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Dissociative ionization of H,* by fast-electron impact:
Use of a two-center continuum wave function
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The differential cross section of the dissociative ionization of Hy fast (2-keV) electron impact is
determined theoretically using a two-center continuum wave function for the @06veV) ejected electron
satisfying the correct boundary conditions. The variation of the sevenfold differential cross section with the
scattering angle for fixed molecular alignment shows diffraction patterns, which differ from those obtained by
the multicenter atomic model of Messiah. The effect of the molecular alignment is studied for small, interme-
diate, and large scattering angles. This reveals preferential directions for the internuclear axis.
[S1050-29476)08008-0

PACS numbds): 34.80.Dp

I. INTRODUCTION (in a box of the final-state wave function is not clearly guar-
anteed, and the boundary conditions are satisfied only from
The dissociative ionization of k" by electron impact is the one-center point of view.
one of the basic problems in the domain efZe) reactions. In this paper, we propose, for the sloi&0-eV) ejected
It is actually the subject of a growing interest because of the&lectron, a description that satisfies the correct asymptotic
rapid development of multiple coincidence detection techonditions based on a Pluvinage-ty[i@] analysis, by taking
niques. The detection in coincidence with the scattered an@l Product of two functions that take into account the two
ejected electrons and one of the protons can deliver informacattering centers. We adopt a plane-wave description of the
tion about the electronic structure and the mechanism of sincident and the scattered rapi@-keV) electron. This is a
multaneous ionization and dissociation, and permits us t easonable approximation at high incident energy values.

study the dependence of the differential cross section on th oreover, our f|frsrt1 am her.e IS t(.) compare E?_? d|ff9rent|al

orientation of the internuclear axis determined by the direcCrOSS sections of the dlllssouat'we ionization of Hobtained

tion of one of the emerging protons. These types of coinci—ur?der the same cor_1d|t’|ons with our procedure, to those ob-
. . - tained by the Messiah’s model [12], where plane waves

dence Qetect_lons are already perf_ormed in CO!|ISIOI’] EXPEMyere also used for the incident and the scattered electrons.

ments involving multiply charged ionic projectiles and the

hydrogen moleculegl—3].

Fundamental studies on the ionization of diatomic mol-
ecules by electrons are less frequent than those of atoms We define in Fig. (a) the system of axes, whose origin
[4,5], especially in the theoretical domain, in spite of the factcoincides with the center of the H diatomic system. The
that gases are found abundantly in diatomic molecular formz axis is parallel to the direction of the impinging electron.
This could be explained by the fact that theoretically theThe direction of the internuclear axis is determined &y
basic problem of the scattering of an electron by two Cou-and ¢,, the polar and the azimuthal angles, respectively,
lomb centers has not yet been described by an appropriatghich are supposed to be fixed during the ionization process,
approximation. The problem of the electron in the Coulombtogether with the internuclear distanpeconsidered in its
field of two fixed nuclei is largely studied for the bound equilibrium value. We will consider that the collision time is
electronic state§6—9], where different types of wave func- much smaller than the period of the rotational and vibrational

Il. THEORY

tions [linear combination of atomic orbital CAO), di- motions. Figure (b) shows the positions of the two nuclei,
atomic orbitals(DO), universal basis, ettare proposed. In and that of the bound and incoming electrons.
spite of the separability of the Scliinger equation in sphe- The differential cross section, in a general out-of-plane

roidal coordinates, no closed exact analytical wave functionsletection of the two electrons and one of thé Hs seven-
for the continuum states exist. In the multicenter scatteringold and is given by

problem, Messiati10] proposes, for large internuclear dis- ; A
tances, the consideration of one-center wave functions in the 7 _ d'o _ (27)"keks
calculation of the transition matrix elements. This method 7 ©d0,d0d0d(KkY2) K
was recently applied to the electron-capture problem of mul-

tiply charged ions from H by [1-3,1] and to the dissocia- where the(), Q, and thekg, k. represent, respectively, the
tive ionization of H,* by some of ug12]. The main diffi-  solid angles and the moduli of the wave vectors of the scat-
culty with this atomic model is that the orthonormalization tered and the ejected electrons. This should be divided by

ITal2, (@
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FIG. 1. (a) The reference frame with the different wave vectors

JOULAKIAN, HANSSEN, RIVAROLA, AND MOTASSIM

)

A. The initial state

For the collision by fast electrons we will describe the
initial state by a product of a plane wave and a variational
two-parameter solution of the o, fundamental state of
H,™,

iki-R
|\Pi>:(27)32q)10—g(r,p), (8)

with
$10,(1.p)=N(p){e ¥1e Plo+e e 22}, (9)

wherer; andr, represent the distances from the two nuclei
[Fig. 1(b)], a=0.224 086, anch=1.136 03 are variational
parameters that we have determined for the equilibrium in-
ternuclear distancep=2 a.u. andN(p)=1.2434. As we
show below, the use of a wave function of this type for the
ground state of H" is necessary to ensure convergence in
the basic integralfEq. (19)].

ki, ks, andk, representing the incident, scattered, and the ejected

electrons, respectivelys, 6, denote the scattering and the ejection
angles, respectivelyb) The different position vectors of the inci-
dent and the bound electrons with respect to the two nuclei.

44, if all the directions of the internuclear axis are consid-
ered to be equally probable. The conservation of the energy

for fixed p gives

2
1+ =+
2

2
e

2

k2 1
27,

+2E 2)

p:

wherel © represents the ionization energy angthe kinetic
energy of an out-coming H atom. TheT matrix element

Ty; is given in the case of an unpolarized electron beam by

Ti=1lp+al*+ 2lp—al?, (3

with
p=(¥¢ (RN[V[¥i(R,)) 4

and
q=(¥¢ (r,R)|V|¥i(R,), )

with
P(ks,Ke)=a(Ke,Ks). (6)

B. The final state

In the final state, the scattered fast electron will be de-
scribed by a plane-wave solution, and the ejected electron by
the two-center continuur@TCC) wave function given by

ikeg:r
X(rl,rz)zWC(ke,rl)C(ke,rz), (10
with
C(Ke,rj)=exp(—mae/2)I'(1—iag),
XFi(iae,1;—i(Kerj+Kerj)) (11

and a,=—1/k.. This is inspired from the Pluvinage-type
treatment[9] of the heliumlike systems, where one of the
nuclei of H,™ replaces the second electron in the equation of
He. Now in the asymptotic limit,

lim [x(rq,rp)]

r1,fp—®
=(27)  ¥%exp(ike 1+ 2agn(ker + Ko 1)},
(12

which is the exact limit of the outgoing wave in the field of
the two nuclei. The final state will be thus given by

Here the integration runs over all space coordinates des-

ignated byR for the incident electron and for the bound

one.V represents the interaction between the incident elec-

tron and the target K" [Fig. 1(b)]:

ikg R

‘PF(R,Y)=W x(ry,ro). (13
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C. The transition amplitude

Replacing Eqs(8) and(13) in Eqg. (4), we obtain

N(p) o,
P=5_om exp—mae)[[(1+iag)]{I(a,b)+I(b,a)],
(14
where
I(a,b)=—2Z{l(a,b)+1,(a,b)}+I5a,b) (15
with

dR . .
|j(a,b)= f ?jdr e|K~R e—lke~r ean

XlFl(_iaeal;i(kerl+ ke' rl))eibr2

X F1(—iae,Lii(Kel p+ ke r3)), (16)

where K =k;— kg represents the momentum transfer. Usingsip

1475

FIG. 2. The sevenfold differential cross sec-
tion (7DCS of the (g,2e) ionization of H,* in
terms of the ejection angl®,, and the scattering
angle, 6. The incident and the ejected electron
energies are 2 keV and 50 eV, respectively. The
internuclear axis is at 135° with respect to the
incidence direction.

W(k,q,\) = j dre "9 Te M Fi(—iag,1;i(kr+k-r)),
(19

which is a simplified Nordsieck-typel4] integral that has in
our case a simple analytical expression. Finally the three-
dimensional integral in Eq17) is determined numerically.

Ill. RESULTS

We chose the domain of relatively high incident energy
values(2 keV). We also fix the ejected electron energy to 50
eV, as in our first papef12], and limit ourselves to the
coplanar geometry, where the internuclear axis, the inci-
dence, scattering, and the ejection directions are in the same
plane.

We begin by giving in Fig. 2 an overall image of the
variation of the sevenfold differential cross sectigfibC9
for a fixed direction of the molecular axig,=135° and
¢,=0° in terms of the ejection and the scattering angles
multaneously. This presents the same characteristics of the

the Fourier transform for one of the centers, as shown in the a5hs concerning the variation of the triple differential cross

Appendix, and considering thaR=R,+p/2=R;—p/2,

section of an atomic system, with the usual Bethe ridge,

r=rp+p/2=r,—p/2, andRz=R—r, we could reduce this \ynere the ejection direction is parallel to that of the momen-
integral into a three-dimensional integral having the follow-,m transfer, and the binary and recoil structures for small

ing form:
gli(sjk—ke)-(p/2)] )
— i
Ij(a,b)—Wf dre PW(ke,f,a)
XW(Ke,— 7;K—7+Keg,b) (17
with
sji=—1, #;=0 for j=1,
Sj:l, 77J:0 for j:2,
s;=1, 7=1 for j=3, (18

scattering angles, which are obtained when the recoil mo-
mentum of the target is optimal. Now comparing in this situ-
ation our results for a particular, small scattering angle
6s=1° to that obtained by Messiah’s model in Fig. 3 we see
that the TCC model favors the binary region, in contrast with
Messiah’s model, which favors the back ejection region like
in the atomic case. This difference in the behavior can be
explained by the nature of the two models, as Messiah's
model considers the molecular transition matrix elenjEot

(15) of [12]] as a combination of simple products @f'*-?
with one-center transition matrices, in contrast with the TCC
model in which the ejected electron “belongs” to the mol-
ecule as a whole. Now a< is small for small scattering
angles and hence™'*"?~1, the results obtained by Messi-
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rection the molecular axis is parallel to the momentum trans-
fer direction. Recalling the spheroidal shape of the electron
cloud of the ko state, this result seems physically plausible
as the velocity of the bound electron is oriented in this di-
rection. Now in Messiah’s model, the conclusion is the same,
but with smaller sensitivity tog, for the same reason as
above, showing that the molecular aspect of the problem for
this model should be small as the momentum transfer is
small.

In the intermediate values &, we are in, what we call
in the atomic case, the Bethe region, where the momentum
transfer is relatively largex 1 a.u) and where the maximum
7DCS is obtained at zero recoil momentum of the target, for

7DCS (10~2a.u.)

S T T v v the situations where the momentum trandfeis equal and
0, (deg) parallel to the momentum of the ejected electkqn as
FIG. 3. The sevenfold differential cross sectiGtbC9 of the K=K;—ks=Ke+ Kyecoil- (20

(e,2e) ionization of H,*™ in terms of the ejection anglé),. The

incident and the ejected electron energies are 2 and 50 keV, respeqow the Bethe ridge is found @& =9° for the given energy
tively, the scattering anglé;=1° andf,=135°. The full line gives ya|yes. It is interesting to see that in our case, in Fig. 4, the
the resglts obtained l?y the two-center continuum model, and the,aximum does not occur at the same position when the mol-
dotted line those obtained by Messiah's model. ecule is turned around. This means also that the zero of the
recoil momentum of the center of mass of the molecule is
ah’s model have in this situation an atomic chara®éy. 3).  not, like in the atomic case, the most favorable situation for
To study in more detail the molecular aspect of our prob-the ionization in the momentum transfer direction.
lem we show in Fig. 4 the variation of the 7DCS in terms of |t is also interesting to observe that in this region the
the orientation of the moleculg,, and the scattering angle 7DCS is not very sensitive td,, with a small advantage
65, simultaneously fok,=0° and fixed incident energy of given to the direction of the internuclear axis parallel to the
2 keV. The ejection direction here is taken parallel to that ofscattering direction. This means that the ejection in the mo-
the momentum transfer, which itself varies slowly w#j. mentum transfer direction is most probable when the mo-
Three domains for the scattering angle appear. The first, fdecular axis is parallel to scattering the direction. This differ-
small angles between 0° and 4°, second, for intermediatence of behavior of the 7DCS between the small and
values, between 5° and 15°, and finally the large scatteringnedium scattering angle domain could be explained by the
angle region, which goes from the intermediate region to théact that in this region the interaction terms between the in-
backscattering region untib;=180°, where the 7DCS, cident electron and the nuclei are small, and that the interac-
shown in Fig. 5 for a fixed direction of the molecule, hastion with the target electron prevails. Moreover, the recoil
very small values. momentum is very small in this region, which means that all
For the region of small scattering anglégsg. 4), where  the momentum is transferred to the target electron. Now the
the impact parameter is large, the 7DCS is very sensitive tincident electron is nearer to the electron cloud, as the impact
6,, and it takes a maximal value fa@t,=140°. In this di- parameter is smaller here, so it will have a greater chance of

S
o]
(o]
O
o
5 ZZ3N
=Y ////////%éj.::::::i:\ FIG. 4. The sevenfold differential cross sec-
no / ;//////;////,,;/’;;//;;;;33: tion (7DCS of the (g,2€) ionization of H,* in
o ///////////////////;;////////;"//,, terms of the internuclear axis directiof), and
> ///5///////// ////////////’/ scattering angl®s. The incident and the ejected
o % /// electron energies are 2 keV and 50 eV, respec-
// /// tively. The ejection direction is taken parallel to
the momentum transfer direction.
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FIG. 5. The sevenfold differential cross secti@CS of the (e, 2€) ionization of H,* in terms of the scattering anglg . The incident
and the ejected electron energies are 2 keV and 50 eV, respectively. The ejection direction is taken parallel to the momentum transfer and
6,=90°. The full line gives the results obtained by the two-center continuum model, and the dotted line those obtained by Messiah’s model.

interacting with the target electron when the molecule isclear axis is taken perpendicular to the momentum transfer,
somewhat aligned in its direction. the ejection electron coming out always parallel to the mo-

To study the third domain for large scattering anglesmentum transfer. In this situation the recoil momentum,
(15°< 0,<180°), we will consider the variation of the which is parallel to momentum transfer, will be perpendicu-
7DCS in two different situations. First we will fix the orien- lar to the molecular axis and thus the molecule will behave
tation of the internuclear axis perpendicular to the incidencdike an atom and its Bethe ridge will coincide with that of the
direction (6,=90°). Figure 5 shows this variation compared atom. Figure 6 shows this variation for the two methods,
to that obtained by Messiah’s model. In spite of the fact thatvhere we see that the diffraction patterns disappear in the
the values of the 7DCS are very small with respect to thoséwo cases and the Bethe ridge is exactly at 9°.
of the small scattering angle region, these curves reveal in-
teresting “.dlffraCtIOI”l” patterns, whose |_nterfr|nge depgnds IV. CONCLUSION
on the incident energy value and the direction of the inter-
nuclear axis. Now the “diffraction and interference pattern” We have developed a procedure to determine the seven-
obtained by Messiah’s model looks like that obtained by twofold differential cross section of the dissociative simple ion-
optical apertures. This is an expected result when we obsenization of diatomic systems using, for the ejected electron, a
the transition matrix elemeniEq. (15 of [12]). Now the continuum description, which satisfies the correct boundary
diffraction pattern obtained by the TCC model presents theonditions. The results of our calculations for the case of fast
characteristic of that obtained by one optical aperture, as heiacident electrons show that the momentum transfer plays a
the molecule is considered as a whole, and the atomic aspeidle similar to that in the atomic case. By varying the direc-
of the problem is less pronounced because of the TCC ddion of the molecular axis and the scattering angle we have
scription of the ejected electron, which mixes up, as showmevealed the molecular aspects of this problem and observed
in Eq. (14), the effect of the two centers. It should be men-diffraction and interference patterns of the 7DCS curves.
tioned here, that a particular structure is observed around
QO". We have. o.bserved that,.when the orientation of the ACKNOWLEDGMENTS
internuclear axis is changed, this central structure follows the
new direction. This could be a very practical indication about The authors would like to thank the CIRI[Centre Inter-
the direction of the molecular axis of linear targets. universitaire de Resources Informatiques Lorraamd the

A second interesting situation in this domain of large scat-CNUSC (Centre National Universitaire Sud de Calcébr
tering angles is obtained when the direction of the internuthe allocation of computer time.
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APPENDIX
Determination of the integral [Eq. (17)]

R:

dR . )
Ij(a,b)zf—dr e'K-Re7ikeTgman
]

X 1F1(—iag,1;i(Krq+ke rp))ePr2

XlFl(_iaeal;i(ker2+ke'r2))- (Al)
Let us consider the function
I(ry)=e 1 F(—iae,1,i(Ker1+Ker1))
1 i7r
2(27)3/2 dT‘I’(’T)e 1 (AZ)
with
1 —irr
V()= (27)37 drI'(ry)e 1, (A3)
Importing this expression ifAl), we obtained
l(a,b)= ! fd—Rdr eiK-Re—ike'ff dr ¥ (7e'™"
&0~ R,
Xeibrlel(_iae,l;i(kerz“l‘ ke'rz)). (A4)
Considering that
[ [ [ [
R:R2+§:R1_§, r=l’2+§=rl—§, R3:R_r,

|
140 160 180

we can write

Ij(a:b):(ZW)igeii(ke'Plz)J‘ dr eiT»p

X f dR_Rdrz\I,(T)eiK-Re—i(ke—T)~rZe—br2
i

X Fi(—iae,15i(Ker 2+ Ke T3)). (A6)

Now using the integral
ekR 47 .
de R, :We'(si'('”’@e'”i'“z (A7)

with

sji=—1, =»=0 for j=1,

si=1, »5=0 for =2,

sj=1, mn=1 for j=3, (A8)

and defining the basic integral,

W(k,q,)\)=f dr e "4 Te M F (—iag,1;i(kr+k-r)),
(A9)

we can write(A6) in its simpler form of Eq(17).
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