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The K and L x rays from ten target elements from Cr to Bi bombarded by 5-MeV/amu «a particles and N
ions were measured by a Si(Li) detector. Energy shifts of K x rays and intensity ratios of K8/ Ka, La/Ll,
La/LB, La/Ly, and L/K were determined by analyzing the experimental results. The ratio of the reduced
K-shell ionization cross sections, R,x, showed a systematic deviation from the Z? dependence.

I. INTRODUCTION

In recent years, many studies have been made
of the x rays induced by heavy-ion bombardments.
Two kinds of excitation mechanisms of the inner -
shell electrons have been discussed and applied to
interpret experimental results. One is the elec-
tron promotion caused by the formation of quasi-
molecular orbitals during the collision time, and
the other is the direct Coulomb excitation between
the projectile and the bound electron.

The former prevails for the case of Z,~Z, and
v, < v, where Z, and Z, are the atomic numbers of
the projectile and the target atom and v, and v,
are the velocities of the projectile and of the
bound electron to be excited, respectively. The
electron promotion model* has explained the large
cross section for creating the inner -shell vacancy
under these conditions. Many experimentally ob -
served phenomena, such as the level -matching
effect and molecular -orbital x rays, have been
interpreted with this mechanism.

The latter dominates when v, is so high that the
projectile is deemed to be a bare nucleus or when
the condition of Z, < Z, holds even though v, is not
so high. The plane-wave Born approximation®
(PWBA) and the binary -encounter approximation®
(BEA) have been applied mainly for this case, in
which the cross section for creating the K -shell
vacancy is represented universally by using re-
duced parameters. Both approximation methods
predict a Z2 dependence of the cross section; the
prediction has been compared with extensive ex-
perimental work done with light projectiles (Z, <2).*
Detailed studies,’”® however, have shown devia-
tion of the cross section from the Z? dependence,
which can be attributed to a Z3-dependent term in
addition to the ZZ?-dependent part.

In the case where the swift heavy ions are used
as projectiles and Z, < Z,, however, experimental
data are not so abundant. Saltmarsh et ql.° have
studied the energy shift of K x rays and K3 /K«

intensity ratios by bombarding Ti, Fe, Co, Zr,
and Sn targets with 5-MeV/amu He, C, O, and

Ne and 10-MeV/amu C ions and suggested that the
Coulomb excitation mechanism is applicable to
the explanation of experimental results. Van der
Woude et al.'® and Cue et al.'' have deduced the
existence of a Z} dependence for 5- and 7.1-

MeV /amu heavy ions, respectively. Li and
Watson'? have measured the KB/Ka intensity ra-
tios of K x rays emitted from targets of 19< Z,<47
following ionization by deuterons, « particles, and
C ions.

The aim of the present work is twofold. The
first is to obtain more systematic information
about the mechanism of vacancy formation in inner
shells by bombarding ten target elements ranging
from Cr to Bi with 5-MeV/amu a particles and
N ions. The energy shift of K x rays and the de -
viation from the Z? dependence of the cross sec -
tion have been studied for this purpose. The
amount of deviation from the Z? dependence has
been plotted against a reduced parameter that in-
cludes characteristic quantities of projectiles and
target atoms. The second is to provide additional
K - and L -x-ray data induced by heavy -ion impact,
especially for the elements heavier than Z,=~ 50,
since in this mass region data are less available
than in lighter elements. The preliminary results
of this work have been reported.'3

II. EXPERIMENTAL METHOD

Beams of a particles and N** ions accelerated
by the cyclotron of the Institute of Physical and
Chemical Research were led to a target chamber
whose section perpendicular to the beams was
square. The frame of the target chamber and the
target holder were made of aluminum and the four
walls parallel to the beams were made of Lucite
plates to reduce the x-ray background at a detec-
tor. The incident energy of both projectiles was
5 MeV/amu. A target was placed at an inclination
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13 K AND L X RAYS INDUCED BY 5-MeV/amu... 993

of 45° with respect to the beam and the detector.
The x rays from the target induced by the beam
bombardment were detected by a Si(Li) x-ray de -
tector which was placed perpendicular to the beam
direction. The energy resolution of the detector
was 270 eV (full width at half -maximum) at 6.4
keV. Between the target and the detector, there
were two 50 -um Be foils, i.e., the windows of the
target chamber and the detector, in addition to an
air space of about 7 mm.

The relative efficiency of the detector was de -
termined with the same source-detector arrange -
ment by using x and y rays from radioisotopes
5Mn, 5Co, Gszn, 109Cd, 137CS, zozHg, and 2'Am.
The effects on the efficiency of the experimental
conditions were thus taken into account.

Target elements studied were ,,Cr, ,,Fe, ,,Cu,
35T, 4,Ag, Ba, '82Nd, ., Lu, 4,Pb, and 4Bi.
These target elements were chosen from the fol-
lowing three points of view: (i) They were appro-
priately distributed in the periodic table. (ii) Each
of them has a corresponding, easily available
radionuclide which emits the same characteristic
x rays for use as the energy standard for mea-
suring the energy shift. (iii) We have paid atten-
tion to the existence of excited state in the target
nuclei, which decays with a large conversion co-
efficient because the energy of the projectile was
high enough to induce nuclear events. Such an
excited state can be fed not only through the
Coulomb excitation but also through the decay
chain of produced radioactivities by (a,xn) or (N,m)
reactions. This contribution becomes important for
the targets with higher atomic number as the K -
vacancy production cross section decreases with
target atomic number. For this sake, it is desir-
able that the energy of the first excited state of
the target nucleus is high and the lifes of the in-
duced radioactivities are as long as possible. The
isotopically enriched target of Nd was used for
this reason. To check the contribution of the
nuclear Coulomb excitation and nuclear transition,
v -ray spectra were measured by using a Ge(Li)
detector but their contribution could be neglected
except for Lu. The energy of the first excited
state of '"Lu is so low that the y transition from
this to the ground state was observed as well as
x rays. The contribution of this nuclear transi-
tion was subtracted from the yield of K x rays.

The targets of Cr, Fe, Cu, Ag, Pb, and Bi
were prepared by evaporating these metallic ele-
ments on the backing, while the others were made
by sedimentation of their insoluble compounds.
Mylar films of 4 -um thickness were used as the
backing except for Ag. A thinner Formvar film
was used for Ag, since the x-ray spectrum ob-
tained by bombarding a Mylar film had a hump in

the vicinity of the position of Ag L x rays which
would originate in the impurity elements in the
film. Thickness of the target materials ranged
from about 20 p1g/cm? for Cr to 350 pg/cm?® for Bi.

During the measurement of x rays, the counting
rate was kept below 300 sec™ in order to reduce
the pileup effect. The number of projectiles was
determined from a measurement of the integrated
beam current by a combination of a picoammeter
and a current integrator and a value for an effec-
tive charge of projectiles. By referring to the
work on the charge exchange for N** ions'* and
considering the target thickness, the charge dis-
tribution was considered to be in equilibrium.
Thus the value'® of 6.9 was taken for the effective
charge of N ions at the Faraday cup.

For N ions, the energy shift of x rays was ob-
served and, for some target elements, the energy
of some K33, satellites became higher than the K
absorption edge. For L x rays, the energies of
some components are larger than the L, or L,
absorption edge in nature. In order to estimate
the amount of absorption in the target, the yield
of x rays was measured with and without inserting
between the two Be windows a spare target whose
thickness was almost the same as the target to be
bombarded. As the amount of the absorption was
found to be smaller than 2%, the correction for
this effect was omitted. For measurements of K
x rays from elements heavier than Ag, some
absorbers were inserted between the two Be win-
dows to reduce the L x rays. A correction was
made for the absorption of K x rays by these
absorbers.

III. RESULTS AND DISCUSSION

A. Spectrum

In the low -energy region of x-ray spectra a
continuous energy distribution of photons was
always observed as a background. From the pat-
tern of the spectra and the dependence on the in-
cident energy, this was found to be due to the
bremsstrahlung from recoil electrons (5 rays) cre-
ated by the projectiles within the target!® For pro-
tons, a precise study has been made by Folkmann et
al .'” Examples of this spectrum are shown in
Fig. 1 together with the calculated curve fit to the
experimental data. The position of the estimated
end -point energy, ~2.2E, keV, is shown by an
arrow, where E, (in MeV) is the incident-particle
energy per nucleon.

The peak position and the peak area of the char-
acteristic x rays were determined by using a x?®
fit, assuming the shape of a peak to be Gaussian.
The pattern of the background under the peak was
usually assumed to be linear with the channel
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number. An exponential background, however,
was assumed for some L x rays, since their
background was attributed to the bremsstrahlung
described above and was estimated from back -
ground counts in two energy regions several keV
apart. Unresolved peaks were also separated by
the same method. In the case of L x rays, which
consist of many components, the peak separation
was made by referring to transition probabilities'®
and tables of x-ray energies.'®
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FIG. 1. X-ray spectra obtained for a-particle and
N-ion bombardment, showing the continuous background
in the low-energy region. Experimental conditions are
indicated in each figure. The arrows mark the position
of end-point energy by our estimation.

Typical spectra of K and L x rays observed for
a -particle and N -ion bombardments and those
from the corresponding radioisotopes are shown
in Figs. 2 and 3.

Error bars in Figs. 2-9 and errors in Tables
I and II include errors in the counting statistics,
in the background subtraction, in the relative
counting efficiency and energy calibration of the
detector, and in fitting the peak to a Gaussian
curve.

B. Energy shift

The energy shift of characteristic x rays in-
duced by heavy-ion impact has been reported by
many authors since Richard et al.?° studied the
energy shift of the KB lines of Cu and Ni. The
origin of the shift has been attributed to the multi -
ple excitation of inner-shell electrons.?'?? The
amount of the K -x-ray energy shift seems to de -
pend on the cross section for the creation of L
vacancies. By the prediction of the PWBA or BEA,
this cross section will take a maximum value un-
der the condition E/Au; ~ 1, where E is the energy
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FIG. 2. Spectra of K x rays obtained by N-ion and
a-particle bombardment of the Cu target and by the de-
cay of #7n.



13 K AND L X RAYS INDUCED BY 5-MeV/amu... 995

of the projectile, X is the ratio of projectile mass
(m,) to the electron mass (m,), and u; is the aver-
age binding energy of target L electrons. Salt-
marsh et al.® have studied this effect by measur-
ing the Ti and Fe K -x-ray energy shift as a func-
tion of the bombarding energy of O ions. They
plotted the Ko and KB energy shift against E/\u;
for Fe and Ti targets, respectively, and found
that the maximum occurs at E/xu; ~1.3.

Similar plots were made for the present data
and the results are shown in Fig. 4. In the pres-
ent case, u; was varied while E was kept constant.
The amount of the energy shift of x rays was esti-
mated by comparing the peak position in the spec-
tra obtained for the particle -excited target with
that for the corresponding radioisotopes of 5*Mn,
57C0, GSZn’ BBY’ 109Cd, 137CS, 143,144Pm’ 175Hf’ and
207Bi, When they decay by the electron-capture
process or when the excited states of their daugh-
ter nuclei decay by the internal conversion pro-
cess, they emit the same characteristic x rays
as those from the corresponding target elements.

The amount of Ka energy shift increases until
E/\uy rises to about 1.3 and after that becomes
almost constant. When the Ko, and Ko, lines
could be separated, their shifts were found to be
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FIG. 3. Spectra of L x rays obtained N-ion and &-par-

ticle bombardment of the Lu target and by the decay of
175
Hf.

almost the same. The shift of K3, x rays has a
maximum at E/Au; ~1.2. The value of E/\u,
where the amount of Ka and K3, energy shifts has
a maximum in the present result agrees very
well with that of Saltmarsh ef al. even though the
variable quantity in the parameter E/\y, is dif-
ferent in these two works.

The amount of the energy shift of K8, x rays was
plotted as a function of E/\u,, where u, is the av-
erage binding energy of M-shell electrons, instead
of a function of E/\u;. If one wants to plot this val-
ue against E/Au; one should refer to the element
symbol shown in the figures. Then the maximum
of the shift of KB, line, which is found at E/xu,~ 3,
is displaced to E/Auy ~0.5. On the contrary,
when the values of K3, energy shift are plotted as
a function of E/xu, the maximum will be found at
E/ u w=13.

These effects may be explained qualitatively as
follows: When we consider an electron in a spec-
ified shell, its binding energy is affected more
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FIG. 4. Energy shift of Ko, K§;, and Kf, x rays for
N-ion bombardment. The name of the target element
corresponding to each experimental point is also shown.
The transformation of the abscissa from E/Auy to
E/)xuM, or vice versa, can be made by referring to the
element symbols.
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strongly by the vacancies in inner shells than by
those in outer shells. Hence the vacancies in the
L shell show a more marked effect on the shift

of K3, lines than on that of Ka lines and the defi-
nite maximum is seen in the K3, energy shift.

The vacancies in the M shell also contribute to the
shift of these x rays, but their contribution is
rather masked by the effect of L vacancies.

For the shift of K3, x rays, the vacancies in the
M shell play a more important role than for those
of KB, and Ko x rays, since K3, x rays are emit-
ted by the transition from the N shell to the K
shell. The amount of the energy shift which orig-
inates in the M -shell vacancies would have a max-
imum at E/xu,~1. The maximum, however, is
seen at E/xu,~ 3, and this difference is consid-
ered to be caused mainly by the additive vacancies
in the L shell.

C. Intensity ratios of x-ray components

It has been found that the K3 /K a intensity ratios
observed for heavy-ion bombardments were dif -
ferent from those for photoionization, electron
bombardment, and radioisotope decay. The cause
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FIG. 5. Kp/Ka values obtained by N-ion and a-particle

bombardment. The data for 6.25-MeV/amu a-particle
and C-ion impact (Ref. 12) and the calculated curve by
Scofield (Ref. 18) are also shown for comparison.

TABLE I. Ko/Kj intensity ratios for K x rays in-
duced by 5-MeV/amu « particles and N ions.

Target element « particles N ions
24Cr 0.118+0.004 0.131+0.005
o Fe 0.126+0.003 0.141+0.004
29Cu 0.135+0.005 0.151+0.005
3gST 0.199+ 0.004 0.210+0.004
17148 0.200+0.005 0.223+0.005
seBa 0.220+0.004 0.223+0.006
goNd 0.232+0.006 0.232+0.007
nLu 0.262+0.011 0.267+0.009
s Pb 0.270+0.017 0.294+0.013

of this difference has been attributed to the multi-
ple ionization.?*“2® Recently, Li and Watson'?
measured the K3 /K a intensity ratio for the ele -
ments between K and Ag using 2.35-12.5-MeV /amu
deuterons, « particles, and N ions. They also
studied the variation of K3 /K @ with electronic
configurations of L and M shells.

The KB /K a ratio obtained in this work is shown
in Fig. 5, and the values are listed in Table I.
For comparison the figure includes the data ob-
tained by Li and Watson for 6.25-MeV /amu «a
particles and C ions and the curve calculated by
Scofield.'® The present data seem to agree well
with the data obtained by Li and Watson, within
the limit of error. The ratio of K3 /K« for N ions
and « particles, KB/Ka)y/(KB/Ka),, is larger
than unity, as shown in Fig. 6, and this also
agrees with the results obtained by Li and Watson.

It was difficult to obtain precise intensity ratios
of L-x-ray components, such as La,/La, or
LB,.,s/La,, because of the insufficient energy
resolution. We obtained the values of La /LI,
La/LB, and La/Ly ratios. When the intensities
of L3 and Ly x rays were estimated, the L3 and
Ly lines were separated into a few main compo -
nents by the x?-fitting method as described above
and each peak area was corrected by using the
detection efficiency for each peak energy. The

FIG. 6. Ratio of K/K«a for N-ion and a-particle bom-
bardment.
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results are shown in Fig. 7 in comparison with
calculated curves. The solid curve for the La /Ll
ratio is the value calculated by Scofield.'® The
dashed curves for the La /L3 and La/Ly ratios
were obtained in the following way: Intensity
ratio of two x rays is expressed as (intensity
ratio) = (ratio of vacancy-production probabilities)
X (ratio of transition probabilities) X (ratio of
fluorescence yields). The term of the ratio of
transition probabilities is calculated using the
results by Scofield. In calculating the ratios, the
same fluorescence yield and ionization cross sec-
tion of an orbital electron were taken for each
transition contributing to a given line intensity.
Then the term for the ratio of fluorescence yields
can be eliminated and the term for the vacancy -
production probabilities can be represented by the
ratio of the numbers of electrons in the lower
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FIG.7. La/Li, La/LB, and La/Ly values obtained by
a-particle and N-ion bombardment. The solid curve for
La/Ll calculated by Scofield (Ref. 18) is also shown. The
dashed curves for La/L B and L o/Ly are those estimated
on the basis of the calculation done by Scofield.

orbits where vacancies will be produced.

As is seen in Fig. 7, the experimental values
for a -particle and N -ion impact are the same for
all target elements within the limits of uncertain-
ty. From this fact it might be deduced that in the
outer shells a particles and N ions give similar
effects on ionization. The calculated values for
La/LB and La /Ly, on the other hand, are about
one -half of the experimental values for both ra-
tios throughout the region of atomic numbers of
the targets employed. But the variations with
atomic number are systematically parallel for the
calculated and experimental ratios. Therefore
the discrepancy between the two values of the ra-
tio could be attributed to the difference between
the ionization cross section of L, electrons (La
x rays originate from the transition to the L, hole)
and that of L, electrons (main components of Lj
and Ly X rays originate in the transition to the
L, hole).

The ratios of K - and L -x-ray yields for « -
particle and N -ion bombardment are shown in Fig.
8. The difference between the two ratios in-
creases as the atomic number of the target atom
decreases. The L-x-ray yield relative to that of
K x rays for N-ion bombardment is about a factor
of 2 larger than that for o -particle bombardment.
This may be due to the change of the fluorescence
yield and the effect of polarization of orbital elec -
trons.

D. Z? dependence

The PWBA predicts the Z? dependence of ion-
ization cross section, that is, in the case of K -
shell ionization
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FIG. 8. Intensity ratio of K and L x rays obtained by
N-ion and a-particle bombardment.
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FIG. 9. Ratios Ry of K-shell ionization cross sections
as a function of £;. The name of the target element cor-
responding to each experimental point in the present work
is also shown. The results obtained by Basbas et al.
(Ref. 5) are shown for comparison. Though their data
have many more points, some of them are neglected as
the points show a smooth curve. The abscissa of their
data is converted from v,/vyx to éx by reading the values
of 56 from their figure.

if the incident projectile energies per nucleon

are the same, where 0,,(Z,) is the K -shell ion-
ization cross section of the target atom of atomic
number Z, for the incident charged particle of
atomic number Z,. Some experimental studies,
however, showed the deviation from the Z? de -
pendence in the K -shell ionization cross sec-
tions.%~%:1%!' The cause of this deviation would
be twofold, i.e., the increase of binding energy

of target electrons (prevailing at v, < v,,) and the
polarization of them (prevailing at v, 2 v,x), Where
v,k is the velocity of a K electron of a target atom
(Vog =Z g€ ®/l, Zyw=Z,-0.3). These two effects
show a Z? dependence and give contributions with
opposite signs to the cross section. They cancel
each other, giving a ratio R,, of unity, at v,/v,g
=30k, or &x=0,/(30x0,¢) =1, Where 0y =21, /Z2
and L, (in a.u.) is the ionization energy of a K -
shell electron.

The Z3} dependence has been studied precisely
for light -particle impact. As to heavy-ion impact,
Van der Woude et al.’® have suggested this depen-
dence in theiy experiments with 5-MeV/amu «a -
particle and C-, O-, and Ne -ion bombardment.
Cue et al.'' studied this contribution for 7.1-

MeV /amu « -particle and B-, C-, N-, O-, F-,
and Ne -ion bombardment on Cd, Y, Fe, and Ca.
The former plotted R,x vs E/Xuy and found that
R,k crosses unity at E/Aug >~ 0.25. The latter
analyzed their results for R, for each target ele-
ment and concluded that their results are explicit

TABLE II. Values of £ and Ryg. &x=v(/30gVsx,
O =2Iy5/Z3etrs Vox = Zoery €2/, Zyyy = Zy =0.3, and Ryx
=40 (N)/490 ().

Target element 19 Ry
24Cr 1.56 1.59+0.05
s Fe 1.42 1.52+0.08
29Cu 1.26 1.35+£0.05
3gST 0.92 0.74+0.04
1748 0.71 0.75+0.03
s¢Ba 0.58 0.57+0.05
goNd 0.53 0.55+0.03
nLu 0.43 0.61+0.05
s Pb 0.36 1.03+0.06

evidence for the existence of a Z?-dependent term
and that the two competing effects mentioned
above cancel each other at £, =1.04, i.e., for the
Y target.

The result of the present work is shown in Fig.
9. The data of Basbas et al.® for protons, deute-
rons, and Li ions as projectiles have been adapted
to Fig. 9 for comparison by converting the param -
eter v, /v,x to & by graphical reading. Their data
include many more points than plotted in Fig. 9,
where only typical points are referred to. Numer-
ical values of the present data are listed in Table
II.

Values of R,x are plotted as a function of &g
because contributions of the two above -mentioned
effects on R,x depends on the parameter £ as a
whole, not individually on Z,, v,x, and v,. The
fluorescence yield wy for N-ion impact is assumed
to be the same as for a -particle bombardment.
The wg increases in the case where multiple ex -
citation occurs, but this effect is not considered
to be very large in the present case. The depen-
dence of R,x on {y is very similar for both data,
especially for £,<1, and shows a clear deviation
from Z? dependence of the ionization cross sec-
tion. As is seen in Fig. 9, the two effects cancel
at £x~ 1, which is consistent with the results of
Cue et al. and Van der Woude et al. cited above,
where the value of E/\u; ~0.25 corresponds to the
value of £, ~1.2. For the elements corresponding
to £, >1, that is, Cr, Fe, and Cu, the change of
wyg for N-ion impact may be greater than that for
the heavier elements. In addition to the effect of
polarization, some amount of the deviation might
be due to this factor.

The points at £, < 0.5 deviate from the line which
means the existence of the Z}-dependent term.
This deviation has been explained by the deflection
of the projectile by the target nuclei. For the tar-
get elements with large Z,, relativistic effects on
the bound electron may be included in the present
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data but this effect cannot be separated from
others.

IV. SUMMARY

The energy-shift measurements for Ka, KB,,
and KB, x rays have shown the effect of the L -
and M -shell vacancies predicted by the BEA.
The deviation from the Z2 dependence observed
for light projectiles, which shows the existence
of the Z} -dependent term, has been obtained in

the present work. On the basis of these results,
the inner-shell ionization caused by N-ion bom -
bardment under the present experimental condi-
tions (incident energy and target elements) is con-
sidered to be caused mainly by direct Coulomb
excitation.

Our data are concerned with targets with higher
atomic number and rather -high -energy projec -
tiles. As such data have not been abundant, they
would contribute to the systematics of the inner-
shell ionization process by heavy ions.
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