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A systematic spectroscopy of the inner shells in superheavy quasimolecule systems with energy eigenvalues
in the vicinity of the negative continuum has still not been realized. The investigation of quasimolecular x rays
in collisions with bare projectiles represents a unique tool to study the transiently formed molecular orbitals.
For heavy-ion collision systems it seems to be a promising approach to get information about the inner orbitals
at small internuclear distances. We present calculations of quasimolecular x rays from the heavy-ion collision
system U?"-Pb and study the dependence on the impact energy and the impact parameter. We find that up to
an impact energy of 50 MeV/u the interference structure is visible in the spediB1©50-2947®8)05106-3

PACS numbeps): 31.30.Jv, 31.15.Ar, 34.76e, 34.90+q

The measurement of quasimolecular x rays with slow H-ty for 5.8-MeV/u Pb-Pb collsions for varying nuclear stick-
like or fully stripped projectiles for a defined impact param-ing times. For the calculation of the time-dependent elec-
eter leads to a very distinct structure in the spectra since thieonic wave function they neglected the rotational coupling
photon can be emitted on the incoming and outgoing parts df8] or assumed an impact parameter of zgpso that the
the trajectory. The interference structure was measured andtational coupling vanishes. The heaviest system investi-
evaluated in the CF*-Ar system[1] leading to the experi- gated experimentally is the system ®i-Mo for the colli-
mental determination of thef@r-1so transition energy as a sion energyge, =462 MeV[7]. However, for this system the
function of the internuclear distand@,3]. We have calcu- chosen impact energy is too high to find the interference
lated th x-ray emission probability for this system using astructure. The minimum is shifted to energies below the
basis of many-electron two-center Dirac-Fock-Slater wavecharacteristic lines. This shift of the interference structure to
functions and including radial as well as rotational couplinglower energies with increasing impact energies was seen in
[4]. Qualitatively good agreement was found with the experi-the spectra for Gf" on Ar[3] as well and reproduced by our
mental results, but depending on the impact energy, deviazalculation[4].
tions occurred in the absolute intensity greater than the sys- In this paper we analyze the MO x-ray spectra of the
tematic error given by the experimentali$8l. The reason heavy-ion collision system ¥*-Pb and study the depen-
for this deviation was the application of the one-active-dence on the impact energy and the impact parameter. We
electron approximation, which does not take into considercalculate the emission probability in first order with respect
ation the occupation of the orbitals due to additional electo the interaction with the radiation field and using the long-
trons in the collision system. wavelength approximation. The main formulas of the theo-

To investigate the level behavior and electronic excita+etical method for the calculation of the MO spectra are sum-
tions of superheavy quasimolecules, maiklyhole produc- marized in [4]. The intensity of the radiation is now
tion rates, 5-electron emission, and positron creation haveevaluated in the many-particle framework described9h
been studieda comprehensive review has been given re-The details will be given elsewhere.
cently by Muler-Nehler and Soff[5]), but especially for We solve the two-center Dirac-Fock-Slater equation for
highly ionized projectiles quasimolecular x rays represent dhe molecule(UPb)*'8" with the MO-LCAO (linear combi-
powerful tool to investigate the transiently formed molecularnation of atomic orbitalsmethod and since we are essen-
orbitals. In comparison t&-electron emission and positron tially interested in the innermost orbitals, we restrict the ba-
creation the investigation of quasimolecular x rays has theis set to the &;,-4p3, orbitals of U and Pb and thes},,-
strong advantage that mainly inner orbitals, which are thetd, orbitals of the monopole basis set centered at the center
subject of interest, are involved in the physical processof charge. The basis sets are adapted to the internuclear dis-
While in K-hole production or evelK-K vacancy transfer tance by taking into account the monopole parts of the po-
measurements the occupation is tested only in the separatéghtial of the collision partners into the construction of the
atom limit, it is tested during the whole collision by measur-basis functiong10]. The correlation diagram resulting from
ing the molecular-orbita{MO) x rays. calculations at about 130 internuclear distances is shown in

It was discussed that the interference structure could big. 1. The two-center calculation is compared with a calcu-
used for the investigation of nuclear reaction tilh@s] and  lation in the monopole approximation for the two-center po-
for testing the behavior of the st molecular level for tential. One can see that f®>0.02 a.u. the deviations are
heavy-ion collision systems at small internuclear distanceso longer negligible and one has to recall that the couplings-
[2] since it was measured by Tserrughal. [1]. It has still  between the orbitals have completely different forms.
not been realized though. On the theoretical side, Kirsch and We solve the coupled-channel equations with inclusion of
co-workers[6] have calculated the x-ray emission probabil- all dynamic couplings in the subspace spanned by the mo-
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FIG. 1. Correlation diagram for the system
(UPh 8" calculated with a two-center potential
and in the monopole approximation. The dashed
lines correspond to the monopole calculation.
The two-center calculations are divided into the
m, = ; stategsolid lines, them, = 3 stateg(dotted
lines), and themj=§ states(dashed lines The
energy eigenvalues and the corresponding mo-
lecular orbitals have been calculated by solving
the two-center Dirac-Fock-Slater equation at
about 130 internuclear distances. The 56 elec-
trons taken into account are assumed to be in the
ground state and the nuclei are taken as homoge-
neous charged spheres.
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lecular orbitals corresponding to tke L, andM shell of the  impact energies from 3 MeV/u up to 100 MeV/u, for an
united atom. In the limiR— oo these channels correspond to impact parameter of 20 fm, and for an emission angl®of
the K- andL shells ofU and Pb and th& 3s;,, orbital. To  =90° with respect to the beam axis in the laboratory system.
get realistic results we initially occupy all channels in our The spectra show a very strong dependence on the impact
basis set corresponding to the Pb target. All our calculationsnergy. A very distinct structure can be found only for im-
represent single collision processes. pact energies up to 10 MeV/u; already for 20 MeV/u the
We start with the analysis of the collision energy depen-strongest peak in the spectra has been shifted below photon
dence of the MO x-ray spectra. Figures 2 and 3 show thenergies that correspond to characteristic lines. For impact
emission probability as a function of the photon energy forenergies 20—50 MeV/u still a structure can be found in the
spectra before the x-ray emission probability as a function of

5.0 - the photon energy turns into a purely exponential behavior
b= 20 fm for collision energies above 60 MeV/u.
4.5 0=90° 1 The principal behavior of the spectra for changing impact
— energy can be explained by inspecting the phase difference
Ba0f for a two-level system. In a slow collision the phase changes
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FIG. 2. Calculated double differential emission probability as a 0.1
function of the photon energy for the systenf?l on Pb for dif-
ferent impact energielS_ . Twenty-eight molecular orbitals and ten
elef:trons have been |ncluded. in the calculations. The.photon is 100 200 300 400 500 600 700
emitted at an angle dd =90° with respect to the beam axis in the PHOTON ENERGY [keV]

laboratory system. The collision plane is taken to be undetermined

with respect to the photondetector, which results in averaging over FIG. 3. Same as in Fig. 2, but for impact energies from 30
the azimuthal angle. All calculations are done for an impact paramMeV/u up to 100 MeV/u. Note that the scale is changed in this
eter ofb=20 fm. figure.
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more due to the lower velocity over the molecular region of 35 -

the collision than in a fast collision. This results in an oscil- 0=90"

lation frequency in the spectra that decreases for increasing — E_ = 5MeV/ub=20fm

impact energies. This is the behavior we find. However, the :3'0 I AR Ep = 5MeV/ub=50fm

striking structure of the quasimolecular spectra gets lost with % B :g ﬁ%z'z:gg :ﬁ

increasing impact energy faster than one might expect from Cast |l Et= 100 MeV/u b = 20 fm

an experimen{11] where differential state selective cross — | it E;, =100 MeV/u b = 50 fm

sections for the reaction Hé + He — He' + He' were § |

measured. In this experiment it was found that an interfer-  S20| i} |

ence structure could be seen up to an impact energy of 1 f 924

MeV, which does not correspond to the adiabatic region any- ‘% ' U™ -Pb

more. To observe a significant structure in the MO spectra =15 i} :

one should probably not use a collision energy higher than vl

50 MeV/u for the P?*-Pb system, which is far below the = ol \\ i

relativistic matching energy of uranium of 240 MeV/iz2]. =h N v\ T

The reason that here the interference structure disappears NE

much earlier is the additional time dependence in the occu- g5t

pation of the molecular orbitals. Calculations in which we .

included only the %0 and 2o orbitals and where we kept [ TUw._ ™ Ny

the occupation of these constant lead to an interference struc- , , , e
: ) 100 200 300 400 500 600 700

ture even for the highest taken impact energy of 100 MeV/u PHOTON ENERGY [keV]

[13].

In Fig. 4 the emission spectra for the impact parameters of FIG. 4. Double differential emission spectra from &°U-Pb
20 fm and 50 fm are compared for three different collisioncollision for three different impact energies and the impact param-
energies. One can see a very strong dependence on the iff€r P=20 and 50 fm. The photon is emitted at an angle€of

pact parameter for low impact energies, but almost no depen:- 90° with respect to the beam axis in the laboratory system.

dence for the impact energy of 100 MeV/u. This has to be With these results we are able to show that the investiga-
explained in the same context as the impact energy depetion of quasimolecular MO x rays in collisions with H-like or
dence. The interference structure appears only for slow cokfully stripped projectiles is a very powerful tool to investi-
lisions and is in a first approximation determined by thegate the transiently formed molecular orbitals. Measuring
phase factors entering the transition probabili]. How-  these spectra would allow a further approach to get informa-

ever, these depend on the impact parameter, which explaif@n of the Iso orbital of superheavy quasimolecules. We
the shift in the structure for changing impact parameter. have calculated spectra for thetJ -Pb collision system and

In systematic investigations of the effect of rotational and@nalyzed their structure for varying impact energies. Our re-
radial coupling on the spectra we have found that both havgults should be taken into account for an experimental real-
to be considered. The MO x rays act as a sensitive probe Jation since we found that the striking features in the spectra
the occupatior(especially at avoided crossingsf the mo- are only seen in a small range of impact energy.
lecular orbitals and neglect of either one of the couplings is K.S. and J.A. gratefully acknowledge the financial sup-

seen in the spectra immediatgti3]. port from the Gesellschaft fuSchwerionenforschung.
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