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We have measured in coincidence the projectile-ion charge state, the target-recoil-ion charge
state, and the energy of a free electron (cusp electron) emerging from the same collision with a ve-

locity close to the beam velocity, for 1-MeU/u bare and one-electron oxygen and carbon projectiles
colliding with neon targets. The most probable recoil-ion charge state of recoil ions not associated
with cusp electrons is 1. Most cusp electrons accompany a projectile that does not change charge,
and the most probable recoil-ion charge state in this case lies between 2 and 3. The recoil-ion
charge-state distribution associated with a cusp electron and bound-state capture by the projectile is

shifted towards even higher charge states. Cusp-electron production in conjunction with electron
loss by the projectile is not associated with such a large shift. The probability of cusp-electron pro-
duction given the production of a recoil ion increases with increasing recoil-ion charge state for pro-
jectiles that do not change charge and for projectiles that capture an electron, and decreases with in-

creasing recoil-ion charge state for projectiles that lose an electron in the collision.

I. INRODUCTION

Fast collisions between highly charged heavy ions and
neutral gas targets are characterized by many processes
such as projectile and target excitation and ionization
and target electron transfer to projectile-centered bound
and continuum states.

Large-impact-parameter collisions between MeV/u
highly charged projectile ions and neutral target atoms
can eject many electrons from a single target atom and
have been shown to excite the inner atomic shells of the
target. ' Energy transferred to the target atom in the
form of excitation and ionization energy is, on the aver-
age, many times greater than energy transferred to it as
kinetic energy. The kinetic energy of target recoil ions is
low. For a neon target it does not exceed 10 eV until E-
shell electrons are removed from the target atom. Slow
recoil ions created by fast projectile ions were first stud-
ied by Cocke in the late 1970s.

Recent measurements of scattering angle, recoil-ion
charge state, and inelasticity in MeV/u collisions find

that the projectile inelastic energy loss for multiple target
ionization far exceeds the sum of the ionization potentials
of the target. ' Recoil-ion energy, target-atom excita-
tion, and, in the case of charge transfer, balance between
energy gain due to an increase in binding energy on the
projectile and energy loss due to the captured electron's
translational energy cannot account for this difference. A
large fraction of the total energy lost by the projectile is
carried

off

b continuum electrons.
A cusp-shaped peak is observed in the velocity distri-

bution of electrons emitted in fast ion-atom collisions.
This peak is centered at the projectile-ion velocity, where
the continuum electron's velocity matches the beam ve-
locity in both speed and direction. Continuum electrons
emitted in ion-atom collisions with a velocity close to the

beam velocity are commonly called cusp electrons. Do
cusp electrons significantly contribute to the inelasticity
of the collision? Two primary processes produce the
cusp-electron peak, projectile-electron loss to the contin-
uum (ELC), and target-electron capture to the continuum
(ECC). ELC is a low-momentum-transfer process involv-

ing an electron, in a bound state of the projectile, being
excited to a continuum state of the projectile. ECC is a
high-momentum-transfer process involving an electron,
in a bound state of the target atom, being captured to a
projectile-centered continuum state. The relative impor-
tance of these two processes in producing an observed
cusp is strongly dependent on the projectile-ion charge
state and on the projectile velocity. For bare projectiles
ECC is the only possible process, whereas for one- or
two-electron projectiles the two processes can become al-
most equally probable.

In our experiment I-MeV/u bare and one-electron car-
bon and oxygen projectiles collide with neon target atoms
at pressures of 1-8 mTorr. We simultaneously measure
the projectile-ion exit charge state and the target-recoil-
ion charge state and determine whether or not a cusp
electron has been produced. We determine if collisions in
which a cusp electron is produced are characterized by
different recoil-ion —projectile-ion charge-state distribu-
tions and if cusp-electron production significantly
influences the inelasticity in collisions involving multiple
target ionization. Related experiments, investigating the
dependence of the shape of the energy spectrum of 5 elec-
trons on the charge states of the projectile and the recoil
ion for 0.53 MeV/u F ' projectiles on Ne have been
carried out by other investigators.

II. THEORETICAL APPROACHES

Multiple ionization of rare-gas atoms by fast projectile
ions within a single collision is a true quantum-
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mechanical many-body problem with particle emission
under nonperturbative conditions. If the relative velocity
of the projectile is close to the orbital velocity of the elec-
trons being detached, perturbative methods are generally
invalid, and solving the many-electron, time-dependent
Schrodinger equation is beyond the scope of present-day
computational facilities for such a scattering problem.
Calculations of ionization cross sections are therefore
carried out within the framework of the independent-
electron approximation (IEA).

McGuire and Weaver have presented a semiclassical
derivation of the IEA for atomic scattering by heavy par-
ticles and the consequent binomial distribution of single-
electron probabilities. Here they have shown that
multiple-ionization transition probabilities can be ob-
tained from transition probabilities calculated in a one-
electron formalism. Within the framework of the time-
dependent Hartree-Fock approximation (TDHF) one
might calculate these single-electron cross sections.
However, the solution of the TDHF problem for multiple
ionization in multiply ionizing collisions encounters
difficulties even for a two-electron atom, and further ap-
proxirnations are necessary.

One method of calculating the single-electron transi-
tion probabilities is the three-body, three-dimensional
classical trajectory Monte Carlo (CTMC) method
developed by Olson. This method includes all forces be-
tween the incident ion, the active electron, and the target
nucleus. The CTMC method, however, is only directly
applicable to hydrogenic target atoms. To calculate tran-
sition probabilities in multielectron atoms, it is necessary
to extend the representation of the target electron so that
it profiles the electron shell under consideration. The
CTMC method has been successfully used to predict total
as well as partial ionization cross sections for various col-
lision systems.

The newly developed n-body classical-trajectory Monte
Carlo (nCTMC) method explicitly incorporates all elec-
trons in the collision. ' It includes all forces between the

projectile ion and the target nucleus and its electrons and
all forces between the target nucleus and its electrons.
Excluded are the electron-electron interactions which are
approximated by using effective charges between the elec-
trons and their parent nucleus. The nCTMC method al-
lows for the first time the determination of the angular
distributions and energies of the recoil ions, the projectile
ions, and the ejected electrons. For 1.14-MeV/u
U ++Ne collisions nCTMC cross sections, differential
in scattering angle of projectile ion, recoil ion, and ejected
electron, have been presented as a function of the recoil-
ion charge state. " For 10-MeV C ' + ions on Ne cross
sections for the production of Ne+ and Ne + recoil ions
as a function of the projectile scattering angle, and the
projectile inelastic energy loss as a function of the degree
of target ionization, calculated by the nCTMC method,
have been published. Calculations have been successful-
ly compared with experimental results. ' '"

III. EXPERIMENTAL APPARATUS

Fast projectile ions from the Oak Ridge National Lab-
oratory EN Tandem Van de Graaff accelerator pass
through a 90' analyzing magnet and ions of a selected
momentum to charge ratio (p/q) are then carbon-foil
stripped to higher charge states. A switching magnet
then passes only bare or hydrogenic projectile ions. The
pressure in the beamline leading to the experimental
chamber remains below 10 Torr to minimize charge
exchange in collisions with background gas so that the
ion charge state entering the experiment is pure.

Two sets of four jaw slits, placed several meters apart,
collimate the beam to less than a 1-mm area and a 1-
mrad angular divergence on target. The target gas cell,
the recoil-ion spectrometer, and the cusp-electron spec-
tometer are located in the experimental chamber (see Fig.
I) which is lined with two layers of p-metal magnetic
shielding. The chamber is maintained at a pressure of
less than 10 Torr when millitorr pressures exist in the
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gas cell. Recoil ions are extracted by a very weak electric
field (-7 V/cm) into the time-of-fiight (TOF) recoil-ion
spectrometer. Cusp electrons are deflected and energy is
analyzed in the parallel-plate spectrometer. The electric
field in this spectrometer (-50 V/cm) does not appreci-
ably deflect the projectile ions which exit through a hole
in the back of the spectrometer. The electric field of
the electrostatic charge-state analyzer separates the
projectile-ion charge states for detection by a discrete dy-
node electron multiplier. The target-gas-cell region, an
integral part of the TOF recoil-ion spectrometer, is only 1

cm long. The pressure in the target gas cell is measured
by a Baratron differential capacitive manometer. The
pressure at the Baratron head is proportional to but not
necessarily equal to the pressure in the interaction region
due to the apertures near the interaction region which al-
low the beam to pass through the gas cell and the recoil
ions to escape perpendicular to the beam direction. The
beam entry and exit apertures are 2.4 mm in diameter
and the recoil-ion aperture is 3.2 mm in diameter. The
gas cell has a volume of about 4 cm and the beam passes
3 mm below the recoil-ion aperture. A grid 1 cm below
the beam path allows us to place a small recoil-ion ex-
traction voltage across the cell. The electric field in the
gas cell due to this extraction voltage must be sufficiently
small to allow the cusp electrons which move with the
beam velocity ( -545 eV) to escape without being notice-
ably deflected.

A simple TOF spectrometer consists of a region of con-
stant electric field, which contains the source of the
charged particles, followed by a field-free drift region ter-
minating with a particle detector. If all ions were formed
with zero initial velocity at a point source or in a plane
whose normal is paralle1 to the electric field in the gas
cell, all ions with the same q/m would have the same
flight time to the detector. In practice, however, one has
a source with a finite width along the field direction. A
spread in the flight times of ions with the same q/m is
therefore introduced due to path length differences. An
additional time spread is introduced by the initial kinetic
energy distribution of the ions at the source. Wiley and
McLaren' showed that a reduction in time spread due to
the initial space distribution, called space focusing, can
be realized if a second accelerating region is placed just
after the first. If the lengths of the two accelerating re-
gions and the drift region and the ratio of the electric
fields in the two accelerating regions are chosen properly,
charged particles with the same q/m created at different
depths in the first region have the same flight time to the
detector. In our experiment the conditions for space
focusing are satisfied and space focusing is experimentally
verified by varying the voltage across the second ac-
celerating region about the calculated value and observ-
ing an increase in time spread. The time spread due to
the initial kinetic energy of the recoil ions, however, can-
not be reduced in our experiment. A reduction here re-
quires increasing the ratio of an ion's total kinetic energy
to its initial kinetic energy at the source. We must, how-
ever, minimize the strength of the field in the first ac-
celerating region, since too large a field not only extracts
low-energy recoil ions from the beam-gas interaction re-

gion but also changes the trajectories of cusp electrons
sufficiently to prevent them from exiting the gas cell into
the electron spectrometer. We therefore are only able to
resolve, by their different flight times to the detector,
charge states 1 —5 of neon recoil ions produced in our ex-
periments. Figure 2 shows a recoil-ion TOF spectrum for
C + projectiles on Ne (6 m Torr) measured in coincidence
with one bound-state capture. Ne isotopes are not
resolved.

Cusp electrons emerge from the interaction region
nearly undeflected and enter a large 30 parallel-plate
electrostatic analyzer. The interaction region (the center
of the gas cell) coincides with the entrance focus of the
analyzer. In the analyzer the electron trajectories are
bent into a large detector located in the exit focal plane of
the analyzer. A 30' analyzer has second-order focusing in
the plane of deflection. ' Thus electrons with the same
energy leaving the entrance focus with trajectories whose
projections onto the plane of deflection make an angle
8=30'+60 with the ground plate are focused onto a line
in the focal plane. Electrons with different energies are
focused onto different parallel lines. Their position along
these focal lines is determined by their emission angle
perpendicular to the plane of deflection. If the accep-
tance angle in the plane of deflection is limited to a nar-
row range of angles about 30', and a wide range of angles
is accepted perpendicular to the plane of deflection, then
the energy and angular distribution of electrons emitted
in a plane perpendicular to the plane of deflection will be
imaged in the focal plane. For our analyzer, the half-
angle of acceptance in the plane of deflection is 5' and the
half-angle of acceptance perpendicular to the plane of
deflection is 10'. The ratio of the maximum to the
minimum energy of electrons which can be detected is
1.42. A channel plate mounted in the focal plane of the
30' analyzer, followed by a copper collector, serves as our
cusp-electron detector. The collector is designed to allow
us to measure the energy and angular distribution of cusp
electrons. The anode is made of discrete strips which
consist of insulating material with a copper coating on
one side. The insulating sides of the strips are inserted
into shallow recesses of a large slab of copper which is
connected to ground via a capacitor. This design
effectively eliminates cross talk between strips, which
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FIG. 2. Recoil-ion TOF spectrum for C + projectiles on Ne

measured in coincidence ~ith one bound-state capture.
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severely plagues other anode designs. Elimination of
cross talk is important when the position of the electrons'
arrival in the focal plane needs to be determined. Future
experiments will focus on determining this position, but
the experiment described in this work is designed to mea-
sure the total cusp-electron yield. Therefore all the strips
making up the anode are connected and serve as one
large collector.

Working with such a large collector, background sig-
nals can become a serious problem. Early in the experi-
ment, a large background peak was superposed onto the
cusp peak. Calculations and tests of the apparatus, using
an electron gun as a source of electrons, showed that this
background peak resulted from cusp electrons hitting the
back plate of the 30' parallel-plate spectrometer and
ejecting secondary electrons. Our previous experiments
with parallel-plate analyzers never used such a large open
detector, capable of viewing nearly the entire volume of
the spectrometer, but instead used channel-electron mul-

tipliers with apertures of less than 1 cm. Thus this back-
ground had never been observed. To eliminate the back-
ground problem, an 88% transmission grid was substitut-
ed for the back plate of the analyzer, and held at the
analyzer voltage. This grid is now positioned as close to
the grounded plate as possible, as to just allow the largest
trajectories which can be viewed by the detector to pass
below it. This then causes trajectories which intersect the
grid to intersect at a point from which ejected electrons
are accelerated towards the ground plate and not towards
the detector. The background in the cusp peak is thus
effectively eliminated.

IV. DATA ANALYSIS

The goal of this experiment is to more completely
characterize collisions between 1-MeV/u bare and one-
electron oxygen and carbon projectiles and neon targets
by answering the following questions.

(i) If cusp electrons emerge from collisions in which
neon recoil ions are produced, what is the recoil-ion
charge state distribution?

(ii) If cusp electrons are produced in coincidence with a
particular exit charge state of the projectile, what is the
recoil-ion charge-state distribution?

(iii) If a recoil ion of a particular charge state and a
projectile ion of a particular exit charge state are pro-
duced in the same collision, how probable is the produc-
tion of a cusp electron?

Two sets of measurements are made. The first set of
measurements is repeated at various target-gas pressures
between 1 and 8 mTorr with projectiles which enter the
collision with incident charge state q;„. In a time interval
At we record (i} the total number of projectile ions detect-
ed leaving the collision with exit charge state q, ; (ii) the
total number of recoil ions detected; (iii) the total number
of cusp electrons detected; (iv) the number of recoil ions
of charge state q„detected in coincidence with a projec-
tile ion of exit charge state q, ; and (v) the number of cusp
electrons detected in coincidence with a projectile of exit
charge state q, . The second set of measurements is only
made at one target-gas pressure. Measurements (i), (ii),

and (iii) from above are repeated. In addition, we mea-
sure (vi) the number of recoil ions of charge state q„
detected in coincidence with a cusp electron; and (vii) the
number of recoil ions of charge state q„detected in coin-
cidence with a cusp electron and a projectile ion of exit
charge state q, (triple coincidence).

The fraction f,(q„p ) of projectiles exiting the gas cell
with exit charge state q, is found as a function of target-
gas pressure p from the ratio of the total number of pro-
jectiles of each exit charge state q, detected in time ht to
the total number of cusp electrons, recoil ions, or recoil-
ion —cusp-electron coincidences detected in time ht.
Each charge-state fraction f, (q„p } is fitted to a second-
order polynomial in the pressure p (in units of mTorr) for
p between 1 and 8 mTorr.

f, (q„p ) =a(q, )+b(q, )p+c(q, )p

The coefficient of the quadratic term c(q, ) is always
found to be more than three orders of magnitude smaller
than the coefficient of the linear term b(q, ). Each
charge-state fraction is therefore a linear function of p,
thus verifying single-collision conditions for projectile
charge-changing collisions.

The detection efficiency of the projectile-ion detector is
determined from the fraction of cusp electrons detected
in coincidence with a projectile ion of any charge state.
Note that each cusp electron detected is produced by a
projectile ion and therefore will be detected in coin-
cidence with a projectile ion of some exit charge state by
a detector with 100% efficiency. The total number of
electrons detected contains a background contribution
which is found by making measurements at different
target-gas pressures.

The detection efficiency of the recoil-ion spectrometer
is not found for each recoil charge state separately but is
averaged over all charge states. If the projectile captures
an electron in an ion-atom collision, then a recoil ion is
produced and will be detected by a 100% efficient detec-
tor. Similarly, if a cusp electron is produced by a bare
projectile in an ion-atom collision, then a recoil ion is also
produced in this collision and will be detected by a 100%
efficient detector. In our measurements the recoil-ion
detection efficiency averaged over all recoil-ion charge
states is found to be D„=0.014. The detection efficiency
D„ is low because recoil ions are produced in the entire
region where the ion beam interacts with the target gas,
but only recoil ions produced near the recoil-ion extrac-
tion aperture are detected. Since our measurements with
C + projectiles reproduce charge-state disributions mea-
sured previously with much higher extraction fields, ' '
where negligible dependence of the recoil-ion detection
efficiency on recoil-ion charge state is expected, we con-
clude that the recoil-ion detection efficiency does not vary
appreciably with recoil-ion charge state. Charge chang-
ing by high-charge-state recoil ions in the region of the
extraction field will yield asymmetric peaks. The limited
resolution of our recoil-ion TOF spectrometer also results
in asymmetric peaks, since Ne isotopes are not resolved.
We do not observe an increase in the asymmetry of the
peaks as a function of target-gas pressure between 1 and 8
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m Torr. The area under the high-charge-state peaks, nor-
malized to the total number of incident projectiles, is
found to be a linear function of pressure. We therefore
conclude that charge changing by high-charge-state
recoil ions does not significantly influence our measured
charge-state distributions.

The cusp-electron detection efficiency is estimated
differently. We assume that all electrons falling into the
wide energy and angular acceptance window of our spec-
trometer would be detected, were it not for two field-
defining grids in the analyzer that must be traversed by
the electrons. The transmission of the grids is calculated
for the angles of electron incidence and the product of
the transmissions of the two grids is used as the detection
efficiency of the electron detector D, =0.10.

The probability for charge exchange under single-
collision conditions is found from the coefficient b(q, ) of
the linear term of Eq. (1) for exit charge states q, =q,„+l.
The error in b(q, ) is taken to be the one standard devia-
tion error obtained from the fit. In a separate experiment
using the same apparatus the probabilities for bound-
state capture and electron loss per incident ion per milli-
torr gas cell pressure were measured for 1-MeV/u 0 +

projectiles on He. Using published cross sections of
Hippler et al. ,

' the effective gas cell length I was calcu-
lated to be 1.8 cm. To calculate the charge-exchange
cross sections and all other cross sections presented in
this paper we use this effective gas cell length l.

The total number of cusp electrons observed per in-
cident ion is fit to a second-order polynomial in the pres-
sure p for p between 1 and 8 mTorr. Again the coefficient
of the quadratic term is more than three orders of magni-
tude smaller than the coefficient of the linear term. The
constant term gives the cusp-electron background while
the linear term yields the cross section for the production
of a cusp electron when divided by D, and nol. Here no
is the number of target atoms per cm per rnillitorr.
Again, the error in the linear term is taken to be the one
standard deviation error obtained from the fit. The rela-
tive error in the cusp-electron production cross section is
determined by this error in the linear term, while the ab-
solute error also includes the error in D, and I. We as-
sume such systematic errors to contribute an additional
+50% to the uncertainty in the absolute values of the
cross sections. The cusp-electron production cross sec-
tion can also be calculated by summing the cross sections
for the production of a cusp electron in coincidence with
a projectile ion of exit charge state q, over all exit charge

states. Values obtained in this manner agree closely with
those calculated from the total cusp-electron yield.

The cross section for the production of recoil ions of
charge state q„, by projectiles with exit charge state q„ is
found by assuming that the recoil-ion production proba-
bility is a second-order polynomial in the pressure p. The
number of coincidences between recoil ions of charge
state q„and projectiles of exit charge state q, per incident
projectile ion is then given by

X(q„,q, ) =b(q„,q, )p+c(q„,q, )p (2)

N(q„, q, ) represents the observed coincidences corrected
for dead time. No constant term is needed since no recoil
ions are observed at zero pressure. The quadratic term is
nonzero only for low-recoil-ion charge states measured in
coincidence with bound-state capture or projectile-
electron loss. This implies that at the higher target-gas
pressures single-collision conditions for low-charge-
state-recoil-ion production in coincidence with single-
electron capture or loss no longer prevail and that the
projectile can produce a recoil ion in one collision while it
captures or loses an electron in another collision. A fit to
a third-order polynomial in p was tried, but the absolute
value of the coefficient of the cubic term was always more
than three orders of magnitude smaller than that of the
quadratic term and the coefficient was often negative.
Table I gives b(q„,q, ) and c(q„,q, ) for all fits for which
the coefficient of the quadratic term is no smaller than
three orders of magnitude less than the coefficient of the
linear term. The recoil-ion-production cross section is
now found from b(q„q„). The error in b(q„q„) is taken
to be the one standard deviation error obtained from the
fit. Again we assume systematic errors in D„and I to
contribute an additional +50% to the uncertainty in the
absolute value of the cross sections. After having found
the recoil-ion production cross sections and the projectile
charge-changing cross sections we estimate the probabili-
ty of producing a recoil ion in one collision while chang-
ing the charge state of the projectile in a second collision
at 1 mTorr gas cell pressure. This probability nearly al-
ways reproduces the coefficient c(q„,q, ) of the quadratic
term of Eq. (2) to within uncertainties, thus giving
confidence in the values of the coefficients of the linear
terms obtained from the fit.

Measurements of cusp-electron —recoil-ion coinciden-
ces and cusp-electron —recoil-ion —projectile-ion triple
coincidences are only made at a single target-gas-cell
pressure. The cross section for the production of a recoil

TABLE I. CoefBcients of the linear and quadratic term obtained from the fit to Eq. (2).

Incident
projectile

Q7+
Q7+
C6+
C5+
C5+

Process'

SC
SL
SC
SC
SL

q, =1+
18+1

0.6+0.1

19%3
18+3

4.8+0.5

b(q„q, ) X 10'

qr =2+
60+9

0.7+0.4
7k3

60%2
1823

q, =3+

1.0+0.3

69+3
25+1

q„=1+
69+9

1.8EO. 3
37+10
35+5
22+7

c(q„q, ) X10
q„=2+

28+12
1.1+0.5
20+12
22+12
1025

qr 3+

0.2+0.1

5+4
2+1

'SC represents single-electron capture and SL represents single-electron loss by the projectile.
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TABLE II. Electron capture and loss cross sections for 1-MeV/u projectiles on neon.

Incident
projectile

p7+
p7+
C6+
C6+
C'+
C5+

Process'

SC
SL
SC
DC
SC
SL

29+3
0.50+0.06

20+2
1.90+0.05

21+2
8.8+0.4

Cross section (10 " cm )

(31.5)
(0.3)'
(22.9)

(15.7)

(29)'

(17.5+2.5)

'SC represents single-electron capture, DC represents double-electron capture, and SL represents
single-electron loss by the projectile.
These values are taken from Ref. 17 for 1-MeV/u projectiles.

'These values are taken from Ref. 18 for 1-MeV/u projectiles.
dThis value is taken from Ref. 19 for 1.14-MeV/u projectiles.

ion of charge state q, in coincidence with a cusp electron
cr(q„, e ) and the triple coincidence cross section
0(q„,q„e ) can therefore not be found by fitting the
number of coincidences observed with a second-order po-
lynomial in p. The cross sections are therefore extracted
from the data in the following way.

(i) The probability per incident projectile ion of pro-
ducing a recoil ion of charge state q„a cusp electron,
and, in the case of triple coincidence measurements, a
projectile ion of charge state q„ is calculated from the
number of coincidences observed. Errors are statistical.

(ii) The probability that the collision products observed
in coincidence are not produced in a single collision but
rather in two collisions is found by identifying all paths
which lead, via two collisions, to the same final state and
then calculating the probabilities associated with those
paths. Paths involving three collisions give probabilities
which are too small to warrant consideration. The two-
collision probabilities can be found as products of the
probabilities found in our first set of measurements made
at various target-gas pressures. The probabilities found
for each of the different paths are summed to yield the
total double-collision probability. All errors are
differentially propagated.

(iii) The double-collision probabilities found in step (ii)
are subtracted from the total probability of producing a
given final state found in step (i). The difference yields

the probability of reaching this final state in a single col-
lision. Again all errors are differentially propagated.

V. RESULTS AND DISCUSSION

Cross sections for single- and double-electron capture
and loss by the projectile extracted from our data are
given in Table II and compared with values obtained
from a universal empirical scaling rule by Schlacter
et al. ' and with single-electron capture and loss cross
sections for 0 + and single-capture cross sections for
C + measured by Hippler et al. ' and Graham et al. '

The errors in this table and all following tables are rela-
tive errors.

Table III gives the cross sections for producing neon
recoil ions of charge state q„ in coincidence with projec-
tile ions of charge state q, assuming an average recoil-ion
detection eSciency of 0.014. For C + projectiles, these
cross sections can be compared with those measured by
Schuch et al. ' and by Gray, Cocke, and Justiniano. '

Schuch et al. ' measure the relative cross section for pro-
ducing a Ne recoil ion of charge state q„ in coincidence
with bound-state capture for 10-MeV C + projectiles on
Ne. We find good agreement with their relative values.
Our relative values also agree within uncertainties with
those of Gray, Cocke, and Justiniano' for 1-MeV/u C +

projectiles producing Ne recoil ions in coincidence with

TABLE III. Recoil-ion production cross sections for 1-MeV/u projectiles on neon.

Incident
projectile Process' q, =1+

Cross section (10 " cm')

qr 2+ qr 3+ q, =4+ q„=5+
p7+
Oj+
pj+
C6+
C6+
c'+
C5+
C5+

SC
NC
SL
SC
NC
SC
NC
SL

2.0+0.1

345+5
0.07+0.01
2.1+0.4
358+4
2.0+0.4
190+2

0.53+0.05

7+1
168+2

0.07+0.04
5.2+0.4

204+16
6.6+0.2
84+1

2.0+0.4

11+2
54+ 1

0.11+0.03
6.5+0.8
60+6
7.6%0.3
50+1

2.7+0.2

8+1
13+1

0.13+0.01
4.3+0.4
4.3X0.1

4.9+0.1

2.0+0.4
2.2+0.1

3.5+0.2
3.5+0.2

0.09+0.02
1.5+0.1

2.0+0.2
1.0+0.1

0.9+0.1

'SC represents single-electron capture, NC represents no charge changing, and SL represents single-
electron loss by the projectile.
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TABLE IV. Cusp-electron production cross sections for 1-

MeV/u projectiles on neon.
(a) (b)

"1.5

Projectile Cross section (10 " cm )
"1.0

O7+
C6+
C5+

3.0+0.5
2.5+0.4
2.0+0.2

bound-state capture or no charge changing by the projec-
tile. However, the absolute values of our cross sections
summed over all recoil-ion charge states are approxi-
mately a factor of 2.5 smaller than those of Gray, Cocke,
and Justiniano. ' Our cross sections can be checked for
internal consistency by summing the recoil-ion produc-
tion cross sections in Table III over all recoil-ion charge
states for the exit charge states of the projectile

q, =q;„+1 and thus reproducing the single capture and
loss cross sections in Table II to within the experimental
error. These cross sections agree well with those mea-
sured by other investigators. ' ' Here we assume that
single-electron capture and loss is always associated with
the production of a recoil ion. The recoil-ion production
cross sections are dominated by the cross section for the
production of 1+ recoil ions if the projectile does not
change charge. If the projectile captures or loses an elec-
tron the production of 2+, 3+, and 4+ recoil ions dom-
inates the cross section. In collisions involving electron
loss by 0 + projectiles, the highest average recoil-ion
charge state is produced. This suggests that the impact
parameter required for electron loss by 0 + projectiles is
smaller than the impact parameter required for target-
electron capture by the same projectile, since smaller
impact-parameter collisions are expected to produce
higher recoil-ion charge states.

Table IV lists the cusp-electron production cross sec-
tions. These cross sections cannot be directly compared
with previously published cross sections since they de-

pend strongly on how much of the energy and angular
distribution of the cusp electrons has been integrated
over in the measurement. The detector in our experiment
integrates almost over the entire energy and angular dis-
tribution of cusp electrons, while previous measurements
were made with a half-angle of acceptance of less than 2'.
Our measured cusp-electron production cross section for
1-MeV/u C + projectiles is approximately a factor of 35
larger than that obtained from Ref. 6 by interpolating
measured values towards lower energy. Without detailed
information about the cusp-electron energy and angular
distribution we can only estimate the expected enhance-

gg 100"

S00"

800"

$00"

I
(d)

~ 1.5

"1.0

~ 0.5
I

CD

0
8

~ 1.5

"1.0

I S 4 5 1 I S 4
RECOIL ION CHARGE STATE

"0.5
0

0.0
5

FIG. 3. Cross sections for the production of neon recoil ions
of charge state q, for (a) 1-MeV/u 0'+, (c) C +, and (e) C'+ pro-
jectiles and cross sections for the cusp-electron production in
coincidence with recoil ions of charge state q„ for (b) 1-MeV/u
0'+, (d) C, and (f) C' projectiles. Errors are relative errors.

ment of our present yield over the yield obtained from
Ref. 6. Using a cusp shape as given by Dettmann, Har-
rison, and Lucas, we estimate approximately an order
of magnitude enhancement.

The cross sections for producing a cusp electron in
coincidence with a recoil ion of charge state q„are given
in Table V and are compared with the total cross section
for producing a recoil ion of charge state q, in Fig. 3.
Figure 3 shows that the probability of producing a 1+
recoil ion is greatly reduced if a cusp electron is also pro-
duced in a collision. The recoil-ion charge-state distribu-
tion measured in coincidence with a cusp electron is shift-
ed to higher charge states than the recoil-ion distribution
measured without the coincidence requirement. The
most probable charge states to be found in coincidence
with a cusp electron are charge states 2 and 3. The most
probable recoil-ion charge state without this coincidence
requirement is 1. Summing the cross sections given in
Table V for each projectile ion over all recoil-ion charge
states we obtain the cusp-electron production cross sec-
tions independent of recoil-ion charge states q„. The
values thus obtained agree with the ones given in Table
IV to within experimental error.

Table VI lists the triple-coincidence cross sections for
the production of a cusp electron, a recoil ion of charge
state q„and a projectile ion of charge state q, in a single

TABLE V. Cusp-electron —recoil-ion coincidence cross sections for 1-MeV/u projectiles on neon.

Projectile

079
C6+
C'+

q, =1+
0.9+0.7
0.5+0.3
0.6+0.3

q„=2+

0.8+0.2
0.8+0.2
0.9+0.1

0.8+0.2
0.8+0.2
0.6+0.1

0.4+0.2
0.35+0.05
0.23+0.04

Cross sections ( 10 " cm )

q, =3+ q, =4+ q„=5+

0.3+0.2

0.23+0.03
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FIG. 4. Cross sections for the production of neon recoil ions
by 1-MeV/u 0'+ projectiles (a) capturing an electron, (c) not
changing charge, and (e) losing an electron, and cross sections
for recoil-ion-cusp-electron production for projectiles (b)
capturing an electron, (d) not changing charge, and (f) losing an
electron. Errors are relative errors.

collision. In Fig. 4 we compare these cross sections to
those for producing a recoil ion of charge state q, in coin-
cidence with a projectile ion of charge state q, without
requiring a coincidence with a cusp electron for 0 + pro-
jectiles. Most cusp electrons accompany a projectile
which does not change charge; they are ECC electrons.
The recoil-ion charge-state distribution shifts towards
higher charge states and closely resembles that measured
in coincidence with a bound-state capture without any
cusp-electron coincidence requirement. This again points
towards a close relationship between bound-state capture
and ECC. Target-electron capture by the projectile in
coincidence with cusp-electron production shifts the
recoil-ion charge-state distribution towards even higher
charge states. This process requires at least two target
electrons to be involved and therefore happens at smaller
impact parameters and leads to higher-recoil-ion charge
states. Electron loss by the 0 + projectile in conjunction
with cusp-electron production causes the recoil-ion

0.05- ~

A.
000

O.IO--

0.16--

0.10--

0.05--

LM
1 I S 4 6

RECOIL ION CHARGE STATE
FIG. 5. Probability that, given a recoil ion of charge q„a

cusp electron is produced in a collision in which the projectile
loses an electron (squares), does not change charge (triangles),
or captures an electron (circles), for (a) 1-MeV/u 0'+, (b) C +,
and (c) C'+ projectiles on neon. Errors are relative errors.

charge-state distribution to shift to lower charge states.
Thus cusp electrons produced in coincidence with projec-
tile electron loss are often associated with gentler, larger
impact-parameter collisions. We can again check our
cross sections for internal consistency. By summing the

TABLE VI. Cusp-electron —recoil-ion —projectile-ion coincidence cross sections for 1-MeV/u projec-
tiles on neon.

Projectile' q„=1+
Cross section (10 ' cm )

r 2+ r 3+ q„=4+ q, =5+
07+

7+

O7+
C6+
C6+
C5+
C5+
C5+

SC
NC
SL
SC
NC
SC
NC
SL

0.00
0.5+0.3

0.00+0.14
0.00

2.2+1.6
0.00

1.8+0.7
0.8+0.6

0.3+0.2
4.5+1.5

0.08+0.04
0.5+0.3
5.9+1.2
1.0+0.5
5.6+0.7
1.4+0.6

2.0+0.8
6.7+0.7

0.05+0.02
1.1+0.3
7.0+0.7
0.7+0.3
4.0+0.6
2.4+0.5

2.0+0.5
4.1+0.3

0.05%0.02
0.8+0.2
3.9+0.4
0.9+0.2

0.16+0.08
1.2+0.2

1.6+0.3
2.2+0.2

0.7+0.2

0.5+0.2

'SC represents single-electron capture, NC represents no charge changing, and SL represents single-
electron loss by the projectile.
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triple coincidence cross sections over all projectile-ion
and all recoil-ion charge states, we reproduce the cusp-
electron production cross sections, in Table IV, to within
experimental error.

Figure 5 shows the probability that in a collision, from
which the projectile emerges with charge q, and a recoil
ion of charge q„ is produced, a cusp electron is also pro-
duced. This probability is obtained by dividing the
triple-coincidence cross sections in Table VI by the
recoil-ion production cross sections in Table III. The
probability of producing a cusp electron given the pro-
duction of a recoil ion increases with increasing recoil-ion
charge state for all incident projectile ions that do not
change charge or capture a target electron, i.e., the prob-
ability of producing an ECC electron increases with in-
creasing recoil-ion charge state. However, the probabili-
ty of producing a cusp electron given the production of a
recoil ion decreases with increasing recoil-ion charge

state for C + and 0 + projectiles if it is associated with
projectile electron loss. A collision in which a low-
charge-state recoil ion is produced and the projectile
loses an electron has the highest probability of producing
a cusp electron. Overall, the probability of cusp-electron
production given the production of a recoil ion is small.
We therefore conclude that the production of cusp elec-
trons cannot, by itself, account for the large amount of
energy transferred to free electrons in collisions where
high recoil-ion charge states are produced. '
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