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The partial cross sections for production of slow recoil Ar'* ions in 1.05-MeV/amu Nef*
(g =2,7—10) and Ar?* (g =4,6,10—14) -ion impact have been determined. It is confirmed that the
partial cross sections are dependent upon the charge state g of Ne?* and Ar?™ ions but not signifi-
cantly on the projectiles themselves. The measured partial cross sections were compared with the
independent-electron approximation for low-charge-state recoil ions which were produced in col-
lision with large impact parameters and with the “compound atom” model for high-charge state of
the recoil ions which were produced in relatively close collisions. Experimental data were appreci-
ably well reproduced by the combination of the approximation and the model.

I. INTRODUCTION

It is well established from Auger and x-ray spectral
features that fast, heavy-ion bombardment can produce
multiple ionization of atoms in a single collision.! As a
result, slow highly charged target recoil ions are produced.
These low-velocity highly charged recoil ions have recent-
ly been used as an ion source to study the electron-capture
process at low energies.?>

Cocke* has systematically measured the cross sections
for production of recoil ions under single collisions be-
tween 25 and 45 MeV Cl ions and targets of He, Ne, and
Ar as a function of the incident projectile ion charge state.
Recently, Ullrich et al.’> and Kelbch et al.® have mea-
sured slow recoil ion production cross sections in highly
charged ion imgact which were found to be quite large,
e.g, 3.5x107!"® cm? for production of Ar'** jons in
15.5-MeV/amu U"**-jon impact. Gray et al.” have mea-
sured cross sections for production of highly charged
low-velocity recoil Ne ions by 1-MeV/amu C, N, O, and
F projectiles by identifying the final-charge states of both
the low-velocity recoil ion and high-velocity projectile ion
through coincidence technique. Their result shows that,
for a given incident-projectile charge state, the charge-
state distribution of the recoil ions is strongly correlated
to the final charge state of the projectiles. The single- and
double-electron-capture events by the incident ions during
collision have been found to cause significant shifts in the
recoil ion charge-state distribution toward higher charge
state. In a similar experiment Kelbch et al.® have recent-
ly measured the recoil ion production cross sections in
collisions of 2 MeV/amu Br¢* (g=14—27) ions with Ne
target atoms and found that the direct multiple ionization
is the dominant process for the production of low-
charge-state recoil ions whereas the production of highly
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charged recoil ions is accompanied by the electron capture
into projectile ions from target Ne K shell. They ex-
plained successfully the experimental data with the in-
dependent electron approximation (IEA) summarized by
McGuire and Weaver.” However, up to now, there are no
theories which can well reproduce the experimental results
on the production of highly charged recoil ions in ion im-
pact over a wide range of the recoil ion charge and over a
wide range of the collision energies.

In this paper we report experimental results of the par-
tial ionization cross sections of slow recoil ions produced
in collisions of 1.05-MeV/amu Ne?*t (¢=2,7—10) and
Ar?t (g=4,6,10—14) ions with Ar target atoms and com-
pare them with the calculation of Olson'® by the classical
trajectory Monte Carlo method (CTMC). Also, the ob-
served cross sections are compared with the IEA applied
for production of low-charge-state Ar' * recoil ions in col-
lisions with large impact parameters. Those for higher-
charge-state Ar't recoil ions are compared with the
“compound atom” model'! which determines the charge-
state distribution of recoil ions produced in close col-
lisions.

II. EXPERIMENTAL PROCEDURE

The present measurements of the charge-state distribu-
tion of slow recoil Ar ions were made using the apparatus
shown in Fig. 1. A beam of Ne?* (¢g=2) and A+
(g=4,6) ions from the heavy-ion linear accelerator of the
Institute of Physical and Chemical Research intersected at
right angles a stream of Ar gas emerging from a single
tube nozzle. The charge state g of the incident Ne?™*
(g=7-10) and Ar?* (¢g=10—14) ions was selected by a
switching magnet after passing through a carbon foil, the
ion intensity with ¢ =8 for Ne and ¢ =12 for Ar ion be-
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FIG. 1. Schematic diagram of the apparatus.

ing maximum at the present projectile energy. The beam
spot was defined with two slits about 1 m upstream from
the target, and was about 0.7 mm wide and 2 mm high on
the target. Low-velocity recoil ions produced in the col-
lision were extracted by an electric field applied perpen-
dicularly to the primary beam direction, analyzed by a
double focusing magnet with the orbit radius of 15 cm
and the deflection angle of 60°, and finally detected by a
channeltron at the focusing point of the magnet. The
charge-state spectra of the recoil ions were obtained by
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scanning the magnetic field and counting the detected
ions with a multichannel scalar. A typical charge-state
spectrum of slow recoil Ar ions produced by 1.05-
MeV/amu Ne’* beam bombardment on the Ar target is
shown in Fig. 2. Ar ions with the charge state from 1 +
to 12 + were observed, together with traces of HY, H, ¥,
O*, OH*, H,0%, N,*, and O,% as background peaks.
36Ar+ ions were also clearly observed and their ratio to
“Ar* ions was in agreement with the natural abundance
of 0.34% for Ar.

In the present measurement the slow recoil ions (Ar' *)
were extracted at 1.5 kV and the bias of —3 kV was ap-
plied on the front face of the channeltron. Therefore, the
recoil ion energy arriving at the channeltron is 4.5 Xi keV.
The data!? show that the relative detection efficiency for
Ar* ions above 3 keV is constant with uncertainties of
about 10%. Fricke et al.'> also reported that no change
of the measured detection efficiency on the ion energy in
the range from 4 to 15 keV and on the charge state up to
6 + was observed. Thus, the detection efficiency of the
channeltron used for ions of different energy and charge
state in the present experiment was assumed to be con-
stant. As no ion sources capable of providing such highly
charged ions are easily available, no direct experimental
determination of the absolute transmission efficiencies
through an acceleration-analyzing system is usually possi-
ble. However, in the present type of experiment, the abso-
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lute efficiencies are not always necessary to know but it is
good to know the relative transmission efficiencies which
in the present work have been investigated through
analysis of the ion orbits and experimentally optimizing
the ion optic system. Then, the relative transmission effi-
ciencies of ions with various charges are assumed to be
constant. Recoil ions produced were measured as a func-
tion of the target Ar gas pressure. The yields of the recoil
Ar ions in each charge state were found to increase linear-
ly with the gas pressure up to 3 10~° Torr from a typi-
cal background pressure of 8 X 10~ Torr, measured at the
chamber wall. This ensured that the observed recoil ions
were produced under single-collision conditions. The
mass spectroscopy method has an advantage of observing
carefully a limited region of the high-charge-state spec-
trum of recoil ions, of which the counting rate is too low,
without any disturbance of the gain loss of the channel-
tron due to high counting rate of low-charge-state recoil
ions. Taking into account uncertainties in the detection
efficiency, background subtraction, and collection effi-
ciency, we place an error of 15% for the relative yields
obtained in low-charge ions. However, the yields of
high-charge recoil ions were small and, therefore, their
statistical uncertainties increased with increasing charge
and were about 50% for the highest-charge recoil ions.
Combining absolute total net ionization cross sections, 1
which are determined through the parallel-plate method
using standard technique (see the detailed description in
Ref. 14), with the relative yields of recoil ions, absolute
partial cross sections for production of recoil Ar* ions in
collisions of 1.05 MeV/amu Ne?* and A ions with Ar
targets were determined, as shown in Fig. 3.

III. RESULTS AND DISCUSSION

A. Comparison with CTMC and IEA in recoil Ar ions
with low charge

As shown in Fig. 3, the partial ionization cross sections
are varied smoothly as a function of the projectile charge
state g of Ne?* and Ar?™ ions and appear to be almost
independent of the projectiles. Eight M-shell electrons in
Ar target are ionized dominantly in distinct collisions.
Olson!? calculated the cross section o; for ejecting i elec-
trons in the M shell based upon the CTMC method. The
dotted lines in Fig. 3 are the results of his calculation for
the projectile energy of 1 MeV/amu. The present mea-
surements of total net ionization cross sections (3;io;)
and total cross sections (3;0;) agree with the CTMC cal-
culations within a factor of 2 for a wide range of the pro-
jectile charge state though the dependence on projectile
charge g is slightly different. However, the theoretical
partial ionization cross section o; is underestimated for
small / and overestimated for large i, as already noted by
Schlachter et al.'® In the CTMC method, it is assumed
that the projectile is fully stripped, whereas in most exper-
iments, partially stripped ions are used. Thus, the calcu-
lated cross sections for production of low-charge state of
the recoil ions for a given projectile charge state are un-
derestimated possibly due to (i) the neglect of interactions
of projectile electrons with target electrons, and (ii) the
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fact that the target electrons will see a higher effective
charge for small impact-parameter collisions. If the col-
lision is not sufficiently sudden, electrons are ionized
sequentially and the last few electrons to be ionized from
a particular shell have the binding energies much larger
than the average value. Then this approximation is not
valid any more. Thus the calculations will generally
overestimate the cross sections for the production of
higher-charge-state ions. The Auger processes, which fol-
low the innershell ionization due to the quasimolecular
formation and electron-capture processes, also contribute
significantly to the production of highly charged recoil
ions. The contributions from these mechanisms are not
included in this calculation.

For further analysis of the low-charge-state recoil Ar'*
ions we applied the IEA (Ref. 9) which assumes binomial
statistics to be valid for multiple ionization. The partial
cross section o; for ionizing i electrons can be obtained by
integrating over the impact parameters b:

o;=2m fo“’P,&;"(b)bdb, (1)

where P} is the probability for ionizing i electrons in M
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Ar'* ions as a function of the projectile charge g of 1.05
MeV/amu Nef* (@) and Ar?* (X). The dotted lines represent
the CTMC calculation of Olson for the projectile energy of 1
MeV/amu. The solid lines are drawn to guide eyes through ex-
perimental data.
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shell and is defined by

Pi{(b)= [f ]P;’,,(b)[l-PM(b)]"*" ; 2)
where (§) is the binomial coefficient. Py, (b) is the ioniza-
tion probability of a single M-shell electron at the impact
parameter b and can be empirically determined from the
experimental data by assuming the following form:

Py (b)=Py(0)exp(—b/ry) , (3)

which has been proved to be adequate for large impact pa-
rameters.'® P,,(0) and rp can be determined by fitting
Eq. (1) to the experimental data. The results for Ne?*
and Neb+ ion impact are shown in Fig. 4(a). Similar re-
sults for Ar** and Ar'** ion impact are shown in Fig.
4(b). This simple model gives a good description of the
experimental data o; up to the recoil ion charge state
i=3—4 in Ne?* ion and i=4—6 in Ar?*-ion impact.
Figure 4(c) shows the results in Ne!®t and Ar'*-ion im-
pact. Experimental data up to the recoil-ion charge state
i =5 are well reproduced by the calculation with practi-
cally the same parameters for both Ne'°t and Ar'°*-ion
impact. It is noted that the partial cross sections for both
projectiles with the same charge g =10 are practically the
same. The values of Py (0) and ry, determined by fitting
the experimental data are plotted as a function of the pro-
jectile charge state g of Ne?* and Ar?* ions as shown in
Fig. 5. The values of P(0) increase slightly with in-
creasing the projectile charge state g. This indicates that
the charge-state distributions of recoil ions are varied
slowly with the projectile charge state. The values of 7y,
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determining the absolute cross sections of production for
recoil ions increase with increasing the projectile charge
state g. It is also found from the figure that P,,(0) and
ry depend on only the charge state g of projectile ions
and are almost independent of the projectiles themselves.
Thisl Ois the same conclusion as is in the calculation by Ol-
son.

However, the deviation of the experimental data from
the calculation for higher charge state i becomes signifi-
cant with increasing the charge state of recoil ions, and
the experimental values are much larger than the calcula-
tion, indicating that the recoil Ar ions in higher charge
state are produced not only by direct ionization, but also
by other processes such as charge-transfer ionization and
Auger processes.

B. Data analysis of recoil Ar ions in high-charge
states by the compound-atom model

Recently Meron and Rosner!! have developed the
compound-atom model based on the assumption of ran-
domization of the electrons’ motion during collisions and
have reproduced well the observed charge-state distribu-
tion of the projectile ions in small-impact parameter col-
lisions. We applied this model for analysis of high-
charge-state recoil Ar ions observed in the present work.
The main assumption of the model is that during a close
collision some electrons of both projectile and target
atoms, which are not altogether thrown out of the system,
create a common structureless electron cloud which is
later redistributed between both atoms. In the model the
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eye.

compound atom is initially composed of N; electrons in
the common cloud and at the final stage N, electrons
remain in the cloud after some electrons are ejected. That
is, N;—Ny electrons are ejected before a quasistable com-
mon cloud is created. We assume that no further ioniza-
tion of electrons occurs before separation once the quasi-
stable common electron cloud is formed.!” Then, N elec-
trons are divided into N; and N, electrons which are the
average numbers of electrons and recaptured into the pro-
jectiles with the nuclear charge Z; and the recoil ions
with Z,, respectively, namely

Nf=N1+N2. (4)

According to this model, the probability P,-Nf that out of
Ny electrons i electrons escape from the recoil atom is
given by

N; Z\(u.)+Z,(u,)— Ny
N Zz(uc)—i i
P /= R (5)
Z(u)+2Z)(u,)
Zz(uc)

where Z(u.) and Z,(u,) are the effective numbers of
electrons in the projectile and the target atoms, respective-
ly, involved in forming a common electron cloud whose
velocity is smaller than a critical velocity u.. (Electrons
with velocities larger than u, behave like spectators. For
the detailed definition and the notation, see the original

text.) In other words, P;N / represents the probability of
having the recoil ions with the charge state i.

The calculated parameters in this model in collisions of
1.05 MeV/amu Ne?* and Ar?t ions with Ar targets are
given in Table I. The initial number of electrons N; in the
common cloud is given by

N;=2Z(u)+Z5(u)—q , (6)

where g is the projectile charge state and the mean charge
(i) of the recoil ions is given by (i) =2Z,(u.)—N,. The
fact that Z,(u.)=16.35 in the present case means that
two electrons in the K shell of Ar atoms do not contribute
significantly to forming the common electron cloud in the
compound atom. In the process from the initial number
of electrons N; to the final number of electrons N in the
common cloud, the (Ny—N;) electrons are ejected, as
mentioned already. The number of electrons ejected in
this process decreases with increasing the projectile charge
state g as indicated in Table I. The mean charge (i) of
recoil Ar ions clearly increases with increasing the projec-
tile charge g. However, the dependence of (i) on the pro-
jectile charge state g is slightly different between Ne?*

TABLE 1. Parameters calculated by the compound-atom model in collisions of 1.05-MeV/amu Ne?*
and Ar?* -ion impact with Ar target. N; and N are the initial and final numbers of electrons in the
common electron cloud. N, and N, are the average numbers of electrons redistributed into the projec-
tile and the recoil ion from Ny. (i) is the mean charge of the recoil ions given by (i)=Z,(u)—N,.
Z(u.) and Z,(u.) are the effective numbers of electrons in the projectile and the target atom contribut-
ing to forming a common electron cloud. The detailed description of the parameters can be found in

the text (Ref. 11).

q N; Ny N, N, (i)

Ne?*-ion impact
Z(u.)=9.55 2 23.9 16.7 6.2 10.5 5.9
Zy(u.)=16.35 7 18.9 15.0 5.5 9.5 6.9
8 17.9 14.5 5.3 9.2 7.2
9 16.9 14.0 5.2 8.8 7.6
10 15.9 13.5 5.0 8.5 7.9

Arf*-ion impact
Z(u)=2Z(u;) 4 28.7 18.6 9.3 9.3 7.1
=16.35 6 26.7 18.1 9.1 9.1 7.3
10 22.7 16.8 8.4 8.4 8.0
11 21.7 16.5 8.3 8.3 8.1
12 20.7 16.1 8.1 8.1 8.3
13 19.7 15.6 7.8 7.8 8.6
14 18.7 15.1 7.6 7.6 8.8
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and Ar? *-ion impact.

The charge-state distributions of recoil Ar ions deter-
mined by Eq. (5) are shown in Figs. 4(a)—4(c). The peak
values of the distribution, the only single free parameter
in this model, were adjusted to fit the experimental data.
The solid lines in these figures represent the sum of both
IEA and compound-atom-model calculations. As seen
from Figs. 4(a)—4(c), the distributions are very similar to
Gaussian distributions and the mean charges of the distri-
bution increase with increasing the projectile charge state
g. The calculated charge-state distributions for Ar?*-ion
impact reproduce the experimental data somewhat better
than those for Ne? *-ion impact. In fact, the deviation in
Ne? t-ion impact is clearly observed at higher charge
states, suggesting that this model is more effective for rel-
atively symmetric collision systems having similar num-
bers of electrons in both projectile and target atoms.
Comparing the charge-state distributions for Ne'°*-ion
impact with those for Ar'*-ion impact with the same
projectile charge state as shown in Fig. 4(c), it is found
that the width of the distribution for Ne'°* is slightly
narrower than that for Ar'°*-ion impact, though the
mean charges of the distribution are almost the same for
both ion impact. It is also noted that the calculated mean
charge for the lower projectile charge state is found to be
different between Ne?t and Ar?*-ion impact and the
difference increases with decreasing the projectile charge
state (see Table I) and also the widths of the distribution
tend to be narrow for the low atomic number of the pro-
jectiles. Therefore, it is concluded that although the
charge-state distribution of the recoil ions estimated by
the compound-atom model tends to be underestimated for
low-Z projectiles, this model can generally reproduce the
experimental data on the charge distribution at higher
charge.

C. Comparison of the present partial cross sections
of Ar ions with those in other projectiles

Figure 6 shows a comparison of the present results of
the partial ionization cross sections of Ar ions produced
in 1.05 MeV/amu Ne?** and Ar'**-ion impact with those
in protons by Wexler'® and DuBois et al.!® and in electron
impact by Schram,? the projectile velocities being nearly
equal. As seen in Fig. 6, the present data show some
structure due to the electronic shells of Ar targets which
can be reproduced fairly well with the compound-atom
model as described in the previous section; relatively large
cross sections for production of Ar'* (i >7) ions corre-
sponding to the ionization of the 3s shell electrons, com-
pared with that for Ar®t jons, should be due to the con-
tribution of the 2p inner-shell ionization. The results in
CI?* ion impact by Cocke,* not included in Fig. 6 to
avoid the complication, are very similar to the present re-
sults, though his absolute values are somewhat larger than
ours. As can be seen, the cross sections for production of
singly charged Ar!'* ions are nearly equal in both 570-
eV-electron and 1-MeV-proton impact, showing that Ar*
ions are dominantly produced by the direct ionization pro-
cess. Obviously the partial cross sections of higher
charged ions are much higher (almost 1 order of magni-
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tude for i=4-5) for 1-MeV protons than for 570-eV
electrons. This indicates the contribution from other pro-
cesses, namely, the electron capture by protons from the
target in proton impact. In fact, the cross sections of L-
shell electron capture from Ar atoms into protons were
measured to be about 7X 1072 cm? at the present col-
lision energy?! which is comparable to those of production
of recoil Ar** and Ar’* ions. This figure demonstrates
clearly that the production cross sections of highly
charged recoil ions are much higher for highly charged
heavy-ion impact than for protons and electrons, and the
difference among them increases progressively with in-
creasing the recoil ion charge. Also shown, for a further
comparison, are the partial cross sections of Ar' *-ion pro-
duction in 15.5-MeV/amu U”*-ion impact® which is the
highest projectile charge ever used in recoil ion produc-
tion.

IV. CONCLUSIONS

The partial cross sections for production of highly
charged recoil Ar'* ions in 1.05-MeV/amu Nef+
(g=2,7-10) and Ar?* (¢=4,6,10—14) -ion impact have
been determined by measuring total net ionization cross
sections and fractions of the recoil ions. The measured
partial cross sections of recoil Ar ions in low charge states
were compared with the independent electron approxima-
tion and it is found that Py,(0) and r,,, defined by Eq. (3)

107" 3
Exo . ]
r |
-5 x 5 |
10 E . A E
Ng - x . ° 75+ |
) = > 15.5MeV/amu U™*4
ey -161 g ° o —
& 10 ‘5 . x . E
s E . ° 1
prar L . x -
.tg b x ° o —
-7l . x o
2107 . « ° 3
S o, . d
c B x j
% o g 1.0SMeV/amu Ar'** |
s F e
B - ° .
< 2+
S 10 + 1.05MeV/amu Ne®™ _|
g & J1.OMeV/amu H* ]
102% . 570 e\{ electron =

>4 6 8 10 12 14 16
Recoil ion charge state i

@

FIG. 6. Partial ionization cross sections of recoil Ar' * ions in
various projectile impact on Ar atoms. + : 570-eV electrons,
Schram (Ref. 20); O: 1-MeV proton, Wexler (Ref. 18); A: 1-
MeV proton, DuBois et al. (Ref. 19); @ 1.05-MeV/amu Ne?*.
Present results: X, 1.05-MeV/amu Ar'*+; 0: 15.5-MeV/amu
U+, Kelbch et al. (Ref. 6).



33 PRODUCTION OF HIGHLY CHARGED SLOW Ar IONS . ..

and determined by fitting to the experimental data, de-
pend on only the projectile charge state ¢ of Ne?* and
Ar?* and are independent of the projectile themselves.
The partial cross sections of recoil Ar ions in high charge
states were compared with the compound-atom model
which determine the charge-state distribution and were
appreciably well reproduced by this model in the present
collision system. Therefore, it can be concluded that the
combination of the independent-electron model based on
the direct ionization and the compound-atom model based
on the formation of the common cloud during collision
reproduce well the experimental data on the charge distri-
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bution of recoil Ar'* ions produced in 1.05-MeV/amu
Ne?* and Ar?*-ion impact over a wide range of the
charge state i.
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