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The impact-parameter dependence of the K-shell ionization cross section has been measured for

protons and He ions incident on thin-foil targets of Ti, Ni, and Cu at selected energies in the region

from 0.4 to 2.0 MeV/u. Comparison is made of these experimentally determined values with the re-

sults of a recently developed theoretical model in which the electron binding energy and initial-state

wave function are allowed to respond in a time-dependent fashion to the field of the projectile as a
function of its position along a hyperbolic Coulomb trajectory. Generally good agreement between

the theoretical and experimental values is obtained. A comparison between the results of this

theoretical model and two other published theoretical results and with experimental data for 0.5-

MeV p in Cu is also shown. Remarkably close agreement is seen, particularly between the predic-

tions of the rather disparate theoretical models. Measurements for a single system, 2.0-MeV p in

Sm, involving ionization from the L shell, are also reported.

I. INTRODUCTION

After many years of experimental investigation, there
has begun to emerge some fairly extensive data sets' for
the total K-shell ionization cross section induced by pro-
tons and helium ions for many low- to medium-Z targets
at low to moderate velocities, leading to some modest un-

derstanding of the process. There is generally good
agreement between theoretical and experimental values
of the total cross section for incident protons. ' Howev-
er, an increasingly larger discrepancy which is observed
for heavier projectiles such as helium and lithium ions
suggests that current theoretical descriptions are not yet
complete. ' In order to clarify the overall picture, more
detailed experimental measurements such as those per-
taining to difFerential cross sections could be helpful.

The present paper reports results of new experimental
measurements of the impact parameter dependence of the
K-shell vacancy production cross section for incident
protons and helium ions in elemental thin-foil targets of
Ti, Ni, and Cu at selected energies from 0.4 to 2.0
MeV/u. These are cross sections differential in the pro-
jectile scattering angle. Also reported is the result of a
measurement of a single system involving L-shell vacancy
production, that of 2.0-MeV p in Sm. This paper is part
of a mutually interactive experimental-theoretical pro-
gram at the Naval Surface Warfare Center (NSWC)
whose goal is to increase the data base, and to enhance
the understanding of inelastic atomic collision processes
and, in particular, of the most fundamental interaction
leading to inner-shell ionization. The measurements were
performed at the NSWC 2.5-MV Van de Graaf accelera-
tor. In previous papers ' the results of measurements of
the total E-shell ionization cross section induced by pro-
tons and helium ions on selected targets from Sc through
Ag in the energy region of 0.2 to 2.5 MeV/u were
presented. The projectile-target-energy parameters con-

sidered in those investigations of the total cross section
include the parameters studied here so that reliable
values for the total cross section are available to normal-
ize the ionization probabilities as a function of impact pa-
rameter. In a separate paper a theoretical model, in
which the initial-state electron binding energy and wave
function are taken to be time dependent, is developed.
The temporal dependence is determined from the
response of the electron to the position of the projectile
on a hyperbolic, Coulomb trajectory. Comparison of the
results of calculations for the impact parameter depen-
dence performed within this model with the present ex-
perimental data and with other data will be shown.

II. EXPERIMENTAL PROCEDURES

The impact-parameter dependence of the K-shell va-
cancy production is determined from the coincidence rate
between x rays induced by particles scattered through a
fixed angle 8 and the scattered particle. Assuming
single-event scattering, the scattering angle defines the
impact parameter b within the context of the semiclassi-
cal approximation. The coincidence rate C is given by

C =N (b)P(b)cv„g„dQ,„,
where N~(b) is the scattered particle rate for particles
scattered at the angle 8, P(b) the impact parameter
dependence for K-shell vacancy production probabilities,
cak the x-ray fluorescence yield for E-shell vacancies, g„
the x-ray detector eSciency, and d0 the x-ray detector
solid angle. For the scattering angles covered in this
study the relationship between the scattering angle 8 and
the impact parameter b is approximated by

ZpZTe

F.O

where Zp and ZT are the atomic numbers of the projec-
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tile and the target atoms, respectively, e the electronic
charge, and E the projectile energy.

In order to increase the probability for measuring a
coincidence, a large x-ray detector solid angle is needed.
This necessity makes it difficult to measure the solid an-
gle directly since small errors in detector distance or
aperture diameter can make appreciable differences in the
measured solid angle. Instead, the product of the Auores-
cence yield, the detector eSciency, and the x-ray detector
solid angle cokg„dQ„ is determined from the simultane-
ous measurement of the x-ray production with particles
Rutherford scattered into a monitor particle detector
placed at an angle g. By this simultaneous measurement
the need to measure the beam current and the target
thickness is also eliminated. This product is the effective
x-ray detector efficiency and is given by

N„d o "(g, E)/d Qd Q ( g )
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FIG. 2. Detail of the double annular aperture for simultane-
ous measurements at two scattering angles showing a represen-
tative particle spectrum. Covering the inner annulus with thin-
foil energy absorbers allows differentiation of particles scattered
into the two apertures. In addition, a means of beam alignment
is provided by transverse motion of the aperture-detector sys-

tem such that the average number of particles scattered into
both halves of the inner annulus is equal.

BEAM DEFINING

APERTURES

BEAM

LINE

SURFACE BARRIER

INONITOR DETECTOR

Si(li)
X-RAY

I DETECTOR

ANNULAR APERTURE

SURFACE BARRIER

I
.~DETECTOR

MOTION TO

VARY 8

where N„ is the x-ray detector count rate, N~(g) the mon-
itor particle detector count rate, do (g,E)/dQ the
Rutherford scattering cross section at the monitor parti-
cle scattering angle g and energy E, dQ (g) the monitor
particle detector solid angle, and o r(E) the total K-shell
vacancy production cross section. We note that an accu-
rate measurement of the total vacancy production cross
section must be made independently of this experiment.
However, only a single measurement at a single energy
for each target element need be made. For instance, the
determination of cokg„dQ„ from 2-MeV protons on Cu is
not only sufficient for protons on Cu at all other energies
but for any other projectile on Cu provided the geometry
for the x-ray detector is not changed.

The experimental setup is shown schematically in Fig.
1. The x-ray detector, a Si(Li) detector with a 190-eV
resolution for Fe x rays, is mounted at 90' with respect
to the beam. It is placed as close to the target as possible
without endangering its 1-mm Be window. A 0.1-mm po-
lyethylene absorber is also placed in front of this detector
to prevent scattered ions from entering the detector and
causing radiation damage. Coincidence events between
the x-ray detector are measured using standard tech-

niques with the respective detector pu1ses triggering the
start and stop inputs of a time-to-amplitude converter
(TAC) spectrometer. The impact-parameter scattering
angle is obtained by placing an angular aperture in front
of the in-line detector and changing the distance between
the aperture-detector and the target. Angular selection
between 0.5' and 10' is easily obtained using this arrange-
ment. Simultaneous measurements for two scattering an-

gles are made possible by using a double annular aperture
arrangement as shown in Fig. 2. The diameters of the
two apertures are 0.80 and 0.59 cm. The method for
detector alignment along the beam axis and for
differentiation between particles scattered into the two
angles wi11 be described below.

The monitor particle detector is placed at 90' to the
beam and opposite to the x-ray detector. This detector is
a Si surface barrier detector and subtends a solid angle of
2.07 X 10 sr. The solid angle for the monitor detector
is measured both geometrically and with calibrated ra-
dioactive sources of 'Am and ' Gd. Agreement be-
tween solid angles determined by the two methods is
within experimental error.

Beam definition is obtained with two apertures 82.5 cm
apart upstream from the target. The aperture diameters
are selected such that the half-angle beam divergence is
0.43 mrad for the proton beam and 0.90 mrad for He.
With either set of apertures the beam spot at the position
of the annular aperture is no more than —,', of the diame-

ter of the smaller annular aperture. A 2.5-mm cleaning
aperture is placed between the two beam-defining aper-
tures to minimize the split edge scattering.

A. Beam alignment and scattering angle diiferentiation

FIG. 1. Schematic of the experimental arrangement to deter-
mine the impact-parameter dependence of particle-induced I(-
shell ionization. The scattering angle is changed by varying the
distance between the target and the downstream annular aper-
ture. The apparent x-ray detector ef5ciency is determined
through simultaneous monitor particle and x-ray detector mea-
surernents.

Prior to a measurement at any set of double angles it is
necessary to align the center of the annular aperture onto
the beam line. It is also necessary to provide a means to
identify the particles scattered into each annular aper-
ture. These two necessities are accomplished as follows.
The inner annulus is covered with thin foils which at-
tenuate the beam energy by approximately 100 keV per
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foil thickness and reduce the apparent energy of those
particles scattered at the smaller angle. In particular, the
foils are arranged such that a single foil thickness covers
one half of the annulus and a double foil thickness covers
the other half. Thus, as shown in Fig. 2 a typical spec-
trum of the scattered particles consists of three energy
peaks. The highest energy peak results from scattering
into the larger aperture which has na absorber and
defines particles scattered at the larger of the two angles.
The lower two energy peaks result from particles scat-
tered into the smaller angular aperture and defines parti-
cles scattered at the smaller of the two angles with each
energy peak identifying particles scattered into each half
of the smaller aperture. Alignment is accomplished by
moving the aperture-detector system transverse to the
beam line so that the total number of counts from parti-
cles entering each half of the inner annulus are equal. In
order to compensate for the possibility of unequal size in
each half of the inner annulus, the detector —double-
aperture arrangement is rotated through 90' increments
and the counts appropriately averaged. Alignment is
achieved when the average counts through the single and
double absorbers are equal. Alignment of the center of
the double apertures to the beam line is accomplished to
better than +0.05 mm by this procedure.

B. Electronic arrangements

Standard techniques are used for the coincidence mea-
surements between the scattered particles and the emitted
x rays. Since simultaneous measurements are made for
two scattering angles, two time-to-pulse-height convert-
ers are used. Each is started by the x-ray signal and
stopped by the appropriate energy-analyzed particle sig-
nal which defines the proper scattering angle. The TAC
outputs were also strobed by the x-ray signal of the prop-
er energy to ensure that only K-shell x rays are analyzed.
The output spectra are analyzed for both true coin-
cidences and accidental coincidences, the latter being ob-
tained from the "flat" part of the TAC spectra. In order
to determine if consideration of beam current fluctuations
are needed when determining the accidental coincidence
rate, a time —to-pulse-height measurement at high beam
currents is made between the monitor detector and the
x-ray detector, a condition for which true coincidences
would be insignificant. No significant fluctuations are ob-
served. The full width at half maximum (FWHM} resolu-
tion of the TAC spectra for true coincidences is of the or-
der of 15 nsec.

angle. Corrections to the particle count are also made for
slit-edge scattering and from the carbon substrates. Fi-
nally, a correction is made to the particle rate so that the
quoted beam energy is that which the beam attains when
it reaches the center of the target.

III. RESULTS

The impact-parameter dependence of E-shell vacancy
production probabilities P(b) has been measured for pro-
tons and He projectiles incident on Ti, Ni, and Cu. In
Table I we list the energies and the target thicknesses
used. Target thicknesses were measured by Rutherford
backscatter spectroscopy using 2.0-MeV He ions. The
results of the measurements of P(b) are given in Fig. 3.
The errors in the data points come from two sources: un-

certainty arising from the counting statistics and uncer-
tainty arising from the error in the multiple scattering
correction due to a 10% uncertainty in the target thick-
ness. These errors are added in quadrature. Also shown
in the plots for each collision system are the target K-
shell radius Rx =ao/(Zr —0.3), where ao is the Bohr ra-
dius and Zr is the target atomic number, and the adia-
batic radius R,z=(AU/Ett )R+, where U is the projectile
velocity and Ett is the K-shell electron binding energy.

The curves in the figure are obtained from a theoretical
model of Land, denoted by PBBCDP and described in de-
tail elsewhere. [PBBCDP is a pseudoacronym, PB
standing for P(b), the probability for ionization at im-

pact parameter b, B for binding, C for Coulomb trajecto-
ry, and DP for (dipole) polarization. ] In this model the
effects of the temporally varying distortions, arising from
the change of the binding energy and polarization of the
K-shell electron is induced by the passing projectile, are
accounted explicitly. The model may be summarized by
noting the expression for the scattering amplitude
bi;( ao):

bf, (00)= i r —dt exp i J dt'[Hff(t') H, ,(t')]—
X(pf, V(t)4 i(R(t))) .

Here V(t} is the Coulomb potential between the projec-
tile having atomic number Zz and the target electron
V(t)=e Zp/~r R(t)~ plus a —term to include target
recoil. %,(R(t)) is an initial-state wave function which

TABLE I. Projectiles, energies, targets, and nominal target
thicknesses used for impact parameter dependence of K-shell
vacancy production probability measurements.

C. Corrections to the data

It is necessary to make corrections to the data in order
to compensate for spurious particle detector counts
which have a negligible probability of producing an x ray.
The most important of these is due to the multiple
scattering at small scattering angles. These particles are
assumed to produce not more than one inner shell vacan-
cy. Tables from Sigmund and %interbon are used to
determine the multiple scattering correction factor as a
function of target thickness, beam energy and scattering
angle. Target thicknesses are chosen such that this
correction factor is no larger than 2S% for any scattering

Projectile

Proton
Proton
Proton
Proton
'He
'He
'He
'He

Energy
(MeV)

2.0
2.0
2.0
1.0
3.0
3.0
3.0
1.2

Target

CQ
Ni
T1
T1
Cu
T1
T1
T1

'Target supported on 2.7 pg/cm carbon

Thickness
(A)

500
500
250'
250'
500

1000'
250'
250'
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FIG. 3. Values of the K-shell ionization probability as a function of impact parameter as measured experimentally in the present
work (solid circles with error bars) and as calculated theoretically with the PBBCDP model (Ref. 2) (solid curves), for each of the sys-

tems investigated here. The adiabatic radius R,d and the K-shell radius Rz are shown in each plot.

describes the response of the electronic cloud, a distor-
tion or polarization, to the motion of projectile having
trajectory R(t). pf is the final-state wave function
describing the ejected electron, taken to be a continuum
Coulomb eigenfunction of the atomic Hamiltonian 0, .
H;;(t) and Hff(t) are diagonal matrix of the total time-
dependent Hamiltonian H(t)=H, + V(t). r is the elec-
tron coordinate. A hyperbolic trajectory is used to de-
scribe the motion of the projectile R(t) in the Coulomb
field of the target nucleus with target recoil included.
Other physical effects, well known to influence the K-
shell ionization probability, are estimated from the
energy-loss perturbed-stationary-state relativistic
(ECPSSR) model of Brandt and Lapicki. ' There is gen-

erally fairly close agreement between experimental points
and the theoretical curves, with differences occurring in
some cases at the smaller values of impact parameter.

It is of interest to compare the results of this theoreti-
cal model for P (b) with other theoretical results and with
other experimental data. This comparison is done in Fig.
4 for 0.5-MeV protons incident on Cu, in which we show
recent results of Mukoyama and Lin" and the results of
coupled channel calculations of Reading et al. ' The ex-
perimental data are from Andersen et al. ' The theoreti-
cal results are in good agreement with the data but, most
remarkably, are very close to each other despite the fact
that the details of the calculations are quite different.
The coupled-channel calculations are intended as an ex-
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FIG. 4. Comparisons of the E-shell ionization probability as
a function of impact parameter for 0.5-MeV p in Cu for the
PBBCDP model involving time-dependent binding and polariza-
tion' (solid line), the couled-channel calculations (Ref. 12)
(dashed line), and the distortion approximation (Ref. 11) (dash-
dotted) line. The experimental points (solid circles with error
bars) are from Ref. 13.

act solution of the Schrodinger equation for the direct
Coulomb interaction between projectile and target elec-
tron in the independent-particle model. A pseudostate
description of the unperturbed basis states is employed.
The model of Mukoyama and Lin utilizes the distortion
approximation proposed by Bates. ' The scattering am-
plitude is similar to that of Eq. (1), except that an unper-
turbed initial-state wave function is used instead of the
polarized wave function 4,~(t). A pseudostate descrip-
tion is used here also. The incorporation of polarization
is well known for giving rise to an increase in the cross
section for K-shell ionization, " and this point clearly
constitutes a difference between the distortion approxi-
mation and the PBBCDP model. However, the use of
pseudostates in Ref. 11 vis-a-vis the use of continuum
Coulomb wave functions in the PBBCDP model also
marks a significant difference. In the case of the continu-

um Coulomb states, it was argued that the diagonal ma-
trix elements Vff are zero in the present context of elec-
tron excitation to a continuum final state (ionization).
However, diagonal matrix elements of the interaction po-
tential with respect to continuum pseusostates Vff are
not zero and their presence in the exponential term in the
scattering amplitude, Eq. (1), serves to offset partially the
effect of the increased electron binding energy, described
by the term V;;(t), which is well known to decrease the
cross section. Hence, the net effect of the use of pseudo-
states is to increase the cross section over what would be
obtained through the use of continuum Coulomb states.
The two effects, that of employing a polarized wave func-
tion and that of employing pseudostates for continuum
states, appear to compensate one another as the corre-
sponding ionization production probabilities are seen to
be very close. It should be noted that energy loss and rel-
ativistic effects are not included in the PBBCDP model in
this comparison because these effects are not incorporat-
ed in the other two calculations.

Some additional assessment of the validity of the
PBBCDP theoretical results for the K-shell ionization
probabilities can be inferred from a consideration of the
total K-shell ionization cross section. In Table II com-
parisons between values of the total cross section experi-
mentally measured at the NSWC and the results of calcu-
lations based upon the PBBCDP theoretical model are
given for the systems studied here. There is generally
good consistency between the two. The PBBCDP
theoretical results are very close for 2-MeV p in Ni or Cu
but are low by as much as 16%%uo for 3-MeV He in Ti.
Generally close agreement with the theoretical results of
the PBBCDP model was found for the results of all mea-
surements of the total cross section for incident protons
with systematic discrepancies observed for incident He.
Detailed discussion of these comparisons is given else-
where. It would appear that three of the four systems
with the lowest percentage difference (see Table II) in the
total cross section from theory exhibit the largest
discrepancies in the vacancy production probabilities at
small impact parameter. However, there is also some

TABLE II. Values of the experimental and PBBCDP theoretical total It.-shell ionization cross sections 0'" ' and e'"""correspond-
ing to the cases studied in this work and percentage difference between the two. Also shown for comparison are the values of the to-
tal cross section predicted by the ECPSSR model (Ref. 10) cr ",and the reference cross section developed by Paul and Muir (Ref.
1) for incident protons o" . Values for the quantity ~, which is de6ned in the text and which must be much greater than unity for the
semiclassical approximation to hold, are noted. All cross sections are given in barns.

Target

Ni

CU

Projectile

'He

'He

Energy
(MeV)

1.000
2.000
1.206'
3.015'

2.000

2.000
3.015'

6.95
5.92

21.92
13.85

6.26

6.48
18.26

+expt

(b)

228
921
41.9

787

128

94.3
49.0

theor

(b)

222
861
37.9

658

127

93.2
46.3

diff
(%)

3
6
9

16

EcpssR

(b)

241
942
45. 1

809

134

98.8
52.0

ref

(b)

233'
934

130

95.7

'Values correspond to 0.4 and 1.0 MeV/u, respectively, the actual energies of the measurements of the total cross sections.
Values used for the determination of the product rok g d 0, .
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F&G. 5. Measured values of the L x-ray production probability for the La, LP, Ly, and LI lines as a function of impact parameter
for 2.0-MeV p in Sm. The solid curves are based on the semiclassical approximation of Ref. 17. The adiabatic radii, with values of
3.33, 3.53,nd 3.84 pm for the L&, L«, and Lm subshells, respectively, as close to the L-shell radius RL which is shown.

discrepancy for the cases of 2-MeV p in Ni and Cu for
which very close agreement is found for total cross sec-
tions. Also shown in the table are the predictions of the
ECPSSR model' and the reference cross section for in-
cident protons developed by Paul and Muir' and based
upon a systematic average of many experimental rnea-
surements. Detailed discussion of the comparison of
these values with experiment is also given elsewhere.
The comparisons between theoretical results and experi-
mental measurements presented here might suggest that
this theory satisfactorily explains the data for the param-
eter region in projectile and target atom and energy stud-
ied here. However, a broader overview hints that the
close agreement for protons may be somewhat fortuitous
and that further elaboration of the theoretical modelling
related to K-shell ionization is required.

One other quantity listed in Table II is the variable ~,
defined as the ratio of the distance of closest approach of
the projectile to the target nucleus 2d to the deBroglie
wavelength of the projectile P. The condition that this
quantity be much greater than unity,

v=2d/K ))1,
must be met in order that the semiclassical approxima-
tion hold. ' It is only within this approximation that the
relation between the impact parameter b and the projec-
tile scattering angle 0 noted above is established. It is
clear from the table that this condition is satisfactorily
met, particularly for the cases involving incident He.

Our results for the single case we have studied of ion-
ization from the L shell, 2.0-MeV p in Sm, are presented
in Fig. 5. Here are shown our experimental measure-
ments of the L x-ray production probability versus im-
pact parameter for the La, LP, Ly, and Ll x rays. The
solid curves are the results of theoretical calculations em-
ploying the semiclassical approximation in lowest-order
perturbation theory' for the L„L», and L,» subshell
ionization cross sections from tables of Hansteen et al. '

The L x-ray production probabilities were constructed
with the use of the fluorescence yields and Coster-Kronig
factors of Ref. 18 and the radiative yields of Ref. 19. The
overall agreement is quite satisfactory. In particular, the
close correspondence in the shape of the curves for the
La and LP lines is noteworthy.

IV. CONCLUSIONS

Measurements of the impact parameter dependence of
the K-shell vacancy production probability have been
made for seven systems involving incident protons or He
ions. Good agreement is found with a theoretical model
in which explicit time dependence of the K-shell binding
energy and wave function is taken into account. Surpris-
ingly close agreement is found between three different
theoretical models and with experimental data for the
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case of 0.5-MeV protons incident on copper. Measure-
ments were also reported for a single case involving va-

cancy production from the L shell; satisfactory agree-
ment is obtained with calculations based on the semiclas-
sical approximation in lowest-order theory in terms of
the L x-ray production probability for the La, LP, Ly,
and Ll lines. Despite the close agreement between the ex-
perimental data and the results of a theoretical model
shown here, a larger overview of total cross sections for

incident He and Li ions suggests that additional interac-
tion beyond the direct Coulomb interaction is required.
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