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Survival Probability in Dissociative Attachment*

JOSEPH C. V . CHEN] AND JERRY L. PEACHER

Department of Physics and Institute for Radiation Physics and Aerodynamics,
Unioersity of California, San Diego, La Jolla, California

(Received 30 January 1964)

The survival probability in dissociative attachment is investigated with special attention to the (e,H&)
'system. It is shown that the simple expression for the dissociative-attachment cross section, as given by the
product of a capture cross section and a survival probability, is equivalent to the s-wave approximation for
the g

—+ g dissociative attachment. This expression, however, does not constitute an approximation for the
g ~ u dissociative attachment, since the parity of the initial rotational states of H2 is always opposite to
that of the relative angular momentum states of H and H and the capture cross section appearing in the
simple expression is identically zero. According to the Kronig selection rules and the symmetry requirements,
only odd partial waves of the incident electron may contribute to the g ~ u dissociative attachment in the
(e,H2) system. Consequently, the lowest contributing partial wave is not the s wave but the p wave of the
incident electron. This, then, destroys the simple proportional dependence of the cross section on the survival
probability. However, one may still express the cross section as a sum of products of a capture cross section
and a survival probability for the various contributing angular momentum states of the constituent nuclei.
The dependence of the survival probability on the angular momentum states of the constituent nuclei is
also investigated for the (e,H2) system. It is observed that for the g -+ n dissociative attachment the sur-
vival probability depends strongly on the angular momentum states. This arises because the g -+ u dis-
sociative attachment occurs at such a low energy that variations in the centrifugal barrier become comparable
with the breakup energy of the constituent atoms. This then suggests a strong temperature dependence for
the g i tt dissociative attachment in the (e,H&) system. For the g-+ g dissociative attachment, such de-
pendence is much weaker since here the process becomes significant at a somewhat higher energy and the
variation in centrifugal energy is overshadowed by the large break-up energy of the constituent atoms.
The validity of the commonly adopted approximation for survival probability (involving the auto-ionization
width and relative velocity of the nuclei) is also examined.

I. INTRODUCTIOÃ

'Vl 1951 Holstein' suggested that the cross section for
- - dissociative attachment may be represented as

o —a (clp

where 0 (') is the cross section for capturing of the inci-
dent electron by the target molecule AB into a repulsive
state of the molecular ion AB at a fixed nuclear con-
figuration and, p is the survival probability that the
electron will remain captured while the molecular ion
is dissociating in the repulsive 6eld. From this intuitive
picture Holstein deduced that the survival probability
is given by the expression

p e
—i'rtrt

where F is the auto-ionization width of the molecular
ion state in question and ~ is the time required for the
constituent nuclei to move apart at a distance greater
than R, (Fig. 1). It was later shown by Bardsley,
Herzenberg, and MandP that within the framework of
the Born-Oppenheimer separation approximation, and
with the molecular rotation neglected, the cross section

E I'(R')dR'

v(R')
p= exp —lim

X~CO

= exp —lim I'I t(R') jdl(R'), (1.3)
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for dissociative attachment may indeed be written in the
form given by Eq. (1.1) with the survival probability
given by

*This research was supported by the Advanced Research Pro-
jects Agency (Project DEFENDER) and was monitored by the
U. S. Army Research OKce (Durham) under Contract DA-31-124-
ARO-D-257.

$ Consultant to General Dynamics Corporation, General
Atomic Division, San Diego, California.' T. Holstein, Phys. Rev. 84, 1073 (1951).' J. N. Bardsley, A. Herzenberg, and F. Mandl, in Atomic Colli-
sion Processes, edited by M. R. C. McDowell (North-Holland Pub-
lishing Company, Amsterdam, 1964), p. 4j.5,
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FIG. 1. Schematic diagram of interaction potentials for dissocia-
tive attachment of the Franck-Condon type. The dashed curve
represents the real part of the interaction potential. For simplicity,
the splitting of the interaction potential due to the local electric
field along the internuclear axis is not shown here.
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where Eo is the classical turning point and v(R) is the
relative velocity of the nuclei at a separation distance
E..This con6rms the approximate validity of the expres-
sion for survival probability as given by Eq. (1.2).
Recently, the simple expression for the cross section
PEq. (1.1)) has been used for studying the isotope
effect' and for estimating the width4 with the survival
probability given either by Eq. (1.3) or (1.2).

In this paper we show that the initial molecular rota-
tional states which were neglected in deriving Eq. (1.1)
are of importance in dissociative attachment for the

(e,H2) system considered here. This importance arises
in two specific ways, namely through the dependence
of the survival probability on the relative angular mo-

mentum states of the constituent nuclei' and through
the Kronig selection rules' between participating states
of AB+e and A+8 . We will show in Sec. II that the
simple product expression for the cross section [Eq.
(1.1))with p given by Eq. (2.18) constitutes an approxi-
mation only for the gerade-to-ger@de (g —+ g) dissocia-

tive attachment of the s-wave electrons. For the gerade-

to Negerade -(g —&e) dissociative attachment this ap-
proximation is identically zero since according to the
Kronig selection rules and the symmetry requirements

only odd partial waves of the incident electron may con-

tribute in this case. Consequently, the lowest contribut-

ing partial wave is the p wave. This then destroys the
simple proportional dependence of the cross section on

the survival probability as given by Eq. (1.1).
It has been observed experimentally that H ions in

the scattering system (e,H&) erst appear at electron

energies around 3.75 eV, near the theoretical threshold
for the production of H ions. ~ At higher energies,
around 10 eV and above, further peaks with greater
magnitude are observed in the cross section for H pro-
duction. ' The first peak around 3.75 eV has been attrib-
uted to the g

—+ u dissociative attachment involving

the lowest auto-ionization 'Z + state of H2 . The peak
at energies around 10 eV comes from the g

—+ g dissocia-

tive attachment due to the lowest auto-ionization 'Z,+
state of H2 . Since the g

—+ I dissociative attachment
occurs at such low energy, one would then expect that
the variation in the centrifugal barrier associated with

the relative partial waves of H and H would become

signi6cant for the imaginary parts of their radial phase
shift. This implies that the survival probability, being

exponentially dependent on the imaginary parts of the
phase shift, may become strongly dependent on the

3 Yu. N. Demkov, Phys. Letters IS, 235 (1965).
4 G. J. Schulz and R. K. Asundi, Abstract of the 19th Gaseous

Electronic Conference, Atlanta, Georgia, 1966, p. 41 (unpublished).
5 J. C. Y. Chen, Phys. Rev. 156, 12 (1967).
' G. Herzberg, Spectra of Diatomic Molecules (D. Van Nostrand

Company, Inc. , Princeton, New Jersey, 1950), 2nd ed. , p. 416.
~ G. J. Schulz and R. K. Asundi, Phys. Rev. Letters 15, 946

(1965).
8 See, for example, D. Rapp, T. E. Sharp, and D. D. Brig1ia,

Phys. Rev. Letters 14, 533 (1965); G. J. Schulz, Phys. Rev. 113,
816 (1959).

pv(R)') F(R) (1 4)

as also pointed out by Bardsley et al. ' If the criterion
givenbyEq. (1.4) isnotmet, theuseof Eq. (1.2) or Eq.
(1.3) for studying the isotope effect or estimating
the width' 4 can be very misleading. In addition,
there should be a factor in the survival probability
which comes from the imaginary part of the interaction
potential at the classical turning point. This factor,
which depends critically on the differences of the slopes

W. L. Fite, R. T. Brachman, and U. R. Henderson, in Proceed-
ings of the Fourth International Conference on the Physics of Flec-
tronic and Atomic Collisions, Quebec, 1965 (Science Bookcrafters,
Hastings-on-Hudson, New York, 1965), p. 100; R. F. Stebbings,
M. A. Fineman, J. W. McGowan, B. A. Turner, and F. A. Wolf,
Defense Atomic Support Agency Report No. DASA-GA-6699,
1965 (unpublished).

"T.F. O' Malley, Phys. Rev. 155, 59 (1967).

relative angular momentum of the constituent nuclei.
For the g~ g dissociative attachment, on the other
hand, the J dependence on the survival probability can
be quite different since here the process becomes signifi-
cant at somewhat higher energy. The variation in cen-
trifuga, l energy is overshadowed by the large breakup
energy of the constituent atoms. One would then expect
a weaker J dependence of the survival probability.

A numerical study of the survival probability is
carried out for the (e,H2) system at electron energies
near the threshold for the g

—+ u dissociative attach-
ment and at somewhat higher energies for the g

—+ g
dissociative attachment, using an expression for the
survival probability given in Sec. II. Indeed, it is ob-
served that for the g

—+ I case the survival probability
depends signi6cantly on the angular momentum states
of the constituent nuclei, and for the g

—+ g case this J
dependence is much weaker. This then suggests a strong
temperature dependence for the g

—+ u dissociative at-
tachment in the (e,H2) system just due to the initial
distribution of rotational states. Of course, the initial
distribution of vibrational states also contributes to the
temperature dependence. Vnfortunately, no measure-
ment on the temperature dependence has been carried
out for this system. Recently, temperature dependence
of dissociative attachment has been measured' for the
(e,02) system where one observes a strong temperature
dependence in which the threshold is shifted to lower
energy and the cross section itself is enhanced as tem-
perature increases. It should be noted that recently
O' Malley" has, in a parametrization study, reached the
conclusion that this behavior for the (e,02) system can
be explained as due to the initial distribution of vibra-
tional states.

It is also observed from the present study that the
approximate expression LEq. (1.2)] for the survival
probability is not valid in this case for either the study
of isotope effect or the estimation of width. This is
simply because the intuitive expression for the survival
probability is valid only for cases where
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of the real and imaginary parts of the interaction poten-
tial at the classical turning point, is usually different
from unity.

{R„+V(R) ——',iF(R)}=-(R)=E=-(R), (2.1)

where ER is the relative kinetic-energy operator of the
nuclei. The same equation can also be derived'" by
considering the dissociating negative molecular-ion state
as a resonance state for a fixed nuclear con6guration in
the open-channel segment of the Hilbert space. Since
the potential is non-Hermitian, no source term in Eq.
(2.1) is necessary.

For dissociative attachment in the (e,Hs) system near
the threshold, the relevant negative-ion state is the
sZ + state of Hs . It has been found recently that F(R)
for the 'Z + state of Hs—is very large" (I'—4.5 eV in the
Franck. -condon region of the ground state of the H2
molecule). As a consequence, it is no longer constructive
to consider the nonstationary character [measured by
F(R)j to be small so that V(R) maybe treated as a sta-
tionary potential curve for describing the nuclear mo-
tion. ' To treat the problem properly we must consider
both V(R) and F(R) with equal footing.

After angular decomposition, Eq. (2.1) may be re-
written as a pair of coupled equations (in atomic units)

d' J(J+1)
+2ts[E V(R)g—

R'dR2

rtg(R) = tsF(R)t g(R), (2.2a)

II. EXPRESSION' FOR THE SURVIVAL
PROBABILITY

In the Born-Oppenheimer separation approximation,
it can be shown that the strong coupling between the
electronic motion in the scattering channel and dissocia-
tive-attachment channel results in a complex potential,
V(R) ——,'iF(R), for the constituent nuclei. ' The nuclear
motion is described by the equation

where tt is the reduced mass and where we have assumed
that the complex potential is a function of radial co-
ordinate R only. For a continuum solution of Eq. (2.1),
we impose the boundary conditions that the solutions,
rtz and g,r, vanish at R=O and have the asymptotic
forms

s&q(R) ~ k ' coshBq&'& sin(kR ——',Jsr+8~&'&) (2.3a)

l g(R) ~ k-' sinhbq&'& cos(kR ——,'Jsr+8J &'&) (2.3b)

k = (2ts[E, Dp+E—,+e,+er j)'t'= (2tsF) 't' (2.4)

where k is the wave number of the relative motion of H
and H, E, is the incident electron energy, Do is the
dissociation energy of H2, E, is the electron amenity of
Il, and e„and el. are, respectively, the initial vibrational
and rotational energies of Hs. Clearly Eq. (2.3) implies
that

fg(R) = re(R)+it g(R) —+ k ' sin(kR ——,
' Jtr+5d), (2.5)

where
8g=8g"&+i8 &s& (2 6)

is the complex phase shift and P~(R) is the radial part
of Z(R). Note that here we deal with Z states; thus the
angular states are properly described by the simple ro-
tator wave functions.

Since V(R) is a slowly varying potential, i.e.,

1 d lnV
~(1,

dR
(2.7)

&g(R) = ting(R) '" sin —,'sr —X)~&+&(Rp)jig)g&—
&(Rp)

the nuclear motion can be described semiclassically. Wee
solve Eq. (2.2) by the JWKB approximation. " The
proper solution for $q(R) at the right-hand side of the
turning point Ro is5

dR'

d' J(J+1)
+2ts[E V(R)j—

R' with

+ ting(R')dR', (2.8)

fg(R) = —ttI'(R)rtg(R), (2.2b)

"T.F. O' Malley, Phys. Rev. 150, 14 (1966).It should be noted
that the result derived in this reference does not apply to dissocia-
tive attachment for homonuclear diatomic molecules A~, in which
the gerade (or urlgerude) system of the initial Z target state is not
conserved into the dissociative-attachment channel. This is be-
cause the parity of the rotational state L of the target molecule
A2 is always opposite to that of the relative angular-momentum
state J of A and A . Thus the 8 function bz, j which is used in de-
riving the results can never be unity and consequently the expres-
sion for the T matrix PEq. (5.9b) of the reference] is identically
zero; see also J. C. Y. Chen LPhys. Rev. 148, 66 (1966)j for the
discussion on the 6xed-nuclear-con6guration approximation."J.N. Bardsley, A. Herzenberg, and F. Mandl, Proc. Phys.
Soc. (London) 89, 305 (1966), Figs. 3 and 4, curves labeled A, and
Figs. 9 and 10.

tt (R)= (2ts[E —'ttg(R)+i-,'F(R)g)'t',

'tt. (R)= V(R)+(J+!)'/(2.Rs)

(2 9)

(2.1O)

5)g&+&(Rp) =—(2v)"' d%. 1 dI')
I'(Rp) sts

6 dR 2 dR

"See, for example, N. F. Mott and H. S.W. Massey, The Theory
of Atomic Colljstotss (Clarendon Press, Oxford, England, 1965),
3rd ed. ; R. E. Langer, Phys. Rev. 51, 669 (1937).
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where X)J&+) arises from the imaginary part of the po-
tential in matching with the Airy solution at the turning
point Ro. Note that X)r'+'(Ro) is implicitly energy-
dependent since the classical turning point Ro is energy-
dependent. The phase shift can now be obtained from
the asymptotic behavior of Eq. (2.8):

8r&'&=(J+~)~7r kRO—+&r + (RQ)

The approximate expression for the cross section given
by Eq. (2.16) is equivalent to the s-wave approximation
for the incident electron, since more explicitly n J,
in Eq. (2.15) can be written for the present case as

nr, ,rir, =(gr(R) ~Xrr, ir, (k;,R,Qr) ~X„(R)) (2.19)

with

+ lim Re[~,(R') —ujdR', {2.12a)

gr ~'& = K)r &
—&(Ro)+ lim Im[lrr(R') jdR'. (2.12b)

Bp

If we expand ~r(R) assuming I'(R) is small, we obtain

with

1 " I'(R')dR'
br~'&= Dr &

—&(Ro)+ lim—
~ "2 ri, vr(R')

{2.13)

e-„~= — Q ~Q nr, „r,ir,e'" I'dQr. (2.15)
21+1 mr,

Now, if the multipoles generated by the electronic dis-

tribution are neglected in the eRective potential for the
nuclear motion, the integration over nueelar angular
states in o.J„L,~~ results in a 8 function 8JI.. The cross
section then takes the form' "

&~r.=Or. , ~r. ' I r, (g ~ g).

&r(g~ g) =pr

(2.16)

(2.17)

where ~r, ,r. &'& is defined by Eq. (2.16) and may be inter-

preted as the capture cross section and pr is the survival

probability
(2.18)pr, = exp{—28r, "'}.

Equations (2.16) and (2.17) imply that to calculate the
survival probability for a given rotational state I.of the
target one needs only to calculate the corresponding
imaginary part of the phase shift [Eq. (2.12b)j.

where wr(R) is the relative velocity of the nuclei at
separation E.The magnitude of X)J& ) depends strongly
on the differences in the slopes of the real and imaginary
parts of the potential at the classical turning point Ro.
Essentially, the same results have been derived before
neglecting the J dependence. ' They are given here to
establish our notation and to demonstrate the explicit J
dependence.

For given initial vibrational and rotational states, v

.and I., of the target molecule, the cross section for dis-

sociative attachment is given by

XQ pi r(Yrrjr, (R)
~
Y( (R) ~Yr~~(R))

AE= P, (2.21)

where E is the total orbital angular momentum of the
system. In the present case DA. =O; thus Eq. (2.21) im-
plies that the relation

(2.22)

must be satisfied.
The target molecule H& is initially in a gerade elec-

tronic state, and the rotational states I. can be either
even or odd, depending on whether the constituent pro-
tons are in singlet or triplet nuclear spin states. On the
other hand, the electronic state for the dissociative-
attachment channel may have an Nngerade syrrunetry.
Consequently, the parity for the angular momentum
states of H and H is just opposite to that of the rota-
tional states of H2, namely, J is odd for singlet and even
for triplet nuclear spin states. Thus, independent of nu-
clear spin multiplicities, J and I.always have opposite
parity. Consequently, from the selection rule [Eq.
(2.22)7, only odd t's are allowed. This implies that if the
target molecule is in a gerade state, s-wave electrons
cannot give rise to dissociative attachment in the
ungerade mode. The approximate expression for the cross
section [Eq. (2.16)j is then identically zero. This is also
apparent from the 5 function 8J~, since I.and J always
have opposite parity. The above conclusions apply to
all similar dissociative attachment (as well as dissocia-
tive recombination) processes involving homonuclear
molecules, independent of whether the nuclei are fer-
mions or bosons. If they are bosons, the parity of the
angular states in relation to the nuclear spin symmetry
is just reversed from that for fermions discussed above.

X Yrjrr(Qr) X((R)Y( *(Q;), (2.20)

where k; and l are the wave number and angular mo-
mentum of the incident electron, X((R) is the electronic
matrix element, X, is the initial vibrational wave func-
tion, and 0; is the incident direction. For s-wave elec-
trons l =0, integration over R of the spherical harmonics
in Eq. (2.19) results in a 8 function err, and, conse-
quently, Eq. (2.16). The s-wave approximation does
not, however, in general, satisfy the Kronig selection
rules. ' In particular, we have the selection rule
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Equation (2.23) may also be written in the form given

by Eq. (2.16) under certain conditions. If the classical
turning point Eo does not change appreciably with J
for )J, we may replace (pr~r(R) IX~'(R) IX„(R)) by
()r,(R) I

Xr'(R)
i
X,(R)) and obtain from Eq. (2.24)

o „z,=or...z, ('&Pr, (g ~ I) (2.25)

with Pr, (g ~ I) given in terms of the survival probabili-
ties

Pl.(g ~ I)= Cm&P~x+Cr 2Pz 2. (2.26)

Note that for the case L=O, Eqs. (2.23) and (2.26) re-
duce to one term since by the selection rule

I Eq. (2.22)j,
the L—1 term is not allowed.

III. RESULTS FOR THE SURVIVAL PROBABILITY

The survival probability pr,
——exp( —28r, (2&) with

(&r,
(2& given by Eq. (2.12b) is evaluated numerically for

the (e,H2) system using the recently obtained values for
V(R) and I'(R) as a function of R."The calculated sur-
vival probability in the g

—+ I dissociative attachment
is plotted in Fig. 2 as a function of the initial rotational
state L for H~ and its various isotopes for the electron
energy near threshold. One of the important features of
the result is the strong dependence of the survival proba-
bility on the rotational state L. Examining Fig. 2 it is

"The gerade or NrIgerade symmetry of the total initial system,
i.e, , the target H2 molecule plus the incident electron should, of
course, be conserved into the dissociative-attachment channel,
H+H .

The fact that L and J always have opposite parity
nevertheless remains.

Equation (2.16), however, constitutes an approxima-
tion for dissociative attachment in which the gerade (or
ur2gerade) symmetry of the target molecule (not includ-
ing the symmetry of the incident electron) is conserved
into the dissociative-attachment channel. In this case,
the incident electron must have gerade symmetry for
the gerade (or ungerade) target molecule.

For the case in which the gerude symmetry of the
target 'Z,+ state of H~ is not conserved'4 into the disso-
ciative-attachment channel (which is represented by the
2Z + state of H2 ), the lowest contributing partial wave
of the incident electron is the p wave. Taking i= 1, the
selection rule given by Eq. (2.22) allows J to take up the
two values L+1 and L 1(J=—L is eliminated by their
parities). The cross section for dissociative attachment
is then given by the approximation

0 ( )C e 2&I+ (2)

+(r i ( &Crvre 22L 1( 2& —(2 23)

where the Cl.+i's are related to the Clebsh-Gordan
coeKcients

(L&1 1 L&'
Cr,~2= L2 (L&1)+1]I (2.24)

&o o oi

IQ
2

IQ'

IQ
2

IQ

IQi l I I I I I I & ( I I

2 4 6 8 IQ I2

FIG. 2. Dependence of the survival probability on the nuclear
angular momentum state L for the g

—+ u dissociative attachment
of H2, HD, and D2 at an incident electron energy of 3.775 eV.

seen that variation in pr, can be easily of one order of
magnitude. The L dependence of survival probability
comes, of course, from the J dependence of the imagi-
nary phase shift 8J ('&. Examining Eqs. (2.9), (2.10), and
(2.12b), it is apparent that the J dependence is most
pronounced at energies where E is comparable with the
Centrifugal energy, (2+22)2/2&aR2, fOr R C1OSe tO the
classical turning point Ro. For the present case, the
g ~ u dissociative-attachment cross section has a peak
near the threshold energy and thus the energy E for the
relative motion of H and H is small. The centrifugal
energy is comparable to the relative kinetic energy E,
and consequently the J dependence is strong. For the
the case of g~ g dissociative attachment, the J de-
pendence of the survival probability is less pronounced
(see Fig. 3), since here the energy is large in comparison
with the centrifugal energy and the J dependence is
somewhat overshadowed. However, the dependence can
be significant if the relative kinetic energy of the con-
stituent nuclei is small.

We have tabulated in Tables I and II the calculated
values of pr, for several values of L using Eqs. (1.3) and
(2.18) with the imaginary phase shift given by Eq.
(2.12b). It is observed that, for the g

—+ I case, the ap-
proximation given by Eq. (1.3) underestimates the sur-
vival probability easily by two orders of magnitude. For
the g —+ g case, this approximation is reasonable. As-
suming for the moment that the mass dependence in the
capture cross section can be neglected, the ratio of
cross sections for diQerent isotopes is given simply for
each L by the ratio of survival probabilities; for example,
in the g

—+I case,

&vt (EiH2) pL+2H2 pL—2H2
=Crier +Cr, 2 . (3.1)

o „r,(E,HD) prHD prHD
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T2
Jw&B'

1,730 X10
1.8S3 X10
2.125 Xip
2 6p4 X10-'
3 399 X10
4 71p X10 '
6.901 X10
1.064 Xip '
1.715 Xip '
2.880 X10
5 002 X10-'
8.940 X10-'
1.635 X10

p/vbJw~as
3,229 X10
3.558 Xip '
4,310Xip
5.708 X10
8.205 Xip
1.268 Xip '
2.086 Xip-
3,610 Xip '
6.499 X10-
1, .204 X10
2.270 X&0 '
4.316 X10
8,213 Xip '

D2
Jw&~'

4.555 Xip '
4.956 X10
5.856 Xip '
7.489 Xip
1.03 1 X10
1.520 Xip
2.381 Xip
3.931 X10-'
6.781 Xip
1.212 X10
2.227 X«-'
4.169 X10
7.896 X10

p/vb
HD

1.300 X10
1.414 Xip
1.67 1 X10~
2.145 X10
2.983 X10-
4.484 X10
7.270 X10
1..268 X10
2.375 X10
4.764 X10
1.021 Xio '
2.336 X10
5 691 X10-
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7 370 Xip
9 027 X10
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12
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TABLE II. Survival probability in dissociative attachment of H2 and its isotopes for the g ~ g case.

0

2
3

5
6
7
8
9

10
11
12

JWKBa

2 298X10 '
2.306X10 '
2.321X10 5

2345X10 '
2.377X10-e
2.417X10 '
2.465X10 '
2.523X10 '
2.590X10-5
2667X10 5

2.754X10 5

2 853X10-e
2963X10 5

H2
F/vb

3.037 X10-e
3047X10 5

3.068X10 e

3.100X10 '
3 142X10 '
3.195X10-e
3 259X10 5

3.336X10 5

3425X10 5

3 527X10 '
3.643X10 5

3.774X 10-e
3921X10 '

JWKB~

4.410X10 e

4423X10 e

4 448X10-e
4488X10 '
4.540X 10-e
4.606X10 '
4.687X 10-e
4.782X10 '
4893X10 '
5019X10 e

5163X10 '
5325X10 '
5506X10 '

HD
I/vb

6.084X10 '
6102X10 '
6138X10 '
6192X10 e

6265X10 '
6.357X10 '
6469X10 e

6601X10 e

6755X10 '
6.931X10 e

7 130X10 '
7.355X10 e

7.606X10 '

JWKB'

2.769X10 z

2.776X10 z

2.789X10 z

2809X10 z

2 836X10 '
2.870X10 z

2911X10 '
2.960X10 7

3.016X10 '
3.080X10 z

3 153X10 '
3 234X10 z

3325X10 z

D2
P/vb

4.107X10 z

4117X10 z

4.137X10 z

4.167X10 '
4207X10 z

4257X10 z

4319X10 z

4391X10 z

4475X10 z

4.571X10-z
4.679X10 z

4801X10 z

4936X10 z

a Calculated according to Eqs. (2.18) and (2.12b) at an incident electron energy of 10.2 eV.
b Calculated according to Eq. (1.3) at an incident electron energy of 10.2 ev.

The approximate stability of the cross-section ratio
[Eq. (3.1)) with respect to the rotational state L as ex-
hibited in Table III does not necessarily imply that
thermal averaging is not important, since the thermal
average is carried out before the ratio is taken. To cal-
culate the observed isotope effect as given by the ratios
of the experimental cross sections, an average of the
theoretical cross section over the initial distribution of
states is necessary. Hence, for example,

oH, (E)F) ZHD.

o HD(T, L) ZH,

p'L (2L+1)o L(p +s)e (~.(Hs)+~—L(Hs)] 1KT

X
(2I &+ 1)o L (p IJD)e—[ee'(HD)+aL (HD)] IKT

(3.4)

Since the mass dependence of the capture cross section
is15

(3.5)

Eq. (3.4) takes the approximate form for low tempera-
ture:

(2L+ 1)p HDe NL/KT-
P(HD) —=

, (2L~+.1)e cL~IKT—(3.7b)

IO

where we have assumed that at low temperature only
the ground vibrational state is of importance. One of the
interesting features of Eqs. (3.4) and (3.6) is the pre-
diction of the temperature dependence of the isotope
eGect which can be easily observed experimentally. The
calculated isotope cross-section ratio as given by Eq.
(3.6) is smaller than that observed. In the g-+ I case,
the calculated values for o H, /o HD and o.H, /o D, are 5.01
and 55.85, whereas the observed values are about 7.62
and 200, respectively. The accuracy of our result is, of
course, bounded by the JWKB approximation and by
the accuracy of the adopted theoretical values for I' and
V. ts Judging from these values, it seems to suggest that
the discrepancy between the theoretical results and the

with

o H, (T,E) )((H, '" P(Hs)

o HD(T, E) ]rHD P(HD)
(3 6)

IO

P(Hs)
Q'L (2L+1)(CL~)pL~P'+CL tpL-t ')e 'L(KT

p'L (2L'+1)e "'KT—
(3./a)

'5 The p" mass dependence may not constitute a good approxi-
mation for the capture cross section since the similarity transfor-
mation by mass scahng in the nuclear overlap integral does not
factor out the mass dependence completely. Consequently, the
continuum nuclear wave function has an inherent mass dependence
which can be enhanced by a large imaginary component of the
complex potential. (Soke added zrI, proof. The observation that the
p,'/' mass dependence may not constitute a good approximation
for the capture cross section has recently been veri6ed numerically
LJ. C. Y. Chen and J. L. Peacher (to be published) j.An easy way
to see this is to examine the coefficients in the asymptotic forms
of the continuum nuclear wave function as given by Kqs. {2.3)
and (2.5), since both coshbg(') and sinh]t'g&~& can be expressed in
terms of the survival. probability (Eq. (2.18)g.}

I'"ro. 5. Dependence of the
survival probability on the in-
cident electron energy for the
g ~ I dissociative attachment
of H2, HD, and Dg.

Q s
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I2—
I I I & I & I 1 I TABLE IV. The exponential factor in the survival probability

arising from the complex potential at the turning point.

Io—

exp( —2SI.& &(Rp))
fol g~Q

H2 HD D2

exp( —261.& &(Rp))
for g +gb

H2 HD D2

0
1
2
3
4
5
6
7
8
9

10
11
12

0.634 0.590 0.523
0.668 0.617 0.543
0.738 0.674 0.583
0.849 0.764 0.648
1.008 0.893 0.741
1.218 1.067 0.869
1.479 1.292 1.037
1.782 1.570 1.252
2.105 1.894 1.52i
2.411 2.248 1.846
2.656 2.605 2.223
2.798 2.925 2.640
2.814 3.168 3.075

0.3425
0.3425
0.3424
0.3423
0.3422
0.3420
0.3418
0.3415
0.3412
0.3409
0.3406
0.3403
0.3399

0.2903
0.2902
0.2902
0.2901
0.2900
0.2899
0.2897
0.2895
0.2893
0.2891
0.2888
0.2886
0.2883

0.2199
0.2199
0.2198
0.2198
0.2197
0.2196
0.2195
0.2194
0.2193
0.2192
0.2190
0.2188
0.2186

IOxp
I & I t I & I t I

7.0 8.0 9.0 IO I I

ELECTRON ENERGY, eV

FIG. 6. Dependence of the survival probability on the incident
electron energy for the g —+ g dissociative attachment of H2, HD,
and Dg.

holds approximately for low values of I.. Making use of

TABLE III. Isotope effect due to the survival probability
in the g ~ I dissociative attachment. '

0
1
2
3
4
5
6
7
8
9

10
11

o,L, (R,Hp)/o, l.(E,HD)b
JWKBo I'/p'

4.951 13.28
5.718 15.06
5.995 15.75
6.380 16.81
6.837 18.27
7.317 20.17
7.763 22.59
8.123 25.61
8.353 29.35
8.433 33.96
8.364 39.61
8.166 46.46

o~l, (R,H2/)o, l,(E&D2)'
JWKB" I'/p'

72.26 1012.8
77.73 1080.0
83.57 1155.8
92.19 1275.7

103.23 1448.5
116.02 1687.5
129.52 2012.0
142.34 2449.9
152.98 3041.5
160.12 3843.7
162.95 4935.4
161.31 6422.9

a These are calculated at an incident electron energy of 3.77S ev.
b See Eq. (3.4).
e Approximation given by Eq. (2.27) is used here in deriving the ratio

equation similar to Eq. (3.4).
d The survival probabilities used here are calculated using Eqs. (2, 12b)

and (2.18).' The survival probabilities used here are calculated using Eq. (1.3).

experimental results are significant. This point will be
discussed in Sec. IV.

Recently, Schulz and Asundi' made use of a ratio
formula derived from Eqs. (1.1) and (1.2) for estimating
the width of the 'Z„+ state of H2 by utilizing measured
dissociative-attachment cross sections for various iso-
topes of H~. As shown in Fig. 4, the simple relation for
the imaginary phase shift

& "'(H )/(2~ )"'=~"'(HD—)/(2I Hn)"'
=&i"'(Dp)/(2pn )"' (3 g)

a Calculated at an incident electron energy of 3.775 eV.
b Calculated at an incident electron energy of 10.2 ev.

Eq. (3.Q), we obtain from Eq. (3.1) the approximate
equations

&TI (H2) (PH D)
=exp —2&'&z &'&(Hp)

o.r, (HD) &PH, /
(3.9a)

or.(Hp) pn, ) '"-
—exp —

2&&1.&'&(Hp) 1—
or.(Dp) — pH, &

(3.9b)

Equations (3.9) demonstrate that by utilizing the meas-
ured values for the cross-section ratios o.(H2)/&r(HD)
and o(H2)/o(Dp) at low temperature (T—300 K), an
approximate constant can be found at a given electron
energy. The constant so determined, aside from the
problem of thermal averaging, approximates the imagi-
nary phase shift which is not simply related to the
width unless the approximation given by Eq. (1.3) is
valid. For the present case Eq. (1.3) is not valid as is
shown in Table I.

Finally, the energy dependence of the survival proba-
bility is investigated. The result is shown in Figs. 5 and
6. We observe that for the g

—+I case the survival
probability is also a sensitive function of energy. As
shown in Eq. (2.11), the starting value Sr, & &(J&.'p) of the
JWKB imaginary phase shift which is derived from the
asymptotic phase of the Airy function is implicitly
energy-dependent. This factor, i.e.,

exp[—2nr, &
—

& (Rp)),

in the survival probability is tabulated for several
values of I. in Table IV. It is observed that its contribu-
tion, in this case, is significant. It is worthwhile to note
that this factor has a larger effect for the g ~ g case than
for the'g —+ I case. This indicates that the reasonable
agreement shown in Table II with the approximation
given by Eq. (1.3) is fortuitous, since more exactly this
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factor should be included in Eq. (1.3) as given by Eq.
(2.13). The inclusion of this factor would then destroy
the reasonable agreement. The magnitude of this factor
depends critically on the difference of the slopes of the
imaginary and real parts of the potential. It should be
noted. that $1.& '(Ro) changes sign at some particular
value of I.. This implies that this factor can either in-
crease or decrease the survival probability. Thus, the
validity of the approximate expressions for the survival
probability given by Eqs. (1.2) and (1.3) are limited, in
a,ddition to the criterion given by Eq. (1.4), to cases
where this factor is approximately unity.

IV. DISCUSSIO5 A5D CO5CLUSIO5S

In this study we have demonstrated that the simple
expression for the dissociative-attachment cross section,
as given by the product of a capture cross section and
a survival probability, is not a general expression. A
general expression for the cross section can nevertheless
be expressed as a sum of products of a capture cross sec-
tion and a survival probability for the various contrib-
uting angular momentum states of the constituent
nuclei. This unfortunately destroys the simple propor-
tional dependence of the cross section on the survival
probability. In an attempt to preserve this simple pic-
ture, we show for the (e,H2) system that if one retains
only the lowest contributing partial waves of the in-
cident electron, one may still write the cross section as
a product of two terms in which the survival probability
is somewhat modified LEqs. (2.25) and (2.26)$.

The selection rule derived for the g
—+ I dissociative

attachment is of interest in that it suggests that the
'Z„+ H~ state is actually a low-lying p-wave resonance
in slow electron scattering by hydrogen molecules. Ex-
perimentally this can be observed by measuring the
angular dependence in resonance electron scattering by
H~ molecules or the angular distribution of the detached

electron in associative detachment H+H ~ H2+e by
crossed-beam techniques at appropriate energies.

The numerical study of the survival probability
carried out in Sec. III demonstrates the reliability of
various approximate expressions for the survival proba-
bility. Perhaps the most interesting feature of the nu-
merical study lies in the dependence of the survival
probability on the relative angular momentum states J.
We have found a strong J dependence of the survival
probability for the g~ I dissociative attachment, but
for the g

—+ g dissociative attachment the J dependence
is much weaker. Since the J dependence is strong in the
g~ I case, one would then expect a significant tem-
perature dependence of the cross section. Of course, the
thermal distribution of initial vibrational states ~ will
also give rise to a temperature dependence of the cross
section through the e dependence of the capture cross
section.

The detailed numerical results of our study such as
the isotope eGect depend critically on both the real and
imaginary parts of the interaction potential. The gen-
eral features of the survival probability nevertheless re-
main relatively insensitive to reasonable variations in the
adopted potential curves. We found that the general be-
havior of the J dependence of the survival probability
varies according to whether the real part of the potential
is attractive or repulsive. For an attractive potential of
the Morse type, it is possible to have a strong J de-
pendence for the survival probability if the threshold
lies within (or near) the Franck-Condon region of the
target molecule. This arises because the constituent
atoms may then dissociate with very low relative ki-
netic energy.
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