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We have used the energy and angular distributions of the low-energy electron emission cross sections from
the preceding papé¢t.okesh C. Tribedit al, Phys. Rev. A58, 3619(1998] to derive the doubly differential
final-state longitudinal momentum distributions of the electrons, recoil ions, and projectiles in ion-atom ion-
ization for *+He. The complementary nature of the electron spectroscopy and the recoil-ion momentum
spectroscopy have been investigated using a formulation based on three-body kinematics to explore the ion-
ization dynamics in detail. The influence of the three-body ionization as well as the binary-encounter processes
on the recoil-ionland projectilg longitudinal momentum distributions has been investigated. The separation of
the soft- and hard-collision branches of recoil-ion distributions is an important feature of the present technique.
The present method also allows one to determine cross sections for very large electron momenta. The single-
differential distributions are also derived by numerical integration of the double-differential distributions. The
first Born approximation, the continuum distorted wave eikonal initial state, and the classical trajectory Monte
Carlo calculations are used to explain the data.
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I. INTRODUCTION mentum spectroscop§RIMS) is relatively new. Longitudi-
nal recoil-ion momentum spectroscopy is an experimental
The energy and angular distributions of the low-energytechnique that has been developed only in the past few years
electrons measured by standard electron spectroscopic ted—12. This method offers a very powerful technique to
niques have enriched our understanding regarding the iorgtudy ion-atom collisions different from the conventional ap-
atom ionization mechanisms. The distinct features characteRroaches. The high-resolution RIMS technique has enriched
izing the ionization process are the soft-collision, theOUr understanding regarding the different inelastic processes
electron capture in a continuufECC) cusp, and the binary- Such as ionization and capture. The separation of the
encounter peak. The low-energy electrons produced in thE/€Ctron-electron interaction from the nuclear-electron inter-
soft collisions largely dominate the double-differential ion- 2¢tion in ion-atom ionization has been investigated using this

ization cross-section spectrum. These soft electrons can 6schn|que[11,12. Kinematically complete experiments on

viewed as a continuation of excitation across the ionizations'Ingle ionizatior{6], double ionizatior{8], and transfer ion-

N Ization[7] have been carried out recently using RIMS via the
threshold. The cusp electrons_observed ato are pf‘?d”‘:ed l(IIP(easurements of the differential cross sections in the recoil
electron capture to the continuum and are identified as n (pr) and electron momentap). Most of these kine
. . R . -
cus.phk.e structqre at an electron veI_00|ty that matches th‘?natically complete experiments typically use a cold jet target
projectile velocity. The broad peak is of bmary-encounter[g of He gas. The single differential cross sections

electrons that are elastically scattered target electrons frory oldpg and do/dp,) are measured, which involves the
the projectile nucleus and centered around an electron velogretection of recoil ions in coincidence with soft electrons
ity that is twice the projectile velocity. The high-resolution and projectiles having energies below 50 eV. Recently,
Auger electron spectroscopy has been used to study varioygavis et al.[10] also have studied the details of the ejected
phenomena in ion-atom ionization such as resonant transfelectron momentum distributions in ionization of He by low-
and excitation, inelastic resonant excitation, and electronyelocity protons and € ions.
electron interactiongl—3]. The energy and angular distribu- Both ejected electron spectroscofBES and RIMS have
tions of the low-energy electrons in ion-atom collisions havebeen used to investigate various phenomena of ion-atom col-
provided important inputs in understanding the two-centelisions. However, the relationships and complementary na-
mechanism of ionizatiofsee references in the preceding pa-ture of these two techniques have not been explored in detail.
per, henceforth referred to as papgr | It has been demonstrated only recerli3,14] that many of
While electron spectroscopy has been used extensively e aspects that are studied using the RIMS also can be ad-
study the ionization mechanism, the use of recoil-ion modressed by EES, although the latter is not a kinematically
complete experiment. The standard electron spectroscopy ex-
periment has the added advantage in that it does not need a
*Electronic address: lokesh@tifrc3.tifr.res.in cold jet target. Since the spread in the electron energy due to
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the th_ermal energy of the He atom is of the_ order of 0.005 —Ppi=Pe+ Pri=Q/v=(gc—&)/v, (1)
meV, i.e., the momentum spread is approximately equal to
6x 10 % a.u., we can derive the electron momenta withoutwhere pp; is the longitudinal momentum transfer from the
the use of a cold jet target. The disadvantages of the EEBrojectile, pg (=peC0S6,) is the longitudinal electron mo-
method are that the charge state of the recoil ion is not rementum,pg, is the longitudinal recoil-ion momenturf;| is
solved and the recoil ion and projectile momenta cannot bé#he binding energy of the target atom in the initial state, and
deduced for the transverse direction. In this paper we show, is the ejected electron energy. This relation is valid if the
that from the measured energy and angular distributions aprojectile scattering angle is very small. In other words, Eq.
the lowest-energy electrons, with a double differential cros¢1) is a good approximation for a three-body system involv-
section(DDCS) (d?o/de.d),), one can derive a variety of ing a heavy projectile that suffers a small energy loss com-
double-differential distributions by using three-body kine-pared to its initial energy and is correct to the order of
matics g, and{). are the electron energy and emission solidm./mp and m,/my, wheremg,mp,m; represent the mass
angle. The final-state momentum distributions of the elec-of the electron, projectile, and target, respectively. The recoil
tron, the recoil ion, and the projectile in ion-atom ionizationions can be uniquely defined only in collisions of bare ions
contain rich information regarding the three-body dynamicswith atomic hydrogen. In the case of other targetsch as
that has important applications in other branches of physicdd,/He) the recail ions also can be produced from double or
For example, we have derived differential cross sections imlissociative ionization and in such cases Eq.merely re-
the longitudinal momentum distributions of the recoil ions flects the momentum balance in the center-of-mass frame of
d?0/dpg dQ. and projectilesd?o/dpp dQ,. For the elec- the “compound” third party that is separable from the ion-
trons we derive the complete momentum distributions, i.e.jzed electron and the projectile. For the present collision sys-
longitudinal and transverse componeniér/dpgdQ, and tem (C*+He) the cross section for double ionization is es-
d?0/dpe, dQ,. By integrating these distributions oved,  timated to be about 5% of the total ionization cross section.
(i.e., the electron emission anyjl@e can obtain the single- This estimation is based on the present CTMC calculation
differential distributions in terms of the momentum trans-and previous experimenfd7-19. Therefore, it is reason-
ferred to all three particles, i.edo/dpg, do/dpy, and able to assume that the most probable recoil ion would be
do/dpp,, which are the foci of a recent series of RIMS He™ in the present case. However, this assumption becomes
experiments on ionization. The quantity, is the electron more tenuous for the small-impact-parameter collisions that
transverse momentum. lead to backward scattered electrons and the fraction of
It has been demonstrat¢é] that these single-differential double ionization probabilitywith respect to single ioniza-
distributions are sensitive to the postcollision interaction betion) will then be greater than its integrated value. The"He
tween the ionized electron and the projectile for highlycan also be left excited. This channel is not separated from
charged heavy projectiles. The peak shifts of the longitudinathe He" ground-state channel in the present experiment.
momentum distributions of the electrons towards positive The longitudinal recoil-ion momentunpg,) can be de-
momentum and that of the recoil ions towards negative motermined from Eq(1) for a given electron energy and emis-
mentum have been reproduced extremely well fo#N+He  sion angle §.,6,). In general, for a givepg, , there are two
by classical trajectory Monte Carl@CTMC) calculations. branches of electron energy
However, the peak shifts observed in experiments were in .
large disagreement with the predictions of continuum dis- e(Pri»0e) =¢¢
torted wave eikonal initial-statd CDW-EIS) calculations
[15]. In the present paper, we study the momentum distribu-
tions fpr a high-veloci_ty_ =10 a.u_.) collision of &' +He +|v oS 6 \/(v C0S 0¢)2+ 2(prv — 1))
for which the postcollision effect is expected to be smaller
than that for the collision system in R¢€] since the current i)
perturbation strengtl/v = 0.6, rather than 2.0 for the Rfi"

O _ .
system. We compare our data with the CDW-EIS, first Bornit May be noted that fopg,< pr,= |8.‘|/v’ Ze(Pry . 0c) IS a
(B1) and CTMC calculations, double-valued function opg, for a givené,. The quantity

p%” corresponds to zero-energy electrons as explained in Eq.

(1). For pg;=0 and ,=0° the solution(2) gives ps=v

_ o +Vv?—2|g;|, which, fore;~0, can be further simplified to

A. Relation between the longitudinal momentum give p,~2v and 0. The first solution implies the binary en-
of the electrons and the recoil ions counter process, while the second solution corresponds to

The connection between the longitudinal recoil-ion mo-Very-low-energy —electron emission in a large-impact-
mentum distributions and ejected electron spectroscopy wairameter collision, resulting in very small recoil-ion mo-
recently discussed by RAduez et al. [16]. These authors Mentum in a three-body ionization.
have analyzed the ionization mechanisms from the perspec- Rodrguez et al. [16] pointed out that the two energy
tive of longitudinal recoil-ion momentum distributions. In branches corresponding to the electron energiesand e,
this paper our objective is to show how we can construcioin together at electron capture into the projectile continuum
momentum distributions for the projectile and recoil ionsee =&, =3v° since §.=0 and pe=v. The longitudinal
based on the electron DDCS measurements. For fast iofiecoil-ion momentum acquires an absolute minimum at the
atom collisions, longitudinal momentum and energy conserECC, pg"=—v/2+|&;|/v, marking the threshold of the lon-
vation require that gitudinal recoil-ion momentum distribution.

=[priv—|ei| + (v cos 6)?]

II. RESULTS AND DISCUSSION
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20— . ; . . =90° [Fig. 1(c)] and no binary encounter peak is observed
1F E for back angles.
0 E e

it

soft electrons B. Double differential distributions

The final-state electron longitudinal and transverse mo-
mentum distributions in terms of electron DDCSs can be
expressed as

d’o B lpel  d’o 3)
dpedQe cog 6, deedQe
and
d? d?
o |Pe. | o )

dpedQe sinfg, deedQe’

Equation(1) provides the essential ingredients for construct-
ing longitudinal momentum distributions for the recoil ions

and for the projectiles in the final state. Having obtained the
longitudinal recoil-ion momentum, we can calculate

d2a/dpg,dQ, from the following equation, using the Jaco-

bian transformation:

Longitudinal momentum of recoil-ion Py, (a.u.)

d?o B 1 d?o 5
dpridQe |1 cos Oe decdQe’
U 2¢e,
5L : . \ . , ) ) In Fig. 2 we show a few examples of the longitudinal
0 25 50 75 100 125 150 175 200 momentum distributions of the electrons and recoil itws-
Electron energy (a.u.) responding to the electrons having energies 0.1-300 eV

For forward angles, the electron longitudinal momentum dis-

FIG. 1. Relation between the longitudinal momentum of thetribution peaks at some positiy®,, as expected. The peak
recoil ions (g,) and the electron energy{) for () .=0°, (b)  of the distribution corresponds to the low-energy electrons
forward angles, anéc) forward and backward angles in ionization emitted in three-body ionization. Fa@k=45° the measured
of He by 30-MeV C*ions, obtained from Eqg1) and (2). electron distribution shows both peaks corresponding to the

soft electrons(around 0.5 a.).as well as to the binary-

Figure 1 shows the relation between the recoil-ion longi-encounter peakaround 10 a.). Accordingly, the recoil-ion
tudinal momentum and the electron energy for a given emistlistributions for the forwardelectron emissionangles peak
sion angle for the present collision system. It is clearly seemat negativepg, values, as can be predicted from E). The
that for §,<90° two different values of, can have the same two branches of the recoil-ion distributions are clearly vis-
longitudinal momentum of the recoil ions. For backwardible. The higher branch corresponds to the low-energy elec-
angles the gl becomes a single-valued function of. It  trons produced in three-body soft collisiofsoft electrons
may be seen from Fig.(4) that for 0° electron emission the An example is shown in Fig.(B) for emission angle 45°.
zero recoil-ion longitudinal momentunpg,) is observed for  The higher branch peaks aroupg,~ —0.45 a.u., which has
ee=0, i.e., for the soft-collision electron€SCE$ and e,  a corresponding electron counterpart @j~0.57. These
=200 a.u., which is the binary-encoun{®E) electron en- peaks(both recoil and electrgnoriginate from the lowest-
ergy for the present case sinoce=10 a.u. Thepg, is ex-  energy part(below approximately 10 eV) of the electron
pected to be near zero at the BE since it is a two-body colDDCS spectrum. Hence the detection of these low-energy
lision between the electron and the projectil@e have electrons is important in order to have the complete peak in
assumed that the shift in the binary peak due to the electrortse recoil-ion momentum distribution. It may be noticed that
initial binding energy is negligible for this illustrationThe  the lower branch has a broad peak aroppg~0.0, which
curve turns over at the cusp electron eneteyb0 a.u. for  corresponds to the binary encounter peak in the electron
0°. For all the forward anglepgll(¢.,0.) becomes zero spectrum. Since this peak essentially is produced in a two-
twice, once for SCEs and once for BE electrons. Since théody collision between the electrons and the projectiles, the
BE peak energy dge=4t cosd,) becomes smaller for recoil ions are not expected to have any momentien,
higher emission angles, the turnover point gradually shiftpg,~0.0) at the peak of the distributions. The width of the
[Figs. 1b) and Xc)] towards low electron energies for higher distribution arises due to the Compton profile of the target
emission angles. The curvasll(ee,60.) becomes a mono- nucleus since in the center-of-mass frame of the target sys-
tonically increasing single-valued function af, for 6,  tem the nucleus has the same Compton profile as the elec-
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method allows one to determine the cross sections of elec-
trons and projectiles with very high momenta that are not
easily achieved in RIMS.

In order to understand these distributions we have per-
formed CTMC calculations for the present collision system.
The electron double-differential cross sections have already
been compared in detail with the CDW-EIS and B1 calcula-
tions in paper I. Therefore, the electron and recoil-ion mo-
mentum distributions are not compared with the CDW-EIS
or the B1 calculations since these calculations also use the
same transformations as used above. The CTMC calculation,
on the other hand, is a complete three-body calculation and
does not require any such transformation and hence can pro-
vide an independent check on the method we have used to
transform the experimental data. Along with the three-body
calculations, the four-body CTMC calculations were also
used to determine the contributions from double ionization
of He. The three-body and four-body calculations give the
same peak shapes and almost the same magnitude. It was
found that the total electron spectra contain a 5% contribu-
tion from the double ionization at small angles, increasing to
about 15% for the largest backward angle studied. In Figs.
2(a), 2(b), and Zc) we show such comparisons with the data

O
0,75 for 6,=15°, 45°, and 75°, respectively. It may be noted that

the two branches in the recoil-ion distributions are repro-
duced in these calculations and in general the qualitative
agreement is very good. The two branches could be repro-
duced by the CTMC calculations after identifying the colli-
sions producing low- and high-energy.& 3vco<4,) elec-
trons. This was achieved by introducing coincidence
conditions on the recoil ions and electrons in the CTMC
calculation. The observation of two branches in the recoil-
ion longitudinal momentum distribution and its independent
check by the CTMC calculations is an important feature of
the present technique. For small angles such as 15° the cal-
culations overestimate the observed data for electrons and
recoils. However, for higher angles (15%,<90°) the
agreement is much better. The CTMC calculation predicts
the distributions extremely well fo6=75°. In the case of
tron. As in the electron DDCS spectrum, the soft 9|ectr0n5backward ang|e$F|g 3) the electrons peak at a negative
i.e., the upper branch, contribute the most to the total ionizatongitudinal momentum and accordingly the recoil-ion dis-
tion cross section. In fact, the cross sections for the recoifributions at a positive momentum. The agreement between
ions produced in the binary encounter, i.e., in the lowenhe theory and the data is good only fog,=1 a.u. andpg
branch, are two to three orders of magnitude smaller com=1 a.u. The agreement with the theory at the soft-electron
pared to the upper branch. In conventional RIMS measurepeak is poor for large backward angles. The CTMC calcula-
ments, the measured single-differentidb{d(,) recoil-ion  tion shows that the double ionization could be approximately
distributions are composed of the contributions of the recoill5% (amounting to 30% electron yielpsf the single ion-
ions from both branches, but is dominated by the uppeization for the large backward angles. However, the discrep-
branch. Using the present method we are able to distinguisAncy between the theory and experiment is too large to be
clearly the separate contributions of the three-body collisiorfXPlained by the double ionization contribution. Such doubly
and the binary-encounter mechanisms of the recoil-ion prodifferential measurements can be carried out by detecting the
duction. The two branches join together at the threshold€coil ions in coincidence with the ejected electrons emitted
value of recoil longitudinal momenturrpg'l:”) at which the in a given direction, using a cold jet target. No such mea-
cross section goes through a singularity. This can be seefhréments have been reported. o

from Eg. (5). The right-hand side of this equation has a di- _ The projectiie momentum transfer distribution can be
vergence fop,=v cosé,. This divergence could arise due 9iVen by
only to the mathematical transformation and may not have

any physical basis. However, this sharp divergence separates
clearly the two branches that correspond to the soft-collision
(“soft-branch”) and hard-collisior{**hard-branch”) regimes

of ionization. It may be emphasized here that the presenthese distributions are shown in Fig. 4 for a few different

Sy
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FIG. 2. Double differential longitudinal momentum distributions
of electrons(open circleg and recoil ions(open squargsfor for-
ward angles(a) 6.=15°, (b) #.=45°, and(c) 6,=75°. The thick
solid (dotted line is the CTMC calculation for electrofrecoil)
distributions.
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FIG. 3. Same as in Fig. 2 except for backward angles;f, FIG. 4. Double-differential distributions of projectile longitudi-
=105°, (b) 6,=135°, and(c) 6,=160°. The lines and symbols nal momentum transfer fofa) 6,=45°, (b) 6.=75°, and 6,
have same meaning as in Fig. 2. =135°. The line represents the CTMC calculations.

angles. The minimum energy loss of a projectile to ionize &yjectron is dominant and the projectile transverse momentum
He atom is 0.903 a.u., which corresponds to a minimumyoyd be the same in magnitude as the electron transverse
momentum transfepp; = —0.0903 a.u(sincev =10 a.u.) of  momentum p,, ), i.e., approximately equal to 10 a.u., which
the projectile. Accordingly, the projectile longitudinal mo- corresponds to a scattering anglg /pp about 0.01 mrad.
mentum transfer distribution starts a0.0903 a.u. and falls  The CTMC calculations reproduce the distributions very
off rapidly. The binary encounter peak is clearly observed agyel| for large forward anglefFigs. §b) and 5c)]. Excellent
a broad peak around 10 a.u. The dOUb|e-diffeI’entia| diStri- agreement is observed for 75°. For the Sma” forward ang|e
butions are well reproduced by the CTMC calculations for[Fig. 5a)] the theory overestimates the distribution for all
the forward angle$Figs. 4a) and 4b)]. The soft-electron  the transverse momentum. For large backward andtas
peak contributes the most in the projectile momentum distris(d)] the theory underestimates the data for low-momentum
bution. However, for backward angles the CTMC underestig|yes.
mates the distributions for very small momentum transfer but
agrees very well for large momentum transfer. The double- IIl. SINGLE-DIFFERENTIAL DISTRIBUTIONS
differential distributions in electron energy and projectile
scattering angle have been measured recg@fy for low- Single-differential distributions such asdo/dpgy,
energy protons colliding with He. A postcollision interaction do/dpg, do/dpp; have been derived by performing nu-
was observed by these authors. merical integration of the corresponding double-differential
The electron transverse momentum distributions for dif-distributions at different angles between 15° and 160°. We
ferent emission angldslerived using Eq(4)] are shown in  show the longitudinal momentum distributions of the elec-
Fig. 5. The transverse momentum of the ionization productsrons and recoil ions in Fig.(6). It may be seen that the
is sensitive to the impact parameter. In the present case thedectron distribution is slightly shifted towards a positive
distributions show a peak around 0.3-0.5 a.u. for differentongitudinal momentum by 0.1 a.@which is approximately
angles. These peaks correspond to the soft-electron peakbe same a®/v of the reaction for zero-energy electrpns
For 6.,=45° the binary-encounter peak is clearly visible The recoil-ion longitudinal momentum distribution peaks be-
aroundp., =10 a.u., as expected from the kinematics. At thetween 0 and-0.1 a.u. Since the forward shift of the electron
BE peak, since the recoil momentum is near zero, the trangdistribution can be accounted for almost fully by the projec-
verse momentum exchange between the projectile and théde energy loss for the emission of lowest-energy electrons,



PRA 58 IONIZATION DYNAMICS IN FAST ... . 1l.... 3631

500 T T T 7 T T
1004
4004 30MeV C™ +He CcTMC (a)_
el
10- 300- ‘E@ ectron
ey Qe recolil
1 recoil” Ug )
] 200 g electron
100 100+
104 ob—oo~—" TrreeldlQl
13 4001 (b) 1
fg, 0.1 . CDW-EIS
2 S 3004 ok 1
: 0.01 4 g oA
8 3 000l recoil 5 / TR electron |
2 = P S
o 104 o A o,
g o 1001 & 1
he =) it i3
o © o “\\N-
!% 14 0
b T T L) T T T
3}
© 400
0.1 T
-1 0 1 2 3 4 5 6 7 8
300+
10+
1] 200+
0.14 1004
0.01+
O_

15 1.0 05 00 05 1.0 15 2.0
p, (a.u.)

FIG. 5. Doubl_e-dlfferentlal transverse momenFum dlszrlbutlons FIG. 6. Single-differential longitudinal momentum distributions
OfE|€C£r0nS for_dlffeorent electrog emI§S|0n angles; f= 157, (_b) of electrong(open circlegand recoil iongopen squargsalong with
0e=45°, (C) fe= 7,5 ! and(d) 6.=135°. The CTMC calculations different theoretical calculationga) The thick solid(dotted line is
are shown by solid lines. the CTMC calculation for electrofrecoil) distributions.(b) The

thick (thin) solid line represents the CDW-EIS calculation for the
it may be concluded that the PCI causes a much smaller shiélectron distribution using HF&-like) wave function of the active
with respect to that observed in the case of Ni ipéis This electron. The dotte(lashedglline denotes the CDW-EIS calculation
is consistent with the fact that we have in the present case f@r the recoil-ion distribution HF§H-like) wave function.(c) A
much smaller value of/v (=0.6) and the PCl is expected comparison with the B1 calculations.
to increase with increasing/v. The CTMC calculations
predict a much larger shift for the electrons as well as for théhat the small postcollision interaction that is present in the
recoil ions. The observed widths of the distributions arecollision is well reproduced by the CDW-EIS calculations.
smaller than those given by the CTMC calculations. TheThe B1 calculations are shown in Fig(ch Although they
overall agreement would be better if one added a 5-10 %eproduce the data for a positive longitudinal momentum,
contribution due to double ionization in the calculations.they fail for electrons with a negative longitudinal momen-
However, the CDW-EIS calculations, shown in Figh  tum. Also, they predict the electron peak aroumg=0.0.
provide much better agreement with the data. The thin solid’he B1 fails to predict the recoil-ion peak position correctly.
line (representing the electron distributioand the dashed The single differential distribution in projectile longitudinal
line (corresponding to the recoil-ion distributionare the momentum transferdo/dpp;) obtained by using a transfor-
CDW-EIS calculations using the H-like wave function of the mation similar to Eq(6) is shown in Fig. 7. The negatiy®,
active electron in the initial state. The thick solid line andimplies a loss of projectile energy in the collision. It may be
dotted line represent the CDW-EIS calculations for electronsioticed that the distribution falls sharply beyor®.09 a.u.,
and recoil ions, respectively, using Hartree-Fock-Slater wavavhich is the minimum momentum required to be transferred
functions for the initial and final states for the active elec-for ionization. The CTMC calculation provides reasonable
tron. Both of the CDW-EIS calculations reproduce the peakagreement with the data, while the CDW-EIS calculations
position very well for the electron distribution. The agree-show excellent agreement with all the data points.
ment is good also for the recoil-ion distribution except for a The single-differential distributions can be compared
small discrepancy near the maximum. It may be concludedeadily with the recent RIMS measurements. Moshammer
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et al. [6] have measured the recoil-ion and electron single- X
differential distributions for Ni*"+He (v=12,Z/v~2). ol : T \
Their measurements show a large shift in the recoil and elec- 0 1 2 3 4
tron distributions and these results have been interpreted as a p,(au)

signature of the postcollision interaction between the projec- ) ) o
tile ions and the ionized electrons since the projectile mo- FIG. 8. (8 Slngle-dlfferentlal distribution of electron transverse
mentum transfer is negligibly small in this collision. It was momentum transfer along with th? CTMC, CDW-EIS, and B1 cal-
also shown that the CTMC calculation reproduces thes%glat.'on.s' (b) The CTMC cqlculatlons for transverse momentum
shifts extremely well. However, the CDW-EIS calculations istributions of all three particles.
predict much smaller shiftl5] of the electron and recoil tion is found to be 1 a.u. The width of the longitudinal mo-
distributions compared to the observat{@j, while it repro-  mentum distribution(Fig. 6) was found to be 0.75 a.u. for
duces the electron single-differential distribution quite well.electrons as well as recoil ions. These widths are less than
Such a discrepancy between the data and CDW-EIS calculdéhat of the Compton profil€l.6 a.u) of the He target. How-
tion calls for further investigation. It may be interesting to ever, the width of these distributions need not necessarily
measure the double-differential distributions of the lowestreflect the Compton profile in the initial state since most of
energy electron emission for a collision system similar to thehese electrons and recoil ions are produced in the three-body
above ondi.e., 3.6-MeV/nucleon Nf* +He). It may be re- collision and momentum is shared by the recoil ions and the
called that in the case of ionization of He by low-velocity electrons.
(v~1.0) highly charged (&) ions (nonperturbative re- The transverse momentum of the recoil ions is a result of
gime), both the CDW-EIS and CTMC calculations deviate a complicated interplay among the three particles in the final
from the experimental observatiofs0] regarding the shape state. Using the present method it is not possible to derive
of the electron longitudinal momentum distribution. the transverse momentum distributions of the recoil ions and
The single-differential distribution in electron transverseprojectiles from the measured electron spectra since no
momentum is shown in Fig.(8). The distribution peaks simple relation among the transverse momenta of the ioniza-
around 0.5 a.u. The B(dotted ling overestimates the distri- tion products exists similar to Eq1). Extensive measure-
bution, although it reproduces the peak position quite wellments on the recoil-ion transverse momentum distribution
The CTMC calculationdash-dotted linepredicts the peak have been carried out by Ber et al. [21]. However, we
position around 0.25 a.u. and the whole distribution is shiftedshow the CTMC calculations for these distributions in Fig.
toward lower momentum values. The best agreement i8(b). Most of the low-energy electron emission is associated
found with the CDW-EIS calculations using the Hartree-with very small projectile transverse momerifal a.y and
Fock-Slater wave function. The CDW-EIS calculation repro-hence for small projectile scattering anglesp(/pp~1
duces the peak position as well as the width of the distribux 10 * mrad). The soft-electron peafat 0.2 a.u. arises
tion very well. Although there is a discrepancy between therom a large impact parameter collision in which the projec-
shape of the observed distribution and the CTMC calculatile scattering angle is negligibly small and hence the recoil-
tions, it reproduces the total ionization cross section withinion transverse momentum should be almost the same in mag-
10% (the theory overestimates.ifThe width of the distribu- nitude asp,, , as seen from the calculation.
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IV. CONCLUSION tions predict a larger than observed shift in the electron and
recoil-ion distributions for the present collision. The CDW-

S - T EIS calculations reproduce the data very well along with the
tum dlstrlbuthns of the _recpﬂ lons and the projectiles in thefelectron and recoil peak positions. In view of the fact that the
final state of '°”'at°”.‘ |qn|z§1t|on from the measurement OlcDW-EIS calculation does not reproduce the earlier obser-
energy and angu_lar dlstrll:_)u_tlons .Of the Iow-energy eIeCtron?/ation [6] of a large shift of these distributions caused by
for bare carbon ions colliding with He. The details of the L O . . .
S ) . strong postcollision interaction, we suggest further investiga-
ionization kinematics have been worked out based on thre

bodv kinematics. A formulation for constructin thesee[i-on of double differential cross sections for the low-energy
y ' 9 electron emission from the He atom in a collision with even

goug:e—g!gerent!a: dd.'Str.'SUI.'OnS _from tdhebmeadsuredh elecgrodmeavier highly charged projectilésuch as in Ref[6]). The
ouble-d erenpa Istributions IS used, base Qnt ree-bo omplementary nature of the electron spectroscopy and the
Elnemﬁtlcs_. '?r:' |mpor_t|a_nt fzatutr)le |sd_tf?e se?;iratlon of :he tw IMS has been explored in detail and it is shown that many
ranches in the recoil-ion double-differenti@d momentum
and anglg distribution. The two branches éorrespond to theOf the a;pects of RIMS also can be addressed by the use of
L . conventional electron spectroscopy. The present method
three-body soft collision and two-body bmary—encounterdoes not require a cold jet target and therefore can be used

mechanisms of ionization and they join together through . )
sharp singularity at the threshold longitudinal momentum%r other targets as well. The present study gives a different

Complete, three-body CTMC calculations reproduce the tWéZIIreCtIOI’I to the well known EES technique.
branches very well and explain the data for forward angles
but underestimate them for backward angles. The single dif-
ferential longitudinal momentum distributions have been de-
termined for the recoil ions, electrons, and projectiles. We The authors would like to thank M. E. Rudd for critically
also have derived the electron transverse momentum distrieading this manuscript and for various suggestions. This
bution and it is pointed out that the transverse momentunwork was supported by the Division of Chemical Sciences,
distributions of the recoil ions and projectiles cannot be in-Office of Basic Energy Sciences, Office of Energy Research,
vestigated using the present technique. The CTMC calculdd.S. Department of Energy.

We have studied doubly differential longitudinal momen-
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