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State selective differential cross sections for rotationally inelastic scattering ofIN€D(5, 1.5,
F1—J;=25-125F; andJ;=1.5-9.5F,) from He and D measured by crossed molecular beam
product imaging are reported. The differential cross sections were extracted from the data images
using a new basis image iterative fitting technique. The images typically exhibit a single broad
rotational rainbow maximum that shifts from the forward to the backward scattering direction with
increasingAJ. The angle of the rainbow maximum was lower at a givehfor D, than for He as

a collision partner. At a collision energy 6f500 cm , primarily the repulsive part of the potential
surface is probed, which can be modeled with a two-dimensional hard ellipse potential. This model
for rotationally inelastic scattering is shown to qualitatively match the experimental differential
cross sections. A more advanced correlated electron pair approximation potential energy surface for
NO+He does not give substantially better agreement with the experiment. The differences between
scattering of He and Pare partially attributed to their differing structure and partially to a small
difference in collision energy used in the two experiments.2@1 American Institute of Physics.
[DOI: 10.1063/1.1338528

I. INTRODUCTION NO, He, Ar, N,, CO and SE.»2 More recently, Islanet al.

. _ . _ _ have performed studies of integral state—state cross sections
Rotationally inelastic scattering of molecules is of fun- sjng IRUVDR for NOp =2) scattering with He, Ar, and
damental importance in energy transfer of molecular gasesy, and compared their results with the latest theoretical
Integral and differential cross sections for rotationally inelaspregictions Other recent studies have used the IRUVDR

tic scattering of NO from collisions partners such as He, Ar'technique to look at rotational energy transfer of Kllid-
NO, and N have been extensively studied. Along with theseing with He, Ar, and N) at the exit of a Laval nozzle, a
experimental studies, potential energy surfa@&S for  gpecially shaped nozzle that produces a flow of gas at a con-
NO—Ar and NO—He have been generated and tested againgtnt jow temperature and pressure over several centinfeters.
experimental results. The sheer volume of theoretical ang,q experimental data were found to be in excellent agree-
experimental work done on NO is attributable to several facy,ent with the latest theoretical calculations.
tors. First, NO is experimentally convenient; it is one of the  \ieasurements of integral cross sections for NO scatter-
feV\_/ radical species that is stable enough to be s_tored iN @ 93%y have also been performed using a crossed molecular
cylinder. Next, the spectroscopy of NO makes it very Sensiyeam technique. The rotational cooling of the molecular
tive to laser-based detection methods such as resonantly ega,m expansion produces rotationally cooled (tgpically
hanced multiphoton ionizatiofREMPI) or laser-induced >90% in J=0.5, in F,, the lower spin—orbit state, with
f!uorescencéLIF). Finally, NQ is of theqretical interest, par- equal A doublet populationsand laser-based probe tech-
tially because of the extensive experimental work that hagigues can be used to examine specific final states of NO
been done, but also because NO is a radical species Wilfcjyding final A doublet level, depending on which branch
nonzero orbital angular momentum in its ground state, whichs e to ionize the NI Also, collisions which cause the
gives rise to complex potential interactions. NO to change from the ground spin—orbit state to the upper
Some early measurements of collision-induced energ¥nin_orhit state are routinely investigated. The pioneering
transfer in NO were carried out in a bulb using laser-based, by Joswig, Andresen, and Schinke used fixed molecu-
resonance techniques. For example, Subdo and Loy used g} heams and LIF detection of NO after colliding with Ar,
IR UV double resonancélRUVDR) technique to measure Ne and He. Cross sections fof ,— F, scattering have been
integral cross sections for rotationally inelastic and spin—yeasyred or predicted to be 5-10 times larger than those for
orbit conserving and changing collisions of NO(2) with £ _ £  scatterind” These studies have also observed that
the integral cross sections, in general, decrease in magnitude
dElectronic mail: plh2@corncll.edu with increasingA J.® Additionally, several experiments have
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observed\ doublet propensities in integral cross sections forThe latest PESs are available for use for the general scientific
spin—orbit conserving and changing collisions for community through the use of a numerical package called
NO-+Ar.%10 HIBRIDON™, which was used in this report to generate dif-
Crossed molecular beam techniques combined with roferential cross sections for NEHe. No PES for NG-D, is
tatable detectorgor a fixed detector and rotatable beams known to be presently available.
provide a method for measuring the differential cross section Imaging techniques, combined with crossed molecular
for NO scattering. Using electron impact ionization to detectbeams and state selective ionization, provide an effective
He scattering from NO, Keikt al. were able to accurately tool for measuring angular distributions from rotationally in-
measure diffraction oscillations of the scattered He and thuglastic scattering. NO scattering from Ar was first imaged by
model the attractive part of the NO—He potentfalThuis ~ Houston and co-workers, but since then improvements have
etal. used a hexapole selection technique and moleculdpeen made on the technigt® They observed two rota-
beams to examine the angle dependence of scattering by sgénal rainbows for NG-Ar scattering, and no pronounced
cific spin—orbit states of aligned NO in the late 1970%> difference in differential cross sections for spin multiplet
Gentry and co-workers used crossed, rotatable molecul&@hanging versus spin multiplet conserving collisions. The
beams and a laser ionization time-of-fligliiOF) detector to  use of velocity mapping and ion counting for imaging scat-
record integral and differential cross sections for NO scattertering reactions has recently been shown to produce remark-
ing from Ar, NO, CO, and ©."191415Wodtke and co- able result$’ The measurements reported here are part of a
workers made detailed integral cross-section measuremerg€ries of rotationally inelastic scattering studies using a new
of rotationally inelastic scattering of vibrationally excited crossed beam imaging apparatus at Sandia National Labora-
NO using a crossed beam technidfi&hey found that the tory (the other systems studied include H®&r and
integral cross sections could be predicted by considering theO+Ne™%),
vibrationally excited NO to have an extended bond length ~ This work represents an effort to compare differential
corresponding to the equilibrium bond length in the vibra-cross sections of NO scattering with two different species
tionally excited state. Meyer used counterpropagating mobaving approximately the same mass, He and The state-
lecular beams, a TOF detector, af#1) REMPI through selective detection of NO scattering from a light collisional
the E 23" state of NO to make measurements of the differ-Partner requires good angular resolution of slow lab-frame
ential cross sections, integral cross sections, and alignmefgattering products. This resolution has only recently been
of NO scattering from Hé7 Meyer found differences in ro- Possible due to the advancements in velocity mapping of
tational rainbow structure for spin multiplet changing versusProduct ions®® The imaging technique for molecular scatter-
conserving collisions which he attributed to differences ining lends itself to easy qualitative interpretation of angular
the anisotropy for the two processes using a hard e||ipsg.istributions. However, for accurate quantitative informa-
model. He also observed oscillations in integral cross sedion, substantial analysis of the images must be performed.
tions superimposed on an overall decline in cross sectioff Nis article describes one method for performing this analy-
with AJ well modeled by an energy gap law, and alignmentSis: While otheré 2\gery similar, methods have been described
of the scattered NO that could be explained by a geometrié recent work®* The focus of this work was to collect a
apse modef®-2! series of differential cross sections as a functionAdf for

NO is an interesting candidate for theoretical study beSPin multiplet conserving K;—F;) and spin multiplet
cause it has &#11 ground state. A NO molecule has two €hanging £;—F;) scattering events. We also wished to
nearly degenerata doublet levels that represent, in the limit COmpare the effect of having different scattering species, an
of high J, the orientation of the orbital of an electron with oM versus a diatomic molecule, under very similar experi-
respect to the rotation vector. The approach of another Spéngntal conditions. Therefpre, every effort was taken to mini-
cies to the NO, breaks the symmetry of these two orbitaiZ€ laser-dependent alignment effects. Furthermore, be-
orientations. Thus, two potential energy surfacesAhand ~ cause the strength of the imaging apparatus is the
A" surfaces, are needed to adequately describe the imera@_easurem_ent of angular dlst_r|but|ons, and because mtegra_\l
tions of NO with another species. The challenge of this prob£'9SS sections for NO scattering have been measured previ-
lem has made it appealing to theorists. &minitio, electron ously, mtt_agral cross sectlons_are n_ot reported. Instead, the
gas model for NG-Ar was constructed by Nielsoet al. in relat!ve differential cross secnor(svhlch_ can be scalt_ad by
the late 1970% This surface was used by Meyéwith a previously reported integral cross-section ¢dta rotation-

change in the reduced mass of the system to make it appré‘-IIy inelastic scattering of NO X=0.5, Fl)fx_.)No(‘]
priate for NO+He) to model his differential and integral =25-12.5F; 0rJ=1.5-9.5F) +X, where X s either He
cross-section measuremehts more detailed theory for the or Dy, are reported in the following.

interactions between atoms and molecules in Il electroni
states was formulated by Alexander in 1$84Using this
theoretical framework and a CEP@orrelated electron pair The spin multiplet conserving scattering experiments
approximation ab initio based method, Alexander produced were performed in a crossed molecular beam laser ionization
a PES for NG-Ar.® A NO+He PES based on this NAr ion imaging apparatus at the Combustion Research Facility
PES has also been produced by Yang and Alexander arat Sandia National Laboratory, which was described in detail
results from the NG He surface are in good agreement with in an earlier report® The spin multiplet changing experi-
the differential and integral cross-section data of Méyéf. ments were performed in a very similar apparatus at Cornell

(fl. EXPERIMENT
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University3! In each apparatus, two molecular beams areo a rotational temperature of about 2.5 K. This corresponds
generated in differentially pumped source chambers, pas® 92% of the NO inJ=0.5, 8% of NO inJ=1.5, and less
through collimating apertures, and intersect in an interactioghan 1% inJ>1.5.

chamber capable of maintaining a pressure &flD’ Torr For the scattering measurements, NO ionization was ef-
with both molecular beams pulsed at 30 Hz. The products.qected by lightly focusing the output of frequency doubled

the scattering reaction are state-selectively ionized in the iNyAG pumped dye lasetSandia apparatu®r a XeCl exci-

teracnc_:n region by a focuse_d, pulsed probe Iaser._ At the iNcer pumped dye lasé€omell apparatysto obtain approxi-
tersection region of the main chamber, a set of ion lenses .

. mately 1 mJ/pulse of 225-227 nm light. The wavelength
mounted perpendicular to the plane of the molecular beams

extract and focu¥ the ions through a time-of-flight mass fange corresponds t°+]1 REMPI through theA X7 state
spectrometefTOFMS) and onto a position sensitive micro- ©f NO- P andR transitions were used to ionize the NO scat-
channel platéMCP)/phosphor detector. The phosphor is im- téred into higher rotational states of the or F, spin mul-
aged by a charge-coupled devi€@CD) camera and the sig- tiplets by collisions with the scattering beam. Fo—F;
nal is integrated over a succession of shots either on the CCBeattering, product molecules féf=2.5-5.5 were detected
chip or in a computer. by use of theP; branch,J;=6.5-9.5 were detected using

For both sets of experiments, a 2% NO in argon mixturethe R,; branch, andJ;>9.5 were detected using thHe;;
was used for the NO molecular beam, while a neat expansios Q,, branch. TheA doublets probed by this choice of tran-
of D, or He was used for the scattering beam. The backingitions for detection is as followsP; :II(A’) or €

pressure behind each expansion was typically around 2 atny, - T1(A”) or f; and Ry;+Qp:I1(A’) or e3* For F;—F,
The distribution of molecular or atomic velocities in each of scattering, all of the transitions were probed using fe

the beams could be measured by using the image of ea%}anch which detectHd (A’) or e A doublets. The choice of
molecular beam, the known flight time of the ions througha relati,vely high power probe laser+1 (as opposed to
the TOFMS, and the measured magnification of the ion op-1+1,) REMPI. andP anthransitions,of NO were made to
tics. For measurement of the velocity distribution of the He '

scattering beam, a trace amount of NO was added to the ggginimize thg possible.prefergntial ionization of NO .due. to
to obtain the velocity distribution image. The velocity profile 2Ny correlation of rotational alignment and laser polarization.
of the D, beam was measured by ionizing the Birectly ~ Additionally, because the measured product states are prima-
using 2+1 REMPI with 204—205 nm light through tHe,F rily low J states, we expect the rotational alignment of the
state®? The resulting velocity distributions are well modeled product NO to be small. The data images were observed to
by Gaussian profiles with the following characteristicy,  be independent of probe laser polarization direction for the
=1730m/s, full width at half maximuniFWHM)-80 m/s  above-mentioned conditions. The images were also insensi-
vp,=1834m/s, FWHM-230 m/s; vamno=574M/s, tive to the particular transition used to ionize the NOFar,
FWHM=62 m/s. These velocities are consistent with anJ;=4.5, 7.5, and 10.5, which implies that no differences due
isentropic beam expansion through a nozzle at a temperatutg final A doublet level were observed in the differential
of approximately 310 K. In order to extract absolute numbersoss sections within experimental error. Note, however, that

for the above-mentioned velocity distributions, it is neces-he images presented in the following represent different fi-
sary to know the magnification factor of the ion optics. Thenal A doublet levels, depending on whida was probed

magnification factor was measured by least-squares fitting The NO product ions were extracted from the interaction
the diameters of the Newton spheres for scattering into dif- . b Cof i i hich f the i ith
ferent final rotational levels of N& The results of this fit- 'c9/0" Py @ Set ot ion oplics which focuses the ions with a

ting give collision energy for the N®He system of 491 given velocity projection in the molecular beam plane to the
cm L (with a FWHM of 42 cni’Y) and a collision energy of Same point on the MCP detector, regardless of starting posi-
545 cmt (with a FWHM of 125 cm?) for the NO+D,  tion of the ion. Due to the fact that the scattering sphere for
system. NO scattering from He or Pis very small, the voltages used
The state distributions of the,and NO in the molecu- to extract the ions were set as low as possible to maximize
lar beams were also measured. Due to the large energy spabe spatial extent of the scattering signal on the MCP. Setting
ing of the rotational levels of pand theortho—para selec-  the repeller voltage to 850 V extended the flight time of the
tion rules forJ changing collisions in B, the rotational  NO jons so that the NO product ion scattering sphere for a
degrees_ of fre_e_do_m of Din the molecula_r beam ex_p_ansion typical scattering image was 50—60 pix€5-6 mnj in di-
are not in equilibrium. Therefore, the ratio of specific heats’ameter. The small spread in the lab frame velocity distribu-

7, for the molecular beam expansion of B between the tion of the scattered NO also meant that the laser bandwidth

limits of 5/3 (for no rotational degrees of freedorand 7/5 . .
(for the two rotational degrees of freedom of a diatoRur- was sufficient to cover the entire Doppler spread of scattered
products with relatively equal laser intensity. The data im-

thermore, the populations of ,0n the beam are not ther-
mally distributed, and were directly measured by-122  29€S, collected by the CCD camera, are the result of subtract-

REMPZ? to be 38%, 35%, 22%, and 5% d=0-3, respec- iNg an image with the scattering beam on from an image with

tively, with the population inJ>3 less than 1%. The rota- the scattering beam off. This subtraction procedure is used to
tional distribution of NO in the molecular beam can be ex-correct for the background population of any high J levels

tracted from an ionization spectra of the NO and correspondpresent in the molecular beam expansion.

Downloaded 12 Mar 2001 to 128.253.219.94. Redistribution subject to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html



2672 J. Chem. Phys., Vol. 114, No. 6, 8 February 2001 Westley et al.
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FIG. 1. lon images foF;— F scattering of NO J;=0.5,1.5) with B or He into a final rotational level as labeled above.
Ill. RESULTS bias in detection efficiency, and a breakdown of the ion op-

tics for ions at the edge of the detection region. These char-
acteristics are illustrated by Fig(13.

The background subtracted ion images Jpt-0.5, F; The first characteristic is that a region of low signal-to-
—J;=2.5-12.5F; are shown in Fig. 1. The images fdf  noise ratio in the forward scattered portion of the images is
~0.5, F;—Jy=1.5-9.5,F; are shown in Fig. 2. Forward seen due to background NO in highevels present in the
scattering intensity appears in the upper left-hand portion ofyolecular beam expansion. Even though the beam popula-
the scattering sphere, while backward scattering intensity ation of NO in J>1.5 is less than 1%, there is a measurable
pears in the lower right-hand section of the scattering Spher%tmount(compared to the intensity of scattered N NO in
In order to orient the reader, a Newton diagram for the systhe molecular beam id=2.5—12.5. The ion signal from this
tem is overlaid on the image for NQJ(=5.5, F1) [Fig.  NO is localized in the image in a region that corresponds to
3(a)]. Qualitative interpretation of the images leads to theforyard scattering. This region of the image thus has a much
conclusion that there is a single broad peak that moves frogmgajier signal-to-noise ratio than the rest of the image be-
forward to backward scattering with increasing as Previ-  cause the net signal is obtained by subtracting two large
ously observed for NO-He and NO-Ar inelastic nympers, This problem is analogous to the problem that
scattering”'"?>2°Additionally, we observe that, for a given crossed beam, rotatable detector experiments experience in
J, the position of the rainbow maximum is slightly more in \he measurement of small angle scattering intensity.
the forward direction for B than for He. The second characteristic is a velocity-dependent detec-
tion bias due to the laser-based method of detection. Scatter-
ing should exhibit cylindrical symmetry about the relative
velocity vector of the systenfunless there is preferential

There are three major characteristics in the raw imagemolecular alignment before the collisiprHowever, as can
that must be understood and modeled if we are to obtaibbe seen from Fig. 3, the intensity of scattering toward the
quantitative differential cross sectiofli3CS9 from the data: zero lab velocity side of the imadapper right-hand portion
a region of low signal to noise in the net image due to ais higher than that on the high lab velocity sidewer left-
localized peak in the background intensity, a lab velocityhand portiof. Collisions of NO occur for tens of microsec-

A. Image data

B. Image characteristics
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D,

Laser

) . ) FIG. 3. (a) Typical image, with beam and center of mass velocities super-
FIG. 2. lon images foF;—F, scattering of NO §;=0.5,1.5) with B o jmposed.(b) The characteristics labeled in the image are labeled {H3:
He into a final rotational level as labeled above. low signal/noise region due to molecular beam backgroygdjntensity
skew across cylindrical symmetry axis due to velocity detection bias, and
(3) nonvelocity mapped ions from edges of detection region.

onds(the gas pulses are 100-2@8 wide before the laser . Image simulation
passes through the intersection of the molecular beams. The

population of scattered NO with different lab velocities in The extraction of an angular distribution from an ion

the | ionizati | is directly related to the lab image can be accomplished by various indirect and direct
€ laser lonization voiume 15 directly related 1o the 1ab Ve5, o jon procedures. Notably, for photodissociation experi-

Igcny of the NO. NO with s'malll lab velocities or Iab' vellou.- ments and a few crossed beam experiments, an inverse Abel
ties parallel to the laser direction leave the laser ionization

volume at a much slower rate than scattered NO with high
lab velocities or velocities perpendicular to the laser direc-
tion. Thus, there is a preferential detection of scattered NO
with small lab velocities or lab velocities parallel to the laser
direction. Therefore, although the scattering is symmetric
about the relative velocity vector in the center of mass frame,
the laser-based detection scheme destroys this cylindrice
symmetry about the relative velocity vector in the data im-
ages.

The final characteristic in the data images is the ion sig-
nal outside of the Newton sphere that trails off to the upper :
right-hand side. It was hypothesized that these ions were du '
to scattered NO ionized outside the effective focusing region
of the ion optics. This hypothesis was confirmed through the
use of a Monte Carlo simulation of the experiment which
incorporated a finite difference model of the electric fields InFIG. 4. (a) Monte Carlo simulation 08;=5.5, isotropic distribution, show-

the ion optics. Figure 4 shows a simulated image from thigng nonvelocity mapped ions trailing off toward top of imagie) Data, J;
Monte Carlo program and the corresponding data image. =5.5, He.

Non-velocity mapped ions

Data Simulation
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transform has been used to extract an angular distributiome-writing of the integral given by Ed1). The first assump-

However, primarily due to the nonuniform blurring of the tion is that the molecular beam intensity function can be

scattering intensity across its axis of symmetry, the use of thevritten as

Abel transform to extract the differential cross sections from

the images in this experiment is not appropriate. A rigorous  Nyg(v1,02,Xp,1) =l ugvel(V1,02) I vg,t(H) I mg pod Xp)»

analytical inversion for a crossed beam scattering apparatus

is quite difficult and has not, to the authors’ knowledge, been

developed. Instead, iterative forward simulation is typicallyWherelyg e is the velocity dependence of the beam inten-

used to extract the differential cross section. sity, lvgtime IS the time dependence of the beam intensity,
The forward simulation process requires the evaluatior®"d g pos iS the spatial dependence of the beam intensity.

of at least a nine-dimensional integral to convert the onethe time and velocity dependencies of the beams are as-

dimensional differential cross section into a two-dimensionafumed to be Gaussian. Furthermore, the beam spatial depen-

simulated image. Assumingl) that there is no angular di- dence is assumed to be constant within a cone determined by

vergence in the molecular beantg) that the velocity map- the molecular beam apertures. These assumptions allow

ping is ideal, and3) that there is no preferential ionization !wvsvel t0 be extracted from the integral ovef andv,. The

of NO based on alignment relative to the ionization laser@ssumption thaf, can be written as a product of a delta

polarization, it is necessary to evaluate the following inte-function andf ;,ccombined with the energy constraints of the
gral: experiment for a giverv; andv, (they are fixed because
they are in the outer integral, which fixes the collision en-
ergy,Ecoi, andAE is fixed byAJ) allows the determination
1) = f f dvld"ZLCm L% of the projection of/, onto the detector plane. This fixes the
molec beam full vector v, to one of two vectors: one with a positive
o« component along 'the TOF a&perpendicular to the detector
XJ' def dt Nyg(v1,02, %, D)1 (X)) pla_me) and one with a negative component along the TOF
ts axis. Thus, for a given pixelthe integral is written as a
Jo function ofx,), the inFegraI ovev, can b_e replaced by asum
X g == Fu(Vp Xp  Xim), 1) over these two po_55|ble vectors_. T_he flnal assumption is that
2y only NO present in the laser ionization volume when the
laser fires need to be accounted for by the numerical integra-
tion, and that the sum over, can be removed from the
integral over the scattering volume. This reduces the integral
over the entire scattering volume to an integration over the
laser ionization volume and an integration backwards in time
to compute the amount of NO scattered withinto the laser
ionization volume at the time when the laser fires. Further-
more, because the spatial density of the molecular beams is
assumed to be constant within their defining cones, this

intensity dependence of the laselg/d(), the differential b?CkWGer |rr11teg_ral ”11 time dcan bef pﬁrformled ?nagltmally,_
cross section, anf}, a function that relates the position of a given t g\t tbe thme gpenTr(]an(I:_e o tf? molecular ;aams IS
detected ion in the image plane to its position and velocity”lssume to be Gaussian. The limits of integratigntg) for

P : : : the time integral can be found from the geometric overlap of
after being ionized. For ideal velocity mappinf}, can be 3 . . .
written: 9 ty mapping the NO trajectory with the molecular beam cylinders. With

these assumptions and simplifications, Ef). can be ex-
fi(V, X, Xim) = 8(v) = MXim) T g2d Vi{V) = MXim} ), i) pressed as

where X,=Xs+ (Vp+Vem)(t—ts), where x, is the two-
dimensional2D) pixel position,v,, v, are the speeds of the
radical (NO) and scattering beanxg is the position in the
interaction region at which the NO scattevg,is the velocity
of the product NO in the c.m. framéjs time, t5 is the time
that the scattering occurs, andis the time when the laser
fires. The velocity of the product NO in the lab frame is
given byv,+v, . The quantities in the integrand aéyg
the intensity dependence of the two molecular bedmsthe

where v;=V—(V*Nge) Ngets
e 1(X1)= f f dvy dva Ny vel(v1,02)
whereM is the magnification factor of ion lenses in m/s/mm,

. ) ) ) molec beam
Nget IS @ Unit normal vector perpendicular to the image plane,
and f;,. is the Jacobian for the overlap of the three- 2 9o ty
dimensional scattering sphere onto the 2D detector. Initially, xg; ﬁ_QfJa((Vp,i)fl |dXL ||_(X|_)f dt
images were simulated using a Monte Carlo technique while aserve E
manually iterating the input differential cross section until X Nyg.time () (4

the appearance of the data and simulated images matched.

However, utilizing some of the constraints of the system it iswhere v, ; (i=1,2) are the two possible velocities of the

possible to construct a much faster image simulation algoproduct NO given a projection in the detector plane, and the

rithm that reproduces the main features of the apparatusemainder of the quantities in this expression are as defined

function using numerical integration. previously. Using this algorithm for image simulation allows
The development of the numerical integration methodthe computation of a simulated image orders of magnitude

depends on a few additional assumptions and a subsequdaster than the Monte Carlo method.
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Data Simulation

(b)
1.0 - .
aal 4 FIG. 6. Two examples of data and simulation fits. The dashed lines indicate
g | the annular regions used to compare the two images for fitting.
g 0.6 |- .
=
@© r
i P -
3 Also, for this technique to work well, the simulated and data
O oz2p 1 images must have their relative pixel sizes and positions ex-
tremely well matched. An iterative extraction technique is
e s e i e effective at producing a simulated image that is a close
o 20 a0 80 a0 100 120 1eo te0 180 match to the data image.
8 (degrees) The process of iteratively varying the trial DCS array to

produce a simulated image that matches that data image has

FIG. 5. (a) Basis image for an angular spike at 8%B) Input angular  been described in detail in a previous arti@l&he process
distribution for basis image. extracts a trial DCS array from the image from an annular
integral of the outer edge of the scattering sphere, which
strongly corresponds to the angular dependence of the differ-
ential cross section, but is skewed and blurred by the appa-

Rather than running the image simulation program forratus function. Figure 6 shows a typical annular integral used
each trial differential cross section in an iterative imagefor the iterative fitting procedure. A simulated image with an
simulation process, it is possible to generate a set of nonoisotropic differential cross section is generated, and the an-
thogonal basis images from which a simulated image can beular integral of this image is used as a first-order correction
constructed. The differential cross section is input into theo the annular angular function from the data image. This
simulation program as an array of poir{the DCS array, first-order corrected DCS array is then used to produce a
which represent the differential cross section at discrete valsimulated image, which is used to produce a higher order
ues ofd. Simulated images are a linear superposition of a setorrection to the trial DCS array. This process is repeated
of basis images that correspond to a unit value input for eachntil the data and simulated imagéheir annular integra)s
discreted value (and zero for all othep values in the DCS  converge. The simulated images for several scattering mea-
array. Figure 5 shows an example of the angular distributiosurements are shown in Fig. 6. In order to modify experi-
and appearance of a basis image. By weighting these basisental parameter&uch as the position of the laser ioniza-
images with the trial DCS values and summing them, simution volume relative to the molecular beam intersection
lated images for the same set of experimental parameters bpbint), it is necessary to run the image simulation program to
different trial DCS arrays can be generated almost instantagenerate a new set of basis images. Independent measure-
neously. This makes the process of iterative simulation quitenents of all the experimental parameters, including laser po-
fast. It is also possible to linearize the differential cross-sition and laser ionization volume, were performed. The it-
section extraction process by evaluating the overlap of therative fitting procedure gives an internal check on these
basis images with the data images. This results in a system pfirameters, because it has been found to not converge when
linear equations that can be solved using matrix inversiorthere is a significant error in values of the experimental pa-
algorithms. However, because the image inversion process iameters. For example, the relative skewing of ion intensity
not unique(rapid oscillations added to a trial DCS array do aboutv, is not correctly modeled unless the left/right posi-
not change a simulated image due to the various blurringion of the laser is correct. Due to the sensitive nature of the
effect9 this linearization and inversion process are difficult. goodness of fit on experimental parameters, the differential

D. Extraction of the differential cross section
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symbols are for He, while closed symbols are fgr. In the top two panels,

squares are fod;=2.5, circles forJ;=5.5, triangles fodJ;=7.5, diamonds  F!G. 8. Extracted differential cross sections fo—F, scattering. Open

for J;=9.5, and inverted triangles fd = 11.5. In the bottom panel, squares Symbols are for He, while closed symbols are for. in the top two panels,

are forJ;=3.5, triangles forJ;=6.5, and diamonds fai;=8.5. squares are fad;=1.5, circles forJ;=3.5, triangles ford;=4.5, diamonds
for J;=6.5, and inverted triangles fa;=9.5. In the bottom panel, circles
are forJ;=2.5, diamonds fod;=6.5, and inverted triangles fak=9.5.

cross sections extracted using the above-given method are

assumed to be accurate. =1.5-9.5F, are shown in Fig. 8. The top panel displays the
Plots of the extracted DCS arrays for the inelastic scatextracted DCSs for NO scattering with He. The middle panel
tering of NO with He and B from J=0.5, F; t0 J;  shows the DCSs for NO/Dscattering and the bottom panel
=2.5-12.5,F, are contained in Fig. 7. The top panel con- shows a direct comparison of He ang Bcattering for sev-
tains extracted DCSs for collisions of NO with He at a meangrg| selected rotational product states. Note that in contrast
collision energy of 491 cm. The middle panel displays with the spin—orbit conserving collisions, Fig. 7, there is
selected DCSs extracted from NGQ/lmages with a mean seemingly little difference in the positions of the rainbow
collision energy of 545 crt'. The bottom panel shows a maxima between He and,Bcattering for a gived; for the
direct comparison of He and,bcattering for selected prod- spin—orbit changing collisions. It is also seen that the posi-
uct rotational states. The NO scattering fropiBseen to be  tions of the rainbow peak are, to first order, independent of
generally more forward peaked, with a narrower distribution pe spin—orbit state for a gived.
than the He scattered NO. In general, the differential cross sections exhibit a broad
An error analysis of the images implies that the largestainbow maximum that monotonically shifts from the for-
errors, approximately 15%, are associated with the forwargyard to backward scattering direction with increasihg.
scattered region. This is due to the interference of the NO ifrhjs is consistent with scattering systems where the repul-
the molecular beam creating a “beam spot” on the imagessive surface of the potential controls the scattering behavior
near the zero, or forward, deflection angle. The error limitssng can be well modeled by purely repulsive potentials. We
for angles greater than 40° are generally believed to be lesgse one such potential, a 2D hard ellipse potential, to model
than 5%. The estimated error represents the propagation @e differential cross section as will be discussed in detail in
counting errorthe number of ions for a given intensity was the following.
estimated from the raw data imaged the subtracted image
dgta through the |teraF|ve S|mulat|on process discussed P'% DISCUSSION
viously. Errors in the simulation parameters were assumed to
be minimal and were not treated in the error analysis. We have obtained differential cross sections for most of
Plots of the extracted DCS arrays for the inelastic scatthe available product rotational states for NO scattering from
tering of NO with He and D from J;=0.5, F; to J; He and B, measured for both spin—orbit conserving and
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spin—orbit changing collisions. The general behavior of thepredict the scattering behavior fBy— F; scattering. In gen-
two systems is strikingly similar, indicating that the interac-eral, by adjusting the anisotropy of the ellipse, the predicted
tion potentials are also similar since the reduced masses odinbow maxima positions could be made to agree with the
these two systems are identical. The more forward peakingainbow maxima from the data.
of the D, system correlates with the higher collision energy ~ The most recent theoretical PES for N@Gle scattering
for this system, however as we will show in the following, a by Yang and Alexander has been used to produce theoretical
portion of this effect may be attributed to a higher anisotropydifferential cross sections using the numerical package en-
in the repulsive wall of the NO/Ppotential relative to that titled HIBRIDON. HIBRIDON is a package of programs for the
of the NO/He potential. time-independent quantum treatment of inelastic collisions
In order to interpret the data, two models have beerand photodissociation written by Alexandet al3¢*" The
used. The CEPA PES for NEHe of Yang and Alexander NO was assumed to have an initial population of 0.9 in
has been used to generate theoretical differential cross see-0.5, F; and 0.08 inJ=1.5, F; with an equal distribution
tions, which are then compared to experimérithis PES is betweenA doublet states. Tha doublet state of the scat-
found to accurately reproduce the major features of the extered NO was fixed by the transition used to ionize the NO
perimental data for N@He with deviations in the positions (see Sec. )l NO+He collisions were simulated at collision
of rainbow maxima. Due to the small differences betweerenergies of 491 and 545 ¢rh A comparison of the experi-
the differential cross sections for He and,lthe NO+He  mental differential cross sections with calculated cross sec-
PES also does a reasonable job predicting the angular distfions from the Yang and Alexand€iA) PES and a hard
butions for scattering of N®D,, suggesting that this PES ellipse model(details are provided in the followindgor se-
could be used to estimate NKID, scattering measurements. lected spin—orbit conserving collisions is presented in Fig. 9.
Additionally, due to the seemingly simple behavior of the The experimentally extracted NO/He DCSs flyr=3.5 (top
differential cross section as a function &9 and scattering pane) andJ;= 7.5 (lower panel are compared to the calcu-
species, a two-dimensional hard ellipse model was used tated YA DCSs and to DCSs extracted from images that
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A7 77T conserving collisions shown in Fig. 9, the bottom panel
shows that forJ;=6.5F,, the theoretical DCS is peaked
toward a higher scattering angle than the experimental DCS.
For J;=3.5F, (top panel both the experimental DCS and
that obtained from the YA PES peak &t0 (forward scat-
tering). However, the width of the scattering distribution is
markedly broader in the experimental DCS. It is difficult to
attribute this difference to a specific part of the YA PES.
o i The two-dimensional hard ellipse model has been shown
to accurately reproduce maxima in rotationally inelastic scat-
—0-0 tering angular distributions, known as rotational
0.0 Lottt rainbows?® " The basic premise of the model is that the
potential energy surface for the interaction can be replaced
by a two-dimensional potential surface that has an infinitely
high potential step on an elliptical contour. The shape of the
ellipse can be estimated from the classical turning points of
other potential surfaces. The rainbow maxima, for a given
amount of rotational energy transfer, arise from the func-
tional form of the deflection angle versus impact parameter

03|

02|

DCS (AYSr)

0, degrees

0.04 1 -

2 and ellipse orientation angle for the collision. For a homo-
s nuclear, 2D ellipse model, withe=w/I<1, the rainbow
K maxima can be approximated as
i 0 ——Aj 5
sin5 R=2(A—B)’ )

gooL L . . . - .
0 20 40 60 8 100 120 140 160 180 where 6y is the rainbow angleAj=j/pg, j is the final an-

0, degrees gular momentum of the rotopy is the initial linear momen-

FIG. 10. Comparison of spin—orbit changing differential cross sections be:[um’ andA andB are the major and minor axes of the elllpse.

tween data and Yang—Alexander PES for tiydevels. In the top panel, the FOF the systems studied heres0.35 A2, so the results of
open circles are for He anti= 3.5, whereas the solid line is the prediction of this formula will probably be somewhat inaccurate. Further-
the Yang—Alexander PES. In the bottom panel, the open diamonds are fanore, for a heteronuclear molecule, the center of mass of the
He and J=6.5, whereas the solid line is the prediction of the Yang— eIIipse is shifted from the geometric center of the eIIipse by
Alexander PES. . . . . . .
an amounts. This shift gives rise to two rotational rainbows
for scattering from each end of the ellipse. For N®ijs
small, on the order of 0.05-0.10 A, so NO can be considered
ha.Ve been Simulated USing the Calculated YA DCSs as tri3é|most a homonuc'ear mo'ecu|e, and thus not much addi_
input Cross Sections. ThIS Simu|ati0n/extracti0n method iqiona| error is caused by use of the above-mentioned for-
used in order to account for any distorting factors due to thgqyla.
extraction technique itself. The simulation/extraction DCSs  Tg simulate more rigorously the hard ellipse model for
are shown as open circles in Fig. 9. Note that the input YAhe case of NG He/D,, F;—F, it is possible to simulate
PES DCS(solid line) and extracted DCSopen circlesare  the differential cross sections for the scattering process using
very similar, a fact which highlights the goodness of ourthe formula for scattering angle as a function of effective
extraction teChniqUe. While the general Shape of the Dc%pact parameteﬂj andefrom Bosanac and Buc?(q
calculated from the YA PES is similar to the experimental
DCS (solid squares the calculated distributions are posi- . Aj [4b2—(A])2(1+ eb?)2]V2
tioned significantly toward higher deflection angles. This dis- ~ SIN6= 52 1—e(A])? ,
crepancy could be accounted for by insufficient anisotropy in "
the repulsive wall of the YA PES. With insufficient anisot- where b, is the effective impact parameter which can be
ropy, collisions lack the necessary torque to promote rotacalculated from the appropriate geometric equations for a
tional excitation. Therefore, a more nearly head-on collisionfange of impact parameters and ellipse orientations. By inte-
generating a larger deflection angle, is necessary to produaggating over impact parameter and ellipse orientation, and
the needed change in angular momentum. The hard ellipsgoring the results as a function &f and scattering angl®,
DCSs shown in the dashed lines of Fig. 9 will be discussednodel hard ellipse DCS and corresponding rainbow maxima,
in the following. fr, can be generated for different rotational product states.
Figure 10 shows experimental and calculated DCSs oFor heteronuclear molecules the center of mass is displaced
two product states for spin—orbit changing collisions of thefrom the geometrical center of the ellipse, giving rise to two
NO/He system. The theoretical DCSs have been extracteghique rainbow maxima. Due to the near homonuclear char-
from simulated images using input DCSs obtained from calacter of NO and the experimental resolution limits, it is not
culations using the YA PES. Consistent with the spin—orbitpossible to resolve these two rainbow maxima—even in the

(6)
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NO/He scattering fold;=3.5 and 7.5(dashed lines Note
that the DCSs rise from zero in the classically forbidden
region to a maximum at the classical rainbow, and then fall
off toward higher scattering angles. The position of the : ~ .
maximum is determined solely by the collision energy and
the relative sizes of the semimajor and semiminor ellipse
axesA and B, respectively. Also included are extractions of
the DCSs from simulated images using these hard ellipseg, 100 |
DCSs as inputgline connectingksymbolg. The extracted
DCSs are broadened due to the limited resolution in the ex-
periment, due primarily to the velocity spread in the molecu- -
lar beams. This effect is especially pronounced in the for-
ward scattering region, and is compounded by the addition off-
a background “beam spot.”
By adjustment of the ellipse parameters, especially the=2
anisotropy A—B), the rainbow maxima positions of the ex-
tracted DCSs for the rotational states for each of theti¥{@
and NO+D, collision systems can be fit to a relatively
simple hard ellipse model. Figure 11 shows a comparison of 20
rainbow maximagg, extracted from calculated DCSs using
the YA PES, and those taken from the experimentally ex-
tracted DCSs, as well as a fit to the experimental rainbow 0
positions. Data foJ=9.5-10.5 have not been included in .
the fit becausél) the data do not conclusively show whether Final J
there is a peak in the angular distribution or whether the datfillG. 11. Plot of rainbow maxima & for data, the Yang—Alexander PES,
are simply backscattered, a2 there is an intrinsic Uncer- and the hard ellipse models. Closed circles are data foiND; open
tainty in the extraction procedure that makes the nearly backsquares are data for He/NO; solid and dashed lines are fits to a hard-ellipse
scattered peak positions very sensitive to the assumed pogjede! for the [ and He data, respectivelisee the tejt triangles and
. . . crosses areiBrIDON predictions for He/NO at collision energies of 491 and
tion of the laser beam. Note that the rainbow maximumg,s .nri respectively.
angles calculated usingiBRIDON and the YA PES are con-
sistently higher than the measured rainbow maxima. This is
true for both the Hetriangles and the [) (crossepscatter-  vation is born out by CS calculations of integral cross sec-
ing. For NO+He (F;—F;), the results of fitting the ob- tions, which show that at a collision energy of 508 Crthe
served rainbow maxima positions to a 2D hard ellipse modebest value ofl,,,,is about 11.5, corresponding to a rotational
(solid line fit to closed circles give results of A-B) energy of 240 cm*?*
=0.62 A and5=0.04 A (usingA~2.7-3.1A). Itis not pos- As a final comparison between the theoretical predic-
sible to fit a value o with much certainty due to the lack of tions for the differential cross section and the DCSs extracted
resolution of the two rotational rainbow peaks. The resultsrom the experimental data, it is possible to use the theoret-
for NO+D, (F,—F;) are similar(dashed line fit to open jcal differential cross sections to produce simulated images
squarel but with noticeably higher anisotropy:ACB)  to compare directly with the raw data images. The results of
=0.76 A andd=0.14 A (usingA~2.7-3.1 A). These model these comparisons illustrate the limitations in measuring the
ellipse anisotropies can be compared to estimates of the agifferential cross section for the most forward scattered prod-
isotropy in the repulsive wall of the CEPA PES of Yang anducts due to the interference with the beam spot. Furthermore,
Alexander. The YA PES contours near 500 ¢nicompa-  while the hard ellipse calculations are successful in fitting the
rable to the collision energy of our experimggive values rainbow maxima of the data reasonably well, the PES of
for AandB of ~2.8 and~2.4 A, respectively. This results in  Yang and Alexander naturally predicts more accurately the
a value of A—B)=0.4A, which is considerably less than broadness of the rainbow peaks, because quantum mechanics
the anisotropy given by the 2D hard ellipse models extracte@liminates the singularities encountered in classical scatter-
from either the NO/He or NO/P data presented in this ing differential cross sections. We therefore conclude that a
study. A lower repulsive anisotropy will result in scattering fully quantum mechanical calculation using a repulsive sur-
distributions that are positioned at higher deflection anglestace with an anisotropy similar to that which we find using
This trend is shown in Fig. 11. Note that the rainbow posi-the hard ellipse fit should be in excellent agreement with the
tions, derived from the YA DCSs, are positioned to higherdifferential cross sections presented here.
deflection angles relative to the 2D hard ellipse rainbows for
all J values. In addition, the value of the YA theoretidal
rises more rapidly with]; than either of the hard ellipse V. SUMMARY
models, to the point that there may not be sufficient anisot-  Differential cross sections for rotationally inelastic scat-
ropy for reaching the collisional energetic limit. This obser-tering of NO with He and B at ~500 cni® collision energy
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