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The cross section for the dissociation and ionization of the ﬂ2

molecule by electrons and protons is calculated using a method intro-

duced by M. Gryzinski.l
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I. INTRODUCTION

In the evaluation of thermonuclear experiments such as DCX-1 and DCX-2,
it is necessary to know the cross section for the dissociation of the HZ
molecule by electrons and protons.

3 and are

These cross sections are known only in Born approximationz’
thus somewhat unreliable at low energies. Also the Born calculations are
unsatisfactory in that they include only the contribution to the dissocia-
tion from the first excited state in the case of electrons and from the

first and second excited states in the case of protone.

M. Gryzinskil has recently introduced a formalism for calculating the
ionization and excitation of atomic systems by charged-particle impact.
Since this theory appears to give reliable results in the low-energy region
where the Born approximation is not accurate, it is used here to calculate
the cross section for the dissociation and ionization of the Hz molecule by
both electrons and protons. The Gryzinski approximation is one in which the
dissociation cross section includes the contribution from all excited states

including the ionized state.

The results are compared with the Born approximation results. Appreci-
able differences are found between the present calculation and the Born ap-
proximation in the case of dissociation by electrons, but only minor

differences are found in the case of dissociation by protons.

In an appendix the ionization of the H2 molecule by protons is treated

briefly and compared with experimental results.

IT. METHOD OF CALCULATION

-In doing the calculation we follow very closely the work of Gryzinski;
hereinafter called.I. All the formulas below are implicit in I, but they are
reproduced here because in some cases they are not givén explicitly in I and
in some cases they differ from those given in I because of an algebraic
error in the published text. The notation will be the same as that used

in I.
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We let o(AE) be the cross section for a collision between an incident
charged particle and a free electron such that the incident particle under-
goes an energy loss AE. Then, using subscripts 1 and 2 to denote quantities
associated with the target electron and the incident particle, respectively,
we consider the two cases of an incident electron and an incident heavy

particle.

Assuming that the free target electron has an isotropic velocity distri-

bution, we have in the case of an incident electron, i.e., m; = mp,

3
. 2 . .
4 v
o(2E) - B 13[. 2 2} (1) |
m, vV, AR) vi + v, |
B - K
1 4k Ta .
1 - _..2_+ -5——_ AE _<_E2 - El
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E B 2
1 1 2AE 1 AR AR
Shes w2 (D0 -2) R

while in the case.of én;incident:heavy.particle3'i.e.,‘mg >> m,. (the approxi---

mation-involved here' is that Bz >>Ey),

. 3
2 > ‘
~ 2 2 4 1 2 .
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where

z = charge of incident particle,
m, m ~ m
K12=L¥-—]‘—'2—2—1+—-L.
(ml + m,) my
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The cross section for a collision .with energy transfer greater than u,

Q(u,v,,v,), may be written

JAYH
max

Q(u;vlvz) = | U(AE) d(AE)

where

X 5 ;f m, = m,

V1
~K._F <1+__>
1272
v, .

Carfying out the integration we have if mo=m,

if m, > m, .

o B E
(o] 2 1
Q(u)vljvg) = P g i' Iy :]

2
2 p(o2)-G)
E2 E2 .E2' E2
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and if ms > my
3
va 2
1 2 ' :
Q(u,v v, ) = 0022 > [ > } (5)
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Where
o, = me* =
my
For the purpose of numerical computatioﬁ it is convenient to rewrite
Egs. L4 and 5 explicitly in terms of the velocities v; and vo and to use
atomic units, i.e., units such that my = .= e = 1. In these units Eg. 4
becomes
2
2
1 1 . :
Q(u,vl;Vz) = 'E ,: - 4 ] ' (6)
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and Eq. 5 becomes
3
2 1 2
Q(u,vlv2) = EZ'[ — ] (1)
L)
Vo
2v2 v
2 <Vlv2> +—2 -1 u<2v2<l-—l
3 u u - "2 v,
> -1 2 L
V.,V 2 2
1 (N2 20E 2 g( 2L
< -{ - 3 ( AE.> tl + (; + V2 } - ’E [l + 3 1+ > }
1 1
Vi
L A 2V§ l+7§ v,
-z = } u>2v,2,<l-77—>
ViVs -2 Vs
L u

Equations 6 and 7 were derived on the basis of two-body collisions be-
tween free particles. Following I we now assume that these equations may A
still be applied if the target electron is bound. The velocity vi is a .
particular velocity of the bound electron and the results are to be averaged
over the quantum mechanical velocity distribution of the bound electrdn. We
further assume that a particular quantum mechanical energy level of the
bound electron cannot be excited unless the energy transfer is greater than

the excitation energy of this level.

Using these assumptions we can now calculate the ionization and dissocia-
tion cross sections for the H; molecule., In the calculation the molecular
protons are considered to be fixed force centers and a classical average over .
molecular orientation is performed. Since no spectra from the H; molecule -
are observed, all excited states of the electron must lead to dissociation.
Thus the dissociation cross section may be identified with the total cross
section for exciﬁing all states of the molecule including the ionized states.

This excitation cross section may be obtained directly from Eqs. 6 and 7
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by setting u equal to the first excitation energy of the molecule and aver-

aging over the ﬁelocity distribution of the bound electron.

Using the Q from Eq. 6 the cross section for dissociation by electrons
is given by

oo,
UD(VZ) = bx k/ﬁ Qluy,vy,vs) £(vy) vf av, E, > u (8)

(¢]

.= 0 otherwise

and using the Q from Eq{ 7 the cross section for dissociation by protons is
given by* ‘

. 0
o = b f Qlu ,v,,v,) £(v,) v5 av, (9)
L
Yy
L=v, (——— - > or O whichever is larger
2v;
where
uy = energy of the first excited state of the B; molecule, .
f(vy) = velocity distribution of an electron in the ground state of

the H; molecule.

.lThe lower limit in Eq. 8 is zero becguse in the case of an incident
electron the maximum energy transfer is independent of the velocity of the
target electron.> Thus an incident electron is capable of exciting all ‘A
components of the ?elocity distribution or none of them. In the case of an

incident proton the maximum energy transfer is

*Since f(vy) goes to zero very rapidly as vy gets large, the contribution
to the integral from large vi, where our Q is incorrect, is negligible.

-y
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2 v,

and since this increases with vy the incident particle may be capable of
exciting some components of the distribution but not all of them. Thus in

Eq. 9 one must include only those vy such that

. . Vl
2\, -v-2 -_

u
wev (- 1>.

2v,

The ionization cross sections are given by the same expressions as the
dissociation cross sections with u; replaced by the ionization enérgy. In
- . . s + . . . )
defining the ionization of the H2 molecule we use the vertical ionization

energy 29.9 ev.

Note that Eq. 7 does not depend on the mass of the incident particle and
varies as the charge of the incildent particle squared so in these respects
our cross sechions agree with the Born approximation. On the other hand,
in the high-energy limit Egs. 6 and 7 give a cross section that goes as
l/vg while the Born approximation cross section - which is known to be cor-
rect - goes as 1/v5 4n v5. Thus the present calculations cannot be trusted

at very high energies.

III. VELOCITY DISTRIBUTION

The velocity distribution which occurs in Egs. 8 and 9 is obtained
by using the usual L.C.A.0 wave function.® The wave function, ¥, may be

written



_8-
¥ = N[u + U.b]
z3 “zTy
u = _— e
a b1
_ /2
Y = T
7z = 1.228
1. < coordiuales uf Lhe eleclron with respéet to the molecular

a’"b
protons

CI—
T 2(1 + 9)

(1 + zR + % zZRZ) e 2R

4]
il

R = equilibrium separation distance between the molecular protons.

To find the velbcity distribution we take the Fourier transform of

#) = —r [ R
= 2N cos (#i- g) ¢N(Y1)
. sle s/

¢N(Vl) _ _Jé-_;t_ 25 2 Z5 2

(v? + 22)2

and average ¢*(vy) ¢(vi) over molecular orientations; i.e., over all angles

-
of R, to obtain

(10)

————

A

G n e

L §
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r sin viR
f(vy) = 0% @2(va) |1+ ——=—
N VlR

The quantity ¢§(v1) is, of course, just the velocity distribution of an

electron in the ground state of a hydrogen atom with nuclear charge z.

IV. RESULTS

The cross sections for dissociation and ionization by electrons are
shown in Fig. 1. In Fig. 2 the dissocilation cross section 1s compared to
the Born approximation results of Ivash.® The two Born curves correspond to
using no electron-electron exchange and to including the prior exchange terms.
The use of the post exchange terms give a peak which is considerably larger

than those shown in the figure.

The present calculation gives a somewhat smaller cross section than the
Born approximation, particularly at the lower energies. In particular, if
the present calculation is at all correct the large peaks due to exchange
are completely fictitious. Of course, exchange effects are not included in
the calculation done here, but Gryzinski! has calculated the ionization of
the Hs molecule by electrons using this theory and obtained very good agree-

ment with the experimental results.

In Fig. 3 the cross sections for dissociation and ionization by protons
are shown. Also shown is the dissociation cross section obtained by Born
a,pproximation.3 The two cross sections are in reasonable agreement over the
velocity range considered, bﬁt this does not necessarily mean that the cross
sections can be trusted. One expects that the Born approximation is in-
accurate at the lower velocities, and the agreement of the present calcula-

tion with the Born approximation may only mean that both are inaccurate.

It might also be mentioned that E. Gerjouy5 has estimated the ionization
. + .
cross section of Hy by protons and obtained much larger values at the low

velocities than those shown in Fig. 3.
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Appendix 1
TONIZATION OF THE Hp MOLECULE BY PROTONS

Because there is no data on the dissociation and ionization of H; by
protons with which to compare our calculations, we calculate here the
ionization of the Hpo molecule by protons and compare our results with the

experimental data.

To carry out the calculation we need the distribution function of an
electron in the Hs molecule. Since Q, Eg. 7, 1s a slowly varying function
of v; we can get a quick estimate of the cross section by using the simple

distribution for

f(vy) = 2 8(vy - v1) (12)

Ly
where
vy ~ 1.07

for the Hp molecule., This is the distfibution.function used in I - with

good results - to calculate the lonization of. the Hp molecule by electrons.

The cross section obtained by using Egq. 12 in conjunction with Egs. 6
and 9 is shown in Fig. L. Also shown in the figure are some representative

experimental points.8?7 As can be seen, the calculated values are always

too low.

g T

e =T

g
¢
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