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Chapter 1: Vibrationd Rdaxation of HF(v) Molecules by H

Atomsin the Hydrogen Fluoride Chemical Laser System

1.1. Introduction

Interest in the vibrationd relaxation of HF(v) molecules by H atoms daes
back to the efforts to undestand and modd the HF chemical laser.* In a chemical
laser, energy liberated from an exothermic chemical reaction produces the necessary
popuktion inversion. The hydrogen fluoride (H,+F,) chemica laser is the mogs
extengvely studied of all chemical lasers. The detailed kinetics of the laser is fairly
complex. The list of major processes tha mug be conddered to modd and

undestand the (H,+F, ) chemical laser is shown in Table 1.1. The highly exothermic
(#E ~ BB2 kcal/mol) reaction of atomic hydrogen with molecular fluorine (pumping)

can produce significant amount of HF in high vibrationd states.

Vibrationdly excited HF can be deactivated by collisions with H,,° F, H,
other buffer gasses and by collison with HF itself. As a result, overall collisond
deactivation is an involved process involving a combinaion of vibrationd-
rotationd/trandationd (V$ R, T) energy trander, vibrationd-vibrationd (V$ V)
energy transfer, reactive quenching, or other processes (such as wall collisiong.? The

successful opeation of chemical lasers such as the HF laser, requires tha the



pumping of excited vibrationd levels berapid with respect to collisond removd and
decay by spontaneousemissions

Table 1.1 Reaction schemein the(H,+F,) chemical laser system

(D) Initiation F,! 2F

(2) Pumping F+H, — HF(v)+H
H+F, — HF(v)+F

(3) Vibrational relaxation (vibrational to HF(V)+M — HF(v-1)+M
translational and rotational energy transf —
gy transier) M=H, F, He, H,, F,, HF
H,(V)+M — H,(v-1+M
(4) Vibration-vibration energy trarsfer HF(v)+HF(v') - HF(v+1)+HF(v'-1)

HF(v)+H, (v'") = HF(v+1)+H, (v'-1)
H,(1)}+H,(1)— H,(2)+H,(0)

(5) Reactve quenching HF(v)+H! H+F+H! H,+F
(6) Chain branching HF(v! 4¢+F," 2FHHF(0)
(7) Stimulated emission HF(v)+hv — HF(v-1)}+2hv

HFE(v, j)+hv" HF(v, j-1 or j-2)+2hv

(8) Rotational relaxation HF(v, )+M ! HF(v, j»+M

Early classical tragjectory calculations® indicated tha H atoms are the
domnant deactivators in hydrogen hdide laser systems. Thus in the presence of
excess atomic hydrogen, reactionsof H atoms with vibrationdly excited states of HF
can be an important mechanism by which laser emission is terminaed and the laser
system is broughtto chemical equilibrium. This occurs by a combination of vibration

rotationtrandation (V$ R, T) processes.™®



Thevibrationd relaxation of HF(v) molecules by H atoms can proceed by

three channds (Fig.1.1) : (1) indastic vibrationd relaxation unaccompanied by H
atom exchange

H!+HF(v)" H!4+HF(/<v) (119
(2) indadtic vibrationd relaxation accompanied by H atom exchange

H’+HF(v) — H+H’F(v'<v) (1.1b)
and (3) reactive quenching

HI+HF(V)"  H,(VI=0+F (119
As is illugrated schematically in Fig. 2.1, because the F+H, — HF+H reaction is

endoegic by 1.388eV (32,01 kcal/mol),* thelast process (1.1¢) is possible only for
aufficiently high degrees of HF vibrationd and/or rotationd excitation, or for

aufficiently hightrandationd energy.

Reactants Transition states Products

Channel 1a ‘ + 0 +

-
Channel 1b e - - H
—

Channel 1c e + H +

Figure 1.1 Schematic drawing showing three channds of vibrationd relaxation of

Qe

HF(v) in collisonswith H atoms



1.2. Experimental study of HF+H vibrational relaxation

Bott and Heidne™*™*® reported an early experimental study of the desctivation
of HF in v=3, 2 and 1 by collisonwith H at temperatures between T=200 and 295K.
Vibrationdly excited HF was produed by sequential absorption of infrared laser
phoons from a pulsed, transverse-excitation, atmospheric-pressure HF laser. The

hydrogen atoms were created by a microwave discharge in H,. The abslute

concentration of H atoms as a fundion of time was measured by isothermal
calorimetry. The decay of the H atom concentration was assumed to be equd to the
decay of thevibrationdly excited HF molecules.

The decay times of HF(v=3, 2 and 1) were measured with the microwave

dischargeon (!, ) and with thedischargeoff (7. ) a thesame flow rates. If pseudo

first-order conditions are assumed ([HF] >> [H]) then the ovedl removd rate

congant for HF(v=1, 2, or 3), which is designaed &, can be determined as follows:

T =Ty = K[ H] (12)
where [H] is the concentration of H atoms. This remova rate constant £ represents a
sum over removd by the three different channds [Eq. (1.1)]. Unfortunaely, the

experiment of Bott and Heidne cannotseparate out these individud channds.

In the experiments in which the HF(v=3) remova rate was measured, 7, was

5to 20 times smaller than 7 . In those studies in which the HF(v=2) removd rate
was measured, 7, was only slightly shorter than ! , at approximately the same H

atom coneentrations used for the HF(v=3) experiment. From the daa obtained at

several temperatures, Bott and Heidne™™** conduded tha the overall remova rate



congdant for HF(v=3) is afactor of 100faster than tha for HF(v=2), while therate for
HF(v=2) removd was foundto be only four times faster than the comparable process

involving v=1.

1.3. Vibrational relaxation of HF (v=3) by H atoms

1.3.1. Chamel (1.1c)

Quasi-classical trgjectory (QCT) calculationswere carried out by Wilkinsand
Tompson® based on a semiempirical LondonrEyring-Polanyi-Sato (LEPS)™ potential
enegy surface. In the endohemic abdraction reaction of H with HF, these
calculations® show tha vibrationd energy will be more effective than trandationd
or rotationd energy in bringing aboutthis reaction. Thisis because thetrangtion state
iscollinear, so, as shown in Fig. 1.1, vibration leads directly to the bondbreaking and
forming which are necessary for the reaction to occur. As a corollary, for the
collinear approach the QCT calculations suggest tha main indastic (HF+H) energy
trander process involves vibrationd energy conversion into trandationd energy and
the minor energy trander process is for vibrationd energy to be conveated into
rotationd energy.

11-13

In the expeiments of Bott and Heidne, the uppe limit for the

H’+HF(v) — H,+F abdraction reaction rate constant was estimated to be 3.0 x 10"

cm®/mol-sec at T=295K. The observed temperature dependence of k(v=3) was fitted

by Bott and Heidne to theexpression



k(v=3)=1.7x10°T*Pe ™ (1.3)
As mentionead earlier in the introdudion, the QCT calculations predicted fast
rate congants for the H+HF(v) abdraction with v#3. The calculated values were
fitted to an expression similar to Eqg. (1.3), namely
k(v = 3) = 108321 0010 83AT (1.4)
Fig. 1.2 shows the dependence on temperature of the H'+HF(v=3) — H, +F rate
congdants predicted by Egs (1.3) and (1.4).

13
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Figure 1.2 Compaison of the temperature dependence of the experimental estimate

[Eg. (1.3)] and the QCT prediction [Eq. (14)] of the rate congant for the

H’+HF(v=3) — H,+F reaction



1.3.2. Chamel (1.1a)+(1.1b)

As dready mentioneal, the indastic deactivation of vibrationdly excited
hydrogen fluonde HF(v) can occur in two different ways: (1.1@ trander of
vibrationd energy into trandationd energy without H-atom exchange and (1.1b)
trander of vibrationd energy into trandationd energy with H-atom exchange The
first process correspondsto a nonreactive indastic collison. When the H atom
collides with HF(v) molecule, the HF(v) molecule loses or gans vibration energy and
endsup in afind vibrationd state v! as HF(v!). The second process corresponds, in
reality, to areactive collison. When the H atom collides with an HF(v) molecule, the
inddent H atom replaces the H atom from HF(v), and a new HF(v') molecule is
formed in alower vibrationd state.

The QCT calculationsof Wilkins and Thompson®* show that the vibrationd
energy of HF(v) is conveted mainly into trandationd energy in these two processes.
Thetotal QCT deactivation rate condants for both processes was fitted as

k(v =3) =102 /KT (15
At T=295K, the deactivation rate condant for v=3 was caculated to be
1.7x10" cm®/mol-sec. It is not clear from the article by Wilkins and Thompson
wha exactly were the barrier haghtsin the LEPs surface they used. Bott and Heidne
mentioned that Wilkinsand Thompson had used values of 1.5, 2.5 and 40 kcal/mole*?

for theexchangereaction (process (1.1b)).



1.3.3. Chamel (1.1a)+(1.1b)+(1.1c)

If Bott and Heidna's estimated rate condant (1.4 £1.5)x 10" cm®/mol-sec
for channd (1.1¢) is subtracted from the experimental measurement, then the rate
condant to be ascribed to the sum of channds (1.1 and (1.1b) is
(5+ 3)x 10" cm’/mol-sec. The trgjectory caculations on LEPS surface do not
predict as fast a rate. The comparison between the expeimenta measurement and
QCT resaults at T=295K is shown in Table 1.2. We obsrve tha the QCT rate

condants for theoverall removd process are ~3 times smaller than experiment.

Table 1.2 Relaxation rate constants (cm®/mol-sec) of HF(v=3) by H atoms at

T=295K

K o (V=3) K hanneiio) (V=3) K henndagran(V=3)  Reference
Experimenta  (6.3+1.5)x10° (1.4+1.5)! 10° (5+3)x10" 12
measurements
QCT 2.1! 10" 4.1x10" 1.71 10" 8
cdculations

1.4. Vibrational relaxation of HF(v=2,1) by H atoms

Because the enegy of HF(v=2)+H lies bdow the F+H, asymptote, the
deactivation of HF(v=2,1) by H atoms can proceed only by the indastic channds

(1.19 and (1.1b). Asshown in Table 1.3, the QCT calculated rates are approximately



10 times faster than the quenching measurement, likely because Wilkins and
Thompson were usng the LEPS surface which has alow barier height (1.5kcal/mol
or 2.5kca/mol) for exchange of the fluorine As the result of the impostion of an
artificially low reaction barier, QCT calculations predicted tha indastic exchange
process provides an alternaive mechanism for the efficient relaxation of a diatomic
molecule, since the rate congant for the deactivation of HF(v=2,1) molecules by H
atoms resulting from reactive collisons is nearly 4 times tha found for the
deactivation of HF(v=2,1) molecules by H atoms resulting from nonreactive

collisions Table 1.3 shows therelaxationrates at T=295K.

Table 1.3 Relaxation rate condants for HF(v=2,1) by H atoms at T=295K

ktotal (V) kchzmnel( la) (V) kchannel( 1b) (V) Reference
v cm?®/mol-sec cm’/mol-sec  ¢m®/mol-sec
Expeimenta (6.6 + 3)x 10" 13
measurements
2
QCT 9.51 10" 8
cdculations
Experimentd (1.4 +0.4)x 10" 13
measurements
1
QCT 2.6x10% 5.1 10" 2.1! 10" 8
cdculations




1.5. Discrepancies and Questions

The careful ab initio study by Stark and Werne (SW)*® of the FH, potential
energy surface (PES) predicts a reaction barier for channd (1.1b) tha lies abovethe
v=1 and 2 states of HF. Thenumerica values of the bariers heghts will be presented
in Table 2.1. If theHF+H trandationd energy is not enoughto surmountsuch a high
barier, then atom exchangewill not contribute. Consequently, we would expect that
calculations based on the SW PES will not support the conduson from previous
QCT calculationstha the high efficiency of H atomsin relaxing vibrationdly excited
HF(v=1,2) molecules can be attributed to F atom abdraction from HF(v=1,2)
molecules by trandationdly hotH atoms.

The deactivation rates of HF(v) by H atoms can be expected to increase with
v.> As mentional earlier, experiment shows tha the rate condant for HF(v=2)
removd by H appearsto be4 times faster then the comparable process involving v=1;
however, theremovd of HF(v=3) by H atoms is faster by a factor 100 than that for
HF(v=2). The results of trgjectory calculations predict tha the rate congants will
increase by a factor ~3 from v=1 to v=2 but only ~2E8 from v=2 to v=3. These
disagreements might be dueto accuracies in the early potential energy surface used,
in paticular inaccuracies in the predicted barier heights.

The first god of our work, presented hee, is the us of more modean

techniques to investigae HF vibrationd relaxation in collisonswith H atoms. We

10



shdl base our caculations on the fully ab initio PES of Stark and Werner.'®

Furthemore, ingead of quasi-classica trgectory calculations we shdl use fully

guantum mechanical scattering calculations to determine cross sections and rate

congdants for collisonsof H with HF(v) with v=2"5. In paticular, we wish to answer

thefollowing questions

(1)

(2)

3)

(4)

For the collisiond deactivation of HF(v=3) by H atoms, classical trgectory

calculations on the LEPS surface cannot explain the very fast deactivation

rate of HF(v=3) observed from the laser-induced fluorescence expeariments.

We shdl attempt to resolve this discrepancy and also to predict the extent to

which the H'+HF(v=3)— H,+F reaction contibutes to the overall

deactivation.

For relaxation of highly vibrationd states of HF(v>3), are multiple-

guantum trangtions (! v>1) more probale than are single-quantum
trangtions (Av=1)? In more detail, wha are the produd vibrationd state
distributonsfor relaxation of each initial vibrational state?

In the classical trgjectory calculations the deactivation of HF(v=2) occurred
by both reactive and nonreactive collisonswhen a potential energy surface
with low bariers was used, but solely by nonreactive collisons when the
barier was taken to be 40 kca/mol. Wha will quantum mechanical
calculationson an accurate ab initio potential energy surface show?

The vibrationd relaxation of HF(v) by H involves a combinaion of

vibration-rotationtrandation (V$ R,T) processes. How, specificaly, is the

11



vibrationd energy distributed among rotation and trandation? How do these

distributionsvary with initia trandationd and vibrationd energy?

In the course of our investigation we discovered tha the presence of quasi-
bound states trapped in the weak HF(v=3)EH van de Waals well can enhance the
probability of vibrationd relaxation. The role of these quasi-boundstates, and thar
connetion with calculated peaks in the energy dependence of the calculated cross

sectionswill be explored in Chapter 5 of this dissertation.

12



Chapter 2: Potential Energy Surface

2.1. Ab initio Stark-Werner potential energy surface (SW-PES)

In 1996, Knowles, Stark and Werner'®'" presented the first configuration
interaction study of theglobd H" F*H potential energy surface. This SW-PES can be
characterized by the following five various stationayy points: (a) alinear saddle point
(reaction barrier) 41.16 kcal/mol for the symmetric H!+HF " H+H'F reaction; (b) a
bent barier of 3284 kcal/mol high barier for the HI+HF" H,+F reaction; (c) a
linear saddle point of a 3323 kcal/mol high barier for H'+HF — H,+F reaction; (d)
A C,, symmetry van da Waals well in the F+H, produd valley; () A C,
symmetry well in both the H!+HF reactant and H+H’F produd valleys. Thelist of
these stationay point propeties of the SW-PES is given in Table 2.1. The list of
bariersto the HF(v=0,1,2,3)+H!"H !F+H reactionis given in Table 2.2. Therelative
reactant energies, the postion of the bariers and wells, and the postion of the
indicated F+H,and H+H'F channds have been drawn to scale on the SW-PES in

Fig.2.1.

13



Table 2.1 Stationay points on the SW-PES for the H +HF(v) - H+H’F(v'<v) and

H’+HF(v) — H,(V')+F reactions

RHFa l"HHa Eb EC Angled
H’+HF'H !F+H collinear barier 2125 2125 4116 1.78 0
H’+HF" F+H, bent barier 2922 1457 3284 142 61
H’+HF" F+H, colinear barier 2.950 1.442 3323 144 0
Well depth in F+H, arrangement 4.89 140 037 0.016 90
Well depth in H'+HF
419 1.74 025 0.011 0
arrangement.
a. Distancesin bohr, anglesin degree.
b. Enegiesin kcal/mol
c. EnergiesineV
d. Bending anglesin degree
Table2.2 Barriersto the HF(v)+H!"H !F+H reaction.”
E,

Y ev kcal/mol

0 1.72 3966

1 1.23 28.36

2 0.76 1753

3 0.31 7.15

4 -0.12 -2.79

a. Thebarier to HF(v=3)+H!"H ,(v=0)+F is0.01eV (0.25kcal/mol)
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As shown in Fig. 2.1 and Table 2.2, the bent barier lies 0.25 kcal/mol
(0.01eV) abovethe HF(v=3) state. This small barrier will certainly be overcome in
reactive quenching process except at very low collision energy. The collinear barier
lies quite high abovethe HF(v=3) state (0.31 V) but alittle bdow the HF(v=4) state
(0.12 eV). As we can see quditatively in Table 2.2, indastic collisonswith H atom

exchangeat collision energies bdow 0.316V can proceed only by tunnding.

F+H, H+H' F H' +HF
v=1 regctlve quenching vibrational relaxation
= . E—— —_
pumping v=4
collinear barrier
vibrational relaxation / \
’ \
\
bent barrier /
__— ] v=3
V=O | \

Figure 2.1 Schematic plot of the energetics of the three channds relevant to the
vibrationd relaxation of HF(v). The relative reactant energies, the postion of the
bariers and wells, and the postion of theindicated F+H,and H+H'F channds have

been drawn to scde.
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The actud topology of thelinear saddle points for the H!I+HF " H+H'F and

H’+HF — H,+F reactions is illudrated by Figs 2.2 and 2.3. Here, we plot the
potential energy surface as the fundion of the bond coordinaes Ry and Rey: (Or

Ryy). The asymptotic reactant or produd arrangements correspond to the situaion
where oneof thebondcoordinaes is large while the other is equd to the equilibrium
internudear separation of either HF or Ho.

If we start at a point A corresponding to reactants at large separation and let

R, decrease, the energy steadily increases if Ry (Or Ryn) 1S more or less condant.

It is as thoughwe were traveling up a valley. However, motion in a perpendicular
direction results in arapid inaease in energy. If we continueaongthe botom of the
valley, following the minimum energy pahway, the energy continues to increase until
we reach point B, which is a saddle point. Motion forwards or backwards along the
minimum energy pah results in a decrease in energy but motion in a perpendicular
directionresultsin avery largeincrease in energy. The saddle point B correspondsto
thetop of the activation barier in smple trangtion state theory. Thevalley leading up
to the saddle point is known as the entrance channd. Continugion along the
minimum energy pah from the saddle point results in a steady decrease in energy
aongthe exit channd until onereaches the asymptotic produd arrangament at large

separation (point C).
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3.5

R(FH) / bohr

2.5

N ©
1.5 :

1.5 2 25 3 35 4
R(FH") / bohr

Figure 2.2 Contowr plot of the potential energy surface for collinear HFH!, starting
from the entrance channd A, passing throughthe energy barier B and ending along

theexit channd C
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R(FH) / bohr

Figure 2.3 Contour plot of the potential energy surface for collinear FHH!, starting
from the entrance channd A, passing throughthe energy barier B and ending along

theexit channd C
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Chapter 3: Treatment of thedynamics

The quantum reactive scattering calculations are carried out in a manneg

18,19

smilar to the recent work of Manolopoubs and co-workers on the F+H, and

F+HD ? reactions We use a close-coupled, time-independent method™?* based on
the ue of Delves hypaspheica coordinaes” We assume tha the Bom-
Oppenhamer approximation between the electron and nudear motionsis valid and
tha the ground state potential energy surface is known. All interactions involving

nudear and electronic spins and nudear and e ectronic orbital angular momenta are
neglected. The wave fundion for the nudear motion (the scattering wavefundion) is

expanddl in atruncated paity-adgpted basis set of produds of vibrationd-rotationd

states for each of three arrangement channds in the body-fixed frame.?**?°

By expanson in a basis, the Schrsdinge equaion for the motion of the three
nude, which isapartia differential equaionin the three interna degrees of freedom
becomes convated to a set of coupled ordinay 2™ order differential equaions
Numerical solution of these losed-coupledO (or Groupled-channdQ equaions is
carried out by propagaion from small to large hyperradiusthrougha series of sectors.
Canonical orthogondization is then used to condruct a set of orthogond basis
fundions (called surface fundions) in each sector. To solve the close-coupled

equaions we use the ABC codeof Manolopoubsand co-workers.?

In the following sections we shdl present a few deails about use of the

coupled-channd (CC) method in heavy-paticle collisonsinduding energy trander.

19



In paticular, we shdl explain how to condruc the definite parity basis based on the
symmetric propaty of the H-F-H potential, as well asthe method used to separate the
three different produd channds in orde to compae with the expeimenta

measurement.

3.1. Coupled Schrodinger Equations and Basis Functions in Space and Body-fixed

Frames

In Fig. 3.1 we show how the three-dimendond internd configuration space
can be nauraly divided into arrangement channel region subgaces, labeled by the

indices I =1,2,3, with ! =1 for A+BC, ! =2 for B+CA and ! =3 for C+AB. In
our paticular case, thelabds A, B and C correspondto F, H and H! atoms. In each
arrangament subspace we use Jacobi coordinaes, which are defined by??* R, , the

vector from the center of mass of the diatomic moiety to the atom, which describes

the asymptotic trandationd motion; r;a , thebondaxis of thediatomic moiety, which

describes the vibrationd and rotationd motionsof the diatomic moiety; and y,,, the

angle beween R; and 7, , with y,, = cos (R, - 7).
In arrangement 3 for example, the Schrsdinge equation for the motion of the

three nudei i

$ ' 2 I 2 1 n n

- n 2' - n 3
g | +VR3.I3,#)! E)* R3.r3)=0 (3.1)
% 2Ucas Rs 2upg " 2

where p. ,, and u,; arereduced masses
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m,m mg(m, +my)
Upg = A= He ap = = , (3.2
m, + my m,+mg+m.

We then define the mass-scaled Jacobi coordinates” interms of R, andr, by

Ry =0qRy, 1 =di 1

1/4
where, for o=3, d, .= (@] (3.3)
Hyp

Then the Schrdinge equation becomes™

(

AL (2 b2 ) ivR,n, 8! B+ (Rr,)=0 (34)

& 2u
Theadvantagein usng mass-scaled coordinaes is the appearance of a single reduced
mass 1 which isindgpendent of the choice of arrangement

1/2
e (mj (35
m, + Mg + M,

23,26

In a space-fixed frame, the spheica polar coordinaes for the vectors

R, .1, ae (R,.0, .0, ) and (r,.6, .9, ). If we express the Laplacian opeators in
terms of R,,r,and these angles, the Schrsdinge equaion can be written in terms of

therotationd angular momentum opeator ] and orbital angular momentum operator

!

FRRS1 # IR TR
Al —o——R +——Ty + >+ >
CoubR R w2 ) 2ur? 2uR

FVR L) Egl (R,r.))=0(36)
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The total angular momentum opeator J is the vector sum of } and | . Both its

magnitude and space fixed projection M are consrved during the collision,
indgpendent of arrangament channd.

Thefull space-fixed wavefundionsare then expanded as™*?®

¥, Ryt = D 0" (0, .0, 36, .0, )G (R,.1,) 3.7)
)

o ja

Ol 6, 1,36,.0.)= X, ClnlyJsm, m MY, . (6.0, ©..0,) (38

Mgy My
where C(jlJ;mmM) is a Clebsch-Gordan coefficient,” v, isaspheical harmonic;™

andM and m are the projection quantum numbers of the angular momenta along the
space-fixed OZ axis.

We now introduc a body-fixed coordinae system® OX!Y!Z! as shown in Fig.
3.2. Thevariables used to describethe system are R,,6; % ,1,.7,, ¥, , & compaed
to R " JH n,", #, in the space-fixed frame. Here, vy, is defined as the angle
between the two planes OXZ and OX!Z!. A motion in which the variables

R,.0s :0x .1, 7, arekeptcongantbut v, varies correspondsto a QumblingQof the

triatomic system aroundthe vector R For thisreason y, will becalled the tumbling
angle.
The overdl rotationd motion is described by the quantum numbers j and k,

where the assod ated tumbling quantum number & specifies the component of thetotal

angular momentum J aroundthe body-frame OZ! axis. Since the component of the

orbital angular momentum I around this axis vanishes, k aso specifies the z
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component of rotationd angular momentum } in the body-fixed frame. In reactive
scattering calculations where the designation of the z axis depends on the
arrangement (FBH, , HFEH', or H'FEH), the body-frame projection differs from one

arrangament to another. In the ABC code* which we use to solve the Schridinge

equdionsfor the A+BC dynanmics, thisis called the hdicity quantum number.

Therotationdly coupled body-fixed basis fundionscan be defined in terms of

Wigne rotation matrix elements D;, % similarly to Eq. (3.7) and (3.8). We have %%
J
! M (R’ ’r" ) = ) Dlﬂ/lk (#R ’$R. ’o)%Jk.. (R ’r" ’&' ” " ) (39)
ki =(J

%
D R #.8.)= & Y., # .8 w, (R,r)k ="J"J+1,..J;3=0,12,.

Jo =k |
(3.10)
We combine Eqgs (3.9) and (3.10), and further separate the two nudear distance

variables R and r by expanding in a complete set of fundions ¢,;(r) which span the

vibrationd motion of the diatomic moiety. We then write the full basis fundionsfor

thetriatomic system (ABC) in thebody-fixed frame as:*®

¥ R)= Y S Dl (0n .0 0, (oW )W, (R.L)
=3 ke

J . HV' 'I (rl )
= & & &DI{/Ik! ("R! ’#R! ’O)Yj! ky ($| %8 )g\{!k!j! (R, )j—

ke =(J ji =lk | v h

(3.12)
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where g(R) describes the stretch of theHF-H complex, and Y, (7, ) isaspheical

harmonic. One may show?® tha the body-fixed and space-fixed representations may

berelated by usngtheequdity

, £ 172

" 4& i -k . . [T "
DI{/Ik! . ’O)Yﬂ k ($! ’%. ):2m+ /1! (-n" " C(Jj b sk - Kk 0). l{ﬂ;[. (#R! > R ’#r! s )
(3.12)

Both the body-fixed and space-fixed formalisms lead to the same number of
coupled equaions In a body-fixed coordinae system, the matrix of the potential in
Eq. (3.6) isdiagond in the hdicity quantum nunmber within a particular arrangement.
This simplification is useful in the development of approximate theories. However,

the orbital angular momentum [ in this hdicity frame is no longe a good quantum

number, since thematrix of I” is nolonge diagond.
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H'(C)

F(A)

Figure 3.1 Vector plots showing the locationsof thethree atoms A, B and C relative

to the center of mass O; Cag and Cac denote the locations of the center of mass of

diatoms AB and AC. Also 7, is the bending angle between R, and rowhile ! , isthe

bending angle between Rz and rs. The Ry, r: and 7, are notshown in thisfigure.
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Space-fixed Frame
H' (C) R..0, .0, .r..0, .0, 7

X 0

QY axis is perpendicular to OXZ plane

S
Q\ >
S
& *F (A)
S S
g 0
S o
& &
~ )
s
_\-s‘& r
Y
O
®¢
N
Q
&
&
&f&* ¢ H(B)
O

Figure 3.2 Plot of the ABC triatomic system in the space-fixed OXY and body-fixed

OXY!1Z! frames. The variables used to describe the system in the body-fixed frame
ae R0, .9 .r..7,.¥,, which should be compared to R,,", .#, .1,,", .# in the

space-fixed frame
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3.2. Triatomic parity and definite parity basis

The inversion opeaator commutes with the Hamiltonian for the triatomic

system. Therefore, we are free to choos basis functionswhich are eigenfundionsof

theinversion opeaator I with eigenvdues +1. If we use body-fixed variables :R:a and

r, to express the tristomic wave fundionas ¥, (R,,r. ), the action of theinversion
opeaation can be shown to be

N R#, 8, .n,%.&)=1 (R, (#, ., +$, .n.%, (&) (3.13
The body-fixed basis fundions are given by Eq. (3.11). Using the relationsips™
Dy (9n + 7.7~ 05 ,0)= (<1’ D}, _, (5. ,64..0) (3.14)
Yok YoT=v,) =Y o (Vo Vo) (3.15)
and changing thesign of %, , wefind

R . J ) (r. .
IR =E) (0 ( (D $:.% .07, (& )8l (R B ) (R H#)
' ' 7. R.

ke =#J jo =k | Vo

(3.16)
This result indicates that W, (R,,r. ) is not an eigenfundion of the parity operator |

unless J =0.
Since 7 commutes with the Hamiltonian, we can take linear combinaion of
¥, (R,.r,)s to create simultaneous eigenfundions of I and the Hamiltonian,

Ot’r(l

namely
TR TR TR
W (R,.1,)= ﬁ{‘l’m (Ry.1,)+ P¥,, (—R,.—1,)} (3.17)

OL’r(X
whee P = £1. From Eq. (3.16), we see that

27



5, (R,.F) = (-D'P¥5, (R..F,) (318)

Thus by condruding parity eigenfundions we can separate our coupled
Schrédinge equéaionsinto two uncoupled sets D those with parity (1)’ and those
with parity ! (! 1)’. Using this triatomic parity decoupling method, we define the
triatomic parity eigenvdue P=+(-1), and caculate the parity-adgpted S-matrix

elements ;" where k and k! are the initial andfind helicity quantum numbers.

I ujla ke
In the ABC code k and k&’ are restricted such tha O0<k<min(J,;) and
0<k’<min(J, "), while k=0 and k!'=0 only occur in the paity block with
P=(! 1). The unpiimed and primed quantities refer to the initial and find states,
while the labd %designaes the arrangement with %=1 for A+BC, %2 for B+CA and
%3 for C+AB.

After determining the S matrix we can convet the paity-adgpted S-matrix
elements S,/ ... into standad hdicity-representation S-matrix elements S, v

usng theformulas®

1 + 1
S«E%,ijkl, K" + S!J’v?kl,! "v"j"k"& *(k =0 and k' = 0)

*

*
* 1 *
J — o/ — J,+1 J.#1 .
Siet e = St v = )ﬁ%! ved e F S we (k10 k=0 or k=0 k!" 0)
* *

* o+ J,#1 *
iS! st e FINT (40 and K #0)

(3.19

and
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( 1 J,+1 n J,"1 ’
:5%1 vjk.! #HiHH S) vjk,! #v#j#k#& * (k=0 and k' =0)

*
* 1 *
—_ —_ ,+ n ! | — — ’
S.;Ivj" k! #HiHcH S’]#V#]#(#’ vi"k T ( ]‘)j ) \/5 %‘.’J\lﬂ({! HHjHcH S."]ijl,.’ #V#J#(#&; (k * 0 k 0 or k 0 k * 0)
*

*(k20 and k' #0)
*

*S‘],+] n SJ,"]
* ikt wHjHH I vjk,! ##tjth#
+

(3.20

3.3. Diatomic parity and permutation symmetry

In addition, the pemutation symmetry in H’+HF— H'+HF and
H’+HF — H+H'F reactionscan be used to reduce the number of basis fundionstha
mug be smultaneoudy consdered. The FH, potential energy is symmetric with
respect to interchange of the two hydrogen atoms, namely V(F,H,H)=V(F,H,H). To
exploit this symmetry, we expand the wavefundion for the system as the symmetric

and antisymmetric linear combinaionsof the primitive basis fundions
1
' (FHH"Y=—/—|! (FHH"+ p! (F,H"H 3.21

where p = 1. Because the Hamiltonian is invariant with respect to H-atom
interchange there will be no coupling beween the symmetric (» = 1) and
antisymmetric (p = Bl) states, so tha the coupled scattering equdions are further
reduced in size by afactor of $2.

In practice, in the F+H, arrangement, thetriatomic wavefundionis expanded

inthebasisfundions
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1727 +1042

| JMKVjk) = qﬁ A& D (1) 1.0)Y j (*1.# 1)(yj () (3.22)

. . 1 N . .
where Y, describestherotationd, and —¢,; thevibrationd, motion of the H, moiety.
' r

Thevibrationd wavefundions! . are symmetric with respectto H! H" exchange

This exchange corresponds to an invesion of the coordinae system of the H-
molecule, so that therotationd wavefundionshave the symmetry
P (1,0)= (" 1YY,(!,0) (329
Thus for the F+H, arrangement, the symmetric basis fundionsindudeonly even-j
terms, and the antisymmetric basis fundions only odd; terms.

For the HF+H! and H!F+H arrangaments, the wavefundionsare expanded in

basisfundionssimilar to Eq.3.22, which we designate

12
2J+1 ®
| IMKvjk,H) = rz( py j Divk($2.02.0)Yji(72.¥2)yj (12) (3.24)
and
1#27+18"7%
| JMKvjk,H!) = %’T( D ()3:*3.00Y e (+3,, 3)j(r3) (3.25)

where the subscripts @O and BOrefer, respectively, to the HF+H! and H!F+H

arrangements. Taking the pemutation symmetry into consgderation, as outlined in Eg.
(3.21), we ue linear combinaionsof the arrangement @0Oand arrangement (BObasis

fundions

| IMKvjk, p) = %D JMKvjk,HF) + p| IMKvjk, H'F) | (3.26)
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In the ABC code which we use for our calculations theinterchangeindex p=(! 1)’
is caled jpar. Thus in the calculations if the parameter jpar is +1, the total
wavefundion is expanded in the symmetric (evenj) fundions for the F+H,
arrangement and the symmetric linear combinaion of H!IF+H and HF+H! basis
fundions if jpar =" 1, theodd; F + H; and antisymmetric F+HF linear combinaion
are ued [Eq.(3.26)].

Each scattering calculation yields a parity- and interchange-adgpted S matrix,
with elements S;.".,.. The squae of the S matrix element correspondsto the
trangtion probability. Suppog we are interested in HF+H" HF+H indastic
scattering, either with or without H-atom exchange Since the H atoms are

indistinguishable, an experiment would measure the indastic probability
PP (vik = v K = S [+ [ (3.27)
Note tha there are no cross terms in Eq. (3.27), because the interchange
symmetry labd p is a good quantum number. Scattering of the +1 states and
scattering of the " 1 states occurs indgpendently. The total indastic probability is the
sum of the probability assodated with indastic scattering of the +1 states added to the
probability assodated with indastic scattering of the" 1 states.
Experimentaly, isimpossible to distinguish between thos indastic collisons
which exchange and thos which do not exchange the two H atoms. However, as
theoreticians we can make this distindion. From Eg. (3.26), we see the

distinguishable atom wavefundion can be written in terms of the symmetrized basis

fundionsasfollowings
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| IMKvjk,HF) = %U]MKVJ’I(,H) +|JMKvjk,~1) ] (3.289
and
| IMKvjk,H'F) = %U IMKvjk, +1) - | IMKvjk,~1) ] (3.28b

Consequently, the amplitudefor the collison-induced transtion for a non-H-
atom exchanging trandtion froman initial H!+HF(vjk) stateto afind H’+HF(V'j’K")

stateis

AJ,P(HF,ij ' HF,VIIjIIkII) - A.I,P(HIIF’ij I HIIF,VIIjII mn — %%J,P,‘Fl + SJ,P,#]. '&

vk e

(3.29)
Theamplitudeisidentical for the H+H!F(vjk)" H+H!F(v!jk!) trandtion. Similarly,

theamplitudefor thecollison-indued HF(vjk)! H"F(v"j"k") trandtionis

i kv K

. . . . 1
A (HF, vik > HF,V ) 'K) = A (HF, vik — HE, V| 'K) = Z[ S = S ]

(3.30)
Thus at the level of the S-matrix elements, the amplitudes for the non-atom-
exchanging and atom-exchanging indastic trangtions are the postive and negdive
combingions of the two corresponding definite-exchangesymmetry S-matrix

elements. Thecorrespondng trangtion probabilities are:

P>"(HF,vjk! HF,v'j"’k") = P*"(H'F, vjk! H"F,V"J'"k')=iﬁzsjp’”

%

2 + |SJ,P,#1 |2 " 2Re(SJ,P,+1*SJ,P,#1 ).&
(3.31)

and

P’P(HF,vik - H'F,v j’k’) = P*P(H'F,vjk = HF, V' j’K’) = i“s”’*‘

"yl - 2Re(SJ’P’”*SJ’P”1)}
(332
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If we add Egs (3.31) and (3.32) and multiply by 2, we obtain Eq. (3.27).

Thus the experimentaly measurable indastic probability [Eq.(3.27)] is
equivaent to the sum of the two distinguishable atom direct probabilities (HF ! HF
and H'F" HI!F) plusthetwo distinguishable-atom exchange processes (HF — H'F
and HIF" HF).

We can subsequently define a total QlirectOand total GexchangeDprobability
asfollows:

PP (vjk = V' j'k’) = P""(HF,vjk — HF,V'j’k’) + P (H'F,vjk — H'F,V' j’k’)

= EUSJ,P,H 2, ‘SJ,P,—l‘Z + 2Re(SJ,P,+1*SJ,P,—l):| (333
2

PP (vik! vk =P P(HE,vik! H'F.v'j’k)+P*"(H'F.vjk! HF.vJ'K)

= %a(;sl,P,ﬂ 2 " ‘S],P,#l‘z # 2Re(S]’P’+l*S]’P’#l)I& (334)

3.4. Integral cross sections, Cumulative reaction probabilities, State-to-state rate

constants and Vibrational relaxation rate constants

3.4.1. Integal cross sections
We are interested in calculating state-resolved integral cross sections

', wj{Ec) and overal integral removd cross section o,,(E.) asthe fundionsof
collison enegy E. for three chainds H’ +HF(v) - H'+HF(V),
H!+HF(v)" H+H!F(v!) and H'+HF(v) - H,(v')+F . To do so, for each value of the

total angular momentum J we use Eqs(3.33) and (3.34) to degerming, from the parity-
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adapted hdicity-representation scattering (S) matrix S;.".(E), the probability for

indastic relaxation from an initial state either into a paticular HF(v', ') find state
either with or without H atom exchange In a similar way, we can determine the
probability for reactive quenching.

From these trangtion probabilities, the intial- and find-state resolved integral
cross section, summed ove the find projection quantum nunmber and averaged over
theinitia projection quantum nunmber, is defined by

$ J
I B = —— 2 023+ DR v ad E) (3.35)
v.j" vitjlEc (2j+1)kvjk2Jkk# Vik, vkl

where vjk are the vibrationd, rotationd, and projection quantum nunbers of the
diatomic moiety (HF or H,, depending on the channd), and J is the total angular
momentum. The sum over J is truncated at a value J,_, beyond which the reaction
probability is nggligible. Here, also, E isthetotal energy and E.. istheinitia collison

(trandationd) energy, with E.=FE'! "yjk - The quantity kyjk is the initial
wavevector, defined by kvjk2 =2UE. /! 2,

The overdl integral removd cross section for a particular vibration-rotation

level is obtained by summing Eq. (3.35) over dl possible find states. We have

0y (o)=Y 0yjvj (Eg)
V/jl
T (3.36)

2
e — QI+ DSy ik E)
(2] + Dk Jkkzv"j' ‘ e ‘
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Alternaively, by limiting the sum over find states in Eq. (3.36), one can determine
thevibrationd removd cross section assodated with the direct and exchangeindastic
processes as well as with reactive quenching.

As shown, schematicaly, in Fig. 3.3, other relevant quantities such as
cumulative reaction probabilities N;(E), deailed state-to-state rate congants
K., (T) and overal vibrationd relaxation rate constant k,(7') can be obtained

from the fundamental S matrix. These quantities will be introduced and defined in

thefollowing subsection.

3.4.2. State-to-State Rak Constarnts and Vibrational Relaxation Rat Constants

Let usimagine a collison event involving atlom A and molecule BC. Let the

relative velodty bew. If theconcentrationof A is[A], theflux of atoms A impinging
onBCisgivenby 7, =u[A]. Theinfinitesmal changein intengty of theinitial beam
of atoms A dueto scattering by BC after passing throughadistance d/ is

dl, =" ()l ,()[BC]ldl (3.37)

Here o(u) is the integra scattering cross section, which is the fundion of the
inadent trandationd energy (or, aternaively, of the velodty u). Since |, =Uu[A]

and u=dl/dt

| (d[A]/dt)=u" (w)[A][BC] (3.38)
In genedl, for abinary collision process, the second-order rate equaionis given by

—d[A]/ dt = k(T ,u)[A][ BC] (3.39)
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where k(u) is the velodty-resolved rate condant. Comparing Eqs 3.38 and 3.39, we
see tha k(u) is jud the integra cross section multiplied by the AEBC relative
velodty.

If we have a Maxwellian distribution of relative velodties, then the thermal

rate condant k(T') isobtained by velodty averaging, namely*

K(T)=<ul (u)y>=4"(u/2"kT)" O}df! (Wexp#uu® / 2k, T)du (3.40)
where k, is Bolzmann@ congant.

Consde the state-resolved process A+BC(v,j)— C+AB(V/,|’). For this
process, the corresponding rate condant is &, ... .(T) and the corresponding rate
equaionis®

d[BC(v, ] d[AB(", J' :
| [ d(tV DI _ [ ((j: 1] _ kv,j# VJ(T)[A][BC(V,J)] (341)

Therate equaionfor theoveal vibrationd relaxation of the chemical species BC(v)
can be expressed as

—@ =Y kv (DIAIBC(. )] (342)

v/
If we assume therotationd levels of thereactant are in thermal equilibrium at

temperature T , then

[BC(v, )] _ [BC(V, )]
= =f.(T 3.43
[BC(V)] !A [BC(v, /)] 50 (549)

J

g;exp(! E; /KT)  g,exp(t E,; /KT)
gexp( B, /KT)  Qu(T)

]

f,(MT)=5

(3.44)
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where g; = 2] + listhe degeneracy factor and Q,,, istherotational partition fundion

of aheeronudear diatomic molecule. Subdituting [BC(v, j)] in EQ. (3.42) we obtain

d[BC(v)

S dt L= Y K (TIAIBCWI,(T) = K (DA BCY) (3.45)
Vi’

K(T): l fjkv,j(T): I fj I _ kVJ v#j#(T) (346
J

T

Thus the vibrationd relaxation rate condant k (T) can be calculated by
summing the state-to-state rate condant k, ;.. .(T') over find vib-rotationd states
V'j’ then averaging over initia rotationd states j. The relationship between the

integral cross section and thethermal vibrationd relaxation rate condantsis

K(Ty=( (4 /2T U g dWexp(Ouu? / 2k,T)du (347)
j v§ $

Subdituting f, by usng Eq. (3.44) and integrating over the collison energy

1 .
E.= Euuz’ we obtain

1L 2 2] e = L
KM=’ 5| Be T X920, (Ece *TdE (348)
H B rot j v’
thjz

whee E; =

TE =E" E, isthetrandationd energy of the system. If we change
U

theintegration variable to thetotal energy E of the system, this equaion becomes™

1 . k. 2 _E
T = BN o, (E)e T dE 3.49
V( ) (27T/,lkBT /h2)3/2er jo ;g] T VZJ/ v, iV, ( )e ( )

We can write this equéion as

1 " ' £ P(T)
k,(T) = h''Z AE = ——~ 350
W(T) 0. (1)o7 #h L,(E)e TdE o) (350

37



with
_2
(B)=9%09,—=%0" s sis(E) (351)
] vy

where Q. (T)=(2rukT / h*)** isthe trandation partition fundion for an ideal gas

trans

at temperature T .

By udng Eq. 3.35, the fundion Z, (E) can be expressed in terms of the

collision S-matrix el ements

I (E)=).(2] +1)k”—12<rvw,j,(E)
j e (352
= > I+D) S (B)] = X 2I+DN](E)
IKKj v J

Findly, it is easy to show tha the vibrationd relaxation rate congant can be

written as theweighted average of the state-to-state rate condants
=
P9 TP K i)

T)=- vA# 353
k,(T) 9. (3.53)

Fig. 3.3 shows a flow chat tha summarizes the computationd procedure

outiined in this chapter. Again, S, designaes an element of the parity-adapted S

]
matrix, which is the output from our scattering calculation. More advanced

ob=ervables such as state-to-state cross sections o (E.), overdl cross sections

v, joV,j

o, ,(E.), detailed state-to-state rate condants k (T) and vibrationd relaxation

v, j=V,j

rate condants k,(7') can be obtained from the S matrix for al relevant channds. The

next chapter will present the results of our calculationsfor the vibrationd relaxation

of HF(v) in collisonswith H atoms .
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Figure 3.3 Calculation flow chart. Here S denotes the scattering matrix output from

the ABC code o istheintegral cross sectionand & istherate congant
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Chapter 4. Results and Discussions

4.1 Scattering calculations

As far as we are aware, the work described here is the first application of
guantum reactive scattering methodobgy to the study of indastic HF scattering in
collison with H atoms. Therefore, to enaure the accuracy of our results, we carried
out extengve convagence tests with respect to increasing the size of the rotationd-
vibrationd basis and the number of propagdion sectors. As we have stated earlier in

Chapter 3, in the ABC codeg the size of the channd basis is defined by three

paameters. emax, jmax and kmax. All HF (or Hy) vibration-rotation states with
rotationd angular momentum less than or equd to jmax, and, Smultaneoudy, energy

less than ema are induded. In addition, only projection states with k% kmnax are

indudd.

For a ddined vibrationrotation-projection basis, the precison of the
scattering calculations is defined by two paameters. rna, Which defines the
maximum interparticle distance (technically, the maximum hypearadius beyond
which the potential is assumed to vanish, and nma , Which sets the number of
numerical integration sectors. In addition, the precison of the calculated integral
Cross sections depends on the parameter Jna Which defines the maximum patia

wave induded. For total angular momenta larger than J, the centrifugd barier is so
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largetha the collision partners never penetrate close enoughfor theindastic coupling
to beeffective.

Table 4.1 lists the values of these paameters tha we have used in our
scattering calculations on the SW-PES. In generd, the highe the total energy, the
larger the basis set required. For relaxation of HF(Vv) at a given collision energy, the
highe the value of v, the greater thetotal energy. Thusto determine cross sections
for the highe vibrationd levels of HF required, for convegence, larger basis sets B

and, consequently, longer computation times.

Table 4.1 Summary of parameters used in our scattering calculationson SW-PES

J Enx Joan Kinax o Mmax
=5  0-26 2775 27 4 11 500
V= 0-24 2.825 26 4 12 550
=3 0-21 2.700 24 4 12 500
v=2 0-20 21 20 3 14 500

4.2 Comparison of the three channels for vibrational relaxation of HF (v=3)

Figure 4.1 displays the integral cross sections for vibrationd relaxation of
HF(v=3, j=0) as afundion of the collison energy. Cross sections for each of thethree

channds (direct indastic, exchange indastic and reactive quenching) have been
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labded. At energies bdow 0.031é/, which is the difference between the lowest bent
barier and the HF(v=3, j=0) asymptote, there appear strong o<tillationsand narrow
pesksin theintegral cross sections Aswe will discuss later in this thesis (Chapter 5),
this structure is a manifestation of scattering resonances which arise because of the
weak HFEH attractive van der Waals interaction.

We obsrve in Fig. 4.1 tha the direct indastic process dominaes at low
enegy. As the energy inareases, reactive quenching becomes more important and
eventudly dominaes. This can likely be explained on energy ggp arguments. The
HF(v=3, j=0) leve lies 0.035 eV above the Hy(v=0, j=0) level. However the
HF(v=2, j=0) level lies 0.45eV bdow theHF(v=3,;=0) level. In asimplistic modd,
the efficiency of reactive as compared to indastic quenching will depend first on the
energy gap between the initia and the two find states. In gened, the smaller the
energy gap, the more efficient the energy trander. Also, however, for a given energy
g, statistical arguments, based on the volume of available phase space, suggest tha
the large the trandationd energy in the particular find state, the greater will be the

cross section

Althoughthe energy gap is much smaller for the HF(v=3, j=0)+H—H(v=0,
j=0)+F channd, the produd trandationd energy will be much larger for the HF(v=3,
j=0)+H— HF(v=2, j=0)+H channd. Consequently, a low collison energy, where
the difference in produd trandation eneqgy is largest, the indastic channd will
domnae. At highe collison energies, however, the reactive channd becomes

increasingly important.
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H+H' F(v=3,j=0) — H+H' F(v' < 3) .
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Figure 4.1 Plot of the integral cross sections (ICS) for vibrationd relaxation of
HF(v=3, j=0) as afundion of the collison energy. Cross sections for each of thethree
channds (direct indastic, exchange indastic and reactive quenching) have been

shown.

4.3 Comparison of direct inelastic and exchange inelastic cross sections

Fig. 4.2 shows theintegral cross section for thetwo indastic processes. direct
and exchangg as afundion of theinitial HF vibrationd quantum number v. Wefind
tha indastic collisons with atom exchange are much less efficient at relaxing

vibrationdly excited HF. Thisis surely aresult of the high barier to atom exchange
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As shown in Table 2.2, on the SW potential energy surface the HBFEH barier lies
0.31 eV (7.15 kcal/mol) above the HF(v=3, j=0)+H asymptote, but 0.12 eV (2.79
kcal/mol) bdow the HF(v=4, j=0)+H asymptote.

For HF in v=3, 4 and 5 with j =0, indastic collisonswith atom exchangeare
not as efficient a process for vibrationd relaxation as either the direct indastic or
reaction mechanisms. For the direct indastic processes, and as is typical for many
other indastic processes, the cross sections rise steeply with inareasing collision
energy. Vibrationd relaxation is the result of distortion of the HF potentia by
approach of theH atom. At very low collison energy, the basically repulsve HFEH
interaction prevents the collision partne's from approaching close enoughto sample
forces strong enoughto result in significant vibrationd indasticity. This effect may
be compoundel by the presence of a small, artificial barier at longrangein the SW
potential energy surface dueto an artifact in thefitting of the ab initio paoints. We
will discuss this small barrier in more detail in Chapter 5.

As the energy inareases, the indastic cross sectionsrise and then fall at still
highe collison energy. Astheenergy inareases, it is likely that rotationd excitation
within the HF(v) manifold takes away some flux from the vibrationd relaxation
process. Consquently, as seen in Fig. 4.2, the vibrationd relaxation cross sections
drop dightly.

We also observein Figs 4.2 and 4.3 alarge amount of structure in the energy
dependence of the cross sectionsfor relaxation out of HF(v=3) and, to a lesser extent,

out of HF(v=2). Aswe will discussin Chap. 5 bdow, this structure correspondsto
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scattering resonances due to the weak, longrange HFEH attractive van de Waals

interaction.
25 T T T T T T 4.5 T T ' - .
H+H'F(v,j=0) = H+HF ——V=5 H+H'F(v,j=0) = H'+HF ——Vv=5
-—--v=4 4+ -—--v=4 |
A e v=3 | N~ v=3

20F

ICS (bohr?)
o

—_
o

0 002 004 006 008 01 012 0 002 004 006 008 01 012
Collision energy (ev) Collision energy (ev)

Figure 4.2 Plots of the integral cross section for the direct indastic (left pand) and
exchangeindastic (right pand) processes as a fundion of theinitia HF vibrationd
quantum number v. The v=2 cross sections are too small to be distinguishable on

these plots.

4.4 Comparison of multi-quantum transitions and single-quantum transitions

Figure 4.3 displays the integral cross sections for remova into particular
vibrationd find stateswith v’ <v. Ascan beseen, in all casesthesingle vibrationd

quantum (#v = Bll) trangtionsdominae. Thisisparticularly trueforv=3 and 2. This

is predicted by the smplistic early theory developed by Schwartz, Slawsky, and

45



Herzfeld (SSH theory),** which is based on the application of first-order perturbation
theory and the assumption of smple, exponentially-repulsive vibrationd coupling.
We see that thelower the degree of initial HF vibrationd excitation, the more
domnant becomes the single quantum (#v = B11) process. At high collison energies,
it appears (at least for v=5 and 4) tha the direct correlation of the magnitudes of the

integral cross sectionswith increasing #v beginsto break down.

25

H+H' F(v=5,j=0) — H+H' F(v) H+H' F(v=4,j=0) — H+H' F(v')

16f TR Ve

0.1 T T T T -
H+H' F(v=2,j=0) — H+H' F(v)

| 0.08r

0.06

ICS (bohr?)

0.041

—sum
- - V=
——V'=0

1 0.02

0 ~ = ‘ ‘ = 0 : ‘ :
0 002 004 006 008 01 012 0 002 004 006 008 01 012

Collision energy (eV) Collision energy (eV)
Figure 43 Plots of integral cross sections for direct indastic

H+H’F(v, j=0) - H+H'F(V' <v) removd into paticular find vibrationd manifolds

summed over find rotationd quantum number.
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4.5 Final rotational state populations

For the domnant direct indastic process, Figs 44 and 45 show the
dependence of the find-state-resolved vibrational relaxation cross sections as a
fundion of the find rotationd quantum numbe at several values of the collison
energy forthev=3"2 andv=3"1 trangtions The cross sectionsat low (0.0143eV),
intermediate (0.0515eV) and higha (0.0915€V) collision energies display a smilar
patern. In every case the vibrationd relaxation is accompanied by a modest degree
of rotationd excitation, with amaximum at ;j'! 5. TheHF rotationd congdantis~ 20

cle, so tha therotationd energy forj =5is =0.1 V. Sincethevibrationd spacing

in HF is =0.5 eV, we see tha mog of theenergy islog into trandation, particularly
for the#v=2 trandtions Consequently, Fig. 4.4 confirms the conduson, mentioned
in Chapter 1, of the early quasi-classical trgjectory calculationd tha the main
indastic (HF+H) energy transfer process involves vibrationd energy conve'sion into
trandationd energy and the minor energy trander processis for vibrationd energy to

be conveted into rotationd energy.
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ICS (bohr?)

/7

Figure 4.4 Plots of theintegral cross sections(ICS) to specific find rotationd states;

at collison energies of 0.0143 eV, 0.0515eV and 0.0915eV for the v=3"2 and

v=3"1 trangtions

4.6 Removal rate constants and cumulative reaction probabilities

We recall from Chgp. 3 tha the vibrationd relaxation rate congant can be
expressed as

— 1 11, E
k(v;T)= h Z,(E)'exp!(! IdE 4.1
D= G 7 PuENeR ) @

where Q,,,,.s(T') isthetrandation partition fundion for an ideal gas at temperature 7,
and Q,,; istherotationd partition fundion of the HF molecule. Thefundion Z,,(E)

is
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(4.2)

Here N (E) is called the cumulative reaction probability® at total energy £, and is

defined by

2
J — JP,
N E= Y [Sil e ®) (43)

Ppkk’jj’v

Fig. 4.5 plots the calculated cumulative reaction probabilities for the three
H+H’F(v=3) removd channds. We seeg, clearly here, two pronounced peaks (marked
A Oand GCOon the figure) and a less distinct feature in between (marked BOon the
figure). For total angular momentum J=0, all of these pesks occur above the

threshold (£,,; = 0.3035¢eV) for the H+HF(v=3) reaction. As will be discussed in

Chegpter 5 of this thesis, these peaks correspond to enhancement of the overal
vibrationd removd cross section dueto effect of quasi-boundresonances in the HFD

H valey.
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Figure 4.5 Plots of the calculated cumulative reaction probabilities for the three

H+H’F(v=3) removd channds as a fundion of tota enegy. Tota angular

momentum J=0

From Eq. (3.40) we see tha the themal rate congant is an average over a
Maxwellian velodty distribution of the produd of therelative velodty times the cross
section. Thus we can definea Qhermal cross sectionQes

I =K(T)/u(T) (4.4)

where u(7) isthe average speed

11/2
E"‘—T} (45)

T)=

u(T) [ -
with g bangthe HFEH reduced mass. If we introduce the experimental or QCT rates
into Eq. (4.4), we obtain thethermal cross sectionsshown in Tables 4.2 and 4.3. From

Eq. (4.5) the average collision energy is L uu(T)* =4KT /z. At T=295K this is

0.03eV. Tables 4.2 and 4.3 also show the correspondng integral cross section for

vibrationd relaxation of H+H!F(v=3, j/=0) from our quantum scattering calculationsat
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this energy. We oberve consderably better agreement with the earlier experiments

than in the case of the QCT calculations

Table 4.2 Thema (7=295K) cross sections (bohr?) for vibrationd desctivation of

HF(v=3) by H atoms.

Totd Channd (1¢ Channd (19+(1b)
Experimental
measurements 146 3.3 113
QCT
calculations 49 0.95 40
Quantum
scattering 128 4.8 8.0
calculations

Table 4.3 Themal (7'=295K) cross sections (bohr?) for vibrationd desctivation of

HF(v=2) by H atoms.

Total Channd (1¢) Channd (19+(1b)
Experimental
measurements 0.15 E ¢ 0.15
QCT

calculations 2.2 E ¢ 2.2

Quantum

scattering 0.01 E ¢ 0.01
calculations

a. TheHR(v=2)+H"H »+F reactionisenergetically inaccessible.

We observe from a comparison of these two tables with Figs (4.2) and (4.3)

tha the present fully-quantum scattering calculations on the ab initio Stark-Werner

51



potential energy surface yield vibrationd removal cross sectionswhich agree to better
than an order of magnitude with the earlier experimental results and the results of

QCT calculationsbased on afar crude potential energy surface.

4.7 Discussion and conclusion

Our calculationspredict subgantial cross sections for vibrationd relaxation of
HF in collisonswith H atoms. By taking suitable linear combinaionsof the definite-
paity S-matrix elements, we can resolve cross sections for the indastic
[HF(v)+H—HF(v'<v)+H] relaxation pahway into the contributions due to direct
indastic scattering without H atom exchange and the contributons due to indastic
scattering accompanied by atom exchange For al energies and for al vibrationd
levels considered, we find tha the direct indastic scattering is the dominant
relaxation mechanism, followed, in orde of decreasing importance, by reactive
quenching [HF(v)+H—H»>+F], and by indastic scattering dueto atom exchange

The indficiency of the latter process can be explained, in pat, by the high
energetic barier to F atom exchange However, even for HF(v=5), which lies well
above the barier, we see in Fig. 4.2 tha the cross sectionsfor the atom exchange
mechanism are only ~ 20% of those for direct indastic relaxation.

It is worthwhile to compare these cross sectionswith those for the relaxation

of OH by collisonswith H atoms, studied a few years ago in our research group by
Atahan.® Thisis a very different sysem. Thedeep H,O well provides a mechanism

for complex formation, in which initial OH vibrationd energy can be efficiently
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redistributed. Figure 4.6 shows, for reference, the vibrationd removd cross sections
deermined by Atahan and Alexander. Theshap inarease in the cross sectionsat low
collison energy is characteristic of a process involving trangent complex formation,
and so is very different from the low-energy behavior of the removd cross sections
we caculate for theHF(v)+H system. Neverthdess, except a thelowest energies, the

magnitudes of the OH vibrationd removd cross sectionsare ontheorder of 10 bOhtZ,

which is not too much larger than we predict for the vibrationd removd cross

sectionsof FH, where there is no deep attractive well.

108

90

~N
\e}

W
(&)}

cross section / bohr2

18

0 0.05 0.1 0.15 0.2
collision energy / eV

Figure 4.6 Initial state selected vibrationd removd cross sectionsfor OH(v) in its

lowest rotationd level in collisonswith H atoms. Adapted fromFig. 7 of Ref. 33.
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In the investigation by Atahan, a statistical close-coupled modd was used.®
Within this modd, because the OH+H' and OH'+H arrangements are not directly
linked, it is impossible to distinguish between energy trander with, or without atom
exchange Also, the O(lD)+H2 channd, which could, in prindple, correspondto a
reactive quenching process, is energetically inaccessible.

By contrast, recently Krems, Nordholm, and co-workers described close-
coupled calculationsof vibrationd relaxation cross sectionsfor collisonsof HF(v=1)

with the closed-shell Ar atom.® The computed cross sections are less than 10 bohr?

for collison energies bdow ~ 0.25 eV. This is far lower than the H+HF vibrationd
removd cross sectionswe have calculated here. It is the distortion of the diatomic
vibrationd potential, engendaed by approach of the atomic targe, which is
responsble for vibrationd relaxation. Clearly, then, thedistortion of the HF potential
producd by approach of H is much stronge than by approach of Ar. Thisis because,
even for energies bdow the H" F'H barier, the HF bondis subgantialy weakened
by indpient atom exchange

We obsrved the presence of numerous narow pesks in the energy
dependence of both the integral cross section and cumulative reaction probabilities
for vibrationd relaxation of HF(v=3). As will be investigated in more deail in
Chapter 5, these sharp peaks are evidence of the role of resonances, which reflect
trapping in the weak HFEH van der Waals well. It can explain the reason why the
QCT cdculation undeestimates the rate condant tha has been measured by

fluorescence experiment. Classical trgjectories cannot account for tunnding and the
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LEPs surface over estimates the height of reaction barier for both exchangeindastic
collision and reactive quenching. The comparison between the integral cross section
for HF(v=3) and HF(v=2) (Figs 4.2 and 4.3) indicates tha the vibrationd relaxation
of HF(v=3) is approximately 100 times faster than the vibrationd relaxation of
HF(v=2). As the con®quence of tunnding in quantum reactive scattering, this result

matches the experimental measurements very well.
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Chapter 5: The role of van der Waals resonance in the

vibrationd relaxation of HF in collisonswith H atoms

5.1 Introduction

This work is motivated by our earlier study of the vibrationd relaxation of
HF(v) molecules by H atoms and by severa previoudy groundbeaking investigations

on the role of resonances in the reaction of F with H, and its isotopormers.>*3"*

Here, the term Gesonance'“? refers to a transent metastable or quasi-boundstate
which is formed as the reaction occurs. The first case, sometimes called a Geactive
resonance state®®* is the result of a deep and thin trapping well located near the
repulsive barier (trangtion state) on the potential energy surface (PES). The second
type of metastable state arises because of a shalow van de Waals well in the
asymptotic region of a potential energy surface. A weakly bound Gran der Waals
state3°* can act to sow down the motion of the system alowing a more efficient
trander of internd energy into the degree of freedom corresponding to motion over a

reaction barrier.*?

Due to the difficulty of carrying out molecular beam investigaions with
asufficient energy and angular resolution to observe scattering resonances, relatively

few unanbiguousobservations have been reported. The observation of bimolecular
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reactive scattering resonances have been confined to two fundamenta reactions
H+H,* , F+HD and F+ H..*** From a theoretical point of view, in a bimolecular
reaction a populbar characterization of a resonance involves determination of the dday
time assodated with the relative motion of the colliding reactants. Tha is, at a
collison energy corresponding to a resonance, themotion of the colliding reactantsis
pooilly coupled to the reaction coordinae (minimum-energy pah). However, if a
Qime ddayOin the collision occurs, then the required energy redistribution can take
place to surmountthereaction barier. Thetime delay correspondsto persistence of a
temporary quasi-bound state. Therefore, resonance pesks can be related to one or
more metastable states along the reaction pah, either at the trandtion state or in the
produd or reactant arrangements.

Our work ontherole of resonances in HF(v)+H relaxation was ingired by the
earlier work of Manolopoubs Skodje and ther coworkers on the appearance of

resonance in the exothermic reaction of F with H, and HD.'°2® In the latter case, the

expeimenta signaure of a resonance has been confirmed by Liu and coworkers.**
This F+HD resonance had been investigated, theoreticaly, by means of severa
powerful tools, induding time dday andysis*** the vibrationdly adiabatic
approximation approximation>*® and the spectral quantization method*’

Aswe have seen in Sec. 4.4, theoveadl vibrationd remova cross sectionsfor
HF(v=3) show pronoune&d structure as a fundion of energy. In order to undestand
the postion of these features, which we attribute to resonances, we shdl use an

adiabatic bender andysis,*®*° similar to the andysis presented by Castillo e al.™® in

thar investigaion of differential cross sectionsfor the F+ H» reaction. The postion of
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quasi-boundvan da Waals states coinddes precisely with the observed resonance
energies. These caculations will, hopdully, provide motivation for future

expeimental search for resonance signauresin H+H!F quenching.

5.2 Scattering calculation

Theinvestigaion of therole of resonances in HF vibrationd relaxation starts
with the determination of integral cross sectionsfor indastic collisons of HF(v, j=0)
in collison with H atoms. Here, we used an extremely fine grid of energiesin order
to map out completely the resonance features. A more complete discussion of the
computationd details has been given in Chapter 3 of thisthesis.

Agan, there are three distinat pahways for removal of vibrationdly excited
HF fromv=3 state: (1) indastic relaxation withoutatom exchange

HF(v, ))+H"H F(v'<v, j)+H’ , (5.1)
(2) indastic relaxation with atom exchange

HF(v, ))+H™ HF(v'<v,j)+H , (52)
and (3) chemical reaction

HF(v, j)+H"H H+F . (5.3)
As discussed earlier in Chapter 3, by taking a suitable linear combination of the S-
matrix elements assodated with postive (p = 1) and negaive (p = Bl) interchange
symmetry, it is posible to determine, separately, the cross sections associated with

thedirect and exchangeindastic channds[EqQs (5.1) and (5.2)].
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The overdl integral removd cross section for a particular vibration-rotation

level is obtained by summing Eq. (3.35) over adl possible find states. We have

0y (Ee)= D 0yjvj (Eg)
v/jl
- (5.4)

12

_ In

=L Y @IS @) L
2+ Dkyjk® InkkV'j’ e

Alternatively, by limiting thesum over find statesin Eq. (5.4), onecan determinethe
vibrationd removd cross section assodated with the direct and exchange inelastic
processes as well as with reaction [processes (1)E(3)].

Figs 5.1 and 5.2 display the energy dependence of these integra removd
cross sectionsfor processes (1), (2), and (3), for an initial state of HF(v=3, j=0). We
obsrve tha indastic vibrationd relaxation without exchange is the domnant
pahway, followed, in importance, by reactive quenching. Indastic vibrationd
relaxation with exchange is relatively improbale, because the HF+H'—H'F+H
barrier lies ~0.12 eV (2.74 kcal/mol) abovethe HF(v=3, j=0)+H asymptote.”® Since
this value significantly exceeds the range of collison energies sampled in Figs 5.1
and 5.2, we condude tha over this range of collison energies indastic vibrationd
relaxation with exchange occurs exclusvely by quantum mechanical tunnding
throughthe HF+H'—H'F+H barier.

We obsrve in Figs 5.1 and 5.2 tha the energy dependence of the vibrationd
removd cross sections is not monobnic, but, rather, punduaed by four or five
narow pesks. Aswe shdl demondrate bdow, these peaks correspondto the pogtion
of quasbounddtates in the asymptotic HFEH valleys. Findly, we observe tha the

peaks occur, identically, in the energy dependence of the integral removd cross
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sectionsfor each of the three distinct removad mechanisms. indastic relaxation with

and withoutH-atom exchangeand reaction. This confirms tha the quasi-boundstates
of relevance are located in the HFEH valley, rather than in the FEH, valley, since the

latter region of the potential energy surface is not accessed in the indastic processes.

In addition, since reactive quenching [process (3)] is exoegic by 0.0353 eV for

HF(v=3), it isunlikely that weakly boundstates in the FEH, valley will play arole.
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Figure 5.1 Dependence on collision energy of the HF(v=3, j=0) total removd cross
section in boh? for indastic relaxation without atom exchange (top trace) and for
reaction (lower trace). The HF(v=3, j=0) +H asymptote lies at 0.3035 eV above

F+Hs (r=r.), which ddfinesthe zero of energy.
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Figure 5.2 Dependence on collision energy of the HF(v=3, j=0) total removd cross

section in bohf* for indastic relaxation with atom exchange The HF(v=3, j=0) +H

asymptote lies at 0.3035eV aboveF+H; (r=r.), which defines zero of energy.
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In Fig. 5.3 and 5.4 we show the contiibution to the total removd probability
for variousindividud values of the total angular momentum, agan for the dominant

direct indastic process, namely

" 2
R =i+ # ‘Sjjk’vu!k!(E)‘ . (5.5)
" KkWIj !

Starting with J=0, each of these patia removd probabilities exhibits a prominent
Lorentzian-like peak. The postion of this pesk shifts toward highe energy as J
increases. It is clear that the lowest energy pesk at E=0.3054¢€V in the plot of the
integral removad cross section in Fig. 5.1 arises from the overlap of thefirst pesk in
thelow-J (J=0B4) patia removd probabilities. Also, thethree narow pesksin Fig.
5.1 at E=0.3164,0.321Q and 0.3258¢€V correspond to the pesks seen in Fig. 5.4 for

the patia removd probabilitiesfor /=10, 11 and 12.
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Figure. 5.3 Dependence on energy for the HF(v=3, j=0) partial removd probabilities
[Eq. (5.5)] for values of the total angular momentum J=0, 2, 5, and 8. The heavy

vertical arrows indicate the position of the n=1, s=1 adiabatic-bende quasi-bound

statesfor J=0, 2, 5, and 8 (Table 5.1).
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Figure. 5.4 Dependence on energy for the HF(v=3, j=0) partial removd probabilities
[Eq. (5.5)] for values of the total angular momentum J=8B13. The vertical arrows
indicate the postion of then=1, s=0 adiabdic-bendea quasi-boundstates for J=0, 2, 5,

and 8 (Table 5.2).

In the next Section we shdl use a smple adiabaic-bende modd to explain

theorigin of thenarrow resonance peaks observed in Figs(5.1)" (5.4).
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5.3 Adiabatic bender model

In this section we shdl use the adiabaic-benda modd, first introduced by
Holmgren, Waldman and Klemperer into the study of weakly-boundmolecules,® to
examine the origin of the sharp peaks seen in Figs 5.1E6.4. A similar adiabatic
modd was used by Manolopoubs and co-workers' in the andysis of similar energy-

dependent structure in F+H, "H F+H reactive cross sections Grayce and Skodje

have goneon to present a more extended adiabatic modd***® to andyze reactive
resonances in heavy-lightheavy chemical reactions We shdl show tha the
resonance peaks observed in Figs. 5.1E6.4 can be assodated with the quasi-bound
states trappead in thevan de Waals well in the HFEH arrangement.

The adiabaic-benda modd starts first with an expanson of the scattering
wavefundion in Jacobi coordinaes appropriate to the HFEH produd arrangement. In

terms of these coordinaes the Hamiltonian can bewritten as™

[ 2 1 2 ! 2 1 2 lz "2
- 19 >R |- —a—zr + =+ J ~+V(R,r,y) (5.6)
2Upy pr \ R OR 2y \ 1 Or 2Uy R 2Upr
Here R isthevector joining theH atom with the center-of-mass of the HF molecule,

r isthe HF bondaxis, and y is the angle between R and 7 [vy= COS_l(:R-r)]. Also

P and } are the operators represents the orbital angular momentum of the HFEH pair
and therotational angular momentum of the HF moiety, while . and u,, .. arethe
corresponding reduced masses.

M (5.79

“”F:mH+mF
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and
My pe = (5.7b)

We shdl use a body-frame®®?® development of the scattering wavefundion,
identical to tha used in theindastic scattering of an atom by a molecule ? We first
expand in terms of eigenfundionsof the total angular momentum and its projection,

which are congants of themotion, namely

oo

P(R,r)=, Z Co Y™ R,ry) . (5.8)
J=0M=-J

Weexpand ! M (Rr,") further asfollows?

J . (
I MR, =" Dm#3$%&™ Rr,")" Egvj K(R)|Vik) . (5.9)
k=) J j=lK| v
where
KR, ">-## SGI(RIVK) - (510
J=lk v

Here, the angles ¢, 6, and y describe the orientation of the triatomic FHH plane
D1{4k isaWigne rotation matrix element,® gVJ (R) describes the stretch of the HFD

H complex, and the coordinate representation of the | vjk) ket is

¢v1( )

(ry|vik) = Yjk(y,0)—— (5.11)

In this last equaion ¢,;(r)designaes a complete set of fundions which span the

vibrationd motion of the diatomic moiety and Y (y.0) isaspheical harmonic.”®
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After premultiplication by D,‘\]Akr(gb,e,y/)erkr(y,O)q)\,fjf(r) and integration
ove the variables ¢r, 6z, v, 7 and r, the Schrsdinge equaion reduces to a set of

coupled 2™ order differential equaionsin thefundionsg;; (R).

2 2 N o2
A DO 2 ikIVR A VK)! E%go’-k(R)

U HF AR 2uR?

$
& )
% " (5.12)
=1+ (ViKV(R 1, #)|Vik) g «(R) + + (vik — [vik) gy (R)L.

Vﬁ* k* 2‘I.LR

The matrix elements of the centrifugd potential ontheright-hand-sideare™ >3

(Vikt| = [Vjk) =" e[S+ " k(R D[+ D" k(k£D]Y? (5.13)

2,uR2
We note that the matrix of the potential V(R,7,& isdiagond in the projection quantum

number %, while the matrix of the centrifugd paentia is diagond in v and j, but a
banddl tri-diagond matrix in k.
Within the adiabaic-bende approximation, rather than solving this set of

coupled equaions onefirst diagondizes the matrix of the potential in the |vjk) basis,
with the addition of the diagond &,; terms as a function of the separation coordinae
R. Let usdesignde this matrix as V(Jk)(R) , SO tha

o (. 2
AT +D+jG+DH# 2K $V,~’(*+vj,v!j! +(VLjk|V(R,r,, )| Vjk) .(5.14)
J

V\SJ{]\{/?j! (R)" :

& 2/1R2

Let usfurther denote the eigenvdues of V(Jk)(R) as !ﬁJk)(R), where n indexes the
eigenvdues. These are caled the adiabaic-bende potentials. The corresponding

eigenvectors are designaed c/A(R).
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To obtain an estimate of the boundstate energies, one solves the one
dimendond Schrsdinge equaionfor these adiabaic bende potentias

[ 2

d2
y Mﬁﬂff")m)—a&{“ g PR =0 . (5.15)
H HF

The elements of the potential coupling matrix can be evaluaed by expanding the HD

HF triatomic potential V(R r,!) in Legendre polynomals,

V(R1,7)= Y V3 (RI)Py(cosy) (5.16)
)
where
Vi(R,r)= 2! 2“{ V(R,r,")P; (cos")sin"d" . (5.17)

Since the anguler dependence of the |vjk) fundionsis given by Y;(y,0) [Eq.

(5.11)], the matrix elements of the potentia in Eqs (5.12) and (5.14) D the

(V' j’k|V(R,r,7)|vjk) matrix elementsDcan besimplified to give™*

(IKIVRE, )| vik)
1%t $ J(%! $ (

= . effeitenei+n]Te &k 0 I

$=0

A1 (PVg(R YA (Ndr,

(5.18)
where (i) is a Wignea 3j coeficient® Note tha the matrix elements of ¥ are
indgpendent of thetotal angular momentum J.

For HFEH, the minima in the adiabatic bende paentias al lie at R=6 bohr.

For R greater than ~ 5 bolr, the potential is nearly vibrationdly adiabdic, so tha

[ov j (WVa(R,r)y;(r)dr = 0 (5.19)
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for v'& . Thus for smplification, we eliminated al states with v&3 in Eq. (5.9). The

onedimendond adiabaic bendea equaions were then solved nunerically. As a

further simplification we invoked the coupled-states approximation>** wherein all

Coriolis coupling between states with different & is neglected, so tha the dimendon
of the VI(R) matrix is equd to the number of rotationd levels induded in the

expandonin Eg. (5.9).

5.4 Results

Figure 55 displays the k=0 adisbaic bender curves, e/*=9(R), tha
correlate asymptotically with HF(v=3, ;=0,1,2,3,4)+H. The lowest curve (n=1)
correlates with HF(v=3, j=0) +H, the next curve (n=2) correlates with HF(v=3,
j=1)+H, etc. All thecurves have aminimumat R ! 6 bohr. This correspondsto the
shdlow van de Waals well in the HEHF valley of the SW-PES. The corresponding
boundstate eigenvdues E,(,f’kzo)were calculated by solving numericaly Eq. (5.15).
Here, the index s (s=0, 1, 2, E) indicates the degree of excitation of the van der
Waals stretch mode in the " adiabatic bender curve assodated with total angular
momentum J and projection quantum numbe k. We used a fixed-stepsze DVR
method, similar to tha proposd by Colbert and Miller.> A total of 20 rotationd

fundions (j=0B19) was necessary to obtain fully conveged adiabaic-bende

potentials.
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Figure 5.5 Thefirst five adiabaic benda potentials for /=0 and k=0. The postions

of the calculated quasi-boundstates are shown.

We obsrve tha for /=0 each of the lower adiabatic bende curves suppots at
least one bound state, whose postion is indicated in Fig. 5.5. Note tha when we
indudethe coupling between the individud adiabatic bende states, and the coupling
between adiabdic states with v=0, 1, and 2, the bound states which are shown
schematically in Fig. 5.4 become only quasi-bourd. When the collision energy of the
HF(v=3, j=0)+H collison energy equds the energies of these quasi-boundstates, then
interference will occur between the scattering wavefundion and the wavefundion

corresponding to this quasi-boundstate. This will give rise to a resonance, with the
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apperance of rapid variationsin the energy dependence of theintegral cross sections
In atime-dependent picture, these resonances will give rise to splitting, and ddaying,
of theinitial scattering wavepacket.***°

Compaison of the energies of these J=0 adiabaic-bende boundstates with
the energy dependence of the J=0 patia removd probability (Fig. 5.3), reveals tha
each of the subtle features seen in Fig. 5.3 and 5.4 occurs at an energy which iswithin
afew meV of the postion of an adiabdic bendea level. In paticular, the prominent
peak at £=0.3052¢V in the J=0 patia removd probability correspondsto the n=1,
s=1 quasi-boundstate. We note, however, tha the lowest bend-stretch state (n=1,
s=0, £=0.2940)lies bdow the HF(v=3, j=0)+H asymptote [E =0.3035€V, relative to

F+Ha(r=r.)], and thuswill notbe accessible in the scattering.

As the total angular momentum increases, the inareasing centrifugd term in
Eq. (9) will raise the adiabaic-bende potentials, in what is commonly referred to as
O shifting 3° Thisisillugrated in Fig. 5.6, which displays thelowest (n=1) adiabatic
bende potentialsfork=0andJ/=0,5, 9, 10,and 11. Consquently, the energies of
the quasi-boundstates Er({;k) will increase with J. This can be seen in Tables 5.1 and

5.2, which list theenergies of then=1, s=0 and n=1, s=1 states as afundion of J.
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Figure 5.6 The lowest adiabatic bende (n=1) potential for k=0 andJ =0, 5, 9, 10,
and 11. The postionsof the s=0 quasi-boundlevels are shown by solid horizontal
lines. Thedashed horizontal lineindicates the postion of the next highe (s=1) level

for J=0.
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Table 5.1 Energies of the v=3, k=0, n=1, s = 0 quasi-boundHFEH van de Waals
states on the SW-PES. “

J E(JK=0)
0 0.2940
2 0.2966
5 0.3012
7 0.3031
8 0.3086
9 0.3122
10 0.3162
11 0.3208
12 0.3257
13 0.3302
14 E b

a. Energiesin eV, relative to F+Hy(r=r,).
b. ForJ# 14 noboundstates exist for thev=3, k=0, n=1 adiabaic-bende potentials.

Table 5.2 Energies of the v=3, k=0, n=1, s = 1 quasi-boundHFEH van de Waals
states on the SW-PES. “

J E(LK=O
0 0.3051
2 0.3058
5 0.3088
7 0.3125
8 E b

a. Energiesin eV, relative to F+Hy(r=r,).
b. ForJ# 8 nos=1 boundstates exist for thev=3, k=0, n=1 adiabaic-bendea
potentials.
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We see tha the first peak in the patia removd probabilities for J = 0, 2, 5,
and 8 shown in Fig. 5.3 aso shifts to highe energy with inareasing J, and, in every
case the postion of this peak correspondsextremely closly to the energies of the
n=1, s=1 quasi-boundstates listed in Table 5.1. If theinaease in the position of the
bound states were a conequence of J-shifting, then the energies would scale as

J(J+1). Fittingtheenegiestabulated in Tables 5.1 and 5.2 to theformula
EVR = g0 4 M) 1 +1) (5.21)

gives, avaue of 3{8) =0.187meV (1.50 cle), with arms error in thefit of 4 meV.

For thes=1 states, thefit gives 31((1)): 0.113meV (0.91cm™), with arms error in the

fit of 1 meV. The s=1 dtates have a smadler rotationd condant, because they are
located at alarger HFEH distance.

As J inaeases, the n=0 adiabaic bende curves become too shdlow to
suppot more than oneboundstate. Consequently, the prominent pegk in the partial
removd probabilities which is assodated with the s=1 resonance disappears, at J=8.
However, as seen in Table 5.1, as J inaeases above 8, the postion of the lowest
adiabaic-bende quasi-bound state (n=1, s = 0), inareases above the energy of the
HF(v=3, j=0)+H asymptote (£=0.3035€V). Consquently, for total angular momenta
in therange9 %J %12, additiond resonances will occur, corresponding to these s=0
gquasi-boundstates. Thisis appaentin Fig. 5.4, which plots the partial removd rates
out of HF(v=3, j =0) for J = 8B1 3. For values of the total angular momentum J >13,
the adiabaic-bende curves are too shdlow to suppott even a single boundstate, so

theresonances disappesr.
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The shap structure dueto the resonances survives the summation over J [EQ.
(54)], so tha the energy dependence of theintegral removd cross sections shown in
Fig. 5.1 reveals evidence of the low-J, s=1 quasi-boundstates, manifest in the broad
peak at low energy, and the high-J, s=0 quasi-bound states, manifest in the sharp
peaks at highe energy.

More ingght is ganed by examining the probability dengty of the quasi-

bound states, ®’¥(R,r,y)?. Within the adiabatic-bende modd, and, in paticular,

within the restriction tha the expanson of the » dependence of ! Jk(R,r,") is
limited, in Eqs (5.9) and (5.12) to jus the HF v=3 vibrationd fundions we have (if

we further restrict & to 0)

L HORr, ") # 6O (R (RIY(",0) $“:3r"' L

J

(5.21)

Figures 5.7 and 5.8 show contour plots of the R, dependence of
! J’kZO(R,r,")zfor the n=1, s=0 and 1 states for J=0 for HFH collinear geometry

(7=0), and supaimposs these plots on plots of the SW potential energy surface. As

we might have anticipated, since the r-dependence of CDJ”‘:O(R,r, y) isrestricted to
jug the HF v=3 vibrationd fundions the r-dependence of the quasi-bound states
displays the expected three-node topdogy of a v=3 vibrationd fundions The R
dependence islocalized, agan as we might have anticipaed, in theregion of thewell
in the adiabaic-benda curves. We aso obsrve in Figs 5.7 and 5.8, tha for the
values of R at which wavefundionsof the s=0 and, especialy, the s=1 quasi-bound

states are large, the r-dependence of the HFEH potential energy surfaces is little
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different from what is seen asymptotically. This is an additiond judification of the

assumption of vibrationd adiabdicity in our adiabatic-bende calculations
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Figure 5.7 Contour plot of the squae of the bendstretch wavefundion

CDJ”‘ZO(R,r,y)for the J=0, n=1, s=0 quasi-boundstate, for collinear HFH geometry,

supaimposd on a contour plot of the Stark-Werner potential energy surface. The
OXOmarks the position of the van der Waals minimum. This plot clear shows a state
with three nodes along the asymmetric stretch (» direction) and zero nodein the

symmetric stretch (R direction), thusassigned to (v=3, n=1, s=0) states
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Figure 5.8 Contour plot of the squae of the bendstretch wavefundion
®J’k:0(R,r,y)for theJ=0, n=1, s=1 quasi-boundstate, for collinear HFH geometry,
supaimposed on a contour plot of the Stark-Werner potential energy surface. The
OXOmarks the postion of the van der Waals minimum. This plot clearly shows a state
with three nodes aong the asymmetric stretch (» direction) and one node in the

symmetric stretch (R direction), thusassigned to (v=3, n=1, s=1) states
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Figure 5.9 displays contour plots of the R, y dependence of ! '*(R,r,")? for

the n=1, s=0 states for J=0 and for » hdd at the equilibrium value in HF (».=1.73
bohr), and supaimposes these plots on a contour plot of the SW potential energy
surface. We see hee tha the quasi-bound HFEH states are located primarily at

collinear HFH geometry, where the degpest van de Waals minimum occurs.

R (bohr)

L
120 140 160 180 200 220 240
Bending angle (degree)

Figure 59 Contour plot of the squae of the bendstretch wavefundion

| Jk=0(R r,")for the J=0, n=1, s=0 quasi-boundstate, for an HF distance of r=r,

supaimposd on a contour plot of the Stark-Werner potential energy surface. The

OXOmarks the postion of the van der Waals minimum.
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5.5 Rotational distributions

We see clearly in Fig. 5.1 tha the presence of resonances leads to shap
enhancements in the vibrationd removda cross sections In prindple, it might be
possible for the find HF rotationd distributonsto be considerably atered by the
presence of alonglived resonance. To investigae this question we plot in Fig. 5.10

the dependence of the HF(v=3"2, 1) vibrationdly indastic cross sections at two

energies, one corresponding to the narrow resonance pesk at E,,, =0.3164 (Fig. 5.1)
and the second (£.=0.0155 eV) corresponding to the dip between the pesks at

E,;=0.3164and E,,; = 0.3120in Fig. 5.1.

In both cases, therotationd distributionscorrespond very closly to those we
have aready presented in Fig. 4.4. There appears very little difference between these
distributionsat a resonant collison energy and one off-resonance. Thus we condude
tha in the case of HF(v=3)+H vibrationd relaxation, the presence of quasi-boundvan
da Waals states has little effect of the rotationd distribution of the quenched HF

molecules.
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Figure 5.10 Integral cross sections into specific rotationd states at two collison

enegies, the first (£.=0.0129 eV) cormrespondng to the pesk at E,,; =0.3164
(Fig.5.1) and the second (£,.=0.0155€V) corresponding to the dip between the peaks

a E,,,=0.3164and E,,, = 0.3120in Fig. 5.1.

5.5 Discussion and conclusions

We have presented here a detalled study of the role of resonances in the
vibrationd relaxation of HF(v=3) by collisonswith H atoms. Fully quantum reactive
scattering calculations were presented of the oveal removd cross section for
HF(v=3) in collisons with H atoms. This involves three processes. vibrationdly
indastic scattering with and without H-atom exchange and reaction. Of these
processes indastic scattering without atom exchange is the domnant relaxation

mechanism, followed by reaction. Indastic scattering with atom exchange is least
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probable, because at low collison energy this can occur only by quantum tunnding

throughthe HE FE H exchangebarier.
The enegy dependence of the removd cross section for each of these
processes displays severa narrow peaks. We have used an adiabaic-bende analysis,

similar to tha invoked by Castillo er al.'® in an earlier study of reactive F+H,

scattering, to andyze this structure. We have shown tha the mos prominent pesks
correspond to shape resonances involving quasi-bound HFEH states which are
trapped behind a combinaion of the HFEH centrifugd potential and the HFEH weak
van der Waals attraction.

From a time-dependent point of view, trapping of the initial wavepacket in
these quasi-boundstates will increase the time the collision system is exposd to the
weak coupling between v=3 and the lower vibrationd manifolds thusincaeasing the
overall relaxation cross section. Because the peaks seen in the energy dependence of
the total removad cross section are due to interactions between the scattering
wavefunadion and quasi-boundstates in the HFEH valley, the coupling will effect all
collisions regardless of thefind outcome (indastic scattering with or withoutH atom
exchangeandreaction). Hence, aswe seein Fig. 5.1, theresonance peaks are present
in theremovad cross sectionsfor each of these processes.

Several recent ab initio studies of the HFEH region of the FHH potentia
energy surface have shown™*° that an artifact of the fit used by Stark and Werner
will generate an small artificial barier at large HFEH separations outside of the van
der Waals well. This barier can be seen clearly in Fig. 5.5. This presence of this

barier might artificially enhance the importance of the n=1, s=1 quasi-boundstates,
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which, as can be seen in Figs 5.5 and 5.6, are barely boundand might disappear if a
more accurate fit were donewhich resulted in removd of this barier. Alternaively,
however, an improved ab initio treatment with a better description of the correlation
energy could lead to alowering in the HFEH van der Waals well, which would result
in thes=1 states beng boundregardless.

As we have discussed, it is only the lowest energy peak in the removd cross
sections which is a reflection of the s=1 quasi-bound states. The pesks at highe
energy are a reflection of coupling with the s=0 quasi-boundstates. As we see in
Figs 5.5 and 5.6, these quasi-boundstates are rather degply boundin each adiabatic
bendea potential, and will certainly persist even in the absence of an artificia barier
at longrange

The present study focused exclugvely on the relaxation of HF(v=3, j=0). Itis
likely tha smilar resonance effects, involving quasi-boundHFEH states, would play
a role in the relaxation of othe vibrationd levels. As we have seen, the maor
resonance effects were rotationdly adiabatic, in the sense tha the quasi-boundstates
in the adiabatic bende potentials which correlated with HF(v=3, j=0)+H played the
major role. We would expect then tha for the relaxation of HF in rotationd levels
with j&0, it would be quasi-bound states in the higha (n>1) adiabaic bende
potentials which would provide the mgor resonant coupling. Aswe seein Fig. 5.5,
these highe (7>0) adiabatic bende potentials also suppot quasi-boundstates.

Another extengon of the present study would beto carry out a quantum time-
dependent study of the HF+H vibrationd removal dynamics, with a focus on the

degree of time dday introduced by theresonant coupling with the quasi-boundstates.

84



In addition, we certainly encourage the expearimental study of the resonance

effects unoovered here.
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Chapter 6: Summary

In this dissertation we presented the results of a fully quantum mechanical
investigation of the vibrationd relaxation of HF(v) in collisonswith H atoms. The
compaison beween earlier quasi-classica trgectory (QCT) caculations and
fluorescence experiments motivated our investigaion to provide more detalled and
accurate predictionsof thedynamics of H+HF indastic scattering.

Asoutlined in Chapter 1, 30 years after thefirst experimenta investigaion of
therelaxation of HF by H atoms, akey processin the HF chemical laser system, there
IS not yet satisfactory agreement between theoretical smulations and experiment.
Likely thisis dueto inaccuracies in the approximate potential energy surface used in
this early work, as well a purely classical treatment of the reaction dynamics, which
does notalow quantum tunnding throughthe HEFEH reaction barier. Asoutlined in
Chapter 2, ourinvestigaionis based on therecently developead Stark-Werner ab initio
potential energy surface (SW-PES). Aswe saw in thefollowing chapters, thelocation
and magnitudes of the saddle points and small wells on the SW-PES play significant
roles in thereaction dynamics, in particular in defining the quasi-boundstates which
lead to resonant enhancement of thevibrationd remova cross sections

Chapter 3 reviewed the quantum scattering (coupled-channd) formalism in
both space and body-fixed frames. We described fully the connestion between the S
matrices, which are the output of these scattering calculations and the cross sections
and rate constants which are the experimental observables. In particular, theuse of a

paity- and symmetry- adgpted basis enables us both to reduce the overall size of the
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basis, and the computationd expense, and to separate outindastic relaxation with and
withoutH atom exchange which are not possible to distinguish experimentally.

In Chapter 4, our results show tha deactivation of HF(v=3) is a very fast
process with rate congants on the order of 10" cm®-mol/sec. Because of the high
reaction barier, atom exchange contributes little to the deactivation of HF(v=2). For
the vibrationd relaxation from highly excited vibrationd states, such as HF(v=45),
multiple quantum trangtions contribute significantly to the overall remova cross

section, while for HF(v' 3), vibrationd relaxation occurs mainly through single

guantum trangtions Quantum mechanica calculations aso show tha indastic

(HF+H) energy trander is primarily a V$ T process, involving vibrationd energy
convasion into trandationd energy, with V$ R convasion of vibrationd to

rotationd energy playing only aminorrole. Overall, our quantum calculationsbased
on an ab initio potential energy surface agree better with the limited experimental
daathan theearlier quasi-classical smulations

Chagpter 5 invokes an adiabaic bende modd to explain successfully the
prominent resonance peaks in the energy dependence of the cross sections for the
relaxation of HF(v=3, j=0). These peaks correspond to shgpe resonances involving
gquasi-bound HFEH states which are trapped behind a combinaion of the HFEH
centrifugd potential and the HFEH weak van der Waals attraction.

Agan, al of our calculationsand condusonsdepend critically on thefeatures
of the SW potential energy surface (van der Waals wells and barier heghts). Since
this work is the first quantum mechanica investigaion on H+HF reactions more

work need to be donein the future. For example, onemajor task in the future is tha
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we need to calculate the exact vibrationd relaxation rate congant for awide range of
temperature. The finer grid of energies is encouraged to be used for quantum
tunnding, in orde to map out more dealed resonance feathes. Since the
expeaimental data are 30 years old, we encourage some scientists to re-measure the
vibrationd relaxation rate condants for each channd. The chdlenge here might be
thedifficulty in measuring therate for each reaction directly.

The mog surprising and interesting discovery in this thesis is the role of
resonances in the vibrationd relaxation of HF(v=3, j=0). As we can see in Fig. 5.5,
the highe (j > 0) adiabatic bende potentials also suppot quasi-boundstates, which
indicates tha we might expect to find resonance fingeprints in the relaxation of
HF(v=3,; > 0). Also, it islikely tha similar resonance effects, involving quasi-bound
HF-H states, will play arole in the relaxation of other vibrationd levels. Therefore,
future theoretical studies might focus on the relaxation of these other rotationd or
vibrationd levels, in the search for resonance fingeprints.

Additiond time-dependent theoretical techniques, specifically wave-packet
methodsor the use of time-dday tools, would cast additiond light onthe nature of the
van der Waals resonances we have unovered. A broader theoretical endeavor would
the search for the signaure of similar weakly-bound states in other collision events.
Alternatively we encourage future expeimental study of the role of resonances in
HF+H vibrationd relaxation. Eventudly, discovery of these resonances could provide
valuable experimental input into a future refinement of the FH, potential energy

surface.
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