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Abstract

| We have pointed out previousi& that an infrared laser will invgeneral
enhance the rate of a chemical reaction via a ¢ollision‘induced absorption,
even if the réactants thémselves aré infrared inactive. This paper examines
' ﬁhis phenoﬁgnon more fully by presenting a simple analytically solvable
model which illustrates it andvalso by presenting the results of classical
trajectory‘éaiculations we have carried ouf for the rgactions X + H2 : HX + H,
for X = H, F, CL. One new feature which is revealed by these calculations
is that the polarization of the laser ié an importanﬁ parameter, i.e., certain
' pélarizations are 'much more effective in enhancing the rate.of the reaction

than others.
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I. ‘Introduction

It is well-known that the rate of chemical reactions can be‘enhanced
by -infrared lasers that vibfationally excite one of the reactants.l Thié
requires, of course, that the frequency of the laser coincide with an ‘
infréred~absor§tion of one of the reéétant ﬁoiecules. |

We have recently poiﬁted out,2 howevef, that in general there is a
collision_induced absorption that enhances the rates of reactions by
effectively lowering the’activation energy, even if the reactants are
infrared inactive; The purpose of this papervis to discuss this phenomenon
more fully and to presént:the results of additionél calculafions illustrating
it.

It is easy to updérstand the phendmenon quélitatively by considering
the simple prototype reaction H + H2 > H2 + H. Although the reactanté are
infrared inactive, it is easy‘to see ﬁhat in-the.ﬁransitidn state region |

: : > <« >
of the potential energy surface the asymmetric stretch motion, Hee<He*<*H,

"will absorb in.the infrared because the system has, a non-zero dipole moment

that changes with this motion. On_the.other hand,?the symmetric stretch,:
ﬁ°'°H°'°ﬁ, does not absorb infraréd ra@iaﬁion since the system develops no
dipole momenﬁ with this motion. The as?mmetric stretch displacement,
howevér, is motioh along the reaction coordinate; so the system will absorb
eﬁergyvfrom_the radiation field prefefentially in fhat degree of freedom
most effective in promoting.the reactién, i.e., in helping it surmount tﬁe
activation Barfier.

| It is gasy to see that this is a general phenomena-since displacement

of a transition state along the reaction coordinate is in general the least



symmetric disi)lacement3 and will thus always be-iﬁfrared active. It is
also cléar, however, that the pheﬁomenon requires very inteﬁée radiation
fields (and thus lasefs) sinéé.the system is in’fhe transition state
‘region of the potential eﬁergy surface for only a short period of time;
i.e., the "concentration of tfaﬁsiﬁion states" is small.

In addition to‘intefest in this process for the obvious reason of
being able to acéelerate ﬁheﬁical reactions, it is aléo ihteresting because
it allowsbdne in effect to "see" (i.e., té interact with) the reactive
system in the transition state régioﬁ itself. In normal scattering |
experiments one can observe the system only before and after. complete
collisions. This collision inducgd absorption is thus the closest. in
principle thét one can come to infrared spectroscopy of a transition
state. .

Section II first presents a simplified oné-dimensional model of
ghe phenomenon that is analytically soivable. This gives a qualitative
indication of the nature and order of the magnitude of‘the effect, i.e.,
how much the activation energy of'a reactiép is expected to be lowered
by the radiation field.. Tﬁevresults of classical tfajectory calculations,

including the-laser field, for the reactions
X+H2§HX+H ,

for X = H, F, CL are presénted in Section III. The qualitaﬁive behavior
predicted by the l#diﬁensional model of Section II is seen to be borne
out by these results.

In-élosing this Introduction it shoqld be noted that coilision

induced absorption is a well-known and much studied phenomenon in



itself% e.g., in ﬁixed rare ggses,4 ‘In the'ﬁresgnt.paper our intefest is
vﬁot so much in the absorption spectrum but'father in how the absofpﬁion
affeéts the céilisioh dynémics, e.g.; by changingvnOn—reactive trajectories
into reactive ones. Also, ;here has been considerable interest in the
effect on collision ﬁrocesées caused by laSer—indﬁced ele_'ct.ronic’e}.;citation;5
this usually (but not ﬁecessarily) iﬁvolves a visible laser and, of course,
requires the existence of an appropriate electronically excited potential

energy surface.



II. .One Dimensiohal Model

To obtain.a simple analytic‘solutibn tovserve as a qualitative guidé
to more’quantitative calculations, we carry out in‘this section a calcula-
tion for the simplest possibleAvefsion of the ﬁrocess we.are déécribing,
We thus assuﬁe fqr‘the present (1) that'fhe potentiél énergy surface is
separable in the region of the transition state, (2) that only motion
along the reaction coordinate is optically éctive, and (3) that the
potential barrier‘in the reaction coordinate is parabolic. ‘A further
approkimation is (4) that the effect of the radiation field of the motion
along the reéction coordinate is:trea;ed by lowest order perturbation
theory. The calculation is éarried out, as are the numerical-caiculétions
repOr;ed_in the next section, within.the.framework of the classical theory6
recently developed to treat thg interaction of molécular.systems with
electromagnetic radiafion.~

Letﬁing x denote the coofdinate for motion along the reactive direction,
consider a classical trajectory'beéinning at‘xl.(cf, Figure 1) at t = 0,
with initial momentum Py (xl < 0 and p1-> 0). The potential energy barrier

V(x)_is,parabolic,
1 2 2 - | |
V(x) = ) m, X s ‘ : (2.1)

'so that the initial energy in this degree of ffeedom,'El, is

E = —=—~- —;mw X . ' (2.2)



If El < 0, as shownviq Figufe 1, ﬁhen the field—free.trajectqry will
cleariy.be'non—reactive.

| Nl and"‘Ql are fhe initial quéntum number and phase of the radiation
field, and we first determine the trajec;ory x(tgxl,pl,Nl,Ql), notihg
that it depends on the various initial conditions.- Accordiﬁg t6 the "

perturbation result obtained in reference 6, x(t) is given through first

order in the.interaétion between molecule and radiation field by
x(£) = x,(€) + Bx(t) (2.3)

where-xo(t) is the field-free trajectory, which in this case is

P, ’ :
» N 1 .
cosh(wbt) f‘;a— slnh(wbt) . (2.4)

x.(t) = x
-0 b

1

and where Ax(t) is the correction caused by fhe‘radiation field:

8rhwN. t - x (t;x',p ) 9x,(t';x,,p;)
Ax(t) = qt' [ 0 1’71 0 1’71

1
v o b Bpl _ Bxl

9% (t;x,,p,) 9% (t';x,,p.) | -
0 1’71 0 1’1 ' . ' .
- o, o, ]u v,(xko(t'))sm(wt +Q,) 3

(2.5)

ux) is the dipole moment of the molecular system as a fﬁnction of x.

Utilizing Eq. (2.4), Eq. (2.5) becomés

| ' Ax(t) \/ fdt u (x (")) 81nh[w (t-t")] 31n(wt +Q; )

(2.6).



. To determine whether the trajectory is reactive or not, we consider
the limit t - 4+ to see if x (t) + 4 - (reactive) or -» (non-reactive).

‘Eqs. (2.4) andv(2.6)vshow that as t + +w,

x(£) = x (£) + Ax(t)
ot Y e u e
y—j;_—e b [xl +v‘“‘*’t \— 1 () ’1’./0'dt' W (xy(t')e
2

To simplify matters further we also assume that‘the dipole derivative is

constant, u'(x) = u', so that

- t'

A ae u'(x. (') e b sin(wt'+Q.)
b 0 : 1
| B 2
u [wcosQ1 + wb81an]
= , > (2
2 v w0’
w b
and take Xy largé enough so that
-+LEE; = + thE +VA2w‘2 251/2/(mw')”
X1 T 1 17 "% % b
= E, /(w2 |x, |) . (2
1 b 1

Eq.

not depénding on whether the following quantity is»pOsitive or negative:

sin(wt'+Ql)] .

W)

.8a)

.8b)

(2.7), with Eq. (2.8), then implies.that the trajectory is reactive or



El v + v 8ﬂth1 u.‘ (wcosQl +_wb31an) v 2.9)
mo le | vV S w? + w2 o o
. b 1 v b
The characteristic function for reaction XR (Nl’Qi;El)’ which is 1 for
.reactive trajectories and 0 for non-reactive ones, is thus given by
o . ?hmeb ' »
e = + ] Y 1 ] .
XR(Nl,Ql,El) h [El 5 (wcosQl + wb31an)] . (2.10)
TR T v
b
where h( ) is the usual step-function,
. (1, =z >_0 .
h(z) = { ; .
0, z<0
and where_‘wR is the Rabi frequency for the transition,
‘8ﬂthl . ' : -
fry L -
hop S\[—5— | xll . (2.11)

The net reaction probabiiity is obtained by averaging Xg over the initial

phase of the field,
N v . -1 2 : '
i PR(Nl’El) =: (2m) ’/(:[dQl XR(N]_’Q].;E].) C (2.12)

and it is easy to show that'with XR_given'by Eq. (2.10) the result is

=

_ L -1 ) o o
PR(Nl,E-l) = —5 + sin (El/Eth)/n R | (2.13)

where Etﬁ’ the threshold for reaction, is given by



-1/2

.Egh = - hug (1 + wz/wzb) , C | '(2.;4)
: Equétions (2.13) and (2.14)‘are the pringipie results 6f this model
calculation, and they should be tegarded as qualitatiﬁe, order-of-magnitude

' indiéators. Figure 2 shdws the regction probability of Eq. (2.13) as a
funétion of energy El’ cbmparéd to the field—free resﬁlt..‘The important
feature is that the threshold for the reaction has been depressed by the
presence of tﬁe radiation field. Eq. (2.14) shows that the‘amount by which
the thréshold energy is lowered is roughly hwﬁ.. |

The numerical classical trajectéry calculations described in the.
next section also show the qualitative behavior desgribed by Eqs. (2.13)
and (2.14).

The dependencé of this absorbtion on the freguencz of the laser is
also eésy to understand qualitafively within.the-framework of this one-
dimensionél picture._ For a reactive trajectofy, i.e., one that passes
over the Barrier in Figure 1, the time dependence of the molecular dipole
moment will be of the form sketched in Figure 3a. (This would bé the
case, for example, for the H + HZ > H2 + H reaction.) 1In the one photon
perturbative limit the absorptioﬁ coefficient, i.e.,‘the probability of
the system absorbiﬁg a‘photon, is proportiéﬁal té the squafe modulus of

the Fourief transform of u(t):
I(u»'ml.ihdt ™t Lu(n|? . o (2.15)
”» ,

Suppose; for example,



el

u(x? é_u' X e#p(—'% x2/a2) _ | | (2.16a)
and
x(t) = vt . | | | | (2.16b)
Eq. (2.15) then giyes
I(w) = wz exp(—wzazkvz) R S (2.17)

which is skethced in Figure 3b. The probability of absorption is largest .

in this case for
w = v/a ; (2.18)

frequenciesvabove or below this value are not as effective in promoting
the reactive, and this optimum laser frequency is seen to vary monotonically

with the collision energy.
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I1I. ClassicaliTréjectogg_Calculations for X + HZ'S HX + H (X‘= H, F, CR)

Io obtaih a more quéntitatiVely reliable chéractérization of how this
collision induced absofption enhances the rate of reactions, we have
cafried'out classical trajéctoryjcalculationsvwithin the frémework_of ;he'
theoretical médél develope& in reference 6. 1In ﬁhis model the molecular
degrées of freedom, and also the radiation field?4approximated as a single
mode laser-—-are treated by classical méchanics, i.e.,vBy nuﬁerically integrat-

.iﬁg Hamilton's equations for.thevcomplete system,.molecules plus radiation
Field.
Fof the case of a éoilinear A + BC collision in é siﬁgle‘mode radiation

field, the classical Hamiltonian for the compléte system is

2 2 2

' o y . PR »
H(PRaR,Pr,r,Px,x) " 2u+ 2m +} 2

1 2.2 . fame?

+ V(r,R) + S w X —‘ v H(r,R)X . ‘ (3.1)

where (R,pR), (r,pr),'and (X,pX) are the coordinatés'and.momenta for the
translation of A relative_to the center of ﬁass of BC, the relative
vibration of B-C, and the radiation'field, respeétively. u an& m are
the corresponding reduced masses, w is the frequency ofvthe iaser, \

the volume‘of the radiafion céﬁity, u(r,R) is the dipole moment éf the
A-B-C system as a funcfion of its cdnfigufétion,énd V(r,R) is the field-
free potential energy surface for thévA-B-C system. (For the three-
dimensional case u(r,R) is replaced by ﬁ(?,i)-g N where ﬁ is the dipoie

. A
moment vector of the molecular system and € is the polarization vector of

e
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the fadiatioanield.)‘ One éees that the radiation fiéldJenters ipthis
model as siﬁpiy one additiopal @echénical degree of freedom, a harménic
oscillator, that is coupled to the ﬁoleéular degrees»of:freedom. It is
conveniept to replace the field variables (X,px) by fhe acfion—angle

variables (N,Q), defined in the usual mahner, . ’ _
| Mm@+ -
X =\/——— sinQ : (3.2a)
w - _ ' .
1
P = JZhw(N-FE) cosQ : (3.2b)

and the Hamiltonian then becomes

2 2
PR Py~ 1
H(PR:RsPrsr,N,Q) = '_EL_ + _21;;' + V(r,R) + hw(N +'§')

—\/g“%wN u(r,R) sinQ . @)

N is the quantum number of the radiation field oscillator, i.e., the number

.of photons‘in the field, and Q is the phase of the field.

. The initial conditions for the classical trajectories are

R(tl)s= large (>$ 0)
pR(tl)_# - V2uE;

- N(tl) = Nl
Q(tl) =Q

r(ti) = r(nl;ql)

pr(tl) =ploy,q) 0, | 3.4
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where r(n,é) and p(n,é) are the glgebraic functions expreséing the
vibratiénal variables(r,pr) in terms of thé vibrational ac;ion—angle’
 variables (n,q). (For the present examples the vibrational potential

-of the'isdlafed BC molecule is a Morsé pofential so tﬁat the functions -

’ is the ihifial translational

r(n,q) and p(n,q) are those given before.7) E1

energy, and the quantum numbers n, and Nl are integers, the initial vibra-

1
tional étate of BC and thé initiai number of photons in the radiation
field;'reépectiVelyf |

To carry out the psual quaéi*classical type caléulation8 it is
useful to define the'characteristic function for reaction‘XR(ql,Ql,nl,Nl;El);'
which is 1 if the trajectory with these initial conditioné‘is reactive, and
Q:if it is non-reactive. The total reaction probability from the initial
vibrationél.state n;, with initial.translafional energy El’ and with Nl
photons initially in the radiation field, is then given invthe quasiclassical

framework by

' 2 27 :
_ . - -2 { 40 . _

The above discussion is modified in a reasonably obvious fashion

to treat the three—dimensional’version of an A + BC collision process.

a. H+ Hz'* H2 + H

Although this reaction is noﬁ of great interest in itself, it is thg
simplest'prototype chemical reaction, and since it is so well-characterized
and since the reactants are infrared inactive, it is a good example to

illustrate this collisionally induced absorption. Preliminary calculations
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on'this sytem have been published elsewhere.2
The Porfer—Karplus9 potential energy surface was employed in the

trajectory calculations reported here, and the followihg dipole moment

function was used:
" ‘ 2 . V . . .
u(r,R) = s.sech”(s) 5 - (3.6)

where

0
n
ro|w
H
1
P
.

s is the asymmetric stretch coordinate at the saddle point of the potential
energy surface. 'Although not quantitative, this dipole moment function is
qualitatively correct, and an overall mﬁltiplicative constant is absorbed

in the definition of Wp Three field strengths were studied, corresponding

to hw_ = 0.001, 0.0l1, and 0.1 eV. At the lowest value little -effect is

R

~ observable, but for hwR = .01 eV the reactive threshold was loﬁered as
expected‘and as explained by the model in Section II. For the largest laser
poﬁer (hwR = 0.1 eV) the éffect is most significant, and these reésults are
shown in Figure 4.

The variation of threshold lowering with laser frequency is summarized
in Table I. Since the dipole moment is similar to thaf shown "in figure.3a,
it was expected that the absorption would be similar to that of Figure 3b

and that the effect would thus peak at some finite laser frequency. This

is observed in Table I, the optimum laser frequency being v 500vcm—

b. F+H 2 HF +H

This .system has a very‘asymmetric’barrier. In the forward direction
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it-isvenhanced By ;ranslational énérgy,,and in the backward direétibnuHF
will not'feact ééllinearly unless excited to the v = 2 ﬁibrational
.state.

Polanyi's SEl_éurface,lo a semi;empiricallmodified'LEPS (Léndon—EyringQ
Po;anyi#Sato).potential sufface, was used in this calpulatiop, the pé?ameters
fdr which afe summarized in Tablé II. The dipole moment function for F—H—H
was approximated as the sum of the two individual H-F dipole moments, where
the H-F dipole moment as a function of_internuciear distance is the theoretical

result Of'Liell which was fit to the form

5 : o
W = e Y et 5 (3.7)
n=0 . :

the parameters of this fit are given in Table III.

The collinear results for F +:H2(v=0) =+ HF + H are shown in Figure 5

“for hw, = 0.1 eV, corrésponding to a laser power of v 30 gigawatts/cmz;

R

they are seen to bé>qualitapively similar to H + H2 > H2 + H above, Similér
resuits for the reverse reaétion, H + HF (v) ~+ H2 + F; are éhdwn in Figure 6
- forv = 2. There is no'feactibﬁ, with ér without.the iaser, for v =20, 1,
and.for v = 3 the increased-vibratiénal energy démps out the laser effect.
In contrast to the H.+ Hz.rgaétion, thg variation:of.thg dipolg ﬁoment
with time for F + H2 i HF + H béhaVeé qualitatively as a smooth step—function;v -

i.e., it rises from zero to a finite value. along the reaction coordinate,

G

‘unlike that in Figure (3a). In this case its Fourier transform is a
monotonically decreasing functidh of frequency w; i.é., I(w) increases as
w decreases. In this caseé one thus expects the effect of the collision

induced absorption to increase monotonically with decreasing laser frequency..
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| The dependénée of the threshold lowering on laser frequency for this reaction

(cf. Table I) does indeed show this behavior.

c. CL+H, HCL + H

The parameters for the modified LEPS potential surface used in the

12

calculation are summarized in Table II. The dipole moment function of

HC® was fit to the same general shape aé'thé HF dipole moment but scaled‘
so that the correct Qalue was obtained for both the dipole moment and |
dipole moment derivative at.the equilibriﬁm bond distance. The paraﬁeters
are summarized in Table III.

The results for collinear C{ + Hz(v=0)‘+ HCZ + H are shown in Figure.
7 for hwR = 0.1 eV and for 0.0l eV, and the effect of varying the lasér.
frequency is summarized in Table I. Results for the reverse reaction,

H + HCL(v=0) = H, + CK, are shown in Figure 8 for hwR = (0.1 eV. The overall

2

behavior is similar to that:of F + H2 discussed above.

d. C& + H2 -+ HCR® + H (3 dimensions)

Finally, fully three dimensional trajectory calculations wefe carried out
for C% + HZ(V=0’ j=0) - HCL + H for hwR = 0.1 eV. The interest ﬁere is to
see if the effect of threshold lowering is diminishgd by the additional
degrees of freedom prééent for the three dimensional coilisionvsystém..
The potential surfacé and dipole moment function ére the same as those
used above for the collinear calcuiatipn.

Another interesting feature of the three-&imensional_system is the

effect of polarization of the laser beam. One thus imagines a molecular

beam experiment with beams of C% and of H2 crossed at right angle, and

with the laser beam perpendicular to the two of them; i.e., the three
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beams form the edges of a cube. The electric field vector of the laser

beam, i.e{, the polarization vector, then lies in the plane of the two
molecular beams, and we consider the two canonical cases that the polarization
vectqr is parallel to the initial relative velocity vector of C{ and H2 or

that it is perpendicular to the initial relative velocity vector. (he effect

of laser polarization for the case of electronic excitation during a collision

Sd)

has been discussed.by Light and Szake,

If the reaction proceeds primarily through nearly collinear geometries
and is limited to small impact paramétérs, then one expects the parallel
polarization to be most effective in enhancing the reaction since the dipole

. > > > . .
moment function u(r,R) would then be approximately parallel to the polariza-
tion vector £, so that le-u| has its largest  value. Conversely, perpendicular

> i . '
polarization would cause Uy to be approximately perpendicular to €, so that
A
|| ~ 0.

Figure 9 shows the reactive cross section as a function of initial
translation energy for the field-free case and for parallel and perpendicular
polarizations. One sees that parallel polarization is indeed more effective—-
perpendicular polarization gives.almost'nd effect at all--and one sees that
the effect is not at all diminished in three dimensions.

The frequency dependence of the threshold lowering is given in Table I

and is similar to the above results for the collinear. case.

(]
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Iv. Concluding Remarks

bThe classical trajectory calculationsvfor the various A + BC ~ AB + F
reactions described.in Section III give a good characterization of how th}s
collision induced absorptioﬁ affects thg feactioﬁ probability, most signifi—'
cantly by lowering the activatidﬁ energy for reaction. The threefdimensiqnal
calculations for cL +‘H2 + HCQ + H showed (l)‘that the effect is pot,
significaﬁtly diminished by the additional deg;ees of freedom present in
the three-dimensional case, and (2) that the polarization of the laser
field can be a very interesting parameter of the process. The calculations
also confirm that very high laser powers are required,'é.g., lOlo—lOlzv

watts/cmz, because the absorption must take place within a collision time.

With regard to future directions, there is one aspect of the phenomenon
that we have not yet pursued, and that is the absorption spectrum itself,
i.e., the experiment in which one detects the photons rather than the

molecules. This is the precise analog of well-known non-reactive collision

induced absorption. In this case the absdrption is essentially a probe of

the collisibn dynamics, and it is a interesting probe since it takes place
in the interaction (or transition state) region of the potential energy
surface. |

If, for example, the reaction mechénism is direct, as the examples
studied in Section IIT, then the colliéion induced absérption spectrum

will be broad (cf. Figure 3b), but if a long-lived collision complex is

" formed, then the spectrum will be structured. In either case qualitative

information about the reaction dynamics is easily extracted from such

. measurements--e.g., the width of the absorption lines is related to the

lifetime of the collision complex--but it is likely that quantitative
analysis of the spectrum would require scattering calculations on model

potential energy surfaces.
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- - ‘Table I}"Dependenée of Thréshold Lowering on Laser Frequency.

| AE, (gv)é
o v S | _ CR + H,
LaéerlFrequency (cmfl) - HA+H F +.H2 H +_HF ?2'+ H i H + HCQT‘ 3-dimensional i
47 - — - 0.13 - -
9% d;dsv >0.05 0.03 0.12  0.04 0.07
219 - 0.06 - - - - -
472 — 0.01 0.03  0.05 0.02 .06
519 0.09 - - - - -
768 : 0.08 | - - - - -
944 0.07 0 0.02 0.01 0.01 0.01
-0;01 - - - - -

2195

aAméunt by which the threshold of thé‘reaction‘islowered by a laser field -of a power

corresponding tovhwR

[

= 0.1 eV.

<
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Table II. LEPS Parameters for Potential Energy_Surfaces.

H-H-F
A
,
HF HH
- D_(kcal/mole) . 140.5 109.5
sah o 2.22 1.94
o s ) .
r,(a) - 0.917 0.742

A _ 0.150 0.080

H—H;CQ
4 A A
HCR HH
1 106.41 109.43
1.87 1.94
1.27‘ 0.742
0.187

*0.167
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Table III. Parameters for the HX'Dipole Moment Function in Eq. 3.7).

HCL

- 236.95
1151.69
- 2011.50

1631.43

——P
—
n HF -

0 2.35
1 - 3.40
2 - 40.16
3 112,15
4 - 87.97

5 30.31

@ = 2.5 bohr L.

a ' '
Unit of p(r) are e agy

- 635.97

101.24

L
i
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Figure Captionsv

Sketch Of a one—dimensional potential energy barrier. X is the
initial position and El.thg initial energy.‘ |

Reaction probability as a fun;tion of initial translational energy
‘[as given by Eq. (2.13)] for the one—diménsional model problem.
v(a) Sketch of fhé time dependence of the dipole moment of the H-H-H
system along a reactive trajgctory H‘+ H2 -+ H2 + H.

kb) Sketch of the absorption specﬁrhm corresponding to.the tiﬁe—
dependent dipole in (a). |

Reactibn probability for the collinear H + H2 +.H2‘+ H reaction as
a function of initial translational energy, without the laser field
(—) and with it (---); hw = 944 cm ~ and hwp = 0.1 ev.

Same as Figure 4 except for the regction F + H2(v=b) -+ HF + H;

hw = 94 cm-'l and hwR'= 0.1 ev.

Same as Figure 4 except for the reaction H + HF(v=2) - H2 + F;
Chw = 94 cm—l and hwp = 0.1 eV..
Same as Figure 4 except for the reaction CL + H2(V=0) -+ HCL + H;

hw = 94 cm_l, and hwR = 0.0l eV and 0.1 eV as labeled.

(+++), 472 e (-—-), and hw

~Same

as Figufe 4 except for,the reaction H + HCL(v=0) - H2 + C; hw = 94 cm.l

R

= 0.1 eV.

Réactive cross section for thg three-dimensional reaction C{ + H2 >
HCZ + H asAavfdnction of initial tranélational energy, without the
laser (—) and with it (——-); I and l_indicate the cases of
parallel and perpendiéular polarization vector of the laser to the

’ 1

initial relative velocity vector, respectively. hw = 94 cm s

hwR = 0.1 eV.
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Figure 3
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Figure 7
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