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Experimental Al(K) x-ray production cross sections are reported for atomic oxygen projectiles incident on
solid aluminum targets with kinetic energy E in the range 0.15 < E <91 MeV from which Al K-shell
ionization cross sections are deduced for the projectile energy range 1 < E < 91 MeV. For E S 1 MeV nearly
all observed x rays are caused by the recoiling aluminum atoms. The results are compared with theories of
Coulomb ionization to the target continuum. Differences between experiment and these theories are examined
with respect to contributions to inner-shell ionization from electon capture and Pauli excitation. It is found
that Coulomb ionization is the dominant process for projectile velocities v, > 4 a.u., while Pauli excitation
dominates when v, < 4 a.u. Electron-capture processes are significant at high energies, but are negligible for

v, < 4 a.u. for this projectile target system.

I. INTRODUCTION

In the past few years much progress has been
made in the study of inner-shell vacancy produc-
tion in swift heavy-ion-atom collisions, and of
various phenomena relating to accurate experi-
mental determinations of these cross sections.!
New noncharacteristic radiation (NCR) consisting
of x-ray bands has been discovered?; the impor-
tance of recoils in producing x rays has been indi-
cated®*; possible large changes in fluorescence
yield are receiving attention®®; the importance of
multiple vacancy states in the x-ray emission
spectrum has been established’™?; and variations
in x-ray production cross sections with projectile
charge state have been observed experimentally.®

To explore the influence of these phenomena in
one system, we measured x-ray production cross
sections over a very large projectile energy range.
We chose oxygen bombardment of solid aluminum
targets in the range 0.1-91 MeV. This choice of
target-projectile combination is at an intermedi-
ate value of the ratio of the projectile atomic num-
ber Z, to the target-atom atomic number Z, (Z,/Z,
=0.62), and thus may span the range from Coulomb
ionization at high projectile velocities to Pauli ex-
citation at low velocities. This might lead to in-
creased understanding of the various competing
mechanisms for producing inner-shell vacancies:
Coulomb ionization to the target continuum (the
plane-wave Born and the perturbed-stationary-
state approximations), electron capture, and Pauli
excitation.

Section II describes the experiment and the
method of data analysis. Section III reports the
measurement of the x-ray production cross sec-
tions in an atomic oxygen projectile—aluminum
target atom collision. Section II deduces the Al
(K)-hole production cross sections in these colli-
sions, and compares experimental results to var-
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ious theories. We present a summary of our con-
clusions in Sec. V.

II. EXPERIMENTAL

In this section, we describe the experimental
arrangement and method of data analysis up to the
point where the experimental cross section for Al
(K) x-ray production =, is determined. The ex-
periments were performed with O ions except that
a limited number of similar measurements with
O, ions were made at 1-3 MeV per incident atom.
We first consider the thick-target measurements,
then those for thin targets.

A. Thick-target measurements

The New York University heavy-ion accelerator
provided O* projectiles in the energy range 0.10—
0.32 MeV, and the Brookhaven National Laboratory
3-MeV Van de Graaff accelerator was the source
of O* projectiles in the energy range 0.37-3 MeV.
The apparatus is similar to that described!! ear-
lier. A monoenergetic *0* ion beam strikes a
thick target (~0.1 mm) of high-purity aluminum.
The target is set at 45° with respect to the ion
beam axis and to the line of sight of the x-ray de-
tector. The x-rays are detected by a Si(Li) detec-
tor and the spectrum is stored in a multichannel
analyzer. We performed the experiment over the
entire energy range with two Si(Li) detectors hav-
ing different beryllium window thicknesses, 25-
and 8-pm, and energy resolutions, respectively, of
~250 and 190 eV full width at half maximum. Sam-
ple spectra from the detector with the 8-um win-
dow appear in Fig. 1, along with the detector ef-
ficiency € (in the inset). The detector efficiency
was calculated using the manufacturer’s specifi-
cations to include the effects of x-ray attenuation
by the beryllium window, gold electrode layer, and
silicon dead layer. The gold and silicon absorp-
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FIG. 1. Typical x-ray spectra for ions incident on a
thick solid-aluminum target using a Si(Li) detector with
an 8-pm beryllium window. The inset shows the detec-

tor efficiency. (Absorption edges of gold and silicon
are not shown in this figure.)

tion edges have been neglected because they change
€ by only +4%, which is less than the accuracy of
the detector efficiency. The detector efficiency for
Al(K) x rays, €,,, was calculated to be 0.39 and
0.70 for the detectors with 25- and 8-um windows
respectively. The x-ray spectrum from O® bom-
bardment (shown in Fig. 1 as circles) consists of
the Al(K) peak at 1.5 keV and a broad band extend-
ing from our lowest detectable energy (~0.7 keV
for the 8-um window) to ~2.7 keV. This is the

NCR band, which is attributed to the deexcitation
of holes in quasimolecular levels during colli-
sions.? The extent of this band may be seen by
comparing in Fig. 1 the x-ray spectrum for inci-
dent oxygen projectiles with that for incident hel-
ium ions. For our purposes the NCR band repre-
sents a background which must be subtracted from
the spectrum so that we can integrate the counts

in the Al(K) peak to determine the measured Al(K)
x-ray yield Y, (E) at projectile energy E.

We extract Y, (E) from the spectrum by computer
fitting procedures. Since the shape of the observed
band depends markedly on the detector window,
different procedures were used for the data taken
with the different detector windows. For the data
taken with the 25-um window detector the back-
ground noise was subtracted and the spectrum
fitted to two Gaussians whose six parameters were
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determined by a search routine which minimized
x2. Both the NCR band and the Al(K) peak were
found to be Gaussian to better than two standard
deviations on each side of the maximum. For data
taken with the 8-um window detector, the contri-
bution of the band could be determined by using a
small segment of the band spectrum on each side
of the AL(K) peak to interpolate the band spectrum
under it.

The yield Y, (E) was measured for a pre-set num-
ber of incident projectiles N by integrating the
beam current at the biased target. The Al(K) x-
ray yield per incident particle is

V(E) 4r 1

YE)=RE M

where £, is the solid angle of the x-ray detector
seen from the target.

The Y(E) values found by averaging the results
obtained for the 8- and 25-um window data (a total
of ~140 runs) are shown in Fig. 2 as circles and
listed in column 2 of Table I. Also shown in Fig.
2, as triangles, are yields per incident projectile
of x rays in the NCR band for the case of the 8-um
window detector. The NCR band yields per inci-
dent projectile for the 25-um window data show the
same trends, but are smaller by a factor of ~10.
In Fig. 3 we show the ratio R of the characteristic
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FIG. 2. Total x-ray yields per incident atom from O"
bombardment of a thick solid-aluminum target as a
function of projectile energy: (@) Al(K) yield, corrected
for window absorption and detector geometry, (A) ten
times the observed NCR band yield for the 8-um

beryllium window detector, corrected for geometry
only.
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TABLE I. Aluminum K-shell x-ray production cross sections ¢,(E) for incident 'O* particles of energy E. Column 2
is the thick-target Al(K) x-ray yield Y(E), in x rays per incident particle. Column 3 is the derivative of Y(E) with re-
spect to E. Column 4 is the total stopping power S(E)/p, in keV cmz/ug. for 0 particles in aluminum, where p is the
mass density of aluminum. Column 5, labeled g4 (E), is the sum of two correction terms to =,(E): the absorption
correction [pY(E)/N,]. and the straggling correction — ] do(E,T)I[Y(E -T) - Y(E) + TdY(E)/dE], in barns. Column 6 is
the total Al(K) x-ray production cross section X, (E) in barns, as determined by Eq. (2), i.e. ZJE)=[S(E)Y’'(E)]/N,

+ 0 gorplE). Column 7 is the recoil contribution oyg(E), in barns, as determined by Eq. (5) and explained in the text.
Column 8 gives the values for o,(£) in barns as determined by Eq. (4). For these computations u/p is 396 cmz/g‘ and
N,/p is 2.23x10'% atoms/pg. Numbers in parentheses are powers of ten. Error bars quoted are 1 SD in the absolute
error.

Y(E) dY(E)/dE S(E) Z,(E)
Energy E  (x rays/particle) (x rays/keV particle) (keV cm®/ug) 0 oopplE) (b) o,r(E) o,(E)
(MeV) +30% +30% +15% (b) +30% (b) (b)
0.150 2.22(-9) 1.28(-10) 1.78 —4.6(-4) 9.21(-3) 1.85(-2) e
0.165 5.14(-9) 2.61(-10) 1.85 -7.2(-4) 2.08(-2) 3.61(-2)
0.175 7.12(-9) 3.71(~10) 1.88 -9.3(-4) 3.10(-2) 5.23(-2)
0.200 2.24(-8) 8.09(-10) 1.97 —1.6(=3) 7.08(-2) 1.08(-1)
0.225 5.08(-8) 1.46(-9) 2.07 -2.7(=3) 1.35(-1) 1.83(-1) vee
0.250 9.78(-8) 2.33(-9) 2.16 -3.1(=3) 2.26(-1) 2.73(-1) 2o
0.275 1.70(-7) 3.34(-9) 2.26 -3.0(=3) 3.37(-1) 3.72(-1)
0.300 2.65(=7) 4.36(-9) 2.36 —2.3(=3) 4.60(-1) 4.76(-1) te
0.350 5.28(=7) 6.00(-9) 2.563 +2.6(=3) 6.82(-1) 6.82(~1)
0.400 8.48(-7) 6.88(-9) 2.72 1.2(-2) 8.48(-1) 8.68(-1) v
0.450 1.19(-6) 7.16(-=9) 2.90 1.9(=2) 9.47(-1) 1.03(0) ses
0.500 1.56(-6) 7.00(--9) 3.08 2.5(=2) 9.97(-1) 1.17(0) cee
0.550 1.91(-6) 6.68(-9) 3.26 3.2(=2) 1.03(0) 1.30(0) ter
0.600 2.23(-6) 6.44(-9) 3.44 3.7(-=2) 1.05(0) 1.41(0) e
0.700 2.89(-6) 6.76(-9) 3.76 4.9(-2) 1.22(0) 1.59(0) cee
0.800 3.65(-6) 8.23(-9) 4.02 6.2(-2) 1.56(0) 1.71(0) v
0.900 4.60(-6) 1.11(-8) 4.24 7.9(=2) 2.19(0) 1.79(0)
1.00 5.91(-6) 1.54(-8) 4.44 1.0(-1) 3.22(0) 1.83(0) 1.39(0) +80%
1.10 7.76(-6) 2.17(-8) 4.63 1.3(-1) 4.66(0) 1.86(0) 2.80(0) £55%
1.20 1.03(=5) 2.99(-8) 4.80 1.7(-1) 6.65(0) 1.86(0) 4.79(0) £45%
1.30 1.39(=5) 4.03(-8) 4.93 2.4(-1) 9.42(0) 1.85(0) 7.57(0) +40%
1.40 1.90(-5) 5.31(-8) 5.04 3.2(-=1) 1.25(+1) 1.83(0) 1.07(+1) £35%
1.60 3.12(-5) 8.40(-8) 5.32 5.3(-1) 2.06(+1) 1.78(0) 1.88(+1) +30%
1.80 5.21(-5) 1.26(-7) 5.56 8.9(-1) 3.25(+1) 1.72(0) 3.08(+1) £30%
2.00 8.22(-5) 1.75(=7) 5.76 1.4(0) 4.65(+1) 1.66(0) 4.48(+1) £30%
2.20 1.22(-4) 2.24(-7) 5.95 2.1(0) 6.18(+1) 1.59(0) 6.02(+1) +30%
2.40 1.72(-4) 2.98(-7) 6.11 3.0(0) 8.45(+1) 1.53(0) 8.30(+1) £30%
2.60 2.39(-4) 3.83(=7) 6.26 4.2(0) 1.12(+2) 1.47(0) 1.11(+2) £30%
2.80 3.26(-4) 4.84(-17) 6.37 5.7(0) 1.44(+2) 1.41(0) 1.43(+2) £30%
3.00 4.34(- 4) 6.04(-7) 6.50 7.6(0) 1.84(+2) 1.36(0) 1.83(+2) £30%
Al(K) x-ray yield to the NCR band yield as a func- _ 1[dY(E) :l
tion of the incident ion energy as recorded using E"(E)_Ni dE S(E)+ pY(E)
the 8-um window detector. The NCR band yield in
Fig. 2 and the yields in Fig. 3 are not corrected dY(E) J
for detector efficiency. The characteristic AL(K) —f do(E,T) {Y(E -D+T =g - YE)] -
x rays dominate at large incident ion energies @)
while the noncharacteristic x rays are dominant
at low incident ion energies. Below 0.15-MeV ion Here N, is the atomic density of the aluminum tar-
energy the yield of A1(K) x rays is so small that get, S(E) the total stopping power of the target for
we could not resolve values for this ratio. oxygen atoms of energy E, u the absorption coef-
The total cross section for Al(K) x-ray produc- ficient of the target for its own characteristic x
tion 2 (E) can be determined from the formula,**!2 ray, and do(E,T) the differential cross section for

valid for our geometry transfer of energy T from the projectile to the tar-
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FIG. 3. Ratio R of measured Al(K) x-ray yield to the
measured NCR band yield for O° bombardment of a
thick aluminum target obtained with the 8-um beryl-
lium window detector. No corrections are made for
detector efficiency.

get atom in a collision. We determine S(E), col-
umn 4 of Table I, by adding to the electronic stop-
ping power!®*~!5 the theoretical nuclear stopping
power.'® For do(E,T) we used the theoretical val-
ues obtained for scattering of a charged particle

in a Coulomb field screened by a Thomas-Fermi
potential.'® If the integrand in Eq. (2) is neglected,
one recovers the standard formula,'? of which the
term pY(E)/N2 is a correction for absorption of

X rays in the target, at most 5% in our experiment.
The integrand, obtained by Taulbjerg ef al.,>* may
be interpreted as a correction due to energy strag-
gling of the projectile. In our case this term is
also always =5% of =,.

Equation (2) was used to extract values of Z_(E)
separately for the data taken with the 8- and 25-
um window detectors. The results were averaged
to obtain the T, values shown in Fig. 4 as circles,
and listed in column 6 of Table I. The values of
Y(E) shown in Fig. 2 result in £, values which are
well within the quoted error bars. Included in the
figure are previous thick-target results taken with
proportional counters. The results of Needham
and Sartwell'” do not seem to subtract the NCR
band, while the results of Brandt and Laubert!®
only partially take it into account by using x-ray
absorbers, causing differences in the slopes of
the data.

The Al(K) x-ray distribution after subtraction of
the NCR band yields the centroid of the Al(K) line.
From it the shift in energy of the observed Al(K)
x-ray line can be determined relative to the ex-
pected peak position if only a K vacancy existed
in the aluminum atom. In Fig. 5, AE,(E), the re-
sulting energy shift, is shown as a function of
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FIG. 4. Cross sections for Al1(K) x-ray production in
barns for 0" bombardment of a thick solid-aluminum
target as a function of projectile energy in MeV: (®) our
experimental Z, (E) values determined using Eq. (2),
(--- and — * —) other experimental values taken from
Refs. 18 and 17 respectively. The solid curve is the
recoil contribution o, g(E) calculated using Eq. (5) as
described in the text.

beam energy. An average of all runs (from 4-16)
at each energy is shown. The error bar is +12 eV,
due about equally to uncertainty in the channel po-
sition of the observed Al(K) peak, fixing the posi-
tion of the unshifted Al(K) peak, and energy cali-
bration. See Sec. IV for further discussion of this
curve.
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FIG. 5. Measured Al(K) x-ray centroid shift AEj in
eV, from the x-ray energy when only a K hole is pro-
duced in aluminum, as a function of projectile energy
in MeV for oxygen-ion bombarding: (@) thin solid tar-
gets, (a) thick solid targets.
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B. Thin target measurements

Measurements were performed at the Brookhaven
National Laboratory with the 3-MeV Van de Graaff
accelerator in the energy range of 0.53-3 MeV,
and with the Tandem Van de Graaff accelerator in
the energy range 2-91 MeV.

The apparatus used in the tandem experiment is
the same as that described'®'?® earlier. A mono-
energetic °0O* beam is incident on a thin (~20 ug/
cm?) self-supporting aluminum target® inclined
45° with respect to the beam direction. At beam
energies E> 3 MeV, higher charge states of oxygen
were used (up to + 8 at 91 MeV), but the resulting
x-ray cross sections at the high energies are
known'® to be independent of the incident atom’s
charge state for targets of the thickness employed
here. For completeness, the incident projectile
charge state for the tandem experiment is listed
in column 2 of Table III. A Si(Li) x-ray detector
views the beam exit surface of the target at 45° to
the target surface normal and 90° to the beam di-
rection. Data were taken with both the 8- and 25-
um window detectors with the 3-MeV machine.

For the tandem experiment, where the yields from
the NCR band are relatively small, data were
taken only with the 25-um window detector. The
target was also viewed at a variable angle with re-
spect to the beam direction by a silicon surface-
barrier detector, which registered the energy dis-
tribution of particles scattered in the oxygen-alu-
minum collisions. The angle was fixed at 45° for
projectile energies =3 MeV, but at higher energies
was shifted to smaller angles (as small as 8°at 91
MeV). At energies greater than 3-MeV data were
taken at several angles. Such precautions were
necessary to insure that the experiments were
performed under conditions where the effects of
the finite nuclear sizes of the colliding atoms is
negligible and the Rutherford scattering law is
obeyed. For example, at a projectile energy of 91
MeV and a laboratory scattering angle as small as
20°, the error introduced by assuming Rutherford
scattering would be several times larger than the
uncertainties quoted in Table III1.?2 The outputs of
the x-ray and particle detectors were amplified
and stored separately in a pulse-height analyzer.

The Al(K) x-ray production cross section in the
thin-target approximation is

Y, (E) Qp 41 <do(E)>

N(E) Q, €,,\ d2 /g~
where Y,(E) is the measured Al(K) x-ray yield at
projectile energy E, N (E) the number of elasti-
cally scattered oxygen projectiles recorded at the
same time as Y (E), ©,, and £, are the solid
angles subtended at the target by the particle and
x-ray detectors respectively, and [do(E)/dQ]; de-

I (E)=

3)

notes the differential Rutherford scattering cross
section. We extract Y, (E) from the x-ray spec-
trum in the same manner as for thick targets. The
data taken on the tandem were analyzed by use of
the program “Brutal”.?® This program gave the
same results for thin-target data taken at £ =2
MeV as the method used for thick targets. The
average energy shift of the Al(K) x ray, AE.(E),
for thin targets is shown in Fig. 5. Average values
of Z (E), for two to nine determinations at each
energy, are listed in column 2 of Table II and in
column 3 of Table OI.

Measurements were also made with molecular
oxygen (O, and O;) beams at energies of 1-3 MeV
per incident atom. If one compares the measured
x-ray yield per incident atom at the same velocity,
the yields are found, for both the NCR band and
the Al(K) peak, to be independent (to +5%) of
whether O, O;, or O* projectiles are employed.

III. ANALYSIS OF TOTAL X-RAY PRODUCTION CROSS
SECTIONS

A. Thick target

We make use of recent advances®* in analyzing
thick-target data by applying the equation

EX(E)=0;<(E)+G:R(E) ’ (4)

where 0,(E) is the cross section for Al(K) x-ray
production in the collision of an oxygen atom with
an aluminum atom, averaged over the equilibrium
charge and excitation states of the projectile of
energy E in the solid. It is the quantity of interest.
The cross section for producing an Al(K) x ray by
a recoiling aluminum atom striking other target
atoms, 0,5(E), is given by*

0,r(E) = f do(E, T)A(T,E, 6)Y (T, 6) (5)

where Yg(T, 6) is the thick-target Al(K) x-ray yield
for aluminum projectiles of energy T striking a
solid aluminum target where 6 is the angle be-
tween the surface normal and the beam direction,
and f(T,E, 6) is an angular-dependent factor given
in Ref. 4. Under our conditions the effect of
f(T,E, 6) is small. Hence we have suppressed the
6 dependence in writing o,g(E).

We have calculated o, 4(E) from Eq. (5) by a nu-
merical integration procedure with do(E,T) as in
Sec. IIA. For Y,(T, 6) we employed experimental
values®?? in the energy range 0.08-40 MeV and
extrapolation procedures for energies <0.08 MeV.
A variety of extrapolation procedures were tried
and convinced us that to +10% the form of the ex-
trapolation was not crucial in determining o,,x(E)
in our energy range. The function f(T,E, ) was
included in our computations of o,5x(E), but re-
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placing this factor by unity results in a negligible
change in 0,5x(E) at low energies, a 15% increase -0 for E<B
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TABLE II. Aluminum K-shell x-ray production cross sections oy (E), for incident *0* parti -
cles of energy E. These measurements are for thin targets, taken on the 3-MeV Brookhaven
National Laboratory Van de Graaff. Column 2 is the total thin-target A1(K) x-ray production
cross section in the thin-target approximation [Eq. (3) in the text]. Column 3 gives a, the
correction factor to the number of scattered particles. Column 4 gives «,, the correction
factor to the x-ray yield. Column 5 gives the yield correction due to angular scattering of in-
cident particles in the foil. Column 6 is the yield correction term for recoils. Column 7 gives
the values of ¢, (E) in barns as determined from X, (E) in column 2 by Eq. (7), utilizing the cor-
rections in columns 3—6. Numbers in parentheses indicate powers of 10. Error bars quoted
are 1 SD in absolute error.

z,(E) oy (E)
Energy E (b) (b)
(MeV) +20% ag(E) ay (B) Y (E)/Yg(E) Y R(E)/Yg(E) +25%
1.00 1.72(+0)  1.14 0.746 —1.3(=2) 3.8(~1)
1.20 4.24(+0) 1.12 0.771 —8.7(=3) 1.4(-1) 5.69(+ 0)
1.40 9.15(+0) 1.1 0.787 —6.8(=3) 6.4(-2) 1.19(+ 1)
1.60 1.68(+1) 1.10 0.800 -5.5(=3) 3.3(=2) 2.24(+1)
1.80 3.04(+ 1) 1.09 0.811 —4.4(=3) 1.8(=2) 3.92(+ 1)
2.00 5.24(+1) 1.09 0.822 —3.6(=3) 1.0(=2) 6.48(+1)
2.20 7.21(+1)  1.08 0.831 -2.9(-3) 6.2(=3) 1.02(+ 2)
2.40 1.18(+2) 1.08 0.839 —2.3(=3) 4.1(=3) 1.54(+ 2)
2.60 1.71(+ 2) 1.07 0.846 —1.8(=3) 2.6(-3) 2.26(+2)
2.80 2.47(+2) 1.07 0.853 —1.5(=3) 1.8(=3) 3.22(+2)
3.00 3.32(+2) 1.06 0.856 —1.2(=3) 1.3(=3) 4.47(+2)

at 1 MeV, and about a 25% increase at 3 MeV. In
Fig. 4 we plot (solid line) the function o,z(E) and

list its value in column 7 of Table I.
An analytic calculation of 0,5(E) with

TABLE III. Aluminum K-shell x-ray production cross sections o, (E), for incident $0*
particles of energy E. These measurements are for thin targets, taken on the Brookhaven
National Laboratory Tandem Van de Graaff. Column 2 is the charge state of the incident pro-
jectile. Columns 3-8 follow 2-7 of Table II. Numbers in parentheses indicate powers of 10.
Error bars quoted are 1 SD in absolute error.

Z, (E)
Energy E (b) &(E)

(MeV) q +20% as(E)  anE) Y (E)YEE) YgE)/YgE) (b)

2.00 1 4.38(+1) 1.09 0.815 ~2.9(=3) 1.2(-1) 5.73(+1) £25%

3.00 1 2.64(+2) 1.06 0.867 —1.0(=3) 1.6(=3) 3.24(+2) £25%

4.00 2 9.33(+2) 1.05 0.891 —5.3(-4) 4.0(-4) 1.10(+3) £25%

6.00 2 3.89(+3) 1.04 0.937 —1.6(-4) 8.1(=5) 4.30(+3) £20%

8.00 2 9.16(+ 3) 1.03 0.954 —4.9(=5) 3.0(-=5) 9.86(+3) £20%
12.0 3 2.76(+4) 1.02 0.970 -3.8(-5) 7.8(-6) 2.89(+4) £20%
16.0 3 4.19(+4) 1.01 0.978 -9.7(-6) 4.2(-6) 4.33(+4) £20%
24.0 4 8.33(+4) i.01 0.985 —1.6(-6) 1.8(-6) 8.51(+4) £20%
32.0 4 9.62(+4) 1.00 0.988 —2.8(-6) 1.4(-6) 9.78(+4) £20%
40.0 5 1.03(+5) 1.00 0.989 —1.3(-6) 1.2(-6) 1.05(+5) £20%
48.0 6 1.05(+ 5) 1.00 0.989 —2.9(-6) 1.1(-6) 1.06(+5) £20%
57.0 6 8.22(+4) 1.00 0.989 —4.5(-86) 1.2(-6) 8.33(+4) +20%
60.0 [ 9.42(+4) 1.00 0.989 —1.1(-6) 1.1(-6) 9.54(+4) £20%
67.0 6,7 7.15(+4) 1.00 0.990 —4.2(-86) 1.3(-6) 7.24(+4) +20%
78.0 8 6.57(+4) 1.00 0.990 —2.7(-6) 1.4(-6) 6.65(+4) £20%
91.0 8 6.05(+4) 1.00 0.990 —1.4(-6) 1.4(-6) 6.12(+4) £20%

YR(E,6)=[C(E/B}/2+ (B/E)/2 - 2] for E=B

(6)
where C=5.41 X107 x rays per incident aluminum
atom and B=142 keV, Rutherford scattering for
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FIG. 6. Our experimentally determined Al(K) x-ray
production cross sections, o, (E), in barns, for O" bom-
bardment of solid aluminum targets as a function of
projectile energy in MeV, for E=4 MeV: (®) thin-tar-
get values using the Van de Graaff accelerator, (m)
thin-target values using the tandem Van de Graaff ac-
celerator, (a) thick-target values.

do(E,T), and f(T,E, 6)=1 [this is equivalent to Eq.
(13) in Ref. 24] produces 0, (E) values with the
same trends as the curve in Fig. 4, but distinct
differences appear at low and high energies.
From this analysis we conclude that at E=1
MeV nearly all of the observed x rays are due to
target-atom recoils,while at higher energies nearly
all x rays are due to projectile target-atom colli-
sions. We subtract o,x(E) from Z,(E) to extract
0,(E) values from our thick-target measurements
for E=1 MeV. These values are shown as tri-
angles in Fig. 6 and listed in column 8 of Table I.

B. Thin target

For values of Z(E) for thin targets given by Eq.
(3) we obtain cross sections o,(E) for Al(K) x-ray
production in the collision of an oxygen atom with
an aluminum target atom from the equation

a (E) <1 _Y(B)+ YR(E)>
a,(E) Y x(E) ’

0. (E)=Z.(E) (7)
which is developed in Ref. 20. Here a (E) is a
correction factor?® to the number of scattered
particles N(E), arising from energy loss in the
finite thickness aluminum foil; a,(E) is a correc-
tion factor® to the x-ray yield Y (E), arising from
x-ray absorption and projectile energy loss in the
foil; Y (E) is a yield correction due to angular

scattering of incident particles in the foil; YR(E)
is the x-ray yield contribution due to recoil target
atoms colliding with other target atoms; and Y 4(E)
is Z,(E)N,a (E). The recoil yield Y behaves sim-
ilarly to the contribution for thick targets in that
it is negligible at high energies and dominant for
E<1 MeV: already at 1 MeV, Y is ~40% of Y 5.
This precludes obtaining accurate values of o,

for E=1 MeV. Average values of a(E), a,E),

Y (E)/Y 5(E), and YR(E)/Y z(E) are given in col-
umns 3-6 of Table II for the Van de Graaff data,
and in columns 4-7 of Table III for the Tandem
Van de Graaff data. For further details of the
methods of calculation consult Ref. 20,

These corrections were performed separately
on the data for the 8- and 25-um window detectors
(a total of ~60 runs) and the resulting cross sec-
tions averaged to obtain 0,(E) values for the Van
de Graaff data, shown as circles in Fig. 6 and
listed in column 7 of Table II. Our x-ray cross
sections for the tandem data (~40 runs) were aver-
aged to obtain a single value at each energy; they
are listed in column 8 of Table III, and shown as
squares in Fig. 6 for the region of overlap with our
other values. It is important to note that in both
Tables II and III average values of all quantities
at each energy are given. Thus ¢,(E) values in the
last column may not be exactly equal to the values
obtained by combining the results given in the pre-
vious columns, since these calculations are per-
formed separately for each run and then averaged.
Nevertheless, if one does compute o, (E) from the
values listed in the tables, resulting values of
0,(E) will be well within the error bars quoted.

The target thicknesses are expected to be suffi-
cient to establish charge equilibrium!®; we inter-
pret o,(E) as for the thick-target values. Thus
one should get agreement between the thick and thin
0,(E) values. This can be seen in Fig. 6 to be gen-
erally the case, although there is a tendency for
the thick-target values to be somewhat low at the
highest energies.

C. Comparison with other measurements

We determine best values of ¢, (E) from the val-
ues for thick targets (Table I) and those for thin
targets (Tables II and III) by an averaging proce-
dure which takes account of the uncertainties in
the measurements. These values are listed in
column 2 of Table IV and shown as circles in Fig.
7.

By way of comparison we include in Fig. 7 the
experimental results of Sakisaka,?® and of Burch
and Richard.?® Sakisaka’s data are a factor of 5
larger than ours near E=1 MeV. However, his
results predate the discovery of the NCR band and
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TABLE IV. Aluminum K-hole production cross sec-
tions oy(E), for '¥O ions of energy E incident on solid
aluminum targets. Column 2 is the x-ray production
cross section o, (E), from both thick- and thin-target
measurements. Column 3 is ox(E) found from og(E)
=y¥o, (E), where yy is 0.0426 £+10%. For further dis-
cussion of yg see the text. Numbers in parentheses in-
dicate powers of 10. Error bars quoted are 1 SD in the
absolute errors.

Energy E oy (E) ox(E)
(MeV) (b) (b)
1.00 1.54 £50% 3.62(+1) £50%
1.20 5.55+30% 1.30(+2) £30%
1.40 1.20(+1) £25% 2.82(+2) +25%
1.60 2.12(+1) +25% 4.98(+2) +25%
1.80 3.63(+1) £25% 8.52(+2) £25%
2.00 5.59(+ 1) £25% 1.31(+3) £25%
2.20 7.69(+1) £25% 1.80(+3) £25%
2.40 1.11(+2)+25% 2.60(+3) £25%
2.60 1.52(+2) £25% 3.57(+3) £25%
2.80 2.78(+2) +25% 6.52(+3) £25%
3.00 3.69(+2) £25% 8.66(+3) £25%
4.00 1.10(+3) £25% 2.60(+4) £25%
6.00 4.30(+3)+£20% 1.01(+5) £20%
8.00 9.86(+3) £20% 2.31(+5) £20%
12.0 2.89(+4) £20% 6.78(+5) £20%
16.0 4.33(+4)+20% 1.02(+ 6) £20%
24.0 8.51(+4) £20% 2.00(+6) £20%
32.0 9.78(+4) £20% 2.30(+6) £20%
40.0 1.05(+5) £20% 2.46(+6) £20%
48.0 1.06(+5) +20% 2.49(+6) £20%
57.0 8.33(+4) +20% 1.96(+ 6) £20%
60.0 9.54(+4) £20% 2.24(+6) £20%
67.0 7.24(+4)i20% 1.70(+6) £20%
78.0 6.65(+4) £20% 1.56(+6) £20%
91.0 6. 12(+4)¢°0% 1.44(+6) £20%

the importance of recoils in determining cross
sections. The high-energy data of Burch and
Richard agree better with our data, although dif-
ferences exceeding the quoted errors exist.

IV. COMPARISON WITH THEORY

High-resolution studies®*™%° of the Al(K) x-ray
spectrum for oxygen bombardment of aluminum
show satellite peaks, which are attributed to x
rays emitted by atoms with » vacancies in the L
shell (the KL" peaks), n ranging from one to six.
With our resolution we record a single broad peak
shifted in energy AE.(E) corresponding to the
average shift in the KL" x-ray distribution. In-
deed, our AE(E) measurements (Fig. 5) agree
with values calculated from high-resolution x-ray
data?*~ taken over a limited range of E. Our en-
ergy shift measurements indicate a nearly con-
stant value of AE (E) for E<1 MeV with an abrupt
increase near E=1 MeV. We attribute this change
to the decreasing yield of x rays originating from
target-recoil collisions. For E>1 MeV, AE.(E)
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FIG. 7. Experimentally determined Al(X) x-ray pro-
duction cross sections ¢, (E), in barns, for oxygen ions
bombarding solid-aluminum targets, as a function of
projectile energy in MeV: (@) values for this work,
--- Ref. 25, — Ref. 26.

reflects the relative L-shell to K-shell excitation
processes in projectile-target atom collisions,
with a maximum at E~ 20 MeV. The K x-ray en-
ergy shifts by ~12 eV for each L hole present with
the K hole at the time of emission.”?*3° Figure 5
indicates that there can be on the average as many
as four L holes at the time of K x-ray emission.

We must transform our ax(E) values to total
cross sections for Al(K) ionization through the
fluorescence yield. The fluorescence yield depends
on the number and kind of L holes present in the
atom emitting a K x ray. Therefore, we need an
average fluorescence yield v4(E) at each projectile
energy.

One determines ¥, (E) as follows. From our
AE,(E) measurements and measured values® 2% 3
of the satellite x-ray peak energies we estimate
the average number of L holes present during the
K x-ray emission. With the theoretical values®
of the fluorescence yield for the KL" hole con-
figurations we obtain ¥,(E)/¥7,=1.12+ 4%, where
¥, is the fluorescence yield of aluminum without
any L holes present. This value agrees with that
determined from measured intensities® in the
KL" peaks for oxygen projectile energies of 3=E
=30 MeV. We have assumed in this calculation
that all of the L holes are in the 2p subshell, which
is consistent with measurements on aluminum
targets,? 2833

A note of caution. If it turns out that some of
the L holes in aluminum producing the observed
satellites were to be in 2s rather than 2p states as



14 CROSS SECTION FOR ALUMINUM K-SHELL IONIZATION. .. 2051

assumed here, then our y4(E) may be too small
by as much as a factor two. Such variation has
been calculated for the neon K-shell fluorescence
yield where there is a dependence on the multi-
plet state of the atom.**

We consider another method for determining
¥x(E). By use of the fractional-parentage coeffi-
cient method,* and modified Hartree-Fock-Slater
calculations of Auger and x-ray transition rates
for the KL° hole configuration® we calculate the
K fluorescence yield as a function of the number
of L holes in aluminum. Our experimental AE.(E)
results, in conjunction with Hartree-Fock-Slater
computations® of AE, as a function of the number
of L holes, enables us to determine an average
number of L holes as a function of projectile ener-
gy. Combining these results gives a 7,{(E)/)/0
which rises from a value of 1.6 at E=1.0 MeV to a
maximum value of 2.8 at E=20 MeV and then de-
clines to 1.6 at E=91 MeV. Thus the results of
the model based on the fractional-parentage co-
efficient calculations give values larger than our
Yx(E) by approximately a factor three.

Our value of yK(E)/)/o= 1.12 and the experimen-
tally determined value® of 0.038 for y,, results in
yx(E)=0.0426 +10%. We determine o,(E) from the
0.(E) values in Table IV by using the equation

ox(E)=0,(E)/y(E), (8)

where o4 (E) is interpreted as the total cross sec-
tion for producing K holes in aluminum, averaged
over all equilibrium charge and excitation states
of the projectile. The values of o4(E) are listed
in column 3 of Table IV and shown as circles in
Fig. 8. The dashed line on the error bars in Fig.
8 indicates the shift in o, when it is determined
using 7x(E) as calculated according to the frac-
tional-parentage coefficient method.

We compare these results to quantum-mechani-
cal cross sections for Coulomb ionization to the
target-atom continuum. We also consider other
possible competing mechanisms, in particular
electron capture and Pauli excitation.

The PWBA prediction* is shown in Fig. 8 as the
dashed curve. The perturbed-stationary-state
(PSS) approximation®® includes the perturbation
of the K shell by the projectile. At low velocities
this amounts to an increased binding (B) of the
K -shell electrons. On incorporating the Coulomb
deflection (C) the theory®® gives the dot-dash curve
in Fig. 8 labeled as PSS(CB). At intermediate
velocity the perturbation acts as a polarization
(P) of the K shell by the projectile, and the total
effect results in the solid line labeled PSS(CBP).?°
It is important to note that although these calcula-
tions are based on one-electron transitions they
should be compared with the total cross section

vI/v0
IO’ ? T T ? T T T T IIO Il5
10°H _
L e l‘/
(P S
“’15 - 7Yy
o /7t [/0=Alw-AL(K)
| /"« EXPERIMENTAL
104 THEORY :
L —— PWBA
-—-PSS(CB)
r —— PSS (CBP)
/
10° 4
v
10° - / '
r /"COULOMB EXCITATION
s —— PSS (CBP)
10' - __ e
- — 0%
L - o*°
Ioo,,~ — 1l L [T S S S
2 5 10 20 50 100

ENERGY [ MeV]

FIG. 8. Ionization cross sections in barns, as a func-
tion of projectile energy in MeV (and also as a function
of v4/v,, where v, is the projectile velocity and v, is
1 a.u.), for an oxygen ion colliding with an aluminum
target atom. Theoretical predictions are those of the
plane-wave Born approximation, --- PWBA, the per-
turbed-stationary-state theory with Coulomb deflection
and binding, — *—— PSS(CB), and including polariza-
tion, PSS(CBP). Total experimental K-hole pro-
duction cross sections gg(E) are obtained from our ¢, (E)
measurements using Yg(E)=0.0426. The dashed bar
represents the shift in the value of ox(E) as a result of
using the fractional-parentage coefficient method of
calculating Yg(E), as explained in the text. The inset
shows Coulomb-excitation theory calculations: ——
PSS(CBP) as in the main figure, and those including
screening effects and electron capture as described in
the text for O' 8 (---), an equilibrium distribution of
projectile charge states labeled 0% (—), and for a
neutral projectile O° 0 (=« +).

o0x, even though multiple excitations in other shells
may be taking place simultaneously.** The
PWBA calculation drastically overestimates the
cross section at energies below 10 MeV. The
PSS(CB) theory falls below the data. The PSS(CBP)
theory is in good agreement at energies above

10 MeV but is much too small at lower incident
energies, in fact, by a factor 40 at 1 MeV.

The agreement between experiment and the
PSS(CBP) theory may be fortuitous, since our
projectiles are not point particles of nuclear
charge Z, as assumed in the theory. Experimen-
tal results!® indicate a variation of a factor 2-3
in the ionization cross section with the charge
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state of the projectile for this projectile-target
system. We attempt to reconcile these observa-
tions with Coulomb ionization theory by including
in the total cross section the contribution due to
capture of target K-shell electrons by the projec-
tile, calculated according to Ref. 42, and by in-
cluding screening effects of the projectile elec-
trons in the cross section for ionization of target
electrons to the continuum.

The magnitude of these contributions are shown
in the inset of Fig. 8. The dashed curve is for an
O*®projectile, where electron capture dominates
except at the highest energies. The magnitude of
the electron-capture cross section is the differ-
ence between this curve and the PSS(CBP) curve.
A Born approximation calculation®® of the cross
section for ionization to the continuum, which
includes ab initio the effect of electron screening,
indicates that the target cross section is decreased
by ~10% for each K electron present on the pro-
jectile for the 0-Al system; the presence of L
electrons on the projectile does not significantly
change the target cross section. This statement
is valid in the 1-10 MeV/amu energy range for
this projectile target system. We incorporate
screening effects on the ionization cross section
in the following manner. Coulomb and binding (C
and B) effects are small impact parameter b de-
pendent phenomena (b<1/Z, a.u.). Moreover
screening effects are important only at high veloc-
ities where Coulomb and binding effects are small.
Therefore screening of the projectile is included
via the calculation of Ref. 43, However, complete
screening of the projectile by its K -shell electrons
is assumed for the polarization (P) effect since
this is a large (b~2 - 3/Z2 a.u.) impact parameter
phenomenon. The magnitude of the screening
correction is the difference between the curve
marked PSS(CBP), shown as the thick solid line,
and that for neutral oxygen (O*°), shown as the
dotted line. Cross sections for O*¢ (g =1-6) which
include electron capture and screening effects
differ from that for O*° by at most 10%. The thin
solid line labeled O* is the ionization cross
section when we include the above physical
effects and assume an equilibrium distribu-
tion of charged states,*! taken as that of the
beam exiting the solid target. This curve repre-
sents our final Coulomb ionization cross sections,
to which the data are compared. This curve is
also shown in Fig. 9 as the light solid line.

We conclude that most of the aluminum K holes
produced by oxygen bombardment of solid alumin-
um at projectile energies above 10 MeV are due to
Coulomb ionization. Below 10 MeV some other
mechanism must dominate the ionization process.
We consider Pauli excitation, where exchange in
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FIG. 9. Same as in Fig. 8 except that the theoretical
curves are : 0% Coulomb excitation as in the
inset of Fig. 8, Pauli excitation using the statis-
tical model as described in the text. The dashed sec-
tion suggests the region where the model may be in-
applicable.

the overlapping electron clouds of the colliding
atoms is the dominating interaction. We apply the
statistical model of Brandtand Jones,**based ona
formulation of Mittleman and Wilets,*® with scaling
parameters R,=0.885(Z2/3+ Z2/*)'/2 and ¢,,,2/C
=[(Z,+Z,)/20)® (in a.u.). This model gives the
Pauli excitation cross sections for producing a

K hole in both the incident and the target atom.

We multiply these values with the branching ratio
w of Meyerhof? to predict the Al(X) vacancy pro-
duction cross section. The branching ratio is
taken to be w=(1+¢*)™, where x=27|1,-1,|/
[(12/24+112)y,] given in terms of I, and I,, the

K -shell binding energies*® (in keV) of the projec-
tile and target atom and of the incident projectile
velocity v, in a.u. The semiempirical form of w
given by Stolterfoht, Ziem, and Ridder*® gives

the same values (within 30%). The resulting

Al(K) Pauli-excitation cross sections are displayed
as the heavy solid curve in Fig. 9. We conclude
that at oxygen energies below 10 MeV, correspon-
ding to velocities v, <Z2/%,, the dominant mechan-
ism for creating K holes in aluminum with oxy-
gen bombardment is Pauli excitation. When
1)1>Zf/3v,J the projectile is essentially stripped,
and Coulomb ionization dominates. It is important



14 CROSS SECTION FOR ALUMINUM K-SHELL IONIZATION... 2053

to note that our conclusions concerning the mecha-
nisms of producing aluminum K-shell vacancies
with oxygen bombardment do not depend on a
specific choice of the fluorescence yield.

V. SUMMARY

We have determined the total Al(K) ionization
cross sections for collisions of swift oxygen ions
in solid aluminum targets. In order to do so,
some large effects must be taken into considera-
tion. Among these are the effects of the nonchar-
acteristic radiation band, the recoil effect, and the
change in fluorescence yield with the number and
type of L holes simultaneously present with the
K hole at the time of x-ray emission. The effects
of the NCR band and that of recoils can be fully
taken into account, but obtaining accurate values
of the average fluorescence yield is still a diffi-
culty. In addition, the possibly large charge-state
dependence of the cross sections is unobtainable
from our solid target data.

Comparison of our experimental results with
theory shows that, for our conditions, K-shell
holes in aluminum are produced primarily by
Coulomb ionization at oxygen projectile velocities
v,> Z%/3%,. For v,<Z?, the data is much higher

than Coulomb ionization theory which includes
binding, polarization, Coulomb deflection, screen-
ing, and electron-capture effects. Electron cap-
ture is important in this velocity range, but does
not dominate the cross section for the solid tar-
gets we used. The large experimental cross sec-
tions at v, <Z? we attribute to Pauli excitation,
and a comparison of the data to a calculation using
the statistical model of inner-shell vacancy pro-
duction combined with vacancy transfer shows good
agreement. This means that for oxygen incident
on aluminum, where Z,/Z,=0.62, Pauli excitation
is already important at projectile velocities less
than about Z2/%,=4v,, and is the dominant mecha-
nism of excitation to velocities of 1.6v,, which is
the lowest velocity at which we could obtain mea-
surable cross sections.
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