PHYSICAL REVIEW A, VOLUME 63, 042709

Two-effective center approximation for the single ionization of molecular hydrogen
by fast electron impact
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The triple differential cross sectiof8DCS for the (e,2e) ionization of diatomic hydrogen is determined
using the first-order transition matrix element of the Born series. A two-effective center continuum wave
function which takes into account the diatomic character of the target is introduced to describe the ejected
electron in the exit channel. Vertical transitions from the equilibrium position oflE@ ground electronic
state of the target to th%E;’ ground electronic state of the residuaj tre considered for relatively high
incident electron energy valués-4 keV). This approach, which needs relatively small computational efforts to
apply it to other diatomic systems, produces results that are in good agreement with existing experimental data.
The influence on 3DCS of the screening of the nuclear charges produced by the residual bound electron in the
exit channel is studied.
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[. INTRODUCTION good agreement with experimental data.
Concerning the rotational and vibrational aspects of the
The (e,2e) ionization by electron impact, which consists diatomic problem, we have admitted that the ionization pro-
in coincidence detection of the scattered and ejected ele€€ss is a vertical transition between the ground I¢etdc-
trons, is a powerful means for the study of the electronidronic, vibrational, and rotationgbf the neutral targethere
structure of atoms, molecules, and clusters. It permits one tbl2) to one of the vibrational and rotational states of the
find the favorable kinematical conditions and thus under/owest electronic state of the residual igrere H). Now, as
stand the mechanisms of the ionization by electron impacie rotational and vibrational levels are very close to each
[1]. Theoretically, the principal task in the study of this pro- Other, the energy resolutions of the existing experimental set-
cess consists of the determination of the multiply differentialdPS (0.5 eV<AE<4 eV) (see in[1]) are for the moment not
cross section which demands an appropriate description Sufficient to distinguish between them. Theoretically, this is

the continuum states of the incident, scattered, and ejectdd/€rc0me by applying the closure relation on the rotational

electrons and their mutual interactions. In the case of atomi@nd Vibrational levels of the residual ion as proposed by

targets, this difficulty is overcome by the use of solutions ljima et al. [7] for the eleqtron scattering pro_blem.

. g . We have recently studied in deté8,9] the influence of
corresponding to one center potentidlSoulomb or dis- he initial and final vibrational he triple diff ial
torted the initial an |?a \IIDI rat|<zjn$ staltes (I)nt e trip ef_| ere(;ma

: . . - Cross section o , an molecules using a first-order
In the case of diatomic targets, the description of the con bl D, 2 9

. . ) . Born approximation. The general conclusion from these pre-
tinuum electrons in the field of two Coulomb or distorted bp 9 P

_ . ) vious works[3,8,9 following the procedure proposed by
centers is much more difficult. The use of the solutions of thqijima et al. [7] for low-energy resolution is that the intro-

two-center Schrodinger equation in prolate spheroidal coorgyction of the diatomic vibrational effects could be impor-
dinates[2] to determine the multiply differential cross sec- tant only in high-energy resolution experiments\
tion ends up with such computational difficulties that their<g 1 ev), which have not been performed so far. Atomic

application, for the moment, is unrealistic. . units will be used except otherwise stated.
In the past, either very simple descriptions, like plane

waves|3,4], or somewhat complicated descriptions employ-

ing approximate orthogonalized one-center Coulomb waves Il. THEORY

[5,6] were used. Another description to the continuum con-

siders the interaction of the ejected electron with the residual The (e,2e) process for a limolecular target is described

ionized target through a static-exchange potential evaluateiéh a laboratory frame, the axis of which is parallel to the

in the frozen-core Hartree—Fock approximat[@i. wave vectok; of the incident electron. The origin is fixed on
In this paper, we present results concerning the triple difthe center of mass of the target. Coordinates are defined in

ferential cross section obtained by the application of a two¥ig. 1 with p the internuclear vector anld andr; (j=1,2)

effective center continuum wave in the exit channel having dhe positions of the impinging electron and thi-target

closed form, which takes into account the diatomic structureelectron, respectively.

and the influence of the bound electron, and gives results, We consider high-impact energy valuesfew keV) and

with relatively small computational efforts, which are in assume vertical transitions.e., constanfp) from the 12g
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where integrations run over the coordinakes ;, andr, of

all the electronsV represents the interaction of the incident
electron with the target in the entrance channel givefseg
Fig. 1)

VRS (4)
Ra Rb r1p r2p

with Z=1 representing the nuclear charges. The energy val-
uesk;, Eg, andE, of the incident, scattered, and ejected
electrons, respectively, satisfy the energy conservation equa-
tion:

€(2)

FIG. 1. Coordinates used in the text.

E=I"+E.+E; (5
ground electronic state of the target to ﬁﬁg ground elec-
tronic state of the residual H We admit that for experi-
ments with low-energy resolution, the ionization process ca
be considered as a pure electronic transiteee Ref[9]) as
the closure relation can be applied over all possible final A. The choice of the initial wave function
rotational and vibrational states. Also, as the target mol- The initial wave function has for high incident energy
ecules in the considered experiments are not oriented, and g4jues the form
directions of internuclear vectgs are equally probable, we

with 1* representing the ionization potential at the equilib-
Igium position of the target.

average over all possible molecular orientatip@sand the B glkiR
triple differential cross section can be written as V=g P (prura), (6)
@ d3o Where,®12+(p,rl,r2), the initial molecular bound state, is
- g
o dQ.dQ.d(k:/2) described by a Heitler—London type wave function
1 k.k D, (p,rq,r =NHt e %1ap~ @M2b4 @~ @1be™ @M2a
—an e [ a0, [ ol @ P TN }

(7)

wheret®(p) is the electronic transition matrix element and With the variational parameter=1.1694 for an equilibrium
v; the initial vibrational wave function2,, ., and internuclear distance=1.435, or by a Wallis type wave
denote, respectively, the solid angles corresponding kp, ~ function[11]

and ks, the last two being the wave vectors of the ejected

and scattered electrons, respectively. However, assuming (1312;(p,l’1,r2)
thattf,(p) depends weakly withp, Eq. (1) can be approxi-

mated by the expression

=NWY(p)[e “T1ag #'2b+ g <Tibg™ Kl2a
+ e Mliag~ KT2b4 @~ #libg~ KT2a

+ N (e "ag” #2at g “ibgT #T2p

ds’o 1 kek _ _ _ _
= o daai@ " an 2 f A/t (po) |2 e Mise Nt Mg K m)]  (B)
e S S 1

(2)  with three variational parameters=1.4, ©=1.0, and\

=0.2584 for an equilibrium internuclear distanpe=1.40.
with p, the equilibrium internuclear distance of the molecu-N"-(p) and NY¥(p) represent the respective normalization
lar target. For the highly asymmetric geometries studiedactors. Wave functions corresponding to bound electrons
here, where the scattered electron is much more energeti@n be improved by increasing the variational parameters or
than the ejected one, the exchange and capture terms that theing more elaborate correlated wave functi¢see Refs.
antisymmetrization of the wave functions produces in the12] and[13]).
expression of the transition matrix element are negligible
(see Ref[10]). Only the direct term, in which the coordi- B. The choice of the final wave function
natesR of the incident electron are attributed to the scattered

electrons, should be taken into account. Under this condition, AI‘S ';]hehscattere? elelgtron if] sm;.ppcl)sed tofmovg with a;]rela-
the transition matrix within the first-order Born approxima- tively hig en_erg_y( ew keV), the final wave function in the
exit channel is given by

tion reads
eiksR
t?i(p):‘Q<\P;(p!erl!r2)|v|qfi(pvR1r11r2)>7 (3) \Pf 2(277)32@150—9(['2yp)gc(ke;rj_)- (9)
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The functionéc(ke,r;) describes one of the target electronsis satisfied. This representatipiq. (13)] of the two center

in a continuum statéwe suppose that the electron 1 is ion- continuum can be considered as the renormalized zero-order
ized without any loss of generality in the modelization em-term of the approximate continuum solution recently pre-
ployed andcpls,,g(rz,p) represents the final nondissociative sented by Gassanesi al. [15] for the three-body Coulomb

bound state of the residualjHion. In our case, we have problem with two heavy particles and one light patrticle.

chosen a linear combination of atomic orbitdl€AO) type N the case of B the application of the TCC approxima-
wave function, tion is not appropriate as it ignores completely the presence
of the bound electron in the exit channel. However, we use
D, (ra,p)=M(p){e FP2at+e Fran} (10) this model to evaluate the influence of the bound electron in
[¢]

that channel by comparison with other theoretical models

with 8=1.3918 for the above-given internuclear distanceghat take into account its presence. In order to calculate the

corresponding to the chosen initial bound states, Mifg) | CC transition matrix element given by E.2), we employ

the normalization factor. a peaking approximation previously introduced to study
We can at this stage perform the integration over the coSingle electron capture by impact of bare ions on molecular

ordinatesR of the incident electron by using the relation ~ Hz [16]. In the peaking approximation one uses the fact that
the bound state of the diatomic system presents separate

gikR 4qeika peaks atr,,=0 andr,,=0. So, one can approximate the
Ra dR=—2— (1) continuum factorC(Ke,r1p) by C(ke,p) when the peak
around r,=0 is involved in the integrals(as ri,=p
and write the transition matrix element E@) in the form +114). In the same wayC(ke,r1,) can be approximated by
C(ke,—p) when the peak around;,=0 appears in the in-
oo tegrand. It is clear that as a consequence of its initial distri-
tfi(p) = W<@1s%(fz,l))§c(ke.f1)|—Ze'K"’Z bution the electron is ionized preferably from regions close
m to the molecular centergucle)).
X(1+e P+t dy (pryry)).
9 2. The two-effective center approximation to the continuum

(12) In a more realistic description of the+H,—2e+H,
HereK =k;—ks, represents the momentum transfer. reaction, as a_bove indig:ated, the interaction k_)etween molecu-
lar electrons in the exit channel cannot be ignored. As the
1. The two-center approximation to the continuum electron is ionized preferably from the proximities of each

one of the nuclei, we assume that the residual electron
screens the other nucleus. Starting from the TCC model, and
0sl.'upposing that the nucleus is completely screened, the inte-
A ral corresponding to the transition matrix element can be
tremely cumbersome and unrealistic at the present. S0, 0o lated considering two different effective center con-

has to employ some judicious approximations to represent, ,um factors. In such a case, we take 0 in the factor

the final continuum wave funct_ion_. In_a previous wafld], C(Keor1p) [C(Ke.r1a)] Of EQ. (13) when the peak of the
we have proposed for the,Qe) ionization of Hy, where no initial bound wave function around,,=0 (r ;,=0) appears

bound electron is left in the final state, a two center CON4y the integrand of Eq(12), which is equivalent to consid-
tinuum function(TCC) in the form of a product of a plane ering C(Kq r1p) =1 [C(Ke,r12) =1]. In this way, éc(Ke,r)
wave with two continuum factors associated with the imer'reduces to

action between the ionized electron and each one of the mo-

lecular nuclei given by

Exact solutions of the final continuum wave function for
slow ejected electrons can be obtained using prolate spher
dal coordinategsee[2]). However, their application is ex-

eike-r
glke'! gc(kelr):W?C(ke-rj); j=a,b. (16)
fC(ke-r):Wc(kevra)c(keyrb)v (13 &
wherer, (r},) is the position of the electron with respect to The choice of the centexor b for £c(ke,r) will be dictated
the nucleusa(b) and by the exponential terms of the initial state of the ejected
electron present in the transition matrix element. We call this
C(Ke,r))=€ ™2 (1=iy)1F1(iy,1;—i(Ker j+Kef) theoretical model the “two-effective centefTEC) approxi-

(14 mation because one or the other target nucleus must be con-
sidered separately in the description of the continuum state
with j=a,b and y=—Z/k.. In this way, the action of the of the ionized electron, according to the prescription given
molecular nuclei on the ejected electron is considered ombove. It verifies the correct asymptotic conditions in the exit
equal footing. Moreover, the orthonormalization in a boxchannel associated with the ejected electron-residual target
condition interaction because at sufficiently large distances the ionized
electron will feel an effective Coulomb center of charge
(€c(ke,n)[éc(ke 1)) = d(ke—Kg) (159  unity. This is not the case of TCC for,H

042709-3



WECK, FOJ’GN, HANSSEN, JOULAKIAN, AND RIVAROLA PHYSICAL REVIEW A 63 042709

Moreover, it is important to note that the use of a basis of ° e LB T .
exponential functions to describe the initial state and con-
tinuum factors to describe the final one, both centered onthe ,L o 14deg -
same nuclei, results in transition matrix elements given in -
closed analytical forms. | Y

IIl. RESULTS AND DISCUSSIONS

DCS (a.u.)

Various theoretical models have been previously consid-®
ered to guide the existing experimental efforts and give the
optimal conditions for simple ionization of Hwvhich are in
general performed for coplanar asymmetric geomefti@s
Among them, a plane-wave impulse mo¢leWIA) [18] and
an approximated first-Born treatme(80P [19]. In PWIA
all unbound electrons are represented by plane waves and i
SOP the ejected electron-residual target wave function is in-
troduced by using the closure relation and the corresponding
Born operator is truncated in the second order of a time
representation series. These methods show agreement wii
experimental 3DCS in the Bethe ridge region but fail to de-
scribe existing measurements for other kinematical condi-_.
tions. Results obtained with a factorized first-Born—Coulomb 2
wave, fixed-nuclei, model were presented both in the o
Coulomb-wave velocitf CWVA) and Coulomb-wavelength
(CWLA) forms[6,17]. The CWLA and CWVA forms repro-
duce successfully the experimental data for various angula
distributions and different energetic conditiofsee Figs. 2
and 3. In these models, the restricted Hartree—Fock wave
function of Cade and WaHR0] which is constructed from
12 Slater-type orbitals centered at each nucleus is used t ) o, (deg)
represent the Hinitial state and the ejected electron is de-
scribed by an orthogonalized Coulomb wave. Coulomb wave
and plane-wave functions defined in the bond midpoint are
developed in partial waves to make possible the numerica
calculation of 3DCS. The final wave function represents the
ejected electron-residual target continuum corresponding tc
asymptotic distances. The discrepancy between the 3DCS’
in length and velocity forms shown in the figures have been3
essentially attributed to the use of the frozen-core Hartree—,
Fock approximation and the neglect of the electron correlag
tion [6]. m

To compare our results with the corresponding ones of the
above works, we present in Figsag-2(c) the variation of
the 3DCS as a function of the ejection anglefor an inci-
dent energyE;=4087 eV and ejection energi,=20eV. 220 240 20 280 a0 a2
The scattering angle takes the valugs-1°, 1.5° and 3°, (© 0, (deg)
respectively. Now the results obtained by the above-
described TEC model using a Heitler—London-type wave FIG. 2. Triple differential cross section as a function of the
function to represent the #bound initial stat§see Eq(7)]  ejection angled,, for E;=4087 eV andE,=20eV. Scattering
is situated between the curves corresponding to the lengtinglesds=1°, 1.5°, and 3° for@), (b), and(c), respectively. The-
(CWLA) and velocity(CWVA) forms of Zuraleset al.[6] in oretical calculations are TEC, full line; TCC, dotted line; CWLA,
the region of the binary encounter peak, but overestimatedashed line; and CWVA, dot-dashed line. Experimental {a#@
the recoil peak fom,=1°. For this scattering angl@s well ~ are indicated by dots.
as forf;=1.5° and 3} the best agreement with experiments
is obtained with CWLA. As the scattering angle increaseausing the same initial wave function as TEC show only a
(closer encounteysthe agreement of our TEC results with qualitative agreement with experimental data. The differ-
experiments improves. Experimental uncertainties in absoences between TCC and both TEC and CWLA results give
lute scale are of the order of 10fgee Ref[17] for details. an estimation of the influence on 3DCS of the screening of
Present TCC calculations, also shown in the figures, obtainetthe molecular nuclei produced by the residual bound electron

0 50 100 150 200 250 300 350
(a) 8, (deg)

35 T T T T T T T T T T T

B 8= 1.5 deg ]

3DC

2
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0,24 . : . . . : . . . . 0,24

6= 8.2deg

3DCS (a.u.)
3DCS (a.u.)

0,08 |-

0.00 i, o il . . ) .
0 1 2 3 4

K(a.u.)

0,00 o—0—0-0- ry

(a)

FIG. 4. Triple differential cross section as a function of momen-
tum transferK with the same notation as in Fig. 3. The ejection
angle is chosen such &= 6, . TEC calculations using Heitler—
London- or Wallis-type initial bound wave functions are given by
the full line or double dot-dashed line curves, respectively.

0,24 . . .

0= 8.9 deg

ated using the TEC and TCC models. It shows the fact that
the screening produced by the bound electron plays a minor
role as the ejection energy increases. Now, the present TEC
T model gives a very good agreement with experimental data.
By comparison to results obtained by TEC at lower ejection
energies(see Fig. 2, one is tempted to assume that it is
enough to describe the continuum in the proximities of the
R A 260 20 a0 320 nuclei for close collision encountefie., high ejection ener-
(b} 8, (deg) gies.

In Fig. 4, the binary-3DCS .= 6 ; with 6 the azi-
muthal angle subtended by the momentum tran&feris
shown as a function of the modulus of the momentum trans-
fer K, for E;=4168 eV andE.,=100eV. A very good repre-
sentation of experimental data is obtained using the TEC
4 approximation calculated with an initial-Heitler—London-
type wave function. TEC results employing a Wallis-type
wave function[see Eq(8)] to represent the initial molecular
bound state are included to estimate the role played by the
4 representation of the initial state. The most important differ-
ence between both theoretical curvepproximately 14%
appears at the maximum of the 3DCS and decreases for other
K values. A similar effectnot shown in hergis also ob-

‘ . tained for 3DCS presented in Fig. 3 as a function of the
220 240 260 280 500 %20 ejection angle. At the region of the binary encounter peak
(© 8, (deg) (BEP) calculations using Heitler—London- or Wallis-type
wave functions present a discrepancy of the order of 13%.
This discrepancy diminishes as the ejection angle deviates
from the BEP region. It should be noted that ionic terms are
included in the Wallis-type wave function. So, it could be

] ) ] o considered to be in contradiction with the hypothesis used to
during the reactiorisee Sec. )l This effect should diminish  jequce the TEC approximation, where it is assumed that the
as the ejection energy increases, because the ionization praanejected electron screens the nucleus from which ioniza-

cess should be expected to become less sensitive to the reRs, does not take place. CWLA, CWVA, and TCC results
resentation of the continuum state of the emitted electron. 1ge a|so included in the figure for further comparison.

particular, this behavior is observed in the Bethe region
around #;=8.9°, shown in Figs. &-3(c) for #,=8.2°,
8.9°, and 9.6°, respectively. Here the energy valuesEare
=4168eV andE,=100¢eV. A closer agreement than in the  The two-effective centeTEC) model has been intro-
cases previously considered is obtained for the 3DCS evalwduced in the first-order Born approximation to study the

3DCS (a.u.)

0,18 T T T v T T T T

8,= 9.6 deg

0,12 |

3DCS (a.u.)

0,00 089 o ¢

FIG. 3. Same notation as in Fig. 2 but f&f=4168 eV and
E.=100 eV. Scattering angles atg=8.2°, 8.9°, and 9.6° fofa),
(b), and(c), respectively.

IV. CONCLUSIONS
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(e,2e) reaction for the case of neutral diatomig Hrgets. [22]. This method has been shown to be useful in studying
This model takes into account the diatomic molecular strucionization of molecular targets by impact of fast id2s].

ture in the wave function corresponding to the ejected elec-

tron in the exit channel. Our approximation, which ends up

with integrals whose analytical determination is made by the ACKNOWLEDGMENTS
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