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1. Introduction

The investigation of characteristic X -rays, excited
by the interaction of heavy ions with matter, shows that
even the K -shells of the coliiding partners become ionized
with high probability. The order of magnitude of the cross
section values og as well as its dependence on the ion
energy, on the atomic numbers of the projectile (2, )
and of the target (Z,) raisethequestionaboutthe mecha-
nism of the K -shell ionization. For ions with the smallest
atomic numbers Z;, such as protons and a -particles,
the experimentally determined values of the total cross
section o, are “},Eg;ld agreement with that for direct
Coulomb ionization For ion-target combinations,
for which the relation Z; <2, is not valid, the measured
cross sections og  exceed by several ordersof magnitude
the values predicted for Coulomb ionization’"'. In these
cases the dependence of the cross sections o, and
o, on the experimental parameters is described in a
qualitative way by the molecular orbital (MO) mo-
del /27127 Unfortunately, no quantitative calculations
of the cross sections, which are o be expected from the
MO model, are so far carried out, so that direct experi-
mental tests are currently impossible.

Some recent papers indicate tkat multiple collisions
of ions in a target material lead to an asymmetric charge
distribution, which contains also very high charge sta-
tes //314/ " Sych high charge states may mainly result
from outer shell ionization, but K- shell vacancies are
not-to be excluded. The concepts advanced so far on the
formation of charge distributions by the interaction ofions
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in solids, give no statements on the mechanism of an
individual collision. The K -shell vacancies, necessary
for the production of xXx -rays may, therefore, origi-
nate from electron promotions as well as from any kind
of direct process.

The investigations of K excitation cross sectlons,
which are described in this paper, may contribute to
clarify the mechanism of inner shell ionization in the
case of high energies and heavy colliding ions.

2. Experimental Method

At the U-300 heavy ion cyclotron investigations of
the emission of KX -radiation arising from the bom-
bardment of different solid targets by *Xxe** ions
were carried out. The ion energy was 150 MeV. Currents
of about 2 x 10! {ons per second were used. The prin-
cipal experimental arrangement was described ear-
lier /%’ By means of a somewhat better focusing system,
a focus of 6 mm in diameter was achieved at the target
location. The targets consisted of thick metallic foils,
covered by a frame of pure aluminium with an opening
of 15 x 15 mm? . The parameters of the targets used
are listed in table 1. Figure 1 shows the target-detector
arrangement. The targets were exposed at an angle of 45°
with respect to the beam direction, but the X -rays were
measured perpendicularly to the beam direction. The grid
of 0.1 mm tungsten wires, piaced in front of the target,
served to normalize the measured spectra to the equal
quantities of incident ions.

For the detection of the KX-rays, a planar Ge(Li)
detector of about 11 mm thickness and 2.8 keV energy
resolution at 60 keV energy was used *. The measure-

* The results of measurements with a Si(Li) detector
of 440 eV energy resolution at 26 keV full energy are in
preparation.
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Fig. 1. Arrangement of target and detector.

ments were performed with a 1024-channel analyser.
Figure 2 shows the energy spectrum obtained by bombard-
ment of a Bi target.

No X -rays of energies below 10 keV could be detected
4ue to an electrically inactive laver inside the detector.
Therefore the LX -radiation of the target materials could
not systematically been investigated. As a result of the
Coulomb excitation 20:‘ t]!]e IOWeSt %glfed states of the
tungsten nucleides °° W, "W W, strong y -ray
transitions at 100.1 keV, 111.2 keV and 122.6 keV were
obtained together with the characteristic KX -radiation
of the collision partners (fig. 2). By means of the inten-
sity of the Coulomb-excited y -ray transitions, the nor-
malization of the X -ray spectra to equal charges was
carried out.

In order to obtain the absolute cross section values,
the charge was measured without target foil. The number
of Coulomb-excited y -rays of the tungsten grid was
compared with the charge of the ions getting through the
grid to the Faraday cup. In this way any falsification



Table 1
The t{pes of tar ets used. The symbols designate the
following: Z, and the atomic numbers of projectile
and target, respectl’vely, d; the efteg’ive target thic ness,
R, , the range of 150 MeV Xe lons /2

Tareet 2, 2,2, £ - o
c/ o’ ng/ena ag/ on?

Bh 45 1.20 2.4 1944 [N
Ag A7 1,15 1045 1.7 846
La 57 0,95 Ge15 20.0 9.7
Ga (-1 0,64 7455 6.2 1.9
m 7 0.76 %M 642 1341
A 7 0,68 194> 20.9 n,2
B 8) 0,65 9a? 139.8 .0




of the charge measurement due to changes in the charge
of the Xe ions inside the target was avoided.
The following corrections are to bz made in the arget
arrangement in fig. 1.
1. Self-absorption of the X -rays within the range
of the Xe ions in the target as well as absorp-
tion in penetrating the target dead layers *

2. Absorption of the tungsten grid y -radiation by
the target. The wholz target thickness is effective
for this purpose.

3. Excitation of Xenon X -radiation by the tungsten
grid. Its portion was determined by a measurement
without target, which was also normalized to the
intensity of the Coulomb-excited y -ray transi-
tions of the tungsten grid.

4, In the case of the Gd and Ly targets, Coulomb-
excited y - ray transitions were obtained, the inner
conversion of which contributes to the target KX -
ray intensity. Its portion was calculated from the
intensity of the respective y -raylinesand theknown
conversion ~oefficients.

The rate of KX -radiation, ineasured with our target-

detector arrangement, is given by the fnollowing relation:

—-“(d’—r ) (1)
N, = JnolE(r)]e dr,
where E(r) is an ion energy dependent on the peneiration
depth along a stretched path inside the target; o[E(r) ] is
the cross secc’on as a function of the ion energy. I'he value

* In ref. "% it was supposed that the K, - radiation
of C¢ ions was emitted only in a thin target layer of
about 100 pg/cm? . The account of this effect would
considerably alter our absorption correction, and enlarge
the cross section values og (Xe) by more than one

order of magnitude. Since this &tfect has notbeen explained,
we assume that the target radiation as well as the AXe -
radiation was homogeneously excited over the entire
range of Xe ions.
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Fig. 2. The spectrum obtained by Xe ionbombardment
of a bismuth target together with a tungsten grid.

ofo=0(E) averaged over the range R, of the Xe ions
and dependent only on incident energy E , is obtained
from eq. (1) by making use of some correction factors

- u N
o =a(E)= (d',";o) e for R <d’
ne, WDe ' Utme V0
or
- 13, .
om0 (E) = , for Ry>dy,  (2)

ne MND (J—e.“d)
tot
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Fig. 3. Absolute cross sections o (Xe) and Ty (tar-
a

a
get) as a function of the ratio of the atomic numbers of
projectile (Z;) and target (Z,). The abscissa allows to
compare the obtained results with those of ref./?/ which,
in spite of the preferential use of Ne ions, shows in
principle the similar dependence of o, on z, /Z2 .

where #,, is the measured and corrected number of
K. X -ray quanta. In calculating the cross section ok, (Xe) ,
the Xe K . -radiation excited by the tungsten grid
was subtracted. 1iIn calculating- the cross sections
-og, (target) for Gd and Ly, the inner conversion of the



Coulomb- excited y -ray transitions was taken into
account;

p is the target absorption coeificient for the K ,-radia-
tion;

d’ iIs the effective thickness of the target material;
n is the number of target atoms per cm’® ;

¢t 18 the total efficlency of the Ge(Li) detector;
D is the number of Covlomb-excited y-rays of the tungsten
grid, acting as a normalization factor;

N is a calibration factor obtained from the absolute
charge measurement for Xe™ lons.

3. Experimental Results

In table 2, the measured cross section values ok, for
Xe and the investigated targets as well as the ratios

K g (target)/ ox_(Xe) are summarized. Figure 3 shows
the dependence of these cross sections on the ratio of the
atomic numbers Z; /2, for a constant incident energy
ofi 150 MeV. In the calculations of the errors Aa,‘ ,
given in table.2 and fig. 8, only the errors in the’| peak
areas Ny, and: D, the target thicknesses d; the absorp-
tion coemclents # and the ranges Ry have been taken
into account. These values are uncertain from target to
target and affect the relative positions of several points
in fig. 3. The neglected errors of the detector efficiency
€ and the calibration factor ¥ influence to an equal
extent all the points of fig. 3, i.e., only the absolute cross
section values. The account of the systematical errors
Ae,, and AN increases the relative errors -A"xa/"x
by 25%,. “

The dependence of the cross section o, on Z,/2Z,

is characterized by the following:

1. the cross section ox_ (target) decreases withgrow-
ing atomic number 2, , whereas ox (Xe) showsa
resonancelike behaviour with amaximiimat z, = 2,

2. the cross section ratio ox -(target)/ oK, { Xe) shows
that the X -shell of the colliding partner having the
smaller atomic number is preferably ionized.



4. Discussion

The experimental facts, described in section 3, may be
explained qualitatively by means of the molecular orbital
(MO) model /%:24/. This model handles the limiting case
of an adiabatic collision, in which the relative velocity v
of the colliding partners is smail compared to the velocity u
of the atomic shell electrons. The approach of both atoms
causes a strong perturbation in the Coulomb potential and
consequently in the electron motion. Under the condition
v'«<u, the electron configuration is able to follow the per-
turbation. For final distances R beiween the colliding
particles a ’’quasimolecule’’ with common electron shells
is formed; but in the limiting case R-+0 we can speak
of a '’quasiatom * '’. The energy eigenvalues of the wave
functions of the quasimolecule may be given as a function
of the distance R. In the frame of the MO model this
dependence is discussed on the basis of the hydrogen
molecule theory /7!  For R+0 and R+, the atomic
levels are characterized by the main quantum numbers n
and the quantum numbers 1 of the orbital momentum. For
small distances R the levels split into states, which are
described by the additional quantum number A representing
the projection of the orbital momentum 1 on the axis of
the molecule (0<A <$f). The notations o ,# , 6 , ¢
are used for A = 0,1,2,3, respectively.

The spin-orbital coupling of the electrons has been
neglected. By drawing the principal behaviour of the energy
states EfnfA ) as a function of R, a correlation scheme
is obtained, which provides information on the occupation
of the quasimolecular states by the electrons of both
atoms. In fig. 4 correlation schemes are drawn for the
systems Rh+Xe and Gd+Xe. On the basisofthe MO model,

* Nuclear reactions may be neglected, because the ion
energy used is far below the Coulomb barrier,



the origin of characteristic X -rays may be understood
in the following way:
a) the level splitting leads to changes in the main
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quantum numbers of electrons (promotion)and some-
times to drastic changes of the electron binding
energies during the formation of a quasimolecule or
a quasiatom;

at the crossing points of molecular levels a certain
probability exists for transitions of electrons from
one state to another. Such a transition probability
exists mainly for the asymptotic crossings Rs0
and R-»«, where the molecular levels join the atomic
ones;
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¢) Vacancies are produced by electron transitions from

!an occupied to an unoccupied level. If the lifetime of

. a vacancy exceeds the collision time, it can be trans-
ferred to the other collision partner andgive rise to

_its characteristic X -radiation.
In principle, the MO model is applicable to our experi-

ment, because the condition v<«u is fulfilled for every
target and the principal quantum numbers n= 1,2 and 3.
For the M -shell of 45Rh the condition v/u~ 0.3 is
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Fig. 4. MO correlation schemes for the asymmetric
collision systems Rh+Xe(a) and 'Gd+Xe(b),
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valid. This ratio decreases further withincreasing Z of the
target and decreasing quantum number ». The time requi-
red for penetration of the K-~ and [~ shells of the collision
partners is of the order of 207*% , whereas for solid
tar)g}ets the time between two collisions amounts to about
10*" s,  Vacancies in the M~, L~ and K -shells of Xe
have liletimesof 10~'¥ | 10='% and 107" s respective-
ly/1%/  They are, therefore, able to survive several
collisions and to give rise to the emission of characteristic
X -rays after the particles have been separated.

The microscopic processes, which lead to the formation
of inner shell vacancies, may be described in the following
way. Energetic lons entering a targetundergoa further loss
of shell electrons. On the other hand, they capture electrons
from the target atoms. Already after the ions have penetrat-
ed a very thin target layer, a new equilibrium charge
distribution is formed 4/, which allows to define a mean
charge state g of the ions. It may be expected that, after
penetration of thick layers, the mean charge g decreases
again due to the energy loss of the ions. For solid targets,
g shows only a slight dependence on the target ma-
terials //42%/ ~ After penetration ofgoldfoils by Xef* ions
with an energy £, , =130 MeV a mean value §= 26 has
been found /2!/This value Is satisfactorily reproduced by
a formula riven in ref. /2% which for130MeV Xeions gives
7 =26.9 and for 150 MeV Xe ions gives g =28.It may, there-
fore, be assumed, that after some collisions with the outer-
most target layer a large number of Xeionsshows vacan-
cles in the 3d-shell.As is shown in figda for a target with
Z, < 54, according to the MO model, vacancies may get
across the 3d3 -term to the 3d -term of the quasiatom
with Z= 99 andtherefrom intothe 2p-shellofthe Xe ion.
Filling these vacancies by outer electrons causes LX -rays
of Xe, If, however, during the lifetime of the 2p vacancy
a further collision takes place, the vacancy may be trans-
ferred into the Is -shell of the Rk atom. Multinle col-
lisions lead to the excitation of KX -radiation of Rh. If the
atomic number Z; nearly agrees with that of Xe, i.e.,
both target and projectile have almost equal X binding
energies, also the Is -electrons of Xe may be promoted
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Cross sections oy

Table 2

bombardment with 150 MeV Xe ions

for the excitation of Ky X -rays by

Ao Op ¢
Targot oxa(target)iA"xa K (Xe)2 Ky Ka‘(uarset)

cx? n? . uxa‘(xo)
R (1.720.0x10 “2 (2,220,5)X1072%  97,3% 3557
ag (31,6210~ (a,0t2, 01107 85,0% 846
Ia (1.2%0.8)x1072* (5.85.0T1072* (2,922, )x10”"
e (7.2%2,82%07% (2.84.210°*  (2,6t2,Dx10”)
Lo (1.2%0.4)x90725 (2,081,089  (6,085,0)x1072
au (1 21.0)x10727 (6oad1, X077 (1,721,8)x1073
BL (3e284,5)190°27 (Loto.5x0™* (3,28, 31073




into the higher states with high probability, resulting in a
big cross section ok (Xe) (fig. 3). This mechanism explains
qualitatively that for Z,<54 preferably the lighter collision
partner becomes K ionized.

In fig. 4b the correlation schemeisdrawn for the system
Gd+ Xe, which isinprinciplealso validfor all other targets
with Z,>54. In spite of the increasing electron binding
energies with increasing Z,, the alternating shell sequence
K=Ky, =L =Ly — is preserved up to the system
Bi + Xe. Accordmg to tﬁe already described mechanism,
vacancies of the J3d -shell of Xe ions may be transferred
during further collisions into the 2Zp-shell of Xe andthere-
from into the 2p-shell of Gd. A strong L ionization of both
partners 1s to be expected.

In order to explain the originof KX -radiationof Xe |
the following processes might be discussed:

a) collisions of Xe ions with L ionized Gd atoms, :nd

b) collisions of [ ionized Xe ions with Xe atoms,

implanted into the target lattice.
Similar arguments are used in paper to explain the
KX -radiation of N¥e ions, originating from bombardment
of an Ar gas target. For both types of collisions, only
a very low rate determined by the ratio of the particle
densities is to be expected. Neglecting the back diffusion
of the ions, in the collisions of Xe with Xe am accumula-
tion effect should be observed. At the end of a 30 min,
irradiation, the ion current leads toone Xe+Xe collision,
compared with 105 Gd+Xe collisions. Experimentally no
alteration of the intensity ratio of the target and Xenon
- radiation has been found with an accuracy of a few percent
for an irradiation period of 1.5 hours.

The origin of the KX -radiation of Gd could be ex-
plained as being due to recoils of 1 ionized Gd target
atoms. During the formation of quasimolecules with other
target atoms, K -shell vacancies may be produced in the
symmetric colliding system. In this way the formation
of target KX -rays may in principle be understood also
for targets with Z,> 54.

For the minimum distance between the colliding par-
ticles the relation
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is valid. Provided that the energy E I of the Xe ions is
constant, R;, increases with increasing 2, . In addition,
with increasing z=2,+2, the crossings. of the molecule
terms are shifted ni} inthe direction of R+ 0. Botheffects
lead to a decrease inthe following ionization cross sections:
a) o, (Xe) for L 1ionization of the Xe ions in colli-
slons with target atoms.
b) o, (target) for K ionization of recoiled target
atoms in collisions with target atoms.
This leads to a decrease in ¢_ (target) with decreasing

z,/2, (g 3). K

Summary

1. For the bombardment of several targets with150 MeV
Xe ions the absolute cross sections o, (Xe) and g, (tar-
get) have been measured.

2. The discussion of the experimental results shows
that for 2Z,< 54 the MO model is able to explain the
cross section ratios og  (target)/og (Xe) in a qualitative
way. Moreover, from this model it may be expected that
the cross section o4 a of the projectile shows a maximum
in the case of a symmetric collision system Z; =Z,
For Xe ions the height and position of this maximum may
be interpolated from the measured cross section curve
og. (Xe) .

K'fi. For Z,> 54, the KX -radiation of Xe and thetarget
materials are no longer understood on the basis of multiple
collisions of Xe ions with target atoms. An explanation
of the Xe radiation with the help of the collisions of
Xe lons with implanted Xe atoms is improbgble. For
a possible explanation of the target radiation, use was made
of target recoil collisions. The 2 dependence of oy (Xe)
and 9 (target) for Z,> 54 gives a hint at the formation
of quasimolecules in this case too.
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