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Abstract. In the collision system Xe-Ag, the thresholds for excitation of quasimolecular
L radiation and characteristic Ag L radiation have been found to lie at about 5 MeV
and 1 MeV, respectively. These results are discussed on the basis of ab initio calculations
of the screened interaction potential and the electron-correlation diagram.

Relativistic Dirac-Slater molecular calculations have been shown to give a good
account of the spectral shape of x-radiation excited in collisions between very heavy
particles (Fricke et al 1976, Lutz et al 1976, Morovic et al 1977). It has been suggested
that observation of the threshold behaviour of the excited radiation should provide
a check on the details of the theoretical correlation diagrams, e.g., the location of
individual level crossings (cf Lutz et al (1976) for the Xe-Au system).
In this paper we report on an experimental investigation of the Xe-Ag collision
system at and below 9 MeV ion energy, the molecular correlation diagram of which
has been calculated by Morovic et al (1977). A collimated beam of Xe + ions from
the SUNI 6 MV van de Graaff accelerator (energy calibrated using an NMR probe
in the 90° deflection magnet) was directed onto thin Ag targets (""' 50 ug cm - 2) evaporated on Mylar and Kapton backings, inclined 45° to the incident beam direction;
above 4 MeV, Xe 2 + ions were used. The x-ray emission was detected either through
a 28 um Al absorber (to enhance the continuum part of the spectrum at about 9 keV)
or without an Al absorber (to secure information on the low-energy part of the
spectrum) in a 28 mrn 2 Si(Li) detector placed perpendicular to the ion-beam axis
opposite the target.
Figure 1 shows x-ray spectra for different incident ion energies, using the 28 um
Al absorber. The dominant features are the Xe L radiation at about 4 keV x-ray
energy, and Ag L radiation at about 3 keV x-ray energy. The broad structure between
7 and 10 keV has been associated with the quasimolecular (MO) L radiation (Morovic
et al 1977); its threshold lies at about 5 MeV ion energy.
To obtain a realistic description of the threshold behaviour, the wavefunction
at the active crossings as weIl as the collision dynamies, including a realistic
interaction potential, should be taken into account.
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Figure 1. Energy spectra of x-rays excited in Xe-Ag collisions for different laboratory
ion energies (Al absorber 28 um).

The latter has been calculated ab initio in a Dirac-Fock-Slater (DFS) treatment
of the system Xe 2 2 + _Ag 1 9 + by computing the difference of the statistical total energies
between the isolated atoms and the quasimoleeule (cf Baerends et al 1973) and adding
the nuclear Coulomb potential as a function of the internuclear distance R. The
uncertainty L1 V in the interaction potential is determined by the accuracy L1 v:: with
which the statistical total energy
is calculated; L1
is about ± 5%, resulting
in L1 V/V ~ ± 2% at R == 0·04 au, and L1 V/V ~ ± 12% at R == 0·2 au. The differences
between the DFS potential and a pure Coulomb potential ~ are significant ; on
the other hand, within the range and precision of the calculation it is identical to
the screened Bohr potential VB == ~ exp( - R/a), with a == (Zi/ 3 + Z~/3) -1/2.
A rigorous treatment of the MO L x-ray excitation at threshold, including
the proper wavefunctions, has not yet been performed. A rough estimate of the internuclear separation R at which the level crossing occurs may nevertheless be obtained.
In a head-on collision at 5 MeV ion energy, the collision partners just penetrate
to R == 0·027 au. According to the correlation diagram (Morovic et al 1977), this
is where the level crossings responsible for excitation of MO L radiation are located.
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At lower energies, the collision partners always remain at larger R, and excitation
of MO L radiation is suppressed.
The emission of the characteristic Ag L x-rays has been studied by omitting
the 28 um Al absorber in front of the Si(Li) detector. The Ag L radiation yield
was obtained by integrating the corresponding spectral peak between 2·65 and
3·75 keV x-ray energy; the energy window is indicated in figure 1. In the ion energy
range investigated, the Ag L intensity was about ten times as high as the Xe L
intensity. Absolute cross sections were calculated in the usual manner by normalising
to the integrated ion-beam charge, and correcting for x-ray detector sensitivity and
solid angle. The results are displayed in figure 2 as a function of laboratory ion
energy E. The Ag L-excitation curve exhibits a threshold at about 1 MeV. The data
points at energies above 4 MeV show a relatively large scatter because the available
current of Xe 2 + ions was very small (~0·2 nA) making current integration somewhat
difficult. Due mainly to the uncertainty in the target thickness, the absolute cross
sections are uncertain by as much as 50%; the relative uncertainty of the data points
is smaller and is indicated in figure 2.
It follows from the correlation diagram calculated by Morovic et al (1977) that
crossings at R == 0·092 au and R == 0·146 au contribute to the Ag L x-ray production
(note a typing error in Morovic et al 1977: the second crossing occurs at 0·146 au,
not at 0·16 au). From a rough estimate, as performed above for MO L excitation,
corresponding thresholds of about 1 MeV and 0·5 MeV ion energy, respectively, are
obtained. The threshold at about 0·5 MeV caused by the crossing at 0·146 au is outside
the ion energy range studied here. From the correlation diagram we note, however,
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Figure 2. Total cross section for excitation of Ag L radiation in Xe-Ag collisions as
a function of laboratory ion energy E (different symbols indicate different sets of experiments). The full curve serves to guide the eye. Chain and broken curves are explained
in the text. The relative experimental uncertainty is given by the error bar. The absolute
scale is uncertain by as much as 50~~. Insert: number N(v) of vacancies feeding the
crossing at R = 0·092 au plotted against reciprocal ion velocity, V-I.
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that this crossing is fed by low-Iying (J levels which correlate to the Xe 3s and
3Pl/2 subshells. These levels are expected to have a smaller vacancy-occupation probability than those feeding the crossing at 0·092 au; the latter belong to a set of orbitals
correlating to the more weakly bound Ag M shell. Thus, at 1 MeV ion energy only
a smaIl influence of the crossing at 0·146 au is expected. We therefore attempted
a description of the threshold behaviour at 1 MeV neglecting any contribution of
this outer crossing. According to the correlation diagram, the excitation occurs via
radial coupling at a weIl defined internuclear separation; this is corroborated by
the behaviour of the experimental total cross section. Therefore, a Landau-Zener
model (cf Zener 1932) was assumed to be applicable. The impact-parameter-dependent
excitation probability was calculated using the proper molecular wavefunctions of the
two coupled states. The total Ag L-excitation cross section was then computed by a
numerical integration over all ion trajectories. The DFS potential was used in
these calculations. All other couplings were neglected. The Ag L-fluorescence yield
was taken from Bambynek et al (1972) as WL ~ 0·055. The excitation cross section
per initial vacancy, (Jx, thus obtained, for the crossing at R = 0·092 au, is included
in figure 2 (chain curve). For ion energies of about 5 MeV, this function passes
through a broad maximum. From a comparison of the experimental cross section (Jx
and the model cross section (Jx it follows that the number of initial vacancies
N(v) = (Jx/?i x in the levels feeding the crossing at 0·092 au is about unity just
above excitation threshold (v is the ion velocity). We may assume that these
vacancies are created in the Ag M shell by a long-range radial coupling on the
incoming part of the trajectory (Demkov 1964). As was suggested by Fastrup (1975)
and Meyerhof et al (1977) for K excitation in slow heavy-atom collisions, we
plot N(v) against l/v (insert in figure 2). The resulting dependence is approximately
linear within the experimental. uncertainty down to ion energies as low as 2 MeV,
i.e. l/v = 0·585 x 10- 8scm- 1 . Below 2 MeV deviations occur; they are caused by
differences between the model cross section «. and the true cross section. An estimate
of N(v) below 2 MeV may nevertheless be obtained by extrapolation (full line in
the insert). It should be noted that N(v) appears to reach values greater than t\VO
for high energies, even though this is the maximum number of vacancies in a (J
level. This may in part be caused by the fairly large uncertainty (± 50%) in the
absolute scale of the experimental total cross sections. In addition, due to the efficient
and simultaneous excitation of outer shells in such energetic heavy-ion collisions,
the fluorescence yield WL may be higher than in neutral atoms. The enhancement,
however, should not be large. The energy shifts of the La and L, 1 lines were about
75 and 100 eV (± 30 eV), respectively. This is in agreement with earlier results in
similar collision systems (Datz et al 1971) and has been explained by the presence
of two to four additional M vacancies at the time of L-vacancy decay. Such small
additional M excitation is not expected to change WL significantly. At much high er
ion energies other excitation channels become of importance thus leading to an apparent increase in N(v), e.g., via the crossings at small internuclear separations, or via
direct couplings between the molecular Land M levels. In any case, the fluorescence
yield as weIl as additional excitation processes are expected to be only weakly dependent on the ion energy if compared to the sharp rise of the Ag L cross section
at about 1 MeV. Thus, they will not influence the shape of the cross section function
in the narrow energy regime of interest here; they may, however, be responsible for
over-estimating the absolute scale of N(v).
In the energy range investigated, the model Ag L-excitation function in Xe-Ag
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collisions is then given by N(v)Ci x • For illustration, it is also shown in figure 2
(broken curve). As stated above, the deviations from the experimental curve are due
to the shortcomings of the Landau-Zener model: firstly, at and below 1·06MeV the
Landau-Zener cross section vanishes thus underestimating the real value; in addition,
the model neglects Coulomb ionisation. Secondly, for trajectories which penetrate
to internuclear distances slightly smaller than R = 0·092 au, the model assurnes
fully adjusted wavefunctions. Since this is not really the case, the model overestimates the cross sections for ion energies somewhat above 1·06 MeV.
The deviation of the Landau-Zener cross sections from the observed cross sections
at threshold indicates the necessity for a more rigorous theoretical treatment.
It should be pointed out, however, that no adjustable parameters were used in the
calculation of the model cross sections. From this point of view, the agreement
between the calculations and the experiment is encouraging; it demonstrates that
a detailed experimental check of electron-correlation diagrams should be possible
from excitation-threshold measurements even in very heavy collision systems.
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