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The total cross section for electron capture has been measured for H, He, N, Ne, Ar, Kr, and Xe+ + + + + + +

incident on a Cs vapor target. The energy range investigated was 40-120 keV for incident protons, 30—140

keV for incident N+, and 20-200 keV for the incident noble-gas ions. Also measured was the total

attenuation cross section for H, , H, +, and N2+ incident on Cs in the energy range 30-160 keV. These

attenuation cross sections result from either electron capture or breakup of the incident molecular ion. At

velocities below 5&(10 m/sec, the various cross sections are different both in magnitude and velocity

dependence. In the velocity range (0.5-1.5)X10 m/sec, the cross sections for the various incident ions are

almost completely independent of the identity of the incident ion. At velocities above 1.5 p 10 m/sec, the

individual cross sections are different from one another again. The behavior of the measured cross sections is

discussed in terms of a theoretical model for near-resonant charge transfer.

I. INTRODUCTION

Charge-transfer reactions for ions incident on a
Cs vapor target have been studied extensively in
recent years. The total electron- capture cross
section 0~ has been measured for incident hydro-
gen ions, ' ' and for incident rare-gas ions. ' "
These experiments have been carried out with in-
cident ion energies below 40 keV, with the excep-
tion of the measurements of Il'in et al. ,

2 who
measured 0~ for H' incident on Cs at energies up
to 180 keV. In this paper we report measurements
of the total electron-capture cross section 0~ for
the noble-gas ions incident on Cs with an energy
in the range 20-200 keV, for N' incident in the
energy range 30-140 keV, and for H' incident in the
range 40-120 keV. We also report measurements
of the total attenuation cross section for H, ', H3',
and N, ' incident on Cs with energies in the range
30-160 keV. These attenuation cross sections re-
sult from either electron capture or breakup of
the incident molecular ion.

Our results show that at incident ion velocities
below 5 x 10' m/sec, the individual cross sections
are widely different in magnitude and velocity de-
pendence. In the velocity range (0.5-1.5) x 10'
m/sec, the cross sections are practically identical
in magnitude and velocity dependence. At veloci-
ties above 1.5 x 10' m/sec, the cross sections are
again different in magnitude and velocity de-
pendence. These results are described in greater
detail in Sec. II. An interpretation of our measure-
ments using a theoretical model for near-resonant
charge transfer is presented in Sec. III. This
model is appropriate for use with our measure-
ments, since for all the reactions studied, the
dominant process for incident ion velocities below

1.5 x 10' m/sec is the near-resonant capture by
the incident ion of the (Gs) valence electron of a Cs
target atom to form a fast neutral atom in an ex-
cited state. As discussed in Sec. III, at velocities
below 5 x 10' m/sec, the near-resonant capture
cross sections depend on the behavior of the mole-
cular potential curves of the reactant and product
states at the internuclear separations where charge
transfer occurs. At higher velocities the electron-
capture cross sections become guasiresonant, and
are no longer sensitive to the detailed behavior of
the potential curves. When the incident ion veloci-
ties become comparable in magnitude to the class-
ical orbital velocities of the target atom core
electrons, capture by the incident ion of a Cs
atom core electron becomes the dominant process.
In the case of the molecular ions incident on Cs
at high velocities, the process of dissociative ex-
citation (e.g. , H, '+ Cs -H, '*-H++ H') and dissocia-
tive ionization (e.g. , H, ++ Cs-2H'+e ) must be
considered in addition to electron transfer.

II. CROSS-SECTION MEASUREMENTS

An accelerator with an acceleration voltage vari-
able from 20 to 250 kV wis used for these mea-
surements. A duoplasmatron ion source produces
the ion beam. The beam is extracted using a
Pierce geometry and is focused by an einzel lens.
A 14-section tube accelerates the beam to the
desired energy. After momentum analysis and
collimation by two 1.5-mm apertures separated by
1 m, the ion beam passes between two parallel
plates to which a voltage can be applied. The pro-
per electric field between these plates can deflect
the beam into a suppressed Faraday cup located off
the beam axis. When the plates are grounded, the
ion beam passes between the plates undeflected
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and enters the Cs target. The beam emerging
from the Cs target contains positive and negative
ions as well as fast neutral atoms. A magnet de-
flects the positive and negative ion beams into two
suppressed Faraday cups, one cup for positive
ions and the other for negative ions. The cups are
located symmetrically to the left and right of the
beam axis at +4' with respect to the center of the
magnetic deflection field. The neutral beam em-
erging from the target passes straight through the
magnetic field and strikes a Cu metal surface,
ejecting electrons. A positively biased ring collects
the ejected electrons. The Cs target chamber is
23.2 cm long. In order to reduce the flow of Cs
from the target, 0.74-cm i.d. tubes, 7.7 cm long,
are used for the entrance and exit apertures of the
target. A cooled Cu-cylinder coaxial with the beam
axis condenses the Cs vapor that escapes from the
entrance and exit tubes. The Cs density increases
linearly from nearly zero to the density inside the
target as one goes from the end of either the en-
trance or exit tube into the target. The Cs density
is constant in the Cs target. The Cs target thick-
ness m in atoms/cm2 is given by w =nl where n
is the Cs density in atoms/cm' in the target and
I is equal to the length of the target plus one half
the length of the entrance tube plus one half the
length of the exit tube. The Cs reservoir is
located directly below the Cs target and is connect-
ed to the target by a 2.54-cm-diam tube. The Cs
density in the target is varied by changing the
temperature of the Cs reservoir. The Cs target
chamber is kept at a constant temperature of
-200'C which is about 75 C above the highest
reservoir temperatures reached during our mea-
surements. Condensation of Cs in the target
chamber is thus avoided. The Cs density in the
target is determined by a hot wire gauge located
inside the target. The gauge has a guard ring geome-
try so that the length of the hot mire from which Cs ions
are collected is well determined. With the assump-
tion that every Cs atom that hits the hot wire is
ionized, the current drawn by the gauge is I
= (,'nv)(2wrle) —where n is the Cs target density in
atoms/cm', v is the average Cs atom speed, y

is the radius of the hot wire, E is the length of the
hot wire, and e is the electronic charge. By mea-
suring I one thus obtains n from n = (2I)/(wvrle)

The cross sections are measured as follows. An
ion beam is extracted from the ion source and
accelerated tothe desired velocity, momentum-
analyzed, and collimated. The intensity of the ion
beam incident on the target is measured by deflect-
ing the beam into the suppressed Faraday cup
before the target. The current measured is I,
=N,e, where N, is the number of positive ions in-
cident per sec and e is the electronic charge. The

incident ion beam is then permitted to enter the
Cs target. The positive ions emerging from the
target are deflected by a magnetic field into a
suppressed Faraday, cup. The current measured
is given by I,=N,e where N, is the number of posi-
tive ions per sec emerging from the target. When
the target thickness m is very small, the ratio
I,/I, is given by I,/I, = T(1 —wo), where T is the
fra, ction of the incident positive beam transmitted
through the target when n =0 and 0 is the total cross
section to remove a positive ion from the beam by
collision with a Cs atom (i.e., the total attenuation
cross section). The transmission of our beam
through the target at zero target thickness was
above 99/0 (i.e. , T& 0.99) at all the energies
studied. Thus the loss of beam because of mis-
alignment of our apertures or by deflection due to
stray electric or magnetic fields is very small.

The total attenuation cross section o. is equal to
the sum of the cross sections for the different pro-
cesses that mill remove an ion from the positive
ion beam that enters the detector Faraday cup.
The processes that can remove a positive ion from
the detected beam are charge transfer and elastic
scattering through an angle large enough to cause
the scattered particle to completely miss the de-
tector Faraday cup. In the case of H, ', H, ', and

N, ' incident on Cs, breakup of the incident mole-
cular ion is an additional process that will remove
the ion from the detected beam.

We believe that the contribution of the elastic
scattering cross section to the total cross section
cr is negligible for the following reason. The pro-
file in the horizontal plane of the positive ion beam
emerging from the target at the highest densities
reached during our cross-section measurements
was determined by sweeping the beam across the
suppressed Faraday cup in the detection chamber.
The Faraday cup subtends an angle of 1.5' as seen
from the center of target. At all the energies in-
vestigated, the collected ion current was found to
be independent of the magnetic deflection field for
changes as large as +10% from the value required
to center the beam in the Faraday cup. The ion
current drops sharply outside this range of deflec-
tion fields as the beam completely misses the cup.
This indicates that the angular divergence of the
positive ion beam emerging from the target is
much smaller than the angle intercepted by the
Faraday cup. We therefore conclude that elastic
scattering is a negligible loss mechanism for the
positive ion beam.

The charge-changing reactions that can remove a
positive ion from the beam are single-electron
capture, double-electron capture, or the stripping
of one or more electrons from the incident ion.
We monitor the negative-ion yields, and in all
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cases when m&10" atoms/cm', the negative-ion
production is extremely small compared to the
attenuation of the positive beam. For He', N',
Ar', Ne', Kr', or Xe' incident it is possible to
strip one or more electrons from the ion. The
resolution of our charge analyzer was sufficiently
high to allow us to resolve singly and doubly charg-
ed ions entering the detection chamber. Periodic
checks for multiply charged ions performed by
sweeping the charge-analyzing field showed no
measurable positive beam components aside from
the singly charged one. This is reasonable since
the stripping cross sections for positive ions inci-
dent at the energies investigated are quite small
compared to the single-electron- capture cross
sections. Thus for H', He', N', Ne', Ar', Kr', or
Xe+ incident on a Cs target o = o~, and for H, ',
H, ', or N, 'incident on a Cs target o=o~+v~,
where oo is the cross section for dissociative ex-
citation or dissociative ionization of the molecular
ion (i.e., oD is the cross section for breakup of the
molecular ion into one or more atomic ions).

At a given energy we measure I, and I, as a func-
tion of m for sufficiently low values of m, that the
ratio I,/I, is a linearly decreasing function of w.

The intercept at m =0 gives T and the slope of
I, /I, as a function of w gives -To. We use the neu-
tral detector as a check that the values of m are
small enough so that the fractional yield of the
neutrals is increasing linearly, and we use the
negative detector to verify that the negative yields
are very small.

The results of our measurements of the various
cross sections are shown in Fig. 1, and summar-
ized in Table I. Previously reported measure-
ments"'o ' of cross sections for incident ion
energies below 40 keV are also shown in Fig. 1.
The uncertainties quoted in Table I result primar-
ily from two sources: (i) random errors in the
current measurements, and (ii) the systematic
uncertainty in the Cs density determination using
the surface ionization detector inside the target.
The error due to (i) is about +8%%uo at most energies,
and that due to (ii) is estimated to be about +5%%uo.
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TABLE I. Total attenuation cross sections cr(10 ~7 cm~) for hydrogen atomic and molecular ions, nitrogen atomic and

molecu1ar ions, and noble-gas ions incident on Cs as a function of the beam energy (keV).

Beam
energy H H2' H3' He Xe

20
30
40
50
60
70
75
80

100
120
125
140
150
160
175
180
195
200

881+68
820 + 55 1065+ 57
695 + 58
599+37 854+47
531+46

24+2 114+8 135+8 75+ 6
16+2 108+ 7 138+8 60+4
10+2 103+ 6 131+11 53+4

433 +28
328 +29
254 + 19

131+9 48+4 191+15

93+ 6 133+9

576+ 34

400+ 22

319+21

227+ 21

63+4 128+ 9 177+ 13 225+ 13
144+ 17

40+4 116+7 147+8 110+7

1094+ 93 1074+ 66 1065+ 58
1140+83

993+ 70 1037+ 58 1001+56 1057 + 60
909+ 100

516+ 52
736+42 1052+ 60 1197+64

706+ 39 1020+ 67 1127+ 65

590+ 36
925+ 75 999+60

989+ 65
813+50

983+ 59 1063+58 1154+64
777+ 70
698 + 66 831+59 1125+61 1145+ 60
599+35

The overall errors as given in Table I are typically
+10%. The cross sections measured in the present
work are in excellent agreement with our low-
energy cross-section measurements' "" in the
energy range 20-40 keV, where the measurements
overlap. We also note that our previously reported
cross sections for He' and Ar' incident on Cs"'"
are in excellent agreement with the measurements
of Peterson and I orents' where the two sets of
measurements overlap.

As has already been pointed out, Il'in et al .'
have measured the electron-capture cross section
for H' incident on Cs in the energy range 10-180
keV. In the energy range investigated in the pres-
ent work, the cross sections of Il'in et al. have
the same velocity dependence as our measure-
ments, but are consistently 25% larger than our
cross sections. Il'in et al. estimate a systematic
uncertainty of 20% for their crass-section mea-
surements.

As is apparent from Fig. 1, there are three
ranges of the incident ion velocity, each of which
appears to be characterized by a particular behav
ior of the cross sections taken as a whole. For
velocities of the incident ion less than 5 x 10'
m/sec (i.e. , for energies per nucleon below 1
keV/nucleon), the various cross sections differ
greatly among themselves both in magnitude and
velocity dependence. We call this region I. As
the energy per nucleon of the incident ions is in-
creased beyond 1 keV/nucleon, there is a striking
change in the behavior of the cross sections. For
velocities of the incident ion in the range (0.5-1.5)
x 10' m/sec (i.e., energies per nucleon in the

range 1-10keV/nucleon), the electron-capture
cross sections are almost completely insensitive
to the identity of the incident ion, and all the cross
sections are nearly the same in magnitude and
velocity dependence. We call this region II. For
velocities of the incident ion greater than 1.5 x 10'
m/sec (i.e. , for energies per nucleon greater than
10 keV/nucleon, the cross sections for the various
incident ions become different again, although they
all share the common feature of decreasing more
slowly with increasing velocity than in region II.
We call the region of velocities greater than 1.5
x 10' m/sec region III.

III. INTERPRETATION OF THE EXPERIMENTAL
MEASUREMENTS

In regions I and II, the charge-transfer processes
for all the reactions investigated have several fea-
tures in common. The Cs electron captured by the
incident ion to form a fast neutral is the valence
(6s) electron. All the projectile species investi-
gated have neutral excited states with ionization
energies quite close to the ionization potential
of Cs. Consequently, for any of the incident
ions X' investigated, there exist final states
(&*+Cs') that lie very close in energy to the initial
state (Ã'+Cs). The electron-capture cross sec-
tions are usually large for those reactions that have
a small energy defect, i.e., that have a small
energy difference between the reactant and product
states. The fast neutrals are thus formed pre-
ferentially in these near-resonant excited states.
The charge- transfer reactions are therefore pre-
dominantly near-resonant reactions. For the heav-
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ier rare-gas ions"'" and the molecular ions in-
cident on Cs, the number of near-resonant final
states is large.

The charge-transfer cross sections can be dis-
cussed in terms of the model for near-resonant
charge transfer proposed by Happ and Francis, "
Demkov, '~ and Qlson. " The mechanism for elec-
tron capture in this model. is the interaction be-
tween close-lying potential curves of the reactant
and product states at large internuclear separa-
tions. In this model for near-resonant charge
transfer, the interaction matrix element is taken
as e ~~'0, where R is the internuclear separation,
X/a, is an empirical parameter inversely pro-
portional to the radius of the participating electron
orbitals, and a, is the radius of the first Bohr or-
bit. The parameter ~ is usually taken to be equal
to (I/f„)'~', where I is an "appropriate" mean of
the effective ionization potentials of the initial and
final. neutral atoms in the reaction, "and I„is the
ionization potential of hydrogen. Since the final
state of the neutral atom or molecule produced in
region I or II has nearly the same ionization po-
tential as Cs, the value of I is approximately equal
to 3.9 eV for all the reactions; ~ is therefore equal.
to about 0.54 for all the reactions studied. In the
above model, charge transfer occurs at an inter-
nuclear separation of the incident ion and target
atom, R„for which the interaction matrix element
equals one half the energy separation of the initial
and final state potential curves, 4 V(R,). At low
velocities, the charge-transfer probability, and
consequently the charge-transfer cross section,
is a function of R„b,V(R,), &, and v, the relative
velocity of the incident ion-target. atom system. "
At small velocities, therefore, the charge-trans-
fer cross sections depend on the behavior of the
molecular potential curves of the reactant and
product states near R =R,. At the large inter-
nuclear separations involved, the behavior of the
reactant and product potential curves as R de-
creases from infinity to R, is determined by the
dipole polarizabilities, and quadrupole moments
of the participating neutral atoms. " Since the fast
neutral atoms produced by charge exchange from
the various incident, ions have different dipole
polarizabilities and quadrupole moments, the in-
ternuclear separation R„where the charge trans-
fer occurs, as well as the energy separation
6 V(R,), will be different for the various incident
ions. For this reason, the various cross sections
are different in region I. Also contributing to
the variations among the various cross sections
may be the different number of near-resonant
product channels available to the various reactions.

For region II the situation is markedly different
than for region I. %e find experimentally that in

this velocity range all the cross sections are
closely similar in velocity dependence and magni-
tude. This striking behavior is anticipated in the
theoretical model for near- resonant charge trans-
fer."" For sufficiently high velocities, i.e. , for
sufficiently short collision times, the energy un-
certainty becomes large compared to the energy
separation of the reactant, and product potential
curves. As a result, equal mixing of the two states
occurs. The probability for charge transfer con-
sequently is independent of R, and b, V(R,), and
becomes formally identical to that for symmetric
resonant charge transfer. The cross sections for
near-resonant electron capture in the high-velocity
limit therefore depend only on the parameter ~,
and on the relative velocity. We refer to this be-
havior of the cross sections at high velocities as
quasiresonance. Because each of the reactions
studied has a small energy defect (&1.0 eV), all
the reactions have nearly the same values of
&(=0.54). Therefore all tbe cross sections in re-
gion II have nearly the same value at a given vel-
ocity."

The velocity at which the charge-transfer reac-
tions become quasiresonant depends on the mag-
nitude of the energy defects of the reactions. The
larger the energy defects, the greater the velocity
at which the transition to quasiresonance occurs."
Happ and Francis calculate that for energy defects
between 0.5 and 1.0 eV (which includes the reac-
tions of the present study in region II), this transi-
tion occurs at velocities between 4x 10' and 6x 10'
m/sec. This prediction is in excellent agreement.
with our measurements, which indicate that at
velocities above 5 x 10' m/sec, quasiresonance
has been reached for all the reactions studied.

The cross sections for the various reactions
studied are nearly the same up to velocities of
about 1.5 x 10' m/sec. For velocities above 1.5
x 10' m/sec, the individual cross sections are once
again different in magnitude and velocity depend-
ence. In Fig. 2 a semilog plot of the cross sections
at velocities above 5 x 10' m/sec clearly shows
this transition. As can be seen from Fig. 2, in
region III the measured cross sections decrease
more slowly with increasing velocity than in region
II. We believe that this "flattening out" of the
cross sections at higher velocities (region III) may
be due to the increased participation of the Cs core
electrons in the charge-transfer reactions, as the
incident ion velocities approach those of the Cs
core electrons. A number of theoretical calcula-
tions of the total charge-transfer cross section
for protons incident on alkali-metal vapor or
noble-gas atom targets" ' show that the magni-
tudes and velocity dependences of these cross sec-
tions at high velocities (&2 x 10' m/sec) may be
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understood if allowance is made for capture of
target atom core electrons. Vinogradov et al. ,

"
for example, calculate that for protons incident on
Cs in the energy range 20—40 keV, the (5p)' elec-
trons contribute 70%, and the (5s)' electrons 30%
to the total charge-transfer cross sections. The
importance of the Cs core electrons in charge ex-
change at high velocities is further demonstrated
by the experimental fact that at higher velocities,
the total electron-capture cross sections for a
given ion incident either on an alkali-vapor target
or on a target of noble-gas atoms with the same
electron configuration as the alkali-metal core,
a.re quite similar in magnitude and dependence on
the velocity. ' In Fig. 2 we show the high-energy
cross sections for H' incident on Xe, measured
by Afrosimov et al.2' The Xe atom has the same
electron configuration as the Cs core. The cross
sections are almost identical at. velocities above
], .5 x 10' m/sec. Since the energy defects for the
capture by an incident proton of a (5p)' Xe electron
(nE =-1.4 eV), and that of a (5p)' Cs core elec-
tron (nE =3.6 eV) to produce H(ls) are substantial-
ly different, it might be objected that the above
comparison lacks meaning. Calculation shows,
however, that at velocities greater than 1.5 x10
m/sec, both reactions are guasiresonant, i.e. ,

independent of the energy defects of the reactions. "
The two cross sections therefore merely scale,
roughly as (a,/X)', the "size" of the participating
electron shells. For reactions having energy de-
fects that are not small compared with the ioniza-
tion potentials of the initial and final neutral states,
the value of ~ is somewhat arbitrary. " We there-
fore use the tabulated Hartree-Fock calculations
of Herman and Skillman ' in estimating the "sizes"
of the (5P)' shells of Xe and Cs. These calculations
show that the electron distribution functions of the
(5p)' shells of Xe and Cs peak at r = 1.93ao and
1 7700 respective ly. On this basis the H'+ Xe
cross section data would overestimate the contri-
bution of the Cs core to the total charge-transfer
cross section by less than 20%.

Participation of the Cs core electrons for He'
incident on Cs may be inferred by comparison of
this cross section with that for He' incident on Ar,
measured by Barnett and Reynolds, '4 and also
shown in Fig. 2. This reaction is quasiresonant at
velocities above 2 x 10' m/sec, as is the reaction
for electron capture of one of the (5p)' electrons
of Cs, forming a fast He atom in the 129 state.
The scaling suggested by Rapp and Francis may
therefore be used to estimate the difference be-
tween the two cross sections due to the different
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target "sizes" for the two reactions. Using tabu-
lated Hartree-Pock calculations as described in
the previous case, it is estimated that the He'+ Ar
cross sections underestimate the Cs core contri-
bution for He incident by about 25% at all velocities
above 2 x 10' m/sec. From Fig. 2 we see that the
He'+Ar cross section above 2 && 10' m/sec indeed
lies roughly 25% below our measured He++ Cs
cross section. %e conclude that capture of a Cs
core electron is probably the dominant process at
high velocities for He+ incident on Cs just as it is
for H' incident on Cs.

R. E. Olson has suggested charge transfer via
rotational coupling on the repulsive wall of the Z
reactant state potential curve with a II product
state as an alternative mechanism that might lead
to the weakened velocity dependence of the cross
section in region III." No detailed calculations
have been performed to date to determine the con-
tribution of rotational coupling to the total charge-
transfer cross sections at higher velocities for any
of the reactions we have studied.

As pointed out earlier, the cross sections mea-
sured in the present experiments are actually the
total attenuation cross sections for loss of an
incident ion from the beam that reaches the final
detector Faraday cup. In the case of the atomic
ions incident on Cs, this loss cross section is closely
equal to the single-electron capture cross sec-
tion, since at the energies investigated, single-
electron capture is by far the most important
mechanism for the loss of an incident ion. In the
case of the molecular ions H2' and H, ' incident on
Cs, however, the exceedingly weak velocity de-
pendence of the loss cross sections at velocities
above 1.5 x 10' m/sec suggests that at these higher
velocities, additional mechanisms play an import-
ant role in the loss of the incident molecular ions.

For H, ' incident on Cs, the reactions leading to
loss of the incident ion are as follows:

H, '+ Cs- H, '*+Cs',

H, '+ C s -H, '* (e.g. , 2pg„)-H'+ H',

H, '+ Cs -2H'.

(1)

(2)

(3)

Similar reactions may be written for H, ' or N, '
incident on Cs. For the molecular ions incident on
Cs at low velocities, electron capture (1) is the
dominant loss mechanism, analogous to the case
of the incident atomic ions. Included in reaction
(1) is the possibility of dissociation resulting from
capture into, e.g. , the a'Z' state, followed by ra-
diative decay to the repulsive b'Z„'state. The
electron capture (1) is anear-resonant process and
is important in regions I and II. On the other hand,
dissociative excitation (2) or dissociative ionization
(3) requires an interaction with the tightly bound
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FIG. 3. Total cross section for dissociative excitation
or dissociative ionization. Open circles are total cross
sections for H' production with H~' incident on Xe
(Ref. 26); solid triangles are measurements of the same
cross section by Morgan et ul . (Ref. 27); solid circles
are the difference between our measured total loss cross
sections for H2+ and He incident on Cs, respectively.

Cs core electrons in order to obtain the necessary
energy transfer (&5 eV). It is reasonable, there-
fore, that for molecular ions, dissociation by re-
actions (2) and (3) and electron capture of a Cs
core electron both become important mechanisms
for the loss of an incident ion at roughly the same
velocities.

Although our measurements were not able to
determine the relative contributions of dissocia-
tive excitation or ionization and electron capture
to the loss of the incident molecular ions, we es-
timate that the partial cross section for H, ' inci-
dent on Cs due to electron transfer alone is rough-
ly the same as the total charge-transfer cross
section for He' incident on Cs. Both H, ' and He'
have only a single electron, and thus might be ex-
pected to have similar cross sections. The partial
cross section due to dissociative excitation or dis-
sociative ionization of the molecular ion is thus
estimated to be equal to the difference between the
measured cross section for H, and He' incident
on Cs, respectively. As can be seen from Fig. 3,
this estimate is in good agreementwith the measured
cross section for H' production when H, ' is inci-
dent on Xe."'7 Lack of the appropriate data pre-
cludes a similar analysis for the case of H, inci-
dent on Cs. %e estimate, however, that dissocia-
tion and charge-transfer contribute in roughly the
same proportions for H, ' on Cs as for H, ' incident
on Cs. Although reactions similar to (2) and (3)
would be important for N, ' incident on Cs when
the incident ion velocity is greater-than 1.5 && 10'
m/sec, our measurements do not extend to this
velocity range. The only reaction important for
N, incident on Cs is therefore one similar to re-
action (1).
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IV. CONCI. USIONS

%e have measured the total cross sections for
electron capture by an incident ion:from a Cs
vapor target for H", N', and the noble-gas ions in
the intermediate keV energy range. In addition,
we have measured the total attenuation cross sec-
tions for H, ', H, ', N,

' incident on Cs. At incident
velocities below 5x 10' m/sec there is consider-
able variation in the behavior of the individual
cross sections, reflecting the variations in the
potential curves of the reactant and product states
at finite separations for the various reactions
studied. At velocities in the range (0.5-1.5) x 10'
m/sec, the charge-transfer reactions are quasi-
resonant. Since, in addition, all the reactions
dominant in this region have small energy defects,
the various cross sections have very similar mag-
nitudes and velocity dependences. At velocities
above 1.5 x 10' m/sec, interaction of the incident
ions with the Cs core electrons is the dominant

process. At these velocities the reactions involv-
ing Cs core electrons are also quasiresonant for
the incident ions studied. The energy defects of
these reactions are, however, considerably larger
than those of the corresponding reactions involv-
ing the Cs valence electrons. The parameter
(a,/&)' characterizing the "sizes" of the participat-
ing electron orbitals, therefore differs significant-
ly for the various reactions. It is for this reason
that the cross sections for He' and H' incident on
Cs have different magnitudes yet similar velocity
dependences at these higher velocities. The ex-
ceedingly weak velocity dependence of the attenua-
tion cro ss se ction s for 8,+, and 8,' inc ident on Cs
at velocities above 1.5 x 10' m/sec is attributed to
to dissociative excitation or dissociative ioniza-
tion, which was shown to make a significant contri-
bution to the total cross section for loss of the in-
cident molecular ions at velocities above 1.5 x 10'
m/sec.
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