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Simultaneous transfer ionization of a negative hydrogen ion by positron impact
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A model has been proposed to investigate theoretically, the simultaneous electron capture and the ejection of
another electron by which a bare hydrogen ion and a positronium @gnare produced in a single collision
between a positron and a negative hydrogen ion)(Hr'he angular distributions of the scattered Ps atom as
well as of the ejected electron are studied in the intermediate- and high-energy rédim@90 eV with
respect to the threshold energy for this particular transfer ioniz&libnprocess. The electron-electron corre-
lation effect that mainly governs such two-electron transition processes in this energy regime has been taken
into account in both the initial and final channels. The long-range Coulomb attraction between the incident
positron and the negative hydrogen ion in the initial channel has also been incorporated properly. Signature of
the so-called Thomas pe&k double-peak structureredicted for charge-transfer or transfer-ionization process
for heavy-particle projectiles in the high-energy regime has also been noted in the present Tl {foodiggs
projectilee™) and could be attributed to the correlatet-e-e scattering mechanism. In addition, the fully
differential (triple) cross sections for different kinematics reveal some structures unusual for a pure transfer or
a pure ionization process which are to be verified by the future experiments.
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. INTRODUCTION e' + Ar system, where one of the electrons from the outer-
most shell of an Ar atom is captured by the incidefit to

A full understanding of the dynamics of a correlatedform a Ps atom while another electron gets ionized in a
many-body Coulomb system is still one of the major funda-single collision.
mental challenges in atomic collision physics. In view of the However for a theoretical study of such Tl process, the
recent spectacular advances in multicoincidence techniquesimplest two-electron atom&.g., He, H) should be the
it has now become possible to have the energy and anglenost preferred multielectron target. For He target, the total
resolved simultaneous detection of two or three final-statelouble-ionization(DI) cross sections bye* impact have
electrons in a kinematically complete experiment that meabeen measuref8] including the transfer-ionization channel
sures the fully differential cross sections for some two-in the low-energy regime where it was found that the Ps
electron transition processes in atomic system by electrordhannel is strongly suppressed in the second ore gap region
photon impact, where the many-body interactions are ofvhere Tl is the only open channel for the DI process of the
prime importance. Such fully differential measurements aregarget atom.
very much sensitive to the interelectronic correlation both in  The present study concerns the simultaneous transfer and
the initial and final states. Following these experiments, studionization (TI) process in a positron—negative hydrogen ion
ies on electron-electron correlation effect in different multi- collision, for which both the electron-capture and single-
electron transition processes are finding increasing attentioionization probabilities are expected to be much higher than
from the theoretical physicists. those for the neutral He targg@he ionization potential of the

The challenge in the theoretical investigations of theseH™ ion being very low as compared to the He ajoifhus
processes lies in the modeling and understanding of the irthe present work deals with the process
herently entangled many-body Coulomb system and in the

treatment of the particular difficulties associated with the in- e"+H —(e*e)+H" +e. (D)
finite range of the Coulomb potentials acting between differ-
ent pairs of charged particles involved in the process. To our knowledge, the present work is the first theoretical

Simultaneous captur@ransfey and ionization of a two- attempt for the study of Tl process of the Hon by e*
electron(or multielectron target, commonly known as trans- impact. As a first step, we have considered the case when the
fer ionization (Tl), is one of the aforesaid correlated pro- Ps atom is formed in the ground state only, although there is
cesses in which the projectile captures an electron from tha probability that the Ps may be formed in excited states as
target while another electron of the target gets ionized simulwell.
taneously. A significant number of differential measurements The choice of negative hydrogen ion Has a target for
(angular distributions[1—4] exist in the literature for the such two-electron transition process is mainly dictated by the
simultaneous TI process of He atom by heavy-particle imfact that the H ion is basically a strongly correlated system,
pact(e.g., H") whereas for a light projectile™, the experi- its very existence being due to electron-electron correlation.
ments performed on the Tl process are mainly limited toFurther, since negative hydrogen ion has some properties un-
measurements of total cross sections for some noble-gas tdike the neutral atonfHe), e.g., possessing no bound excited
gets[5,6]. To our knowledge, the only differential measure- state below the first detachment threshold, it finds some ad-
ment [7] reported so far fore™ impact Tl process is on ditional importance from the experimentalists. Regarding
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practical applications, dissociation of Hion by electron/ wherer, r,, andrs are the respective coordinates of the
positron impact is of much astrophysical interest, particularlyincident positron ¢") and the two bound electrons with re-
because of its relevance to solar and stellar opacitiespect to the target nucleus.

[9(@— H0)]. In fact, the detachment of Hion by electron/ The total Hamiltonian in the initial channel for tlee¢ -H~
photon impact has been the subject of experimental and thésn system may be written d& atomic unit$

oretical studie$10(a)—10(g)] long since, till now.

In pure single-selectron capture, besides the energy and |, _ (Z:-2) L2 4 4 2 1T
momentum exchange between the projectile and the active "' "0 ry r{ ry Tz T T3 [og
electron, the transfer of energy and momentum to a third (39

particle is also required during the courses of the collision. In [,
nonradiative collisions, this third particle can be either thewherer ,=r;—r,, ri3=r;—rs, ros=rp,—rs, andZ, being
target nucleus or, for multielectron atoms, one of the electhe charge of the target Hion (Z,=1). The full kinetic-

trons that is not captured. energy operatoH, in Eq. (3a) is given by
Theoretically, a pure electron-capture process can occur
due to different reaction mechanismd) kinematical cap- Ho=— }Vz_ EVZ—EVZ (3b)
ture, arising due to velocity matching between the projectile 0 21 272 2°%
and the active electron2) Thomas nucleus-electron, i.e., ) o ) .
p-n-e scattering 11], and(3) Thomas electron-electron, i.e., The wave function of the incident positron in the attrac-

p-e-e scattering 11], wherep stands for the projectile. Now tive pgulomb f|elq of the H ion satisfies the following
in the TI process, where a second electron is to be ejecte@chralinger equation:

the p-e-e capture process takes account of this automatically 1 (Z:—2) K2

in which the projectile first scatters inelastically at one of the ( _ Zy2y : )X'(Fl) =0. (4)
target electrons and then in a second interaction this electron 21 r 2%
scatters at the other target electi@hrough thee-e correla- .

tion), so that finally one target electron is emitted into the The solutiony;(r;) of Eq. (3) is given as
target continuum while the other electron forms a bound

state with the incident projectile in ground or excited states. Xi(Fl):eXF< H)F(l—iai)

In fact, if the energy transfer in the-e collision is much 2

larger than the binding energy of the electron in the particu-
lar atom, it leads to Tl process.

On the other hand, the other two capture proce§besnd - . I
(2) must be accompanied by an additional process such quhere a;= — 1/ki| andk; is the initial momentum of the
shake off by which the second electron is ejected. Thdncident positron. o
transfer-ionization process can also occur due to two inde- The correlated wave functidii2] ®;(r;,r3) of the target
pendent interactionguncorrelatefl between the projectile H™ ion is chosen as
and the two target electrons in separate encounters, which is | _
usually termed as two-step mechani§n®2). This process ~ Pi(r2,r3) =Ni[eXp(—Nar2—Apr3) +expl—Apr2—Aal'3)]
(TS2) is second order in the projectile-target interaction po- .
tential since it involves two successive binary collisions and X[1+Coexpl—Acr29)], ®)
should bg treated in thel framework of the second Born-typeit N,=0.218 7404, A,=0.4651, A,=1.0713, X,
theory. Different afqresa@ mephamsm; for thg TI process are g 0562, andC,=—0.8657. The ground-state energh2]
supposed to dominate in different kinematical situationsys the H- ion for this wave function iSE= —0.526 001

e.g., the shake off and the so-called Thorpas-e mecha-  4iomic unit(a.u) and the corresponding electron affinity is
nism, being first order in the projectile-target interaction, are_ g 026001 a.u.

expected to dominate at high incident energy while the TS2, e initial-state wave functio; is the product of the

being second order in the interaction potential, is supposed tQaye function for the incident positron and the correlated
be more important at comparatively lower incident e”ergyground—state wave function of the Hon, i.e.,
regime.

The present prescription has been formulated on the basis q,,(; P F ):q)_(; F )X'(F ). (6)
of correlatedp-e-e mechanism, the signature of which has A
already been noted much ago in the experiments forn view of Egs.(2)—(4), the initial channel perturbatiov; in
proton—He collisiong1-4]. Eq. (2), which is the part of the total interaction not diago-

nalized in the initial state, is given by

Xe“Zi'FllFl[i ai,l;i(kil’l—Ei : Fl)],

Il. THEORY ) 1 1
The transition matrix element for the Tl proced is V‘:r__ P (7)
H 1 12 13
given by
... I It may be noted from Eq(7) that the perturbatioiv; van-
Tir=(Wy (r1,r2,r3)|Vi|Wi(ry,ra,ra)), (2)  ishes asypmtoticallyfor r;—o,r,,r finite).
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For the construction of the final state, one should note thai
since the transfer-ionization process of the ldn is essen-
tially a four-body problem, it is rather a formidable task to ' 4
deal with an accurate final-state wave function. Thus, for
feasibility, one has to resort to some approximations in con-
structing the final-state wave functioh; . 3162

In the present correlated scattering model, the incigént 5
is assumed to interact only with one of the bound electrons tcg
be captured to form a Ps atom in the final state while the™ 53]
ionization of the other bound electron is supposed to be
caused by the electron-electron correlation effect. The final-
state wave functiof; in the present prescription is chosen 154
as

TDCS (au)

0 30 60 90 120 180 0 30 60 90 120 10 180

L L L. - - 91 (deg) 8, (deg)

Wi (ry,rp,ra)=expiks- R)exp—\¢|ri—rp)
FIG. 1. (&) Angular distributions of the Ps formation in the

X(27) " %M ,M3M pzexp(iks- F3) transfer-ionizatior{Tl) process against the Ps scattering arfglén
atomic units(a.u) for different ejected energie§,. Incidente*
X 1Fi(iag,1;—i(ksrz+ I<3 "3)) energy E;=75 eV, ejected angl#,=45°, azimuthal angles are
N ¢,=0°, and¢,=180°. Solid curveE,=5 eV; and dashed curve,
X 1Fq(iag,1;—i(kora+ Ky rp)) E,=10 eV; dash dotted curv&,,=20 eV. (b) Same aga) but for

a higher incident energ¥; =100 eV.
X 1F (i g, 1= 1 (Kogl 23+ Ko T29));
(8 Tit in Eq. (2) is finally reduced[13,14 to a three-
dimensional integral which has been evaluated numerically.
where a,=—Z,/Ky, az=—Z/Kg, az=1/2Kyp3, Ky Finally, the fully (triple) differential cross sectioffrDCS)
:||2f/2|, EZSI(EZ_ES)/Z, ﬁz(flﬂ*z)/z, and M, for this Tl process is given by
=exp(ma/2)['(1-iq;), with j=2, 3, or 23;\; is the 3
bound-state parameter for the ground-state Ps atom d°a kfk3 ITi]2. (10)
(=0.5). dE,d0,dQ, k' f
The construction of the present final-state wave function
takes account of the fact that the ejected electmo) first
attains a continuum state of its parent nucleus (bh) and
then by virtue of the 1/, interaction is finally captured by The TDCS for the simultaneous transfer and ionization
the incident positron to form the positronium at@Rs inits  process(Tl) have been studied in a positron=Hon colli-
ground state. In the present prescription, the electronsion in which the transferred electron forms a Ps atom in its
electron correlation effect, which mainly governs the simul-ground state with the incident positron, while the other elec-
taneous two-electron transition, has been taken into accoutron is ionized in a single collision. Both the dynamics of the
in both the initial and the final channels. The Ps atom could®’s atom and the ejected electron have been studied. The
also be formed in the excited std&g., &, 2p), though the threshold energy for the pure single transfer process of the
probability of such a process is expected to be much lowee™-H™ ion system is determined ,,(T) =E;,n(H (1s))
However, the present work concentrates only on the forma— E;,,(Ps(1s))=0.75-6.8= —6.05 eV, while the threshold
tion of a ground-state Ps atom. energy for the Tl process is given lg;,TI=—6.05+13.6
The excess energyE; — Ey, (threshold energy of T in =7.55 eV, since the second-ionization energy of id 13.6
this transfer-ionization process is shared by two outgoingV.
particlese™ and Ps. In the Tl process the energy and mo- Figures 1a) and ib) display the angular distributions of
mentum exchange occurs between the projectile, the electrahe Ps formation versus the Ps scattering arfijldor two
to be captured, as well as the other bound electron that ifixed incident energie§E;=75 eV in Fig. 1a) and E;
ionized. Thus, the energy conservation relation for the pro=100 eV in Fig. 1b)], each with three different ejected en-
cess concerned is given by ergies(e.g., E,=5, 10, 20 eV, keeping the ejected angle
2 2 K2 fixed at 6,=45°. The azimuthal angles are fixedgf=0°
IO S B 9) and ¢,=180° in all the cases for the study of Ps formation.
2 H 2uf 2 Ps The most salient feature noted in all the Ps distribution
.. curves of Figs. (@ and Xb) is the occurrence of a double
Where,uf is the reduced mass in the final chanlkgl.k3, and peak, one at a smaller angle-(5°—40°) and the other at a
Ef are the respective wave vectors of the incident positronlarger angle around~f120°), depending on the incident as
ejected electron, and the scattered Ps atgm;andeps are  well as on the ejection energies. An additional secondary
the binding energies of the ground-state negative hydrogehumplike structure is also noted in all the curyparticularly
ion and the Ps atom, respectively. The transition amplitudén Fig. 1(a)] in the extreme forward direction. In the Tl pro-

Ill. RESULTS AND DISCUSSION
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cess, the excess energy is shared by the two outgoing par 100 T o)

ticles, the ionized electron and the Ps atom, in unknown "

proportions. Thus for a fixed incident energy, the lower 6+

energy of the ejected electron corresponds to a higher valut _

of the outgoing Ps energy and vice versa. The behavior of 1%} 39Y

Figs. Xa) and Xb) can easily be explained in view of the _ i

above fact, e.g., for a given incident energy, with higher Ps2 164 S

energy (i.e., lower ejection energy the Ps distribution is g . "10—31 ------------
more and more favored in the forward direction than in the = 10

backward one, while for the reverse case i.e., with lower Ps 1651 1

energy (i.e., higher ejection energythe Ps distribution is .

more strongly peaked in the backward direction. This feature g 107

is quite expected physically. Comparing Figéa)land 1b), 0 30 6 90 120 150 180 0 60 120 180
it is also noted that the forward secondary humplike structure 8,(deg) 8;(deg)

?.Ertglrz:lss rc])ersey::I Qr?ri?;g;?alﬂcflgaetztrgr:r?;?)?orlzgl;i:g()j]stlﬁg _ FIG. 2. (g) Same angular .dist_ributio_ns as in Fig. 1 for different
) . Rl incident positron energids; with fixed ejection angled,=45° and
signature of the double peak in the Ps distribution becomegyeq ejected energfg, =10 eV. Other parameters are same as in
more prominent for lower ejection energ, . Fig. 1. Solid curveE;=40 eV; small dashed curvé,; =50 eV;
Since in the present prescription, the Tl process is astong dashed curveE;=75 eV; dashed double dot curvé;
sumed to arise due to the correlateti-e-e scattering, the =150 eV.(b) Same angular distribution as {g) but without final-
double-peak(or shoulderlike structures occurring in the Ps state correlation. Solid curvés;=40 eV; small dashed curvé;
distributions of Fig. 1 may be attributed to the Thomas=50 eV; long dashed curveg;=75 eV; and dashed double dot
double-scattering {-e-€) mechanism[11] predicted for Ccurve,Ei=150 eV.
charge-transfer or transfer-ionization process in the case of o ) ]
high velocity heavy-particle projectiles. For heavy-particleco”elat'on is mainly responsible for the occurrence of the
impact, such correlated projectile-electron-electron scatteringouble peak. _ o _
mechanism leading to Tl is responsible for the narrow peak _Figures 3a and 3b) display the variation of the Ps dis-
at a critical angle~0.3 mrad observe@4] in the angular tributions with respect to the ejection angi® (e.g., 6,
(scattering angle dependence of the Hé fraction from  =2°,45°,90°) for two sets of dynamics;=75 eV, E,
single-electron-capture reactions in a HHe collision at =2 €V [Fig. 3@] andE;=150 eV, E,=10 eV [Fig. 3b)].
high incident energies~200—-500 keV). The signature of AS IS evident from Figs. @) and 3b), the qualitative behav-
the Thomas peak was also obseré#lin the absolute en- or of the curves for the same ejection angleis more or
ergy and angular differential cross sections for electron emis®SS Similar though the cross section is higher for lower in-

sion at high incident energies in the same Tl process and tHddent energy, as is expected. The signature of the so-called
peak was similarly attribute@ll] to the correlated H-e-e ~ 1homas double pfa(lor shoulder typgstructures arising due
scattering process. to the correlateck™-e-e scattering mechanism is also quite

Figure 2a) demonstrates the variation of the Ps angulardistinct in the Ps distribution of both Figs(e8 and 3b) at

distributions in the TI process with respect to the incident
energy in the rang&; =40-150 eV, while the ejected elec- 10'§ (@) 164 ()
tron energyE, and the ejected anglé, are kept fixed at
E,=10 eV andf,=45°, respectively, keeping other param-
eters same as in Fig. 1. The double-peak or shoulderlike
structures are also noted in all the curves in Fign).2An
important feature is revealed in Fig(a?, e.g., the signature

of the Thomas peak becomes more and more prominent witts
increasing incident energy corroborating the experimentals
findings for heavy-particle impa€t,2). It is also noted from 8 A )
Fig. 2(a), that the positions of the dip and peak are quite ; TSNS

TDCS(a.u.)

dependent on the incident energy; the higher the incideni 4s] 0 i

energy, the lower is the value of the Ps scattering afiglat o L

which the corresponding dip or peak occurs. 0 30 6 90 120 150 180 0 30 60 90 120 150 180
8,(deg) 6, (deg)

In order to have some idea about the effect of the final-

statee-e correlation, we have plotted in Fig.(i® similar FIG. 3. (@ Same angular distributions as in Fig. 1 for different
angular distributions), of the Ps as in Fig. (@) but neglect-  gjection angled, with fixed incident energy; =75 eV and fixed
ing the final-state correlation terii.e., by settinga,3=0  gjected energf,=5 eV. Other parameters are same as in Fig. 1.
andM,3=1 in Eq.(8)]. As may be noted from Fig.(B), the  solid curve, #,=45°; dashed curvef,=5°; and dash dotted
6, curves are unable to exhibit the double-peak structur@urve, §,=90°. (b) Same ag@a) but for a higher incident energy
noted in Fig. 2a), indicating the fact that the final-statee =~ E;=150 eV and ejected enerds,=10 eV.
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TDCS (a.u)

16* :
-180-120 60 O 60 120 180 '

9, (deg) -180 120 -60 O 60 120 180
9;(deg)

FIG. 4. Angular distributions of the ejected electron in the TI
against ejection anglé, in atomic units(a.u) for different incident FIG. 6. Same distributions as in Fig(a but for different inci-
positron energiek; . The Ps scattering angle is fixed&t=5° and dent energies, i.eE;= 150 eV. Solid curvep,=5°; dotted curve,

the ejected electron energy is fixedf=5 eV. Azimuthal angles 9,=45°; small dashed curve,=90°; and dash dotted curve,
$,=0° and ¢,=0° and 180°. Dashed double dot cur/g, —=180°.

=50 eV, long dashed dot curveg;=75 eV; dotted curveE;

=100 eV; and solid curve; =200 eV. 0°-180°(@p,=0°) represents the so-called recoil region.

Figure 4 exhibits the angulardg) distributions of the

the particular ejection angl@,=45°. However, for other . . o . . ;
o . . . %ected electron for different incident energies with a fixed
ejection angles, the Thomas peak is not so prominent in these ected energyH, =5 eV) and a fixed scattering angle of
figures. It should be mentioned in this context that the ang| J 9y Ho g ang

of occurrence of the Thomas peak noted for the light projec(ihe Ps @f 5°). Adistinct qua_lltat_lve dlfference_ IS _”Ot?d n

L . he behavior of the present ejection angular distribution for

tile e™ is at a much higher value as compared to that foun h h d with inale-ionizati

for heavy-particle projectile{tmrad), as is expected physi- e Tl process when compare W't. a pure sing e-lonization
' (e,2e) procesd 15,16, where two distinct lobes appear, one

cally . \ ; . .
. e in the so-called binary region and the other in the so-called
For the description of the angula#y{) distribution of the recoil region. As is evident from Fig. 4, the presehtdis-

ejected electroniFigs. 4-7, we have adopted the conven- tribution for the TI process of H shows no such distinct

tional notation for a pure ionizatiore(2e) process, i.e., the Ipeak structure in the so-called binary/recoil region. Instead,

so-called binary region is represented by 0°-180° regio o . e
(6,=180°) while the portion of negative angle all the distributions for differenk; in Fig. 4 (except for very

TDCS {a.u)

TDCS (a.u.)
TDCS (a.u)

108 S — ————
-180-120-60 O 60 120 180 ~180120 -60 0 60 120 180 108 S —
9,(deg) 8,(deg) -180 -120 -60 O 60 120 180

8, (deg)

FIG. 5. (a) Same angular distributions as in Fig. 4 with incident
energy 50 eV and for four different scattering angles. The ejected FIG. 7. Same angular distributions as in Fig. 4 with two differ-
energy is fixed aE,=5 eV. Solid curve,d,=45°; dotted curve, ent incident energiesE;=75 eV and 100 eV and two different
6,=90°; small dashed curved;=120°; and long dashed dot ejected energies. The scattering angle is fixedat45°. Solid
curve, 6;=180°. (b) Same angular distributions as (@ but with- curve,E;=75, E,=5 eV, dotted curvek;=75, E,=3 eV; dashed
out final-state correlation. Dotted curvéd; =90°; small dashed curve, E;=100, E,=10 eV; and dash dotted curvE; =100, E,
curve, §;=120°; and long dash dotted curvé,= 180°. =5 eV.
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high incident energyE; =200 eV) reveal that the electron is tering angle ¢, =180°), thed, curve contains a central peak
preferentially ejected in the extreme backward direction(@round 0°) exactly symmetrical with respect to the two sec-
(+180°) in both the binary and recoil regions. In fact, asondary peakgone in the binary and the other in the recoil
may be noted from the figure, th& distribution curve for  region. However, for other higher values @f but <180°
lower E; (e.g., 50 eV shows a central deep minimum at (€.9.,6,=90°,120°) this symmetry is destroyed. In fact for
around~0° and two maxima a#,= +180°. Such large these values ob;, the peak structure is shifted as a whole
angle ejection is quite expected physically for lower incidenttowards the binary region and the shift is more for lower
energy. With increasing; (beyond 50 eV in Fig. % some value of ;.
humplike structures start appearing in the binary and recoil Figure 8b) depicts similar ejectiord, distributions as in
regions such that finally the central minimummBt=50 eV Fig. 5@ but without the final-state-e correlation[i.e., a3
is replaced by a central broad maximunEat 200 eV. This =0 andM =1 in Eq.(8)]. Comparing Figs. @ and 3b)
behavior could probably be explained as follows. At lowerone can have some measure regarding the final-stateor-
incident energy, the Ps formation is more important than théelation effect, e.g., the structures appearing in Fi@) 5
ejection while at higherE;, the ejection dominates and (both in the binary and recoil regionare completely absent
hence its distribution more or less follows a single-ionizationin Fig. 5b) except for the main peaks. Further, the position
(e,2e) process, although instead of the Sl binary and recoipf the main peaks in Fig. (b) (without correlation are
peaks, the present ejection distribution shows a broad maxslightly shifted towards larger angle with respect to Fig)5
mum only in the binary regiotivide Fig. 4, 200-eV curve  (with correlation.
indicating that the ejection is almost binaiiye., recoilless Figure 6 exhibits some variation of the ejectiofy) dis-
However, it should be pointed out here that in the presentribution with respect tod; as in Fig. %a), but for a higher
model, the ionization of the second target electron is mainlyncident energy, e.gE;=150 eV. It may be noted from the
caused by the electron-electron correlation effect instead dfgure that for such higher incident energy and for higher
the projectile-electron interaction as in the case of pure Syalues of the scattering anghy (e.g., 45°,90°,180°), the
process. present ejection distribution more or less follows the behav-
Figure 4 also indicates that the magnitude of the ejectiorior of a pure SI process, having distinct lobes in the binary
distribution governed by the maximum intensity of the curveand recoil regions. The position and height of the peaks are
decreases with increasing incident energy, as is expectedirongly dependent on the scattering angje However, for
physically. Similar feature has been noted for the Ps distri#1=180°, thed, distribution is again found to be symmetri-
bution as well(vide Fig. 2, e.g., its peak intensity is en- cal with respect to the central peédround0°), asnoted in
hanced with decreasing incident energy. Since foridn,  Fig. 5@a). The appearance of a double-peak structure in the
the TI threshold £7.5 eV) is quite low as compared to the binary region for higher values df, is also noted in Fig. 6
present incident energies, the above behavior with respect {@s in Fig. $a)].
the variation of incident energy is quite legitimate. Figure 7 again demonstrates sofiyedistributions for two
Figure Fa) represents the ejection distributioms for  fixed incident energiesH;=75, 100 eV, each with two val-
some higher values of the scattering andleg., 6,  ues of ejected energids,. The scattering anglé; is how-
=45°,90°,120°,180°) of the Ps for a fixed incident energyever kept fixed at 45° in each case. The salient feature to be
(E;=50 eV) and fixed ejected energg{=>5 eV). Compar- nhoted from Fig. 7 is that the maximum of tiéig distribution
ing Figs. 4 and &) it may be noted that for the kinematics enhances with increasing, (both in the binary and recoil
E;=50 eV andE,=5 eV, thed, distributions correspond- regions, an unusual behavior for a single-ionization process
ing to #;="5° (in Fig. 4 and§,=45° [in Fig. 5a)] are more  where the magnitude of the TDQ§overned by the binary
or less similar in naturéshowing no signature of double and recoil peak intensitigsisually increases with decreasing
peak except that the whole structure in Figiabis shifted E,. Further, since Fig. 7 involves distributions correspond-
towards the recoil side. However, there is a large differencéng to a lower value of the Ps scattering angle €45°), no
in magnitudelmeasured by the peak valldmtween the two  distinct peak structure is found as discussed earlier in con-
curves, being higher for lower scattering angle(in Fig. 4,  nection with Figs. £a) and 6.
indicating that for this particular kinematics, the Ps, being of In Fig. 8 we have plotted the fully differential cross sec-
much higher energy than the ejected electron, is scatterdipns (TDCS) for the present Tl process as a function of the
preferentially in the forward direction. This is also mani- ejected energyE,, for two incident energies, e.gF;
fested in all the other Ps distributions in Figs. 1-3. =75 eV and 100 eV. The angle of ejectio,] is chosen to
For higher values o, (e.g., ;=90°,120°,180°), the be identical with the scattering angle of the R&)( the
ejection distribution in Fig. &) shows an interesting behav- angle being fixed at 45i.e., §;=6,=45°). The corre-
ior, e.g., a double-peaked structure in the so-called binargponding azimuthal angles are kept fixedgat=0° and ¢,
region, some unusual feature for a pure single-ionization pro=180°. Both the curves exhibit a single broad pealEgt
cess. However, as mentioned above, this feature is absent ferE,,, and then fall off monotonically down to a certain
lower values of¢; [e.g., 5° in Fig. 4 and 45° in Fig.(8]. It  value, sayE,, a cutoff for the Tl procesgot shown in the
is also evident from Fig. ®) that the double peak becomes figure up toEy.). An interesting feature that may be noted
more and more marked with increasing scattering angle. Figirom Fig. 8 is the enhancement of the cross section with
ure 5a) further indicates that for the extreme backward scatincreasing ejected enerdgsy, up toE,=E,,«. This behavior
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FIG. 8. Fully differential cross section@DCS) following the ] o
TI process against ejected enei§y. The Ps scattering angle and FIG. 9. The solid curvéa) represents angular distribution of the
the angle of ejection both are fixed &= 6,=45°, azimuthal ejected electron in the Tl against ejection an@jefor the kinemat-
angles are fixed ap,=0° and¢,=180°, and the incident positron €S Ei=50 eV, Ey=5 eV, andf,=45°. The dashed curu) rep-

energy is fixed at two different values; dashed curig=75 eV resents the angular distribution of the Ps against scattering angle
and solid curveE; =100 eV. of the kinematicsE;=50 eV, E,=5 eV, andf,=120° [the angle

at which the ejection curvé) shows maximurh

of the TDCS in the loweE, region, i.e., forEy, <Eay, IS
quite unusual for a pure single-ionization procéass men-
tioned earlier where the TDCS decreases with Increasingy e aining the final-state correlation as in 8). The solid

Ep. However, forllargelEb (Eb>Ema><)', the_ present TD,CS curve in Fig. 10 represents our results from the original
follows the behavior of the Sl process in this regard. It is alsomodel[using full form of Eq.(8)].

evident from Fig. 8 that the position of the peak depends on

the incident energy, the higher the incident energy, the higher 7
is the value ofg,,,«x. The occurrence of the cutoff at a par- e
ticular value ofg, (E,,) is due to the fact that for the given R 10
incident energyE;, energy of the scattered PE;—Ey.— L
threshold energy of Tlbecomes zero. Obviousl§,. de- -
pends on the incident energy as guided by the energy cong 103
servation relatiofvide Eq. (8)]. In a similar manner, the ¢
same cutoff value can be four{tbr a particularE;) in the 2
TDCS curve as a function of the Ps energy for which the 10"
ejected energ¥,, goes to zero. The exact valueBf. could

not be shown in Fig. 8 due to some convergence difficulty in

in Eq. (5). The dotted curve on the other hand refers to the
reverse case, i.e., neglecting the initial-state correlation while

a) (b)

TDCS (a.u.)

the computation with higher values B, . 10

In the simultaneous TI process, the two processes, transfe ,
and ionization, occur in a competitive manner, complement- 0 30 60 0 120 150 180 180 420 -60 0 60 120 180
ing each other, depending mainly on the available excess 8, (0eg) 6, (deg)

energy, i.e., for lower incident energy, the transfer process is FIG. 10. (8) Anqular distributi  the Ps f ion in the Tl
expected to dominate while with higher incident energy, the -10.@ t?ﬁug 'St“tt”t.'ons 0 : e s formation In the .
ionization process should become more and more importan'[)hrocess against the Ps scattering angjlaising some variance o
. . S . . e present model for the kinemati€&=40 eV, E,=5 eV, and
This feature could be manifested in Fig. 9 which depicts tha% — 45° The dashed he TDCS without final
for a lower incident energy, e.g., 50 eV, the maximum distri-er | - he ag N dnjrve fr.esémsg eTh d Wl(tj out final-state
. . . P ! . . correlation =0 an =11n . . e dotted curve pre-
bution of Ps is much higher than that of the ejection. Lazs 22 a.®)] b

.sents the TDCS without initial-state correlatig@,=0 in Eq.(5)].
In order to show the dependence of the structures found "fhe solid curve represents the present reghjtAngular distribu-

the present Tl differential cross sections on the particulaions of the ejected electron in the Tl against ejection ariglesing
chosen model, we have demonstrated in Fig. 10 both the R§me variance of the present model for the kinematigs
[Fig. 10@] and the ejectior{Fig. 10b)] distributions for  —100 ev,E,=5 eV, andg,=120°. The dashed curve presents the
some particular kinematics using two variants of the presentpcs without final-state correlatiope,;=0 andM,s=1 in Eq.
model along with our original results. The dashed curve rep¢g)]. The dotted curve presents the TDCS without initial-state cor-
resents the results without the final-stat@ correlation in  relation[C,=0 in Eq.(5)]. The solid curve represents the present
Eq. (8) while retaining the initial-statétarge} correlation as  result.
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Figures 10a) and 1@b) reveal the following crucial fea- gies while the lattefejection takes over at higher incident
tures:(1) the double peak obtained in the solid culeeigi-  energies, as is expected physically.
nal mode) is absent in the dashed cur@eithout final-state The signature of the Thomas peak as well as its becoming
correlation, (2) the qualitative behavior of the dotted curve more and more prominent with increasing incident engngy
(without initial-tate correlationand the solid curve is more both the Ps and ejection distributionspredicted in the
or less the same, though the magnitude and the peak poditesent Tl fully differential cross sections, are in conformity
tions are different. It may also be noted from Fig. 10 that the/ith the experimental findings for the TI process of a noble-
results without initial-state correlatiofdotted in both fig-  9as target by positron as well as by heavy-particle impact.
ures are always higher in magnitude than those from thd e Thomas peak structure in the present study is also found
present original modekolid). The most important inference 0 be quite sensitive with respect to the ejected angle/ejected
that can be drawn from Fig. 10 is that the final-state ~ €nergy for the Ps distribution and with respect to the scatter-
correlation is mainly responsible for the occurrence of thd"d angle/ejected energy for the ejection distribution.

double-peak structure in both the Ps and the ejection distri- FOr @ given incident energy, the peak intensity of the ejec-
bution curves. tion distribution is found to increase with increasing ejected

energyE,, an unusual feature for a pure single-ionization
process. The Ps distribution on the other hand shows the
reverse behavior, e.g., its peak intensity increases with de-
The present transfer-ionization process where two comereasinggy, .
peting processes, e.g., formation of Ps atom and the ejection The final-statee-e correlation(and not the initial target
of another electron(from the H targe} occur simulta- correlation is responsible for the occurrence of the present
neously is based on the correlated projectile-electrondouble-peak structure in both the Ps and ejection distribu-
electron scattering mechanism. The present model takefons.
proper account of the electron-electron correlation effect in  To our knowledge, for the Tl process by light projectile
both the initial and final channels. The long-range Coulomb(e™), no measurement has yet been reported for the fully
attraction between the incideet and the negative hydrogen differential cross sections that contain the most detailed in-
ion has also been incorporated in a consistent manner in tfermation about the particular process, and as such the
initial channel. present elaborate studpf both the Ps and the ejection dis-
Both the Ps and the ejection distributions are studied anttibutions is expected to provide some guidelines for the
the former(Ps9 is found to dominate at lower incident ener- future kinematically complete experiments.

IV. CONCLUSION
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