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The study of guasi-mclecular radiation
should give oune a possibility of investigat-
ing two-centre systems during adiabatic col-
lisions. This is of great importance in view
of the electronic structure of heavy quasi-
atoms with Z>100 /1-2/ and for observing new
processes of quantum electrodynamics in very
strong electromagnetic fields /4. The latter
makes especially attractive experiments using
very heavy ions, which involve most strongly
bound states of electrons in gquasi-molecules.
Therefore, during the recent two years our
group at Dubna have been carrying out, in the
first place, experiments to study some as-
pects of atomic characteristics and quasi-
molecular KX -rays of very heavy and symmet-
ric collision systews such as Ni+ Ni (39 MeV
and 67 MeV)/3/ | Ge 4+ Ge (81 MeV) 76/  KriKr
(42 MeV), Nb+Nb (67 and 96 Mev) /78 / | LaslLa
(115 Mev)/9/ and Bi+Bi (144 and 172 MeV).
For these heavy colliding particles, the
adiabatic condition is fulfilled beétter than
in.the case of collision systems with lower
Z , where the orbital~velocities of electrons
are rather small and the observation of
quasi-molecular radiation is more difficult
due to the existence of some .competing ef-
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fects, such as radiative electron capture

({REC), which also shcw c¢ontinuous X ~-ray
spectra.

All of our experiments were carried out
on an external beam from the U-300 heavy
ion cyclotron of the JINR Laboratory of Nuc-
lear Reactions with an intensity ranging
from 10'Y to 1012 particles/sec. Figure 1

‘shows .& typical X ~ray spectrum observed in

our experiments. It was measured in the
collisions of 67 MeV Nb ions with the atoms
of a target made of metallic pure niobium

1 mg/cm? taick. The emitted X -rays were dé-
tected at 90° with respect to the ion beam
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Fig. 1.The X-ray spectrum measured by bom-

barding the N% target with 67 MeV Nb ions.

axis by an intrinsic Ge detector with an
energy resolution of about 250 eV at 10 keV.
The intensively excited KX -radiation of Nb
atoms was strongly suppressed by using an
absorber of 0.20 mm Cu . Due to a counting
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rate lower than 50 s 1 , no pile-up effects
vere expected in this measurement. Besides
the intensive KX-lines of the Nb atoms and
the absorber material, the spectrum contains
a continuous intensity distributior, which
ranges approximately up to the united-atom
energy. We first showed in our experiments
with Ge ,Nb and Laions 69/ that tlisX -ray
continuum consists of a low-energy and high-
energy component, denoted by us as ({1) and
(C2), respectively. In fig. 2 are plotted
the absolute X -ray intensities corrected for
absorpticn and detector efficiency taken in
Nb+Nb collisions (67 MeV). The full line
indicates the summed spectrum of the mean
background measured and the calculated
electronic bremsstrahlung 710/ . This figure
shows also that the continuum (Cl) is a real
physical effect and the continuous X ~ray
spectrum has the two-component structure.
The high-energy part (C2) of the continuum
has been identified as quasi-molecular KX -
radiation. Besides the properties of the
component (C2), the physical nature of the
low-energy continuum (Cl) is of special in-
terest. Electronic and nuclear bremsstrahlung
cannot account for the continuum (Cl). As an
example, for Nb+ Nbcollisions the integral
yield computed for elecironic bremsstrahlung
in the energy range between 16 keV and

30 keV is four orders of magnitude smaller
than the measured values. The calculated
slope 1s also wrong. After the correction
made for detector efficiency and absorber
attenuation the linear extrapolation of the
component (Cl) in a logarithmic representa-
tion shows that the experimental yield

Y (C1) goes down like E7" with n =20. This
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Fig. 2. The guasi-molecular X -ray specirum
of the Nb+Nb (67 MeV) system corrected for
absorption and detector efficiency.

disagrees drastically with the calculated
value of g ~ 7718/ for the electron brems-
strahlung.Furiher,it seems to be impossible
to explain the nature of the continuum (c1)
by radiative electron capture (REC), because
the cross section of this process is suffici-
ently low for the atomic numbers of the col-
lision systems investigated in our experi-

ments. We shall

revert to this problem later

when we consider the results obtained for
the Kr+ Kr system in experiments with a gas

targew .

Recently, H-'nig et al. /n/ tried to give
an explanation for the origin of the compo-
nent (Cl), which may take place during the
transient formation of quasi-molecules. The

e
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o0 . - “x'rs“mm)Fig. 3. Molecu-
lar level dia-
gram of the NbNb
system.

authors pointed
out that in all
molecular corre-
lation diagrams
for medium ato-
mic numbers Z|
and Zy report-
ed till now, the
2po term shows
a relative mini-
mum. This is
shown in fig. 3
with the correla-
tion diagram for
aNb+,4Nb gquasi-molecular
states of the sys-
tem 41Nb+ 41 Nb as
an example. The
energies of the
quasi-molecular
states are cal-
Eghev) culated nere by
N.Truskova /1%
by solving a ron-relativistic problem with
a two-centre potential and a FTixed inter-
nuclear distance. The 2po term joins the L -
or K -shells of the colliding particles in
the limits of the united or separated atoms,
respectively. Therefore, in the electron pro-
motion model the L ~vacancies must be trans-
ferred in a collision via this term to the
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K -shells of the separated atoms. A linear
representation of other correlation schemss
published demonstrates that allowed tranusi-~
tions from higher terms to the "Zpo mini-
mum" have a higher energy than the transi-
tions owing to the characteristic lines.

For that reason it is suggested by Heinig

et al. /1 that the continuum (Cl) is produc-
ed by such transitions., According to these
suggestions the high intensity of the conti-
nuum (Cl) can be explained assuming that the
vacancies in the 2po minimum were filled
mostly in a first collisiou, whereas a second
collision is assumed to produce the conti-
nuum (c2)/13/

In order to obtain additional experimental
information about the proposed quasi-molecu-
lar origin of both components (Cl) and (C2)
of theX -ray continuum, we have performed
an experiment aimed at the determination of
the velocity of the radiative system using
the X -ray energy Doppler shift in the colli-
sions Nb + Nb (67 MeV). A similar experiment
has recently been carried out by Meyerhof
et al. /1%  for the high-energy part of the
continuum in the collisions Zr+ Kr (200 MeV).
The essence of this experiment is as follows.
As a function of the velocity of the radiati-
ve system, the energies of the X-rays emitted
obtain a Doppler shift which can be determin-
ed by detecting X-rays at different angles
with respect to the ion beam direction. The
Doppler velocity characterizes the radiative
system irrespective of the details of :he
assumed production mechanism for the X-ray
continuum. In particular, if radiation iIn a
certainX ~ray energy region is believed to
originate from quasi-molecular processes,
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the Doppler velocity should be egual to the
centre-of-mass velocity, V_ . . of the

intermediate molecules. Figure 4 shows the
principal experimental arrangement used to
measure the Doppler velocity. The metallice.

Fig. L. The prin-
_ Intrinsic Ge . .
Q" ¥-ray detectar cipal experimen-
’ tal arrangement
for Doppler
shift measure-
ments.

~.
">~< scaltering
chamber

Nb target, 1 mg/cm? thick, was placed at
th5° with respect to the ion beam. The measu-
rements were made at the laboratory angles

§- -90°, L5°, 90° and 135°. Each spectrum was
normalized to the intensity of the Nb-X,

line wnich had an isotropic angular distribu-
tion. Figure 5 shows the results of these
measurements, In figs. 5a and 5b we present
the ratios of the normalized spectra at+90°
and -90° and at 45° and 135° , respectively,
as a function of the X-ray energy in the labo-
ratory system. The asymmetry seen in fig. 5b
occurs as a result of the fact that at angles
of 45° and 135° the X-ray energy Ioppler
shift has an opposite sign. The ratios of
the spectra at k5% and 135° taking into
account the Doppler shift in the cases of the
velocity V... of the intermediate molecu-
les Nb+ Nb and V,, of the 67 MeV Nb projecti-
les are shown in figs. 5c¢c and 5d, respecti-
vely. Figure 5c shows that in the energy
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141 45 “35 _ 1 lecule Nb 4+ Nb.
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10 T P we conclude that
b . -{"'{-{.Y{'{wl 4{ both components
ol - *t T“ {of the X -ray
Lo continuum, (C1)

20 30 40 50

éO 7b Eb and (C2), or%gina-
. te from quasi-
Ex (90°) [KeV] molecular transi-
tions. Thus,their
previous interpretation is confirmed by this
independent experiment with Doppler shift
measurements.

It is important to determine the Doppler
shift of the continuum X -rays from heavy-ion
collisions also for another reason. In the
interpretation of the Laboratory anisotropy
of the continuum X-ray spectrum, which has
first been found by P.Armbruster et al,/15/
knowledge of the Doppler velocity is needed

10



in order to c¢ompare the measured anisotropy
with the theoretically predicted c.m, aniso-
tropy of the quasflmolécular X -rays. It has
been shown' that dynamic effects play an im-
poyrtant role in the shape of the X-ray con-
tinua observed in heavy 1on -atomic cOlllSl—
ons /18/. They cause a smearing o the quasi-
molecular X—riy distributibns besond the K
energy limit of "the unlted atom and lead to
induced transitiocns betwepn molecular elect-
ronic states. These 1nduged transiticns origi-
nating as a result of the rotatlon of the
internuclear axis add . couerently to the so-
called spo“taneous molecular transitions.
The sum of these ‘two “parts;of quasi-molecu-
lar X -radiation produces the anisotropy of
the spectra with respect. to the incident beam
direction. The rapid wvariation of the ariso-
tropy near the united atom energy limit indi-
cates a quasi-molecular phenomenon, but
Further experimental and theoretical develop-
ments are needed to clarify the origin of the
aﬁ;sotropy. Our Dubna group startcd investi-
gaticns with the anisotropy of quasi-molecu-
lar KX -rays for the system Ni+ Ni (67 MeV)
and obtained the same results as those of
Greenberg et al. ”7/,.3FigUre 6 shows that
in Ni + Ni collisions the asymmetry 7 (E )
of the quasi=molecular KX -radiation shows
a maximum at an X -ray energy of E, = 32 keV,
where the KX -radiation of the united atom
(Z=56) is expected. The values of y without
and with the Doppler correction are of the
same order of magnitude as those obtained
by Greenberg et al./”/. Recently, vwe have
carried 6ut measurements ofX -ray asymmetry
in the region of quasi-molecular continua
{(cl) -:d4 (C2) in the system Nb+ Nb (67 MeV).

! 1-]
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After determining the Doppler velocity
for this case in the experiment described
above one could correct the observed spectra
for this effect and determine reliably the
behaviour of the anisotropy as a function of
the X-ray energy. The results of these expe-
riments are shown in figs. 7 and 8. Open and
closed circles denote the  values without
and vwith Doppler correcticn, respectively.
This ~orrection was introduced by the for-

mule E;, = Ei(14-§;/c cosf )}, where E; ~ 1is the
energy measured within an energy intervallif,
v. = 1/2 #»/4 v, is the mean c.m. velocity

in the system Nb +Nb (67 MeV) and € is the
photon emission angle. The ¥¢ value has

been calculated by integrating over all im-
pact parameters corresponding to classical
ion trajectories which intersect the K -shell
radius of the Nb atom. One can see that the
asymmetry has two maxima in the energy regi-
ons of 29 keV and 80 keV, which Jjust corres-
pond to the maximum energies of the two con-
tinuum components (Cl) and (C2) of the guasi-

12
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molecular spectrum observed by us. At the
same time they correspond to the maximum
energies of possible transitions of the qua-
si-molecule Nb + Nb to the2ps and 1so
states at small internuclear distances (see
fig. 3). This indicates that these new re-
sults on the angular asymmetry of guasi-mo-
lecular continua (Cl) and (C2) provide at
least additional independent experimental
evidence in favour of the previous interpre-~
taticn of guasi-molecular KX -ray spectra
as having “he two-component structure.

In order to obtain iurther information
on the components (Cl) and (C2), in particu-
lar, as to whether they get excited preferen-
tially in one-step or two-step collisions,
we investigsted X-ray spectra by bombarding
gas targets. Figure 9 shows the experimental
set-up &and the X ~ray spectrum measured in
the case of the system Kr + Kr (L2 MeV),

| it s A
sk Kr+42 MeV Kr#t

i KX-K¢
s aay
[ESC KX(KA-KKIGH  © ¢
o .o

KX-Cu
[l

Log o NUMBER OF EVENTS

ENERGY {KeV

Fig. 9. The X-ray spectrum measured by bom-
barding the Kr gas target with L2 MeV Kr
i1ons.
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AB8%Kc ion beam with an incident energy cof

73 MeV reaches, through a thin Ni foil, a
target filled with gaseous Kr at & pressure
of 60 torr. The experimental geometry is

such that the Ge detector is capable of de-
tecting only those X-rays which are produced
in the gas volume located rather far from

the Ni foil. Thus, the K -vacancies produced
in the projectiles as they pass through the
foil are already filled and cannot cause

any effects in the spectra measured. Since
the ions are retarded in the Ni roil and gas
volume, their average velocity in the effec-
tive target volume is as low as about 42 MeV.
The X -ray spectrum exhibits the characteris-
tic atomic KX -lines of krypton and Cu ab-
sorber and, in addition, a continuum whose
properties are similar to those of the low-
energy components (Cl). The high-energy com-
ponent {(C2) of this spectrum is strongly
suppressed and practically absent as compared
with the spectrum for the system Nb « Nb

(67 MeV). The dotted line in fig. 9 shows

the measured background without gas in the
target., The solid line presents ihe total
spectrum of the measured background and the
calculated nuclear and electronic bremsstrah-
Jung. In the table coumparison is made of the
absolute yields of separate components of the
X -ray spectra obtained using a gas target

( Kr + Kr (L2 MeV)) and a solid target com-
parable in respect of Z and ion energy

(Nb + Nb (67 MeV)). The absolute yields show
that the cross sections for the production

of K -vacancies remain nearly the same in

both cases or decrease inconsiderably, where-
as the absolute yields for both components
(c1) and (C2) of the quasi-molecular spect-

15



Tablie

Characteristic wtomic KX -ray and continuous
X ~ray yields in bombardment of thick tar-
gets with heavy ions

N . —
COLL. SYSTEM ABSOLUTE X-RAY YIELDS [ PHOTONS/ ION] [av(c2,E=E(Kx,22)}
Y(KB)  |YIC1LELE(KGE)| Y(CZER>E(CT)) | [PHOTONS /kev - 1ON)
Ni+3OMV N L 2 x 102 - 3.2x10°8 2321079
Ni + 67 MeV Ni 20 ¢ 167} — saxiw0® 9.3x 1079
e ol FIE I
Kr +42 MeV Kr 1ex10% 1.9x1077 <g x 10 —
Nb+ 67 MeVNb L6 x 0% 6.2x10" 2 7.0x107 5.2 x 02
Nb+ 96 MeV Nb 16% 107 262107 254108 <28xw07"
La + 115 MeV La s.8x 108 5.7x10°8 0.4x107° 5.5x 0%
Bi + 144 MoV Bi 3.7x 108 — — -
: g )
Bi + 172 MeV B; 2.7x1077 —_ — —
Lo o oo ] | S o ,J

rum decrease, namely, by two orders of mag-
nitude for (Cl) and still more for (C2) in
the case of the gas target. This indicates
that quasi-molecular components (Cl) and
(C2) get excited in symmetric systems pre-
ferentially in two-step collisions. On the
other hand, the obvious presence of the in-
tensive component (Cl) in experiments with
a gas target provides evidence for the fact
that this component cannot be caused by ra-
diative electron capture.

The table also presents some quantitative
data on the absolute intensities of separate
components of the high-energy X -ray spectra
for & number of other symmetric collision
systems. The last column shows the differen-

16



tial yields of quasi-molecularKX -rays at
the X ~ray energy corresponding to the united
atom energy limit. They show that the future
experiments on the investigation of the asym-
metry of quasi-molecular transitions in this
energy region for very large Z will reguire
ion beams with intensities highker than

10 !2 ions/sec. In our initial experiments
with Bi i1ons we have so far measured only
the cross sections for the production of K -
vacancies. They turned out to be equal to

¢ (KX -Bi , 14k MeV)=1.6 x 10-26 cm?2 and
o ( KX-Bi , 172 MeV)=1.2 x 10725 cm? . The
order of magnitude of these values agrees
with the scaling law for higher-Z colli-
sions, given by Meyerhof et al. /18/.

Finally, we sum up the main gqualitative
conclusions drawn from our experiments. They
are:

i) In all symmetric collision systems
with 7,=2,-22>32 the X -ray continua observed
at energies higher than the energy of the
characteristics KX -radiation of separate
atoms have a well-pronounced two-component
structure.

ii) The experiments on the determination
of the Doppler velocity of the radiative sys-
tem, the measurements of the angular asym-
metry of these spectra, as well as the expe-
riments using a gas target indicate the
gquasi-molecular origin of both components.
The features of these components established
by us agree qualitatively with the assumption
that the continuum (Cl) is associated with
transitions to the 2po¢ states, and continuum
(C2) with transitions to the 1lse¢ states of
quasi-molecules with a double atomic number.

17
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A guantitative verification of this pictuse
by an exact theory may open up new possibi-
lities for the spectroscopic investigations
of superheavy two-centre systems.
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