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ABSTRACT

The cross section for the dissociation and ionization of the H

molecule by electrons and protons is calculated using a method intro

duced by M. Gryzinski.1

in
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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 H2

molecule by electrons and protons.

These cross sections are known only in Born approximation2'3 and are

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 protons.

M. Gryzinski1 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 R"2 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.

II. 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 given 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 cr(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., hit. = m2,

ct(AE) = 2jie4

(AE)'

<
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while in the case of an incident heavy particle, i.e., ms » m± (the approxi

mation involved here is that E2 » Ex),
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The cross section for a collision with energy transfer greater than u,

Q(u,v1,v2), may be written

where

AE = E0
max 2

Q(u,vxv2

^Ki2M1 + t
2

AE
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cr(AE) d(AE)

u

if mn =i = ™2
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Carrying out the integration we have if m = m„
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and If m2 » mi

Q(u,vxv2) = aQz2
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For the purpose of numerical computation it is convenient to rewrite

Eqs. k and 5 explicitly in terms of the velocities vx and v2 and to use

atomic units, i.e., units such that mx = ft = e = 1. In these units Eq. k

becomes

Q(u,vi,v2) =
1

u u
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and Eq. 5 becomes

Q(u,v1v2) =

2

3
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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

still be applied if the target electron is bound. The velocity vx is a

particular velocity of the bound electron and the results are to be averaged

over the quantum mechanical velocity distribution of the bound electron. 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 Hg 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 exciting 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 velocity distribution of the bound electron.

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

is given by

oo

crD(v2) =kit J Q(u1,v1,v2) f(vj y\ dvx E2 >Ul (8)
o

= 0 otherwise

and using the Q from Eq. 7 the cross section for dissociation by protons is

given by*

oo

0^= kit J Q(u1,v1,v2) f(vx) v2 dvx (9)

Av~ 1 ) or 0 whichever is larger

V2vf

where

ui = energy of the first excited state of the Hg molecule,

f(vi) = velocity distribution of an electron in the ground state of

the Hg molecule.

The lower limit in Eq. 8 is zero because 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

components of the velocity distribution or none of them. In the case of an

incident proton the maximum energy transfer is

*Since f(vx) goes to zero very rapidly as Vi gets large, the contribution
to the integral from large vx, where our Q is incorrect, is negligible.
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2v? (l+ —

and since this increases with vx 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 Vi such that

vi
*! 1 + ;r >ui

V2

^i^a-T"1 ]'
2v2

The ionization cross sections are given by the same expressions as the

dissociation cross sections with ux replaced by the ionization energy. In

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 incident particle squared so in these respects

our cross sections agree with the Born approximation. On the other hand,

in the high-energy limit Eqs. 6 and 7 give a cross section that goes as

l/vf while the Born approximation cross section - which is known to be cor

rect - goes as l/v| in v|. Thus the present calculations cannot be trusted

at very high energies.

III. VELOCITY DISTRIBUTION

The velocity distribution which occurs in Eqs. 8 and 9 is obtained

by using the usual L.C.A.O wave function.4 The wave function, \|r, may be

written



-8-

t = N[u + u^] (10)

"b

•a -zr
7T a

u = a/ — ea 'v it

3 -zr,
zJ b
— e

z = 1.228

r ,r, = coordinates of the electron with respect to the molecular
a' b

protons

N2
2(1 + S)

S = (1 + zR + i z2R2) e_zR

R = equilibrium separation distance between the molecular protons.

To find the velocity distribution we take the Fourier transform of i|r

- 1 P ivi-r ^
5^(vi) = —r- / e f dr

(2«)3/2 J

=2N cos n?i. |) ^(vi)

1 2s/2 z5/s
T(vi) = 7T-rN •"•' 2n / p 2N2

(vf + z^)

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

of R, to obtain
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f(vi) = 2N2 jz^(vi)
sin ViR

1+^R~

The quantity ^S(vi) 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 dissociation cross section is compared to

the Born approximation results of Ivash.2 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 Gryzinski1 has calculated the ionization of

the H2 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

approximation.3 The two cross sections are in reasonable agreement over the

velocity range considered, but 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

section of H2 by protons and obt

velocities than those shown in Fig. 3«

cross section of H2 by protons and obtained much larger values at the low



1.0

0.8

0.6

0.4

0.2

-10-

UNCLASSIFIED

ORNL-LR-DWG 63525

DISSOCIATI ON

v (cm/sec)

Fig.t. Dissociation and Ionization of H2+ by Electrons.

10 n (xio8)



•J

-11-

(x10 6

UNCLASSIFIED

ORNL-LR-DWG 63526

3.0 / \ I I I I

2.5

2.0

\ BORN APR WITH PRIOR EXCHANGE (SEE REF. 2.)

j

E 1.5
u

BORN APR NO EXCHAI^ GE (SEE REF. 2.)

,^
b

1.0
\
\\

0.5

0

~ 3RYZINSKI FHEORY

2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 (x10°)

v (cm/sec)

Fig. 2. Dissociation of H2+ by Electrons.



-12-

(x10
16, UNCLASSIFIED

ORNL-LR-DWG 63527

3.0
III

/—^n.1- ISS0CIATI0 M BORN AP =. (SEE REF 3.)

2.5

2.0
/

\\^-dis:50CIATI0N (3RYZINSKI 1"HEORY

J

1.5 J
b

1.0

IOfJIZATION GF YZINSKI THEORY

0.5

0

/

v (cm/sec)

Fig. 3. Dissociation and Ionization of H2+ by Protons.

9 (x10°)



-13-

ACKNOWLEDGEMENT

The author wishes to thank Dr. F. S. Alsmiller for many helpful dis

cussions on the Gryzinski theory and to thank Mr. G. North for his aid in

doing the numerical computations.



-14-

Appendix 1

IONIZATION OF THE H2 MOLECULE BY PROTONS

Because there is no data on the dissociation and ionization of H2 by

protons with which to compare our calculations, we calculate here the

ionization of the H2 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 H2 molecule. Since Q, Eq. 7> is a slowly varying function

of Vi we can get a quick estimate of the cross section by using the simple

distribution for

f(vi) = 2 -±— 5(vi - vi) (12)
, 2k-KV^

where

vi ~ 1.07

for the H2 molecule. This is the distribution function used in I - with

good results - to calculate the ionization of the H2 molecule by electrons.

The cross section obtained by using Eq. 12 in conjunction with Eqs. 6

and 9 is shown in Fig. 4. Also shown in the figure are some representative

experimental points.6'7 As can be seen, the calculated values are always

too low.
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