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Differential cross sections for the multiple ionization of Ne and Ar by protons
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Differential cross sections do.~+(E,y)/d 0 for multiple ionization of Ne and Ar by protons have been
measured for 6nal charge states q=1 —6, impact energies E=0.4—3 MeV, and scattering angles
y=0.28—6.5 mrad. Within these ranges of energies and scattering angles, the angular dependence of the
differential cross section for single ionization at constant energy follows a power law, do. +/dO ~ y
The power k is found to be near 3.8 for Ne and 3.65 for Ar. A monotonic increase of all the multiple-
ionization cross sections do.q+/dQ, q )2 relative to the single-ionization cross section do. +/dQ, is ob-
served for increasing scattering angle. This behavior is most likely due to the combined effect of two
multiple-ionization mechanisms. At the most distant collisions, the multiple ionization is dominated by
the direct removal of valence electrons by the projectile. At the closest collisions, inner-shell ionization,
followed by vacancy cascades, adds to the production of high-charge states. For Ne, this interpretation
is supported by qualitative agreement with a model calculation based on the assumption that the multi-
ple ionization of each shell follows binomial statistics. Quantitative agreement between experiment and
theory requires a more thorough analysis of the many-body problem.

PACS number(s): 34.50.Fa

INTRODUCTION

The ultimate state of ionization of a target atom after a
fast collision with an ion is determined by the combined
effect of prompt and delayed ionization. The prompt ion-
ization results not only from the (multiple) interaction be-
tween the projectile and the target electrons but also
from the interaction among the target electrons them-
selves during the collision. Prompt multiple ionization of
outer shells by heavy ions at small impact parameters has
been studied by high-resolution x-ray or Auger-electron
spectroscopy of inner-shell satellite lines [1,2], and the in-
teraction between the valence-shell electrons is most like-
ly essential for double ionization of the noble gases, in
particular He, by fast, light ions (protons, antiprotons, or
a particles [3]), or by high-energy photons [4]. The de-
layed ionization is a result of the rearrangement of the
excited-target-electron cloud after the collision. It is par-
ticularly effective in producing high-charge states when a
hole is formed in an inner shell. The hole often decays
through a series of radiationless transitions by which
several electrons are ejected into continuum states. The
delayed ionization is seen most clearly in studies of multi-
ple ionization following photoionization of inner shells

In the general case, where different multiple-ionization
mechanisms compete, total cross-section studies alone are
not sufhcient for a detailed, quantitative understanding of
the multiple ionization. Experimental cross sections that
are differential in the projectile scattering angle,
do e+(E, tP)/d 0, may help in the interpretation by
separating close and distant collisions with respect to the
various shells of the target atom.

In this publication, we present experimental data on
the multiple ionization of Ne and Ar by protons in the
velocity range 4—11 a.u. and for scattering angles in the
range 0.28 —6.5 mrad. The data show angularly depen-

dent variations which are believed to reveal the transition
from very distant collisions, where the ionization is dom-
inated by direct ionization of electrons from the outer-
most shell, to closer collisions, for which the decay of
inner-shell vacancies contributes signifIcantly to the mul-
tiple ionization.

Kamber et al [6]. previously measured
do ~+(E,y)/dtp=2mtpd o ~+(E,q&)/dQ for protons on
Ne and Ar for charge states q=1 —3, impact energies
E=3 and 6 MeV, and defIection angles y=0. 2 —0.9
mrad, and Sharabati et al. [7] measured angularly depen-
dent multiple-ionization probabilities Pe+(E, y) for pro-
tons on Ne for q =1—4, E=300—500 keV, and y=3 —10
mrad. The present data are compared with these mea-
surements where possible. Cross sections that are
different in projectile scattering angle for single and dou-
ble ionization of He by fast proton impact have been re-
ported by Schiwietz [8], Kamber et al. [9], and Kristen-
sen and Horsdal-Pedersen [10].

EXPERIMENTAL ARRANGEMENT AND PROCEDURES

The experimental arrangement used for the preset mea-
surements is shown schematically in Fig. 1. The proton
beam from a 5-MV single-stage Van de Graaff accelerator
was collimated by two sets of adjustable apertures (typi-
cally 0.01 X0.02 mm ) separated by 2000 mm. After col-
limation, the protons were deflected by a magnetic 6eld
and directed through a gas cell with a 1-mm entrance and
a 2-mrn exit aperture. Ions formed in the gas cell were
extracted electrostatically (40 V/cm in the cell) and, after
further acceleration through a potential difference of 4.2
kV, counted by a secondary-electron multiplier at an en-
ergy of 4.2q keV, where q =1—6 is the charge state of the
extracted ion. Scattered protons were detected 1893 mm
downstream from the gas cell by a Si surface-barrier (SB)
detector masked by a thin metal foil with a set of aper-
tures (AP). The apertures are shown in the inset of Fig.
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FIG. 1. Experimental arrangement consisting of collimating
apertures for the proton beam, deflection magnet, gas cell, elec-
trostatic target-ion extraction system, electrostatic detectors,
(SB) surface barrier detector for fast, scattered protons,
secondary-electron multiplier for extracted recoil ions, (AP)
apertures in front of SB defining a series of deflection angles,
(SL) slit in front of AP used to select one particular deflection
angle. The electronics consists of fast amplifiers (TFA), con-
stant fraction discriminators (CFD), a time-to-pulse height con-
verter (TAC), an analog-to-digital converter (ADC), and a
sealer.

1. There is one small circular aperture with a diameter of
0.37 mm and a series of rectangular apertures of width
0.37 rnm and covering an angular region of 30, as seen
from the small circular hole. The apertures allowed
selection of a number of discrete deflection angles
[(1 004+. n X0.475) mrad, n =0, 1,2, 3, . . .]. The azimu-
thal angle was chosen such that the transverse momen-
tum transfer from the projectile to the target atom was in
the direction of the extraction. The aperture of interest
was selected by a movable slit (SL) in front of the detec-
tor arrangement (see inset in Fig. 1). The detector was
centered such that the direction of the main beam was to-
wards the small circular hole. This was done by record-
ing the counting rate of the detector while scanning the
beam above or below the hole by means of electrostatic
deAectors situated just behind the gas cell. The position
of the maximum counting rate gives the center position
in the horizontal direction. A similar procedure was used
to find the vertical center position. Examples of horizon-
tal scans are shown in Fig. 2. One scan is taken with the
discriminator on the SB detector set just below the full-
energy signa1, while the other is taken with the discrimi-
nator set somewhat above the noise. Apart from the
maximum seen in both curves, which gives the horizontal
center position, the upper spectrum shows two peaks, one
on each side of the maximum. These peaks are due to
low-energy protons which were scattered off the edges of
the movable SL (0.7 mm wide) in front of the detector.
The sharpness of the edge of this sht varies along the slit
and from one side to the other. This explains the
difference in height of the two narrow peaks. There is
also a slight misalignment of SI. relative to the small cir-
cular hole, as seen from the asymmetric positions of the
narrow peaks. This asymmetry was subsequently correct-
ed. The widths of the two peaks give a measure of the
width of the beam. The peaks are present only at high
energies (E ~1 MeV). At lower energies, the width of
the beam was found by observing the current on a 0.1-
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FIG. 2. Counting rate of detector SB as a function of hor-
izontal position of the detector relative to a 1-MeV proton
beam. The small circular hole was selected (see inset in Fig. 1).
~, discriminator (CFD in Fig. 1) set at 0.5 MeV; ~, discrimina-
tor set just below 1 MeV. The broad maximum of the two dis-
tributions at zero marks the horizontal position of the beam.
The two narrow peaks on each side of the broad maximum seen
in the upper curve are due to slit scattering from SL (see inset of
Fig. 1).

where fd A, and fd Ab symbolize integration over
aperture and beam, respectively. The beam profile was
assumed to be Gaussian with a width cr =0.42XFWHM
and it was integrated to 3o.. The cross sections were as-
sumed to follow a power law.

The averaged angle |p deviates from the geometrical
angle y (measured from the center of the beam to the
center of the aperture) by about 1% or less for the rec-
tangular apertures (angles larger than 1 mrad), but the
deviation may be as high as about 15% for the smallest
angles measured with the circular hole, as seen from the
examples shown in Table I.

A coincidence technique employing a time-to-
amplitude-converter (TAC) was used to identify extracted
ions with the ionizing proton (see Fig. 1). The TAC was
started by the detection of a scattered proton and stopped
by the detection of the first subsequently extracted ion.

mm-thick wire that could be scanned through the beam.
The full width at half maximum (FWHM) of the beam at
the detector was always found to be within the range
0.15—0.20 mm. Measurements at scattering angles in the
range 0.3—1.0 mrad were done by selecting the small cir-
cular hole centered on the main, undeflected beam and
deflecting the beam electrostatically through a carefully
controlled angle by means of the defiection plates (see
Fig. 1) situated close to the exit of the gas cell.

The scattering angle y was found by averaging over the
selected aperture and the beam profile using (in an itera-
tive way) the measured differential cross section for single
ionization d rJ+(y) /d 0

J d A, f d Aby' (p')

Jd A, J d Ab (y')
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TABLE I. Averaged deflection angles.

Aperture
(mm)

Circular, r =0.18

Rectangular, 0.37 X 1.00

%'idth o~
(mm)

0.063

Integration
range

2og
3og
5og
3og
3og

0'g
(mrad)

0.322

0.500
1.000

(mrad)

0.284
0.279
0.278
0.474
0.995

Reduction
(%)

11.9
13.3
13.6
5.2
0.5

The time correlation between the detection of a scattered
proton and an ion depends on the charge-to-mass ratio
q/m for the ion. In Fig. 3(a) we show a typical spectrum
of pulses from the TAC for ionization of Ne gas. A con-
stant extraction field was used in the gas cell. The spec-
trum shows three peaks of real coincidences correspond-
ing to the charge states 1 to 3 of Ne and a satellite peak

from Ne+.
Differential cross sections for single ionization

der�+�/d

0 were obtained by the formula
+&c
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FIG. 3. (a) Spectrum of coincidences between scattered protons and Ne~+ for 1-MeV protons on Ne. Proton deflection angle, 1.00
mrad. Constant ion-extraction field. Peaks from charge states 1 to 3 of Ne as well as from Ne+ are seen above the random back-
ground. (b) Spectrum of coincidences between scattered protons and Ar + for 1-MeV protons on Ar. Proton deflection angle, 2.36
mrad. Pulsed ion-extraction field. The spectrum shows coincidence structures for the ions Ar +, with q = 1 —6. The curves are ran-
dom backgrounds taken from (c), and Gaussian peaks of real coincidences. The detailed structure of the spectrum is discussed in the
text. A double-logarithmic plot is used to bring out the small charge states. (c) Same as (b), except that the TAC was started by a test
pulser running at 400 Hz. The curves show random coincidences used in analyzing the spectra in (b).
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where Xc is the number of real coincidences with singly
charged ions obtained in a given measurement, N„, is the
corresponding total number of extracted ions, o.„,is the
total ionization cross section which is taken from the
literature [ll], and 0 is the solid angle of the proton
detector given by the area A of the aperture in front of
the detector and the distance R to the gas cell
(fl= 3/8 ). The areas of the apertures were measured
relative to a larger area which could be determined accu-
rately by use of a microscope by carefully measuring the
relative amounts of light from a homogeneous beam
transmitted through the di6'erent apertures.

Spectra such as the one shown in Fig. 3(a) also yield ra-
tios

NP+
R ~+

C

d cr ~+ /d 0 d cr ~

do. +/d 0 do. + (3)

between di6'erential multiple- and single-ionization cross
sections for small values of q (i.e., q =2 and 3). The quan-
tity NP+ is the number of real coincidences with ions of
charge state q. Higher-charge states are masked by ran-
dom coincidences primarily from singly charged ions.

This masking of the high-charge states can be avoided
by using a pulsed extraction field instead of a constant
field in the gas cell. This is seen in Fig. 3(b), which for an
Ar target shows charge states 1 through 6 with very little
random background near the high-charge states. The
spectrum was obtained as follows: A small field ( —2 V, 0
V; 4 V/cm) was maintained in the gas cell antiparallel to
the direction of the extraction system to continuously
clean the gas cell for ions. This reverse field, however,
was suddenly (25 nsec rise time) replaced for 4 @sec by a
field in the direction of the extraction system (

—2 V,—22 V; 40 V/cm) whenever a scattered proton was
detected by the SB detector. The rather complicated
shape of the spectrum of singly charged ions may be un-
derstood as follows: The broad structure to the left is
composed of a narrow peak of real coincidences at time
t

&
and a background of random coincidences from times

t2 to t3 due to singly charged ions already present in the
gas cell when the extraction field is turned on. These ions
are found between the beam axis (time t2) and the far side
of the gas cell relative to the extraction system (time ts).
The peak of real coincidences at t, is shifted relative to
the peak in the random spectrum at t2 due to the
collision-induced recoil velocity of the coincident ions.
The Hat part of the spectrum between times t3 and t4
shows normal random coincidences. This background
would be present throughout the spectrum in an experi-
ment with a constant extraction field. When the extrac-
tion field is turned o6'at time t6, the ions close to the near
side of the gas cell are suddenly raised to a higher poten-
tial. Among these ions, those that have already left the
gas cell experience an extra acceleration in the direction
of the extraction and form a peak at time t&. The
remainder is slowed down by the reverse field, but some
have enough kinetic energy to escape and form a long tail
in the spectrum at times t & t6. This complicated back-
ground is repeated in all the charge states but the size of
it relative to the real coincidences quickly decreases as

the charge state is increased. In order to be able to sub-
tract reliably the backgrounds, pure background spectra
were measured by substituting the pulses from the proton
detector (SB in Fig. l) by the pulses from a test-pulser
running at 400 Hz. A spectrum obtained with this tech-
nique is shown in Fig. 3(c). The shape of the spectrum
was modeled analytically and used to subtract the back-
ground as illustrated in Fig. 3(b). The real coincidences
NP+ obtained in this way were used to determine the ra-
tios

&c do-&+
~+ N2+ d 2+c 0
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7 I I I I
I

I I I I
I

I I I I
I

I I I I
I

I I I I

(o)
L.H. Andersen et al.

~ Present data

q=2

0 I I I I I I I I I I I I I I I I I I I I I I I I

p 1 2 3 4

ENERGY E (MeV)

9 « I I
I

I I I I
I

I I I I
I

I I I I
I

I I I I

L.H. Andersen et al.

Present data

6—
0~O

I-0
D

CL

~ 0
0 0 0

~ o0
~0

0

q=3
0

0 I I I I I I I I I I I I I I I « I I I

0 2 3 4

ENERGY E (MeV)

FIG. 4. Ratios R~"'=a~+/sr+ between total cross sections
for multiple and single ionization of (a) Ne and (b) Ar by pro-
tons. ~, present data; CI, Andersen et al. [3].

for q = 3—6. When combined with values of R z=d o. + /d 0.+ from constant-field measurements, a set of
ratios R =da. +/do+ for q =2—6 was obtained.

Ratios between total cross sections for single o.+ and
multiple O.q+ ionization q=2 —3 were derived from the
background spectra [Fig. 3(c)] by the relation

NP+ q+R"'= &q =-
~+ +c

where NP+ and Nc are the number of counts for charge
states q and l, respectively, and the factor &q corrects
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for the charge-state-dependent time that an ion spends in
the gas cell while it drifts towards the far side of the cell
under the influence of the small electric field used to re-
move most noncoincident ions. Experimental values of
the ratios R"' have been published earlier [3]. In this ex-
periment, they are extracted only for comparison with
the earlier data. The result is shown in Fig. 4. The excel-
lent agreement supports our understanding of the details
of the pulsed extraction.

RESULTS AND DISCUSSION
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The measured differential single-ionization cross sec-
tion do+/dQ for protons on Ne and Ar are shown in
Figs. 5 and 6, respectively, as functions of the deflection
angle y of the proton. The cross sections lie approxi-
mately on straight lines in these double-logarithmic plots.
This shows that the angular variation for constant projec-
tile energy E is given approximately by a power law

do-+ 1

dn "Vk (6)

where k is near 3.8 for Ne and 3.65 for Ar with only a
weak dependence of k on the projectile energy.

The energy dependence of d cr + /d 0 for constant
Ey=2. 6 MeV mrad is shown in Fig. 7. A constant Ey
translates into an approximately constant impact param-
eter p which for the present value of Ey is 0.91az for Ne
and 1.04aI for Ar where az and aI are the radii of the K
and I shells, respectively. The connection between y and
p was found by assuming classical elastic scattering in a
screened Coulomb potential [12]. For the IC-shell radius
of Ne, we used az =ao/(10 —0.3), where ao is the Bohr
radius and for the L-shell radius of Ar ai =2ao/(18
—4. 15). One sees from Fig. 7 that also the energy depen-
dence for constant Eg is given approximately by a power
law

do
dQ

where p is close to 1.3 for both gases. The total scattering

10
0.2

I I I
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SCATTERING ANGLE cp (mrad)

10

cross section do.„/dA at the above constant impact pa-
rameter increases approximately as E, which shows that
the single-ionization probability defined as

do+/dA
der„/dA

(8)

decreases with E like 1/E for both gases at the present
energies and impact parameters.

Figure 8 shows small-angle values of do. +/dy for Ne
and Ar at E=3 MeV compared with the data by Kamber
et al. [6]. The agreement is quite satisfactory, especially
near 0.5 mrad where the precision is highest for both
gases. However, the present data do seem to be systemat-
ically larger than the previous ones by about 30%%uo in the
region 0.60—0.95 mrad.

Measured ratios R =d o.~+ /d o.+ between multiple-
and single-ionization cross sections for protons on Ne as
a function of deflection angle are shown at three energies
in Fig. 9. For each energy, we have marked the angle
corresponding to an impact parameter equal to the K-

FIG. 6. Differential single-ionization cross section d o.+ /d Q
for 0.4-, 1.0-, and 3.0-MeV protons on Ar as a function of the
scattering angle y of the proton in the laboratory frame.
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FIG. 7. Differential single-ionization cross sections do. +/dQ
for protons on Ne and Ar as a function of proton energy E for
constant Ey=2. 6 MeV mrad.
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shell radius. The ratios R2 rise relatively fast in the inter-
val 0.5 —1.0 mrad corresponding to distant collisions and
then saturate for closer collisions with impact parameters
of the order of the K-shell radius. The ratios R with

q = 3 or 4 increase significantly in the entire angular re-
gion covered experimentally. The rise is as high as a fac-
tor of 20 for q =4 at I MeV.

The above behavior is reproduced qualitatively by an
empirical model calculation in which it is assumed that (i)
the ionization probability for each L-shell electron is con-
stant, independent of the degree of ionization, (ii) the
multiple ionization is described by a binomial distribu-
tion, (iii) the diff'erential multiple-ionization cross sections
for the L shell may be expressed as a probability factor
times a common scattering cross section dr7„jd$1, and
(iv) the ionization of a K-shell electron leads to further
ionization due to radiationless transitions and shakeoff.
The model calculation is similar to those by Kamber
et al. [6j and Sharabati et al. [7].

Within this model, the differential cross section for
direct ionization of q L-shell electrons is given by the ex-
pression

d C7$

dQ

dO do

where pL is the ionization probability for each L-shell
electron and PI (q) is the probability for q-fold ionization
of the L shell at the given deflection angle. In terms of

where f," is the probability that a single K-shell ioniza-
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tion leads to charge state i as a result of radiationless
transitions [14] (shakeofP.

As a first step of an iterative determination of the prob-
abilities pL we set these quantities equal to zero on the
right-hand side of Eq. (10). This leads to

p+ Ne

and

d~i+

dQ

2+
OL

dA

d~+ do
dQ ' dQ

do. +

dn
f" d—n (12)

0~O

~ ~ ~ ~

4 —g

Sharabati et al. , 0.5MeV
~ Sharabati et al. , 1.0MeV

Present, 0.5MeV
~ Present, 1.0MeV

where all quantities on the right-hand sides are known
experimentally. Therefore the ratio

0
0

l i l ~ l

4 6 8
SCATTERING ANGLE y (mrad)

10 12

dot+/dAR2=
doL /dQ

can be determined and, using Eq. (9), we find

2R

7+2R 2

(13)

(14)

as a first approximation for pL. When this value is used
in Eq. (10) with q =1 and 2, improved values for R2 and

pL follow. Two iterations are sufhcient to determine pL.
Once this is done, it is possible to find the scattering cross
section [Eq. (9)],

do

dQ
(15)

and, using Eqs. (9) and (10), the pure I.-shell ionization
cross section dog /dQ, and the total ionization cross
section d o. /d 0 for q = 3 and 4. Ratios R
=dog+/doL and R =drr~+drr+ between these cross
sections and do.z /dQ and do. +/dA, respectively, are
shown in Fig. 9. The model clearly describes the qualita-
tive features quite well (see also Fig. 12), but some devia-
tion at small deflection angles is also seen. At 1 MeV, K-
shell ionization contributes strongly to the multiple ion-
ization in the full range of deflection angles. At 500 keV,
E-shell ionization is important only for close collisions.

The experimental single-electron ionization probabili-
ties pL for the L shell found by use of the model are
shown in Fig. 10. The probabilities increase strongly at
small deflection angles, but approach constant values
within experimental error at the largest angles, corre-
sponding to impact parameters of the order of the E-shell
radius and thus small compared to the L-shell radius.
The probabilities are compared to earlier data by Shara-
bati et al. [7] derived by simultaneously fitting all
charge-state components with the two parameters pL and

pz. This leads to values of pL and pz which are smaller
than those found by us. The different procedures used
may account for this discrepancy.

Figure 11 shows measured ratios R =doq+/drr be-
tween multiple- and single-ionization cross sections for
protons on Ar as functions of deflection angle at three en-
ergies. The multiple ionization is clearly much stronger
for Ar than for Ne. Nevertheless, the qualitative

FICx. 10. Single-particle ionization probabilities pL for L-
shell electrons of Ne by protons as a function of the scattering
angle of the proton in the laboratory frame. Present data: ,
E„=0.5 MeV; ~, E~ = 1.0 MeV. Sharabati et al. [7]: o,
E~ =0.5 MeV;, E~ = 1.0 MeV.

behavior of the cross-section ratios is very similar. The
lack of experimental differential L-shell ionization cross
sections prevents a more detailed analysis of the data
along the lines used for Ne, but there is only little doubt
that single and double ionization in the most distant col-
lisions are dominated by pure M-shell ionization and that
L-shell ionization followed by Auger and Coster-Kronig
transitions is responsible for most of the multiple ioniza-
tion in close collisions.

The assumptions behind the model used for the
description of the multiple ionization of Ne undoubtedly
represent an oversimplification, as seen from the lack of
detailed agreement with the data. In particular, assump-
tion (i) does not seem to be very realistic when a large
fraction of electrons is removed from a given shell, and
assumption (ii) depends on (i), and it further requires un-
correlated electrons. Theoretical approaches avoiding
some of these restrictions are being developed [2,15).

hi Figs. 12 and 13, the present ratios between
multiple-ionization cross sections are compared with pre-
vious data by Sharabati et al. [7] for Ne at 0.5 and 1.0
MeV, and by Kamber et al. [6] for Ne and Ar at 3 MeV,
respectively. Sharabati et al. [7] presented their data in
the form of impact-parameter-dependent ionization prob-
abilities. The impact parameters were calculated from
measured deflection angles by use of an exponentially
screened Coulomb potential [16]. The authors state that
for the most distant collisions, the derived impact param-
eters deviate by up to 10% from those found using an un-
screened Coulomb potential. Since the ratios between the
probabilities depend only weakly on impact parameter,
we translated impact parameters back to deflection angles
by use of pure Rutherford scattering off the Ne nucleus.
This means that the smallest deflection angles were in
reality up to 10% smaller than indicated in Fig. 12. Even
with this uncertainty, it is clear that the two sets of data
join each other smoothly. For Ne and Ar at 3 MeV,
however, as seen in Fig. 13, there is clearly a serious
disagreement in absolute magnitude, but the angular vari-
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ations do not seem to differ much. In view of the other-
wise good agreement between the present and previous
data (Figs. 4 and 12), we tend to believe that the data of
Kamber et al. [6] suffer from an error. The experimental
techniques and methods of data reduction used by
Kamber et al. [6] are very similar to ours, but some
difference exists in the details. It is not clear from the
description of the experimental method [6] what the po-
tential difference AV between the target and the micro-

channel plate used to detect recoil ions was. If a small
value [b, V ((2—3) kV] was used, the detection efficiency
may have increased strongly with increasing charge state
and decreasing mass [3]. If this were the case, it would
result in a relative overestimation of multiple-ionization
cross sections for both gases but more for Ar than for Ne.
This is precisely what is seen (Fig. 13). We mentioned
earlier that the agreement between experimental values
for the differential single ionization cross section
drT+Id f1 obtained by Kamber et al. [6] and that in the
present experiment is satisfactory. This does not contra-
dict the above conclusion because in both experiments,
the number of real coincidences between scattered pro-
tons and singly charged recoil ions is normalized to the
total number of recoil ions [Eq. (2)], which is dominated
by singly charged ions (see Fig. 4). The value of the de-
rived differential single-ionization cross section therefore
does not depend on the detection efficiency for recoil
ions, but only on a common total-ionization cross section
[11]and the solid angle and efficiency (very close to 1) of
the solid-state surface-barrier detectors used in both ex-
perirnents to count scattered protons.

Experimental differential scattering cross sections ob-
tained from Eq. (15) are shown in Fig. 14. The data are
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FIG. 11. Ratios R =do.q+/do. + between differential cross
sections for multiple and single ionization of Ar by protons. (a)
E~ =0.4 MeV. (b) E~ = 1.0 MeV. (c) E~ =3.0 MeV.

FIG. 12. Ratios Rq =do. /do+ between differential cross
sections for multiple and single ionization of Ne by protons. 0,
present data;, o, A, Sharabati et al. [7]. (a) E~=0.5 MeV.
(b) E =1.0MeV.
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~O0 imum deflection angle of 0.55 mrad for a proton off a free
electron at rest. The large values of the reduced cross
sections and the lack of scaling for deAection angles near
0.5 mrad may thus be due to binary collisions between
the projectile and target electrons [18].
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Experimental cross sections for single and multiple ion-

ization of Ne and Ar by fast protons have been obtained.
The cross sections are differential in the proton deflection
angle and cover an angular region wide enough to display
the transition from distant to close collisions.

The experimental results form a bridge between two
previous sets of data. One set covers relatively low ener-
gies and close collisions, while the other covers high ener-
gies and distant collisions. The three sets of experimental
data supplement one another, and they are consistent
with each other except for one result discussed in the
text.

A semiempirical model calculation has helped in the
interpretation of the data on multiple ionization, but a
detailed understanding requires an improved analysis.

SCATTERING ANGLE y (mrad)

FIG. 13. Ratios R =do.~+/do. + between differential cross
sections for multiple and single ionization by 3.0-MeV protons.
~, present data; 0, Kamber et al. [6]. (a) Ne target. (b) Ar tar-
get.

presented in the form of reduced cross sections as func-
tions of reduced deilection [12] to facilitate comparison
between the two sets of experimental data and theoretical
estimates. With the scaling parameters used, the data
should approximately follow a universal curve [12] which
is estimated by three screened model potentials. The re-
duced cross sections lie indeed on a common curve for
t' values of the order of unity, but they deviate from
each other and are much higher than model calculations
at lower values of t' . Such a behavior is not seen for
heavy-ion impact [17]. The lowest t '~ values for the two
sets of experimental data correspond to a defiection angle
of about 0.5 mrad (Fig. 9), which is smaller than the max-
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