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Multicenter character in single-electron emission from H, molecules by ion impact
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Single ionization cross sections for heavy-ion impact ondte calculated by applying the continuum-
distorted-wave—eikonal-initial-state model. We have used a representation of the bound-state initial wave
function which takes into account the molecular character of the target. To describe the final continuum state
we have used the two-effective-center approximation, previously employed with success to study electron
capture from H by ion impact. Interference effects are also analyzed and the dependence of the oscillation
frequency with the projectile velocity and ejection angle is presented. The importance of adequately describing
the target as a molecule is emphasized.
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I. INTRODUCTION the initial target bound state. In the latter, the cross section

) , o was approximated by a linear combination of atomic cross
Knowledge of differential and total ionization cross sec-gections with coefficients determined from a population

tions of atoms and molecules by protons and heavier ions igna|ysis and binding energies extracted from experimental
of great interest in many areas such as atmospheric, plasmgyectra. Deviation were found with respect to the additivity
and biological physics. In particular, hydrogen plays a majoqyje showing therefore the importance of taking into account
role in some of the hottest environments either found in Naihe molecular character of the target. However, the geometry
ture or artificially made, such as stars or fusion reactors. Ay the molecule was not taken into account and. in the final
Important h.eatmg4mechan.|sm of these systems is due 10 thg,ntinuum state, we considered that the electron evolved in a
gherr;nallzaztlonz of'He particles continuously produced by static Coulomb potential generated by the effective interac-
H+7H or “H+"H fusion reactions. The understanding of the tjoy of the ejected electron with the nuclei and electrons of
way in which the atomic and nuclear interactions involving he residual target as a whalene-center approximation

these particles takes place is a key factor to model such sys- Recent experimental findings] have shown evidence of
tems. To achieve this goal, cross sections corresponding {@terference patterns in the electron emission spectra pro-
the different p033|_ble reactions rr_1ust be obtaln_ed in the Iabpduced in collisions between fast highly charged ions with H
ratory. However, in these experiments, atomic hydrogen ishese results have been explained as interference from the
rarely found without being mixed with molecular hydrogen. conerent emission from the proximities of the two nuclei of
Then, the .knowledge of collision processes involving H e molecule[5—7] which can only be represented theoreti-
molecules is a necessary step to model the progress of pafa|ly by including in the model the two-center character of
ticles in hydrogenic gases media. the molecular target.

The process of ion impact electron emission from atomic |, the present work we will develop a theoretical model of
targets has been studied in great detail since the 1960gingle jonization of H by ion impact. The improvement with
Nowadays perturbative models based on distorted-wavgsspect to our previous work is the inclusion, within the two-
theory are able to describe the process with very good accltfective center approximation, of the two-center character of
racy [1-3]. On the contrary, in the case of molecular targetsihe molecule. For this purpose we follow previous work for
current theoretical methods are far from reaching the Samgingle electron capture from molecular hydrogéh A short

level of success as for atomic targets. This is. mostly due t@ccount of the model with an application to study interfer-
the geometrical structure of the molecule which breaks thence effects has been given a short while g&jo Here we

simpler symmetry of atoms and to the difficulty of including present the full development of the theory, its applications to
a good description of the electronic structure of the moleculgne calculation of differential and total cross sections, and to
together with the dynamics of the collisions. more recent results which provide evidence of interference

_ In a previous work we have calculated the single ionizaeffects, Atomic units will be used except when otherwise
tion cross sections of several molecular targbls O,, CO,  giated.

CH,) by proton impac{4] employing two different approxi-
mations: Bragg’s additivity rule, where the molecule is con-
sidered as a sum of atoms, and a molecular representation of Il. THEORY

The basic difficulty in modeling the single ionization pro-
cess in ion-atom or ion-molecule collisions at intermediate to
*Electronic address: galassi@fceia.unr.edu.ar high energies arises from the long range of the Coulomb
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where ¥ and ¥; are the initial and final distorted-wave
functions in the entrance and exit channels, respectively, and
b is the impact parameter referred to the pdnt

Within the independent electron approximation, the
distorted-wave functions are written as a product of wave
functions corresponding to the active and passive electrons.
We also assume that the passive electron renfeiaenin its
initial orbital ¢P(x") during the collision. The initial and final
total wave functions are then proposed as

WG = G (D eP(x). (3)

We now define a new Hamiltonia averaged over the pas-
FIG. 1. Reference system. sive electron wave functiop!:

interaction between all charged particles. In the initial chan- H=(¢f|H|¢) =Ha+ V(R,p) + &y, (4)
nel, the projectile field will distort the initial bound state,
while in the final channel, the emitted electron will travel in
the combined fields of the residual target and projectile. Fur- ~ 1,
thermore, there is an additional difficulty introduced by the Ha=~ va - X_1 - x_2 ST Vap(X.p) ()
fact that the target is a multielectronic atom or molecule. A _ o
convenient way to treat this problem in perturbation theory igepresents the active electron Hamiltonian,
through the distorted-wave formalism and by reducing the < 7. 7.7 7.7 >
I i P P&~T P&~T
many-body problem to that of one active electron in some ViR,p) =\ P |- +—+—| ¢ (6)
model potentia[9]. s R R
Let us consider the single ionization of molecular hydro-is the static potential between the projectile and the residual
gen by impact of a bare nucleus of chaifyeand velocityv. H; ion,
¢F> (7)

In what follows, we will work within the straight-line ver-
sion of the impact parameter method. We will consider that Voo(x,p) = P
the internuclear vector of Hremains fixed during the reac- ap !
represents the interaction between the electrons and
VT T | (8
average over all possible molecular alignments must be con- 12
sidered to obtain differential and total cross sections. is the passive electron energy.
The total Hamiltonian of the system is given by From Eq.(4) it results thatH is a monoelectronic Hamil-

tion, and the rotation and vibration of the nuclei will be
ignored(this assumption is valid for collision times smaller

tonian describing the dynamics of the active electron. The
static potentialVg depends only oRR andp. Therefore, as it

Zr Zr Zp

[x =x']

P

than the vibrational time Therefore the molecular orienta-
tion appears as an additional degree of freedom, and the €=\ ¢

H=-— lvi _ }VZ, A4 S A B4R + 1 is well known, it can be taken into account through phase
275 2% x4 X% x x s s [|x=x factors[1]. If we define the wave functions
Iy ZpZ t
+ e T (1) 2t = v (xexp—isexd —i | dt'V(R,p) |,
Rl R2 [ | p .

9
whereZ; is the nuclear charge of each one of the nuclei of
the target(in this work Zy=1). The middle pointO of the ~ ) [
internuclear vectop is taken as the origin of the laboratory G (x, 1) = x; (X, t)exp(= |spt)exp(|f dt’Vs(R’P))’
reference systertsee Fig. 1 The coordinateg, X, X, and !
s correspond to the electron to be ionizgttive electroi (10
whereas the primed coordinates correspond to the nonioniz
electron(passive electronR; andR, are the coordinates of
the impinging ion with respect to each nuclei of the molecu- . (T .
lar target. Working in the distorted-wave formalism, the post Ajt(p,b) = ex _'J dt’ Vi(R,p) |Ai(p,b),  (11)
version of the first-order transition amplitude can be written -
as where

?He transition amplituded;; can be written as
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. ) +oo _ - ) (9 T
Aif(l’ub):_|f_x dt\ x¢ (Ha‘|5>

~ Inthe present work we are only interested in the calculayith N.(p)=0.5459 a normalization factor corresponding to
tion of differential cross sections, as a function of electrony,o equilibrium internuclear distance=1.4 a.u. andZ

emission angle and energy, and of total cross section. These; 193 Replacing Eq13) and(17) in Eq. (12), we obtain
are obtained from the integration of the square modulus of
the transition amplitude. Thus the phase factor appearing in +oo
Eqg. (11) gives no contribution. Therefore the internuclear A;(p,b):_if dt(d;L£; PMW]| L E'S) et
interaction has no effect, within the impact parameter ap-
proximation, on the cross sections which depend on the elec- o
tron angle and energy. We can therefore work with the tran- - if dt(D L PYMWI| £ ES)e et (19)
sition amplitudeA;; given by Eq.(12). o0

The initial and final distorted-wave functions for the ac-

T

Z3 1/2
xi ). (12 ¢j(Xj)=Ni(P)( ) e j=1,2 (18)

—00

tive electron are proposed as whereW; is the perturbative potential. As can be seen from
.. .. Eq.(19), the molecular transition amplituds; (p,b) is equal
Xii =Pielit, (13 to a sum of two transition amplitudes which can be associ-

L i . ated to the ionization process from effective bound states
where ®; and ®; are the initial and final time-dependent centered on nucleus 1 and 2, respectively. We now use the
bound and continuum wave functions afd and £; the  yyo-effective center model, previously employed with suc-
corresponding distortions. These multiplicative distortionsegg to study electron capture from bly ion impact[8,11]
factors take into account the interaction between the projecsnq electron emission from by electron impacf12], and
tile and the active electron and thus can be chosen as in thgsyme that when the active electron is emitted from a region
atomic target case. In the present case we will use thgjgse to the nucleus (@), the passive electron charge screens
contlnuum—d|storted-Wave—ellkona'l—|mUaI-stat(é:DW—ElS) completely the charge of nucleug®. The continuum wave
model which has been applied with great success to atomigyction ®;(x,t) in the first(second term is replaced by a

targets[9,10]. In this model, which we label CDW-EIS-MO . 1 2 . .
to indicate that it accounts for the molecular geometry, thefunctlor_1<I>f(x1,t)[<l>f(x2,t)] that_descrlbes the active elgctron
: : - in the field of center 12). In this way, we neglect the influ-
distortion factors are given by ; . .
ence of nucleus 21) and the passive electron in the choice
of the continuum function in the exit channel within the first
+EIS . Zp . . .
L7 =exp—i—In(vs+v-9) |, (14) (secondl term. These approximations allows to avoid the
v problem of working with two-center integrals. The molecular
continuum is then given by

z z
-CDW _ \*[ &P _iZP g ine—in. i
Ly ‘N<p)1':1( Iy LiTies=ip S) (15 Di(x, 1) = drlx)exp(- it +igk - pl2); [=1,2,

20
for the initial and final states, respectively. In Ed5), p is 20

the electron momentum in the projectile frame aNeh) where k = (K, 6, ¢o)(€,=k2/2) is the ejected electron mo-
=exp(ma/2)l(1+ia). mentum(energy, B;=-1, B,=+1, and
The time-dependent bound and continuum-wave func- PP e ’
tions of the active electron are solutions of the following a9 ik s . , .
Schrédinger equation: (X)) = (2m) N N () Fa(=197: 1=k =ik - X)),
(21)
1, Zy Z7 . d
- —Vi-——-—+ —i— | =0. —_— . Lo
ZVX Xy X Vap(X,b) "ot Pi(xH=0 where y*=Zqi/k and Ze;=—2¢;. Using this approximation
(16) we finally obtain that

In the present formulation we approxima@(x,t) by a 2

. . . . ~ -8 (k-p-0,p)i2 peff,

single< wave function[8] which can be written as a sum of Ai(p,b) = 2 e Aikr a2 pST (g ), (22)
orbitals ¢, , centered on each nuclei of the molecithe =1

same representation is used for the initial bound state of the

passive electron with b; the impact parameter with respect to the molecular
centerj andq,=Agy/v (with Aesj=e;—¢;) the z component,
Di(x,1) = [y(X1) + Po(Xo)Je74, (17)  takenin the projectile’s direction, of the momentum transfer

q=-7-qo. The vectoryp= (7, ¢,) is the transverse compo-
where the molecular orbital energy is given By=E,—ep,  nent of the momentum transfer. The functidfg"* are tran-
with E; the total electronic molecular energy. The orbitals aresition amplitudes corresponding to effective atoms located at
given by the position of each molecular center:
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~ik -x))] - Vo7 (24)

The main result from the model now appears in &9).
The transition amplitude is given by a coherent sum of ef-
fective scattering processes taking place on each molecular
center. The relative phase is given by the exponential term
which will contain therefore all the information about inter-
ference effects.

Instead of the scattering amplitu@23) it is more conve-
nient to work with its Fourier transform whose square modu-
lus is given by

+0oo T T
. i - _ie 114 keV - H'
Al on) =1 [ aeleew g, 0P
(23) '
where W, ; and W, , are the perturbative potentials corre- 102} 8,=30
sponding to each molecular center given by —:
2]
WEPWxe = cblf(xj,t){vxj In[,Fy(=i&"1;~ikx; >
§ 10*
(%]
[&]
o
[m]

100 110
Electron Energy (eV)

1 10

+ 2 eff,+ 2
it(m,p)["=2{1 +cos(k +q) - pliR7 " (m)|, (29
|R';fj’_p | _ @-e | " an | _ FIG. 2. DDCS for single ionization of by 114-keV proton
where R is the Fourier transform ofA{""". Averaging impact as a function of the electron energy for fixed values of the

over all molecular orientations we obtain the final expressiorelectron angle. Theory: solid line, CDW-EIS-MO; dashed line,
for the doubly differential cross section as a function of elec-CDW-EIS; dash-dotted line, B1. Experiment§?), from Ref.[13].

tron energy and solid angl@(}):

been previously observed for He targets using the CDW-EIS

o _ sin(k +alp) | etrs, 2 approximation[24], has been attributed to the sensitive of
=8nk [ dy| 1+ ARMEN] L . L
dedQ) |k +qlp f DDCS, at large emission angles, with the description of the
bound and continuum target wave functig@g,25. In order
= Sie1 ) + S(e1,) (26) . 48829

to improve the agreement between theory and experiment,
which involves the integration over the transverse momenfumerical exact molecular bound and continuum-wave func-
tum transfer. As we have made explicit in §g6), the dou-  tions could be used. However, it implies an extremely diffi-
bly differential cross section can be written as a sum of direcgult computational task, which is out of the scope of the
(Sy) and interferencé€S) terms. present paper.

In Figs. 3 and 4 the DDCS as a function of electron en-
ergy for 60-MeV/u KF** and 68-MeV/u K#* impact on B
are compared with experimental d@f14]. For the calcula-

A. Doubly differential cross sections tion the projectile charge is taken equal to the ionic charge.

In order to test the model, we have made some calculal his is a good approximation because the projectile electrons

tions for proton and highly charged ion impact on Hit belong to the inner shells and are tightly bound. Both atomic

intermediate and high energies. e

Ill. RESULTS AND DISCUSSIONS

34+ T

In Fig. 2 we present the doubly differential cross sections
(DDCS’9) for fixed emission angles as a function of the
ejected electron energy for 114-keV kinpact on H calcu-
lated with the CDW-EIS-MO approximation in comparison

-

sr)

_L
S

©

T T
60 MeV/u - Kr

with experimental dat§l3]. Also presented in the figure are
calculations performed with the first Bo(iB1) and CDW-
EIS models using Bragg’s additivity rule. As expected, both
CDW-EIS calculations are in better agreement with experi-
ments. From the comparison of the calculations with atomic
or molecular wave functions it appears that for this system
the differences in absolute magnitude are small. It is impor-
tant to note that CDW-EIS-MO gives the best agreement at
low electron energies where the cross section has the largest FiG. 3. DDCS for single ionization of Hby 60-MeV/u KP4
values. impact as a function of the electron energy for fixed values of the
For backward emission both atomic and molecular CDW-electron angle. Theory: solid line, CDW-EIS-MO; dashed line,
EIS calculations underestimate the DDCS experimental datgDW-EIS; dash-dotted line, B1; short-dash, results from R&.
at high enough electron energies. This behavior, which haBxperiments(O), from Ref.[5].

DDCS (em® ev’

10*%L

L1l M|
10 100

Electron energy (eV)

032721-4



MULTICENTER CHARACTER IN SINGLE-ELECTRON.. PHYSICAL REVIEW A 70, 032721(2004)

68 MeV/u - Ki*> P

-
e
3

DDCS (cm” eV sr')
=
TCS (cm?)

FPEPPT BT | BTN EEIPIITY B
100 1 10 100
Electron energy (eV)

_.
=)
%
.5
~F
=)

100 1000
FIG. 4. DDCS for single ionization of yby 68-MeV/u Kr3* Projectile energy [keV]
impact as a function of the electron energy for fixed values of the
electron angle. Theory: solid line, CDW-EIS-MO; dashed line, FIG. 5. TCS for single ionization of fby proton impact as a
CDW-EIS; dash-dotted line, B1. Experiment§&?), from Ref.[14]. function of the projectile energy. Theory: solid line, CDW-EIS-MO;
dashed line, CDW-EIS; dash-dotted line, B1, recommended data

and molecular CDW-EIS calculations are in good agreemerif®™ Ref-[17]; stars, experimental data from RL6].

with the experimental data. It is interesting to note that even
though the impact energy is very large, due to the high valugions of Bragg's rule at intermediate impact energies. The B1
of the projectile charge, the use of perturbative models whergalculations overestimate the experimental data below
the projectile potential is not included in the initial and final 200-keV impact energy.

wave functions can be a matter of discussion. Therefore it is

not surprising that the first Born approximation gives the C. Interferences effects

worst results for the 60-MeV/u Rf* case. As in the calcu-

Iatg)ré:fDo\;Vpétl)éonMgwpact thte dlfferltl'-:nces between CDW'EIS(26) that the cross section corresponding to molecular hydro-
an g are quite smail. gen present an oscillatory factor that arises from the coherent

In Fig. 3 we have also included the theoretical reSUItSemission from the proximities of both nuclei of the molecule.

from Ref. [7]. Th|s calculation uses the semlclgssmal rT]Odeﬁ'hese oscillations, also called interferences, can be related to
_ba_\s_ed on th_e f"$t Born approximatift] assuming 'ghat the those expected from a Young-type two-slit experiments
initial state is a linear combination of 1s-type atomic orbitals 18,19. However, it is not the diffracted projectile which
centered at each of the nu_cle-.|.and thg final state 'S.repr%bllows different trajectories as it scatters on the two nuclei.
senteq by plane waves. Significant d|screpanC|e§ V\.”th th his effect is not possible here due to the large mass of the
experiments are found "?‘t all electron energies. Th|§ IS mo rojectile which makes its wave length very small. On the
probably related to the simple representation of the final Conéontrary, the continuous spectrum of emitted electron show

tinuum state and to the use of a peaking approximation, n&y,q preference of ionization to be produced from the prox-
glectmg transverse momentum transfer contributions, WhICi ities of the molecular centers, according to the electron
is not valid at small values of the electron energy. distribution of the H ground staté

This type of interference effects, arising from the two-
center character of the Hnolecule, were first reported for

After integration of the doubly differential cross section single electron capturf20] and photoionizatiorj21]. More
over the electron energy and angle we obtain the total cros®cently, new results in photoionizatid22,23, electronic
section(TCS9). In Fig. 5 we present theoretical results from capture[8,11,26,27 and electron emission by electrons im-
B1, CDW-EIS, and CDW-EIS-MO calculations in compari- pact[12,28 have allowed us to expand the knowledge about
son with recommended values for single ionization gfliy  the process leading to experimental verification of the theory.
proton impac{16,17. Both calculations using the CDW-EIS In the case of ion-impact single ionization, the first ex-
model are in very good agreement with the recommendeg@erimental evidence of interference effects was obtained for
values at high impact energies. In the region of the maximun60-MeV/u Kr*** ions impinging on H [5]. More recently
the best result is obtained with CDW-EIS-MO. This is due toevidence has been found at smaller impact ener{j26
the better description of the low electron-energy part of theTheoretical calculations made with different mod¢&7]
spectra which gives the main contribution to the total cros$ave been able to reproduce the general behavior of experi-
section. It is well known that this part of the spectra is alsomental findings and give support to the interpretation as an
sensitive to the potential used for the target, i.e., to the qualinterference from coherent waves emitted from each molecu-
ity of the target wave functions used in the calculation. Itlar center.
appears therefore that the molecular wave function gives in- The sum of amplitudes with different phases results
deed a better representation of the bound state a trace wfithin the present CDW-EIS-MO model in a DDCS which
which can be seen even in the total cross sections. This isan be expressed as the sum of two different teBpandsS.
consistent with our previous finding4] showing the limita- They represent contributions from direct and interference

As already mentioned before, it appears clearly in Eq.

B. Total cross sections
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FIG. 7. Ratio of the DDCS for electron emission at 30° and
FIG. 6. Ratio of the DDCS for electron emission at 30°, 60°, 150° from H, and 2-H atoms, for 3-MeV proton impact as a func-
90°, and 150° from K and 2-H atoms, for 68-MeV/amu K& tion of the electron velocity. ExperimentO), from Ref. [29].
impact as a function of the electron velocity. Experiméft), from Theory: solid line, present CDW-EIS-MO calculation.
Ref. [14]. Theory: solid line, present CDW-EIS-MO calculation.
to describe the abrupt fall of experimental data as the elec-
processes, respectively. The main difference betveand  tron velocity decreases, it is necessary to use accurate bound
S resides in the sifk +q|p)/(lk+q|p) term in the integrand  and continuum electron target wave functions. In that work,
of Eq. (26). This term depends on the molecular internucleathese molecular wave functions were obtained numerically
distance, the momentum transfer and the electron energy amg using B-spline basis functions. Moreover, it was shown
angle. On the contrarg; is independent op. However, the  that structures below=1 a.u. do not correspond to interfer-
DDCS is not appropriate to highlight the oscillations becausence but to electron correlation and/or screening effects.
it decreases monotonically by several orders of magnitude ifhus interference effects must be investigated for electron
the electron energy range of interg¢see, for example, Fig. velocities larger than 1 a.u. In this velocity domain, the
2). Therefore it is better to plot the ratR(k, 6,) between the  present CDW-EIS-MO model gives a good description of
DDCS for ionization of H and two times the DDCS for experimental data for 68-MeV/u R} impact atf,=30° and
ionization of H. If there are no effects due to the structure ofg,=60° and for 3-MeV H impact atd,=30° where evidence
the molecule we can expect that, at the high impact energyf interference patterns is observed. The peak shown by ex-
considered here, the ratio will give a value close t@ay periments atk=4 a.u. for 3-MeV H could be due to the
differ from this value due to the different binding energies oflarge experimental uncertainty &sincreases, according to
H, and H, the effective chargé.; and the normalization of the preliminary character of the measurem¢2g. We have
the bound-state wave functions observed that for th&),=60° case, theoretical resul{aot
In Fig. 6 we plotR(k, 6.) as a function of electron velocity shown in the figurgpresent, at larger emission velocities, an
at fixed emission angles in comparison with the experimentabscillatory behavior characteristic of the presence of interfer-
data from[14] for 68-MeV/u Kr*3* impact on H. The same ences. For K" at 6,=90° the agreement between theory
is plotted in Fig. 7 but in comparison with the data fr¢29] and experiments is poorer. The origin of this discrepancy,
for 3-MeV H* impact. As in Refs[5,29, for a better com- also shown in calculations of Rdf], is not well understood.
parison, the calculations for H were made with the CDW-EISExperimental data and theoretical calculations shown in Fig.
model using different charges for the target nucleus in thé& for 6,=90° present a weaker dependence with electron
entrance(Z;=1) and exit (Z,4+=1.19 in Fig. 6 andZy;  velocity compared with the ratios obtained for the other an-
=1.05 in Fig. 7, respectivejychannels and the experimental gular cases. This behavior has been attributed to the contri-
value of ¢;=-0.566 a.u. as it has being done to normalizebution of binary encounter electrofi$4]. As in the 6,=60°,
experimental data. Theoretical CDW-EIS-MO calculationscalculations forg,=90° show oscillations for larger electron
are not expected to give a good description of experimentalelocities. Forf,=150°, in both KF* and H' cases, experi-
cross section ratios at electron velocities lower than 1 a.u. Imental ratios present oscillation frequencies larger than the
a recent worlf23] it has been shown that in photoionization, ones predicted by the theory. It could be due to the men-
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TABLE |. Fit values of the frequency parametess a function  Kr33*+H, system and with the high-energy approximation to

of the electron emission angt. the theoretical results from Ref7].
We can see that the present theoretical results are in very
Experimental results Theory Present good agreement with the experimental onesédgr30° and
be from Ref.[14] from Ref.[7]: oy resultsicg 60° and show an improvement in comparison with the results
30° 0.96 0.87 0.98 from Ref. [7]. At 90° the dependence given by CDW-
60° 0.52 05 0.51 EIS-MO ?s very smooth gnd we were not gble to fit these
90° 0.29 0 results with a simple function such as that given by &3).
For backward angles theory and experiment are not in agree-
150° 1.46 0.87 1.105

ment. This is already expected from the results shown in
Figs. 6 and 7. However, the value obtained from CDW-

tioned limitation of the validity of the CDW-EIS-MO model EIS-MO is larger than that given fxy, showing an asymme-

at backward emission angles. try of the frequency between forward and backward angles.
To understand more quantitatively the interference struc herefore the whole functional dependence of the frequency
tures, an analytical fit function of the form on emission angle found in the experiment is qualitatively
reproduced by CDW-EIS-MO.
sin(ckp) The frequency of oscillation calculated with CDW-
Rk, 6e) :A(l * ckp ) +B (27 EIS-MO also depends on the projectile velodibut not on

the projectile charge As we discussed at length in our pre-
was propose(l4]. In Eq.(27), AandB (with A=B=0.5 are  vious work[6], as the projectile velocity decreases the ratios
interfering and noninterfering cross-section fractions, respeamust be analyzed with care. It is well known that the DDCS
tively, andc an adjustable frequency. The theoretical modelpresents characteristic structures: the electron capture to the
from Ref.[7] predicts that=cy=|k cod6)-q,//k which at  continuum (CTC) and binary encounte(BE) peaks. The
the high impact energies considered here is given with gooTC peak rapidly disappears as the emission angle increases
approximation bycy~cogf). In the CDW-EIS-MO ap- pyt the BEP remains at all forward angles. The position in
proximation this frequency can also be found in closed anathe spectra of the BEP depends on the projectile velocity. In
lytical form. From Eq.(26) we see that the oscillatory term the experimental studids,14,29 performed so far the range
in the integrand presents a frequenky-q|/k where of k values is limited to values smaller to those where the
structures appears. If this range is fixed and the impact en-
k +ql2= k- k( 7 5in(6) code, ~ @e) + Ecos(%)) + 2, ergy decreased it may happen that at a certain valug the peak
v appears. The BEP depends on the Compton profile of the
(28) target, being therefore different for H angd.H his difference
can produce additional structures in the ratio which have no
which depends on the transverse momentum trangfeso  relation to the interference pattern. It is therefore not conve-
that it is impossible to compare directly the results fromnient to study this dependence with the functiik, 6,). We
CDW-EIS-MO and the experimental value. We have to therefore define as in Ref{l6] a new ratio given by
integrate over the transverse momentum transfer and then ®R' (K, 6,) =(S+S)/S; which avoids this problem becauSg
the ratios to extract a value of the frequency which can beand S present the same Compton profiles and just differ in
compared with experiments. If we neglect the transverse mahe interference factor.
mentum transfer in Eq(28) we arrive at the approximate In Fig. 8 we show calculated values Rf(k, 6,) as a func-
frequency cg=~[k-0q,cog6.)]/k which can be taken out tion of the electron velocity for fixed emission angle, for
from the integral. The first important result is that both the-different impact energies. In all cases we find a damped os-
oretical models predict that the frequency depends on theillatory behavior which asymptotically behaves as
emission angle. This effect was recently demonstrated in exR’(k, §,) —1 ask—-cc. This behavior can be deduced from
periments[14]. However, we see that we can never retrieveEq. (26). The damping depends on the impact energy and it
the result of Ref[7] as we cannot impose on our final result increases as the impact energy decreases. The frequency also
the approximations made in that calculation. The most strikdepends on the impact energy and it is seen that it also in-
ing result from the CDW-EIS-MO approximation is, how- creases with decreasing impact energy. Although we have
ever, that the frequency depends on the electron monkenta taken care to eliminate all structures not related to the inter-
This shows that it is in principle not possible to fit the whole ference pattern, additional structures appear for 100-keV and
function R(k, 6,) with such a simple function. It can only be 1-MeV impact energy at approximately 3 and 10.9 a.u., re-
made in a restricted range bivalues where for example the spectively(indicated by arrows in Fig.)8 It can be easily
function makes just one oscillation. Using expressi@i  shown that these structures correspond to the binary encoun-
we have therefore fitted our results obtained employing Eqter region. The binary peak appears when the whole momen-
(26) in thek range covered by the experimefpid]. It permit  tum transfered from the projectile is taken by the electron
us to determine precisely the frequengy given by CDW-  (binary collision. This can be represented mathematically by
EIS-MO. In Table | we show the results from this fitting in the conditionk =—q. In this case the interference factor takes
comparison with the experimental data for the 68-MeV/uits maximum value equal to see Eq(26)].
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lows also the study of interference effects. The present the-
oretical model, as shown from recent calculations for photo-
ionization, is not valid at electron velocities lower the 1 a.u.,
where screening and/or correlation effects dominate. Interfer-
ence effects must be studied for larger electron velocities. A
good description of experimental interferences is obtained
for forward ionization. However, as the emission angle in-
creases, the theoretical model fails to represent the existing
experimental results, giving only their qualitative behavior.

We have also shown that the frequency of oscillations
depends on the emitted electron energy, ejection angle, and

L L - projectile velocity. Therefore it is not possible to find a fre-
c 2 4 6 8 10 12 14 quency depending only of the emitted electron angle to char-
Electron velocity (a.u.) acterize the oscillations as it has been found in previous
work.

FIG. 8. Ratio(S;+S)/S; for proton impact at a fixed angle of  Tq optain a better representation of the studied ionization
electron emission of 30°, for different projectile energies as afunCTeaCtion, accurate molecular bound, and continuum wave
tion of the electron velocity. Solid line, 100 keV; dashed line, f,nctions must be employed, as it has been recently shown
1 MeV; dash-dotted line, 10 MeV; dotted line, 60 MeV. for photoionization[23]. For the larger electron velocity

IV. CONCLUSIONS range considered h_ere.it implies an extremely di_fficult com-
putational task, which is a matter of our future interest. At

We have presented a theoretical model to calculate doublyyw electron velocities, the coupling of direct ionization with
differential and total cross section for single electron emis-autoionizing two-electron channels as well as the Coup“ng
sion from H, molecules by ion impact. The comparison with between direct ionization and the nuclear movement of the
experimental and recommended DDCS’s show that it is immolecule should be considered in the theory. Work in this
portant to use a representation of the bound and continuutine is also in progress in our research group.
states, which take into account the two-center character of
the molecule. Theoretical results give the general trend of ACKNOWLEDGMENTS
experimental DDCS's. We acknowledge Fundacién Antorchas and Consejo Na-

A more detailed comparison is given when absolutecional de Investigaciones Cientificas y Técnicas de Argentina
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