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extracted from them concerning the dynamical processes involved. 

The analysis will primarily concentrate on the information contained 

in the elements of the scattering matrix S. Besides the amplitudes 

and phases thereof, we will also examine such quantities as time 

delays, eigenphase shifts, and the lifetime matrix, all of which are 

derivable from §_. To a certain extent, we shall concentrate on the 
,... 

separation of resonant and direct processes, but it must be remem­

bered that this separation is not unique, and in most cases to be 

described below, is not particularly obvious either. 

In Section 2 we will introduce the theoretical tools for examining 

resonances, and apply them to a simple but relevant analytically 

soluble example. The results of collinear calculations are considered 

in Section 3. Three separate calculations will be examined: the 

H + H2 exchange reaction (using a scaled SSMK surface21
-

23
), the 

II+ FH - HF+ H reaction, 24 and the H + H2 reaction (using the 

Porter-Karplus potential surface25). A summary of the results and 

some generalizations which may be obtained from them are included 

in Section 4. 

In this section, we introduce the important theoretical quantities 

involved in analyzing direct and resonant mechanisms. To do this, 

we develop the simple example of the one dimensional symmetric 

square well. As we shall see, this one mathematical dimensional 

(lMD) model of a reactive system is similar in many ways to the 2MD 

collinear chemical reactions to be examined later. 
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Let the depth of the well be - V0 (V0 > 0), the collision energy 

be E0 , and the width be 2a. If we assume that we initially have a 

wave of unit incident flux for x < -a, then the asymptotic form of the 

wave function for this problem is 

t/lk = Teikx 

,1, _ eikx + Re-ikx 
"i"k -

x> a 

x.<-a 
(2.1) 

where k is the wave number for x <-a and x >+a. T and Rare the 

reflection and transmission amplitudes, and, the scattering matrix 

for this problem is 

R T 

S= 

T R 

The exact expressions for R and T are26 

1 • -2ika . 2 , 
_ -21ne sm k a 

R - cos 2k'a - !i E sin 2k'a 

e-2ika 
T =cos 2k'a - ii E sin 2k'a 

17::: k/k' - k'/k 

€ = k/k' + k'/k 

where k' is the wave number inside the well. 

(2. 2) 

(2. 3) 

(2. 4) 

We now introduce the concept of a time delay for this example. 

As is shown in many standard texts26' 27 , the time independent solutions 

(Eqs. 2.1) may be transformed to time dependent solutions by forming 

the wave packet 
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1/J(x, t) = J f(k") 1/J klT(x) e -iw (k")tdk" (2. 5) 

where f(k") determines the width of the packet and has a peak at k" = k. 

If we substitute the asymptotic forms of Eqs. 2.1 into Eq. 2. 5 and use 

a stationary phase argument, we can determine an equation for the 

· motion of the center of the wave packet. For the incident wave, we 

find 

x = vt x< -a 

where vis the asymptotic group velocity. For the reflected wave 

. d</>R 
x = -v(t - n~) x <-a (2. 6) 

and, for the transmitted wave, 

d</>T 
x = v( t - n (f.E-) 

u 
x> a (2. 7) 

where <PR and <PT are the phases of Rand T (in Eqs. 2. 3 and 2.4) 

respectively. For the transmitted wave packet, the equation of motion 

in the absence of a barrier would have been x = vt, so we see that the 

second term in Eq. 2. 7 is proportional to the time delay for the motion 

of the wave packet in the potential - V 0 • By the same reasoning, the 

time delay for the reflected wave in Eq. 2. 6 also represents the time 

spent near the scattering center in excess of the \'unperturbed" time 

of passage, which in this case is the time required to travel to the origin 

with V0 = 0, be reflected at the origin by an infinite barrier, and 

continue back to x = -oowith the velocity v. In both the reflected and 

transmitted waves, we obtain the general definition of time delay, 

which may be written as 
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d<j> •• 
7. - ~ ___'._!J 
.. - .u dE 
lJ 0 

(2. 8) 

where <j> •• is the phase of the element of S associated with the transition 
·lJ ~ 

i ~ j. For the square well, Eqs. 2. 3 and 2. 4 provide 

n = 0, ±1, ±2, ••. 
(2. 9) 

= -2ka + tan-1 (~Etan 2k'a) 

and 

a IT 12 2E0 + V0 jT j
2

v0 

2 

sin 4k'a 
'TT= 'TR= -2a/v +v ( Eo +Vo) - Ji ( (2.10) 4v 'Eu+V0 )E0 

where the transmission probability jT 1
2 

is 

I. 12 2 2 2 -l 
T = (cos 2k'a + iE sin 2k'a) (2.11) 

Before we examine the physical meaning of the phases <P and 

time delays r let us first introduce the eigenphase shifts and lifetime 

matrix for this problem. 

The eigenphase shifts are found by diagonalizing S in Eq. 2. 2. 
~ 

Since the S matrix is unitary, its eigenvalues must have unit modulus 

and we shall write these eigenvalues in the form exp(2i0) where o is an 

eigenphase shift. For the square well example, the results of the 

diagonalization procedure are 

S = U exp2iA U 
,,....., ..,..... "" """ (2.12) 
,,...., """' ..,...... .,,..... 

where the diagonal matrix A is 
~ 

0 

(2 .13) 
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and the matrix U is 
~ 

1 1 - -
U= 

-{2 -{2 
(2.14) 

~ 

1 -1 -
-{2 ..f2 

U is orthogonal since Sis unitary symmetric. The labels Sand A on 
.~ A 

the eigenphase shifts o 8 and o A stand for symmetric and antisymmetric 

respectively, referring to the fact that the linear combinations of the 

two scattering solutions (Eqs. 2 .1 and its reflection through the 

origin x = 0) which diagonalize S are symmetric and antisymmetric 
::::::. 

respectively about x = 0. This is evident by noting that the first 

column of U results in the addition of these two scattering solutions 
:A: 

while the second leads to their subtraction. By solving Eq. 2.12 for 

the eigenphase shifts o Sand 5 A in terms of R and T (Eq. 2. 2), then 

substituting the explicit results in Eqs. 2. 3 and 2. 4, we find 

o A= -ka - itan-
1

(!17sin 2k'a) 

+ itan- 1 (~Etan 2k'a) 

o 8 = -ka + itan-~ (~ 'fJ sin 2kta) 

+ itan-
1 (~Etan 2k'a) + rr /2 

(2.15) 

(2.16) 

The phase <PT (and hence <PR) may be related too A and o_8 via 

</> T = o S + o A - 1T /2 (2.17) 

Note that phases are modulo 27T while eigenphase shifts are modulo 1T. 

to S by 
~ 

The lifetime matrix Q, as defined by F. Smith6, is related 
:A: 
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(2.18) 

Q is related to the excess in the probability density of the time inde-
:::::: 

pendent wave function over the probability density of the corresponding 

"unperturbed" wave function integrated over all space. Smith has 

demonstrated that~ is hermitian and that~ and;;, (the matrix of time 

delays) are related by 

* 
Qii = Z:: 8ij 8ij 1 ij (2.19) 

j 

This implies that Qii is the average time delay experienced in a 

collision where the system is initially in state i. For the square well 

example, Eqs. 2.2 and 2.19 lead to ~i = 'R = 'T' so both the lifetime 

matrix and time delay matrix provide the same information. Also of 

interest are the eigenvalues of g, which Smith has related to the life-
,.. 

times of metastable states. One can easily show that g for the square 
...... 

well problem is diagonalized by the matrix U of Eq. 2.14 which also 
~ 

diagonalizes ~- (This is not generally true.) Its eigenvalues q
8 

and qA 

are simply 

(2. 20) 

(2. 21) 

where 6 Sando A are given by Eq. 2.15 and 2.16. 

Now consider a specific application of the formulas of this 
1 

section. Suppose that the quantity /3 = (2mV0 a
2 
/11

2
) 

2 
has the value 315 

and consider the range of E0/V0 between 0 and O. 009. In Fig. 1 we plot 

the resulting transmission probability IT !2 
(Eq. 2.11) as a function of 
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E 0 /V0 • The figure shows a typical resonance profile with a peak in 

IT !2 
at E0 /V0 :;:: 0. 00464. This resonance energy corresponds to the 

infinite square well bound state expression 2k'a :;:: mr where n :;:: 201. 

(There are 200 bound states in the well.) This is a typical example 

of a shape resonance, but note that IT 1
2 

does not decrease to zero for 

energies E0 /V0 much greater than the resonance energy. This is 

because the direct processes are also contributing to IT 1
2

• As E0 /V 0 

increases, the resonance contributions become less and less significant 

while the direct contributions increase and eventually dominate 

completely. This is manifested by the fact that IT 1
2 

rises to a constant 

value of unity independent of E0 for large enough E 0 /V 0. The phase 

<PT of Eq. 2. 9 is plotted in Fig. 2 as a function of E0 /V0 • We see that 

<PT is a monotonically decreasing function of E0 /V 0 even at the resonance 

energy. A small inflection is, however, noted there, and an examina­

tion of Eq. 2. 9 indicates that the second term in that equation is 

responsible for it. Indeed, if that second term alone is plotted (Fig. 2), 

we obtain a function which increases rapidly by 1T at the resonance 

energy. The first term in Eq. 2. 9 is the direct contribution to <PT and 

is a monotonically decreasing function of E0 /V 0. (See dashed curve 

in Fig. 2.) This direct phase is equal to that obtained for reflection 

off a hard sphere of radius a (the limit V0 - oofor <PR in Eq. 2. 9) and 

will be called the hard sphere phase below. This example illustrates 

that even though the resonant component of <PT increases by 1T at the 

resonance energy, the direct component can easily obscure this. We 

should also note that for a general many channel problem, the phase of 

Sij is not in general simply the sum of resonant: and direct contributions, 
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and therefore is not easily separated into two parts as was done in 

Fig. 2. 

If we examine the eigenphase shift o 8, we find an energy 

dependence similar to <PT in Fig. 2. o A' on the other hand, shows 

no inflection near the resonance energy because the second and third 

terms in Eqs. 2.15 cancel when 2k'a c: mr for odd n. This example 

illustrates the even~odd character of the quasi-bound resonance state. 

For odd n, the resonance state will be symmetric with respect to 

reflection through x = 0 and hence will not couple to the antisymmetric 

eigensolution, although it will couple to the symmetric one. For even 

n, the resonance state is antisymmetric and the opposite coupling 

occurs. This property of 08 and o A can be useful in this example, 

because the difference 08 - 5 A will characterize only resonance contri­

butions, thus enabling us to approximately separate out resonant and 

direct contributions. We shall see how this can be useful in Section 3. 

For the general multichannel problem, the sum of the eigenphase shifts 

should increase by 11' 
1 at a resonance (in the absence of direct contri­

butions). Inspection of Eqs. 2.15, 2.16 and Fig. 2 shows that this is 

trivially the case here, but this fact would be difficult to prove without 

a procedure for separating off the direct contributions. 

We conclude this section by examining the time delays for the 

example of Figs. 1 and 2. The direct component of T corresponds to 

the first term in Eq, 2.10 (-2a/v). Its negative sign means that the 

"time of passage" through the scattering center is shorter than the 

time of passage in the absence of a potential. Indeed, since this 

unperturbed time of passage is precisely 2a/v, we see that the direct 
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mechanism corresponds to scattering in which the incident particle 

spends essentially zero time within the boundaries of the well. This 

is the expected result for reflection from a hard sphere (V 0 _, - oo}, 

and the value of this direct time delay is, in fact, the smallest time 

delay allowed by causality. This was first shown by Wigner. 28 The 

resonant contribution to TT in Eq. 2 .10 is positive and sharply peaked 

near the resonance energy. (It is just the slope of the <PT + 2ka curve 

in Fig. 2.) The sum of resonant plus direct contributions to TT is 

always negative (since the slope of <PT in Fig. 2 is always negative) 

in spite of the sharp resonance, thus indicating that caution must be 

used in attempting to correlate the absence of resonances with the absence 

of positive time delays. 

We should also mention that the <PT' T and !Tf can be easily 

parametrized in terms of a resonance energy Er and half width rby 

setting (for E » 2) 

2 2 2 

E l'in1T V 
r = 8ma2 - 0 (2. 22) 

8 r = - -fE (E + V0 ) mr r r (2. 23) 

and expanding all quantities in Eqs. 2. 9 - 2.11 in powers of E 0 - E . 
r 

We find 

1I -1 ( r /2 <PT = -2ka - 2 + tan E _ E ) 
r o 

(2. 24) 

7 = _2a + nr /2 
T v (r/2)2 +(Er - Eo)2 

(2. 2 5) 

and 



624 

(2. 26) 

The resonant components of these equations have the usual Lorentzian 

form with a maximum time delay 7 T(Er) = 2n/r. Although the resonant 

interactions considered in this section have been shape resonances, 

much of the discussion is also true about Feshbach (internal excitation) 

resonances. In particular, the above parametrization (Eqs. 2. 24 -

2. 26) can be generalized to many channel problems in a straightforward 

manner (Ref. 4). 

3. APPLICATION TO COLLINEAR REACTIVE ATOM DIATOM 

SCATTERING 
~ 

We now consider an application of the concepts developed in 

Section 2 to the results of accurate quantum mechanical calculations 

on collinear atom diatom reactive systems. In all cases, a close 

coupling method described elsewhere17 ' 29 was used to obtain scattering 

matrices for the reactions and energies desired. All transition proba­

bilities and phases considered are accurate to 1 % or better' but time 

delays and lifetime matrices are subject to much larger uncertainties 

(perhaps 5 - 10%) due to the necessity of interpolating between energies 

to obtain the required energy derivatives (Eqs. 2. 8 and 2.18). 

We first consider the collinear H + H2 reaction on a scaled 

SSMK potential surface. 21 - 22 The reaction probabilities for this system 

have been extensively analyzed by Truhlar and Kuppermann. 23 The 

results of the close coupling calculations in the form of phases cp .. as a 
lJ 

function of the total energy E (E = E0 + 0. 273 eV for H + H2) are 

presented in Figs. 3 - 7. The notation is analogous to Ref. 23 with R 
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symbolizing reactive transitions and V nonreactive ones. All (distinct) 

possible initial and final vibrational quantum numbers i and j between 

0 and 2 a:re considered in the figures. Appropriate multiples of 2n 

have been added so as to make the plots continuous (at least where 

they should be continuous). From these plots one can make the 

fallowing observations: 

(a) The most obvious behavior of the phases is that they are 

all monotonically decreasing functions of energy except at a few energies. 

This is very much like the phase <f>..T in Fig. 2 for the square well 

problem. We shall assign this monotonic energy dependence of the 

phases as arising from the direct interactions. 

(b) There is a discontinuity of 1f in the ¢ 0°YJ plot near E = O. 60 eV. 

This discontinuity actually exists and is related to (but not the same 

as) the rapid change of the square well phase by 1T when a transmission 

resonance occurs. We shall elaborate upon this below. 

(c) Most of the phase plots (Figs. 3 - 5) show a small but 

rapid change in the derivative of the phase near E = 0. 90 eV. This 

fluctuation is more easily seen in the time delay plots (Figs. 6 - 7). 

In addition, the reaction probabilities for the 0 .- 0 transitions, plotted 

in Fig. 10, show a sudden change near 0. 90 eV. These observations 

-- a rapid change in time delay and in reaction probability as a function 

of energy near O. 90 eV--are indicative that a resonance is occurring 

near that energy. However, the direct processes are also present 

and what we are actually looking at in the figures are contributions 

from amplitudes for both of these processes. Since each mechanism 

has its own phase, the S matrix phases, time delays and probabilities 
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show the effects of interferences between these mechanisms. The 

resonance responsible for the fluctuations at 0. 90 eV appears to be 

quite broad (width of around 0. 03 eV) and is not easily characterized 

because the amplitude for the direct processes tends to wash out the 

resonant behavior. No simple decomposition of resonant and direct 

processes is obvious here, although a partial decomposition is possible 

as will be described for a related H + H2 resonance below. It is also 

not easy to classify the resonance as cleanly shape or ;Feshbach in 

nature, although it seems logical (from arguments given below) that 

this and most other resonances analyzed in this paper are Feshbach 

resonances. 

(d) The phases plotted in Figs. 3 - 5 show an extremely rapid 

flu-ctuation near E = 1. 276 eV. Simultaneously, the reaction probabilities 

(Fig. 10) undergo very rapid fluctuations. This again is indicative of 

a resonance but this time it is quite narrow (O. 008 eV) and the effects 

of phase interferences with the direct interactions are much more 

easily discerned. This resonance and that at 0. 90 eV were examined 

in Ref. 20, and will be further examined below. 

(e) Finally, we note that the phases for different transitions 

often seem to be related to each other in certain ways. Some of these 

relations are consequences of unitarity and other properties of S. For 
~ 

energies below 0. 793 ev, only the ground state of H2 is open and the~ 

matrix is 2 x 2. Unitarity and symmetry of Sas well as additional 
"" 

symmetries which occur specifically for H + Hz and similar reactions 

require that (analogous to Eq. 2. 9) 
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n = 0, ±1, ±2, ... (3 .1) 

so that 

(3. 2) 

In addition, 

¢ ri'o (E0 :::: 0) = rnr (3. 3) 

¢~ (E0 :::: 0) :::: (n + ~ )1T (3. 4) 

where n should be determined by Levinson' s theorem 1 although we 

have not tested this yet. For energies above 0. 793 eV, more channels 

are open and Eq. 3.1 ceases to hold. The following relation does, 

however, result from the unitarity of S, at least at the threshold for 
~ 

opening of the first excited vibrational state of H2 

(3. 5) 

One additional relation also seems to be obeyed near this threshold 

R V 
¢01 = ¢01 + 2mr (3. 6) 

but this is not a consequence of unitarity unless we make the additional 

assumption that jsJi.! 2 
= Is~ !2

• This latter relation seems to hold 

quite well just above the threshold ~or opening of the first excited 

state of H2 although the reason for this is unknown. 

Some additional information which we have obtained is in the 

form of the eigenvalues of 9 at certain energies. These are listed in 
,,... 

·Table I. They cannot be correlated with specific channels and thus 
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are listed by magnitude. Note that near E = 1.276 eV, one of the 

eigenvalues becomes quite large and positive. This apparently 

results from the resonance at that energy, but unfortunately, the full 

energy dependence of this eigenvalue is lost because the opening of 

an additional vibrational state at E = 1. 28 e V changes Q from 4 x 4 to .,... 

6 .x 6 and this changes the eigenvalue spectrum considerably. 

We shall now discuss the direct contributions to the time delays. 

Figs. 8 - 9 show that the time delays tend to behave qualitatively 

like 

R l 1 v -- --
T •. = T •. a - (E - € .) 2 = (-E. 2). 

lJ lJ l l 
(3. 7) 

just above the threshold for opening of vibrational state i. (Note i > j 

and Ei is the vibrational energy of state i.) This is similar to the hard 

sphere time delays observed with the square well ,(Section 2). We can 

understand the reason for this similarity by observing that when these 

direct processes occur, the system spends very little time in the inter­

action region and thus the time delays as a function of energy will be 

sensitive primarily to the distance at which the atom and molecule begin 

to interact strongly and less sensitive to the detailed shape of the 

potential energy surface. As a result, the scattering region behaves 

much like a hard sphere at least in the time delay behavior with r pro­

portional to the inverse; of the velocity. In addition, for a reaction 

such as H + H2 , there should be little difference in the direct mechanism 

time delays between a reactive and a nonreactive transition with the 

same initial and final states. We see in Figs~ 8 - 9 that this is approxi­

mately the case. Finally 1 the time delays often seem to be additive 
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according to the relation (which should be the same for both reactive 

and nonreactive transitions when direct processes are dominant): 

(3. 8) 

This suggests that we can think of the direct processes as occurring 

in separable segments: an incoming time delay in the incident channel, 

an instantaneous transition to the exit channel followed by an outgoing 

time delay in that channel. The separability of these segments implies 

that we can add the incoming and outgoing time delays of any two channels 

to get the overall time delay for the transition between these two channels. 

Deviations from the additivity property of time delays indicate that 

transitions to intermediate channels are becoming tmportant in the 

scattering process. 

As mentioned in (b) above, the nonreactive phase cp~ undergoes 

an apparently discontinuous change by 7f near E == 0. 60 eV. This must 

be a discontinuity rather than a rapid change because cp~ does not 

cha.nge by 1l' in this region of energy and Eq. 3.1 implies that cp~ can 

change by 1T while oJ6 does not only if n changes by ±1 and this would 

occur discontinuously. The explanation of the discontinuity is most 

easily understood by reference to Fig. 11 which contains a plot of 

Im(S~) versus Re(sci6) and similarly for S~. We see that near 

E == 0. 60 eV, sci6 goes exactly through the origin. This results in a 

reaction probability of unity and we see this in Fig. 10. The change 

by rr in the phase is now easily seen to result from a change in the 

sign of S~ as it goes through the origin. The physical meaning of 

this phenomenon is that when S~ = 0, there is no reflected wave. 
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As a consequence, a time delay for this channel has no meaning. 

Exactly the same phenomenon occurs with 'the reflection probability 

in the square well transmission resonances of Section 2. By analogy, 

we will label this discontinuity in the phase for H + H2 as resulting 

from a transmission resonance (as distinct from the Feshbach reso­

nances at 0. 90 eV and 1. 276 eV as discussed below). Our assignment 

of this behavior as resulting from a resonance is somewhat speculative, 

since the probability in Fig. 10 shows little resemblance to that in 

Fig. 1. In addition, there is little change in the time delay as a 

function of energy over what would be obtained from the direct 

contribution. An alternative description of this phenomena could be 

developed in terms of threshold effects and it appears that a clear 

cut distinction between the resonant and threshold designations will 

require additional information. 

The resonances at O. 90 eV and 1. 276 eV are apparently much 

different in nature from that observed at 0. 60 eV. Near 0. 90 and 

L276 eV, we can explain the energy dependence of the observed 

phases (Figs. 3 - 5) and reaction probabilities (Fig. 10) as resulting 

from the interference of the direct processes with resonant processes 

which occur because of the existence of a metastable vibrational state 

of the H3 system. Such discreet states embedded in the continuum have 

been seen in nonreactive molecular scattering30 and related resonances 

for the same H + H2 reaction but a different potential surface, were 

examined in Ref. 31. To justify the statement that these resonances 

are Feshbach rather than shape resonances, we need to develop a 

Inodel which isolates single channel or vibrationally adiabatic processes 
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from those which are not. Such vibrationally adiabatic models have 
31 32 been developed and tested elsewhere. ' If we expand the exact 

scattering wave function in terms of symmetric stretch H3 eigenfunctions 

(the numerically determined transition state vibrational functions), we 

obtain a set of expansion coefficients at each energy, the squares of 

which are shown in Table II for energies near the 1. 276 eV resonance. 

The expansion coefficients indicate the relative importance of the 

different vibrationally adiabatic states at the transition state, remem­

bering that asymptotically, !a00 j
2 

== 1 and la0j !2 
= 0 for j ~ 0. At 

energies well above and well below resonance (i.e., 1. 260 eV and 

1. 290 eV), the reaction is primarily direct, but the coefficients indi-

cate that it is strongly nonadiabatic (within the zero curvature adiabatic 

framework chosen). Roughly the same !a0 j 1
2 

are obtained at 1. 260 eV 

and at 1. 290 eV indicating that the rate of change of the direct components 

to these coefficients is small. As the energy approaches 1. 276 eV 

from either above or below, we see in Table II that rapid changes in 

the !a0j !2 
occur, with the largest being !a02 !

2 
and !a03 j

2
• Since the 

i ::::: 2 and 3 states of H2 are closed over much of the energy range, 

we see that the resonance is responsible for significant changes in 

the coefficients for these nonadiabatic virtual states. This is the 

expected behavior of a Feshbach resonance. The description is quite 

crude, however, for the resonance is not associated exclusively with 

any one particular virtual state, and a clean separation of adiabatic 

and nonadiabatic effects, or of resonant and direct effects is not 

possible. The resonance at 0. 90 eV seems to be associated with exci­

tations to the second vibrational state of H3 (from the same vibrationally 
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adiabatic analysis). 32 Although this state is open at 0. 90 eV, we still 

consider the resonance to be of the Feshbach type, since it results 

in excitations between adiabatic vibrational states. Open channel 

Feshbach resonances related to this one have been considered by 

Taylor et al. 34 In contrast to the nonadiabatic behavior near 0. 90 eV 

and 1. 276 eV, a similar analysis at 0. 60 ev33 indicates almost 

perfectly adiabatic behavior implying that if a resonance occurs at all 

at this energy> it must be a shape or transmission resonance, and 

not a Feshbach resonance. 

Now we consider the H + FH ~HF+ H reaction. Reaction 

probabilities for this and related systems have been described else­

where 24 as has the LEPS potential surface. For this reaction, it was 

found that a sharp resonant-like oscillation in the transition probabilities 

was obtained near E0 (HF) ~ 0.412 eV. Fig. 12 shows these proba­

bilities. Two properties of this reaction make it exceptionally easy 

to analyze this resonance. First, the amplitude for the direct processes 

remains essentially constant over the range of energies in which the 

resonance makes a significant contribution. This is manifested by the 

symmetry of the curves in Fig. 12 about E0 == 0. 412 eV~ Second, only 

one vibrational state is open in each arrangement channel at the resonance 

energy so the symmetry properties of the scattering matrix are identical 

to those previously examined for the square well problem in Section 2. 

In that square well analysis, we found that the eigenphase shifts 0
8 

and o A could be useful in understanding resonances, since any given 

resonance would influence either the symmetric or antisymmetric 

eigensolutions but not both. In Fig. 13 we plot these two eigenphase 
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shifts for I-I+ FH. As with the square well example, f.rA is monotonic 

over the energy range considered. 08 increases near the resonance 

energy, indicating that the resonance wave function must be symmetric 

with respect to interchange of the two hydrogen atoms in the HFH 

complex. The difference between 08 and o A (also plotted in Fig. 13) 

increases rapidly by 7f, in agreement with our expectations that this 

difference should correspond to the resonance component of the eigen­

phase shifts. A surprisingly accurate parametrization of 08 - o A may 

be obtained by fitting it to the formula 

1T -I ( r ) o S - o A = - 2" + tan 2(E - Eo) 
r :: 

(3. 9) 

which may be obtained from arguments similar to those leading to 

Eqs. 2. 24 and 2.26. In Fig. 14 we plot tan (08 ~ o Af versus E0 for 

H + FH. If Eq. 3. 9 is accurate, the resultant curve should be a 

straight line of slope 2/r and intercept 2Er/r~ The straight line 

drawn in the figure connects all of the calculated points very accurately 

except those far away from resonance. From the slope and intercept 

of the straight line, we find Er = 0. 412 eV and r == O. 0207 eV. These 

parameters may then be used to calculate P0~ and Po~ using formulas 

analogous to Eq. 2. 2 5. These formulas were used in Fig. 12 to connect 

the calculated points and it is obvious that the fit is excellent. A more 

stringent test of the validity of the parametrization of Eq. 3. 9 is afforded 

by examining the Argand diagrams of s0~ and s0~ analogous to Fig. 11. 

To do this) we need also to parametrize the direct contribution to the 

eigenphase shifts. For simplicity we have assumed a linear energy 

dependence. An examination of o A in Fig. 13 (which should reflect 
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primarily the direct mechanism) indicates that this assumption is quite 

accurate. The resulting Argand diagrams are plotted in Fig. 15 where 

we again see good correspondence between calculated and fitted curves, 

except at energies far removed from resonance. The general behavior 

of the s0~ and s06' curves is to circle the origin clockwise as E 0 

increases, except near the resonance energy, where a sudden counter­

clockwise circle not about the origin occurs. These counterclockwise 

circles have been previously used in analyzing resonances 7 ' 20 , 30 and 

are often quite useful in identifying their existence provided that the 

direct scattering matrix contributions are not strongly energy dependent. 

With both 08 and o A parametrized in a simple way, we may now easily 

calculate the time delay and lifetime matrices. For example, the 

7' o~ time delay is simply 

v do A ti r/2 r00 =2ll.CIE + 2 . 2 (3.10) 
(Er - E0 ) + r /4 

and for a linear 5 A' -r 0~ is simply the sum of a constant direct contri­

bution plus a sharply peak resonant one. The maxi.mum value of r0~ 
is 4. 3 x 10-14 

sec, which is about twice the unperturbed time of passage. 

Now we consider the same eigenphase shift analysis for an 

analogous resonance in collinear H + H2. This time we use accurate 

results for the Porter-Karplus potential surface25 in the vicinity of 

the first internal excitation resonance which occurs at E = O. 875 eV. 

Figure 16 shows some of the pertinent reaction probabilities. These 

have been given previously by Diestler. 
35 

This resonance occurs above 

the threshold for the first excited vibrational state of H2' so the 

scattering matrix is 4 x 4. In this case, the diagonalization of S requires 
~ 
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an energy dependent matrix U and leads to the eigenphase shifts 
~ 

plotted in Fig. 17. There are now two symmetric eigenphase shifts 

os and os and two antisymmetric ones o A and o A . The anti-
1 2 1 2 

symmetric ones vary monotonically near the resonance energy while 

the symmetric eigenphase shifts increase there. Unfortunately, 

o A and o A no longer cleanly represent the direct contributions, and 
1 2 

the difference o S + o S - o A ~ o A does not increase by rr (see 
1 2 1 2 

Fig. 17). Also, a parametrization analogous to Eq. 3. 9 is not very 

accurate as is evident from Fig. 18, where the resulting curve is 

linear only for an energy range of 0. 02 eV. Thus unlike the H + FH 

reaction, eigenphase shifts are less useful for characterizing the 

resonant and direct interactions for H + H2 . A primary reason for 

this is the strong energy dependence of the tr an sf ormation matrix U 
~ 

for this system. 33 If U were energy independent (as was required by 
:A: 

symmetry for H + FH), the eigenphase shifts would provide all of the 

energy dependent formation necessary to characterize the scattering 

matrix. This is not true for H + H2 , and a description of -q will also be 
....... 

required to complete the characterization of S. We conclude this .,... .,.... 

section by presenting an Argand diagram of s0~ and s0~ for H + H2 , 

plotted in Fig. 19. s0~ of that figure is very similar to s0~ (H + FH) 

of Fig. 15 and we can consequently see the strong analogy between the 

two resonances in these two reactions. s0~ shows a more poorly 

developed resonance circle because of the stronger influence of the 

direct interactions in H + H2 (as is obvious by comparison of Figs. 10 

and 16). 
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4. SUMMARY 
~ 

We will now summarize the various tools we have used for 

examining direct and resonant processes in chemical reactions. 

The scattering matrix itself provides us directly with the transition 

probabilities and phases. The probabilities are very sensitive to 

resonances as was apparent in Figs. 10, 12 and 16, although the inter­

ference between resonant and direct processes makes it difficult to 

parametrize these resonances on the basis of probability information 

only. The phases of ~ (Figs. 3 -. 7) are usually dominated by the mono-
""' 

tonically decreasing contributions of the direct processes. The influence 

of resonances on these phases is apparent in the figures but not easily 

separated from the direct contributions. This separation problem is 

also usually true of the eigenphase shifts (Figs. 13 and 17), but by 

using the symmetry properties of the eigensolutions present in the 

reactions considered, a partial separation is possible. The time 

delays provide indications of the existence of resonances, but their 

physical interpretation is hampered by interferences between direct and 

resonant mechanisms. When both of these mechanisms are important 

in a reaction, the scattering matrix element Sij contains contributions 

from both of them. This leads to a time delay Tij (Eq. 2. 8) which is 

not in general simply a sum of resonant plus direct contributions (as 

it was in Eq. 2 .10} but rather it shows the effects of interferences 

between the two. This makes it impossible to extract resonant lifetimes 

directly from the Tij vs without some type of parametrization procedure 

similar to that used for the H + FH reaction. The eigenvalues of~ seem 
"""' 

to be of lesser usefulness for the problems we are considering, 
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because the opening of new channels brings about considerable changes 

in the nature of these eigenvalues. Argand diagrams are useful for 

identifying resonances and for testing parametrizations, since all of 

the information contained in each element of S is displayed in a single 
""' ,.. 

curve. 

With the aid of the above tools for characterizing reactions, we 

have found that both direct and resonant mechanisms play important 

roles in the chemical reactions considered. The resonances are 

usually weak and seem to- be associated with virtual excitations in 

the transition state region. There remains, however, a large number 

of unanswered questions. For example, an adiabatic analysis of the 

1. 276 eV Feshbach resonance in H + H2 indicated that it strongly 

perturbs both the j ::: 2 and 3 levels of the transition state. This implies 

that the true resonance state is a mixture of these and other levels. How 

can we separate out this resonance state? Equivalently, we can ask, 

is there an approximate partitioning of the Hamiltonian which allows us 

to isolate the discreet resonance state from the continuum? Another 

unresolved question is the separation of resonant effects from threshold 

phenomena. This problem occurs for example at 0. 60 eV in H + H2 
(SSMK surface), where an analysis of probabilities and time delays 

could not provide a conclusive description in terms of resonance or 

threshold phenomena. It is apparent that for the strongly coupled 

reactive problems we are interested in, a clean separation of resonance 

and direct effects will be difficult at best. Neverthel~ss, the develop­

ment of approximate models for doing this is important, for such 

models might be more easily applied to three dimensional reactions 
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than are exact calculations19 , and hence would be of use in predicting 

and interpreting the results of experiments. 
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TABLE I. Eigenvalues of the collision lifetime matrix 9. 

E(eV) 
13 

Eigenvalues x 10 (sec) 

1.1005 -0.279 -0.244 -0.131 -0.127 

1.1505 -0.255 -0.216 -0.125 -0.116 

1.2005 -0.234 -0.192 -0.121 -0.099 

1. 2255 -0. 225 -0.180 -0.119 -0.076 

1. 2505 -0.192 -0.152 -0.103 +0.017 

1.2605 -0.211 -0.169 -0.115 +0.193 

1. 26525 -0.208 -0.176 -0.114 +0.571 

1. 27025 -0.203 -0.168 -0.112 +1.117 

1. 2726 -0.199 -0.168 -0.110 +l.837 

1.2751 -0.192 -0.167 -0.106 +2.769 

1.2776 -0.166 -0.152 -0.044 +2.859 

1. 2799 -0.164 -0.144 -0.076 +3.389 

1.2781 -8.726 -6.786 -0.890 -0. 529 -0.161 -0.137 

1. 28525 -3.209 -2.934 -0.773 -0.266 -0.161 -0.126 

1.29025 -2.331 -1. 862 -0.649 -0.237 ··0.160 -0.121 
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* TABLE II. Normalized vibrationally adiabatic projection coefficients 

for the v = 0 scattering solution of H + ~. 

E(eV) I aoo 1
2 I ao1 l

2 

I ao2 l2 . 12 I ao3 .. I ao4 l2 

1.260 0.100 0.205 0.324 0.342 0.027 

1.265 0.100 0.184 0.423 0.256 0.031 

1.270 0.015 0.241 0.090 0.586 0~065 

1.275 0.014 0.163 0.038 0.682 0.100 

1. 2775 0.079 0.067 0.171 0. 572 0.103 

1.280 0.202 0.002 0.499 0.227 0.061 

1.285 0.118 0.079 0.435 0.334 0.030 

1. 290 0.096 0.104 0.385 0.385 0.027 

* Normalized so that L I aij 1
2 

= 1. Not all I a0j !2 
have been tabulated. 

j 
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FIG. 1. Transmission probability IT !2 
for a symmetric square well 

having (3 = 315 as a function of E 0 /V 0. 

FIG. 2. Phase cpT of the transmission amplitude T as a function of 

E 0 /V0 for the f3 = 315 square well. Also plotted is the direct phase 

(-2ka) and the resonant phase cpT + 2ka as explained in the text. 

FIG, 3. Phases ¢0~ and <PoX for H + H2 (SSMK surface) as a function 

of the total energy E. Arrows in abscissa at 0. 793 eV and 1. 28 eV 

indicate the value of E at which the i = 1 and 2 vibrational states of H2 

become energetically accessible. Inset shows the 1. 25 eV to 1. 30 eV 

energy range in greater detail. 

FIG. 4.-. Phases ¢0~ and <Poi for H + H2 analogous fo Fig. 3. 

FIG. 5. Phases <P 1~ and ¢ 1Y for H + H2 analogous to Fig. 3. 

· R V R V FIG. 6. Phases <1>02 , c;0 02 , ¢ 12 and <1>12 for H + H2 analogous to 

Fig. 3. 

FIG. 7. Phases ¢2~ and ¢2~ for H + H2 analogous to Fig. 3. 

FIG. 8. Time delays T0~, TO~ and 1 0Y for H + H2 as a function of 

the total energy E. The time delays near 1. 276 eV are omitted because 

the strong interference between resonance and direct interactions at 

that energy leads to rapidly oscillating time delays which are difficult 

to calculate. (In addition, unless a separation of direct and resonant 

effects can be accomplished, the time delays are not necessarily 

physically meaningful. See Section 4c) 
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FIG. 9. Time delays To~' 'T 1~ and T 1i analogous to Fig. 8. 

FIG. 10. Reaction probabilities P0~ and P0~ for H + H2 (SSMK 

surface) as a function of the total energy E. 

FIG. 11. Argand diagram of s0~ (outside curve) and s0~ (curve going 

through the origin) for H + H2 in the 0. 50 to 0. 70 eV energy range. 

Numbers next to the circles indicate the energy at which that element 

of S was calculated. ,,.... .,,.... 

FIG. 12. Reaction probabilities P0~ {circles) and P0~ (squares) for 

H + FH as a function of the reagent translational energy E0 in the 

vicinity of the 0. 412 eV resonance. Solid and dashed curves were 

calculated by formulas described in the text. 

FIG. 13. Eigenphase shifts o Sand o A and their difference o 8 - o A 

for H + FH as a function of E0 • 

FIG. 14. Tan (08 - o A) as a function of E0 for H + FH. A straight 

line has been drawn through the calculated points. 

FIG. 15. Argand diagram of s0~ (squares) and s0~ (circles) for 

H + FH for a range of E0 between 0. 307 e V and 0. 484 e V. Solid and 

dashed curve are calculated from formulas descrtbed in the text. 

R R R FIG. 16. Reaction probabilities P00 , P01 and P 11 for H + H2 (Porter-

Karplus surface) as a function of E. 
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FIG. 1 7. Eigenphase shifts o S , o 8 , o A , o A and the quantity 
1 2 1 2 

08 + 08 - o A - 6 A for H + H2 (Porter-Karplus) versus E. 
1 2 1 2 

FIG. 18. Tan U>s + 08 - o A - 5 A ) versus E for H + H2 (Porter-
1 2 1 2 

Karplus). A straight line has been drawn through the points. 

FIG. 19. Argand diagram of s0~ (circles) and s0~ (squares) for H + H2 
(Porter-Karplus) for E between 0. 816 eV and 0. 925 eV. Calculated 

points are at the same energies as those in Fig. 16. 
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10. DYNAMICAL RESONANCES IN COLLINEAR, COPLANAR, AND 

THREE-DIMENSIONAL QUANTUM MECHANICAL REACTIVE 

SCATTERING 
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Abstract 
~ 

Results of 1D~ 2D, and 3D calculations on the H + H2 exchange reaction 

are presented which provide the first evidence for dynamical internal excitation 

(Feshbach) resonances in chemical reactions using noncollinear calculations. 

The change of the resonance energy and width with collision dimensionality 

and with total angular momentum is analyzed and predictions concerning its 

effect on cross sections for certain transitions are made. 
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Internal excitation resonances have been observed in a large number 

of diverse collision phenomena including 7I-p scattering, 1 electron-atom 

and electron-molecule scattering2 and (theoretically) rotationally inelastic 

atom molecule scattering, 3 but they have yet to be detected in atom-diatom 

reactive scattering e:?..'Periments. Their theoretical existence has previously 

been established theoretically only in collinear models of these simple 

chemical reactions, 4-s The results of these collinear calculations indicate 

that they are responsible for oscillations in the reaction probabilities 

near the resonance energies due to their interference 8 with the direct 

mechanisms. However, because of angle and partial wave averaging, it 

was not known whether such resonances would exist in the 3-D world. We 

present here the results of accurate quantum mechanical calculations .for 

one-, two-, and three-dimensional collisions forthe historically important 

H + H2 exchange reaction which provide the first evidence for dynamical 

resonances in chemical reactions for noncollinear systems. An under­

standing of the relation between the characteristics of such resonances 

and the nature of the potential surfaces which give rise to them may 

prove a sensitive probe in the e:x'Perimental characterization of these 

surfaces and in the development and testing of approximate reaction­

dynamic theories. 
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The methods used for solving the Schrodinger equation for the collinear t 

coplanar, and three-dimensional H +. H2 collisions are the same as those we 

developed and used previously.8- 11 In order to obtain accurate results in the 

2-D and 3-D calculations at the relatively high energies at which the resonances 

were found, quite large vibration-rotation basis sets were required, involving 

five or six vibrations and rotational quantum numbers j == 0 ·· 6 to j = 0 - 9 for 

each vibration for a total of 60 coplanar channels (for all values of total angular 

momentum quantum number J)} and 40 to 90 (J = O, 1) three-dimensional channels. 

For most of these noncollinear calculations, tests of conservation of flux, micro­

scopic reversibility and invariance with respect to number and choice of expansion 

functions indicated convergence of 5 to 10% although a few poorer results (20%) 

were included. The collinear results, for which ten vibrational basis functions 

were used} are accurate to O. 5% or better. The Porter-Karplus1 2 potential 

energy surface was used for all calculations. 

The resulting collinear, 13 coplanar, and three-dimensional reaction 

probabilities pR, defined in the figure caption, are plotted as a function of the 

total energy E in Fig.· L rt can be seen that-------------­

all vibrationally elastic probabilities in Fig. la show a similar behavior, r1smg 

from an effective threE'.hold energy Eth (the value of E for which PR= 0. 01) to 

a relatively flat plateau, and dipping later to a minimum at an efi:ergr Er. The 

values of Eth are O. 420 eV, 0. 470 eV, and 0. 525 eV and of E are 0. 873 eV, . , r 
0.922 eV, and 0. 975 eV for the 1-D, 2-D, and 3-D systems, respectively. 

The vibrationally inelastic pR of Fig. lb are also analogous to one-another 

and display maxima at the same energies Er for which the vibrat~onally elastic 

one.s show minima. Since the dip in the 1-D P~-o curve has been shown, by a 

time-delay analysis~ 8 to be due to a Feshbach resonance, we conclude that the 

analogous feature fo:r the 2-D and 3-D systems is also due to such a resonance. 
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Therefore, the 1-D, 2-D, and 3-D reactions have resonances centered at the 

values of Er given above, with approximate widths of 0.022 eV, 0.045 eV, and 

0. 035 eV, respectively, 

The change in resonance energy with dimensionality is almost identical 

to the corresponding change in the effective threshold energies and is in the 

0. 050 eV to 0. 055 eV range for both the 1-D to 2-D and 2-D to 3-D shifts. 

These shifts agree with previous estimates14 of the additional zero-point 

"bending" energy which must be put into the triatomic motions of the coplanar 

and three-dimensional transit.ion states. This indicates that these resonances 

are influenced by the potential energy surface in the strong interaction region. 

Coplanar calculations indicate that the resonance has a significant effect only 

on the J == 0 - 7 partial waves (which appears to coincide with the range of J for 

which P~O-l (2-D} is significantL whereas non-negligible reaction probabilities 

P~:- .. i?.~n) ~rP. f01.mrl for the wi.rler .T ran1.:re 0 - 17. -No sfa:nificant uu-u ' . ...; --~-----

change of either resonance energy or width with the quantum number J 

was detected for the 2-D system. 15 This very important result is probably due 

to the dominant character of potential (rather than angular momentum) coupling 

in the region of strong interaction, and permits us to predict that the partial 

wave sum present in the expressions for the. reaction cross sections will not 

seriously attenuate the effects of the individual partial wave resonances. From 

the width of the 3-D resonance we estimate a lifetime of 3. 8 x 10-14 sec (corre­

sponding approximately to 2-3 transition state symmetric stretch vibrations), 

about 2/3 of the 1-D lifetime. 

As a result of the preceding considerations, the following qualitative pre­

dictions concerning the effect of the resonance on the reaction cross sections 

can·be made: (a) The energy dependence of the vibrationally elastic integral 

reaction cross sections should show only a small dip at the resonance energy, 
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similar in appearance to the J = 0 reaction probabilities in Fig. la, but prob­

ably of smaller amplitude. (b) The vibrationally inelastic reaction cross sec­

tions should be dominated by the effects of this resonance even when averaged 

and summed over a distribution of rotational levels within the reagent and 

product vibrational manifolds> respec~ively. (c) The differential reaction cross 

sections at the resonance energies should show significant oscillations as a 

function of scattering angle, in contrast with the smooth behavior 11 displayed 

away from resonance. 

We conclude, in summary, that resonances do indeed exist in noncollinear 

H + H2 and can cause non-negligible quantum interference oscillations on 

observable reaction cross sections. Such resonances are bound to exist in 

other reactions also, as they have already been detected in collinear 

calculations for F + H2 (D2 , HD)16 and Ct~ H2 • 
17 Since classical trajectory 

.. :n:;_eth~ds do not include these interterence eiiects, nor do mosi semil:iass.i.1,;al 1 fl, 1 R 

and approximate quantum methods, 19 a theoretical 3-D treatment of resonances 

for most other chemical reactions will require the development of better 

approximate techniques, and the results presented here should be valuable in 

this endeavor. In addition, accurate quantum mechanical r_esults (be they 

1-D, 2-D, or 3-D} can serve as a useful predictive guide in the experimental 

search for dynamical resonances,and it is hoped that the present paper will 

stimulate such a search. 

We thank Ambassador College for 
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FIGURE CAPTION 

Figure 1: 

Collinear (1-D), coplanar (2-D), and three-dimensional (3-D) reaction 

probabilities for the H + H2 exchange reaction as a function of the total 
R R energy E and relative translational energy ·E0. P0_ 0 and P 0_ 1 are the 

collinear reaction probabilities from v = 0 of the reagent H2 to v 1 = O 

R R and v' = 1~ respectively, of the product H2 • P 00_ 0 and P 00_ 1 are the 

2-D or 3-D (as specified) reaction probabilities for the total angular 

momentum J = 0 partial wave from v = 0, j = 0 of the reagent H2 to 

v' = 0 and v' = 1, respectively, of the product H2 summed over all 

product rotational states within a given vibrational manifold. Panel (a) 

curves are used to denote vibrationally elastic reaction probabilities 

while panel (b) denote vibrationally inelastic ones. The points actually 

computed are indicated on the curves by geometrical symbols. Arrow 

in abscissa indicates the energy at which the v = 1 state of H2 becomes 

accessible. 
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PROPOSITION I 

Abstract 

A method for applying sudden (or strong coupling) approximations 

to reactive collisions is proposed. The method seeks to uncouple or 

partially uncouple the rotational and/or vibrational degrees of freedom 

by exactly diagonalizing the Schrodinger equation in the regions of 

strongest potential coupling. For many applications, this region is 

the transition state of the reaction, and if one simultaneously performs 

the arrangement channel transformations at that point, a completely 

diagonalized arrangement channel transformation is achieved. Recoupling 

is then accomplished in the evaluation of the scattering matrix. The 

method is, however, more general and may be applied in situations 

where computational convenience requires different uncoupling transforma­

tions in different arrangement channels. Because the number of coupled 

channels is substantially reduced by this method, a reduction in compu­

tation time by several orders of magnitude is possible, so we may apply 

it to a wide variety of atom-diatom and diatom-diatom systems including 

many for which more accurate procedures are currently impossible. 



677 

In several recent papers1- 3, sudden (or strong coupling) 

approximations have been used quite successfully in nonreactive atom­

diatom rotational excitation problems. In these systems, the potential 

coupling is strong in comparison with differences in energy between 

rotational levels, and is responsible for significant probabilities for 

large Aj transitions. This is an ideal situation for using rotational 

sudden approximations, in which these differences are neglected in 

order to uncouple the coupled Schr5dinger equations describing the 

collision. In many respects, the situation for reactive scattering should 

be even more suited to the use of sudden approximations. This is because 

the potential coupling is usually more significant for reactive encounters, 

where there is often a severe steric restriction on reactive geometries. 

The results of accurate 3D calculations 4 , 5 on the H + H2 reaction 

support this contention in two respects. First, the distribution of product 

rotational states is temperature~like (with the same temperature parameter 

for all initial rotational states) even though the reaction mechanism is 

predominantly direct. 6 This indicates a lack of correlation between the 

product rotational distributions and the initial state involved. Such an 

effect is very likely a consequence of the strong coupling. Second, the 

neglect of angular momentum coupling in comparison with potential 

coupling (the tumbling decoupling approximation) proves to be reasonably 

accurate for reactive collisions even when it is not accurate for inelastic 

nonreactive ones. In light of these observations, we believe that sudden 

approximations (if properly used) should prove to be accurate approximate 

techniques fo:r reactive systems. The primary advantage of this method 

is the significant decrease in computational effort possible. The precise 
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amount of reduction in time depends on the degree of uncoupling desired, 

but for the usuC'll situation in which rotations and projections are uncoupled 

while vibrations are not (as described below), the number of c.oupled 
4 channels needed for convergence at 0. 50 eV for H + H2 changes from 

100 to 4 or 5. For rotationally inelastic scattering, reductions in 

computation time by a factor of 9,.000 have been reported for the 
1 

Ar+ TlF and Ar+ N2 systems. In addition, the procedure may be 

generalized to more complicated reactions, such as H2 + H2, which are 

not currently feasible with more accurate quantum methods. 

Let us now describe the general approach to sudden approxima­

tions for reactive atom diatom systems. The fully coupled body fixed 

Schrodinger equation for each partial wave Jin each arrangement channel 

region is (See Ref. 5 for definitions of terms) 

(I.1) 

(I. 2) 

and 

(I. 3) 



·, 

v 'j' 
.i:: i\ . .A t I U 

679 

i\ ~~ 2 
(~J\"\ = ---,,-2 - { o0 a' [ J(J + 1) - 2~ + j.A(ji\ + 1)] 

" Rx - i\ i\ 

and 

(I. 4) 

-~+(J,ni\)~)ji\,ni\)on+l n' - ~_(J,ni\)~_(ji\,ni\)on -1 n' 
' --A ' i\ i\ ' i\ 

(I. 5) 

, tA 2 
\U \ = - ~ o0 nt {v~)i\. ni\ lv(rA., Ri\, Yx) - vA. (r>.) Iv~}~ ni\) (I. 6) 
~P' i\ 1i i\ i\ 

The abbreviation ti\ has been used for (v>..JA.Oi\}. The vibration rotation. 

functions <P. . (r...)Y. 0 (yi\,-o/>.) are eigenfunctions of the asymptotic 
VAJA A l.x A 

reference potential vi\ (r>..) and should be used in evaluating Eq. I. 5. 
2 

It is important to note that~ is a diagonal wave number matrix, 'Y.cJ 
~ ~ 

is a tridiagonal (in the tumbling quantum number n1) centrifugal 

coupling matrix and U is the potential matrix (which is diagonal in 0,.). 
~p II. 

In solving Eq. I.1, one must generally reexpand '1! JM in terms of a locally 

adiabatic vibration rotation basis in order to obtain an efficient represen­

tation of the wave function in the interaction region. 5' 7 To solve the 

reactive problem exactly, we must propagate Eq. I.1 through each of 

the three arrangement channel regions (for a two path reaction) and then 

match the wave functions at the mutual boundaries of these regions. 

The z axis of quantization may be changed smoothly during the propagation 7 

or abruptly at the matching boundary. 5 

To make a sudden approximation, we must assume that the off 

diagonal elements of U are large, compared to the differences.in wave 
~p 

numbers, and in comparison fo. centrifugal. coupling .for RA-where the. 

interactions-are strong and transitions are occµrr.ing. This may be done 
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on three different levels of approximation as follows: Case I - The 

approximation is assumed for all degrees of freedom--vibrations, 

rotations and projections, and all are uncoupled; Case II --Only rotations 

and projections are uncoupled; Case III - Only projections are uncoupled. 

At collision energies of 1 eV or less, Case I will not be an accurate 

approximation because the vibrational spacings are generally large. 

Cases II and III should be quite accurate however, for the rotational 

spacings are small for the low jA 's which are important in reactive 

collisions, and the jll. dependence of the centrifugal terms is usually 

much less important than potential coupling. Case III is very similar to 

the tumbling decoupling approximations which have been discussed 

elsewhere.
5 

We shall continue our discussion with Case II. Modifications 

necessary for Cases I and III will be stated explicitly where they are 

not obvious. If the differences between wave numbers within each vibra-

tional manifold are negligible, then we can set all wave numbers k . 
VA.Ji\. 

equal to k ...,.. where ji\. may be chosen as the initial state wave number, 
Vi\.JA 

although other choices are possible. 3 We then neglect the off diagonal 

elements of 1IcJ' and set jA. and OA. in the diagonal part of that matrix 

(Eq. I. 4) equal to j;.\ and OA. This makes ~J a multiple of the identity 

matrix. The final step in the approximation involves the transformation 

to a "diagonalized representationn with the aid of a constant unitary 

matrix ~i\. to be defined below. We set 

(I. 6) 

,_.,_, 

u =Mu M 9:p 9':A ~P ~A (I. 7) 

and substitute into Eq. I.1 (as modified by the above approximations), 
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obtaining 

2 >.. 
d~J 2"'"' - A. 
--2 + (M..,. K"\ M..,. - M..,. l!r-Jl\J" - U ) hJ == 0 (I. 8) 
dR ~I\. ~"' ~/l :R:/\. ~'"' ~/\. ~P ~ 

.A 

In order to retain the proper asymptotic solutions, 1 we must (for case 
2 

II) choose ~A to be diagonal in v,\ so that it commutes with~ . ¥A. 
will also commute with U J since we have simplified it to be proportional 

~ 

to the identity matrix. Finally, our choice of Wx given below will be 

such that we should be able to neglect the elements of ~p which are 

off diagonal in j.A and QA. We are finally left with a set of equations 

for each hl' QA. which are coupled only in vA and may be solved by 

standard collinear reactive methods. 9 

~A. is chosen so as to diagonalize the Hamiltonian along a 

suitably chosen surface in the strong interaction region. Our intent 

in doing so is to treat the potential coupling exactly in the region where 

that coupling is most important. Precisely where that region is cannot 

be determined in general without an adiabatic analysis of the full 

scattering solution, but for reactive systems with an activation energy 

having a restricted range of allowed transition state (or saddle point) 

geometries, a very logical choice for this region is the transition state. 

Some support for this statement may be seen in a vibrationally adiabatic 

analysis of the H + H2 collinear scattering wave function. 11 In that 

case, the most strongly nonadiabatic behavior was found near the 

transition state. We would expect that a rotationally adiabatic analysis 

of 3D results would give similar conclusions. Accordingly, we choose 

a surface perpendicular to the reaction coordinate which passes through 

the transition state, and diagonalize the Hamiltonian there. The rows 
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of the matrix ~A. .. are composed of the projections of the surface eigen­

functions on the asymptotic vibration rotation states. In an application 

of Case II, we must determine the vibrational eigenfunctions appropriate 

to the most stable geometry at the transition state before diagonalizing 

the rotational potential (obtained by averaging the full transition state 

potential separately over each vibrational eigenfunction). This procedure 

leads to a matrix '¥1t which is diagonal in the vibrational quantum 

number vlt. For a two path reaction, there will generally be a transition 

state for reaction to either of the two product arrangement channels. 

Both of these transition states must simultaneously be considered in 

the diagonalization of the interaction potential. With some cleverness, 

the surface functions of any transition state geometry can be determined 

and their projections on the asymptotic solutions calculated. In all 

cases, a normal mode analysis of the transition state can be performed 

and a harmonic approximation set of surface eigenfunctions obtained. 

If it is desirable to switch to locally adiabatic vibrational functions 

during the propagation, we can construct an ~It for these adiabatic 

functions by simply taking their overlap with the transition state surface 

functions. Note that we are free to diagonalize either the full Hamil­

tonian at the transition state, or the approximate one obtained after 
2 

simplifying ~\ and U J as described above. 
~\. ~ 

With the Schrodinger equation partially (Cases II and III) or 

fully (Case I) uncoupled, we now integrate the resulting differential 

equations in each arrangement channel region A.. At the completion 

of these integrations, the different arrangement channel solutions may 

be smoothly matched to one another in one of the following two ways. 
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First, if the same transition state surfaces and surface eigenfunctions 

are used in defining the ¥A. matrices for all arrangement channels, 

then the uncoupled solutions may be matched directly. Indeed, if the 

transition state surfaces and matching surfaces are identical, if 

locally adiabatic vibrational functions are used for the propagation 

(Case II), and if a floating z axis of quantization is used 7 , then the 

matching simply amounts to a reorganization of solutions and may be 

done analytically. Second, if different transition state surface eigen­

functions are chosen in different arrangement channels, then the 

matching must be done with the fully coupled ~ solutions which may 

be calculated from Eq. I. 6. In this second case, the procedure for 

obtaining the scattering matrix, and hence cross sections is identical 

to the exact procedure 5 for all steps following the conversion of the 

matched and asymptotic uncoupled~~ solutions to the coupled~ 
solutions. A somewhat more efficient computational procedure seems 

to be the first matching method, since in that case, a recoupling of 

the uncoupled solutions may be postponed until the final scattering 

matrix is calculated, and this last step involves the simple evaluation 

of: 

(I. 9) 

where ~{A. is the uncoupled subblock of the scattering matrix between 

arrangement channels v and A. (>t, v = a, {3, y), ~~ll is the coupled one, 

and ~I\ and ¥v are the appropriate transformation matrices in channels 

/I. and v, respectively. We should point out here that this approximation 

may be applied to a variety of reactive systems which are essentially 
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impossible to treat at present by accurate methods. These include 

atom-diatom reactions which have a saddle point geometry in which 

the diatom internuclear vector is perpendicular to the vector between 

the atom and the center of mass of the diatom. One reaction path 

atom-diatom reactions are easily treated, and the comparison between 

the results of such an application and that of a two path reaction should 

be important in distinguishing the differences in rotational distributions. 

Finally, this approximation should also be able to treat diatom-diatom 

reactions such as H2 + H2. The major obstacle to accurately treating 

this system, namely the large number of coupled channels involved, 

is eliminated by this procedure, and the only remaining problem is the 

development of locally adiabatic coordinates which provide a framework 

in which a noncoupling arrangement channel matching can be accomplished. 

If this can be done, then the problem can be solved a single channel 

at a time up to the point of calculating the full scattering matrix which 

requires the evaluation of Eq. I. 9. 
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PROPOSITION II 

Abstract 

A method for using pseudo-diffraction functions in close coupling 

expansions for atom surface elastic scattering is proposed and its 

application to the study of the diffraction of He off tungsten and tungsten 

carbide surfaces is suggested. The main advantage of pseudo-diffraction 

states is that this basis allows for a :more efficient representation of 

the local behavior of the wave function parallel to the surface. As such,·. 

it should enable a reduction in the number of diffraction channels 

needed and it should allow for the treatment of highly anisotropic 

crystal surfaces, including chemically reactive ones and those where 

diffusion is important. The application to He + tungsten (112) and 

He + tungsten carbide (W(l10)R(3x5)) surfaces is proposed as a means 

for elucidating the factors which cause these two systems to exhibit 

diffraction when other tungsten and tungsten carbide surfaces do not. 

Certain questions concerning the remarkable coherence of the diffracted 

beam in the He + tungsten carbide experiments will also be considered. 
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In recent years, experimental advancements in beam surface 

scattering techniques have rendered diffraction scattering a sensitive 

probe of the atom surface interaction potential.
1 

To theoretically 

describe these collision processes, quantum2- 4, semiclassical 5 and 

classica16 techniques appropriate to the atom surface problem have 

been developed. The quantum methods usually involve a close coupling 

expansion in terms of the "unperturbed!! diffraction states (as will be 

defined below). This is adequate in situations where the surface 

anisotropy is weak so the number of states coupled is small. It is well 

established2, however, that the coupling is often quite strong, and 

the use of close coupling expansions requires a large number (> 30) 

of open and closed channels for convergence of the probabilities for 

diffractive and specular scattering. By analogy with atom molecule 

inelastic and reactive scattering, we propose to use locally "adiabatic 11 

pseudo-diffraction states for these close coupling expansions. This 

procedure has been quite useful in reducing the number of required 

closed channels in atom molecule scattering 
7 

and we expect that the 

same will be true in atom surface scattering since the physical pheno­

menon is very analogous. By using pseudo-states in surface scattering, 

we may also be able to examine surface reactions, chemisorption, and 

diffusion processes well. We shall describe below a method for 

numerically obtaining these states and will include a simple example 

to illustrate the procedure. In the second part of this proposition, 

we consider the application of this close coupling method to He + tungsten 

and He+ tungsten carbide diffraction. These two systems have been 

well characterized experimentally8- 9 and many features of the diffraction 
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patterns differ substantially from those in the well-studied He + LiFlO 

system. An understanding of these differences in terms of the nature 

of the interaction potential involved should be useful in characterizing 

the structures of the surfaces. 

We consider the elastic collision of an atom with a solid crystal­

line surface. The atoms in the crystal are not allowed to exchange 

energy with the incident particle and hence their sole purpose is to 

define the interaction potential V(r). r = (x, y, z) specifies the coordi-"" ,,..... 

nates of the incident atom with the z direction normal to the surface 

and directed away from the crystal. Inclusion of dissipative processes11 

or molecule plus surface collisions12 has been treated elsewhere and 

is done in an analogous way in the present method. 

The Schrodinger equation is 

2 2 2 
11 2 tik (- - "-r + V(r)) W:~r) = - w (r) 

2µ _,.... ,.-.. 2µ AC 

(II.1) 

The full wave vector k is divided into a z component k and an x, y 
~ z . 

vector K. These components are determined by the direction of the ,,.... 

incident wave. In elastic scattering, the incident wave number k = ,... 

(kz, ~ is changed (upon interaction between atom and crystal) to 

~~nn = (k~n, I_f + 9:mn) ~here 9:mn is a reciprocal lattice vector and 
.. mn 2 2 2 
kz = (k - (~ + 9:mn) ) . For nonzero 9:mn, we say that diffraction 

has occurred, and our scattering problem consists of finding the 

probabilities of diffraction into states having different indices m and n. 

The diffraction "states" are given by exp i(K + G ) "R with R = (x, y). 
J--... ,..,, .... mn .;.... .-... 

Rather than expand '11 (r) in terms of exp i(K + G ) .. R for all z (as ·"' .-.... ....... n1n ....... 

has always been don~ previously2- 4), we expand it instead in terms 
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of locally adiabatic pseudo-diffraction states F (x, y;z.) as follows: · mn I 

(II. 2) 

m,n 
F (x, y; z

1
)) solves a two dimensional Schrodinger equation for the mn 

x, y motions of. the atom for a given zi' and is to be used as the basis 

for expansion in a region of z (region i) which contains zi. The 

Schrodinger equation for F mn (x, y;z) is 

2 2 2 

{ 11 a a ~} . - -(-2 + -2-) + V(x,y ,zi) Fmn(x,y,zi) 
. 2µ ax ay 

2 2 

nqmn 
::: F (x, y; z

1
.) 

2 µ mn 

(II. 3) 

where V(x, y;zi) can either be the exact potential function V(x, y, z) 

evaluated at zi, or it can be some other conveniently chosen reference 

potential. Upon substitution of Eq. II. 2 into Eq. II.1, using Eq. II. 3 

* to simplify, then multiplying by Fmn(x, y;zi) and integrating over a 

unit cell (the F mn 's are orthonormal), we obtain 

2 

(_Q_ + d
2 

)''' (z·z ) = \' U (z·z )''' (z· z) 
.. 2 mn 'Ymn ' i l.J mn,m'n' ' i 'Ym'n' ' i 

dz m' n' 
' 

(II. 4) 

where 
2 2 2 

dmn =k - qmn (II. 5) 

Umn, m'n'(z;zi) ==? J J F:n (x, y;zi)[ V(x,y, z) - V(x,y; zi)] 

(IL 6) 
x F (x, y;z.)dxdy mn i 

Eq. II. 4 may be propagated through region i by standard integration 

procedures. 13 By partitioning the total range of integration into 

several regions i = 0, ... , n in which different pseudo-functions are 
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chosen for propagation in each region, we may generate complete 

solutions to Eq. II.1 in all regions of physical interest. The functions 

'I.fl in regions i and i + 1 may be related at the boundary zbi of 
mn 

these two regions by 

o/mn(z~;zi+l) = L 8mn,m'n'(zi+l'zi)~m'n'(z~;zi) (II. 7) 

m'n' 

where 

(II. 8) 

By choosing region n to coincide with the asymptotic region, we obtain 

the required solutions for calculating the scattering matrix Smn, m 'n ,. 

The asymptotic analysis is identical to that described elsewhere. 2 

The solution of Eq. II. 3 requires a somewhat different procedure 

than is used for the analogous atom molecule problems. 7 jFmn 1
2 

must be a periodic function, so F mn can change by at most a phase 

upon translation by a lattice vector. In order to properly satisfy the 

asymptotic boundary conditions) we must set (see Ref. 14) 

(II. 9) 

and impose the condition that <p mn be periodic in the lattice spacing. 

By substituting Eq. II. 9 into Eq. II. 3 we find that <pmn must satisfyc 

2 • 2 2 2 ·. 
{VR + 21K• VR + (qmn - K) - ~ V(x,. y;z.)} <p = 0 

.,..,. ....... ~ . i mn 
.,....., J""- .i.l. • 

(II.10) 

where .YR is the appropriate two dimensional gradient operator. One way 

to solve Eq. II.10 is to use finite difference procedures. 15 As an 

example of this, we examine the somewhat simpler case that arises 



when motion is restricted to the x, z plane only. In that case, Eq. II.10 

becomes 

2 
d . d 2 2 ~ } 

{-2 + 21K - + (q - K ) - 2 V(x:;z.) cp = 0 
dx xdx m x n l m 

(II.11) 

Evaluating Eq. II.11 by finite difference on a grid of points xj 

(j = 0, ... , N) which span the one dimensional unit cell, we. obtain the 

following set of algebraic equations for the cp m (xj ;zi) : 

2 2 2 
cp (x. 1;z.)(1 + iK 6.x) + <p (x.;z.)(-2 + 6.x (q - K) + V(x.;z.)) m J+ 1 --x m J i m x J i 

(II.12) 
+ cp (x. 1;z.)(1 - i K: Sx)'= o 

m J- l x 

where D.x is the grid spacing. If cpm(x) and cp~(x) are to be periodic 

in the lattice spacing, then cpm(x0) = cpm(xN) and cpm(x_·1) = cpm(xN-l) 

are the required boundary conditions for Eqs. II.12. If these are in­

corporated into the above equations, we obtain a set of N homogeneous 

linear equations for the <p (x. ;z
1
.) which may be solved by standard 

·ID J 

eigenvalue-eigenvector methods. 15 Note that the matrix of coefficients 

obtained from Eq. II.11 is hermitian. 

As an example of this finite difference procedure, we consider 

the asymptotic case zi = oo where V(xj; zi) = 0. In this situation, the 

secular equation obtained from the diagonalization of the matrix of 

coefficients can be solved exactly, and we obtain the following expression 

for the eigenvalues qm: 
2(1 . .., cos 27TmD.x) 2 2 2K x q =K +--

m x ~x 

. 27TmD.x a Sln a + · · 2 

6.x 

m = 0, ±1, ±2, ... 

(TI.13) 



with 

( ) 
. 27Im cp x.;z. =exp I -- x. 

m J i a J 
(Il.14) 

where a is the lattice spacing. Taking the limit D..x -4 0, we find 

q = K + 2nm/a which is precisely the asymptotic solution since 
m x 

21Tm/a is the one dimensional reciprocal lattice vector. 

The main advantage of this procedure is the reduction in 
2 

number of closed (d < 0) diffraction states that are required for mn 

convergence of the probabilities ( I Smn m rn, l2 ) due to a smaller coupling 
' 

in the Umn, m 'n' in Eq. II. 6. In addition, since the <Pmn(x, y;zi) 

adjust locally to the shape of the potential, it should be possible to treat 

highly anisotropic potentials such as those that lead to chemical reaction, 

chemisorption and diffusion. Indeed, one can imagine situations where 

attractive wells in the crystal lattice might be so "deep" and well 

separated from each other that a decoupling of the surface states is 

possible at some point in the propagation fallowed by separate integrations 

"downn each well. 

A very useful application of the method presented above would 

be to the diffraction of He off tungsten (112)9 and tungsten carbide 

[ W(110)R(3x5)]. 8 The first of these two surfaces is the only known 

pure metal which exhibits diffraction. The surface is characterized 

by a series of parallel ridges, which will diffract the incident beam 

if it is perpendicular to the ridges, but not if it is parallel. 9 An 

obvious application of the close coupling method would be to use the 

asymptotic diffraction states for expanding the relatively smooth 

potential along the ridges and pseudo-states to describe the rough 
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potential perpendicular to them. A primary question to be examined 

in this theoretical study is the relative importance of thermal effects 

in broadening and washing out diffraction peaks. This can be examined 

by first ignoring and then including dissipation in the calculation; using, 

for example, the discreet function expansion procedure of Wolken11 to 

handle the phonon modes. 

In the example of helium diffraction from tungsten carbide, 8 

the tungsten 110 surface is smooth and it appears that the 3x5 carbide 

lattice is primarily responsible for the diffraction. A model of the 

structure of the surface has been proposed by Weinberg and Merrin8 

and we should be able to test this model provided that adequate estimates 

of the potential parameters can be made. 16 One interesting feature of 

the experimental results8 which requires examination is the remarkable 

coherence of the diffracted beam. This phenomenon leads to sharp 

peaks in the diffraction line profiles and contrasts strongly with the 

relatively broad peaks observed in He + LiF scattering. Also of interest 

in our theoretical analysis will be the He + tungsten carbide (llO)R(lxl) 

system. Unlike the (3x5) counterpart, this surface does not show 

diffraction peaks in the scattered angular distributions. A comparison 

of results from these two carbide surfaces should provide a sensitive 

test of the assumed surface structure, and of the interaction potential. 
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PROPOSITION Ill 

Abstract 

An experimental study of electronic energy transfer in collisions 

between metastable mercury (Hg 63P2 0) and the 001 surface of LiF 
' is proposed. Using a previously developed electron impact excitation 

method to specifically excite Hg to the 3P2 0 states, the tr an sf er 
' from these states to the 3P1 state (as a result of collisions with the 

LiF surface) is detected by observing the resulting 2537 A (3P1 -> 

1s0) emission line. The (electronically) elastically scattered 3p 2 0 
' states may also be detected, so that transition probabilities between 

a number of electronic channels may be ascertained. Additional 

experiments using ground state Hg are also suggested for the purpose 

of characterizing the Hg - LiF interaction potential. 
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Energy tr an sf er in collisions between electronically excited 

atoms and crystal surfaces is a very poorly understood process both 

theoretically and experimentally. Nevertheless, it is very important, 

for the quenching of excited atoms at surfaces is often a primary 

mechanism for their deactivation1. In addition, surface ionization 

in collisions between metastables and metals is an often used (and 
2 not well characterized) procedure for detecting these metastables. 

A theoretical description of the electronically excited states of the 

atom-surface system has largely been confined to models3• No 

realistic attempt to calculate the probabilities for electronic energy 

transfer in collisions of atoms or molecules with any kind of surface 

has been made. Indeed, the only qualitative theories in existence 4 

are based largely on general principles such as energy conservation, 

and provide little mechanistic understanding of the processes involved. 

Most experimental studies on collisions between electronically 

excited species and surfaces have used metastable rare gas atoms 

along with metallic (Pt, Ag, W) or covalent (Si, Ge) targets. 5 In these 

cases, the work functions of the crystals are smaller than the excita­

tion energies of the rare gas atoms so a primary result of the collision 

is ejection of electrons, and it is these electrons that are normally 

detected. Similar considerations apply to experiments involving meta­

stable mercury (63P 2 0) colliding with metallic surfaces. 6 In the 
' 

most sophisticated of these surface ionization experiments, 5 the yield 

y M of electrons per metastable collision has been determined. In a 

recent experiment; the electronically~ scattering of metastable 



He, Ar, Ne, N2, and H2 off Ge (covered with o2) was examined so 

that the probability of excited state survival could be evaluated. By 

measuring time of flight distributions of metastables in the direct 

and scattered beams, it was determined that slower metastables 

were being preferentially de-excited. 7 

It is apparent from these examples that more quantitative and 

detailed experiments are desirable if the energy transfer process 

is to be accurately characterized. In this proposition, we consider 

the beam surface experimental study of the deactivation of Hg (63P2 0) 

by LiF (001). The Hg(6
3
P2 1 0) states have excitation energies of ' 

' ' 
5.460 eV, 4.887 eV and 4.667 eV, 8 respectively, but only the J = 0 

and 2 states are metastable (with natural lifetimes > 10-3 sec). 

This allows us to monitor the 3P2, 0 ----) 3P1 energy transfer process 

by observing the 2537 A (3P1 ~ 
1s0) .emission which should occur 

shortly (10-
7 

sec) after the collision takes place. That this is feasible 

was recently demonstrated by Krause et al. 8 in a crossed beam study 

of the de-excitation of Hg (3P2) by H2' n2, N2, NO and CH4. In that 

experiment, the collision energy was kept below O. 20 eV so that the 

excitation channel 3P0 ---4 
3P1 was closed and the 3P2 -> 

3p 1,E ~ V 

de-excitation cross section was measured directly. A potential 

defect in using this detection procedure in Hg + LiF collisions is that 

it will probably not be possible to avoid the 3p 0 ~ 
3p 1 excitation 

process if the Hg ~ LiF interaction potential is attractive by more 

than O. 20 eV. In any circumstance, we shall be measuring the efficiency 

of tr an sf er between electronic energy of the incident atom and phonon 

modes of the crystal. A comparison of these results with those of the 
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above mentioned crossed beam studies, 8 and with the probabilities 

for transitions between other channels in the system (see below) 

should provide us a detailed understanding of energy transfer in atom 

surface collisions not previously available. Two other measurements 

which we can also make on the Hg+ LiF system are (a) an analysis 

of the electronically elastic 3P2 0 -) 3P2 0 probabilities (via a surface 
' ' 

ionization detector), and (b) (in a separate experiment) the characteri­

zation of scattering of ground state (1s0) Hg from LiF (using, for 

example, mass spectrometric detection). The latter experiment, 

in conjunction with a classical theoretical study should enable an 

estimation of the Hg (
1s0) - LiF interaction potential._ One possible 

experimental difficulty which might be anticipated is the strong adsorp­

tion of Hg on the LiF surface. Hg (1s0) + LiF(OOl) scattering was 

investigated over 40 years ago by several groups9 ' lO and it appears 

that the scattering mechanism is predominantly direct (as judged by 

the absence of a strong cos() component in the angular distribution). 

The suggestion made above that Hg (1s0) + LiF should be examined 

in the proposed experiment is in part for the purpose of reconfirming 

these ground state experiments. 

We now consider details of the Hg (3P2 0) + LiF(OOl) experiment. 
' 

A metastable Hg source has been described in Ref. 8, and can be 

used with slight modification in the present experiment. Included 

in this source is an electron impact exciter similar to that used by 

McDermott and Lichten. 11 This method of excitation is known8 to 

produce principally the 63P2 0 metastable states of Hg (with all other 
J 

excited states decaying before the beam reaches the scattering region). 
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Decay of the 3P2 0 states should be negligible in the experiment if 
' 

the total length of the beam path is not much longer than 10 cm. 

Following excitation, collimation and modulation, 12 the beam is 

impacted on the 091 surface of LiF. Techniques for preparation and 

use of LiF crystals are well described elsewhere. 13 The crystal 

should be enclosed in an ultrahigh vacuum scattering chamber with 

base pressure (with beam off) of close to 10-10 torr13in order to 

avoid rapid build up of adsorbed impurities. The number densities 

of Hg atoms used in the crossed beam experiment of Ref. 8 are 

similar to those required in gas surface beam experiments 7 ' 12 ' l3, 

so the two kinds of experiments can be integrated with one another 

without significant redesign. The 3P 1 -t 
1s0 photons will be emitted 

before the Hg (3P 1) can leave the scattering region so the photon 

detector should be directed towards it. It will probably be desirable 
0 

to use gratings or interference filters in examining the 2 537 A radia-

tion since it is possible that the 3P2 0 -..-) 1s0 emission (2271 A and 
' 0 

2657 A) will be induced on the LiF surface if the Hg is strongly adsorbed 

there. Techniques for detecting and velocity analyzing the scattered 
3P2 0 and 1s0 Hg atoms are similar to those used elsewhere. 7' 9, 13 

' 
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PROPOSITION IV 

Abstract 

A study of the properties of fluctuations {in temperature and 

concentration) around the nonequilibirium steady states of illuminated 

chemically reactive systems is proposed. Included in the analysis 

will be an examination of transition probabilities between multiple 

steady states, deviations from the Einstein formula for fluctuations, 

correlations between temperature and concentration fluctuations, and 

fluctuations near unstable steady states. A Markovian stochastic 

approximation method for obtaining the joint temperature (or energy)­

concentration probability density is suggested along with simplifying 

models of the energy transfer processes so as to enable an approxi­

mate analytical study of the resulting master equation. 
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The behavior of fluctuations around equilibrium states of 

of physical systems has been extensively studied by many different 

approaches, l, 2 and may be summarized (for small fluctuations) by 

the well-known Einstein equation3 

P(Ax) ..... exp [6.S(x) /k] (IV. l) 

(Here P(Ax) is the probability for a fluctuation 6.x in the thermodynamic 

variable x and 6..S(x) is the entropy change associated with that fluctua­

tion.) Fluctuations about steady states in nonequilibrium systems (such 

as chemically reacting systems) are not as well understood, especially 

when the systems are nonlinearly coupled. An understanding of 

fluctuations in these situations is, however, fundamental to the charac­

terization of chemical instabilities, very much as the theory of fluc­

tuations from equilibrium has been basic to our understanding of phase 

transitions and critical phenomena. 4 One question very basic to a 

description of fluctuations in nonequilibrium steady state systems is 

the validity of the Einstein equation (Eq. IV. l). Following the develop­

ment of the n1ocal equilibrium theory" of nonequilibrium processes, 5 

Prigogine and Mayer6 postulated the extension of the Einstein formula 

to this class of phenomena. A general proof of this proposal has 

never been given, although the Einstein formula does seem to apply 

to linear (nonequilibrium) systems as we 11 as to some nonlinear 

ones. 7 ' 8 Quite recently, a significant controversy has developed 

over whether a model reacting system (first examined by Nicolis9) 

violates Eq. IV. l. lO Even if this controversy is resolved in favor 

of the Einstein formula, there will still be a large number of models 
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containing unstable steady states or marginal steady states for which 

this formula simply cannot work. 8 With one exception, studies of 

th~ fluctuation behavior of nonequilibrium systems have been confined 

to models of chemically reacting systems where fluctuations in such 

continuum properties as temperature, energy, density or pressure 

have been ignored .. The one exception is a study by Babloyantz and 

Nicolis11 in which energy fluctuations in a Knudsen gas model (non­

reacting) system were examined. 

In this proposition we outline the application of theories of 

fluctuation behavior to both concentration and temperature fluctua­

tions in a simple model (recently proposed by Nitzan and ~oss12) 
of an illuminated chemically reacting system. We consider the iso-

merization reaction 

(IV. 2) 

taking place under constant illumination by monochromatic light which 

is absorbed by A alone. This system is assumed to be in thermal 

contact with a bath at a temperature T e,but no mass transfer into or 

out of the system occurs (in contrast to other systems previously 

examined 7 ' 8). The radiation less i relaxation of A is assumed to occur 

on a time scale short compared to all other processes, so that 

the illumination simply provides a mechanism for input of energy 

into the system, where the rate of input is proportional to the concen­

tration of A. The feedback mechanism is provided by the chemical 

reaction (IV. 2),since the heating of the system (which occurs because 



706 

of light absorption by A) causes the temperature dependent rate 

constants to change, which in turn results in a change in the cone en-

tration of the absorber A through this chemical reaction. The perti­

nent dynamical variables in this system are A (the concentration of 

species A) and T (the temperature), and the time evolution of these 

variables is governed by12 (ignoring diffusion effects) 

dT dA - = a.A - t3(T - T ) - A -
dt e dt 

where A+ B =a and the two rate constants kv k 2 are assumed to 

(IV. 3a) 

(IV. 3b) 

have Arrhenius temperature dependence (ki = Kiexp(.-Ri/kT)). The 

first term on the right hand side of Eq. IV. 3b arises from light 

absorption (hence a is proportional to light intensity and to the absorp­

tion coefficient), the second term refers to equilibration of the system 

with the surrounding bath, and the third arises from the enthalpy change 

which occurs as a result of chemical reaction (A.= (R2 - R1)/E with E 

proportional to the heat capacity of the system). A steady state analy­

sis of Eqs. IV. 3ab leads to 

(IV. 4a) 

(IV. 4b) 

The second of these two equations may be solved graphically for the 

steady state temperature T0 • Nitzan and Ross12 show that one or 

three solutions for T0 may be obtained, depending on the values of the 
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parameters describing the system. In the case of three steady states, 

a stability analysis indicates that one of these is unstable with respect 

to fluctuations around it while the other two are stable. When multiple 

steady states exist, continuous and smooth changes in external para­

meters (such as a and R2 - R1) can cause noncontinuous transitions 

between them as well as hysteresis effects. Near these points of 

transition between different steady states, fluctuations in both T and A 

become extremely important since they provide the primary mechanism 

responsible for the transition. 4 This places great emphasis on 

characterizing fluctuation behavior in this system and is a primary 

motivation for the proposition. A study of fluctuations is interesting 

also because the type of nonlinear behavior exhibited in Eqs. IV. 3ab 

differs in its qualitative form from that in the constant temperature, 

open, chemically reacting systems previously studied, 7 ' 8 and hence 

provides a significantly different example for testing the validity of 

the Einstein formula. Also, because temperature and concentration 

are strongly coupled in Eqs. IV. 3ab, it will be interesting to analyze 

for correlations in fluctuations of these quantities. Such correlations 

might be important for the efficient transition between two steady 

states. An analysis of fluctuation behavior near the one unstable 

steady state exhibited by this system might give us a more quantitative 

feeling for the uninhibited growth in these fluctuations which is usually 

assumed8 ~o exist at unstable states. 

Let us now consider possible approaches for characterizing 

the temperature and concentration fluctuations in the illuminated 

systems. A very straightforward approach to studying concentration 
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fluctuations is based on a master equation formulation in which a 

Markovian stochastic approximation is used to solve for the probability 

function P(x, t) (analogous to P(x) in Eq. IV .1) which gives the pro­

bability of finding a concentration x at time t. 7-lO The general form 

of the master equation for P(x, t) is 

dP(&!L = F[ P(x, t)] 
dt 

(IV. 5) 

where Fis a nonlinear difference operator which may be derived by 

analogy to the chemical rate laws. Eq. IV. 5 may be solved by the 

method of moments 7 by which we obtain a set of partial differential 

equations for the moment generating function f(sx, t). These partial 

differential equations have been solved analytically for a number of 

systems, 13 including the constant temperature limit of Eq. IV. 3a14 

(which i.s obtained when the illumination is turned off). To include 

the effect of temperature fluctuations or the related energy fluctua­

tions (so that P = P(A, T, t) or P = P(A, E, t)), we can use the energy 

transfer model of Babloyantz and Nicolis11 which ndiscretizesn the 

relevant continuous variable (E in their case). A differential difference 

equation analogous to Eq. IV. 5 is again obtained and this equation may 

also be solved by the moment method. In order to use this approach, 

we shall need to develop models of the energy transfer processes 

occurring in the illuminated systems. Specifically, the transfer of 

energy into (via light) and out of (via heat conduction) the chemically 

reacting system, as well as the. production of energy (from the enthalpy 

of reaction) must be modelled in ways analogous to the Knudsen gas 
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model of Ref. 11. This should enable us to determine P(A, E, t) 

and hence the energy-concentration (or temperature-concentration) 

fluctuation behavior. Finally, we should point out that it is certainly 

possible that we shall not be able to analytically solve the partial 

differential equation for the moment generating function (f(s A' sT, t) 

in this case). If approximate techniques also cannot be ,used to solve 

it then a numerical solution will be necessary. 
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PROPOSITION V 

Abstract 

The calculation of the relative rates of intersys'tem crossing 

from the photoexcited s1 state of benzoquinone (and related quinones) 

to the different spin polarization levels of the lowest excited triplet 

* state T 1 (n, 1f ) is proposed. A model of the reduction of these triplet 

quinones to semiquinone radicals by alcohols, phenols and amines 

is then used to relate the extent of triplet spin polarization to the 

experimentally observable chemically induced dynamic electron 

polarization (CIDEP) effect in the radicals. A comparison of observed 

and predicted polarization ratios should provide a valuable test for 

the validity of the triplet polarization mechanism (as opposed to the 

radical pair mechanism) in producing the observed CIDEP effect. 
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Chemically induced dynamic electron polarization (CIDEP) 

refers to the production-of a non-Boltzmann distribution of electron 

spins in the paramagnetic products of a chemical reaction. In a typical 

experiment, the transitory ESR spectra of the radical products which 

result from UV or electron beam irradiation of aromatic or conjugated 

organic compounds are observed. 1 Since the ESR relaxation rates 

of the radicals (in solution) are in the 10-5 to 10-6 sec range, an 

initially polarized spin distribution will thermalize within. that time 

period. The ratio of the initial electron spin polarization (measured 

from thermal equilibrium) to the equilibrium polarization is called 

the polarization ratio y, and the deviation of y from zero measures 

the non-Boltzmann chara".ter of the spin, ,populations: 
2 

Since their 

discovery in the late 1960 1s, CIDEP and its close relative CIDNP 

(chemically induced dynamic nuclear polarization) have been the 

subject of numerous experimental and theoretical studies. 3 In spite 

of this, the primary mechanism responsible for CIDEP is still the 

subject of considerable controversy. l, 2 ' 4-B At present, two mechanisms 

for production of the nonthermal spin distributions seem to be compatible 

with most experiments. These are the radical pair mechanism and 

the triplet polarization mechanism. To demonstrate these two theories, 

we consider the UV irradiation of 1, 4 benzoquinone in an alcohol 

solution (as was recently investigated by Adeleke et al. 9). The benzo­

quinone is initially excited to the s1 state which quickly relaxes by 

* inter system crossing to the T 1 (n, rr ) lowest excited triplet state. 

The triplet quinone is then reduced by the solvent via hydrogen atom 

abstraction to form a 1, 4 benzosemiquinone radical and a phenoxy 
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solvent radical. CIDEP is observed in both radicals. The radical 

pair theory assumes that the observed spin polarization arises from 

interaction between the semiquinone and phenoxy radicals after they 

have been formed by chemical reaction. 4 , 5, lO Any polarization of 

the triplet state before reaction is ignored. Rather, it is postulated 

that the two product radicals form a solvent stabilized radical pair 

at a separation where the splitting of magnetic spin states arising 

from hyperfine effects and g tensor shifts is comparable to the exchange 

energy of the two unpaired electrons. In such a situation, considerable 

mixing of radical pair triplet and singlet states takes place, resulting 

in a net spin polarization on each radical. The triplet mechanism, 

on the other hand, assumes that the initial polarization of the three 

spin sublevels of the T 1 state of the quinone is preserved during the 

chemical reaction so that the observed spin polarization is a direct 

reflection of the triplet polarization produced by spin orbit effects 

during intersystem crossing. 5- 9 It has also been suggested2 that 

both mechanisms are operative, but that different ones are important 

in different circumstances. In an important recent experiment, 9 

the dependence of semiquinone spin polarization on the orientation of 

polarized UV excitation light was measured and found to be in agreement 

with the predictions of the triplet mechanism and not with those of 

radical pair theory. At the same time, the radical pair mechanism 

has been quite successful in explaining a variety of other experiments, 6 

and its accuracy in predicting CIDNP spectra is well known. 3 

One important unknown in the theory of the triplet mechanism 

in benzoquinone and related quinones is the relative rate of population 
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of the individual spin sublevels of the T 1 triplet state before chemical 

reaction. In this proposition, we consider the calculation of these 

rates of intersystem crossing so as to enable an estimation of the 

initial triplet polarization and hence of the polarization ratio in the 

semiquinone radical product. Such a calculation would enable an 

estimate of the relative importance of triplet versus radical pair 

mechanisms in producing the observed CIDEP effect. The application 

to benzophenone is suggested because (a) this and related quinones 

have been studied extensively from a number of different viewpoints 

by CIDEP techniques, 2 , 9 -ll~ (b) ISC rates for it have been studied 

by picosecond spectroscopy
12 

(which does not distinguish the spin 

polarizations) so some cross checking of the theory is possible, 

(c) the molecule is simple enough and has enough symmetry so that 

a reasonably accurate characterization of the electronic and vibrational 

states will be possible. 

To calculate the rates of intersystem crossing, we suggest 

that the second order perturbation procedure of Henry and Siebranct13 

be followed. In this method, the rate constant for the transition 

between vibrational level n of the s1 electronic state and level m of 

the T 1 state is given by 

k - 21T I lz 
n-m - fi Pm Hnm (V.1) 

Pm is the density of vibrational states in the T 1 manifold near level m, 

and Hnm is the vibronic matrix element of the interaction hamiltonian 

H1 (expanded to second order). If we write H1 as 
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where Hso is the spin orbit interaction (which mixes states of different , 

spin multiplicities) and TN represents the nuclear kinetic energy 

operator (which mixes Born-Oppenheimer ::_;tates of the same multi­

plicity), then the application of second order perturbation theory 

to the s1 ~ Tl transition includes (a) a direct s1 ~ Tl mechanism 

(in first order) and (b) indirect s1 ~ Tn ~ T 1 mechanisms (in second 

order). According to the procedure of Henry and Siebrand, evaluation 

of H requires the calculation of (a) spin orbit and nuclear kinetic nm 
energy electronic matrix elements, and (b) Franck-Condon vibrational 

overlap factors. Hameka 14 has considered the calculation of the 

electronic matrix elements in applications to benzene and acetone 

using an LCAO-MO procedure. Presumably, a similar method could 

be used for benzoquinone, although it might be desirable to use more 

accurate wavefunctions in computing .the integrals required.. Calculation 

of the vibrational normal mode spectrum, the Franck-Condon factors, 

and the densities of states has been considered by Burland and Robinson. 15 

Once the rates of population of the individual triplet state spin 

sublevels are determined, we must develop a model for the chemical 

reaction (benzoquinone + solvent~ benzosemiquinone radical+ solvent 

radical) so that the polarization ratios in the product radicals can be 

calculated. This has been considered by Wong et al., 8 wpo developed 

a model based on the following assumptions: (a) that spin is conserved 

in the chemical reaction, and (b) that competition between reaction of 

triplet benzoquinone and thermalization of its polarized spin distribu-
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tion provides the primary solvent effect on the polarization ratio. 

In addition, any contributions from radical pairs to the spin polariza­

tion is ignored. The assumptions in this model enable a calculation 

of the polarization ratio in the radical with a minimum of dynamical 

information (only the overall reaction rate and the triplet state spin 

lattice relaxation rate are needed2). We suggest using this model as 

a zero order test of the triplet mechanism. After that, refinements 

to the theory such as the approximate inclusion of surface crossing 

in the reaction mechanism can be made to determine the sensitivity 

of the polarization ratios to the assumptions in the model given above. 

Other approximations which should be tested are (a) the neglect of 

solvent interaction on the s1 ---7 T1 intersystem crossing rate, and 

(b) the possibility of direct solvent reaction with other than the 

lowest vibrational level of T 1 , or with electronic states other than T 1" 
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