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Using intrinsic Ge as x-ray detector, K -shell ionization cross sections have been determined for Ho, Tm,
Lu, Ta, W, Pt, Au, Pb, and Bi under bombardment with 40-110-MeV « particles. The target-atom K-
shell ionization cross sections are compared with the predictions of different models. The agreement is
considerably improved when relativistic effects are taken into account. Intensity ratios have also been
measured and found to agree with previous determinations. X-ray satellite emission, following nuclear
rearrangements, was also observed and a calculation made in the case of Ho to relate nuclear reactions and
K x-ray production cross sections. Small peaks in the spectra of Au, Pb, and Bi have been tentatively
attributed to double K -shell ionization, and hypersatellite energy is given for these atoms.

I. INTRODUCTION

The interaction of a charged particle beam with
atoms results in the creation of inner-shell vacan-
cies because of atomic Coulomb excitation (pri-
mary ionization),' and ionization following nuclear
reactions and recoil.? Primary ionization can be
followed by the emission of specific x rays of the
target and nuclear reactions can be followed by
the emission of satellite x rays. Both processes
will be successively discussed in this paper.

The ionization of inner shells by the interaction
of fast protons and alpha particles is a process
now well described by different models. In ad-
dition, much experimental data on K x rays from
medium-weight elements (10 <Z <50) are now
available, though very little has been carried out
on K-shell ionization of heavy elements (Z>50)
by charged particles, the reasons being that the
cross sections are very small at low incident velo-
city and that there is a problem in the high-resolu-
tion detection of hard x rays. Fortunately, high-
resolution and high-efficiency intrinsic Ge detec-
tors are now available, making possible the non-
dispersive detection of hard x rays. K -shell ion-
ization cross sections for high-energy charged
particles can now be measured on a large-energy
scale (20-150 MeV) using variable energy cyclo-
trons. .

Garcia ef al.® presented an extensive review of
the theoretical and experimental work relevant
to the creation of atomic inner-shell vacancies
in collisions of ions and atoms, showing that semi-
classical models and approximate quanium-mech-
anical treatments yield universal curves which can
be compared with experimental data on a large-
energy scale for light and medium atom weight

elements (10 <Z <50). Experimental data coalesce
remarkably onto a single curve when expressed in
terms of parameters included in the models.**

The situation is not so satisfactory for heavy atoms
where very little data are available® and where
nonrelativistic calculations underestimate serious-
ly the cross sections.

Relativistic effects have been considered by
Hansen® who introduced a simple relativistic cor-
rection on the average electron velocity, and by
Amundsen” who made a semiclassical calculation
using relativistic hydrogenlike wave functions.

In both cases the calculated cross sections were
found to be higher than in nonrelativistic calcula-
tions.

It is felt that there is a serious need for a co-
herent set of experimental data on high-Z atoms,
and on a large velocity range in order to improve
the relativistic models. One of the purposes of
this paper is to measure K -shell ionization cross
sections for *He ions in the 40-110 MeV energy
range on nine elements from Ho (Z =67) to Bi (Z
=83) and to compare the results with the relativis-
tic predictions as calculated in Ref. 7. Double
K -shell ionization during the bombardment of light
atoms with heavy ions was also reported, and the
emission of K« hypersatellites was observed.®
In the case of ionization of heavy atoms by «a par-
ticles, the predicted cross section® for double
K -shell ionization is a factor of 10* lower than the
single K -shell ionization cross section. However,
an attempt will be made to identify hypersatellite
peaks in the x-ray spectra of heavy elements bom-
barded with high-energy « particles. If primary
ionization is the dominant process in light- and
medium-weight atoms, for heavy elements the
cross section is to a lower order of magnitude.
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For high velocity He*™ beams a competition arises
from the interaction of the projectiles with the nu-
cleus itself. Different processes are responsible
for the creation of inner-shell vacancies during
and after nuclear reactions, i.e., nuclear recoil,
nuclear reactions followed by y decay, shake-off
processes.

It is well known that nuclear reactions of the
(a, pxn) and (o, xn) type are very intense for high-
energy « particles. If Z is the atomic number of
the target atom, after reaction the residual nu-
cleus has atomic number (Z + 1) or (Z+2). If ion-
ization occurs, additional x-ray lines will be ob-
served during the bombardment. These are x
rays from the residual atom; they are known as
nuclear satellites.®!°"'2 The principal mode of
ionization following nuclear reactions induced by
a particles was assumed to be the internal con-
version of cascade y rays emitted during the de-
excitation of the residual nucleus,® the contribu-
tion of other ionization mechanisms being negli-
gible. In the second part of this paper, x-ray
satellites following nuclear reactions will be iden-
tified and a tabulation of the ionization cross sec-
tions 0,(Z + 1) and 0,(Z + 2) will be given. An at-
tempt will also be made to relate the cross sec-
tion for satellite emission with the nuclear cross
sections and to define average parameters for this
interaction.

II. EXPERIMENTAL METHOD

A beam of He™ ions was extracted from the vari-
able-energy cyclotron of Louvain-la-Neuve and
focused on a target mounted at an angle of 45° with
respect to the beam axis. After passing through
the target, the o -particle beam continued on into
a shielded Faraday cup. At the target position the
beam diameter was approximately 4 mm wide.

X rays from the target passed through a 1-mm-
thick aluminum window before reaching a 5~mm-
thick intrinsic germanium detector. This detec-
tor had a sensitive area of 28 mm? and a total
resolution of 475 eV for 100-keV x rays. K x-ray
yields from natural and separated isotopes of Ho,
Tm, Lu, Ta, W, Pt, Au, Pb, and Bi were mea-
sured. Thetargetthickness and backing are sum-
marized in Table I. Absolute measurements

were carried out at a-particle energies of 40, 50,
60, 80, and 110 MeV. The beam was collected

in a Faraday cup and the current was digitized and
integrated in order to monitor the x-ray measure-
ments.

The dead time of the electronic system was con-
trolled and kept at less than 1% by using beam cur-
rents of low intensity. The total counting rate
was maintained below 250 cps in order to reduce
counting losses. The detector was positicned at

TABLE I. Targets used in K x-ray yield measurements.

Thickness

Target (mg/cm?)

grHo 5.07 (self-supporting)

geTm 5.02 (self-supporting)

11Lu 5.05 (self-supporting)

3Ta 3.88 (self-supporting)

uW 9.98 (self-supporting)

182t 2.14 (acrylic resin backing)
19AU 9.32 (solf-,supportling)

wPh 6.06 (2.30-mg/cm? Al backing)
o3Bi 6.79 (2.30-mg/cm?® Al backing)
26ph 0.10 (1.2-mg/cm?® Al backing)
2ph .10 (1.2-mg/cm? Al backing)
28ph 0.10 (1.z-mg/em?® Al backing)

90° from the beam axis and at a distance of 20 cm
from the beam spot on the target. The presence
of heavy elements around the detector was avoided
to prevent background from fluorescence on these
elements; an iron shield was placed around both
the Faraday cup and the detector.

The detection etficiency was determined experi-
mentally by using a set of calibrated x-ray and
y-ray sources located at the beam spot position.
The following sources were used: 2*'Am (26.35
keV), SBa (54 keV), *'Am (59.6 keV), 2*Hg (72.1
keV), '**Ba (79.5 and 81.0 keV), and *'Co (122.0
and 136.3 keV). A smooth efficiency curve was
drawn through the measurements. The accuracy
on the absolute efficiency determination is es-
timated to be +5% over the x-ray energy range of
45-95 keV. All the data were corrected for self-
absorption and secondary fluorescence effects;
in the less favorable cases both corrections amocunt
te (2-3)%.

With the geometry used in our experiment the
correction for self-absorption A in the target
is given by

A=(1/pd)(1 -e*9, (1)

where u is the mass absorption coefficient and d
is the target thickness multiplied by a factor ot
V2.

This formula postulates that the production of
X rays is uniform and isotropic in the sample.
Since the projectiles progressively lose their
energy in crossing the target, this assumption is
only valid for thin samples bombarded with high-
velocity projectiles. The energy loss is then very
small and the cross section can be considered as
constant.
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III. DATA ANALYSIS

A typical spectrum of radiations detected during
the bombardment of a target of heavy elements
with fast a-particles is reproduced in Fig. 1. Be-
sides large peaks from primary ionization of the
target element with atomic number Z, other peaks
are observed which originate from nuclear reac-
tion effects.? In the case of Fig. 1, the target
element was natural lead. Because of Pb(a, pxn)
Bi and Pb(a, xn)Po nuclear reactions, Bi and
Po K x rays are also observed. Unfortunately,
the Ka, peak of Bi (74.805 keV) overlaps with the
Ka, peak of Pb (74.957 keV); the same occurs for
PoKa, and BiK«a,, and for K8 lines. These over-
lappings necessitate a careful unfolding of the spec-
tra. TheK o, radiation intensity from the target ele-
ment Z is first determined, then by successive
iterations the intensity of all the K@ peaks is cal-
culated from the spectrum after being corrected
for detection efficiency, self-absorption, and fluore-
scence effects. In these iterations the Ka,/Ka,
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FIG. 1. K x-ray spectrum from 60-MeV «-particles on
Pb. (a) Spectrum detected in a Ge detector during the
bombardment; (b) amplitude of Pb x rays from primary
ionization; (c) amplitude of Bi x rays following Ph(e,
pxn) reactions; (d) amplitude of Po x rays following
Pb (o, xn) reactions.

ratio is not taken from the literature; only the
variation of this ratio with atomic number is taken
from Ref. 13. This variation is of the order of
0.5% between adjacent elements.

A similar procedure was used for the determina-
tion of the intensity of the KB radiations. After
complete processing of a spectrum we obtain the
three following intensity ratios: Ka,/Ka,, K8/Ka,
and K8!/Ka,, where Ka=Ka,+Ka,, and KB=Kp!
+Kpj. The Ka,/Ka, ratios are obtained for x rays
from the target atom and for reaction products as
well. The cross sections are then calculated by
relating the total number of incident particles to
the intensity of the peaks using the fluorescence
parameter w,. The following cross sections were
obtained: o0,(Z) for K -shell ionization of the target
element, and ¢,(Z + 1) and ¢,(Z +2) for the K -shell
ionization of the reaction products. The cross
section for K -shell ionization is given by

A Ni

R e L @
where the summation is extended to all the radia-
tions emitted by a given atom (target atom Z for
primary ionization or product atoms Z + 1 and
Z +2 from nuclear reactions). N! is the number
of counts in a peak for a given radiation after self-
absorption and fluorescence corrections. » is the
number per cm? of target atoms seen by the «
particle, taking into account target tilt. N is the
number of projectiles. ¢; is the total detection ef-
ficiency for isotropic emission of i-type radiation
from the target, thus including all absorption and
solid-angle effects. T is the counting-loss factor
due to the dead time of the spectrometer.

- The fluorescence factor w, represents the prob-
ability that a vacancy in the K shell isfilled through
radiative transition. This factor varies slowly with
atomic number Z and can be calculated from the
following relation'*:

[we/(1 = wg)]**=0.015+0.0327Z — 0.64 x 107523 .
(3)

Experiments performed with crystal spectrometers
have revealed a K satellite structure due to single-
K, multiple-L-shell ionization.® In nondispersive
detection the resolution is not sufficient to ob-
serve the fine structure; the only possible obser-
vation is a small energy shift and an asymmetry

of the observed peak. The cross section for mul-
tiple ionization by « particles was calculated by
McGuire® who found that this effect is small for
heavy elements. We tested this experimentally

by irradiating holmium with 59.6-keV y rays from
a ?*'Am source. Fluorescence K x rays were de-
tected and the Ko, peak was compared with a
similar peak produced by ionization with 60-MeV
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a particles. No significant difference was observed
in the position and the width of the peak, indicating
that the emission of satellites does not appreci-
ably alter our spectra.

IV. IONIZATION BY ATOMIC COLLISION
A. Data

Samples of natural elements (Ho, Tm, Lu, Ta, W,

* Pt, Au, Pb, Bi) and of separated isotopes (**Pb,
207pp, 205ph) were bombarded with *He** beams of
40-110 MeV and K x-ray spectra were recorded
during irradiation. After unfolding the spectra,
the following radiation intensities were obtained:
Ko,, Ka,, KB{, and KBjJ; and the following inten-
sity ratios were determined: Ko,/Ka,,KB/Ka,
KB!/Ka,.

We shall call 0;(Z) the cross section for pri-
mary ionization of the target atom Z, i.e., the K-
shell ionization due to the interaction of the «
projectile with the electron cloud. This cross sec-
tion was calculated from the data using formulas
(2) and (3). The cross section 0,(Z) is given in
Table II for all the elements and all the bombard-
ing energies.

The ionization cross sections 0,(Z + 1) and
0,(Z +2) from nuclear interactions are also given
in this table, they will be defined in Sec. III. Also
given in this table are the intensity ratios: Ka,/
Ko,,K8/Ka,KB!/Ka, which are compared with the
values given by Salem."® The w, values adopted
in the calculations’are indicated in the first column
below the target element symbol; these values
were calculated according to formula (3).

B. Comparison with models

In a first approach, the ionization cross-section
values are compared with the predictions of simple
theoretical models in which the ionization is sup-
posed to originate from direct Coulomb interac-
tion between the incident « particle and a K-bound
electron described by a nonrelativistic wave func-
tion. The impulse approximation was used in the
binary encounter model (BEA) which fits well with
experimental data on light atoms.®* When hydro-
genic velocity distributions are used for the K
electrons, the product of the squared binding ener-
gy and the cross section is a universal function
of the incident energy expressed in units of the
binding energy, i.e.,?

ui(f,/Z? :f(E1/7mK) ) 4)

where Z, and X are the charge and mass (in elec-
tron mass units) of the projectile. E, is the pro-
jectile energy and u, is the K -shell binding ener-
gy. Our data on heavy atoms are compared in

Fig. 2(a) with the values of the universal function

and, as expected, the agreement observed for
light atoms is not reproduced here. A similar
observation is made when data are compared with
PWBA calculations [Fig. 2(b)]. Here again, the
theory largely underestimates the cross sections.
The universal curve was drawn according to the
following relation:

040/ 0ok =K/ %), (5)

where 0 is the K -shell ionization cross section
o5 all the other parameters have the same signi-
fication as in Ref. 4. In this representation the
abscissa 1,/6% is proportional to the incident en-
ergy.

The Coulomb excitation of the atom can also be
calculated using the first-.order time-dependent
perturbation theory, the interaction being integrat-
ed along the classical path of the projectile. A
straight line version of this semiclassical approxi-
mation (SCA) was introduced and tabulated by Han-
steen ef al.'®> The data were plotted for each atom
in Fig. 3 and compared with the SCA calculations.
Again this approximation underestimates the ob-
served cross sections for the elements heavier
than Ta.

These conclusions are not completely unexpected
since nonrelativistic wave functions are used in
the calculations, and this approximation is very
poor for heavy atoms. Recently, simple relativis-
tic corrections were introduced by Hansen® in the
BEA model. We used these corrections, but found
that they cannot account for the differences ob-
served between our data and the BEA model.

More extensive calculations have been published
by Amundsen’ using relativistic Coulomb wave
functions for the electron in the scheme of the
SCA model. We compared our data with the curves
calculated for Au, Ta, and Pb in Ref. 7, and with
more recent calculations on other elements and at
other energies.'® These calculations were made
for proton projectiles. We extended them to o par-
ticles of the same velocities using the 0,/Z? rule
and then multiplied the energy scale and the cross
section by a factor of 4. The comparison between
our data and the available calculations is repro-
duced in Fig. 3 where we observe that, except
for Au and W, the relativistic calculations always
overestimate the cross sections.

Amundsen et al.'” proposed simple corrections
to the SCA model to take into account the relativis-
tic effects in heavy atoms. A correction was cal-
culated using formulas (4)—(6) of Ref. 17, and the
resulting curves were plotted in Fig. 3. As point-
ed out by Amundsen et al., it is found that this
calculation yields results which are very similar
to the results of the relativistic SCA theory. We
consider that the error on the absolute value of
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TABLE II. (Continued)

Nuclear reactions

products

o(Z+1)
(b)

Target elements

o(Z+2)
®)

KBi{/Kay
(Salem @)

KBi/Ka,
(This work)

KB/Ka
(Salem 3

KB/Ka
(This work)

KO[2/K011
(Salem ?)

KO(Q/KOQ
(This work)

o(2)
(b)

He'* energy
(MeV)

Element

K-SHELL IONIZATION OF HEAVY ATOMS BY 40-110-MeV o’s

21
28

1.

0.05+0.04
0.20+0.07
0.44 +£0.09
1.20+0.14

1.47
3.37
5.65

10.0

40

g2 Pb
(OJ K

0.269 +£0.022

2.

0.346

0.280

0.593

60
80

110

0.968)

2.59
2.02

0.68
1.59

1.

0.06 £0.02
0.24 +0.07
0.53+0.19
0.92+0.11

0.348

0.281

0.272 £0.022

0.595

1.36
3.14
5.03
9.01

40

g3B1

(OJK

60
80
110

0.969)

94
41

1.

2From Ref. 13.
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FIG. 2. Experimental data on K -shell ionization of
Ho, Tm, Lu, Ta, W, Pt, Au, Pb, and Bi, by 40-110-
MeV a particles. The solid lines represent universal
curves calculated from nonrelativistic models. (a)
binary encounter approximation (BEA); (b) plane-wave
Born approximation (PWBA).
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our data is about +10%. Very few accurate data
are available for comparison in the energy range
considered here.® Hardt and Watson'® published
“smoothed” cross sections, obtained by fitting

a curve through data at each energy in order to
reduce the experimental fluctuations. These data
are reproduced in Fig. 3; they are in good agree-
ment with our measurements. Lark’s data'® on
Ta, W, Pt, Au, Pb at 52 MeV are also reproduced
and show a good agreement within the experimental
errors. We then conclude that the relativistic
calculations, which fit quite well on the proton data
on Au,” also fit the a-particle cross sections on
Au for the same projectile velocity. This indicates
that the 0,;/Z? rule is valid; the difference in the

" Coulomb deflection effect between protons and «

particles of same initial velocities is then negli-
gible in this energy range.

' For the other elements, only W gives a good fit,
all the other cross sections being overestimated
by this model. As stated by Amundsen,” further
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FIG. 3. Experimental data on primary K -shell ioniza-
tion cross section [M, present work; 00, Hardt and
Watson (Ref. 18); A, Lark (Ref. 19)]. The dotted curve
was drawn after the relativistic calculation of Amundsen
(Refs. 7 and 16), the solid curve is the SCA curve cor-
rected for relativistic effects (Ref. 17), the dashed curve
is the result of a SCA nonrelativistic calculation (Ref. 15).

measurements were needed at high energy on
heavy elements. Our results now cover a large
energy range where relativistic models must be
applied.

C. Intensity ratios

The intensity ratios Ko,/Ka,KB/Ka,KB!/Ka,
were determined from the data. No significant
variation was observed with the energy. The data
given in Table II are average values calculated
from the values found at different energies. They
agree with the values given by Salem'® and ob-
tained from other fluorescence data.

D. Double K-shell ionization

The double K -shell ionization is depicted by the
observation of K hypersatellites (K"); these are
Ko and KB peaks which are shifted towards high
energy. These shifts amount to 1280+ 60 eV in
Pb and 1160 +£70 eV in T1 as observed in B-decay

N

72 76 80 84
ENERGY (keV])

FIG. 4. Ko -x-ray spectrum detected during the bom-
bardment of Bi with 110-MeV « particles. (a) A direct
spectrum measured with a Ge detector. (b) A spectrum
obtained by smoothing the data and magnified by a factor
of 3. The arrows indicate the small peaks which are
tentatively attributed to hypersatellite emission.

measurements.?”?! The detection of K hypersatel-
lites emitted during the bombardment of heavy
atoms by charged particles is very difficult, the
expected cross section 0, being very small,® a
factor of 10* less than for the single ionization
0,x. However, our spectra from Au, Pb, and Bi
bombardment all show the presence of two addi-
tional peaks which can be tentatively assigned to
the double K -shell ionization. Although relatively
small, these peaks were observed systematically
in repeated measurements, including the three
lead isotopes. For lighter elements (Ho, Tm, Lu,
Ta, W, Pt) the K, and K«, peaks are so close that
hypersatellite peaks could hardly be resolved. A
typical spectrum is reproduced in Fig. 4. It cor-
responds to the bombardment of Bismuth with 110-
MeV « particles; the direct and the smoothed
curve are given. The observed shift is 980 eV for
Au, 1050 eV for Pb, and 915 eV for Bi with an
error estimated to about 120 eV. These values
are slightly smaller than the above given data for
Pb and T1 and than the result of a calculation made
by Desclaux which gives 1290.5 eV for Bismuth.??
If this assessment is correct, the cross section for
double K -shell ionization 0, is about 107 o, .
This measured value is in disagreement with Mc-
Guire’s predictions® which are a factor of 100
lower.

V. IONIZATION FOLLOWING NUCLEAR REACTIONS

The ionization of product atoms from nuclear
reactions is responsible for the emission of char-
acteristic x rays or nuclear satellites. This phe-
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nomenon can easily be observed during the bom-
bardment of heavy atoms. For light atoms the
primary K x-ray peaks are very high and so close
to the nuclear satellite peaks that the latter can
hardly be extracted from the background. The
origin of the ionization has been discussed pre-
viously.? It was essentially attributed to the in-
ternal conversion in the decay of highly excited
nuclear products creating K -shell vacancies. In-
deed, (a,pxn) and (@, xn) reactions have high
cross sections below 110 MeV, and these reactions
leave nuclear products of atomic number Z +1 and
Z + 2. Above this energy the competition of fis-
sion becomes important and the (@, pxn) and (a, xn)
cross sections decrease. Above 50 MeV, the total
cross section for these reactions is practically the
geometrical cross section of the nucleus, i.e.,
2-3 b for heavy nuclei. The residual nucleus is

in a highly excited state which decays by neutron
and y-ray cascades, y rays being predominantly
produced in E2 and M1 transitions. These are
relatively low-energy y rays and the conversion
coefficients are important for such transitions. In
principle it should be possible to calculate the in-
tensity of nuclear satellites if all the parameters
of the nuclear decay were known: y-ray energy,
transition multipolarity, and nuclear reactions
responsible for y-ray emission (a, an), (a, pxn),
(a, xn). The general formulas relating the ioniza-
tion cross sections to the nuclear cross sections
are

o(Z+ 1)=Zo(a,pxn)<21;a}}> , (6)

0(Z+2)=3 o(a, xn)(ZI,-a}}) ) (7
7 i

where o; is the ionization cross section of the re-
sidual atom after nuclear reaction, o(a, pxx) and
o(a, xn) are the nuclear reaction cross sections,
I, is the probability that a given y ray is emitted,
and a¥ is the K -shell conversion coefficient cor-
responding to this y-ray energy and multipolarity.
The second summation is extended to all y rays
(¢ index) following a given value of x, i.e., a given
(a, pxn) or (a, xn) reaction. In these formulas it
is supposed that when cascade y rays are emitted,
each y ray will find two electrons in the K shell.
This in turn postulates that the lifetime of a K -
shell vacancy is much shorter than nuclear level
lifetimes. Typically, the lifetime of a K hole in
a heavy atom is 107" sec,? and the nuclear life-
time ranges between 10™° and 10°!? sec in rota-
tional bands of deformed nuclei; this condition is
then always fulfilled.

The application of formulas (6) and (7) to prac-
tical cases is rendered difficult because of the lack

of experimental data on y decay during a-induced
reactions. We found that holmium was a good
case since it is a single isotope (**Ho) and since
very extensive information can be found on this
nucleus for (o, 4n) reaction at 50 MeV incident
energy.?*

If satellites from (@, pxn) and (@, xn) reactions
are easily separated in the x-ray spectrum be-
cause they correspond to atomic numbers Z +1
and Z + 2, respectively, the energy spectrum
from the y-ray radiation emitted during the bom-
bardment is much more complex. About 140 peaks
are seen between 60 and 620 keV in the y-ray spec-
trum from bombardment of holmium with 50-MeV
a particles. Most of these can be attributed to
nuclear decay following (a, pxn) and (@, xun) re-
actions® but other reactions can also contribute
in small proportions: (a, a’), (a,2pxn),.... In
what follows we shall indicate how to calculate the
ionization cross section 0,(Z + 2) for *Ho. The
ionization following (a, 4n) reactions, for which
complete data on y decay are available, is first
calculated, then average parameters are extracted
allowing the extrapolation of the calculations to
other (@, xn) reactions, namely (a, 2x), (@, 3n),
and (o, 5#). This will be done in two different
ways: either by defining an average conversion
coefficient @, or by calculating the average num-
ber 71, of K -shell ionization per nuclear reaction.
The (a, 4n) reaction initiated on holmium (Z = 67)
leaves thulium (Z + 2=69) as a residual atom fol -

lowing the equation

165 165
eoHo+a =" 33Tm+4n.

The partial K -shell ionization cross section due
to (a, 4n) reactions is given by

o Z+2)=0(a,4n)Y Lok (8)
or '
oﬁ(Z+2)=EO'7‘.a}}, ©)

where 0, is the cross section in barns for the pro-
duction of a given y ray. Sixty-four y-ray energies
from the Ho (o, 4n) reaction are reported in Ref. 24
with their relative intensities and with the spin
sequence of the corresponding nuclear levels. The
most probable multipolarity was calculated for
each transition, using the selection rules for y-
ray emission and the transition probabilities given
in Ref. 25. The conversion coefficient af corre-
sponding to each y-ray energy and multipolarity
was also obtained from Ref. 25. The data of Ref.
24 had to be normalized since they are given in
relative units. For this purpose, a y-ray spec-
trum was recorded during the bombardment of a
holmium target of 5.07 mg/cm? and for a total
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collected charge of 2 uC. The absolute value 9,
was calculated from this spectrum. Using all the
data on cross sections and conversion coefficients,
by application of (9), we obtain

oi(Z+2)=1.98b. (10)

Let us now define an average conversion coef-
ficient @ in the following way:

Ay=04(Z+2) /(Zi:oy‘) =1.98 /(Z o./i>.

We obtain the value

@, =0.403,

(11)

which is the average conversion coefficient for the
y rays following Ho(a, 4n) reactions:

We now postulate that the average conversion co-
efficient a, is the same for the other (a, xn) re-
actions, a statement which is true only if the re-
sidual nuclei have similar structures. With this
definition of &, we can write by extension

0} (Z+2)=0, 3 0y, 12)

where x can be 2-5.

Since
o,(Z+2)=Zo°;(Z+2), (13)
we obtain
o(Z+ 2)=5K20,i, (14)

where the summation extends to y rays from all
(a, xn) reactions. A calculation made on the basis
of formula (14) gives the following result:

o{Z+2)=3.01b,

a figure which has to be considered as an order of
magnitude with regard to the hypothesis made in
this calculation (average coefficient a,, multi-
polarity assignments). However, it compares
nicely with the observed magnitude which is 3.38
b for 50-MeV « particles (Table II).

The second method consists in deriving the
average number 7, of K -shell ionization in a
given (a, xn) reaction:

Me=05(Z+2)/o(a,xn), (15)

which again will be supposed to be independent of
x. The calculation was made for the (a, 4n) re-
action using the value 1.98 b obtained in formula
(10) for 04(Z +2) and the cross section (0.65 b)
given in Ref. 26 for o(a, 4n) on holmium, hence
the result

7, =1.98/0.65=3.05.

Let us now extrapolate this result to all (a, xn)
reactions; the nuclear cross section o(a, xn) can
e obtained from the data of Ref. 26 and Ref. 27.
The total ionization cross section is given by

0 (Z+2)=ig) 0 (@, xn), (16)
with
5
Zo(a, xm)=1.21Db.
x=2

Then
o(Z+2)=3.69 b,

which again is in accordance with the observed
value of 3.38 b. In these calculations we used pa-
rameters having a statistical meaning, i.e., o
the average conversion coefficient and #, the aver-
age number of ionizations per nuclear reaction. We
believe that «, and 7, are strongly dependent on
the nuclear structure of the residual nuclei in-
volved. In principle, the calculation made for )
holmium could be extended to all other target el,e//
ment in order to correlate the parameter o, with
nuclear structure; however more data are needed
on (a, xn) reactions.

The average number of ionizations 7, is easily
accessible to experiment and can be deduced im-
mediately from the x-ray spectrum using (16):

=02+ ) Lot ) . an

This was carried out on Au, Pb, and Bi for which
nuclear cross sections o(a, xn) are available®-25;
the ionization cross section o,(Z +2) was calcu-
lated from the satellite yield using (2). The re-
sults are reported in Fig. 5. A smooth variation
is observed with the incident energy and the re-
sults are similar for neighboring atoms (Pb and
Bi) but this trend must be confirmed by other data
before drawing further conclusions.

A similar treatment was adopted by Ro6hl et al.'*
for the interaction of a particles with 2°*Pb which
is a double-magic nucleus. The ionization cross
section can be explained quantitatively by a cal-
culation based on internal conversion.

VI. CONCLUSION

Two kinds of information have been obtained in
this paper. One is the primary ionization of heavy
atoms by atomic collision, the other is the ioniza-
tion following nuclear reactions.

A set of data on K -shell ionization cross sec-
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FIG. 5. Average number 7y of K -shell vacancies
produced during the prompt nuclear decay of the atom
following (a, xn) reactions on three heavy elements Au,
Pb, and Bi and at different a -particle energies.

\

tions for 40-110-MeV « particles and the inten-
sity ratios for the different radiations emitted after
ionization have been tabulated for nine heavy
atoms. When compared with universal curves
from semiclassical models, the experimental re-
sults on all the elements and at all the energies
gather on a smooth curve indicating a good co-
herence of the data. These results, however,

do not agree with the predictions of any of the
three models proposed (BEA, PWBA, and SCA)
which considerably underestimate the data. The
relativistic semiclassical model of Amundsen
was then used. In the case of W and Au the agree-
ment is excellent; for the other elements these
calculations represent a real improvement on the
classical models, but they overestimate the data
by about (10-15)%. It is hoped that the measure-

ments presented here will help to improve the
relativistic calculations.

In the case of ionization following nuclear re-
actions, a quantitative justification of the hypoth-
esis of the internal conversion mechanism was
given for Ho, and an attempt was made to intro-
duce average parameters a, and #,. More data
on y decay following (a, xn) reactions are needed
to confirm the calculations made on holmium, and
to calculate the average conversion coefficient
a, for the other elements. The average ioniza-
tion number 7, is more easily accessible; itcan
be extracted from the x-ray spectra and from
total (a, xn) cross sections. We suggest that a
correlation be established between these param-
eters and other nuclear spectroscopic parameters
such as ellipsoidal deformation, moment of in-
ertia, etc.

Unexpected x-ray peaks were observed and ten-
tatively assigned to double K -shell ionization. The
peaks were observed for Au, Pb, and Bi, and the
corresponding hypersatellite energies were mea-
sured. However, the values found for these en-
ergies are slightly smaller than the data from gB-
decay measurements, and the cross sections are
two orders of magnitude larger than predicted by
semiclassical calculations. If this hypothesis is
not correct, the question arises on the nature of
those peaks.

ACKNOWLEDGMENTS

We would like to thank the staff of the V.E.C.
of Louvain-la-Neuve for their help during the
course of the experiments. We are grateful to
Dr. P. A. Amundsen for the communication of
relativistic calculation results, and to Dr. J. P.
Desclaux for energy-shift calculations. We ac-
knowledge the Institut Interuniversitaire des
Sciences Nucléaires (Belgium) for financial as-
sistance.

!E. Merzbacher and H. W. Lewis, Handb. Phys. 34, 166
(1958).

%G. Deconninck and N. Longequeue, Phys. Rev. Lett. 30,
863 (1973).

3. D. Garcia, R.J. Fortner, and T. M. Kavanagh, Rev.
Mod. Phys. 45, 111 (1973).

G. Basbas, W. Brandt, and R. Laubert, Phys. Rev. A 7,
983 (1973).

5C. H. Rutledge and R. L. Watson, At. Data Nucl. Data
Tables 12, 195 (1973).

3. S. Hansen, Phys. Rev. A 8, 822 (1973).

'P. A. Amundsen, J. Phys. B 9, 971 (1976).

8p. Richard, W. Hodge, and C. F. Moore, Phys. Rev.
Lett. 29, 393 (1972).

9. H. McGuire, At. Data Nucl. Data Tables 13, 491

(1974).

Vg, Bodart, G. Deconninck, and N. Longequeue, in
Proceedings of the International Confevence on Nuclear
Physics, Miinchen, edited by J. de Boer and H. J.
Mang (North-Holland, Amsterdam, 1973), Vol. 1,

p. 706.

g, ROhl, S. Hoppenau, M. Dost, and H. J. Stein, Pro-
ceedings of the International Symposium on Nuclear
Structuve, Balatonfired-Hungary, edited by I. Fodor-
Lovas and G. Palla (Budapest, 1976), Vol. II, p. 365.

12, p. Randell, J. 8. C. McKee, and S. F. J. Wilk, J.
Phys. G 2, L 69 (1976).

135, I. Salem, S. L. Panossian, and R. A. Krause, At.
Data Nucl. Data Tables 14, 91 (1974); see also G. C.
Nelson, B. G. Saunders, and S. I. Salem, At. Data 1,377



1400 G. DECONNINCK AND M. LONGREE 16

(1970).

Uy, Bambynek, B. Crasemann, R. W. Fink, H. U.
Freund, H. Mark, C. D. Swift, R. E. Price, and
P. Venugopala Rao, Rev. Mod. Phys. 44, 716 (1972).

155. M. Hansteen, O. M. Johnsen, and L. Kocbach, At.
Data Nucl. Data Tables, 15, 305 (1975).

18p, A. Amundsen (private communication).

"p_ A. Amundsen, L. Kocbhach, and J. M. Hansteen, J.
Phys. B 9, L 203 (1976).

87, 1. Hardt and R. L. Watson, Phys. Rev. A 7, 1917
(1973).

8N, L. Lark, Bull. Am. Phys. Soc. 7, 623 (1962).

3. P, Briand, P. Chevalier, A. Johnson, J. P. Rozet,
M. Tavernier, and A. Touati, Phys. Lett. A 49, 51
(1974).

3. P. Desclaux, Ch. Briangon, J. P. Thibaud, and R. J.

Walen, Phys. Rev. Lett. 32, 447 (1974).

223, P. Desclaux (private communication).

235 H. Scofield, Phys. Rev. A 9, 1041 (1974).

3 Gizon, A. Gizon, S. A. Hjorth, D. Barneoud,

S. Andre, and J. Treherne, Nucl. Phys. A 193, 193
(1972).

%C. M. Lederer, J. M. Hollander, and I. Perlman,
Table of Isotopes (Wiley, New York, 1968).

%K, A. Keller, J. Lange, H. Miinzel, and G. Pfennig,
Excitation Functions for Nuclear Reactions (Springer,
Berlin, 1973).

2K, A. Keller, J. Lange, and H. Munzel, Estimation of
Excitation Functions for Nuclear Reactions (Springer,
Berlin, 1974). '

8G. Deconninck and M. Longrée, Ann. Soc. Sci.
Bruxelles 88, 341 (1974).



