorded with
the pulse-amplified ring dye laser (see text). The doublet structure is due to the-teoblets €/f levels) associated with each rovibronic state.

spaced double®. Although theB (v = 5) — X (v = 20)
transition has a much more favorable Fran€@ondon factor 25 15, R, M 1S 2.5
(0.15), the resolution of our probe laser was too low to allow - e ' '
us to separate th®, Q, or R doublets and hence obtain
information separately about the population in individual parity
states of a given rotational level.

The upper panel of Figure 4 shows the LIF spectrum of the
AZZ (v = 3) — X ATy, (v = 20) transition without the DUMP
laser after theB 2I1;, (v = 5, J = 1.5, €) level has been
populated. The observed population in the 20 level of the A

0.52.5

0.5
—r— Qu + Py

) I —

electronic ground state clearly reflects thenHelL.ondon factors
for the X 2[T — B 2I1 transition where both states belong to
Hund's case (a9 strongAJ = 41 and weakAJ = 0 transitions. ‘ , ; ‘
The lower panel of Figure 4 shows the population in ¥he

= 20) level in the absence of the He beam when the DUMP
laser is tuned to th& 21y, (v = 20,J = 0.5,€) < B 21y (v

= 5, J = 1.5, ¢) transition. This transition can easily be
saturated which allows the enhancement of the number of
molecules in the) = 0.5, e-labeled level by almost 2 orders of
magnitude. Only a small fraction of the molecules are present
in other rotational states. These states are populated by Franck
Condon pumping, except for thkk= 0.5 f state which is most

+50

likely populated by collisions that take place in the molecular J

beam. Since the energy difference betweenetlaadf states
of theJ = 0.5 rotational level is~300 MHz, intraA-doublet

—_— e ——

transitions can take place efficiently even at very low collisional 18945 18950 18955 18960 18965

energies. We find that 95% of all the moleculesir 20 are

in the J = 0.5, e state. The maXImum re,lat've populatlon n Figure 4. Preparation of single quantum states of highly vibrationally
any of the othew = 20 rotational states is-1%. Since the  excited ¢ = 20) NO in a molecular beam. The upper panel illustrates
rotational temperature in the molecular beam is 15 K and since the result of FranckCondon pumping. The lower panel shows how
both the PUMP and DUMP transitions are saturated, we SEP can be used to produce a single quantum state. We estimate that
calculate that 3% oéll the molecules present in the beam at egrea;gzthanf"{otﬁf the”m_0|eCU|6_\r be'aflﬂ, CO;reSpéi?ditﬂg tc? a'd%nsityt of
the preparation zone are in the prepared state, 94% are in the’ X 1V €M “atine coliision region, Is transierred o the desired state
vibrgtioﬁal ground state, and 3°p/o gre in other, mainly low, o NO X “l(v = 20,J = 0.5, ). The population in other nearby
. . . ' ! ' rotational states is almost 2 orders of magnitude lower.

vibrational states. With these numbers and the known geometry,
we estimate the number density of prepared molecules in thebeams. The velocity distribution of the NO beam could be
collision zone to be 3« 10'2 molecules/crh determined by measuring the number of molecules in the

The collision energy distribution in this experiment is prepared state at the collision zone as function of the time delay
determined by the velocity spreads of both molecular beams between the DUMP and PROBE laser. In this way, we found
and the spread in the crossing angle between the two moleculam mean velocity of 760 m/s with a fwhm of about 15%. This

Frequency (cm™)
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Figure 5. LIF spectrum after collision of NOX 2[1(v = 20, J = 0.5, €) with He. The negative signal (off scale) represents population removed
from the prepared state(s) while the positive signals represent collisionally populated states.

value is close to that expected under conditions of adiabatic variation in line strengths in th&—X band system, (3) the
cooling in a molecular beaft. Using this value for the NO  sensitivity to the alignment of the products, and (4) the density
beam velocity and a calculated value of 1740 m/s for the He to flux transformation. The long-term fluctuations in the
beam, we estimate that the distribution of collision energies is population of the prepared state are caused primarily by the
nearly Gaussian with a most probable collision energy of 195 frequency drift of the cw ring dye laser. Since the DUMP step

cm~! and a width of 65 cm! (fwhm). is strongly saturated and no drift of this laser was observed, the
B—XLIF signal detected at the preparation region is proportional
IV. Experimental Observation of Inelastic Scattering to the number of prepared molecules. Thus, to correct for the

¢ Population drift of the prepared state, the recoréetX laser-
induced fluorescence spectra that are used to determine the
rotational state distribution of the scattered molecules were

X ATy (v = 20) LIF spectrum. Cross sections for collisions normalized with respect to thB—X LIF signal, simultaneously

in which the spir-orbit state of the NO molecule was changed "ecorded at the preparation zone of the machine.
were found to be more than an order of magnitude weaker. ~Since theA—Xtransition could be saturated by the output of
These type of collisions could be probed by means of the more the PROBE laser, it is not necessary to correct for a variation
sensitiveB 2[1 (v = 5)— X 21 (v = 20) transition which allows in line strengths. Thus the measured intensities are a direct
detection of smaller NO number densities, albeit without final- measure of the densities of the states probed, once the
state A-doublet resolution. Figure 5 shows a typio&tX degeneracies of the levels are taken into account. Further,
spectrum obtained after NO molecules in the initially prepared saturating the transition greatly reduces the sensitivity of the
J = 0.5 e level have undergone collisions with He. The LIF signal to possible alignment of the NO products. Measure-
spectrum is recorded using the boxcar integrator in “toggle ments of the LIF signals on various rotational transitions with
mode”. The negative signals in the spectrum therefore indicate different polarizations of the probe laser, at laser powers low
a decrease of population (of both the prepared state as well aghough to avoid saturation, showed that no alignment effects
states populated by Franelcondon pumping), whereas positive could be detected to within experimental uncertainty. This
signa|s indicate an increase of popu|ati0n_ The negative signa]svalidates the direct conversion from LIF intensities to densities.
in this figure are not a reliable measure of the decrease of It has been shown by McDonald and Biuhat when the
population since the detector is saturated for these transitions.dimensions of that part in the molecular beam containing the
The decrease of population in the prepared state due to collisionanolecules under investigation, in their case CH radicals
with He is hard to determine since the population fluctuations produced by laser photolysis and in our case NOvX=(20)
of the prepared state on the order of 20%. These populationproduced by SEP, are smaller than the size of the probe volume,
fluctuations are caused by a combination of density fluctuations so that all products are detected regardless of their final lab
in the molecular beam and beam pointing stability of the PUMP velocities, fluxes are measured rather than densities. If the
and DUMP lasers. Notwithstanding these large fluctuations, experiment were to measure densities rather than fluxes, a
we estimate the decrease due to collisions with He to be smallerdensity-to-flux transformation would have to be performed.
than 10%, which ensures that the experiments are performedCalculations show that this correction is less than 10% for elastic
within the single-collision regime. transitions and even less for inelastic transitions. Since in the
From the intensities of the rotational transitions in the PROBE present experiment we are close to the regime where we measure
spectrum, we can obtain relative state-to-state cross sectionsfluxes rather than densities and the correction for the density-
In transforming from intensities to relative cross sections, we to-flux transformation is smaller than the experimental uncer-
have to take into account the following factors: (1) long-term tainty, it was decided to convert the observed LIF intensities
fluctuations in the population of the prepared state, (2) the directly to fluxes.

Relative state-to-state cross sections for rotationally inelasti
collisions with He within the initially populated spirorbit
manifold were determined from the recorded>=" (v = 3) —
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To increase the precision of the relative cross sections, the V(R 0) = V(R 0) Vu(R, 6=0)N,.(R, 6=0) (2)
results of 16-15 scans were averaged. Additionally, various
choices of PUMP and DUMP transitions were used to prepare yith which the value of thed' PES at the points at which

the initial state to eliminate any influence of FrargRondon  convergence cannot be achieved is approximated by the value
pumping on the derived relative cross sections. of the A" PES at the same points, multiplied by the ratio of the
A' to A" PES at collinear geometry and the same valu®.of

For each value of the calculated/x andVa PESs were fit

As mentioned earlier, to describe correctly the interaction of to a function ofR of the general form
He with NO X 2IT (v = 20) it is necessary to take into account
the substantial elongation of the NO bond, as compared to its V(R) = ¢, exp(=b,R) + (¢, + ¢;R) exp(=b,R) +
equilibrium value. The most complete description would _ _ 6
involve determination of the PES for many values of the NO C, (tanh[1.2R=Ry)] — DR" (3)
bond distance, which would then be averaged over the vibra-
tional wavefunction of the molecule in = 2052 Since the
determination of the N©He PES, even for one value of the
internuclear NO distancg, is a computationally demanding
endeavor, we decided to forgo this approach but instead calculateP
a new NO-He PES keeping the NO bond length fixed at the
average internuclear distancedr= 20 (r = 2.6037 bohr). In

. 4 X
contrast, our previous e PES" was calculated with the PESs are shifted outward, particularly for linear geometries,

fixed at its equilibrium valuer(= 2.1746 bohr). Except for which will result in a larger angular anisotro The minima
the change in the NO bond distance, the method and the basis 9 9 by.

set used in the calculation were unchanged from our previousIn the re and 0o A’ PESs both oceur near perpendicular
ab initio study of the He NO (X 2IT) PES3 The calculations geometry and have the same qualitative aspect. However, the

made use of the correlated. size-consistent CEPA mefhéd angular variation of th&i[do A" PES is considerable flatter than

and the recent augmented correlation-consistent valence qualn ther, A" PES and lacks the pronounced minim#@at 60°

druple< (avqz-) basis of Dunning and co-workéf$5with the which is present in the, A PES. . . .
exclusion ofg functions on N and O anél functions on He In the_ subsequent scattering calculat|or_15, it is physically
(13s7p4d3f contracted to &p4d3f for N and O and #p3d appropriate to use the average and half-difference ofvihe
contracted to &p3d for He). All calculations were carried out andV," PESS? The matrix elements of the P.ESS are usually
with the MOLPRO suite of ab initio progranfs. expressed as sums of termg(R) andV;»(R), which arise from

The ground electronic state of NOI) has a nominal ‘t‘r(;(iaﬁe?zﬁig“sggsc;f rt]gerge&ependence of these “sum” and
electron occupancy of .0817%271. As a collision partner '
approaches, the doubly degenerxtéll state will split into P,
two electronic states, one & and one ofA” symmetry (inCs 1 _
geometry$857-59 The symmetry reflects the orientation of the VaurlRO) = T Va-(RO) + Va(RO)] = ;on(R) déO(e)
unpaireds electron with respect to the triatomic plane. (4a)
The NO-He(X) PESs are described in terms of the distance
R from the center of mass of NO to the He atom, fixed NO Vi (RO) = 1,[V,o (RO) — Vu(RO)] =
bond lengttr, and the anglé betweerRand™ The interaction

energy for each angke and for each electronic stat&' (or A'")
is defined as ZOVlZ(R) d5o(6) (4b)

V(R) = Eye_no(R) — Eno(®) — Epe(0) — AEHR)  (1a
® re-no(FY) o) ) R (12) whered’, (6) is a reduced rotation matrix element. In linear

Here the counterpoise correctiéhwhich adjusts for the lack ~ 9eometry, the Aand A" states become the two degenerate
of saturation of the orbital basis, is defined by components of &I electronic state. Consequenthy; vanishes
for 6 = 0 and 180. Figure 2 of ref 34 illustrates th&®
AEHR) = Eyo(R) + Eo(R) — Eyo(®) — Epe(0)  (1b) dependence of th¥;(R) terms in the expansion ofsym and
Vit for there PESs. For bothVgy, and Vgis the largest terms
Since the CEPA methd#“° is size-consistent, there is no correspond to eveh (Vzo andVs,). This is a manifestation of

V. Ab Initio Potential Energy Surfaces

The six parameters were adjusted to minimize the relative fit
of eq 3 to the ab initio data. The rms relative error in the final
fit, averaged over all values &, was <0.1%.

Figures 6 and 7 display contour plots of thi&y A’ and A"

ESs. For comparison these are compared with similar contour
plots of ther. PESs. Although the qualitative features are
similar there are some noticeable differences. First,[ifR

lmax

additional correction for residual size consistency. the near homonuclear character of the NO moletUlés will

Ab initio calculations of the interaction energies were carried be discussed below, the dominance of the evéerms leads
out at seven values d¢f (6 = 0°, 3C°, 60°, 9C°, 12C°, 15C, to marked differences in the magnitudes of the calculated cross
18C?) and 14 values of the center-of-mass separd®i¢#, 4.5, sections.

555,6,6.5,7,75,8,8.5,9, 10, 11, and 12 bohr). The angle Figure 8 compares the larg¥j(R) terms in the expansions

6 = 0 corresponds to collinear HINO. For theA' state, at of there and thelildo PESs. We observe that tMey(R) terms
short distancesR < 5 bohr for6 = 60 and 120 andR < 6 are consistently larger for the latter PESs. This indicates that,
bohr for 30 and 159 the CEPA calculations do not converge. averaged over both orientations of tha drbital, both the
This is due to significant mixing with next higher state ASf effective “size” of the molecule (as manifested by Wygterm)
symmetry which corresponds to N®{=*) + He. These values  and the angular anisotropy (as manifested by\theand Vo

of Rlie high on the repulsive wall of th&' PES, considerably  terms) are larger when the NO molecule is highly vibrationally
inside the classical turning point at the experimental collision excited. In contrast, the difference potential, which is a
energy of 195 cm!. Consequently, we can interpolate the PES manifestation of the difference in the angular anisotropy
at these points with little loss of accuracy. To do so we use corresponding to the two orthogonal orientations of the 2
the approximation electron, is comparable in magnitude, if not slightly smaller,
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Figure 6. Contour plots of the NO{)—He CEPAA' PESs. The upper

and lower panels correspond, respectively, tolthi andr. PESs (see
text). The collinear HeNO geometry corresponds # = 0°. The

dashed contours indicate negative energies with the first contour at

—10 cm! and a spacing of 10 cm. The solid contours designate
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Figure 8. Plots of theR dependence of the large¥i(R) terms (in
cmt units) in the expansion in reduced rotation matrix elements of
the NO-He [lJy PESs (solid curves). These are compared with the
sameV,(R) terms in the expansion of the PESs (dashed curves).
The Vio(R) and V;(R) coefficients refer, respectively, to the sum
potential (eq 4a) and the difference potential (eq 4b).

VI. Quantum Scattering Calculations

The formal theory of the scattering of a spherical atom and
a Il diatom has been described in detail elsewh&r¥® and is

positive energy; the contours are equally spaced with the first contour not reproduced here. The wave function of the molecule is

at 0 cn?, a spacing of 50 crt, and the last (innermost) contour at
500 cnT?.

O
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0 20 40 60 80 100 120 140 160 180
0 (degrees)

Figure 7. Contour plots of the HeNO(X) CEPAA" PESs. The upper
and lower panels correspond, respectively tolfiig andre PESs (see
text). The collinear He-NO geometry correspond8 te 0°. The dashed
contours indicate negative energies with the first contourX cni?
and a spacing of 10 cri The solid contours designate positive energy;
the contours are equally spaced with the first contour at O'cian
spacing of 50 cmt, and the last (innermost) contour at 500 ¢m

when the NO molecule is highly vibrationally excited. Thus,
with increasing vibrational excitation, the NO molecule in its

expanded in a Hund'’s casa) pasis, in which the basis functions
are defined by the total angular momentulnwith projections

M and Q along the space- and molecule-fixe@xes, respec-
tively, and the parity index. The quantum numbe®, which
can equal/; or %/, is the sum of the projections of the electronic
orbital (A) and spin E) angular momenta along the molecule-
fixed zaxis. Thee- andf-labeledA-doublet stated correspond,
respectively, tae = +1 ande = —1. The total parity of the
molecular rotationatelectronic states is given ky—1)-1/241

In the pure Hund’s case) limit, whereQ is a good quantum
numberd! spin—orbit conserving transitions will be induced only
by the average potentids,m and spin-orbit changing transi-
tions, only by the difference potentidlyir.> The definiteQ
states are mixed by thel (— L — S)2 term in the molecular
Hamiltonian3261 Although the rotational constant of NO in
=20 (B = 1.3297 cn1)52is much smaller than the spirorbit
constant A = 114.01 cnY),%2 only at low J is NO correctly
described as a pure Hund's casg olecule. In the “inter-
mediate coupling” regime the mixed states are lab&lgdnd
F, (in order of increasing energy). In our calculations the
electronic-rotational wave functions of the NO molecule are
described in the correct intermediate coupling representation.
However, since the mixing is small over the range of rotational
states probed in the experiment, we will use the nominal
qguantum numbef2 to label the states.

The collisional coupling between any pair of levels, at least
one of which is described in this intermediate coupling regime,
will involve both the average and difference potentidisThe
degree of quantum interference, involving collisions which
sample simultaneously both th& and A" PESs, will be
governed by the degree of mixing of the pure Hund'’s cage (
basis state¥33

At a total collision energy of 195 cm, which is the mean
energy in the experiment, we carried out close-coupfifg
calculations of the integral cross sections based on both the

XI1 state becomes more anisotropic, but its open-shell charactempreviously determined. PES8* and the newilJy PESs. The

is diminished.

integration parameters were all adjusted to ensure convergence
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of the calculatedS matrix elements to an accuracy of better
than 1%. The maximum values of the total N8&le angular
momentum used in the calculations was 45.5. All NO elec-
tronic—rotational levels up throughl = 11.5, the highest
energetically allowed rotational level, were included. For the

Drabbels et al.

TABLE 1: Experimental and Theoretical State-to-State
Cross Sections (&) for Spin—Orbit Conserving (Q = Y, —
Q = 1/,) Transitions in Collisions of NO X ATy = 20,J =
0.5, e/f Symmetry) with He at an Average Collision Energy
of 195 cn?

calculations with both the. and @[y PESSs, the rotational and theory
spin—orbit coupling constants appropriate to NOII (v = J expg’ re PES [l PES
20), B = 1.3297 cm! andA = 114.01 cn11,52 were used to e/f Conserving
determine both the internal energies of the electreritational 0.5 c d d
basis states (channels) and in the molecular Hamilt6hfan 15 147+0.23 1.67 1.26
which couples the Hund's case)(states. The quantum gg i'ggi 8'?(2) ?';g (li.ig
scattering calculations were carried out with our HIBRIDON 45 314+ 0.37 203 3.83
packagé: 5.5 1.02+0.13 0.50 1.18
6.5 1.25+ 0.12 0.50 0.94
VII. State-to-State Cross Sections: Comparison of 7.5 0.40+ 0.07 0.05 0.25
Experiment and Theory 8.5 0.37£0.07 0.04 0.09
Inthe Hund's casea] limit, the twoe/fconserving transitions 05 f of Changmgol% 0.63
(e — e andf — f) will be equally probable as will the twe/f 15 3.75+ 0.52 3.98 4.28
changing transitionsf (~ e ande — f).5 As we have seen in 2.5 1.25+0.15 1.23 0.87
our previous studies of collisions of NO with Meand Ar33 35 2.35+0.18 174 3.21
due to the slight deviation from pure Hund’s caspdoupling, 4.5 0.94+0.08 0.47 1.05
) ) k . 5.5 1.21+0.15 0.50 0.89
both the average and difference PESs will contribute to agiven ¢’z 0.41+ 0.07 0.06 0.27
J— J transition. Quantum interference can then occur, which 75 0.41+ 0.08 0.05 0.12
results in preferential population of one or the othedoublet 8.5 0.1240.03 0.01 0.01
level in the final rotational state. For fine-structure conserving Tota®
transitions, there is a slight, but consistent, tendency to populate 1.5 5.22+ 0.57 5.65 5.54
preferentially states which are antisymmetdi€(A"), f sym- 5.59
metry with respect to the reflection of the spatial part of the 2.5 7.25+0.62 7.01 77-2%)7
electronic wave function in the plane of rotation of thd 35 3.934 022 330 136
molecule. 4.32
Experimental cross sections were obtained for scattering, 45 4.08+ 0.38 2.50 4.88
separately, out of the and f A-doublet levels ofJ = 0.5. 4.83
Unfortunately, it is not possible to observe the quantum 5.5 2.23+£0.20 1.00 2.07
interference effects mentioned above since the experimental 6.5 1664 0.14 0.56 2io§1
cross sections for scattering out of the two separate initial states ' ' ' ' 120
cannot be put on the same relative scale. Since the cross 75 0.81+0.11 0.10 0.37
sections for scattering out of tleeandf levels are expected to 0.37
be nearly equal for the N©He system, both the experimental 8.5 0.49+ 0.08 0.05 0.10
and theoretical cross sections are averaged over both initial 0.12
AE 245+ 0.9 16.6 21.4

states, in other words

1
Oexpdf conserving™— /Z[Oe—*e + Of——f] (53)

Gexpelf changing: l/z[ae—'f + O—fﬁa.l (5b)
Further, to normalize the experimental cross sections forspin
orbit conserving transitions, we set the sum of the measured
inelastic cross sections, out of the= 0.5 state into all accessible
rotational states in th = 0.5 spin-orbit manifold, equal to

the calculated value for th&dg PESSs.

2 The absolute magnitude of the experimental cross sections is set
by setting their sum equal to the sum of the calculalég, cross
sections. The reported values are given within a 95% confidence level.
b The tabulated theoretical values are the average of thee andf —

f cross sections (eq 5&)No information on the elastic scattering could

be obtained in the present experimetithe scattering calculations did

not extend to sufficiently large values of the total angular momentum
(impact parameter) to ensure convergence of this elastic cross section.
¢ The tabulated theoretical values are the average of thd andf —

e cross sections (eq 5b)No experimental information could be
obtained on the intré-doublet collisions due to population of these
levels by collisions in the molecular NO beafiThe tabulated

A comparison between the experimental and theoretical crosstheoretical values are the summed and averaged cross sections defined

sections, based on both thkCanddd; PESs can be found in

Table 1 and Figures 9 and 10. We see that the agreement,

by eq 7. The second line in the fourth column corresponds to an average,
over the experimental distribution of collision energies, determined
sing cross sections calculatedeat= 162, 195, 228, and 300 crh

between theory and experiment is excellent, both in the overall n The average rotational energy transfer in-éntefined by eq 6.

dependence of the cross sections/ghand in the modulation
depth of the pronounced oscillatory structure. This latter is a

the NO-He system, whereven-4 terms dominate (see Figure

consequence of the near-homonuclear character of the NO8 and Figure 2 of ref 34). In a recent study of-ADH(X 2IT)
molecule and has been discussed in detail in several earliercollisions, Degli-Esposti et &f.predicted that if thevenA terms

publications®8:66

From the fully quantum treatment of the scattering, one can
show that theevenA terms in the expansion of both the average
and difference PESs will coup&gf consering transitions with
evenAJ ande/f changingransitions withodd AJ. The reverse
holds for theodd-4 terms in the expansion of the PESs. This
then explains the pronounced oscillations seen in Figure 9 for

dominate the expansion of the angular dependence of the PESs,
then a tendency to conserve the total parity will emerge. In a
recent invetsigation of ArNO(X 2I1, v = 0)—Ar collisions?6

both theoretical calculations and experimental state-resolved
measurements uncovered a similar propensity to conserve the
total parity. Because the total parity is{)’~¥2for eand—(—

1)-12 for f levels?! this propensity is equivalent to what is
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Figure 9. Comparison of the experimental and theoretical cross-sections forsgit conserving = ¥, — Q = /) transitions (taken from
Table 1). To guide the eye the points have been connected by straight lines. Upper panel: cross seeitbosnferving transitions; both the
experimental and theoretical values plotted are the average & thee andf — f cross- sections (eq 5a). Lower panel: cross sectiong/for
changing transitions; both the experimental and theoretical values plotted are the average -of tlemdf — e cross sections (eq 5b).

observed here: a propensity towatl conservation foleven substantial increase IAE«[] as anticipated, with th&ld, PES.
AJ ande/f reversal forodd AJ. However, the experimental value @E[ femains a bit larger.
We see also that the cross sections determined witiithe There are several possible explanations for this discrepancy:
PESs agree better with the experimental results in Figure 9, First, the angular anisotropy may still be underestimated in the
particularly for transitions with largeAJ. This is a direct Mo PESSs, because of contributions from extended values of
consequence of the increased angular anisotropysim as near the outer turning point of the N@ & 20) vibrational
compared with thee PES. Increased anisotropy will lead to  \yave function (Figure 1). We did carry out some preliminary
an increasing degree of .rotational gxcitation. This effeclt IS calculations of the PESs for values oflarger than@o.
rendered more apparent if we consider the average rotationalynfortunately, the convergence difficulties, which are mentioned
energy transfer in section V and are due to configurational mixing with excited
electronic states of the NO molecule, become even more

ZOPJ'(eJ’ —€) pronounced at larger values of These could possibly be
AE 0= ——— (6) circumvented by use of a multireference, configuration interac-
tion, rather than CEPA, method. However, the former would
ZGJ“J' be far more computationally intensive.

It is possible although we believe unlikely that the increased
The values offAE,Jare given in Table 1. We observe a degree of rotational excitation in the experimental results may
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Figure 10. Comparison of theA-doublet averaged cross sections for spinbit conservingQ = Y, — Q = 3/, transitions (upper panel) and
spin—orbit changingQ = Y/, — Q = 3/, transitions (lower panel). The values plotted are the summed and averaged cross-sections defined by eq
6. To guide the eye the points have been connected by straight lines.

be due to sampling of collision energies substantially higher sections. See for example Figure 9. Specifically, if large
than the mean value of 195 cf In that case, one might expect observedAJ are due to secondary collisions the evenld
an increased degree of rotational excitation with increasing amplitude should be less at highthan at lowJ. However,
collision energy. To simulate the effect of the finite distribution this aspect of the observations agrees very well with theory. If
of collision energies, we have performed additional scattering anything the theory slightly underestimates the amplitude of this
calculations atE = 162 and 228 and 300 crh The cross effect for largerAJ. Given the substantial improvement in the
sections at these energies, as well as thode at195 cn?! agreement between theory and experiment by fixing the NO
were averaged over the observed distribution of collision bond length at 2.60 bohij3o, in comparison to 2.17 bohrg;
energies (fwhm= 65 cnt?l; see the last paragraph in section it is clear that the effect of extending the NO bond length is
Ill). The energy-averaged cross sections, however, differ important to the theoretical calculations of the rotational
insignificantly from the values calculated f&y, = 195 cn1?, scattering dynamics. Inspection of Figure 1 reveals that a
as can be seen in Table 1. substantial portion of the N@(= 20) wave function extends
We believe it unlikely, but possible, that the small remaining out much further than 2.6 bohr. Indeed, the last maximum in
discrepancies between experiment and theory are due tothe » = 20 vibrational wave function occurs at~ 3.2 bohr.
secondary collisions in the crossed molecular beam arrangementThus a significant fraction of the collisions will sample NO
An argument that the differences are real is as follows. molecules stretched substantially beyond the equilibrium bond
Secondary collisions would wash out the amplitude of the even- length. Therefore, it seems most likely that the small remaining
J/odd-J oscillations in the rotational dependence of the cross- differences between experiment and theory are due to the
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TABLE 2: Experimental and Theoretical State-to-State
Cross Sections (&) for Spin—Orbit Changing ( = Y, — 3/,)
Transitions in Collisions of NO X 2ITy5(v = 20,J = 0.5, eff
Symlmetry) with He at an Average Collision Energy of 195
cm-

J. Phys. Chem. A, Vol. 101, No. 36, 1996473

quently, the calculated cross sections for sgprbit changing
transitions, which in the Hund’s casa) (imit are coupled solely
by the difference potentidl® are smaller. The agreement with
experiment is less satisfactory than in the case of the—spin
orbit conserving transitions. Although the variation of the

theory magnitude of the cross sections witld is well reproduced in

J exp! re PES [ PES the theoretical simulation, th&@[3, cross sections themselves
15 c 0.33 0.17 are too small, by roughly a factor of 2.

0.17 This discrepancy may be caused by errors in the calculated
2.5 0.17+0.04 0.25 0.12 “difference” PES, which is obviously more sensitive to errors
35 0.394 0.10 0.42 06.1128 in the A" andA"" surfaces than is the “sum” PES. Alternatively

017 imperfections in the experiment may account for these differ-
45 0.33+0.08 0.34 0.15 ences. As already mentioned, the collision energy distribution

0.15 has a fwhm of about 65 cm. The high-energy tail of the
5.5 0.34+ 0.06 0.19 0.12 distribution of collision energies might be particularly important
6.5 0.224 0.04 007 06.1()16 for the spir’rorbit changing_trar_lsitions, V\_/hich are ;L14 th
75 0.13+ 0.04 d d more endoergic than the spiorbit conserving transitions. We
8.5 c d d notice, in particular, that cross sections are observed intd the
9.5 0.054 0.03 d d = 9.5,Q = 3/, level, which lies~245 cnt! above the initially

2 The absolute magnitude of the experimental cross sections was se
by comparison of the fina/f unresolved cross sections intfo= 4.5
for both spir-orbit changing (this table) and spiorbit conserving

populated) = 0.5,Q = 0.5 level. Although we have attempted

to take this into account in the theoretical calculations by
averaging the calculated cross sections over the experimental

(Table 1) cross sections, with the later value set equal to the collision energy distribution, it may be that a stronger collision

experimentally found valueo(= 4.08 /). The reported values are  energy dependence exists in the experiment than we have found
given within a 95% confidence level Tabulated here are the summed in the theory.

and averaged cross sections defined by eq 7. The second line in the
fourth column corresponds to an average, over the experimental
distribution of collision energies, determined using cross sections
calculated aE = 162, 195, 228, and 300 crh ¢No cross sections
could be determined due to spectral overtaphese rotational levels
are energetically closed at a collision energy of 195tm

VIII. Conclusion

We have used a crossed molecular beam experiment with
stimulated emission pumping to determine relative state-to-state
cross sections for inelastic scattering of MG{I, v = 20,J =
treatment of NO{ = 20) as a rigid rotor. A much more 0.5, &f) by He. The cross sections show strond = even
important conclusion is that an outstanding level of agreement Propensities for thee/f symmetry conserving, spirorbit
between experiment and theory is found using a rigid rotor conserving transitions and AJ = odd propensity fore/f-

assumption.

As discussed in section IV, the cross sections for the-spin
orbit changing = 0.5— 1.5) transitions are more than an
order of magnitude smaller than those for spambit conserving

changing spin—orbit conserving transitions. Quantum scatter-
ing calculations are carried out based on a new ab initic-NO
He potential energy surface in which the NO bond is fixed at
the average bond length of tlve= 20 vibrational state. These

transitions. Consequently, the former were experimenta”y calculations are Compared with those based on an earlier PES

monitored using the more sensiti@-X transition. Because appropriate to the NO molecule in= 0. The stretched PES

the resolution of individuah-doublet levels of the final state ~ has a greater degree of angular anisotropy which causes a larger
was not possible for this transition (see section V), no degree of rotational excitation. The calculated and experimental
information could be obtained on thedf dependence of these ~ Cross sections for the spitorbit conserving transitions are in
spin—orbit changing cross sections. As a result, we compare excellent agreement. This is a remarkable result considering
the experimentally measured cross sections to the averaged surfhat the highly vibrationally excited NO is essentially treated

of the cross sections into bottrdoublet levels of the final state,
in other words

OaVQ = l/ Z[Oe—-e + O + Ot + O‘fﬂf] (7)
To normalize the cross sections for spiorbit changing
collisions relative to those for spitorbit conserving transitions,
which have been previously normalized as described in the
preceding paragraph, we used B&II(v = 5) state to probe
the collision-induced population in the= 4.5 level of both
spin—orbit states (again summed over bathdoublets). No
experimental cross sections could be determinedifer 1.5
andJ = 8.5 rotational levels due to spectral overlap for these
transitions. Table 2 and Figure 10 compare the experimental
cross sections for spirorbit changing transitions, normalized
as described above, with the theoretical predictions. Examining
now the cross sections for spiorbit changing transitions, we
observe first that the theoretical cross-sections determined for
the [Jo PESs aresmaller than those for thae PES. As
discussed in section V, in connection with Figure 8, the
difference potential ismaller for the former PESs. Conse-

as arigid rotor. For the spirorbit changing transitions, which
are sensitive primarily to the effect of the orientation of the
antibonding r orbital of the NO molecule on the overall
interaction potential, the agreement is somewhat less satisfying.
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