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Cross sections for double ionization and ionization plus excitation of H, by high-energy protons are
calculated as a function of the orientation of the H, internuclear axis. Only the contributions of the
double-collision process have been included. The ground state of H, is described by Heitler-London-

type wave functions, and the molecular orbitals for the excited states of H, "

are constructed from atom-

ic functions. The results have been compared with the data of Edwards et al. [Phys. Rev. A 42, 1367
(1990); 44, 797 (1991); Nucl. Instrum. Methods Phys. Res. B 53, 472 (1991)] and Ezell et al. [Nucl. In-
strum. Methods Phys. Res. B 56/57, 292 (1991)]. The theoretical and measured cross sections have the
same magnitude for double ionization. For the excitation of the 2po,, 2pm,, and 250, states, the calcu-
lated cross sections are much lower than the measured ones.

PACS number(s): 34.50.Gb, 34.90.+q

I. INTRODUCTION

Cross sections for two-electron processes that occur
during collisions of fast charged projectiles with H, were
recently reported by Edwards and co-workers [1-3].
These processes included double ionization and the exci-
tation of the 2po,, 2pm,, and 250, states of H,". The
production of these dissociative states was analyzed [1-3]
at specified angles of the molecular axis relative to the
beam direction.

The calculation of cross sections of the two-electron
processes as a function of molecular orientation is ex-
tremely complicated. Even the accurate calculations of
double-ionization cross sections for a He target require
great effort [4]. Due to the two-center character of the
molecular wave functions, the specification of the proper
initial and final electronic states is more difficult than the
definition of the corresponding states for the He atom.
Therefore, to keep the task in a manageable form, we are
forced to introduce a number of approximations.

When a fast projectile interacts with a H, molecule,
various interactions can produce two-electron transitions.
In this paper we restrict ourselves to the study of the
double-collision mechanism when the projectile interacts
separately with each electron to produce the final state.
No electron correlation is involved. Neglecting the con-
tributions, which involve a single projectile-electron in-
teraction plus some electron correlation effect, we are un-
able to reproduce the dependence of the cross sections on
the sign of the projectile charge [5]. As the omission of
these terms might influence the magnitude of the cross
sections, our calculated values cannot be accepted as ac-
curate. Our aim is to obtain information about the im-
portance of the double-collision mechanism in the pro-
duction of the investigated channels.

II. THEORETICAL FRAMEWORK

We calculate the cross sections of the two-electron pro-
cesses in the independent-electron model [6] which is for-
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mulated within the framework of the semiclassical (SCA)
approximation [7]. We keep the assumptions and nota-
tions introduced in the first part of our work [8]. The
classical trajectory is approximated by a straight line.
We take the center of mass of the two protons as the ori-
gin of the coordinate system, with the z axis in the direc-
tion of incidence and the vector R of the molecular axis
in the xz plane. We use atomic units.

The ground state g of the H, target is described by
Heitler-London [9] and Shull-Ebbing [10] wave functions.
In these wave functions R has a fixed value and they are
written in the form

q:’g:]\/vg( g [exp gral grbZ)
+exp(—&r,,—Erpi)] s (1)
Ng(R,,8) is a normalization constant. r,; and r,; denote

the distances of the ith electron, i =1,2, from the atomic

centers a and b, respectively,

R

I, =r;— TO (2a)
R

ry, =r;+ —29 (2b)

A. Double ionization

The final state f of the target is a product of the wave
functions ¢, (r;) of the two ejected electrons

q)f:¢kl(rl)¢k2(r2) » (3)

where k; are the wave-number vectors of the continuum
electrons. The partial-wave expansions of ¢k ) have

the form

by (r; )Zzilfexp(ialf R, (k;r;)
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Here we approximate the radial wave function R lf(k,-ri)

as

1/2
1

k;r;

_ L
k.

1

2

R,f(k,-r,.)z Jkr; (5)

the Coulomb function F,f(—Ze‘f/k,k,-r,-) describes the

motion in the field of an effective charge Z 4 positioned
in the center of mass of the two target protons. In the
wave function of the slower ejected electron the value
Z =2, for the faster electron Z +=1 were applied.

The double-ionization cross section at molecular orien-
tation R, can be obtained by integrating the square of the

—1 .
a(B,k;,k,, Ry =— f_de,exp

(AE, w
i— Z,]f_wdzzexp

transition amplitude a(B,k;,k,,Ry)** over the momenta
of the two continuum electrons, the impact parameter B,

and the azimuthal angle @ of the projectile

da?*(Ry)
LU [ ax,dx,
dR,

© 27
X [“dBB [ "dgpla(Bk;,kyRo) I .
(6)

In the case of a straight-line trajectory of a projectile with
velocity v, a (B,k ,k,,Ry)?" can be calculated as a double
integral along the trajectory

ITZZ W(B,Z],ZZ,R(),klykz) . (7)

Here AE; is the energy transfer to electron i defined as the sum of the binding energy and the kinetic energy of the con-

tinuum electron.

2

AE—k" +
ity T

(8)

We have assumed that £, =¢,=25.3 eV that is the binding energy difference between the two-proton system with a dis-
tance R and the ground state of the H, molecule [13] is equally distributed between the two ejected electrons.

If the initial state is a product of two single-electron wave functions, then in Eq. (7) W(B,Z,,Z,,R,k;,k,) can be
written as a product of two projectile-electron Coulomb matrix elements taken between the initial bound and the final
continuum electron states. However, our initial molecular wave function has a more complicated form. Using Eq. (1),
W may be expressed as a sum of two products,

W(B,Z,,Z,,Ro,k;,k)) =N, (R,5)Z} ‘(d)k](rl)

exp(—gran)) (,r2)

exp( —§r,,2)>

1 1
[rI—RII |f2_Rzl

(e

exp(—Cr,, )) <¢kz(r2)

exp(—éra2)>’ )

1 1
|l’1”R1} |f2_R2|

Here Z, is the charge of the projectile, R, =(B2+2Z?2)"/%. Let us expand the exponential factors of the molecular wave
function in terms of the Legendre polynominals

exp( ——g‘ra,-)zzclg(r,-,Ro)P,g(coswi) ) (10a)
]g
exp(—¢&ry; )‘—“Ed,g(r,-,Ro)P,g(cosa),-) . (10b)
lg
Here w; is the angle between the vectors r; and R,,. Taking into account Egs. (2a) and (2b) we get
!
d,g(r,-,RO)=(—l)gc,g(r,-,RO) . (11)
Using Egs. (10) and (11) the expression (9) may be written in a more compact form
W(B,Z,,Z,,Ro.k;,ky) =N, (R0, £)Z2 3 [1+(—1 )’ﬂf”ﬁ'](«i:k (r;) |~ l¢, (r1,Ry)P, (cosa, ))
1oL, ! ey —Ry| |7 g
1
X<¢k2(l‘2) II'ZTRJ ch(rz,Ro)PLg(cosw2)> . (12)

Lower-case indices and upper-case indices relate to the electron of wave number k; and k,, respectively. Applying this
representation, the transition amplitude (7) will be expressed as
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(Ry,8)Z]
a(B,kl,kz,Ro)“——"gz[H (—1)fs* g]X,g(k,,B,RO)XLg(kZ,B,RO). (13)
v LL,

Following the steps in the derivation of the transition matrix element given in Ref. [8], X ,g(k,-,B,Ro) has the form

" i_lfexp(—io,f)
X, (k;,B,Rg)=(4) 1.01,011,0
1 ki, B, Ro)=(4m 2 @l + 0+l 1y <O 1,0

Xm %‘, N (1, mclgmg|lfmf)Y,gmg(RO)Y,;mf(k,-)exp(imccpg)G,/,‘CIg(ki,B,Ro) . (14)
£ e

Here we have introduced the notation

IC

Y, (R)exp(—im, @p f dr r’R, (ki) —=7¢; (R Ro) . (15)

1+l
>

Glflclg(ki,B,Ro)=f_wde exp |i

Now squaring a(B,kl,kz,RO)H, integrating over B, @p, k;, and k, we obtain at incident proton energy E the dif-
ferential cross section of double ionization as a function of the direction of the molecular axis R,. Decomposing the
product of the four spherical harmonics having the same argument and summing up over the magnetic quantum num-
bers we obtain

do(Ry,E P+
dR,

2
2A£+PL(0089R0) , (16)
L

ZZ
=27(4rw)? —Lz-i

where the Legendre coefficients 47 have the form
AF =3 [0 -
lglngLg

— -1, [QL,+1DQL,+1)]'?
(21! +1)(2L. +1)

X ¥ 22(—1

IILL IffLLb
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X (L,OL,0|L;0)(L/OL,0|L0)(1,01;0|L,0)(L,OL,0|L,0)
I 1, I, L, L,

oLl lLoLoL,

X (L,OL,0|L0)

X ¥ UmLym —m/|lm LM Lym.—m/|Lim.—m.+M,)

’
m.m .M,

X(L,m.—m.L,m.—m/|L0)

xf dBBf k2dk G,,, (k,,B, RO)G *.(k,B,R,)

Ill

m’
me

M*
xf k2dk, GL 1.1, (k2,B,Rq )GL L, (kasBiRo) .

(17)

Here [;‘ ;2 §3 ] denotes a 6j symbol. The molecular orbitals for the excited states are con-
e structed from atomic functions [11]

B. Ionization plus excitation . ‘/’f (r)=exp(—r,)—exp(—r,) (19)

We have performed calculations for the production of
the 2po,, 2s0,, and 2pm, excited states of the H,* mol-
ecule. Here the final state is a product of the wave func- 250, Py(r)=(2—r,)exp
tions of the excited H, " * molecule ion and of the ejected
electron of wave-number vector k

®f=¢k(r1)¢f(r2) . (18)

rﬂ
3

+(2—r, )exp

Ty
) l » (20)
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7, P(r)=r.exp Ylmg (T},)

Yy (85) - 1)

7y
+rpexp [ — —2-

For the 2pw, state m,==1 because it is constructed
from 7 orbitals. T, and T, are defined in the molecular
frame. Since the velocity of the projectile is high, in
¥,(r) Ry has the same value as was used for the ground
state of H,. The wave functions (19)-(21), which approx-
imate the molecular orbitals as a linear combination of
atomic orbitals, may provide a not-too-bad wave function
at internuclear separation Ry~ 1.4.

The ionization plus excitation cross section at molecu-
lar orientation RO can be obtained by integrating the
square of the transition amplitude a(B,k, R0)+* over B,

@p, and the momentum k of the ejected electron
0'+*(ﬁ0) _ ) 27 A 2
R —2fdkf0 dBBfO dogla(B,k, Ry *|2.

(22)

We calculate |a(B,k,R,)"*|%, following closely the
derivation in Egs. (7)-(17). In the case of the 2po, and
2s0, states, with the final-state wave functions (19) and
(20), the coefficients d,(r,R) of the Legendre expansion
are

Yr(rlexp(—r,)=3d,(r,Ry)P/(cosw) , (23)
I

where o is the angle between r and R,. As for the 2pw,
state in Eq. (21) the spherical harmonic depends on the
vector r,=r'—Z'R,/2 defined in the molecular frame.
r, Yl,,,g (r,) can be expanded as

R,
r, Ylm (T,)= rYlm (T)+— 2 Ylm (z ’)80mg . (24)

See, for example, the textbook [12]. Since m,==1, the
second term of the sum on the right-hand side of this

!

2L +1

equation is zero. Y,,, (¥’)is expanded in terms of spheri-
g

cal harmonics that depend on vectors measured in the
frame of the collision

Ylm Eylm r)Drllmg (O,QRO,O) . (25)
Here the Wigner D function D*

the angle between the z axis and the vector of the molecu-
lar axis. The d,(r,R,) coefficients for the 2pm, states are
defined by the expansion

(0 GR ,0) depends on

r

exp +exp |—— | |exp(—rp)

=3d,(r,Ry)P/(cosw) . (26)
1

Further we introduce the notation

Z |y, (R)

FM(B,R)= [ dZ exp |i

Xexp(—iMpg)
rL
———d;(r,Ry), (27)

X f o drr? S+
where s refers to the 2po,, 2s0,, and 2pm, final chan-
nels. The transferred energies for the excitation of the
2po,, 2s0,, and 2pm, states have been taken as
AEZW“ =0.67, AEzwg =0.91, and AEzp,,u =0. 84, respec-
tively. These values were extracted from the potential
curves of Sharp [13] at internuclear distance R,~1.4.
The cross section of the production of the ionization plus
excitation final states may be expressed as

do(Ry,E)** 2

=~ =(47)> AP, (cosbg ),
4R, % L P R,

(28)

N, contains the normalization constants of the initial and
final states. With the functions defined in Egs. (15) and
(27) A; S reads

'
LC LC

4=3 3 3 ("

1
lpLgoL 1 ,10,0,,0p Ly Lp LooL

172
(21, + )2+ 1)} 2L, +1)%2L+1)° ’

LeLs

X (1,01,011,0)(1,01,0]1,0)(1,01,0| L,0)(LOL,O|k0)

L1 1
f
X[1+j(—De T 1+j(=1) “f][l, lg,
g c L
X 3 (=0T m Lm! —m | 1m)
mc,mc',Mc

X(L.M,L.—M_.+m, —mc'ngmc —m.)(Lm]—

X f dB BFL

xf klde,,, (k,B,R,)G

(B, Ro)

m.L,m,—m/|k0)

m.

m‘*(B,Ro)

1”.(kBR ). (29)
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Here j =1 for the 2po,, 250, and j = —1 for the 2po,
final states, respectively. Mf‘II:‘, in Eq. (29) is defined for
rEF

the o and 7 final channels as
Lchr —_— ’
2p0,,250,: MLfL} —SLfLCSLf,LC,(LfOLfOILgO) , (30a)
2pm,: M5 =—(10L0|L,0)(10/;0|L.0)
f=f

X (11L,0|L,1)(111;0|L1)(117;0|L/1)
X(L 1L, —1|L,0) . (30b)

III. RESULTS AND DISCUSSION

The cross sections for double ionization of H, are
shown in Fig. 1 and 2. In Fig. 1 the cross sections of H,
oriented at 90° relative to the projectile direction are
presented as a function of the projectile energy. The
difference between the experimental cross sections [1] in-
duced by proton and equivelocity electrons cannot be ex-
plained by our simple model based on the double-
collision mechanism only. Figure 1 shows that the curve
calculated with Shull-Ebbing wave function fits well the
experimental points for proton impact, and is lower by a
factor of 2 than the data for electron bombardment. The
same magnitude of the measured and calculated cross
sections suggests that the double-collision mechanism
gives the dominant contribution to the double-ionization
process.

As for the dependence of the cross sections on the
orientation of the molecular axis, Fig. 2 shows that the
theoretical curve satisfactorily describes the data ob-
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FIG. 1. Double-ionization cross sections of H, by electrons
and protons oriented at 90° relative to the projectile direction as
a function of the projectile energy. The data points were taken
from Edwards et al. [1], the experimental errors are compara-
ble with the extent of the symbols. The theoretical curves have
been calculated by assuming the double-collision mechanism.
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FIG. 2. Angular dependence of the double-ionization cross
section on the orientation of the molecular axis relative to the
projectile direction at 1 MeV/amu projectile energy. The exper-
imental points are taken from Ezell et al. [3]. The theoretical
curves have been calculated by assuming the double-collision
mechanism.

tained with proton projectile. The difference between the
angular distributions induced by protons and electrons
offers a good motivation for future studies of interference
effects due to the presence of different mechanisms. The
remarkable dependence of the calculated cross sections
on the target wave function suggests that the model
might be improved by using more realistic H, wave func-
tions, too.

For the ionization plus excitation cross sections the
discrepancy between the measured and calculated cross
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FIG. 3. The same as in Fig. 1 for ionization plus excitation to
the 2po, state.
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FIG. 4. The same as in Fig. 2 for ionization plus excitation to
the 2po, state. The experimental points are taken from Ed-
wards et al. [2].

sections is much higher. Comparing the experimental
and theoretical cross sections of the production of the
2po, state, presented in Figs. 3 and 4, we can see that the
measured points are a factor of 5 higher than the calcu-
lated values and the calculated angular distribution does
not follow the trend of the experimental data. Investigat-
ing the production of the 2so, state, the theoretical
values are roughly one-tenth of the measured ones, see
Fig. 5. As far as the 2pw, channel is concerned, the ex-
perimental cross sections of the 2pw, final states are
larger by 2-3 orders of magnitude than our calculated
values.

The small values of the calculated cross section suggest
that the double-collision mechanism does not give the
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FIG. 5. The same as in Fig. 1 for ionization plus excitation to
the 250, state.

dominant contribution to the amplitude of the ionization
pulse excitation processes. The leading contribution
might come from a mechanism where the projectile in-
teracts with one electron removing it to the continuum
and the second electron is excited to the molecular orbit-
al by some electron-electron interaction process. Such a
contribution could be included in the framework of the
model relatively easily. A further task is to investigate
how good the (19)-(21) wave functions are for approxi-
mation to the exact H," molecular orbitals.
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