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Energylossof fast N(4

�
S
�

)
�

atomsin a bathgasof N2 moleculesis investigatedtaking into account
elastic� andinelasticcollisions.Quantummechanicalcalculationsusingavibrationallyclose-coupled
rotationally� suddenapproachareperformedto obtainthe elasticscatteringcrosssections.Inelastic
cross	 sections involving ro-vibrational transitions of the molecules are determined from a
quantum-classical
 approachin which the vibrational motion of the molecule is treatedby the
time-dependent
�

quantummechanicalmethodand the remainingdegreesof freedomdescribedby
classical	 mechanics.Thecomputedangularandenergyresolvedcrosssectionsareusedto construct
the
�

Boltzmann kernel for energy relaxation of fast N(4
�
S
�

)
�

atoms from which the parameters
governing� the thermalization are readily extracted. © 1998 American Institute of Physics.
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I. INTRODUCTION

The approachto thermalizationof initially energeticat-
oms� in a bath gas is an important aspect of hot atom
chemistry.	 1–4 It

�
hasbeenstudiedexperimentallyfor excited

atoms� by measuringthe Dopplerprofile of the velocity dis-
tribution
�

in the presenceof a bathgas.5–9
�

An accuratechar-
acterization� of the thermalizationprocessrequirescrosssec-
tions
�

for energytransferprocesseswhich involve elasticand
inelasticcollisions with the bath gasatomsand molecules.
Not
�

only the total crosssectionbut the energyand angular
dependence
�

of thecrosssectionareimportantfor anaccurate
description
�

of thermalization.10,11The
�

difficulties in precisely
evaluating� thesequantitiesandtheir usein solving the Bolt-
zmannkinetic equationhave often necessitatedthe use of
simplified� modelssuchasthehard-sphereapproximationfor
which� a simpleanalyticalexpressioncanbe derivedfor the
Boltzmannkernel.12–14 However,the neglectof energyand
angular� dependenceof thecrosssectionis a majordrawback
of� this approachandmay result in an unrealisticdescription
of� the kinetics.

The thermalizationof energeticN(4
�
S
�

)
�

atomsin the up-
per� atmospherehasattractedconsiderableattention10,11,15–21

because
�

the energeticatoms are a sourceof vibrationally
excited� NO molecules18–20 emission� from which has been
detected.
� 22,23

 
In this study,we haveperformedrealisticquan-

tum
�

mechanicaland semiclassicalcalculationsof energy
transfer
�

crosssectionsin N ! N
�

2
 collisions.	 The computed

cross	 sectionsareusedto evaluatethe Boltzmannkernelfor
which� we have recently derived a new analytical
expression� 11 which� doesnot usethe hard-sphereapproxima-
tion
�

andincorporatesbothangularandenergydependenceof
the
�

energytransfercrosssections.Different characteristicsof
the
�

thermalizationprocessare readily extractedfrom the
Boltzmann
"

kernel.
The
�

paperis organizedasfollows: In sectionII, we de-
scribe� the quantummechanicalapproachusedfor the calcu-
lations of elasticcrosssectionsand in sectionIII the semi-

classical	 approachusedfor inelastic collisions with N2
 . In

section� IV we briefly review the expressionfor the Boltz-
mannkernel.Resultsof thecalculationsarepresentedin sec-
tion
�

V anda summaryof our findingsis given in sectionVI.

II. QUANTUM MECHANICAL APPROACH

Though
�

significantprogresshasbeenmadein numeri-
cally	 exactquantummechanicaltreatmentsof atom-diatom
scattering,� explicit calculationsof cross sectionsand rate
constants	 have been restrictedto H # H

$
2
 , F%'& H

$
2
 and� their

isotopic
(

equivalents.The calculationsbecomeprohibitively
expensive� for heaviersystemsdueto the proliferationin the
numberof ro-vibrationallevels to be includedin the close-
coupled	 equations.For the systeminvestigatedhere,due to
the
�

heavymassof the atomsand the difficulty in obtaining
an� accuratepotential energysurface ) PES* ,% we employ an
approximate� quantummechanicalschemebasedon the sud-
den
�

approximationfor rotationalmotion. The infinite order
sudden� approximation+ IOSA

� ,
calculations	 havebeenexten-

sively� appliedto atom-diatomnonreactiveandreactivescat-
tering
�

processeswith considerablesuccess.The IOSA has
been
�

shown to be appropriatefor the collision betweena
heavy
-

moleculeand a light atom for which at higher colli-
sion� energiesthe basicassumptionsbehind the approxima-
tions
�

aresatisfied.Sincethetranslationalenergiesconsidered
in
(

the presentstudyarerelatively high the IOSA is justified
and� we believe that any error introducedby its use is less
than
�

the uncertaintiesarising from the potential.The IOSA
has
-

beenrecentlyusedby Gilibert et. al.24,25
 

to
�

studyN / O
0

2
 

reactive� collisionsandAguilar et. al.26 to
�

studyN 1 NO
�

reac-
tive
�

scattering.In thepresentimplementation,thecalculation
involves solving the vibrationally close-coupled radial
Schro
�

¨dinger
�

equationfor a numberof orientationanglescho-
sen� as Gauss–Legendrequadraturepoints. By averaging
over� the angledependenceof the S

�
-matrix elements,we ob-

tain
�

an orientation-averagedIOSA integralcrosssectionfor
state-to-state� vibrational transition
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where� d is
(

thekinetic energyandk
CEe

is
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themomentumfor the
incoming
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III.
¨

SEMICLASSICAL APPROACH

For inelasticcollisionswith moleculesinvolving the ex-
citation	 of ro-vibrationaldegreesof freedomthe evaluation
of� the doubly differential crosssectionis a formidablecom-
putational� problemandwe employa dynamicsmethodbased
on� semiclassicaltheory. The semiclassicalapproachem-
ployed� here has been previously used for more complex
four-atom
©

reactive27,28 and� nonreactive scattering
problems.� 29 In

�
this approach,the degreesof freedom for

which� thequantumeffectsarethemostimportantaretreated
quantum
 mechanicallyand the remainingare treatedclassi-
cally.	 Quantummechanicaleffectsbecomeimportantwhen
the
�

energy spacingsbetweendifferent quantumstatesare
largeor tunnelingis present.Sincetunnelingplaysno role in
N
�«ª

N
�

2
 collisions	 andtherotationallevelsarecloselyspaced,

we� employeda classicalmechanicaldescriptionfor the rota-
tional
�

and relative translationalmotion of the systemand a
quantum
 mechanicaltreatmentfor the vibrational motion.
For
¬

the quantumdynamics,we solve the time-dependent
Schro
� ¨dinger

�
equation

i
­J®°¯k±³² r,% t´yµ¶

t´ · ¸ ¹ 2

2
~

mº
» 2¼
r½ 2
 5¾ 1

2
~

mrº 2
 p¿ÁÀ2 Â p¿ÄÃ2

sin� 2
 ÆÅ

Ç
V È RÉ ,% r½ ,%\Ê ,%\ËÄÌ Í³Î r½ ,% t´yÏ ,% Ð 3Ñ§Ò

where� mº is
(

the reducedmassof the diatom,R
Ó

and� r½ are� the
relative� translational and vibrational coordinates,respec-
tively,
� Ô

and� Õ are� sphericalpolaranglesof r in a spacefixed
frame,andp¿ÁÖ and� p¿Ä× are� themomentaconjugateto Ø and� Ù .
The
�

evolution of the classicaldegreesof freedom Ú rotation�
and� relative translationÛ is

(
governedby the following effec-

tive
�

Hamiltonian:

HeffÜÞÝ P
ß 2

2 àâá 1

2mº 1

r2
 p¿Áã2 Zä p¿Äå2 

sin� 2
 çæ èêé V ë R,% r,%\ì ,%\íÄî>ï ,%\ð

4
ñ@ò

where� ó is
(

thethree-bodyreducedmass,P
ß

is
(

themomentum
vectorô for the relativemotion,andthequantitiesõ6ö:öJöø÷ denote

�
expectation� valuescomputedusingwavefunctionsobtained
from
©

the solutionof the quantummechanicalpart.

The quantumand classicaldynamicsare solved self-
consistently,	 and transitionprobabilitiesto openvibrational
levels
ù

areobtainedby projectingthe final wavefunction on
to
�

differentN2
 vibrationalô states.Performingthecalculations

for a rangeof impactparametersandaveragingover an en-
semble� of trajectorieswith different initial conditionsfor the
classical	 variables,we can computeenergy transfer cross
section� for a ( ú ,%:ûiü )� transitionas

ý5þ
, ÿ�� ������� 2 	

0
K b



max�
P � ,
���� b��� b d

�
b,% � 5���

where� b
�

max� is
(

themaximumvalueof theimpactparameterb
�

.
The
�

integral is evaluatedby a Monte-Carlomethod.A de-
tailed
�

descriptionof the numerical schememay be found
elsewhere.� 27,28

 
The doubly differential crosssectionwhich

provides� themostdetailedinformationregardingthedynam-
ics
(

including final angularand relative translationalenergy
distributions
�

of the scatteredproductsin the center-of-mass
frame � CMF

� �
is approximatedas

d
` 2 ���

,�� �!#" ,%%$'& ,%)(+*
d
`-,

d
`�.0/ 1 2 2 b

�
max� 1

N
354

i

N
6

P 7 , 8�9i :�; ,%%<'= ,%)>@? b� i

2 A sin�CBEDFBEDHG'I ,%FJ
6
K�L

where� P
�NM

,O�Pi (
Q�R

,%TS0U ,%)V )
�

is for a given ( W ,%�XZY )� transitionandfor
the
�

i
­
th
�

trajectory, the probability to scatterinto a narrow
range� of final energy( ['\%]H^H_0` /2,

acb'd%eHfHg0h
/2)
a

andscattering
angle� ( ikjHlnm /2,

apokqsrFt
/2)
a

at an initial energy u ,% and N
v

is
(

the
�

total numberof trajectoriesspanningthe classicalsub-
space.� A similar relation holds for the doubly differential
cross	 sectionfor rotationalenergytransfer.

IV.
¨

BOLTZMANN KERNEL

The energyrelaxationof fast atomsin a homogeneous
bath
�

gas can be describedby the linear Boltzmannkinetic
equation� providedthedensityof thebathgasis considerably
larger than the densityof fast atoms.The Boltzmannequa-
tion
�

for theprojectileenergydistribution f
w

(
Q
E,% t´ )� in an isotro-

pic� bathgascanbe written11xy
t´ f
w+z

E,% t´|{�} B ~ E � E �)� fw+� E � ,% t´|� dE
`��%�

f
w+�

E,% t´|�
�

B � E �T� E � dE
`��T���-�

E � f
w+�

E,% t´|��� S
�+�

E,% t´|� ,% �
7
���

where� S
�

(
Q
E,% t´ )� is the rateof productionof fast atomswith an

energy� E and� � (
Q
E)
�

is the ratecoefficientsfor the sink reac-
tions
�

which removetheseatoms.
The
�

Boltzmann kernel B
�

(
Q
E
�F T¡

E
�

)
�

provides the rate of
thermalization
�

of a projectileatomwith massM and� initial
lab frame ¢ LF£ energy� E to

�
final LF energyE ¤ by

�
collision

with� a buffer gas of massM
¥

b
¦ and� density N

v
b
¦ . It can be

derived
�

considering the rate of binary collisions
W(
Q
p§©¨ ,% p§ b

¦ ª¬« p§ ,% p§ b
¦ )� which transformthe momentaof the collid-

ing
(

particles from ­ p§ ,% p§ b
¦%® to
�°¯

p§+± ,% p§ b
¦ ²´³ in
(

the LF where the
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subscript� b
¸

refers� to the bath gas.The rate of binary colli-
sions� is relatedto the doubly differential crosssectionac-
cording	 to11,30

W ¹ pº+» ,% pº b
¼ ½T¾ pº ,% pº b

¼#¿�À pº@Á M

M
Â

b
¼ pº b
¼
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1Æ 2

d
` 2
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d
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d
`©É0Ê
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¼ Ò%Ó pºEÔ pº b
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where� theLF momentaÙ pº ,% pº b
¼%Ú and� Û pº+Ü ,% pº b

¼ ÝßÞ are� relatedto the
corresponding	 initial and final relative collision energiesà
and� á0â ,% respectively.The energyrelaxationkernelgivesthe
integral
(

rate of binary collisions with the bath gas which
transform
�

the projectile particle momentum ã pºåäßæèç 2ME to
�é

pº+êTëßìèí 2ME î :

B
ïñð

E
òFó¬ô

E
òöõ�÷ N

ø
b
¼ M 3/2

ù
2
~Ïúüû©ý 2 þ E

òFÿ ���� d
` 2
 ������

,%
	�� ,% cos ��

d
`��

d
`����

�����
pº b
¼�� d` pº b

¼ d`�� p� d`�� p�! ,% " 9�$#
where� %

p� and� &
p�!' are� the solid anglesof initial and final

momenta( in the LF for fixed values of ) pº+* and� , pº.-0/ . The
momentum( distribution function 1 (

Q
pº b
¼ )� is assumedto be

Maxwellian and the doubly differential crosssectionin eq.2
9
�$3

may be computedquantummechanicallyif possibleor
approximated� accordingto eq. 4 6K$5 . Analytical expressionfor
B
ï

(
Q
E
ò7608

E
ò

)
�

hasbeenobtainedin the pastfor elasticcollisions
assuming� energy and angle independentdifferential cross
sections,� thesocalledhard-spherecollision model.12,13,31Re-
cently,	 we havederivedananalyticalformula for B

ï
(
Q
E
ò79;:

E
ò

)
� 11

for
©

arbitraryelasticor inelasticcollisionswhich incorporates
the
�

doublydifferentialcrosssection.It involvestransforming
the
�

integrationvariablesin eq. < 9�$= from LF to CMF by ap-
plying� conservationof momentain the two referenceframes
and� appropriatelycarrying out the integralsover the solid
angles.� The expressionfor the kernelmay be written
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2kT
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where� the maximal and minimal scatteringangles È�É and�Ê�Ë are� obtainedfrom the fixed valuesof initial and final
energies� in LF andCMF by the formulas

cos	 Ì Í.ÎnÏ
Ð�Ñ�Ò
Ó M

Â
ÔÖÕØ× E

òÚÙ�Û
E
ò7Ü±Ý 2

2 Þ ß�ß�à . á 11â
The frequencyof thermalizingcollisions is given by

ãåä Eò æCç
0
K è B
ï�é

E
ò7ê;ë

E
òIì

dE
`îí

. ï 12ð
Its
�

inverseis themeantime ñ spent� by theprojectilebetween
successive� collisions. Similarly, an averagerate of energy
lossper collision may be definedas

ò�ó E ôCõ
0
K ö B ÷ E ø;ù E ú³û E ü E ý±þ dE

` ÿ
.

�
13�

V. RESULTS

A. Elastic N � N2 collisions�
The
�

elastic differential crosssectioncalculationswere
carried	 out usingthe quantummechanicalschemedescribed
in sectionII. Morseoscillatorwavefunctionswith anappro-
priate� quadraturerule were usedto obtain the matrix ele-
ments( of theinteractionpotential.Thetwo lowestvibrational
levels of the moleculewere included in the coupledequa-
tions.
�

TheNumerovmethod32
ù

was� usedto solvethecoupled
equations.� Due to the unavailabilityof an accurateab initio
potential� energy surface for N � N

�
2
 ,% a London-Eyring-

Polanyi-Sato
� �

LEPS
� 	

PES
� 33

ù
with� an additional attractive

C6

 /
a
R6



long-rangeinteraction was used, the value for C6



being
�

taken from Ref. 34. The additional long-rangeterm
modifies( only the elasticcrosssectionsas the inelasticen-
ergy� transfer is restrictedto small impact parametercolli-
sions.� Thoughthe PESusedis not accurateto describeall
aspects� of N � N

�
2
 collisions,	 we believeits featuresarereal-
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istic enoughto discussthe different aspectsof the results
presented� here and provide a useful descriptionof fast N
atom� thermalization.

In
�

Fig. 1, we show the IOSA elastic differential cross
sections� for N 
 N

�
2 collisions	 at four different valuesof N

atom� kinetic energy.For the highestenergyof 3 eV, 700
partial� waveswere included in the partial wave sum. The
integralvaluesfor theelasticcrosssectionsareshownin Fig.
2 as a functionof thekinetic energyof theN atom.Thecross
sections� decreaserapidly with increasein energyfrom 2.5�

10� 14 cm	 2 at� 0.02eV to 6.3� 10� 15 cm	 2 at� 3 eV.

B. Inelastic N � N2 collisions�
To
�

obtain the inelasticcrosssectionsand calculatethe
kernel
�

of the Boltzmannequation,we haveperformedtwo
sets� of calculations.For thecrosssectioncalculations,theN2

moleculewas taken to be in the rotational level j
���

7,
�

the
most( populatedat 300 K. The initial ��� 0

�
vibrationalwave

function
©

of the moleculewasdiscretizedon a 1-dimensional
grid� of 128 points.The initial atom-moleculecenterof mass
separation� waschosento be8 Å. Themaximumvalueof the

impact
(

parameterwas takento be 4 Å. A numberof wave
packets� with randominitial conditionsfor the classicalvari-
able� werepropagatedandat theendof eachpropagation,the
final wavefunction wasprojectedon to openN2 vibrationalô
states� to determinethe vibrational transition probabilities.
The
�

wavepacketpropagationwascarriedout usingthesplit-
operator/FFT� method.35

ù
For thedifferentialcrosssectioncal-

culations,	 the total number of trajectories � wave� packets�
propagated� was20000for eachenergy.However,if only the
total
�

crosssection is desired,it can be obtainedto within
20%–30% statisticaluncertaintywith a few hundredwave
packet� trajectories.

In
�

Figs. 3, 4 and5 we showthe CMF differential cross
sections� for the ��� 0 t

�
o ��� 1 transition in nonreactive

N
�! 

N
�

2 collisions	 at centerof mass " CM
# $

translational
�

ener-
gies� of 1, 2 and 3 eV, respectively.We show the results
obtained� usinga Fouriercosineexpansionof the differential
cross	 sectionasgivenby Aoiz et. al.36

ù
as� well asthestandard

histogrammethod.The Fourierexpansionhasthe advantage
that
�

it providesthe differential crosssectionasa continuous
function
©

of the scatteringangle.In Fig. 5 the oscillationsin

FIG. 1. ElasticCM differential crosssectionsfor N % N
&

2 collisions.

FIG.
'

2. Integral elasticcrosssectionfor N ( N
&

2 collisions as a function of
the
)

energyof relativemotion.

FIG.
'

3. CM differential cross section for N * N
&

2( +-, 0, j
.0/

7) 1 N
&32

N
&

2( 45 1, all j
.
) nonreactiveprocessat E

6
trans
798 1 eV. The smoothcurve is the

result: of the Fourierexpansion.

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

Fourier fit is most likely arising from the statisticalun-
certainty.	 The pronouncedbackward scattering in Fig. 3
shows� that headon collisions are favorablefor vibrational
excitation� at low translationalenergies.At higher energies,
there
�

is a progressiveshift towardsthe forward direction.
In
�

Fig. 6, we show integral vibrational excitation
cross	 sectionsfor <�= 0

�?>
1 and @�A 0

�?B
2
~

transitionsand in
Fig. 7 we plot the rotational excitation cross sectionsC

j
DFE (
QHG�I

0,
�

j
�KJ

7
�?LNM�O

0,
�

j
�KP

7
�

) from the semiclassicalcal-
culations	 andcomparethemwith theresultsof a purelyclas-
sical� mechanicalcalculationwith a rigid rotor approximation
for themolecule.Rotationalexcitationis significantat low N
atom� kinetic energiesand vibrational excitationat energies
above� 1 eV. Figure7 showsthat the rigid rotor approxima-
tion
�

is satisfactoryin describingrotationalexcitationof the
molecule.The largevaluesof the rotationalexcitationcross
sections� comparedto vibrational excitation are due to the
small� energylevel spacingsbetweenrotational levels with
the
�

consequencethat small perturbationsaresufficientto in-
duce
�

a rotationaltransition.We usethe rotationalexcitation
cross	 sectionsto evaluatethe inelasticpartof theBoltzmann

kernel.We alsopresentin Fig. 7 the energyrelaxationcross
sections� of N atomsobtainedby Gerardet. al.21 usingQ quasi-
classical	 trajectory calculationsin which they sampledthe
initial ro-vibrationallevelsof theN2 moleculefrom a 500K
Boltzmann distribution. Given the different assumptions
usedQ in calculatingthe crosssections,the agreementis not
unsatisfactory.Q

In Fig. 8, we show the energy loss cross sectionsRTS
j
DVU E
òXW

j
DFY (
Q
0,7Z\[ ,% j� )

�
from thesemiclassicalcalculationasa

function
©

of theCM kinetic energyof theN atom.Theenergy
losscrosssectionis a measureof coolingof the fastN atom
in collision with N2 resultingin ro-vibrationalexcitationof
the
�

molecule.

C.
]

Energy relaxation kernel of fast N atoms

The
�

evaluationof theBoltzmannkernelaccordingto eq.^
10_ requires� differential crosssectionsfor elasticcollisions

and� doublydifferential crosssectionsfor inelasticcollisions.
The
�

elasticdifferential crosssectionswere computedat 35

FIG.
'

5. Sameasin Fig. 3 but at an energyof 3 eV.

FIG. 6. Integral cross sections for N ` N
&

2( a-b 0, j
.0c

7) d N
&3e

N
&

2( f�gh 1,2, all j
.
) as functions of initial N atom kinetic energy:open circles

( i�jlk 1), opentriangles( m�npo 2).

FIG.
'

7. Crosssectionsfor rotationalexcitationof N2 in
q

N r N
&

2 collisions
obtainedusing the rigid rotor s opencirclest and the vibrating rotor u open
triangles
) v

models.The resultsof Gerardet al. w Ref. 21x areshownby open
squares.

FIG.
'

8. Energylosscrosssectionsasa functionof thekinetic energyof the
N
&

atomin the CM frame.
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different
�

initial CM energiesin therange0–3 eV usinga fine
meshfor the scatteringangle z 0.5°

� {
. A linear interpolation

methodwas usedto generateadditional crosssectionsbe-
tween
�

theseenergyvaluesto evaluatethe integral using a
trapezoid
�

quadraturescheme.The resulting elastic N | N
�

2

kernelcorrespondingto a densityn} (N
Q

2)
�

of 2.7~ 109
�

cm	 3
ù

and�
temperature
�

844 K characteristicof the upperatmosphereat
200
~

Km is depictedin Fig. 9. It is very anisotropiccompared
to
�

the kernel correspondingto scatteringby a hard-sphere
shown� in Fig. 10 for which thecrosssectionis constant.The
realistic� crosssectionsplacesevererestrictionson the per-
mitted( energyloss in a collision.

To obtain the inelastic kernel, integrationsover initial
and� final CM energiesaswell asthescatteringanglemustbe
performed.� We did soby combiningthekernelwith thescat-
tering
�

programandusinga Monte-Carlomethodfor the in-
tegrations.
�

For multidimensional integrations the Monte-
Carlo
�

methodis very efficient.Sincethe scatteringprogram
allows� for randomselectionof initial CM energiesand im-
pact� parameterswhich resultsin randomdistributionsof final
energies� andscatteringangles,thenecessaryintegrationsfor

the
�

kernel may be performedduring the courseof the dy-
namics� without explicitly constructingthedoublydifferential
cross	 section.The initial CM energiesareselectedrandomly
in theinterval � 0,3

���
eV.� Only thosetrajectorieswith final CM

energy� lessthantheinitial energyareincludedin theMonte-
Carlo
�

sum.The differencein energyis takenup as internal
energy� of the molecule.The initial rotational level of the
molecule is sampledfrom a Boltzmanndistribution at the
bath
�

temperature.In Fig. 11,we showtheinelastickernelfor
the
�

sameconditionsasfor the elastickerneldepictedin Fig.
9.
�

It is markedly anisotropiccomparedto the hard-sphere
modelandslightly lesslocalizedthan its elasticcounterpart
because
�

of theadditionalenergylossin internalexcitationof
the
�

molecule.
The
�

computedBoltzmannkernelscanbe usedto derive
the
�

averagerate of energyloss as well as the frequencyof
thermalizing
�

collisions.In Fig. 12 we showthe averagerate
of� energyloss of the N atomsas a function of the initial
energy� in the LF for both elasticand inelasticN � N

�
2 colli-	

sions� computedusing eq. � 13� . The factor (E � E � )� in eq.

FIG. 9. Boltzmannkernel in units of eV � 1 s� 1 for elasticN � N
&

2 collisions
for a N2 densityof 2.743� 109

�
cm� 3

�
andtemperature844 K.

FIG. 10. Boltzmannkernel for the sameconditionsas in Fig. 9 obtained
using� a hard-spheremodel for N � N

&
2
� assumingan arbitrary value of 5�

10� 15 cm2
�

for the hard-spherecrosssection.

FIG.
'

11. Boltzmannkernelfor inelasticN � N
&

2 collisionsfor the samecon-
ditions asin Fig. 9.

FIG. 12. Averagerateof energyloss( � (E)) of fast N(4S
�

) atomsin elastic
andinelasticN � N

&
2 collisionsobtainedfrom thecorrespondingkernelsasa

function of the collision energymeasuredin the laboratoryframe.
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�
13� suppresses� the largecontributionfrom smallanglescat-

tering
� �

large impact parametercollisions� which� appears
along� the diagonalpart of the kernel,E � E   in Fig. 9. Such
collisions	 only rearrangethe directionof the initial andfinal
momenta( in the LF but do not induceenergytransfer.The
main contributionto the energyloss comesfrom the wings
of� the kernel which widen with increasein energyof the
incident
(

atom.
Thefrequencyof thermalizingcollisionsevaluatedusing

eq.� ¡ 12¢ for both elasticandinelasticencountersis shownin
Fig.
¬

13asa functionof theinitial energyof theN atomin the
LF.
�

Its inverseis thetime betweenthermalizingcollisions.In
Fig. 13, the main contributionto the elasticpart arisesfrom
small� anglescatteringbut suchcollisions are ineffective in
energy� transferas discussedabove.For this reason,though
the
�

frequencyof elasticcollisions is more than a factor of
two
�

larger than inelasticcollisions, the latter contributeim-
portantly� to the slowing of the nitrogenatomsandareonly
slightly� lesseffective thanelasticcollisionsas illustratedin
Fig.
¬

12.

VI.
£

CONCLUSION

We
¤

have presentedrealistic quantummechanicaland
semiclassical� calculationsof N ¥ N

�
2 elastic� andinelasticscat-

tering.
�

Elastic differential and total crosssectionsare con-
structed� from the quantummechanicalcalculationand in-
elastic� doubly differential cross sections using a
semiclassical� approach.The computedcross sectionsare
usedQ to constructtheBoltzmannenergyrelaxationkernelfor
fast
©

N(4S
�

)
�

atoms,from which differentcharacteristicsof the
thermalization
�

processcanbe extracted.
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â

J. Chem.Phys.94, 7991�
1991� .

FIG.
'

13. Frequencyof elasticandinelasticcollisionsderivedfrom the cor-
responding: kernelsas a function of the N atom energyin the laboratory
referenceframe.

949Balakrishnan, Kharchenko, and Dalgarno: N � N2
¶ collisions

J.
·

Chem. Phys., Vol. 108, No. 3, 15 January 1998


