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As an extension of our previous investigations of 
quasimolecular KX-ray emission in heavy ion-atom 
coll is ions ' ' 'Л experiments with 65 MeV and 40 MeV 
Nb ions have been performed. The available information 
on quasimolecular KX -radiation /1.2,3/ leads to the 
question of the influence of other processes contributing 
to the continua observed • It is well known that, e.g., 
the dipole component of the nuclear bremsstrahlung 
strongly contributes to the high energy X-ray conti­
nuum. However, the cross section of this component 
contains the factor (Z , /A , - Z^Ajl^where Z| and Z 2 a re 
the atomic numbers and A 1 and A2 the mass numbers 
of the projectile and target nucleus, respectively. There­
fore, one can expect that for "exact ly" symmetric 
systems of projectiles and target nuclei, for which the 
expression Z ^ A , = Z 2 / A 2 is valid, the contribution of 
nuclear El -bremsstrahlung to the examined X -ray 
continuum v a n i s h e s / 5 / . For this reason we have inves­
tigated the KX -radiation arising from the bombardment 
of Nb (with chemical purity of 99.999%), As , Zr , Mo 
and Rh targets with Nb^+ ions. In tee case of the 
"exact ly" symmetric collision system 4? Nb + ^ Nb the 
intensity of nuclear bremsstrahlung should have been 
reduced by some orders of magnitude. 

At the U-300 heavy ion cyclotron of the JINR, Dubna, 
Nb + ions were accelerated up to an energy of <?•» MeV. 
An improved variant of the earlier described ion source 
was applied, making use of cathode sputtering of solids 
for production of metallic ions. The ion current measured 
at the target position amounted to about 1 ^A, corres-
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ponding to 10 ' 2 particles per second. In the measure­
ment with -40 MeV Nb ions the energy of the projectiles 
was decreased from 65 MeV to 40 MeV by means of 
a 2.15 m g / c m 2 thick Ли foil exposed near the reac­
tion chamber. The experiments were performed at the 
у -ray beam tract described previously 7 . The beam 
pulsing of 2 ms beam-on time and 2 ms beam-off time 
offered the possibility of reducing the background by 
measuring the spectra in a prompt-delayed regime. The 
targets wt=re exposed at an angle of 45 ° with respect to 
the beam direction. The thickness of the target foils 
used was greater than the range of the 65 MeV ions 
except for the 0.9 mg/cm 2Nbtarget (see table 1). For the 
detection of the KX - r a y s ; a Si(Li) detector with a 
cooled FET preamplifier " and 300 eV energy reso­
lution at 6 keV X-ray energy was used. The intensively 
excited KX-radiation of Nb and the target atoms has 
baen strongly suppressed by using absorbers of 0.5 mm 
Al and 0.2 mm Си. Due to a counting rate lower than 
50 s - ' no pile-up effects were expected in the measu­
rements described in this paper. 

Figure 1 shows the measured prompt X -ray spectra 
obtained by bombarding some target materials with 
Nbr>+ ions. Besides the intensive KX-lines of the ab­
sorber material , projectiles and targets atoms, the spect­
ra contain continuous intensity distributions, which range 
up to energies of 70 - 80 keV. The logarithmic presen­
tation of the spectra gives clear evidence for two dis­
tinct components in each of the continua. In table 1 

the absolute and relative yields of these components 
for the investigated targets and for projectile energies 
of 65 MeV and 40 MeV are summarized. The yields a re 
deter mined after the subtraction of the background and 
after correction for the detector efficiency. The back­
ground was evaluated from the measured points above 
85 keV and was extrapolated to lower energies. For the 
low energy component (CI) only the energy region higher 
than 16 keV was taken into account, because the shape 
of this distribution for energies up to 16 keV is unknown. 
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Fig. 1. X-ray spectra measured by bombarding thick 
Zr , Nb , Mo and Rh targets with 65 MeV Nb ions. 
No nc -malization of these spectra to oqual charges 
was carried out. 



TABLE ': CHARACTERISTIC ATOMIC KX-RAY AND CONTINUOUS X-RAY YIELDS IN BOMBARDMENT 
ОГ THICK TARGETS WITH Nb IONS. THE HIGH - ENERGY CONTINUUM C2 IS INTERPRE­
TED .'^ КЧ -aAQ.ATiON OF THE OUASIMOLECULES WITH I ~ Z, + Z ? 

E o 
( M e V ) 

TARGET ABSOLUTE X - R A Y Y I E L D S ^ PER Ю 9 PROJECTILES 

Y ( K X „ - T A R G E T ) Y ( K X C T - N b ) Y ( C 1 ) ® Y ( C 2 ) @ 

RELATIVE YIELDS 

Y ( C 2 ) / Y ( K * „ - N b ) 

65 

65 

65 

65 

65 

3 3 A S 

4 0 Z r 

,.,Nb 

i 2 M o 

4 5 " h 

- 9.4 " 10 3 0.9 x 10' <1 

5.1 x 10 5 2.7 x 10 5 1 . 0 * Ш 5 8.2 

2 . 3 » Ш 5 2.3 x 10 S 6.2 x 10 ' 7.0 

3.4 x 1 0 s 5.8 * I 0 S 2.4 x 1 0 s 15 

4.4 x 10 4 4 . 6 x 1 0 5 1.8 x 13 5 4.3 

< ! 0 4 

( 3 . 0 + 0 .6 ) x i f f 5 

( 3.0 1 0 .6) x 1 0 " 5 

( 2 . 7 ± 0.5) x ю - 5 

( 0.П t 0 . 2 ' x i o " S 

65 

40 

© 
A 1 N b 

' © 
t , N b 

1.2 x | 0 S 1.2 x 10 s - 2.7 

1.9 x Ю 4 , 1.9 x 10' - 0.7 

( 2 .3 + 0 .6 ) x 10" 5 

( 3 . 6 + 1.0) x Ш " 5 

0 Maximum error = ±30 7. © Y (C 1) : 16 keV < E,, < 30 keV 
© 0.9 mgcm" 2 thick targets © Y ( C 2 ) : E„ г 30 keV 



The separation of the low and high energy components 
of the continue was performed as is indicated schemati­
cally in fig. 1. 

The yields of the characterist ic KX -radiation show 
a behaviour which may be qualitatively explained by means 
of the molecular orbital (MO) model "->>10•'. In accordance 
with this model the К shells of the lighter collision 
partner become preferably ionized, and the yields of 
target KX -rays decrease with increasing atomic number 
Z 2 • The high energy components (C2) of the continua 
have endpoint energies which nearly correspond to the 
energies of the characteristic KX -rays of quasiatoms 
with Z = Z, + Z 2 . Because of the nearly exponential decrease 
of the high energy continuum, the endpoint energies a re 
difficult to determine '*/. The energy value at which 
the spectrum intensity was 1% of its maximum value at 
about 30 keV was taken as an endpoint one. In practice, 
at these energies the intensities of the continua a re equal 
to the evaluated background.Figure 2 shows the endpoint 
energies as a function of Z=Zj +Z 2 for our experiments 
with Nb ions (this paper) and Ge ions ''•'• As can be 
seen from this figure, the observed coiainua have end-
point energies extended to the maximum energies of the 
quasimolecular KX -radiation. With increasing Z 2 the 
absolute yields Y(C2) show a relatively wide maximum 
at nearly symmetric collision systems (see table 1). The 
highest yield was obtained by the 4 ( Nb— l 2Mo collisions. 
This agree, in principle, with the results of ref. '" ' ' 
where it is pointed out that multiple ionization of outer 
shells leads to a maximum of the К-electron promotion 
probability of projectiles ( Z | ) f o r targets with atomic 
numbers Z 2 =Zj + a (a =2 ,3 ,4 ) . As can easily be seen, 
for all collision systems with Z ^ 42 investigated in this 
work the К-shell ionization of Nb projectiles is the main 
process for the formation of nuasimolecular 1 s vacan­
cies. For Z 2=40-45 the relative yields Y(C2)/Y(KXa - Nb) 
a re nearly the same and amount to about 3 • 10-5 For 
nearly symmetric collision systems these values cor­
respond to the MO intensities predicted by the simple 
model of Meyerhof / 3 / for the formation of Is vacancies 
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Fig. 2. Endpoint energies of the high energy components 
(C2) in our measurements with Nb ions (this paper) and 
Ge ions (ref./'Z ). The solid lines correspond to cha­

racteristic KX-ray energies of atoms wi thZ=Z,+Z 2 . 

in quasimolecules by one and two step collisions. These 
facts allow the conclusion that the components (C2) of 
the measured continua consist mainly of quasimolecular 
KX -radiation. This conclusion is confirmed by measure­

ments with 65 MeV and 40 MeV Nb ions and a 0.9 mg/cm 2 

thick Nb target which degrades the ion energy by about 
10 MeV. As can be seen from table 1, the yields Y(KXa -Nb) 
and Y(C2) strongly depend on the incidence energy 
(Y- E p , where p=3), whereas the quotient Y(C2)/Y(KXa-Nb) 
is nearly constant. Further the endpoint energy of the 
component (C2) does not vary within statistical errors. 

The continua (CI) corrected for the detector efficiency 
decrease very rapidly with X -ray energy. By taking into 
account the results of r e f s / 1 2 , 1 5 ' ' the interpretation 
of these continua by secondary electron induced brents-
strahlung seems to be suitable. On the other hand, a re-
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lative minimum in the yield Y(C1) has bee , found for the 
collision system ; ; Nb + 4 I Nb. Therefore one can suppose 
that the continua (CI) observed in the asymme'ric col­
lision systems are partially caused by the Je*- energy 
parts of the nucifar dipole bremssirahlung. Our /• ture 
investigations wii.' be aimed at confirming our inter­
pretation of the continuous X -ray spectra by carrying 
out experiments u, h Nb" + ions at an energy of about 
100 MeV. 

The authors would like to thai,k Academician G.N.Fle-
rov for his interest in che problem ami especially Un­
ion source group and the eyclotror; st-.'ff for providing 
н high-qua'ity beam. 
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