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Abstract. A comparison between experimental and calculated spectral shape and energy
dependence of the M MO x-ray anisotropy in heavy-ion collisions of I on Au is presented.
The calculation is performed within the kinematic-dipole model of anisotropy using MO
x-rays determined from SCF relativistic correlation diagrams.

1. Introduction

Non-characteristic x-ray anisotropies in heavy-ion collisions have recently been
measured by many groups (Kraft et al 1974, Greenberg et al 1974, Meyerhof et al
1975, Wolfli et al 1975, 1976, 1977, Folkmann et al 1976, Frank et al 1976a, b).
Several different theoretical approaches have been used in efforts to understand the
details of the complicated behaviour of the experimental anisotropies (Miller and
Greiner 1974, Briggs and Dettmann 1977, Gros et al 1977, Hartung and Fricke 1978,
Anholt 1978). It is shown here that the kinematic-dipole model (Hartung and Fricke
1978) of the anisotropy together with a realistic SCF many-electron correlation diagram
(Fricke et al 1976) for the I-Au system is able to reproduce the measured M Mo
structure of the anisotropy. This is a considerable success since the detailed behaviour
of many electronic M and N levels with several important pseudocrossings must be
considered in the interpretation. For the K Mo region, where the number of levels and
pseudocrossings is very small, a coupled-channel calculation for the time-dependent
occupation amplitudes has been used successfully (Fritsch and Wille 1977, Briggs and
Taulbjerg 1976). In the M Mo region not only the large number of orbitals but also the
accuracy of the wavefunctions involved do not allow similar coupled-channel cal-
culations.

The second main difference from the K Mo region is that the influence of rotational
coupling on the anisotropy is unimportant. The distances of closest approach discussed
here remain too large for effective rotational coupling among the 3p and 3d levels. The
hole transfer into the inner levels is dominated by several radial couplings. Kraft et al
(1974) and Folkmann et a/ (1976) have made experimental investigations of the I-Au
system analysed in this paper.
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2. Method

At impact energies of a few MeV for I on Au used in the experiments (Kraft eral 1974,
Folkmann ef al 1976) the velocities of the nuclei vn are much smaller than the velocities
v, of the inner electrons, so the adiabaticity parameter v/ v, is very small. For 17 MeV
I on Au for example, the adiabaticity parameter values are 0-02, 0-04 and 0-07 for the
K, L and M electrons, respectively. This shows that the system as a whole is highly
adiabatic with the consequence that the general picture given by a correlation diagram
is a very good starting point for the analysis of the anisotropy of the non-characteristic
radiation observed in the experiments.

The intensity function S(k, R) which gives the number of spontaneously emitted
photons from a quasimolecular system is a function of the photon propagation vector k
and the relative distance vector R of the two nuclei (Fricke er al 1976):

Sk, R)=Y ggf(1-f)P;Y;(k.R)D; (1)

i<<j

where R in the adiabatic case is used as a parameter; g; and g; are molecular level
degeneracies; and f; and f; are occupation numbers of the electronic states. P is the
transition probability between the states |i) and |j) with Ej; the transition energy and
Y. (k. R) the angular characteristic of the transition involved. To a good approxima-
tion D, is given as a Lorentz distribution centred around the transition energy E;. The
halfwidth of the Lorentzian refers to the collision broadening of the transition and
represents the dynamic part of the collision process in which the radiation occurs. Ina
general treatment D;; turns out to be equivalent to the Fourier components represent-
ing the time dependence of the transition energies (Weisskopf 1932). In other words,
D, is the dynamical correction to the approximation that R is taken to be a parameter
instead of a dynamical variable.

In the experiment the total intensity emitted during the collision process is measured
as a function of the laboratory angle 6 or photon propagation vector k. Equation (1)
should therefore be summed over all internuclear distances R to get the corresponding
total intensity

S(k)= ”I d’RS(k, RYW(R)=S(6, E,) ()

where E, = ch|k| is the photon energy. W (R) is the weight function, which represents
the probability of finding the system in the relative position R. Itis not only determined
from geometric considerations but also depends on the internuclear potential via the
kinetic energy at every point.

The incoherent summation in equation (2) is expected to be a good approximation
for the 28 transitions used here. In addition, every transition often contributes at
several radial distances R, where the transition energies coincide. Due to the large
number of interferences one can expect with certainty that all interference effects can be
neglected in contrast to the K Mo few-level system discussed in Briggs and Dettmann
(1977). Using this function $(6, E,) it is possible to calculate the anisotropy which
usually is defined by

A(61, 02, Ex) = (S(61, Ex)/S(82, Ex))— 1. (3)



Anisotropy of M Mo radiation 2195
3. Numerical treatment and physical approximations

The three integrations of equation (2) which are most consistent with the physical
problem are (see figure 1): (i) along the trajectory R(¢); (ii) over all impact parameters
b; and (iii) over all scattering-plane angles ¢ relative to the detector at 90° which fixes
the plane of observation. The last integration can be done analytically since only
trigonometric functions are involved via the angular distribution functions Y;;(k. R).
The first two integrations are calculated numerically with a simple three-point Simpson
integration method and 97 points in total along one Rutherford trajectory which is fast
and accurate enough for the M Mo transition energies. Both integrations over the
trajectories and the impact parameters can be cut off at relatively small distances where
the transition energies are already smaller than the M Mo transition energies of interest.
In our case this is the region between 6 and 85 keV.

~ y-Detector at
0°lab angle

Figure 1. Schematic view of the collision of the projectile nucleus Z;, and the target nucleus
Z.. The angular characteristic for a dipole transition proportional to 1+cos® « is shown.

In the actual calculations the following approximations have been made.

(i) We restrict ourselves to dipole transitions between the levels. This implies that
the angular distribution function (Jackson 1975) Y;;(k. R) from equation (1) is either
sin® @ or (1 +cos” a), where « is the angle between the direction of the photon k and the
internuclear distance R (see figure 1). The first of the two functions has to be used for
transitions with A} =0, the second for transitions with AQ = +1+.

(ii) The wavefunctions are sufficient to give accurate binding energies but not good
enough to give accurate transition-dipole probabilities. Therefore P;; was taken to be
proportional to the cube of the transition energy between the states |i) and |j), which is
the leading term of the dipole matrix element for the x-ray energies under discussion.
The remaining matrix element is set to unity for all transitions because only relative
values of the transition probabilities are relevant.

+ Concerning the notation of the MO levels we write the () quantum number of the component of the angular
momentum along the symmetry axis as index of the level member. We therefore write e.g. 7; 2 for the 7th
level with Q =% (see also figure 2).
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(iii) The collision broadening was taken into account by establishing a constant-
energy window width of 0-5 keV for the photon energies E,. A much more realistic
procedure is the lineshape description as given by Anholt (1976). Actual comparison of
both methods shows only very small differences in the result. So our method was chosen
as a good approximation to simplify the integration. This approximation becomes
questionable near the united-atom limit where transitions into only one level contribute
at a given x-ray energy (K Mo case). In contrast to this we have many contributions from
various levels at many internuclear distances. Therefore the united-atom limit does not
play the same important role as in the K Mo case.

(iv) The transition energies were extracted from an adiabatic relativistic SCF
correlation diagram given by Fricke et al (1976). The relevant part is shown in figure 2.
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Figure 2. Part of the correlation diagram for the system I > Au. The levels of interest are
numbered within the same component of the total angular momentum ) which also is
included in parentheses. —, Q= %; ——— = %; 0= %

(v) The relative nuclear motion is described by Coulomb trajectories in the field of
the effective nuclear charges Z ¥ and Z%. An exact trajectory calculated from the
internuclear potential of the sCF calculation is in principle possible (Morovié et al 1978)
but is unrealistic in this work due to the long computer time involved.

{(vi) The vacancy distribution in the M and N shells of the quasi-atom is very
important in the interpretation of M Mo x-rays. Since there are no ab initio calculations
for the hole distribution of such a complicated system these quantities can only be
approximated with the help of Landau-Zener calculations (LLandau 1932, Zener 1932).
We have performed such calculations for the radial couplings between the 9,5, and
8(1/2ylevels at 0-1 au and for the most important coupling of the 8,2, level with the 74 5,
and 6, ,,) levels at about 0-02 au. The results for this last crossing may include some
errors, because we are dealing with three crossings not well separated. We calculate the
transition probability for every energy and impact parameter b. After the integration
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over b we get an averaged probability of less than 1% for the transfer of the holes in the
6(1,2) plus 7(1,2) levels from the 8;,2) level. For the hole distribution among the 6,2,
and 71,2 levels we use a 1:1 ratio which finally leads to a 1:1:250 relation for the
vacancy distribution within the 61,2, 7(1,2) and 81,2) levels, respectively.

In addition to the calculations discussed in (vi) the following remarks may further
clarify the situation. Both the M- and N-shell holes will be fed from outer-shell
vacancies into the inner Q =7 levels by radial coupling. Even if we assume an initial
homogeneous hole distribution in the () = % and (1= % levels a large number of holes will
be created in the Q=3 levels by an electron promotion mechanism along the incoming
part of the trajectory. The = 3 levels behave much more smoothly and have almost no
crossings with each other so that no electron transfer to very high levels may occur via
radial coupling. Taking this into consideration, we can therefore assume, as general
behaviour, a relatively higher electron population of the ) = 2levels compared with the
Q =3 level population at small internuclear distances, which shows that the transitions
from populated Q =3 levels into the inner Q=3 levels are predominant.

Along the incoming part of the trajectory the number of holes in the levels
originating from the I L shell is much smaller than in the levels from the Au M shell.

This can be explained, firstly because the Coulomb ionisation cross section is strongly
dependent on the binding energy and secondly because various levels from the Au M
shell are diabatically connected with higher shells of the united system. Because of the
very narrow crossing between the 81,,) and 9,2 levels at 0-1 au nearly all holes will be
transferred from the 9,5 into the 8,5 level in the region 0-02<R <0-1 au. For
impact parameters, where the radial coupling at R =0-02 au is not reached, the holes
will not remain in the 8/, level, but they will be transferred back to the 9, level via
the same crossing at about 0-1 au. Experimentally the x-ray cross section of AuM
radiation is also about two orders of magnitude larger than I L radiation (Hagmann
1977). This indicates a higher hole population at the beginning of the process in the
levels originating from the Au M shell, if we also assume that asymptotically only a few
holes will remain in the 8(;,,) level. For impact parameters, where a radial coupling to
the 71,2y and 61,2 levels from the 81,2 levels is possible we get an averaged hole
distribution of 1:1:250 (see (vi)). So the 7(1,2) and 63,5 levels will contribute to the
spectrum only for these small impact parameters. There will be no, or very little,
contribution from transitions into the 2,5 level, because they will only be fed with
holes by rotational coupling for even smaller impact parameters. This means that the
number of holes for the 2/, level averaged over all impact parameters which
contribute to the spectrum will be even smaller than those of the 61,2y and 71,2, levels.

These arguments definitely show that most of the transitions will occur from the high
Q =3 levels into the 6th, 7th and 8th Q = ; levels. These transitions have AQ = + 1. Of
course, the transitions between the higher and lower Q=% levels cannot be totally
neglected, but their contributions are isotropic in the extreme relativistic limit, which
we deal with here. Thus, they do not directly contribute to the anisotropy.

4. Results and discussion

The resulting spectrum of such a calculation for 17-7 MeV I on Au is shown in figure 3
together with the experimental spectrum of Kraft et al (1974). Only the fall-off
behaviour on the high-energy side does not compare very well with the experiment. The
reason for this behaviour is easy to understand. For computational reasons we have
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used a constant hole distribution in the levels 6,2y and 71, for all impact parameters.
But in reality the number of holes in these levels will be negligible for impact
parameters b = 0-02 au. This unrealistic assumption reproduces exactly the main part
of the spectrum above 8 keV in the theoretical spectrum. The spectral anisotropies for
iodine impact energies Eo = 6-3-25-1 MeV determined from the calculated spectra are
shown in figure 4 together with the experimental values (Folkmann et al 1976). In the
experiment measurements were made at 15° and 90°. We therefore compare the
calculated anisotropies at the same angles. The following properties can be seen.

(i) The computed anisotropies show a peak structure around E, =7 keV except for
the diagram with E,=6-3 MeV, where a distinct minimum occurs.

(i) The anisotropy peaks have maximal values between E,=11-2MeV and
17-6 MeV similar to the behaviour in the experiment. They also decrease slowly with
increasing impact energy.

(iii) For impact energies above 11 MeV the positions of the anisotropy peaks are
located consistently at about 7 keV, which within the range of experimental errors is in
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Figure 3. Calculated M MO spectrum for 17-6 MeV  Figure 4. Spectral M MO anisotropies for different
1> Au. Only transitions into the 6(y/2), 71,2y and  impact energies Eo: (a) E;=25-1MeV; (b) Eq=
8(1/2 levels are included. The experimental points  17-6 MeV; (¢) E;=11-2MeV; (d) E;=6-3 MeV.
are taken from Folkmann er al (1976). ,  The experimental points are taken from Folkmann
theoretical, - — —, experimental. et al (1976).
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accordance with the experiment (see figures 2 and 4 of Folkmann et al 1976). For
E,=6-3 MeV they interpret the structure above 7 keV as a peak. These data may also
be interpreted as a large plateau as found in the calculated anisotropy spectrum.

Because the anisotropy spectrum is a complicated superposition of many tran-
sitions, each with a different energy dependence, it is nearly impossible to provide a
physical understanding of this structure. Nevertheless, we attempt to give an inter-
pretation of the main features.

The large change in the anisotropy spectrum between Eo=6-3 and 11-4 MeV
results from decreasing transition energies into the 8, level at internuclear distances
above 0-015 au. For this small impact energy the distance of closest approach (about
0:-02 au at E; =11 Mev and 0-03 au at E, =6 MeV) is too far from the 8,2, minimum
at about 0-01 au. Only head-on collision trajectories which lead to negative anisotropy
contributions reach the transition energy range under consideration. The anisotropy is
therefore shifted to much smaller photon energies and the maximum decreases.

At about 11 MeV the 8;,,) minimum is nearly reached in head-on collisions. The
negative contributions to the anisotropy give the fall-off on the high-energy side of the
spectrum above 7 keV. The large anisotropy contribution around 7 keV arises from
transitions into the 8,2, minimum for non-zero impact parameters. This leads to
higher intensities and a large anisotropy. Up to now we do not have any explanation for
the relatively large discrepancy between experiment and our theory at about 8 keV
although the trend is reproduced. Observe that the experimental error bars are also
quite large. For even larger impact energies the anisotropy slowly decreases because
for even larger impact parameters the 8(;,,, minimum is passed. A wide range of
constant transition energies is obtained which lead to an isotropic radiation with high
intensity along the single trajectory. These isotropic contributions become relevant for
E,>20 MeV and decrease the anisotropy with increasing impact energy as long as the
collision system behaves adiabatically.

This discussion shows that our results and interpretation very nearly coincide with
the speculation which Folkmann et al (1976) made at the end of their paper. With the
present calculations it becomes clear that they mainly observed the behaviour of the
81,2 level. The main difference occurs for the 6-3 MeV spectrum. According to our
interpretation the anisotropy peak is shifted to smaller photon energies. We interpret
the experimental plateau above 7 keV as arising from the behaviour of the minimum of
the 71,2 level at R =0-05 au, because for this impact energy the contributions from the
8(1/2) level do not occur at these photon energies. The distance of closest approach is
too large to reach the 81,7 level minimum, so the lower levels dominate in the
high-energy region.

5. Conclusion

The anisotropic emission of M MO x-ray radiation in slow I-Au collisions has been
treated theoretically by the kinematic-dipole model of anisotropy for spontaneous
transitions. Because of the complexity of the problem, a large number of approxima-
tions had to be introduced. The only additional information used relates to the details
of the special correlation diagram involved and the relative hole distribution within the
quasimolecular levels. The gross structure of the anisotropy of M Mo radiation can be
explained. Thisis additional evidence that this model s able to explain the behaviour of
anisotropies of inner-shell MO radiation.
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