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I. ~ INTRODUCTION

The subject of laser interactions with molecular processes has
generated great interest both experimentally and theoretically. .This
interest has been enhanced by the possibilities for laser-catalyzed

chemical reactions, isotopic selectivity and perhaps even the

v

- determination of the transition state structure. The degree of

success in this area has been limited by the extreme difficulties of
the experiménts involved and also the lack of simple and qualitatively
accurate theoretical models that can be applied to a wide range of

. 1-18
systems. o

In this paper we present a classical model which describes the

interaction of a visible/UV laser with a two-state system.  In this

-model all degrees of freedom--translation, vibration, rotation, electronic,

‘and the laser field itself are described by classical mechanics and

therefore in a djnamically consistent fashion. This model has'several

advantages. First,,since all degrees of freedom are treated equally,

it is possiblélfq observe resonance phenomené that cannot be seen if
certain degreés-of freedom are treated wiﬁh different approximations;
Second, since.gﬁe méthod basically involvés the addition of two degrees
of freedom, that is, four equations of motion to the.étandard classical
trajecfory calculation, it is possible to Handle cases where qﬁantumr
mechanical treétﬁents are presently impossible (e.g., three-dimensional
two-state colli%ion systems) .

The classicél model is briefly outlined in Section II, including the

additional complications involved in a full three-dimensional calculation,



and applied to both collinear and three-dimensional LiF + H~> Li + FH for
a variety of field strengths and laser frequencies. It is found that at
- certain collision energies (wﬁich depend on the laser frequency) below. | -
the classical threshold the reaction probability is greatly enhanced due
to a Franck-Condon like effect: The same argument is able to predict )
structure in the reaction probability for a quantum mechaﬁical calculation’
even when the reaction probability is too small to be seen classically.

Finally in the last twé sections we present preliminary calculations
on t@o other interesting phenomena. The possibility of laser inhibition
of a chemical reaction is studied using a collinear model with parameters
siﬁilérvto H + H,. This inhibition is a very iarge éffect which can be
seen at quite small laser field strengths; and which can sometimes
destroy the effect of increased reaction probability on the lower state.
The last section deals with the isotopic effects on reaction probability

induced by the substitution of deuterium for hydrogen in the collinear .

reaction LiF + H.



‘II. THE CLASSICAL MODEL: APPLICATION TO LiF + H

-

Since the theory for the classical description of a two-state system
in a laser field has been described previously, only a brief presentation

‘ is given here.12 The classical Hamiltonian for this system has the form

H = HMOL + HRAD + HINT B (2.1)
where,

2 .
B _ :
om + (1mn) Hyp ()

[“I{OL(B,E’H’q) =
+ 0 H () + 2/a(in) By (x) cosq  (2.2)
Hpap = ‘th _ | o | (2_.3).
: BTRe Y
HINT = V= JN’ u(f,n,q) cosQ (2.4)

'where (f,g)‘afe the nuclear coordinates and mdméntum, (n,q) are the
classical action—angie variables deséribing.the electronic degree of
freedom, (N,Q) are the classical‘action-angle variables for the laser

'_field, Hnn.(x) n =-0,1 is the diabatic pbtential energy surface, ® is

~ .

the laser frequency, V is the volume of the radiation field, and.
u(x,n,q) is the component of the molecular dipole moment along the
polarization vector of the laser. The dipole moment U can be expressed

in terms of the action-angle variables for the electronic degree of

freedom (n,d) as

H(x,0,q) = (1-0) o () + om0 +

2 n(l—n)'UOl(f) cosq (2.9



where unn,(x) n = 0,1, is the matrix of the dipole moment operator in the

electronic basis.lg"22 Therefore the complete Hamiltonian for this

system becomes
‘ : 2., _
H(Bs}f:n’qu,Q) =P /2m + (1-n) HOO(?E) +

n'Hli(f) + 2y/n(1-n) H01(§)vcosqv

(x)

+ hoN - V8ﬂ3w VN cosQ[(l—n)uOO(E) + nnll

+ 2yn(l-n) uOl(f)'cosq] S
Though this is the complete classical description of the system,
for the cases studied here seﬁeral simplifying approximations are valid.
1) HO1 = 0: This corresponds to neglecting any electronically
19-22

adiabatic effects in ‘the absence of the field.

2) (x) = u01(x) = 0: This approxzimation neglects the interaction

Hpo (5
9-11

of nuclear motion with the laser field within an electronic state.
~ This is valid because the laser frequency used in this application is

- visible/UV not-infrared: - The Hamiltonian tﬁen simplifies to

2
H(p,x n,q,N Q) —-g— + (1-n) Hoo(f) +'n H (f)f

+ hwN _\/8ﬂ3m 2V§\/n(1 n) uOl(x) cochosq .

(2.7)

(The usuél Langer modification n(l-n) +~ (n +%D(%.—n) is also made to
equation (2.7); N is so. large that.changing N - N +=% has no effect.)
The first éystem studied was collinear LiF + H - Li + HF. This

system has been studied quanfum mechanically By Light, 35.31.7 and more
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‘recently by.Kulandei".18 The parameters for the two LEPS potehtial

surfaces used in the calcuiation are listed inATéBlé II of reference 7.
The Hamiltonian is that of Eq. (Z.?)Iand standafd quasi-classical
trajectOries were run on the system wiﬁh the four additional equations
of motion due to the laser fiéld and electronic dégree of freedom.
Further details can‘Be found in rgferehce 12.' |

v The reaction probability for two differént laser frequencies and the

same laser field strength are shown in Figure 1. These curves have several

'important features that arée typical of the process both classically and

quantum mechanically.

The threshoiavfo; reaéti&e scattering is.lpwered. This effect
increases as the field strength increases and also is largest when the
laser frequency is équal to thé asymptotic_spiitting between the two
pétential energy'éﬁrféces. _This-is caused by tranmsitions to the excited
state sufface whe;é the reaction probébility is much higher.

A much moré:inferesting phenomenon occurs at much lower translational
energies, where péaks occur in both the quantum and cléssical reactive
probabilities.b-fﬁéée peaks are due to a FrénckéCoﬁdon like effect between
the nucléar motién, the field and the two péﬁential“energy surfaces. If
fhe laser frequeﬁcy is fixed, this determines a set of interéection points
between the exci;ed state-surface and]the dre;sed ground state surface
(the ground staté + hw). At cértain translécional energies, the classical
turhing pdints (ﬂoth vibrational and transiééional) occur at this inter-
section. Since ﬁﬁe syétem spénds most bf.its time in the vicinity of

the classical turning‘point,‘there is an enhancement in the probability

"of transition to;fhe upper potential energy5éurface and hence a peak in

the reactive probability. Classically two peaks are predicted, one at
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the inner turning point and the other‘at the outer vibrational turning
point. Of course quantum mechanically the groundvvib;ational state wave
function is not peaked ;t the classical turning points_but has only one
maximum. It is interestihg to note that in quantum calculations only
one peak was obsefved‘at the 'small r", the so-called "outer" turning
point of the chlinear system.18 This effect is quite general and seen
in all the systems studied.

In the three-dimensional calculétions_the gquations of motion become
'slightly more complicated. As in the collinear case u0l§§) is taken as a

constant. However

-~

> A AA

- ~
where u01 is a vector of constant magnitude “01 in a direction u which
' 3u01(X)

is perpendicular to the plane of the three atom system. Therefore AR
where x is the .vector of coordinates of the particles, is no longer zero
as in the collinear case but a function of the relative positions of the
atoms.

Besides this additional complication the calculation is carried out

, i . . 23 . |

using standard quasi-classical trajectory methods (which have been
described elsewhere) with the inclusion of the four equations of motion
describing the laser field and electronic degree of freedom.

It was found that the cross-sections for three-dimensional LiF + H
on the ground state surface without the field were extremely small. The

- cross-section at one laser intensity and several laser frequenéies is

compared to that without the field in Figure 2. The threshold for reaction

was lowered in all cases. There was no significant variation found with
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‘the polarization of the laser field. At most frequencies there were ﬁo
low translational eﬁergy peaksvand tﬁose that-occurred were significantly
reduced. This is éue ih part to'the'three—dimenéional nature of the
problem since the simﬁle vibrationai/translationgl turning point
structure is waéhed out.by tﬁe rotation of the system. Also, the motion
on the ground state is primarily repulsive for many of the aﬁproach
parameters so thg system:cannoﬁ enter into.a fa?drable'fegionvfor

excitation to the upper potential energy surface.



Tl

ITII. LASER INHIBITION OF CHEMICAL REACTION

The ﬁodel used in this calculatioﬁ is‘very similar to that described .
by Light; gE_gl;7 The ground state surface was takeﬁ to Be the Karplus- |
Porter.potential éurface for H +.Hé.. The-excited state was taken to.bev
a LEPS surface for H + H, shifted.upward by 0.5 eV but with the Sato
pafémeter § as 0.20. The effect_pf this change is to lower the barrier .
to reaction énd shift the reaction path siightly. As described in the
previous section and in reference 12 it is possible to predict for a
given laser frequency the resonant tranSlaﬁionai energies,'that is the
'translatioﬁal energies where fraﬁsitions to the excited potential energy
come into resonénce causing a peak in the reacti&e probability. Figuré 3
shows the difference Between the two potehtial energy surfaces at the
vibrationél/tranélational turﬁing'pdints for the systém as a function of
translational~energy. To. obtain the traﬁslatiéﬁal energiés whére the
HFranck—Condon like factors are favorable for tfansitidn to>thé upper
surface, a hérizoﬁtal.line is drawn acrosé_the graph at the iaser
frequency.

A quasi~classical calculation was carried out forvthis system as
described in the previous section. 1In Figure 4 the probability of
transition to the excited potential energy surface as a function of o e
translational energy isvplotted for one iaser field strength.and a series Cy
of laser frequencies. Peaks occur at the’predicted translational energies.

So far only the effect of the laser on the reactive probability on
the lower surface has been considered. It is also éossible to study the
effect of the laser on the reac;ion prébability on the excited surface.

At the laser frequencies and field strengths studied for LiF + H the



effect was small, due .to phe large.differences'in\the potential energy
surféces. However in this model thé two poten;ial energy surfaces are
very similar so the region of favo%able interaction overlaps
considérably; In Figure 5 the reaction prbbability in the presence
ofrphe”field at several lasér'freduenciés is cémpared'to tﬁat-of the
field—free'éése. There is significan£ inhibition of reaction on the
upper sgate pptentialleneréy.surfacé. In Figure 6 this effect is
illustrated as a function;ofufield stféngthé. For even quite low field
strenéfhs (u-E = 0.00l‘eV) Ehe effect is still pronounced. It is
imbértant ﬁb note that the iargest4probébilit§ fof,transition to the
uﬁpef“state péténtiél eﬁergy surfacg from fhg iowe£ surface occurs where
a léfge:inhibitioﬁ‘of‘thé reactioh:prbbability on the upper surface occurs.
Thésé‘two effectsutend to cancel, resultiqg in ﬁhe reaction probability
on the lower surféée shown in Figure 7. Quaﬁtum mechanically a similar
effect occurs, hoéever a residﬁal peak is Still seen at the positions
marked in Figure 3;18 It is interesting to note that these again occur

at the '"small r" (outer) turning point.
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'IV. EFFECT OF ISOTOPIC SUBSTITUTION

In this section preliminary results on the effect of isotopic
substitution on the enﬁancement of chemical reactions via a collision
induced absorption is discussed._ The systemrstﬁdied is the same as

" that used in Section II but ﬁith the hydrogen‘repléced with deuterium.
All other parameters remained the same. In Figure 8 the results

for LiF + D are compared to those of LiF + H for one laser frequency
and field strengtﬁ. As can be seen, the peak is shifted and narrowed.
This suggestsvthe interesting possibility that isotopic—épecific
enhancement may occur during a chemical reaction, though much further

-work is necessary before any definitive statement can be made..

‘
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V. CONCLUSION

The purpbse of this paper was to illustrate the use of a completely
classical model to study the laser enhancement of chemical reactions via

a collision induced absorption. It is found that the model is easy to

apply to a wideé range of collinear and three-dimensional examples. It

is inféfesting to note.that the duahtum mechanical c;lcﬁlation is in
qdaliﬁative agreement with the classical calculation in the collinear
A + BC examples and that a very simplé calculation (c.f. Figufe'B)'Can
predict the Franck-Condon structure in the quantum—mechanical reacticn.
A further study 'of three;dimensional systems is necessary to see if the

low energy structure in the reaction prébability.is always weak or

whether this is an artifact of the particular model. Other preliminary

calculations ha&e.iilustrated the laser inhibition of chemical reactions
with very small field strengths as well as'iéotopic effects in these
systems.  Further work is necessary to explbfe these interesting
possibilities. |

Finally théfe is one aspect of these pfocesses which has not yet
been explored; the absorption spectra itself. That is, changes in thev
laser field (thé‘éﬁsorption énd emissioﬁ of photons) due to the
collision. .This could be an interesting prébe of the two potential

energy surfaces involved in the reaction.
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Figure Captions

Total reaction pfobability for collinear H + LiF - HF + Li as a 0
function of the initia} translational enengy Ett’ from a quasi-
classical trajectory galculation. LiF ié inifially in its'ground
vibrational state.v,The dotfed curve is the laser-free result. The
other two‘curvés.are for a laser power such that “01E0 = O.Ql eV
aﬁd a frequency hm'= 6.2 eV (solid curve) and 6.4.eV'(dashed curve).

(Reprinted with permission of The Journal of Chemical Physics.)

Totalvcross—section (aoz) for three;dimensional H } LiF - HF +;L; as a
function ofvthe‘iﬁitial translational energy Etr; from a quasi-
classical trajegtory calculation. LiF is initially in its ground
vibrationai—fotational étate. The dotted curve is the laser-free
resultﬂ The other two curves are for a laser power such that

“01Eo = 0.01 ev aﬁd a frequency hwié 6.5 eV (solid cﬁrve) and 6.2 eV
(dashed curve).

Shown are the Franck—Copdon frequencie§ AV = Vl(Rk’rk) - VO(Rk,rk)
where (Rk,rk), k = 1,2 are the Ewé simultaneous translation-vibration
turning.points on the ground state ﬁotential sﬁrface,,as a function

of the initial translational energy, E__, for the model system with

tr
YH + H2 paraméters. the:position of peaks iﬁ the quantum mechanical £
probability for u01E0 = 0.01 are marked by crosses. v, ;
The probébility forvtransition to the upper'state potential surface

for the model H + H2 system as a function of the initial traﬁslational
energvatr, from a quasi-classical trajectory calculation. H2 is

initially in its ground vibrational state. The curves are for a

laser power such that u01E0 = 0.01 eV and a frequency hw = 0.017 a,
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(solid curve), 0.0165 a, (dashed curve) and 0.016 a, (dash-dot curve).

0
Total reaétion probability on the upper state surface for the model
H+ H2 system as a function of initia; translational energy, Efr’
from a quasi-classical calculation. H2 is initialiy in its ground
vibrational séate. The dotted curve is the laser-free result. The
curves are‘for a laser power sucﬂ that uOlEO = 0.01 eV and frequency
huw = 0.017 a, (solid curve), 0.0165 a; (dashed curve) and 0.016 a
(dot—-dash curve).

Total reaction probability as in Figure‘S. The dotted curve is the
1aser—free'result as in Figure 5.v The lasef frequencylis hw =

0.017 a, and the laser field strength is éuch that u01E0 = 0.01 eV
(solid curve); 0.005 ev (daéhed'curVe) and 0.001 eV (dash-dot curve).
Total-reaction probability oﬁ the state sﬁrface for the moael ﬁ + H2

system as a function of initial translational energy, E__., from a

tr

quasi-classical calculation. H2 is initially in its ground vibrational

- state. The dotted curve is the laser-free result. The curves are

for a laser power such that u01E0= 0.01 eV and frequency hw = 0.017 a,

(solid curve), 0.0165 a, (dashed curve) and 0.016 a, (dash-dot curve).

0
Total reaction probability for collinear LiF + H + HF + Liv(solid

curve) and collinear LiF + D » DF + Li (dashed curve) as a function

of initial translational energy, E from a quasi-classical

tr?

. calculation. LiF is initially in its ground vibrational state.

The curves are for a laser power such that “01Eo = 0.01 eV and a

laser frequeﬁcy hw = 6.2 ev.
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