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Energylossof fastN(*S) atomsin a bathgasof N, moleculesis investigatedaking into account
elasticandinelasticcollisions.Quantunmechanicatalculationausinga vibrationally close-coupled
rotationally suddenapproachare performedto obtainthe elasticscatteringcrosssectionslnelastic
cross sections involving ro-vibrational transitions of the molecules are determinedfrom a
quantum-classicahpproachin which the vibrational motion of the moleculeis treatedby the
time-dependentjuantummechanicaimethodand the remainingdegreesf freedomdescribedby
classicaimechanicsThe computedangularandenergyresolvedcrosssectionsareusedto construct
the Boltzmann kernel for energy relaxation of fast N(*$) atoms from which the parameters
governing the thermalization are readily extracted. © 1998 American Ingtitute of Physics.
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I. INTRODUCTION

The approachto thermalizationof initially energeticat-
oms in a bath gas is an important aspectof hot atom
chemistry'~ It hasbeenstudiedexperimentallyfor excited
atomshy measuringthe Doppler profile of the velocity dis-
tribution in the presenceof a bathgas®=° An accuratechar-
acterizationof the thermalizationprocessequirescrosssec-
tions for energytransferprocessesvhich involve elasticand
inelastic collisions with the bath gas atomsand molecules.
Not only the total crosssectionbut the energyand angular
dependencef the crosssectionareimportantfor anaccurate
descriptionof thermalizationt®** The difficulties in precisely
evaluatingthesequantitiesandtheir usein solving the Bolt-
zmannkinetic equationhave often necessitatedhe use of
simplified modelssuchasthe hard-spher@pproximatiorfor
which a simple analyticalexpressiorcan be derivedfor the
Boltzmannkernel*>~% However, the neglectof energyand
angulardependencef the crosssectionis a major drawback
of this approachand may resultin an unrealisticdescription
of the kinetics.

The thermalizationof energeticN(*S) atomsin the up-
per atmospheréasattractedconsiderableattentiorf®11152L
becausethe energeticatoms are a sourceof vibrationally
excited NO molecule$®~® emissionfrom which has been
detected®?%In this study,we haveperformedrealisticquan-
tum mechanicaland semiclassicalcalculationsof energy
transfer cross sectionsin N+N, collisions. The computed
crosssectionsare usedto evaluatethe Boltzmannkernelfor
which we have recently derived a new analytical
expressioh' which doesnot usethe hard-spherepproxima-
tion andincorporatedothangularandenergydependencef
the energytransfercrosssectionsDifferent characteristicef
the thermalizationprocessare readily extractedfrom the
Boltzmannkernel.

The paperis organizedasfollows: In sectionll, we de-
scribethe quantummechanicabpproachusedfor the calcu-
lations of elasticcrosssectionsandin sectionlll the semi-

J. Chem. Phys. 108 (3), 15 January 1998

0021-9606/98/108(3)/943/7/$15.00

classicalapproachusedfor inelastic collisions with N,. In
sectionlV we briefly review the expressionfor the Boltz-
mannkernel.Resultsof the calculationsarepresentedn sec-
tion V anda summaryof our findingsis givenin sectionVI.

IIl. QUANTUM MECHANICAL APPROACH

Though significant progresshas beenmadein numeri-
cally exactquantummechanicatreatmentsof atom-diatom
scattering,explicit calculationsof cross sectionsand rate
constantshave beenrestrictedto H+H,, F+H, and their
isotopic equivalents.The calculationsbecomeprohibitively
expensiveor heaviersystemsdueto the proliferationin the
numberof ro-vibrationallevelsto be includedin the close-
coupledequationsFor the systeminvestigatechere,due to
the heavymassof the atomsand the difficulty in obtaining
an accuratepotential energy surface(PES, we employ an
approximatequantummechanicaschemebasedon the sud-
den approximationfor rotationalmotion. The infinite order
suddenapproximation(IOSA) calculationshavebeenexten-
sively appliedto atom-diatomnonreactiveand reactivescat-
tering processewith considerablesuccessThe IOSA has
beenshownto be appropriatefor the collision betweena
heavy moleculeand a light atom for which at higher colli-
sion energiesthe basic assumptionsehind the approxima-
tionsaresatisfied Sincethe translationaknergiesonsidered
in the presentstudy arerelatively high the IOSA is justified
and we believethat any error introducedby its useis less
than the uncertaintiesarising from the potential. The IOSA
hasbeenrecentlyusedby Gilibert et al.>*?°to study N+0O,
reactivecollisionsandAguilar et al.?® to studyN+NO reac-
tive scatteringln the presenimplementationthe calculation
involves solving the vibrationally close-coupled radial
Schralingerequationfor a numberof orientationanglescho-
sen as Gauss-Legendre quadraturepoints. By averaging
overthe angledependencef the $-matrix elementswe ob-
tain an orientation-averagetDSA integral crosssectionfor
state-to-stateibrational transition
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wheree is the kinetic energyandk,, is the momentunfor the
incomingchannelwavefunction,andv andv’ aretheinitial
and final vibrational levels. The correspondingdifferential
crosssectionmay be evaluatedas
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lll. SEMICLASSICAL APPROACH

For inelasticcollisionswith moleculesinvolving the ex-
citation of ro-vibrationaldegreesof freedomthe evaluation
of the doubly differential crosssectionis a formidablecom-
putationalproblemandwe employa dynamicsmethodbased
on semiclassicaltheory. The semiclassicalapproachem-
ployed here has been previously used for more complex
four-atom reactivé’?® and nonreactive scattering
problems? In this approach,the degreesof freedom for
which the quantumeffectsarethe mostimportantaretreated
quantummechanicallyand the remainingare treatedclassi-
cally. Quantummechanicaleffectsbecomeimportantwhen
the energy spacingsbetweendifferent quantumstatesare
largeor tunnelingis presentSincetunnelingplaysno rolein
N+N, collisionsandtherotationallevelsarecloselyspaced,
we employeda classicalmechanicabescriptionfor the rota-
tional and relative translationalmotion of the systemand a
quantummechanicaltreatmentfor the vibrational motion.
For the quantumdynamics,we solve the time-dependent
Schralingerequation
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wherem is the reducedmassof the diatom,R andr arethe
relative translational and vibrational coordinates,respec-
tively, # and ¢ aresphericalpolaranglesof r in aspacdixed
frame,andp, andp , arethe momentaconjugateto ¢ and ¢.
The evolution of the classicaldegreesof freedom(rotation
andrelative translation is governedby the following effec-

tive Hamiltonian:
H —P2+ L) e +(V(R
=2, " om \ 12/ | Po (V(R,r,6,9)),
4)

whereu is thethree-bodyreducedmass P is the momentum
vectorfor the relative motion, andthe quantities(---) denote
expectatiorvaluescomputedusing wave functionsobtained
from the solution of the quantummechanicapart.
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The quantumand classicaldynamicsare solved self-
consistently,and transition probabilitiesto openvibrational
levels are obtainedby projectingthe final wave function on
to differentN, vibrationalstates Performingthe calculations
for a rangeof impact parameter&and averagingover an en-
sembleof trajectorieswith differentinitial conditionsfor the
classicalvariables,we can compute energy transfer cross
sectionfor a (v,v') transitionas

bmax
Uu,u'(f)ZZWf P, . (b)b db, (5
0

whereb,,, is the maximumvalueof theimpactparameteb.
The integral is evaluatedby a Monte-Carlomethod.A de-
tailed descriptionof the numerical schememay be found
elsewheré/?8 The doubly differential cross sectionwhich
providesthe mostdetailedinformationregardingthe dynam-
ics including final angularand relative translationalenergy
distributionsof the scatteredoroductsin the center-of-mass
frame (CMF) is approximatedas
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——aao = 27bmas 2 Py er
dQde N 5§ 27 sin yYAxAe
(6)

wherePL'v,(e,e’,X) isfor agiven(v,v') transitionandfor
the ith trajectory, the probability to scatterinto a narrow
rangeof final energy(e’' —A€’/2,e’ + A€’'/2) andscattering
angle(xy—Ax/2,x+Ax/2) at an initial energye, andN is
the total numberof trajectoriesspanningthe classicalsub-
space.A similar relation holds for the doubly differential
crosssectionfor rotationalenergytransfer.

IV. BOLTZMANN KERNEL

The energyrelaxationof fast atomsin a homogeneous
bath gas can be describedby the linear Boltzmannkinetic
equationprovidedthe densityof the bathgasis considerably
larger than the density of fast atoms.The Boltzmannequa-
tion for the projectileenergydistribution f(E,t) in an isotro-
pic bath gascanbe written

d
ZrEn- [ BEENSE DdE - f(ED

X f B(E'|E)dE’ — &(E)f(E,t) +S(E,1),
(7)

where$(E,t) is therateof productionof fastatomswith an
energyE and ¢(E) is the rate coefficientsfor the sink reac-
tions which removetheseatoms.

The Boltzmann kernel B(E’|E) provides the rate of
thermalizationof a projectile atomwith massM and initial
lab frame (LF) energyE to final LF energyE’ by collision
with a buffer gas of massM, and density N, . It can be
derived considering the rate of binary collisions
W(p',pylp,p») Which transformthe momentaof the collid-
ing particlesfrom {p,py} to {p’,pp} in the LF wherethe
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subscriptb refersto the bath gas. The rate of binary colli-
sionsis relatedto the doubly differential crosssectionac-
cordingto*!*°

M
e , ~ p_M_bpb l dz
(D", s/, D) = M | x2dQde’
p' - My Py

X8(p'+pp—P—DPp)> 8

wherethe LF momenta{p,p,} and{p’,p,} arerelatedto the
correspondingnitial and final relative collision energiese
ande’, respectively.The energyrelaxationkernel givesthe
integral rate of binary collisions with the bath gas which
transformthe projectile particle momentum|p|= y2ME to

Ip’|=\2ME":
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where (), and (},,, are the solid anglesof initial and final

momentain the LF for fixed valuesof |p| and |[p’|. The

momentumdistribution function o(p) is assumedto be

Maxwellian and the doubly differential crosssectionin eq.

(9) may be computedquantummechanicallyif possibleor

approximatecdaccordingto eq. (6). Analytical expressiorfor

B(E’|E) hasbeenobtainedin the pastfor elasticcollisions

assumingenergy and angle independentdifferential cross
sectionsthe socalledhard-sphereollision model'?%3!Re-

cently, we havederivedan analyticalformulafor B(E'|E)**

for arbitraryelasticor inelasticcollisionswhich incorporates
the doubly differential crosssection.It involvestransforming
the integrationvariablesin eq. (9) from LF to CMF by ap-

plying conservatiorof momentain the two referencerames
and appropriatelycarrying out the integrals over the solid

angles.The expressiorfor the kernel may be written
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where the maximal and minimal scatteringanglesy, and
x_ are obtainedfrom the fixed valuesof initial and final
energiesn LF and CMF by the formulas
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The frequencyof thermalizingcollisionsis given by
w(E)zJ’ B(E’'|E)dE’. (12
0

Its inverseis the meantime 7 spentby the projectilebetween
successivecollisions. Similarly, an averagerate of energy
loss per collision may be definedas

y(E)=j:B(E’|E)(E—E’)dE’. (13)

V. RESULTS
A. Elastic N+N, collisions

The elastic differential cross section calculationswere
carriedout using the quantummechanicakchemedescribed
in sectionll. Morseoscillatorwavefunctionswith anappro-
priate quadraturerule were usedto obtain the matrix ele-
mentsof theinteractionpotential. The two lowestvibrational
levels of the moleculewere includedin the coupledequa-
tions. The Numerovmethod? wasusedto solvethe coupled
equationsDue to the unavailability of an accurateab initio
potential energy surface for N+N,, a London-Eyring-
Polanyi-Sato(LEPS PES® with an additional attractive
C¢/R® long-rangeinteraction was used, the value for Cg
being taken from Ref. 34. The additional long-rangeterm
modifies only the elastic crosssectionsas the inelastic en-
ergy transferis restrictedto small impact parametercolli-
sions. Thoughthe PES usedis not accurateto describeall
aspectof N+N, collisions,we believeits featuresarereal-
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FIG. 1. ElasticCM differential crosssectionsfor N+N, collisions.

istic enoughto discussthe different aspectsof the results
presentechere and provide a useful descriptionof fast N
atomthermalization.

In Fig. 1, we show the IOSA elastic differential cross
sectionsfor N+N, collisions at four different valuesof N
atom kinetic energy.For the highestenergyof 3 eV, 700
partial waveswere includedin the partial wave sum. The
integralvaluesfor the elasticcrosssectionsareshownin Fig.
2 as afunctionof thekinetic energyof theN atom.Thecross
sectionsdecreaseaapidly with increasein energyfrom 2.5
x10 ¥ en? at 0.02eV to0 6.3x 10 P en? at3 eV.

B. Inelastic N+N, collisions

To obtain the inelastic crosssectionsand calculatethe
kernel of the Boltzmannequation,we have performedtwo
setsof calculationsFor the crosssectioncalculationsthe N,
moleculewas takento be in the rotationallevel j=7, the
mostpopulatedat 300 K. The initial v =0 vibrationalwave
function of the moleculewasdiscretizedon a 1-dimensional
grid of 128 points. Theinitial atom-moleculecenterof mass
separatiorwaschoserto be 8 A. The maximumvalueof the
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FIG. 2. Integral elasticcrosssectionfor N+N, collisions as a function of
the energyof relative motion.
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FIG. 3. CM differential cross sectionfor N+Ny(v=0,j=7)—N+Ny(v
=1, all j) nonreactiveprocessat E,,=1¢€V. The smoothcurve is the
resultof the Fourierexpansion.

impact parametewas takento be 4 A. A numberof wave
packetswith randominitial conditionsfor the classicalvari-
ablewerepropagate@ndat the endof eachpropagationthe
final wave function was projectedon to openN, vibrational
statesto determinethe vibrational transition probabilities.
The wave packetpropagatiorwascarriedout usingthe split-
operator/FFTmethod® For the differential crosssectioncal-
culations, the total number of trajectories(wave packet$
propagatedvas20000for eachenergy.However,if only the
total crosssectionis desired,it can be obtainedto within
20%-30% statisticaluncertaintywith a few hundredwave
packettrajectories.

In Figs. 3, 4 and5 we showthe CMF differential cross
sectionsfor the v=0 to v=1 transition in nonreactive
N-+N, collisions at centerof mass(CM) translationalener-
giesof 1, 2 and 3 eV, respectively.We show the results
obtainedusinga Fouriercosineexpansiorof the differential
crosssectionasgivenby Aoiz et al.*® aswell asthe standard
histogrammethod.The Fourierexpansiorhasthe advantage
thatit providesthe differential crosssectionasa continuous
function of the scatteringangle.In Fig. 5 the oscillationsin

FIG. 4. Sameasin Fig. 3 but at an energyof 2 eV.
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FIG. 5. Sameasin Fig. 3 but at an energyof 3 eV.

the Fourierfit is mostlikely arising from the statisticalun-
certainty. The pronouncedbackward scatteringin Fig. 3
showsthat headon collisions are favorablefor vibrational
excitationat low translationalenergies At higher energies,
thereis a progressiveshift towardsthe forward direction.

In Fig. 6, we show integral vibrational excitation
crosssectionsfor 0 l1and 0 2 transitionsandin
Fig. 7 we plot the rotational excitation cross sections

p 0§ 7 0, j 7) from the semiclassicatal-
culationsandcomparethemwith the resultsof a purely clas-
sicalmechanicatalculationwith arigid rotor approximation
for the molecule.Rotationalexcitationis significantat low N
atom kinetic energiesand vibrational excitation at energies
abovel eV. Figure 7 showsthat the rigid rotor approxima-
tion is satisfactoryin describingrotational excitationof the
molecule.The large valuesof the rotationalexcitationcross
sectionscomparedto vibrational excitation are due to the
small energylevel spacingsbetweenrotational levels with
the consequencthat small perturbationsare sufficientto in-
ducea rotationaltransition.We usethe rotationalexcitation
crosssectiongo evaluatethe inelasticpart of the Boltzmann

FIG. 6. Integral cross sections for N Ny( 0,j 7) N Ny
1,2, all j) as functions of initial N atom kinetic energy:open circles
( 1), opentriangles( 2).
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FIG. 7. Crosssectionsfor rotationalexcitationof N, in N N, collisions
obtainedusing the rigid rotor opencircles and the vibrating rotor open
triangles models.The resultsof Gerardet al. Ref.21 areshownby open
squares.

kernel.We alsopresenin Fig. 7 the energyrelaxationcross
sectionsof N atomsobtainedby Gerardet al.?! usingquasi-
classicaltrajectory calculationsin which they sampledthe
initial ro-vibrationallevelsof the N, moleculefrom a 500K
Boltzmann distribution. Given the different assumptions
usedin calculatingthe crosssections,the agreements not
unsatisfactory.
In Fig. 8, we show the energy loss cross sections

i E; (0,7 ,J) fromthesemiclassicatalculationasa
functionof the CM kinetic energyof theN atom.Theenergy
losscrosssectionis a measureof cooling of thefastN atom
in collision with N, resultingin ro-vibrational excitation of
the molecule.

C. Energy relaxation kernel of fast N atoms

The evaluationof the Boltzmannkernelaccordingto eq.

10 requiresdifferential crosssectionsfor elasticcollisions
anddoubly differential crosssectionsfor inelasticcollisions.
The elastic differential crosssectionswere computedat 35

FIG. 8. Energylosscrosssectionsasa function of the kinetic energyof the
N atomin the CM frame.
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FIG. 9. Boltzmannkernelin units of eV 's ! for elasticN N, collisions
for a N, densityof 2.743 10° cm ® andtemperature844 K.

differentinitial CM energiesn therange0-3 eV usingafine
meshfor the scatteringangle 0.5°. A linear interpolation
methodwas usedto generateadditional crosssectionsbe-
tweentheseenergyvaluesto evaluatethe integral using a
trapezoid quadraturescheme.The resulting elastic N N,
kernelcorrespondingo adensityn(N,) of 2.7 10° em® and
temperature344 K characteristiof the upperatmospherat
200Km is depictedin Fig. 9. It is very anisotropiccompared
to the kernel correspondingo scatteringby a hard-sphere
shownin Fig. 10 for which the crosssectionis constantThe
realistic crosssectionsplace severerestrictionson the per-
mitted energylossin a collision.

To obtain the inelastic kernel, integrationsover initial
andfinal CM energiesaswell asthe scatteringanglemustbe
performed We did so by combiningthe kernelwith the scat-
tering programand using a Monte-Carlomethodfor the in-
tegrations. For multidimensional integrations the Monte-
Carlo methodis very efficient. Sincethe scatteringprogram
allows for randomselectionof initial CM energiesandim-
pactparametersvhich resultsin randomdistributionsof final
energiesandscatteringangles the necessaryntegrationsfor

FIG. 10. Boltzmannkernel for the sameconditionsasin Fig. 9 obtained
using a hard-spheremodel for N N, assumingan arbitrary value of 5
10 15 cn? for the hard-sphererosssection.
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FIG. 11. Boltzmannkernelfor inelasticN N, collisionsfor the samecon-
ditions asin Fig. 9.

the kernel may be performedduring the courseof the dy-
namicswithout explicitly constructinghe doubly differential
crosssection.Theinitial CM energiesare selectedandomly
in theinterval 0,3 eV. Only thosetrajectorieswith final CM
energylessthantheinitial energyareincludedin the Monte-
Carlo sum. The differencein energyis takenup asinternal
energy of the molecule. The initial rotational level of the
moleculeis sampledfrom a Boltzmanndistribution at the
bathtemperatureln Fig. 11, we showtheinelastickernelfor
the sameconditionsasfor the elastickerneldepictedin Fig.
9. It is markedly anisotropiccomparedto the hard-sphere
modelandslightly lesslocalizedthanits elasticcounterpart
becausef the additionalenergylossin internalexcitationof
the molecule.

The computedBoltzmannkernelscanbe usedto derive
the averagerate of energyloss aswell asthe frequencyof
thermalizingcollisions.In Fig. 12 we showthe averagerate
of energyloss of the N atomsas a function of the initial
energyin the LF for both elasticandinelasticN N, colli-
sions computedusing eq. 13. The factor (E E ) in eq.

FIG. 12. Averagerate of energyloss( (E)) of fastN(*S) atomsin elastic
andinelasticN N, collisionsobtainedfrom the correspondingernelsasa
function of the collision energymeasuredn the laboratoryframe.

J. Chem. Phys., Vol. 108, No. 3, 15 January 1998
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FIG. 13. Frequencyof elasticandinelasticcollisions derivedfrom the cor-
respondingkernelsas a function of the N atom energyin the laboratory
referenceframe.

13 suppressethe largecontributionfrom small anglescat-
tering large impact parametercollisions which appears
alongthe diagonalpart of the kernel,E E in Fig. 9. Such
collisionsonly rearrangehe direction of theinitial andfinal
momentain the LF but do not induce energytransfer.The
main contributionto the energyloss comesfrom the wings
of the kernel which widen with increasein energyof the
incidentatom.

The frequencyof thermalizingcollisionsevaluatedusing
eqg. 12 for bothelasticandinelasticencounterss shownin
Fig. 13 asafunctionof theinitial energyof theN atomin the
LF. Its inverseis thetime betweerthermalizingcollisions.In
Fig. 13, the main contributionto the elasticpart arisesfrom
small angle scatteringbut such collisions are ineffective in
energytransferas discussedabove.For this reason.though
the frequencyof elastic collisions is more than a factor of
two largerthaninelasticcollisions, the latter contributeim-
portantly to the slowing of the nitrogenatomsand are only
slightly lesseffective than elasticcollisions as illustratedin
Fig. 12.

VI. CONCLUSION

We have presentedrealistic quantum mechanicaland
semiclassicatalculationof N N, elasticandinelasticscat-
tering. Elastic differential and total crosssectionsare con-
structedfrom the quantummechanicalcalculationand in-
elastic doubly differential cross sections using a
semiclassicalapproach.The computed cross sectionsare
usedto constructthe Boltzmannenergyrelaxationkernelfor
fastN(*S) atoms,from which differentcharacteristicef the
thermalizationprocesscan be extracted.
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