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In this paper recoil-ion production cross sections are presented differential in recoil-ion longitudinal
momentum and electron emission angle in ionization of atomic and molecular hydrogen by bare
ion projectiles. A new formulation for constructing these double differential distributions from the
measured electron double differential cross sections is used. A novel feature is the separation of
two different branches of the recoil-ion longitudinal momentum distribution corresponding to soft and
hard collision mechanisms of ionization. The single differential distributions have also been derived.
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lonization in ion-atom collisions is a fundamental targets. The present technique will thus be extremely
process which is important in understanding three-bodwyseful and unique in providing knowledge on the final-
dynamics. The precise measurement of electron doublgtate momentum distributions of the primary collision
differential cross sections (DDCS) in electron energy angroducts of ionization in the fundamental collision system,
angle has enriched our understanding of the different ioninamely, H + H, and also in ionization of the simplest
zation mechanisms for soft electron emission, binary enmolecule H by fast bare ions.
counter (BE) electron emission, and the electron capture To manifest the present method we derive here the dou-
to the continuum cusp production. While the ejected elecbly differential longitudinal momentum distributions for
tron spectroscopy (EES) has been a subject of extensithe recoil ions and the electrons in ionization of hydro-
study in the past two decades [1-7], the recoil-ion mogen for two different collision systems: (i) bare carbon
mentum spectroscopy (RIMS) has been developed onlipns (2.5 MeV/u, v = 10 a.u) colliding with molecu-
recently [8—13]. The RIMS has provided valuable in-lar hydrogen and (ii) low energy0.114 MeV/u, v =
formation on the various ionization mechanisms such a2.14 a.u) protons colliding with atomic hydrogen. These
electron-electron, electron-nucleus, and postcollision inresults are derived from the electron DDCS data measured
teractions via the measurements of the cross sections difecently [7,14] using standard EES techniques and will
ferential in recoil-ion(pg) and electron momentép.). not be discussed here. The same electron spectrometer
In a kinematically complete experiment on ionization, (with an energy resolution of about 5%) was used in both
Moshammeret al. [10] have measured the single differ- measurements, and the electrons emitted in ionization of
ential cross sections!/¢/dpg| anddo/dp,.|) using high H and H, were detected at ten [7] and twelve [14] differ-
resolution RIMS technique. ent angles betweelt® and165°.

The connection and the complementary nature between |n Fig. 1(a), we show the electron DDQ%) spec-
the EES and RIMS techniques have not been fullytra [14] as a function of electron energ, ), for 6, = 45°
explored. It is shown here that the EES measurementgnd ¢, = 160° for 2.5 MeV/u C5* + H,. These data
although not kinematically complete, can be used tosets will be used below for the present analysis. Our
derive a variety of doubly differential cross sectionscalculations using the continuum distorted wave-eikonal
with respect to electron emission anglé.) and the jnjtial state (CDW-EIS) approximation [15,16] are also
longitudinal momenta the electrdp, ), recoil-ion(pr|),  shown in Fig. 1. These calculations are based on an inde-
and the projectile longitudinal momentum transf@l;).  pendent electron approximation, as explained in Ref. [14].
The dOUny differential recoil-ion momentum distributions The final-state electron |Ongitudina| momentum distri-
can provide a deeper understanding of the three-bodyution in terms of electron DDCS can be expressed as
and binary collision mechanisms for ionization. In fact,
the soft and hard collisions can be separated as two d*c  lpgl d’c
different branches with widely different cross sections. dpedQ. — cos?0, de.d,’ @
Moreover, the high resolution RIMS experiments need
to use a cold jet as the target. Building of a coldThe fundamental law of energy-momentum conservation
jet for atomic and molecular hydrogen still remainsplays the key role in obtaining the recoil-ion longitu-
a challenging task, and hence the conventional RIMSlinal momentum distributions from the EES spectrum.
technique, as it stands today, cannot approach thesghe key equation governing the energy and longitudinal
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3 1021 39Mev Co* +H, 1 This relation is valid for a three-body system involving a
%@ 1031 Data: Ref. [14] heavy projectile which suffers small energy loss compared
S 104 : COW-EIS 2t § 4 to its initial energy and is correct to the ordermof/mp
8" 105 : , . ‘ and m,/mr, wherem,, mp, and mr represent the mass
¥ 01 1 10 100 1000 of electron, projectile, and target. The recoiling particle
© Energy (eV) ] . . .. .
100 3= e N can be uniquely defined only in collisions of bare ions
] recoils 0 =45° (b) 1 with atomic hydrogen. In the case of other targets (such
1 e 1 He), Eq. (3) merely reflects the momentum balance
CTMC (recoil) qs HZ/ » £Q. y !
oy PR CTMC(electron) 3 in the center of the mass frame, and therefore the recoil
] ] momentum refers to the momentum of the “compound”
1 e i third party which is separable from the ionized electron
14 2 electrons 4 . . . .
E 2 BE. 3 and the projectile. Furthermore, for the present collision
] P ] system (C®* + H,) the cross sections for dissociative
] and double ionization are estimated to be about 5%
0.1 to 7% and 3% of the total ionization cross section,
g ] respectively. These estimations are based on the previous
001 ! ] works [17-19] on similar collision systems and from
. 3210123456728 9101 recent experiments [20]. Therefore, the most probable
’eq"_°1OOO~ o I'ma' T R recoil ion would be the K, in the present case.
3 100 . cTme 6=45° © The DDCS, with respect tpg andé,, can be obtained
§ 10 projectiles from the following transformation:
~ 1 B.E. 4
S" o PEELEEN d*o 1 d*o @
©_ Yy AT s o 1 = .
S ookt sy nannt] ] dpridQ. | (1/v) — (cos 8./\2¢.) | de.dQ,
B 434211100 8 7 6 5 -4 3 210 1 2 . . .
g T e T Such doubly differential measurements can be carried
1004 out by detecting the recoil ions in coincidence with
the ejected electrons emitted in a given direction. No
104 ..
such measurements have been reported. Similarly, the
14 projectile momentum transfer distribution can also be
given by
0.14
d*o d*o
.01 4 =v 5
i dppidQ.  © de.dQ. ®)
P (@u) The DDCS ine, and the projectile scattering angle have

been measured recently [21] for Iow enengy+ He.
FIG. 1. (a) Electron doubly differential cross sections for

2
6, = 45° and 160° in ionization of H by 30 MeV C®* In F'? 1(b) 6XV9 presentdp udﬂ and dpRudQ for
taken from Ref. [14] and CDW-EIS calculation. (b) Doubly ¢, = 45° for C°" + H,. The peak at 0.43 a.u. in the
differential longitudinal momentum distributions of electrons electron momentum distribution consists mainly of the
(squares) and recoil ions (circles) fér = 45° derived from  |gw energy(s, =~ 0.2 a.u) electrons arising from the soft

electron DDCS. CTMC calculations are also shown. (c) The €collisions. Another wide peak at about 10 a.u. is due
projectile longitudinal momentum transfer distribution along

with CTMC calculations. (d) Similar distributions fa#, = to the hard BE collisions. The recoil-ion momentum
160° and CTMC calculations. The symbols have the saméjlstrlbutlon on the other hand, has a few features. First,
meanings as in (b) and (c). we note that there is a divergence in this distribution
(at pg| = —2.44 a.u.) arising because of the vanishing

momentum conservation can be expressed as denominator in Eq. (4) forp, = vcosf.. Second,
there are two branches in this distribution which can be
—ppll = pel + pri = —Q/v = (s. — &)/v. (2)  explained from Eq. (3). This equation can be solved for

where pp|| refers to the longitudinal momentum transfer e.(prjy, 0.) [22,23], and it can be shown that(pgy, 0.)

of the projectile with initial velocityv, and |¢;| is the is a double-valued function opg| for a given @ for
binding energy of the target atom in the initial state.pr| < le;|/v. The upper branch of the recoil-ion
The quantityQ refers to theQ-value of the reaction. distribution corresponds to low energy electrons for
From Eg. (2), recoil-ion longitudinal momentum can bee, = %vz cos’ @,. The peak in the upper branch near
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pr| = —0.35 a.u. is associated with the soft collision 00 0 o L _4go
electron peak (atp,; = 0.43 a.u.). The lower branch 5 1004 8,215
is composed of emitted recoil ions associated with the E 101 114 keV pH :
higher energy(s, = sv2cos?6,) part of the electron S 102 ;

108{ o Data:Ref.[7]
B, 10-4{ ——:COW-EIS

Q

spectrum. The wide peak in this lower branch corre-
sponds to the BE process. This distribution peaks near
pr) = 0, signifying that this process involves primarily 1054 (a) ; :
the collision between the electron and the projectile. The 1 10Energy (ev)10°
projectile longitudinal momentum transfer distribution ) I S L N B

[Fig. 1(c)] starts at—0.057 a.u., which is the minimum 1004 © recoils —— CTMC (recoil)

d2o/d

momentum transfef|e;|/v) required to ionize K and ~5 ] __electrons CTMC (electron) ]
falls off rapidly, indicating that most of the cross sections % ] (I:.F:Dﬂch ]
for projectile momentum transfer are related to the very g 104 ¢ U"b__ 4
low energy electron emission. However, there is a well g E ",._,L._ 3
separated wide peak in this distribution due to the BE =, ] B.44. BE
process at about-10 a.u., satisfying the longitudinal g 14 E"-._ E
momentum balance [Eq. (2)] since.” =~ +10 a.u. g BE Y E
andpgj =~ 0 a.u. g
Classical trajectory Monte Carlo (CTMC) calculations 0.15 m E
were performed and show an excellent agreement with the ] (b) R

electron, projectile, and recoil-ion longitudinal momen-
tum distributions [Figs. 1(b) and 1(c)]. The two branches 0.1 +—r— T
in the recoil-ion distributions could be obtained from the )
CTMC calculations by identifying the collisions produc- p. (a.u.)
ing low and high energye, = ;v%cos?6,) electrons. I
The CDW-EIS calculations also give good agreemenftlG. 2. (a) The electron DDCS for 114 key + H for
with the data (not shown). However, these results ar¢. = 15° (from Ref. [7]) and CDW-EIS calculation. (b) De-
obtained by using the same transformations [Egs. (1)ﬂved doubly differential longitudinal momentum distributions

. of electrons (squares) and recoil ions (circles) and CTMC
(5)] as used for the experimental data. The CTMC cal_,cuations.
culations therefore provide an independent check on the
collision dynamics since no such transformations are per-
formed. This calculation does not yield the singularity present in this case and also reproduced by the CTMC
present in the transformed data. calculations.

It may be emphasized that the upper branch (“soft Single differential longitudinal momentum distributions
branch”) in the recoil-ion momentum distribution is domi- for the electronsdo/dp.) and recoil ions(do /dpg|)
nated mainly by the three-body soft collision ionizationwere deduced [Figs. 3(a) and 3(b)] by integrating the
mechanism, and the lower branch (“hard branch”), ordouble differential distributions for different emission
the other hand, consists mostly of the two-body harcangles(6.) between15° and 165°. It was necessary
collision process, namely, the binary encounter. This igo have data in small angular steps to perform the nu-
the first manifestation of the existence of two branchesnerical integration. The contribution of the divergence
in recoil-ion longitudinal momentum distribution with (in the recoil-ion DDCS) to the single differential cross
widely different cross sections. section(do/dpg)) is negligible since the interval pg

At the backward electron angléd, = 160°, the situ- shrinks to zero at the point of divergence. It may be
ation is reversed [Fig. 1(d)]: the electron distributionnoted that the electron distribution peaks near a posi-
peaks near—0.57 a.u. and the recoils neatr0.65 a.u. tive longitudinal momentum=0.1 a.u. for @* + H, and
For this angle (and for all other backward angles), thenear 0.3 a.u. for the H+ H collision system. The larger
pr| (g.) is a single valued function of, (i.e., only one shift in the distribution in the case of H+ H is pri-
branch is allowed kinematically, sinceg > le;|/v = marily due to the larg® /v-value (= 0.24 a.u) as com-
0.057). The CTMC calculations, although they provide pared to the high energy collision system for which
a good qualitative agreement, underestimate the dat@/v = 0.057 a.u. The recoil-ion distributions, for both
slightly. of the collision systems, are peaked neg# = 0, in-

The similar distributions for the most fundamental dicating that the post collision interaction in the present
collision system, i.e., H+ H, are shown in Figs. 2(a) and collision systems is much weaker than that observed
2(b) for 8, = 15°. This is a pure three-body collision for more highly charged ions [10]. No measurements
system with H being the only recoiling ions. All the on the recoil-ion momentum distributions for this fun-
features observed for the high energy collision systendamental collision systertH* + H) have been reported
(C%* + H,), including the soft and hard branches, are alsdefore.
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800 . : : . . system. The present method does not require a cold jet
Cor+H, [ @ and therefore can be applied for other ion-atom collision
g 8001 recoil ol electron | systems. .
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