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KX-I!aJiy'IeHI!SI B croJIKHOBeHI!srx Ni +Ni rrp11 8Heprl!l! 67 1'-'aB 

Ilp11 o6ny'IeHI!I! ecrecrBeHHoil MI!WeHI! Ni I!OHBMI! 60 Ni 4 + c 8Heprlfeil 
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Frank W., Gippner P., Kaun K.-H., 
Manfrass P., Tretyakov Yu.P. 

Observation of Directional Anisotropy 
of Quasimolecular KX-Rays Emitted in 
57 MeV Ni +Ni Collisions 

E7 - 9065 

By bombarding natural Ni targets with 57 MeV 60 Ni 4+ 
ions a quasimolecular X-ray continuum has been obtained, 
which extends beyond the KX-ray energy of the quasiatom 
with Z =56. This continuum shows strong directional 
asymmetry with a maximum at the KX-ray energy of the 
hypothetical united atom. 

The investigation has been performed at the Labora
tory of Nuclear Reactions, JINR. 
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1. Introduction 

It has been shown that dynamic effects 
play an important role in the shape of the 

KX-ray continua observed in heavy ion-ato
mic collisions/l- 4 / . They cause a smearing 
of the quasimolecular X-ray distributions 
beyond the "classical" K energy limit of the 
united atom and lead to induced transitions 
between molecular electronic states. These 
induced transitions, which originate as a 
result of the rotation of the internuclear 
axis, add incoherently to the so-called 
spontaneous molecular transitions with an 
intensity growing with increasing photon 
energy. As it is proposed by Greiner and 
coworkers /2,3/ the sum of these two parts of 
quasimolecular X-radiations produces an 
anisotropy of the spectra with respect to 
tbe heavy ion beam direction. This anisotro
py was first observed by Greenber~ et al / 5/ 

for the KX-radiation in the 58 Ni + Ni (70 MeV) 
colliding system. Recently, Thoe et al/6/ 

have pointed out such directional anisotropy 
for K X -rays , em i t t e d i n AI + AI ( 3 0 Me V ) and 
Si +AI (30 MeV) collisions, whereas Kraft 
et al/7/ have published evidence for the 

3 



anisotropic emission of quasimolecular M
radiation in low energy I-Au ~ollisions. 

For the Ni-Ni system, the measured angu
lar asymmetry of the quasimolecular KX-radia
tion shows a clear maximum in the photon 
energy region, where the KX-rays of the 
united atom ( Z = 56) are expected to ari-
se/~. Further, the continua extend beyond 
this KX energy limit. However, the spectra 
obtained in ref./5/ exhibited only a single 
compact continuum, whereas in our experi
ments performed using the heavier collision 
systems such as Ge+Ge (81 Mev)/S/, Nb+Nb 
(65 MeV, 96 MeV)/9,10/ , Xe +La (85 - l50MeV) 
and La+La (115 Mev)/ll/ two continuous 
components can clearly be distinguished. We 
repeated the Ni- Ni experiment under the same 
experimental conditions as described in 
ref. 151 , in order to measure the directio
nal anisotropy of quasimolecular KX-rays 
and to search for the two distinct X-ray 
continua obtained in the heavier collision 
systems mentioned. 

2. Experimental Technique 

At the U-300 heavy ion cyclotron of the 
JINR Laboratory of Nuclear Reactions, 6~i4+ 
ions were accelerated to an energy of 67 MeV. 
Fig. 1 shows our experimental arrangement. 
For the measurements of anisotropic emission 
of none harac t er i st ic X -rays an Al chamber 
with a diameter 0f 100 mm and a wall thick
ness of 1 mm was used. The ion beam was col
limated by a collimator system, which con-
s i s t e d o f an AI d i a p h rag m ( ¢ = 1 2 m m ) and 
a C diaphragm ( ¢ = 8 mm). The data were 
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obtained using an intrinsic (25 x 5) mm 3 

Ge detector. An 30 11m thick Be window sepa
rated the detector from atmosphere. The ener
gy resolution of the detector used was better 
than 200 eV at an X-ray energy of 10 keV. 
The distance between the focus in the middle 
of the target and theBe window was 51 mm. 
Therefore the solid angle used for X-ray 

-3 
detection was about 3 x 10 rr and the reso-
lution for the emission angle amounted to 
~e = 6° . The beam intensity was monitored 
by a N aJ ( TI) cry s t a 1 and a photo m u 1 t i p 1 i e r , 
positioned at 135° with respect to the beam 
direction (see fig.l). 

200mm 380mm 

Ge X·RAY DETECTOR r::-GET - --

(25 • 5)mm3 ~ 

SCATTERING 
CHAMBER 

I 
,~ 

0 i 
~! 

C l¢8mm 

f-- COLLIMATOR 

MONITOR 
NoJ(TI)·SCINTILLATION COUNTER 

---. 

I All¢: 
H I 

BEAM 

Fig. 1. The experimental arrangement. 

Besides the chamber wall and the Be win
dow, no additional absorbers were used. The 
counting rates amounted to about 70 s-1 

and were low enough to avoid considerable 
pile-up contributions. The measurements were 
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carried out with a target placed at an angle 
of 45° with respect to the be~m direction 
to eliminate differential self-absorption of 
X-rays at emission angles of 0° and goo 

A thin metallic foil of natural Ni (with a 
2 60 . thickness of 1 mg/cm ) was used. The Nt 

ions passing through this target foil with 
an energy of about 37 MeV, were stopped in 
the AI chamber wall. The characteristic AI 
X -rays arising in AJ as a result of the 
Al-Ni collisions had an energy lower than 

1.5 keV and were completely absorbed. The 
Ni KX-radiation originating in the cham-
ber wall could not be separated from the 
target X-ray emission. 

No remarkable continuous X -ray contri
b u t ion s caused by the AI - Ni co 11 is ions in 
the chamber wall were expected. 

For the determination of the ion current 
we insulated the entire chamber, which had 
only a small aperture for the entrance of 
the beam. This entrance slit and the escape 
of a-electrons from the chamber against the 
beam direction mainly influenced the accuracy 
of the ion current measurements. We obtained 
an average number of incident particles per 
second of 3.6 x 10 10 • 

The beam pulsing of 2 ms beam-on and 2 ms 
beam-off time offered the possibility of mea
suring the delayed background by accumulat
ing the spectra in a prompt-delayed regime. 

3. Results 

The continuous X-ray spectra measured in 
this experiment and the evaluated curve for 

" 

the angular distribution asymmetry agree 
well with those obtained by Greenberg 
et al./5/. 

Figure 2 shows the X-ray spectrum taken 
under an X-ray emission angle 0 = goo. The 
low-energy region of this spectrum contains 
the well resolved characteristic KX-radiat
ion of Ni1 , while in the direction of higher 
energies an intensive X -ray continuum 
adjoins, which reaches beyond the united atom 
Ka energy limit. There is no hint of any 
intensity oscillations, which were observed 
by Greenberg et al./5/ • The little peaks at 
energies of 15.5 keV and 16.6 keV are cer
tainly the pile-up of impulses, which corres
pond to the KX- r ad i at ion of Ni • The d a shed -
dotted line in fig. 2 represents the summed 
spectrum of the average background measured 
in a delayed regime and the evaluated nuclear 
and electronic brems stra hl ung /12/ arising 
in the natural Ni target and in the wall of 
the reaction chamber. 

Figure 3 shows the X-ray spectrum measu
red in the beam direction (0° -geometry). 
Here, the dashed-dotted line denotes the sum 
of the mean delayed background and the spect
ra of the evaluated nuclear bre,istrahlung 
in the collision systems na Ni + Ni (67 MeV) 
and AI +

60
Ni (37 MeV), respectively. 

Figure 4 presents the yield of photons 
obtained from the goo measurement after 
correction fo~ the detector efficiency and 
normalization to the ion flux measured. As 
can be seen from this figure, the X-ray 
continuum has an exponential form and goes 
to a nearly constant background at an ener
gy of about 50 keV. The logarithmic presen-
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Fig. 2. The X-ray spectrum measured at 90° 
with respect to the ion-beam axis. The dashed
dotted line represents the sum of the delay
ed background measured and the evaluated 
electronic and nuclear bremsstrahlung in the 
natural Ni target. 
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Fig. 3. The X-ray spectrum measured at 0° 
with respect to the ion-beam axis. 

50 

The dashed-dotted line denotes the sum of 
the delayed background measured and the 
evaluated El component of nuclear bremsstrah
lung in the colliding systems nat Ni + Ni 
(67 MeV) and AI + Ni (38 MeV). 
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Fig. 4. The X-ray spectrum measured at 90° 
and corrected for the detector efficiency. 

The dashed-dotted line represents the 
summed spectrum of the delayed background 
corrected for the detector efficiency 
and the evaluated electronic and nuclear 
bremsstrahlung. 

tation in fig. 4 gives no evidence for the 
existence of two distinct continua in the 
spectrum. 

Figure 5 shows the asymmetry defined by 
I ( 90 o) 

I ( 0 °) 
"TJ 1 in dependence of the 

X -ray energy. The photon energy intervals 
summed are 1.5 keV. For a good comparison 
between the asymmetry curve obtained in this 
experiment and the curve from ref/~ we 
normalized our spectra to each other in the 
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Fig. 5. The asymmetry TJ =I (90 °)/I(O 0
) - 1 

derived from the measurements at 90° and 
0° with respect to the beam direction. The 
open and closed circles show the TJ values 
respectively, without and with the Doppler 
correction made. 

energy interval 15 keV <Ex< 20 keV. This 
normalization leads in the designated energy 
region to TJ (Ex) "" 0 , which has also 
been obtained in ref./~/ . On the other hand, 
the normalization of our spectra to the same 
monitor rates yields an asymmetry curve of 
nearly the same shape but displaced to nega
tive values by about 10% (see fig. 5). The 
normalization factors raken from the monitor 
rates and the ion currents agreed within an 
error of about 5%. 

By evaluating TJ, the background plotted 
in figs. 2 and 3 was substracted. 
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The open and closed circles in fig. 5 
show the asymmetry curve resp~ctively, 
without and with the Doppler correction 
made. ~his correction was carried out by the 
formula 

vs 
Ei m"' E i ( 1 + -cosO) , 

' c 

where the ~~ i, m are the measured energies 

• h" • 1 !"I - l TT • th Wlt ln an lnterva 1 1 , v 8 =- · -v"" lS e 
2 4 

the mean velocity of the center of mass in 
the system Ni + Ni (~7 MeV) and e is the 
photon emission angle. Vs has been calculat
ed by integration over all impact parameters 
corresponding to classical ion trajectories 
which intersect the K shell radius of the 
Ni atom. 

4. Conclusions 

As was already mentioned, our results 
agree well with those of Greenberg et all~~ 
The asymmetry q shows a maximum at an X-ray 
energy Ex=32 keV, where the KX-radia
tion of the united atom with Z = 56 is ex
pected. The values for q without and with 
the Doppler correction are of the same order 
of magnitude as those obtained in ref./~. 
According to refs.f2,3, 5 /, the asymmetry 
curve derived from the spectra measured is 
a good evidenc~ for the interpretation of 
the noncharacteristic X-ray continua as due 
to the KX-radiation of quasiatoms transi-
ently formed in adiabatic Ni + Ni colli-
sion. 
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Figure 4 demonstrates that the X -ray 
continuum obtained extends beyond the united 
atomic limit but it does not permit the se
paration into two continuous parts either 
before or after making correction for the 
detector efficiency. The spectrum seems to 
be a continuum with only single exponential 
decrease. On the other hand, in the Ge + Ge 
( Z = 64) colliding system the separation 
can be done after intensity correction /8/ 
and in the heavier systems such as Nb + Nb 
(Z = 82) and La+ Xe (Z = 111) (see ref./9-11/) 
two continua can clearly be seen. In order 
to exclude the geometry and detector effects, 
we have done control measurements using the 
same intrinsic Ge detector for all the colli
~ing systems mentioned above. Therefore we 
conclude that the existence of two distinct 
continua which we denote Cl and C2 is a 
real effect. In the future, investigations of 
the X -ray anisotropy in heavier systems 
will be performed to obtain further informa
tion about the origin and character of both 
continua. 

It can be seen from figs. 2 and 3 that 
intensity oscillations superimpos~d on the 

. X -ray continua/51 were not observed. If 
these oscillations result from fluctuations 
in the molecular systems /I3/ then their os
cillating cross sections certainly depend on 
the energy of the incident particles. We 
used a target of natural Ni with a thickness 
of 1 mg/cm 2 (effective thickness of 
1.4 mg/cm 2 ), which causes an 30 MeV energy 
loss of the 67 MeV Ni ions. In ref. 15 1 use 

~ 8 N· . h h. k was made of a 1 target Wlt a t lc ness 
of only 200 ~g/cm2 (effective thickness of 
280 ~g/cm2 ) yielding an energy loss of 
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only 8 MeV. Hence we are possibly observing 
a superposition of incoherent,intensity 
oscillations caused by ions of a wide energy 
range, which yields finally a smooth inten
sity curve as plotted in figures 2 and 3. 

The authors wish to express theirgratitude 
to Academician G.N.Flerov for his valuable 
support of this work. 
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