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1. Introduction 

The investigation of characteristic X -~ays excited by 
the interaction of heavy ions with matter shows that even 
the K -shells of the· colliding partners become ionized 
with high probability. The:order of magnitude ofthe cross 
section values aK a_s we~l as its depende~ce. on the ion 
energy, on _the atom1c numbers of the projectile ( Z 1) and 
of: the target ( Z2) raise the question about the mechanism. 
of the K .:.shell ionization. For ions with the smallest 
atomic numbers Z 1 , such as protons and a -particles, the · 
experimentally determined . values of the . total cross 
section aK are in good agreement wlt:IL'that for direcf 
Coulomb ionization. /I-6~ In the cases ofincidentenergies 
fulfilling the adiabatic condition foi__. inner. shells and for 
ion-target combinations; -for which the relation Z 1 « Z 2 
is invalid, the dependence of the cross. sections a K and 
a~· on the· experimental parameters. is described in· 
a· qualitative way by the molecular orbital (MO) mo
del · /2 .. 7-12~By using this model, in ref. /13/the cross 
sections of K -shell ionization were calculated for the 
symmetric systems C+C+, N +N +, 0+0+ and/·N·e+Ne+; in 
these _,.cases one or more L -vacanci'es are' brought in 
by the incident ions. Unfortunately, no quantitative calcu
lations of the cross sections, which are :to' be expected 
from the MO model, are so far carried out for asymmetric 
systems or symmetric systems with Z > 10 • ~n ~.these 
cas.es direct experimental tests are currently impossible . 

Some recent papers ·indicate that multiple collisions 
. of ions in a target m3.teri3.!'lead to an asymmetric charge·· 
distribution, which contains also very high charge. 
states /14 • 15~ Such high charge states may mainly result 
from outer shell ionization, but. K -shell vacancies are not . 
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to be excluded. The concepts advanced·· so far· on the 
·formation of charge distributions by tlie interaction. of 
ions in solids, giye no statements on the mechanism of an . 

. individual collision. The K -shell vacancies, necessary 
for the production of KX -rays, may, therefore, originate 
from electron pr_Qmgtions as well as from any kind of 
direct process .. : 

The investigations of K excitation cr_oss sections, 
which are described in· this paper, . may contribute to 
clarify the mechanism of inner shell ionization in th_e 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 bombardment 
of different solid targets by l36Xe 9 + ions were carri~d . 
out: The ion energy was 150 MeV •I C.urrents of about 
2xl0 10 ·ions per second were used. The _principal experi..: 
mental arrangement was described earlier /16~By means 

-.of a somewhat better focusing system, a focus of 6 mm 
diameter was achieved at the target location;- The targets 
consisted of thick metallic foils covered--by a frame Of 
pure alum-inium with an· opening of 15 x 15 mm 2

• The 
parameters of the targets used are listed in table l. The 
targets were exposed at an angle· of · 45 o · with respeCt 
to· the beam direction, but the ·X :.rays ·were measured 
perpendicularly to lhe beam direction. A g'r.id of 0.1 mm 
tungsten wires, placed 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 Si (Li) detector 
with a cooled FET preamplifier of 47o·ev energy~resolu
tion af 26 keV X -ray energy was used.· Figure-~ shows 
the LX- and ·y-ray _spectra:of 24LAm, which was.used 
for the ·energy calibration. The measurements· were 
performed with· a 1024-chann.el analyser. Figure 2:shows 
the X -ray spedrurn obtained· by· bombardm~ent of a Nb 
target: ·· ~ · · · · · · 
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Fig. 2. The spectrum obtained by bombardment-o:fa niobium 
target ( and the· 'tungsten grid) with 150 MeV Xe ioris. 

, __ ... .. ' 

; No· X ·-rays of energies belowlO keY could be detected 
:due to .an. electrically inactive layer inside the detector. · 
'Therefore the LX -radiation of the target m~terials could 
not systematically · be investigated. As a: result of the 
ionization of the inner shells oC.the tungsten nucleides,. 
the characteristic KX -ray lines of tungsten were obtained 
together with tlie '· KX ;.radiation of_ Xe and the target 
materials (fig. .2). By means of the intensity of the 
tungsten X -rays, the no.rmaiization 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 null}.ber 

. of KX-rays of the tungsten~·grid was compared witf! the 
· · charge of the ions_ passing through the grid to the-'Faraday 

cup. In this way anyfalsification of the charge mEiasurement. 

.-6 

" 
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. . . . . Table· I · .. · , .... 
:.'The types of targets used. The symbols ,(lesignate 'the. 

following: z 1 and . z _2• the :atomlc numbers of projectile 
. , and target, respectively; -d,. the effective target thickness . ·_ 

"in ·.a 4? 0
. geometry; R. the ·range, \vhe:re 150 Mev.·· 

Xe-.<· .ions are ~osing an Emergy_of 30 MeV ~19/~ 
~- --

Target: z:
2 Z1/Z2 

Nb . 41 . 1.32: 
.. 

,_' ~~-~ ' 

~0 42 1 ._29" .. 
.,;~. 

Rh 45 1.·20 . 
•'" . 

Pd 46 1.17 

.. 

Cd 48 1.-12 

:rn. 49 . 1;10 .. 
.. 

Sn 50 '1.08 

Gd 64 0.84 
.. ,_ 

~b 65 •' 0.83 
-~ 

,· .. 

d 
rng/cm2 _._-

34.·4 
.. 

·26.3 

"_-19.4 

26.4··· 

. 9: 1' .,. 

28-.l ' . 

'1:1. 3· .. 

10·:.8 ... 

5~4-

R 

mg/cm2 

0.95 
. -. 

0.97 

1.00 

1·.01' 

1.04 
-..!_ ~ • 

1.-05 

1 .07 

1.28 

1. 30 

- ... 

.... _. -Yb ··. . 70 
' 0~77 8.2 _1. 39 

-· 
.. .;· 

-Ta . ·. 73 · o·. 74 27.2 . 1.48 ... 
·:~ : 

.. 
· ·':'. ·· Ir ' . 77 0.70 18.4 ·-~ -.1 • 50 

\: -

1. 5··1·· l Pt }8 0.69 15. T .. 
. .. 

.. 
~ .. : J 7 

~- ... .• 
1 
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due to changes in.the charge of the Xe ions inside the 
targefwas avoided. ' . . . . . ·.' . ' '-_ 

·It is· .well known.- th~t. inside the ·ta.rget .materiai~. the 
cross section. of the.: KX ~ray :exCitation -changes very • 
rapidly with.·the actual"ion energy.:In'ref: ./17/ itwas 
assull}~d th-at the .. K~ -radiation of Cl ions of 120 MeV 
was emitted only :in a .thin target layer of about lOOpg/ em 2; . 

Othe·r·authors /IB/ suggest an· energy dependence of the 
KX. -~-radiation eros's secliori to be pr.oportional'lo E(r) 5• 

Together with -'the rapid decrease of the ion energy in 
solid materials, this causes X -ray emission only in the 
utmost layers of solid targets .. For the evaluation of the 
cross sections we could not use the formula of Merzbacher 
and Lewis /I/ , because it wa~ impossible to yary the ion 
energy using the :cyclotron, wh'ereas the use of aluminium. 
foils for decreasing the ion energy would give rise to very 
high uncertainties. Because for Xe ions no experimental
ly confirmed expression for the energy dependence of 
a. wa~ known, we assumed that K X -radiation is produced 
only' within a range R, in which the Xe ions are losing 

· al! energy of 30 MeV. Further we assume the KX -ray 
cross section to be constant within this range. The values 
of R evaluated using the - tables of Northcliff and 
Schilling /19/ are listed in table 1. . 

The following corrections of the measured KX -ray· 
intensities are to be made: 
;1. Self-absorption of the X -rays within the ·range R ··~ 
2. Excitation of Xe KX -radiation by the tungsten grid. 
Its. portion was determined from a measurement without 
target; which was also normalized to the intensity of the 
characteristic KX -ray transitions of the tungsten grid. 
3. In the case of· the 'Gd , Tb and Yb targets, Coulomb-_ 
excited ·Y -ray transitions were obtained, whose inner 
conversion contributes to the target KX -ray intensity. 

. Its portion was calculated from the intensity of the respec
tive y -ray lines and the known co~version coefficients. 
The rate of . KX -radiation ·measured by our target:..- . 
detector arrangement is given. by the following relation: 

N m= Jn a [E.{r)] e-p.r dr,. 
(1) 

8 -

·• j 
' ' . 
) 

'· 

.Where E (r) is an ionenergy dependent on the penetration 
depth. along a stretched path inside the target; a[ E (~}]is 
the cross sectiori as a. function of .the ion energy. The 
value of a= a (E) •averaged over the- ·range R -.9f the 
Xe ions and dependent only on the incident energy. E is 
obtained from eq. (1)-by· inaking use of some correction 
factors · 

IL N me • 'A 
a ~ ·--

.nO-e""'1-'R) c ~M·D 
tot -

(2) 

where N me is the measured and corrected number of 
KX -rays: Jn calculating .. the .. cross. section , a K(.Xe), the 
Xe K -radiation excited 'by the tungsten grid was sub-

tracted.' In calculating the cross sections aK (target) 
for 'Gd , 'Ib and Yb targets, the inner conversion of the 

. Coulomb-excited ·Y -ray transitions was . takeri into 
account; IL is the target absorption ·coefficient Jor the
K -radiation in em 2/g; R is· the range listed in table 1; 
n '.i:5 the n11mber -of target atoms ~er · g _; c tot is the 
total efficiency of the Si( Li}. detector; ·n is the number 
of characteristic KX -rays of the. tungsten grid acting as 
a normalization factor; M is a· c'alibration factorobtained 
from the absolute charge measurement .for Xe 9 + ions; 
A is a correction factor for scree11ing X -rays by the 
tungsten gr'id. · :: - · - ·; 

i 

· 3. Experimental Results 

,"-_ 
~$/ .. 

. In table 2 the evaluated cross section values. aKa and 
a K{3 for Xe and the investigated targets are suminanzed. 
Figures 3 and 4 show . the dependence of these cross 

- sections on· the atomic number z2 of the target materials 
for a· constan~ incident ion energy ofl50 MeV; Figures 3 
and. 4 present additional cross section values, which we 
haye measured by means of a 'Ge(Li) detector_·and which 
were· referred to· elsewhere 120 1. Thes'e values have 

·'subsequently been corrected· for self-absorption of KX ~ 
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, , .· . . .Table 2 , . . . . . , . . . 
Cross sections . (]K . and .a KB for the excitation of 
KX -rays by bbmbal&rrient of solid targets with 150 MeV 

Xe ions ' · .. 

Tar- z. <4~~-· ~K ~tsr~etl . . Cl!cij~ c~ (t'ar~tl 
get . 2 .em ·· "'- ·em em ,,, II ... em 

'+' -25 
(5.6!).2)10-2~ (1.6!o.8J.io-25 (4.l!::2.2) .10-23 · Nb 41 (7.2-2.)).10 

Jlo 42 (1.1!o,j) .10-24 (·).8!1.5) .10:"~2 < 1. s!o.6l. 10-25 ( . + ' ) -2) ).4-1,) .10 

Rh 45 (2.9!0.9) .1o.:24 · (2.4:!:o.6) .16-22 ' ().9!1.4l: 10-25 ().2!1.0) .• 10_2) 
f 

' -
46 (2:9!o.9l .1o-24 (2.o!o: 7).1o-22 ( + ) ~25 ( ' + i -2) / Pd 2.4-1.0 .10 • 2.0-0.8 .10 , 

·cd 48 (5.8!1.6) .1o-24 (\.6!0.5).10-22 (5.5!2.)).10-25 + -2) 
(~.9-0.7).10 . 

In 49 (6.9!2.)).10-24 < 1.2!o. Jl.10-22 (7 .5!2.2): 10:25 .. ( 1. )_!o.5).10-23 

Sn 50 (9.4:tz.4l .1o-24 ~9.4!).0) .1o-23 (6.9!2.1) .1o-25 ( 1.1!0.5) .10-23 

Gd .64 (2.1!0.8)_.10-2) ().)!2.4) .10-24 ' . 24 
(2.7!1.2).10- < 7. 2!5. 1 l • 1 o-25 • 

Tb. 65 (1.6!0.9) ;HJ-2) (4.74~4).10-24 (2.0:!:.1.)) .1o-24 (1.J!1.4);1.o-24 

'Yb 70 (2.8!1.0) .10-2) (2.4!2.0).10-24 ' ().)±1.6).10-24 (7.9!7:4).10-25 

ra 73 (2.9!0.8) .10-23 ( 1.9!1.0) .10-24 ()~ 4!1.2) .10-24 (4.0!2.1) .1o-25 

Ir 77 (1.s!o.sl.1o-23 (5.6!).5).10..;25 (2.1!:o.8l .• 1o~24 (2;9!2.4):10-25 

Pt 78 (5.9!),5) .10-25 ( 1. 7!0.9) .10-25 

•· 
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:Jl '0 50 60 ,.70 80 90 

z2 
Fig_. 3. Absolute cross sections aKa (Xk)and:,~K~ (target) 
as a . ~unction of the atomic numtier- · Z 2 of me target 
materiaL. The values·. denoted- by the ·symbols· • , and 

.. ·!!. are measured by means of a · , Si ( Li). detector, the 
values denoted by • and 0 we h~ve obtained by a Ge(Li) 
detector and referred elsewhere /20 I. 

,c 

rays within th'e···iange· R.In:ihe. calculations' of. the err~rs 
/!.aKgive,n in table 2 a~d figs, 3 and 4, only the errors 
in the peak areas N me and D, fl!e absorption coefficients 
it and the ranges R have be'eri takeriinto account. These 

. values are uncertain from target to' target and effeCt the 
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z2 

Fig. 4. Ab~olute cros:S sec!ions aKa ( Xe) and aK§ (~rget) 
as a· function of the atom1c number Z2 • For meamng of 
the symbols see caption of fig~ 3. . . . · . 

relative positions of several points in figs. 3 and 4. The 
neglected errors _of the d~tector . e~iciency . E tot and_ 
the factors M and . ·A influence to an equal extent all 
the points of figs. 3 and' 4, i.e::· only the absolute cross 
section values. The· account or the systematical errors 
L\£ tot , L\ A an~i4M iQcreas'es the relative errors '·L\aK/ aK. 
by 20%. .. . ,. . 
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4_~ Discussion , '· '·· 

.'' 
The experimental facts des~ribed in section 3 may be 

explained qualitatively in terms of the MO model /9' 1 ~I. 
In principle, this model is applicable to our experiment, 
because the adiabatic. condition v<< u is fulfilled for 
every target and the quantum numbers n = 1, 2 ~and 3. For 
instance·,. for the M -shell of 45 Rh the condition v/u"" 0.3 
is. valid. This ratio decreases with i~c:r_:e~sin:g Z of the 
target and· decreasing quantum numbers· n •. The time 
required for penetration of the 'K -and L -shells of the 
collision partners·- is of the -order of- 10 ...:.18 s, .whereas 
for solid targets the time between two. collisions amounts 
to about IQ-17 s. Vacancies in the M , L - and K -shells 
of Xe have life-times of lo,-14 , IQ-15 and I0-1 6 s, res- · 
pectively /21 ~They are, theref6re;· able-to· survive several 
collisions and to give rise· to the emission of characteris
tic X -rays after the particles have been separated. For 
an incident energ~ of 150 Meh th~ mean charge state of 
Xe ions is about q=28 (refs. 22•23 ). It may, therefore, 
be assum.ed that after some collisions with the outer
most target layer a large. number. of Xe ions contain 
vacancies. in the 3d -shelL Figure 5a and 5b. show the 
correlation schemes_ for· the system 45 Rh+' 54 Xe and 
64 Gd + 54 Xe, respectively. As can be . seen ·from these 
figures fqr a -target with Z 2 <54, ac~ording. to the MO 
model, vacancies may get· across the 3do. -terin . to 
the quasiatom with Z = 99 and therefrom into the 2p -shell 
of the Xe ion. Filling these vacancies by outer' electrons 
causes LX -rays of Xe. If, however,: during the lifetime 
of the 2p vacancy a further collisio~ takes place, the 
vacancy may be transferred into the ls -s_hell of the 
Rh atom. Multiple collisions lead to the excitation of 
KX -radiation of Rh. If: the atomic number Z

2 
'nearly 

agrees with _that of Xe, i.e.,. both the target and projectile_;_ , 
hav.e almost:_equal K- binding. energies, ~e ls -electrons.,,· 
of· Xe may also be· promoted into. the higher .states with 
high probability _resulting·in a large cross section. a K(Xe) 
(fig, .:3): .This .mechanism explains· qualitatively that for 
Z 2 <54 the ,lighter collision partner becomes .preferably 
K ionized. · 

13 :' 
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In fig. ·. 5b the. correlation scheme is -drawn for the. 
system- Gd + Xe ,which is, in.principle, also valid for all 
~ther targets ( T) with Z2 >54_ •. In spite o(the increasi.Iig 
electron ·binding energies with increasing Z 2, the alter.:. 
nating ·shell ·sequence KT·:... k Xe- LT- L.xe -M T_:M ~~' is pre..;. 
served up .to the system Bi + Xe~ According to the already, 
described mechanism, vacancies of the 3d..:shell of Xe ions~·:. 
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may be . transferred during further collisions into the 
· 2p -shell of Xe and therefrom into the 2p -snell of_, Gd. 
A strong · L ionization of both partners is to be. expected. 
. . In o'rder to explam the origin of .KX" ...:radiation of Xe' , 
the following processes m~ght be discussed: · 

. a) collisions. of Xe ionswith L-ionized -'Gd atoms, and 
b) collisions of L ·_ionized- Xe ions with' Xe· ,atoms,·· 

implanted into the target -~ttice. · ~-.· 
. ........ . ... -·-
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Similar arguments are used in paper 124
/ to explain 

the KX -radiation of Ne ions, originating from bombard
ment. 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 backward 

diffusion of the ions, ·in the· collis-ions of Xe with 
Xe an .accumulation effect- should -be· observed. At the 

. end of· a 30 min. irradiation, the ion current leads to 
one Xe + Xe· collision, compared with· 10 5 of 'Gd + Xe 
collisions. Experimentally, no change in the intensity 
ratio between the target and Xenon radiation has bee~ 
found with an· accuracy of a few percent for an irradia-:
tion period of ~.5 hours. For· Z 2.> 54 ·the origin of the 
target KX -radiation could be explained as being due to 
recoils of L. ionized 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 

2 
> 54 . In the framework of the MO model Meyerhof /25/ 

has tried to explain the production of K vacancies also 
for .asymmetric systems. On the basis of the charge 
transfer theory of Demkov /26/, he provides an explana-:
tion of _K · ionization of the higher Z partner by sugges-

, ting that, after 2pa -2p" electron promotion by rotational 
; coupling at small internuclear distances (fig. 5b), a further 

charge transfer can take place between the lsa and 
2p~ terms by radia~ coupling. For the probability w(x) 
of ·vacancy transfer from the 2 p a orbita1 (lower Z ) · 
to the 1 sa orbital (higher Z ) Meyerhof gives tiie relation 

21x 1 · 
w ( x) =· l /0 + e ) , . (3) 

where· 

x = 110
1

- l
2
)/[8mel]

1
_/

2 
v1 • (4) 

Expression (3) is valid if the radial coupling acts only 
in ·the exit channel. In formula ( 4) I 1 ahd I 2 denote 
the K binding energies for· the· projectile: and target, 
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respectively, v1·. is ·the projectil.e :velocity, me the 
electr.on ~ass. and ·1. a mean. value of1 ·th~-- 1 K .. binding 
energ1es -m _the followm~ form: . I~ =O{z +I~ ) /2~- The 
probability. w is--· related to the cross.sections a K (H) 
and a·K ( L) for ionization of the )(;..shells in the higher- · 
and lower- Z partner by the expression /25/ -~ _ 

w = a·:~ (H) ./(~r( OD ·+ ·aK (L)). (5) 

Figure 6 shows the probabill ties. w •. as they can be 
evaluated from our experimeritai' results (table 2). For 
x > ·o •. wh_ere Z 1->··z 2 • i.e., the Xe ions are the higher-Z 
partners,' the· experimental values approximate the theo·re.; 
tical expression (3) satisfactorily. In thes~ cases the radia·l 

·coupling ·can account for. the ionization of the ~ Xe. K -s,hell 
in the framework of the MO model. However, for x .<: o , 
where Z 1 < Z2 • i.e., the target atoms are the_ higher- Z 
partners~ Meyerhof's -suggestions can not explain our. 
experimentaL results. Since the. measured values are 
located above the theoretical "curve of formula (3), we 
assume .that the recoil . of .. target atoms contributes 
~strongly to the cross sections. a K(H) • ·In the case of 
Z 1 > ~ 2, ~his rec~il may only- magnify the v~lues a K ( L) 
and may, therefore, explain the fact that the experim·en
tally found values of w are somewhat smaller than the 
theoretical ones. -;. 

.} . 

:For the minumum. distance between" the colliding 
particles th~. _rel#ion ' · ·' · ' · • 

2 z 1 z2 f . 

E lab 

Ml+M .. 2 ·. 

M2 
. ' (6)·" · R ~:in 

is valid. Provided that:, the energy E lab -~f the x'e -ions 
is constant, R min increases with incre11sing Z 2 • This 
effect leads to a decrease in the following ionization 
cross' sections: . . . . . . 

a) . a L ( Xe) · fo'r. L ' 'Ionization of the '"'Xe ions in 
collisions with 'target atoms. . ... • 
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Fig:· 6. Comparison of the experimental results with the 

. expression w ( x) for the 2 pa vacancy transfer ·to the 
l sa orbital of the higher Z partner. The solid line 
corresponds to the radial coupling only in the exit channel, 
the dashed line to the coupling in both the entrance and the 
exit channels. · · 

b). a K (target) for · K ionization of recoiled target 
atoms in collisions with target atoms. 
This leads to a decrease in a K (target) with increasing 

· Z 
2 

(figs. 3 and 4). 
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Summary· 

:. · In the bombardment of several targets .with i50 MeV 
Xe. ions the absolute cross sec!ions a K(Xe)and a K(target) 
_have been :measured. The discussion of the experimental 
results shows L tha(for-. z 2,< 54: 'the MO mo~el.is capable 
()f explaining .. the cross section ratios a K(lD /(~K(H)_+aK(J)) 
in a quantitativ·e way. Moreover,· frOIT,I· this ·model the 
c~oss section a K of the projectile may be expected to 

-show a maximum in the case of a symmetric collision 
system .. Z 1·= Z2• For Xe .ions' _the height and position of 
this maximum. may be interpo~ted from. the measured 
cross section.curves :aK~(Xeland ?'K.tfXe) .. _For .. Z2>54, 
the KX -radiation of X1;1., and the target mate.rJa,ls,.are 

· no longer understood on the basis of multiple collisions 
of . Xe · ions. with .:target atoms. An explanation of the 
X~ radiation with' the' help o{the collisions: of 'Xe ions 
withimplanted Xe :atoms seems improbabie .. For~apos- . 
Sible e;~eplanation .()f. the target radiation; USe was madEi 

.. of ta'rgetrecoil collisions. The Z 2 dependence of aK ( Xe) 
and. aK (target)' for Z 2 ~ 54 _· gives a· hint ~t the formation • 
of quasimo~ecules inth1s case,too." ... _ _ . 

·· The··authors'would:like .to thank ·.Academician G.N:Fle:.. 
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