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Slow Ar recoil-ion production cross sections by projectiles of 1.05-MeV/amu
Ar + (q =4,6, 8, 10, 12, 14) were measured using a projectile-ion —recoil-ion coincidence technique.
The present results indicate that the average recoil ion charges (i ) increase with increasing the in-
cident projectile charge q and the number of the lost and captured electrons from and/or into pro-
jectiles, whereas the projectile charge-changing cross sections for loss ionization decrease steeply
with increasing q for low-charge-state projectiles, and those for transfer ionization increase rapidly
with increasing q for high-charge-state projectiles. For Ar projectiles with q =10, which corre-
sponds to the equilibrium charge state of Ar projectiles at the present collision energy, the average
recoil-ion charges are nearly the same in both loss and transfer ionization, and a pure ionization
process plays a much more important role in producing highly charged recoil ions, in contrast to
projectile electron loss or transfer processes, which play a role in other projectile charge states.

I. INTRODUCTION

Multielectron processes such as multiple ionization by
charged particles are of continued interest, and it is
known that highly charged, slow recoil ions are copiously
produced by multiply charged, energetic heavy-ion im-
pact. Coincidence measurements between projectile ion
and recoil ion, therefore, provide useful information on
the charge-state distributions or partial-ionization cross
sections of the recoil ions correlated with the projectile
final charge states, i.e., accompanied with either pure ion-
ization without any change of the projectile charge, elec-
tron loss from or capture into the projectile ions. Experi-
ments measuring such correlated charge-state distribu-
tions and partial-ionization cross sections of both col-
lision partners with specified charges as well as related
theoretical studies by fast heavy projectiles have been
performed up to now. '

In the present work, we report on measurements of the
partial production cross sections o.

q q
of recoil Ar'+ ions

which are produced in the following collisions of partially
ionized 1.05-MeV/amu Arq + projectile ions
(q =4, 6, 8, 10, 12, 14) with rare-gas Ar atoms to provide
knowledge on mechanisms of multiple ionization of tar-
get atoms through pure ionization as well as of that ac-
companied simultaneously with multiple electron loss or
capture of projectiles:

Are++Ar~Ar~ ++Ar'++(q' —q+i)e
for projectile charge change k =q' —q
=4, 3,2, 1,0, —1, —2, —3, —4, i.e., k &0 (q'&q) corre-

sponds to electron loss (so-called loss ionization) and
k & 0 (q' & q) to electron capture (transfer ionization).

II. EXPERIMENT

The experimental setup used is shown schematically in
Fig. 1. The 1.05-MeV/amu Ar + or Ar + beams are pro-
vided with RIKEN heavy-ion linear accelerator. Arq+
beams are selected with a switching magnet after passing
through a carbon foil if necessary, collimated with 1-mm
high and 0.4-mm wide aperture at the entrance of a tar-
get cell, and, then, directed into the gas-target cell which
is differentially pumped. Projectile ions, a part of which
may have changed their charge in a collision, are charge
analyzed with an electrostatic deflection analyzer and
detected with a position-sensitive parallel plate avalanche
counter (PPAC). The distance between the target cell
and the electrostatic charge analyzer is about 60 cm. On
the other hand, slow recoil ions produced in collisions of
projectile ions with gaseous target atoms are extracted
perpendicularly to the projectile beam through a 3-mm-
diam hole by the electric field between two parallel plates
which are typically on potentials of +525 and +250 V,
respectively. After passing another 3-mm-diam hole in
the grounded plate and a subsequent drift tube, the recoil
ions are detected with a channeltron detector located at
about 15 cm from the target cell ~ The drift tube contains
sets of an einzel lens and parallel plate deflectors to im-
prove an overall transmission of the recoil ions. The
recoil ions are charge analyzed in a time-of Right (TOF)
spectrometer. The TOF spectrum of recoil ions is mea-
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FIG. 1. Schematic experimental setup (not to scale).

sured by starting a time-to-amplitude converter (TAC)
with signals produced by a recoil ion in the channeltron
and stopping it with energy signals produced in the
cathode plate of PPAC by projectile ions through a prop-
er delay time. A projectile charge-state spectrum is
recorded via position signals from the PPAC. On the
basis of a list mode option, spectra which represent coin-
cidence with a given window in the other spectrum can
later be obtained.

Typical coincidence charge spectra of Ar recoil and Ar
projectile ions in collisions of Ar' + projectiles with Ar
atoms with fully opened windows in both spectra are
shown in Figs. 2(a) and 2(b). The coincidence count rate
was about 10 Hz when the count rate of projectiles moni-
tored by the PPAC was 8 kHz under the operating pres-
sure of Ar targets of 7X10 Torr. Ar projectile charge
spectrum taken in coincidence with all recoil ions [Fig.
2(b)] indicates that recoil ions are produced through ei-
ther electron-capture (q'=8 and 9), pure ionization
(q'=10), or electron-loss (q'= l l and 12) processes. It
can be seen from the Ar recoil-ion charge spectrum [Fig.
2(a)] that Ar'+ recoil ions decrease rapidly as their
charge state i becomes high.

When the windows in the projectile charge spectrum
are set for the final charge states q' of Ar projectile ions,
coincidence spectra of Ar'+ recoil ions show to be
strongly correlated to the final charge states of the pro-
jectile ions. When the windows in the Ar'+ recoil charge
spectrum are also set for the charge states i, spectra of Ar
projectile ions show to significantly depend on the degree
of multiple ionization of the recoil ions and the relative
contribution of multiple electron processes of projectiles
is clearly enhanced in producing higher charge recoil
ions. Thus, the projectile charge distributions obtained in
coincidence with recoil ions in each charge state could be
used as crosscheck of the recoil-ion charge distribution.

It should be noted, however, that in coincidence mea- Iq q

1 —f Xq cJq + cTqqq q, q (2)

surements of Ar'+ recoil ions accompanied with
electron-capture or -loss processes, recoil-ion yields with
low charge, in particular, with i =1 and sometimes up to
i =3, are enhanced through double collisions of the in-
cident projectiles with Ar target atoms. As pointed out
by Gray et al. , ' a part of the projectile ions have changed
inevitably their ionic charge due to collisions with the gas
atoms outside the interaction region from which the
recoil ions are extracted. The recoil ions could be coin-
cident with these projectiles pre-and post-charge-changed
outside the collision region through pure ionization since
the production cross sections of singly charged recoil ions
due to pure ionization are more than two orders of mag-
nitude larger than those due to loss or transfer ionization.
Background recoil ions produced through the double col-
lisions are N o. .t, o. .tQ and X o. tQo. .t2 for pre-
and post-charge-changed projectiles, respectively, and
true recoil ions through single collisions are N o. .tQ,
where N is the number of the incident projectiles with
charge q, o. is the total charge-changing cross sections
(as discussed later) of the projectile ions from q to q'
charge state, o. ~ and o. are the pure ionization cross
sections due to projectile with charge q' and q accom-
panied with target ionization (see Fig. 5), to, t„and tz are
the target thickness of the interaction region, before and
after the interaction region, respectively. Total thickness
through the projectile beam line t is represent by

tQ + t ] + t 2 Thus, if the ratio of the target thickness
(to) to total thickness (t), f, is given by f = to lt, the
amount of background recoil ions observed in the coin-
cidence measurement accompanying with the final charge
states (q'Aq) of the projectiles can be estimated from the
relation
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FIG. 2. Charge spectra of (a) Ar recoil ions and (b) Ar projectiles for 1.05-MeV/amu Ar' ++Ar collisions in the recoil-
ion —projectile-ion coincidence measurement without projectile and recoil charge selection, respectively.

TABLE I. Typical uncertainties of cross sections o q q
deter-

mined. o.
q q is in units of cm .

—loglo(oq q )

uncertainties (%%uo)

(16
5

16-17
5 —15

17-18
15-50

18-19
50-200

where Ib is the number of background recoil ions whose
charge distributions are similar to those due to pure ion-
ization, I ~ is the total number of true recoi1 ions in
coincidence with projectiles of the charge q, in other
words, the number of coincident projectile ions counted
by PPAC and X ~ is given by N o .t and detected by
PPAC without coincidence, but under the same target-
gas pressure as in coincidence measurements. These ra-
tios of N . /Nq and f values (estimated to be 0.2 in the
present work) depend on the apparatus and gas pressure
distribution through the projectile beam line. However,
o. ~ cannot be determined simultaneously with other
coincidence parameters but can be estimated through ex-
trapolation or through separate measurements by the in-
cident projectile with the charge state of q . The contri-
bution of this background due to the pre- and post-
charge-changed projectiles depends on various collision
parameters and the ratios of Ib/Iq q

are found to range
from 10% to almost 100% in the present work.

We subtracted these backgrounds from recoil-ion spec-

tra measured in coincidence with charge-changed projec-
tiles, and thus determined "true" charge distributions ac-
companied with the electron-loss and -capture processes.
The remaining uncertainties in the charge-state distribu-
tions are due to coincidence statistics, limited time reso-
lution and difFiculties in the integration of peaks. Abso-
lute partial production cross sections o' ~ of Ar'+ recoil
ions for the collision process (I) were determined through
these corrected coincidence data and normalization to
the previous total cross sections. ' Typical uncertainties
of the cross sections o' ~ estimated are given in Table I.

III. RESULTS AND DISCUSSION

Partial-ionization cross sections cr' ~ of Ar'+ recoil-ion
q, q'

production determined with the coincidence technique in
collisions of 1.05-MeV/amu Ar~+ (q =4—14) projectiles
are shown in Fig. 3 as a function of the recoil-ion charge i
with the projectile final charge state q' (the number
k =q' —

q represents that of the lost or captured electrons
of projectiles) as a parameter. In all cases, the cross sec-
tions o' (k =0) for pure ionization without any change
of the projectile charge in the collisions decrease rapidly
with increasing the recoil-ion charge i, indicating that
low-charge-state recoil ions are mainly produced through
collisions at large impact parameters. The production
cross sections of the recoil ions in collisions where the
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projectiles change their charge from q to q' are found to
be strongly correlated to the projectile final charge q' and
show quite di6'erent features compared with those due to
pure ionization mentioned above.

Figure 4 shows the pure ionization cross sections o.

of Ar'+ recoil ions as a function of the recoil-ion charge i
for the incident projectile charge q =4—14. In analyzing
the pure ionization process we applied the independent
electron approximation (IEA). ' When the projectiles do
not change their charge state q, the partial cross section
cT

q q
for i electron ionization in M shel 1 of Ar atoms can

be obtained by integrating over the impact parameters b,

oqq'2~ I (')[PM(b)] [1 P~(b)] b db
0

(3)

PM(b) =PM(0) exp( b l—rM ),
which have been proved to be adequate for large impact
parameters. ' PM(0) and rM can be determined by fitting
(3) to the experimental data. The calculated results using

where (; ) is the binomial coefficient, P~(b) is the ioniza-
tion probability of a single M-shell electron at the impact
parameter b and can be determined from the experimen-
tal data by assuming the following form:

I I I I I I I I I I I I I I I I I
I I I I I I I I I I I

10
— —x

Ar'++Ar ~ Ar'++Ar'+
1p

—15 Ar6++Ar ~ Ara'+ gAr'+
1p

—15 Ar ++ Ar ~ Ar
' +Ar'+

1p
—16

E 1p
—16 g 1p

—16
CJ

0
„10-i7

O

1p
—17

O

F10"

1p
—18

8(k=4)
7(a=3)
6(&=2)

10—18 7

1p
—19 I I I I I I I I I I I I

2 4 6 8 10 12
Recoil ion charge state i

10 "
2 4 6 8 10

Recoil ion charge state i

I I

12

10
10-"

Recoil ion charge state i

10—is

I I I I I I I I I I I

X

Ar "++Ar Ar'+ +A r'+
10—is

X I I I I I I I I I I I

Ar"++Ar ~ Ar'++Ar'+
10 is

X
I I I I I I I I I I

Ar "++Ar ~ Ar '+ + A r'+

16

~
q

——12
(& =0) Q 1p

—16

~
q

———14
(s=-0) "

17
C
w 10 17

C0

1p
—17

1p
—18

1p
—18

-111k=—ly)'

~ 13(k=
13(ltt =-- —1)

1p
—18

12(k =-

—19 I I I I I I I I ~ I +
2 4 6 8 10

Recoil ion charge state i

10-"-
10(a=—2)

I I I I I I I I I I I I

2 4 6 8 10 12
Recoil ion chalge state i

-10(S=-—4
p

—19 I I I I I I I I I I I I

2 4 6 8 10 12
Recoil ion charge state i

FIG. 3. Cross sections cr~q for pure ionization q'=q(k =0), loss q )q (k )0) and transfer q'(q (k &0) ionization in collisions of
1.05-MeV/amu Ar~ (q =4, 6, 8, 10, 12, and 14) ions with Ar atoms. Sum denotes total cross sections summed over pure, loss, and
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FIG. 4. Cross sections cr~ q
for the production of recoil ions

via pure ionization for 1.05-MeV/amu Arq+ (q =4, 6, 8, 10, 12,
14) on Ar targets in comparison with a two-parameter fit in the
IEA. The broken curves represent the results of the fitting pro-
cedure calculated with the parameters given in the figure.

FIG. 5. Total projectile charge-changing cross sections (7q q

for Arq++Ar~Ar ++Ar'+ (q =4—14). k =0 (X) represent
pure ionization cross sections. k =1 (0), k =2 (D), k =3 (U),
and k =4 ('7) denote one- up to four-electron-loss and k = —1

(4), k = —2 (A), k = —3 (~), and k = —4 (+) one- up to four-
electron-capture cross sections. The solid curves are drawn to
guide the eye. The dotted line for k =0 and the dash-dotted
line for k = —1 are explained in the test.

these values of PM(0) and r~ thus determined are plotted
with the dotted lines and compared with the experimen-
tal data in Fig. 4.

This model is found to give a good description of the
present data o.

q q
in low-charge recoil ions from i =1 up

to i =5—6 in all Arq++Ar collisions investigated. How-
ever, it is clearly seen in Fig. 4 that the present calcula-
tions applied only for the outermost shell, that is, M-
shells of Ar atoms underestimate the cross sections for
the production of higher charge-state recoil ions. This
result may suggest that highly charged Ar recoil ions due
to pure ionization are produced not only through direct
multiple ionization of the outermost shell, but also
through inner-shell ionization (I. shell in this particular
case) followed by Auger electron emission and vacancy
cascade, resulting the enhancement of higher charge ions.

Total cross sections o. ~ summed over partial cross
section o.

qq of Ar recoil ions with different charge I,
namely, total charge-changing cross sections of projec-
tiles from q to q' including all ionization states of target
atoms is written as follows:

I
oqq' ~ oqq' .

i=I

Figure 5 shows the cross sections o
q

~ as a function of
the incident projectile charge q. Total cross sections for
pure ionization (k =0) o (crosses in the figure) increase

with increasing projectile charge q. Total cross sections
of pure ionization are approximated with o = Aq',
where A and a denote the fitting parameters. The deter-
mined values a =1.5 and 3 =1.3X10 ' crn, which
reproduce well the present data as displayed with a dot-
ted line in the figure, can be compared with the values
a =1.7 and A =1.2X10 ' cm obtained in the net ion-
ization cross sections which had been previously mea-
sured under the same collision system as in the present
work, ' indicating that the net ionization cross sections
are dominated by the pure ionization process.

As expected, single and multiple electron-loss processes
(k )0) are found to be dominant for low-charge-state
projectiles and their cross sections decrease steeply with
increasing the projectile charge q, whereas electron cap-
ture into projectiles (k (0) is dominant for high-charge-
state projectile and the cross sections increase with in-
creasing q. Single-electron-capture cross sections
(k = —1) calculated, based on the Nikolaev empirical for-
mula, ' are shown with the dash-dotted line and show
slower increase than the present experimental data. The
ratios of double-to-single —electron-capture cross sections
range from 0.1 to 0.3 in the present data which are com-
parable to that (about 20%%uo) found in the charge-changing
cross-section measurements by other investigators. '

From this figure, electron-loss cross sections are found to
become equal to electron-capture cross sections at about
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where o is the projectile changing cross sections
represented by Eq. (5). Figure 6 shows (i )~ ~

as a func-
tion of the incident projectile charge q with the number
k =q' —

q of the lost and captured electrons as a parame-
ter. The average recoil-ion charges ( i ) for pure ion-
ization (k =0) increase only slightly from 1.19 to 1.62
with increasing the projectile charge q from 4 to 14, indi-
cating that the recoil ions of low-charge states, in particu-
lar, singly charged ions, are produced most dominantly in
the pure ionization process. In electron-loss and -capture
processes, the average charge (i ) increases significantly
with projectile charge. It is noteworthy that (i ) for
electron-capture processes k = —2 and —1 is different
roughly by a two-unit charge, suggesting that the process
with k = —2 involves the inner-shell ionization or excita-
tion followed by Auger electron emission. On the other
hand, (i ) for electron-loss processes k =2 and 1 differs
roughly by unit, indicating that the process with k =2
and also k =3—4 involves an additional electron ioniza-
tion in the same shell as that in k =1. It can be noted,
however, that for higher q the difference tends to increase
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FIG. 6. Average recoil-ion charges (i) vs the projectile
charge state q in Ar~++Ar~Ar~ ++Ar'+ collisions. The
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k =0 (X), k =1 (o), k =2 (D), k=3 (CI), k =4 (V), k = —1

(), k = —2 (A), k = —3 (~), and k = —4 (+). The lines are
drawn to guide the eye.

q = 10 for both single- and double-electron processes
which seems to correspond roughly to the equilibrium
charge q of 1.05-MeV/amu Ar projectiles in collisions
with Ar gas targets. Indeed this number agrees well with

q =10.3 derived from an empirical formula by Dmitriev
et al. ' and q =10.2 by Betz et al.

By introducing the average charge (i) of Ar'+ recoil
ions produced in a specific collision process of (I), general
trends on the degree of target ionization in the present
data can be easily visualized. The average charge
(i ) q ~. is obtained from the measured cross sections cr'

through

(61

with increasing q, suggesting that again the inner-shell
electron process contributes to the production of higher
charge recoil ions.

It would be interesting to compare the average recoil-
ion charge (i), with the projectile charge-changing
cross sections o . For loss ionization (k )0) processes,
the average charge state (i ) ~ shifts toward higher
values with increasing projectile charge q and the number
k of the lost electrons of the projectile, whereas the corre-
sponding cross sections o. decrease steeply with in-

creasing q and k. This fact suggests that the projectiles
have to penetrate deeply into target atoms in order to
produce highly charged recoil ions through the loss ion-
ization process. On the other hand, for the transfer ion-
ization (k (0) process, the average recoil-ion charges
(i ) as well as the electron-capture cross sections cr

increase with the projectile charge q. The present data,
as described above, suggest that the average charges of
Ar recoil ions for double-electron capture (k = —2) is
found to shift higher by two charge units, compared with
those in the single capture and capture of three or four
electrons increases only one charge unit for each electron
capture. Similar shifts of maximum positions in charge
distributions between single- and double-electron process-
es of projectiles have been already observed by others. '

Levin et al. have explained these shifts by assuming that,
in addition to M-shell ionization with binomial distribu-
tions, one or two L-shell ionizations followed by vacancy
cascades is more probable instead of almost complete M-
shell ionization. Capture of three or four electrons into
projectiles results in only incremental target ionization of
one or two more M-shell electrons because the number of
M electrons which survive the initial interaction are dep-
leted through vacancy cascades so that further vacancy
multiplication becomes less efficient. It can be expected,
indeed, from the present double-electron-capture cross
sections and the projectile velocity in the present collision
energy comparable to the L-shell electron orbital veloci-
ty, that the projectile penetrates into the vicinity of the
L-shell orbit and captures an L-shell electron of Ar target
atoms, resulting in production of L-shell vacancy. It
should be noted that the cross sections for K-shell ioniza-
tion and/or excitation through either direct process or
quasimolecular formation are estimated to be the order of
10 ' cm if the projectiles have no K-shell vacancies ' as
in the present case and, then, K shell plays a minor role
in the present collision system.

As seen in Fig. 6, the average charges of recoil ions
(i )q ~. at q =10, where already mentioned above, the
electron-loss and -capture cross sections of the projectile
are roughly equal, seem to be independent whether they
are produced through electron-loss or -capture ioniza-
tion: (i ) io ii =6.85 and (i ) io 9=6.46 accompanying
with single-electron-loss and -capture whereas (i ),c i2
=8.44 and (i ),o s=8.28 with double-electron loss and
capture from and/or into the projectile, respectively.
These results suggest that the collisions through loss and
transfer ionization should occur at comparable impact
parameters, resulting in the production of highly charged
recoil ions with the almost same average charges. The
average charges (i )~q for single-electron loss and cap-
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ture except for that at q =10 are significantly different;
for example, (i )67=3.08 and (i )6 5=4.76 at q =6,
(i ),z»=7. 92 and (i ),2» =7.02 at q =12, whereas the
charge-changing cross sections o. ~ for k =1 are quite
different from those for k = —1, i.e, o.67&&a6 ~ at q =6
and o. ,2» &&~&2 &&

at q =12. This indicates a trend that
the smaller charge-changing cross sections of the projec-
tiles give the higher average charges of recoil ions. In
fact, deep penetration in electron capture for q =6 and in
electron loss for q =12 results in production of higher
charged recoil ions but in smaller cross sections.

General features of the production of recoil ions corre-
lated with the projectile charge change can be easily visu-
alized in another way by introducing the average charge
change of projectiles ( k ),

(k) = gkF„, (7)

where I'k is the fraction of projectiles whose charge
changes by k and can be determined from the projectile
charge spectrum as in Fig. 2(b). Figure 7 shows ( k ) as a
function of the recoil-ion charge state i with the incident
projectile charge q as a parameter. It is seen that singly
charged recoil ions (i = 1) are produced dominantly
through pure ionization (k =0) which is independent of
the projectile charge. The ionization processes producing
highly charged recoil ions clearly depend on the projec-
tile charge. The fact that the average charge change ( k )
for the projectile charge q =4—8 are positive and increase
with increasing recoil-ion charge i, indicates that highly
charged recoil ions are produced mainly through
multielectron-loss ionization (k & 0) of the projectiles and
the contribution of loss ionization increases for higher
recoil ion charge and lower projectile charge. On the
other hand, for q = 12 and 14, ( k ) are negative and de-

crease with increasing i and recoil ions are produced
mainly through transfer ionization (k (0), and the con-
tribution of transfer ionization increases with increasing
recoil and projectile charge. On the contrary, for the
projectile charge q =10 corresponding roughly to the
equilibrium charge, (k ) is roughly zero, indicating that
the contribution of both loss and transfer ionization is
similar and minimal and, moreover, the pure ionization
plays an important role in producing highly charged
recoil ions

IV. CONCLUSIONS

We have measured projectile initial and final charge-
state-dependent cross sections for the production of
recoil ions in 1.05-MeV/amu Ar~ +Ar collision system
with a projectile-ion —recoil-ion coincidence technique. It
is clearly shown that high-charge recoil ions are pro-
duced mainly through electron loss for low initial charge
of projectiles. On the other hand, for high projectile
charge, recoil ions are produced mainly through the
electron-transfer process.

It is interesting to note that electron-loss and -capture
cross sections for both single- and double-electron pro-
cesses of projectiles become roughly equal at about
q =10, which should be compared with the equilibrium
charge of Ar projectiles in the present collision energy.
There the average recoil-ion charges due to both
electron-loss and -capture processes are also roughly
equal and pure ionization is found to play an important
role in the production of highly charged recoil ions. It is
found that the comparison of the average recoil-ion
charges with the charge-changing cross sections of pro-
jectile ions provides qualitative as well as quantitative in-
formation on the production of highly charged recoil ions
accompanied with multiple-electron processes in projec-
tiles.

It should be also noted that up to now, very few experi-
mental as well as theoretical investigations have been de-
voted toward studying the mechanisms of recoil ion pro-
duction when the loss ionization of projectiles with a
number of the screening electrons is accompanied simul-
taneously. In order to fully understand such a multiple
ionization of recoil target atoms, further accumulation of
experimental data similar to the present work is required
as well as investigations of related topics such as the
impact-parameter dependence which has been already
studied by Olson and Horbatsch' ' " to some extent.
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