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AHr30TpoNnuA ¥ yraonoe pacipenefeHne KBa3HMONeKYISPHOrO
KX ~uanyyenus, ucnycxaemoro npu cronxHoeenusx Ge + Ge

O6ayyanack MeTalanudeckas MUlleHb H3 oforameHHoro '%Ge uoHamu
c sHeprueit 54 MaB, HaGmonsemuifi Ipy 3TOM CREKTP KBA3HMONEKYy=-
aaporro KX -H3/Ny4weHHs wMeeT NBYXKOMNOHEHTHYIO CTPYKTYpy. Onpeaeneust
€ Y4¢TOM NONNNEPOBCKOFO CMEMeHHs IHEPTHH KBAHTOB aHU3IOTPONAS U AH(-
pepelutaninLHoe yrnoasoe pacnpeaelieHHe KBBHKN’DHEKY““FHOI"O KX =~H3NYYeHHH.
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Anisotropy end Angular Distribution of
Quasimolecular KX-Radiation Emitted in
Ce + Ge Collisions

. An enriched "*Ge target was bombarded with 54 MeV
‘4(ie ions. The quasimolecular KX-ray spectrum obtained
shows the two-component structure. By applying Doppler
shift corrections the intrinsic anisotropy and differen-
tial angular distribution of the quasimolecular KX-radia-
tion are determined.

The investigation has been performed at the
Laboratory of Nuclear Reactions, JINR.
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1. INTRODUCTION

The dynamics of the collision process in
heavy ion-atom collisiovns leads to an ani-
sotropic angular distribution of the quasi-
molecular X-radiation emitted during colli-
sions, which manifests itself already in the
anisotropy » defined by »(E,)=1IF ,,90°)V/KE,,0°)-1.
This effect was predicted in the theoretical
work by Miller et al.’! and first prqyed
experimentally by Armbruster et al.’? ,

Kraft et al. /3 , and Greenberg et al. 4
The theoretical calculations as well as these
first experiments have shown that the ani-
sotropy =(kE,) has a maximum lying near the
energy of the united atomic 1limit of the
systems with Z=Z,+Z,. Because of this fact,
it was suggested, as early as in the first
papers, to use this effect for spectroscopy
of the inner shells of the quasimolecule.
This prospect has stimulated broad experimen-
tal and theoretical investigations of the
anisotropy of the quasimolecular radiation.
For instance, Smith et al.’’ were able to
describe satisfactorily the measured 5(E )
distribution in Ni+Ni experiments using their
dynamical alignment-theory under the assump-
tion of special 2p-alignments and taking

into account the electron-slip effect’/¢/,



The aim of the present paper is to get
more experimental results on the anisotropy
of the quasimolecular KX-rays of symmetric
collision systems, lying in the region of
atomic numbers Z-Z ,-Z,> 28. For such colli-
sion systems as Ge+Ge, Nb+Nband La+La /7'
we have found that the quasimolecular KX-ray
spectra (E>EgJhave a two-component structure.
This structure has been identified by sys-
tematic theoretical and experimental investi-
gations as superposition of quasimolecular
radiation emitted by transitions to the 2po-
~MO level (low-energy component) and 1so -
-MO level (high-energy component) /11,12/, More-
over, in the case of the Nb+Nb system it
was possible to show convincingly that this
double structure of the K-MO-spectra mani-
fests itself in the form of the K-M0-functi-
on/% .,

A logical step in the direction of the
anisotropy studies of the MO-KX-rays is the
investigation of the C(Ge+Ge system, whose
atomic number lies between the atomic numbers
of the Ni+Ni and NNb systems. Qur earlier
measurements have shown that in this system
a two-component structure of the MO-radiati-
on also exists/?” . Here we would like to
report on the measurements carried out under
better experimental conditions and at various
emission angles o

*The preliminary results of this investi-
gation were already reported by K.-H.Kaun at
the XI th International School on Nuclear
Physics, Predeal, Romania, 1976.



2. EXPERIMENTAL TECHNIQUE

The experiments were carried out on an
external beam from the U-300 heavy-ion cyc~
lotron of the JINR Laboratory of Nuclear Re-
actions in Dubna. The principal experimental
arrangement used to measure the angle ani-
sotropy of the 7%Ge+ ’*Ge (54 MeV) system is
shown in Fig.l and has been described in
detail elsewhere /9 . In order to decrease the
room background the scattering chamber and
the detector were surrounded by a special Pb
shielding. The target was made of enriched
“ge ( 500 1g cm 2 ) on a 0.21 mm thick pure
Ai-backing and was exposed at 45° with res-
pect to the beam direction. The ion current
measured on the target amounted to about 40
nA corresponding to about 6 .10'® ions per
second.The measurements were carried out at
90° and 135° with respect to the beam direc-
tion in front of the target and at 0° and
45% behind the target. No additional absorbers
were used. Due to a counting rate lower than
70 s7!', no electronic pile-up effects were
expected in these measurements.

3. RESULTS

A typical x-ray spectrum emitted by the
collision system Ge + 54 MeV Ge is shown in
Fig.2. The spectrum displays characteristic
lines due to Ge and Cu (the Cu content of
the chamber material used is about 3 %) as
well as a broad x-ray continuum lying above
the atomic lines. This quasimolecular KX-
radiation consists of two well-known compo-
nents. In the spectrum one can also see a y-
-line at 68.9 keV, which is emitted by Cou-
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Fig.l. The principal experimental arran-
gement for the anisotropy measurements.

lomb excitation of "3Ge contained in the
highly enriched 7%Ge target. The dashed line
in the spectrum represents the sum of the
measured and calculated backgrounds (brems-
strahlung).

The following evaluation procedure was
used to determine the anisotropy. First of
all, the measured spectra were corrected for
absorption effects in the Al-backing and tar-
get, for the detector efficiency, for back-
ground effects as well as for the angle-
dependent Doppler shift using the mean cen-
ter-of-mass velocity of the collision system.
All the continua measured at different angles
were normalized to the intensity of the 73Ge
Coulomb excitation line at 68.9 keV, which
is assumed to be nearly isotropic.

Figure 3 shows the anisotropy 4(E,) of the
Ge+CGe system. From this figure one can see
.that »(E,) has a distribution with two cle-
arly separated maxima. The low-energy maximum
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Fig.2. The x-ray spectrum obtained from
the Ge + 54 MeV(Ge system. The dashed line
represents the sum of measured and calcula-
ted backgrounds.

is well defined, whereas the high-energy one
is only a broad bump with large statistical
errors due to background effects (room back-
ground and bremsstrahlung) taken into account
exactly in the calcuiation of the anisotropy
7E ) - The maxima are lying in the energy
regions E =17 keV and E,~47 keV, respec-

X

7



T T T L T

08t Ge * 54MeV Ge . 4

"
o
on
2.
..
faneadl
+
e
R 1
- N I

. 04 [
o + 4 T
o2t ! %¥-i}
o . +
i .
> 0.0f 1
<«
L
-0.2F KX z-sat
-0.4} .._+_,

10 20 30 40 S0 60
ENERGY Ey (90°) [KeV)

Fig.3. The anisotropy 7(E )=HE_,%0°)/IE ,0°)-1
of the quasimolecular =x-ray spectra obtained
in the Ge +54 MeV Ge measurements.

tively, and correspond to the maximum energi-
es of possible transitions in the Ge + Ge
quasimolecule to the 2poc and 1lsec states

at small internuclear distances. In both the
anisotropy peaks the maximum magnitude
amounted to about 50%.

Finally, in Fig.4 are shown the experimen-
tal results of the differential angular dis-
tribution investigations of the quasimolecu-
lar KX-radiation emitted by Ge+Ge collisions.
In the figure are plotted the experimental
yields normalized to the 90°-yields versus
the emission angles @. Because of the
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structure of the »(E)-function, three energy
windows with a window width of AE=2.4 keV
were set in the spectrum, lying atE;=17.2
keV, Eq=26.6 keV and E3=44.3 keV, respecti-
vely. Therefore, they are in the energy re-
gion of both maxima and the minimum of the
7(E,) -function. In addition, the figure shows
the angle distribution of the integral quasi-
molecular yields (E, >Eg,). It can be seen

from Fig.4 within the experimental uncerta-
inty that in the energy region of both sig-
nificant maxima of the »n(E,)-function (at E,
and E,) the distributions display a rela-
tive max1mum around @ =90°, whereas in the
region of the anlsotrnpy mimimum (at g,) no
marked maximum is seen.



4. DISCUSSION

As in previous measurements using the
Nb+MNb and La+La systems, in this new Ge -mea-
surement a quasimolecuiar KX-ray spectrum
having the two-component structure has been
obtained. It was shown in more detail in
refs./1.12/  that this structure is caused
superposition of the radiation due to tran-
sitions from higher states to the 1sea and
2p¢ levels. This structure manifests jitself
in the form of the n(E,)-function. Both com-
ponents of the quasimolecular spectrum have
a characteristic energy-dependent anisotropy
with maxima in the energy regions, which near-
ly correspond to the accepted maximum ener-
gies of transitions to the 2o and lse¢ sta-
tes in the Ge+Ge-sytem . The same result
was obtained by us already in the Nb+Nb
investigations /%

The results described in the present pa-
per and covering our earlier findings on the
Ni and Nb systems /8.9 1lead to the follow-
ing statements:

i) The quasimolecular KX-ray spectra emit-
ted by symmetric collision systems with ato-
mic numbers 2-7Z,+Z,>5 display a two-compo-
nent structure caused by superposition of
the quasimolecular transitions to the 2pe
and lsc states at small internuclear distan-
ces.

ii) This structure is also seen in the
form of the anisotropy function #(E,) of the
collision systems. This function has two
peaks lying near the accepted maximum ener-
gies of transition to the 2ps. and 1ss states
in the quasimolecule. The energetic position
of the "2’ -peaks can be defined well, whe-
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reas this is difficult in the case of the ”1s”
bump because of its shape and bad statistics.
This results from the fact that the cross
section for molecular K-transitions is very
small and above the united atomic limit the
effect is already swamped by the background.

iii) The results of the measured diffe-
rential angle distribution of the quasimo-
lecular K-radiatiocn show that in the region
of the “1sr’2and "“2pc ” maxima of the {E ) - func-
tion, a distribution exists having a maxi-
mum magnitude at @ =90° ., More detailed in -
vestigations must follow to support this first
experimental finding.

As a result of the fact indicated above,
the question arises as to how one can use
this typical quasimolecular effect of the
energy depeudent angle asymmetry of the MO
radiation to get information on the two-cen-
ter levels in the quasimolecule. For lighter
systems with z-7,+%,<56 , following W61£1i/1%/,
this is ought to be poss1b1e for the 1s0-
levels via the maximum of the »(E > -function.
For heavy and superheavy collision systems
an additional possibility opens up of the
determination of the maximum energy of the
transitions to the 2ps 1level by means of
the “2p¢” -maximum of the 4(E,)-function.

As the results on different systems including
La+ La have shown/10/ , the “2po” -yields are
by a factor of 102 to 10%® higher than the
“lse’* -yields, so that measurements with a
sufficiently small statistical error are pos-
sible. In addition, the internuclear distan-
ces, which are required for the emission of
the “2po’” -radiation, can materialize al-
ready at projectile energies of the order
of 1 MeV/n. The full measurement of the

1



2po

-lcvels for such heavy and superheavy

quasimolecules seems to be possible in ex-
periments with the impact-parameter selection.
Such experiments for lighter systems have
been carried out recently by the group of
Schmidt-Bécking et al./!4/,

The authors wish to express their grati-

tude to Academician G.N.Flerov for his in-
terest in and support of the work,.
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