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Ka hypersatellites of Zr
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The Ka hypersatellites Ka& and Ka2 of zirconium were observed in a conventional x-ray spec-
trum analysis. The energy separation between the hypersatellites and their corresponding diagram
lines were measured, and the intensity ratio I(Ka&)/I(Ka2) was computed. The experimental
values are in good agreement with the results of the most advanced calculations, except for the ener-

gy of the Ka2 where the measured value is some 15 eV higher than the theoretical prediction.

INTRODUCTION

The Ko. hypersatellites arise as a result of Is~2p tran-
sitions in an atom with two holes in the Is state: The kn&
results from ls ~1s '2pq&z and the Ka2 is the result of
a Is ~ Is '2p

& j2 transition.
These weak structures have been detected in the x-ray

emission spectra of some thirty elements, mostly low-Z
elements, ' with a few observations in the radioactive de-
cay of heavy elements.

The study of hypersatellites in elements with 30
&Z &60 is scarce, and for the most part, incomplete.
Such a study should include the energy separation of the
two Ka hypersatellites from their correspondin~ diagram
lines, as well as the intensity ratio I(Ka&)/l(Ka2)

The two most recent and probably most complete calcu-
lations are based on the multiconfiguration Dirac-Pock
(MCDF), ' and the Dirac-Hartree-Slater" (DHS) models.
When Coulomb and Breit energies are included in the
DHS model, the results of the two calculations are in very
good agreement for medium- and low-Z elements, but
differ significantly for elements with Z & 60, where uncer-
tainties in the experimental results are too large to decide
between the two theories. For low-Z elements, theoretical
and experimental values are in good agreement. '

EXPERIMENTAL

The experimental approach is essentially the one tradi-
tionally used in the study of x-ray emission spectra. The
multiple ionization was produced by a monoenergetic,
well-collimated beam of electrons that impinged on a
clean smooth surface of a water-cooled block of zirconi-
um. The electrons were accelerated by a 40-keV potential
provided by a power supply whose output at this load is
essentially ripple free. The emission spectrum was
analyzed by a flat quartz crystal (2d =2.7490 A) mounted
in a high-angle goniometer. A time selector circuit ac-
tivated a stepping motor changing the Bragg angle in in-
crements of b,(28)=10 deg and simultaneously opened
the next channel on a Canberra multichannel analyzer
where counts detected by a NaI scintillation detector are
stored. At each angular position counts were taken for a
5-min time interval.

The spectrometer was energy calibrated using the Xa&
characteristic line of Zr as the energy standard; the energy
of the hypersatellites was then determined using the Bragg
condition. The system was evacuated by a Vacsorb rough-
ing pump and a fast starting triode Vacion pump, result-
ing in a clean vacuum of the order of 10 Torr.

RESULTS
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FIG. 1. Hypersatellites, Kal and Ka2 of Zr plotted as a func-
tion of energy.

The results of this work are shown in Fig. 1 and in
Table I. Figure 1 is one of several spectra of the K hyper-
satellites of Zr that were recorded and analyzed. Data are
initially collected by stepping the spectrometer, thus fur-
nishing intensity as a function of angular positions. By
calibrating the spectrometer at the position of the Ea~ line
of Zr, the angular position of the Ka& and E'a2 were accu-
rately determined. The wavelengths of the hypersatellites
were then calculated from the Bragg condition and the
known value of quartz crystal lattice spacing. These in
turn were converted into energies, EA, = 12 398.135 eV A,
resulting in the values shown in Fig. I, and in Table I.
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TABLE I. The energies (in eV) and the relative intensities of the Ka hypersatellites of Zr and Mo.

I(Ka))
Energy separation (eV) hI(Ka2)

Element Designation Measured
Theory'

MCDF DHS Measured
Theory

MCDF DHS

Mo

E (Ka", ) —E(Ka, )

E(Ka")—E(Ka )

E(Ka", ) —E(Ka, )

E(Ka",) —E(Ka, )

434.40+9
454.50+9
466.9 +8
473.9 +8

437
434
467
458

438.9
439.1

465
463

1.07+0.2

1 ~ 10+0.2

1.02

1.13

1.04

1.15

'Theoretical values, except for DHS values for Zr were taken from Figs. 2 and 3.
Experimental values for Mo are from Ref. 8.
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The reported uncertainties are due to the limit of accu-
racy with which the position of the Ka& diagram line as
well as the positions of the hypersatellites can be deter-
mined. The energy separation is simply the difference in
the measured energies of the hypersatellites and the
known energies of the corresponding diagram lines. ' The
results of this experiment and those reported in Ref. 8 are
in excellent agreement with theoretical results in the case
of E(Ka", ) E( Ka~)—, Fig. 2, where the two theories differ
by 1 —2 eV only. The results of Ref. 9 are also in good
agreement with theory. In the case of indium, the energy
separation was reported with an uncertainty of + 1.3 eV
for both Ka) and Ka2, hence the lack of error bars.

In the case of E (Kaz) —E (Ka2), the experimental
values for both Zr and Mo are some 15 eV higher than

theoretical predictions. This is significant because an ex-
periment which provides presumably accurate results in
the case of E (Ka", ) —E (Ka ~ ) is not expected to give such
inaccurate values for E(Ka2) —E(Ka2). Furthermore it
should be noted that the theoretical values of
E (Ka~ ) —E(Ka ~ ) are larger than E (Kaq) —E (Kaz) for
all elements except for those with 40&Z &45 where the
two values are about equal, " and the results of DHS are
some 3 —5 eV higher than those of MCDF in this region
of atomic number. More accurate data is needed in this
range of atomic number, not only to resolve the difference
between the two theories, but to provide an incentive for
additional theoretical refinements.

The intensity ratio of the diagram lines Ea2/Ea~ has
been thoroughly studied over the entire range of atomic
numbers, and theories and experiments are in excellent
agreement. ' ' But in the production of hypersatellites,
the 1s state is initially devoid of electrons, and the physi-
cal conditions that govern transition rates are different
from those governing the emission of diagram lines. For
low-Z elements, if one assumes pure IS coupling, there
would be only one a11owed electric dipole transition,
1S~1P, which gives rise to Ka2. The fact that Ka& is
not zero indicates that some mixing takes place.

On the other hand, for high-Z elements, where the 2p
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FICx. 2. Energy separation E (Ka2) —E (Ka& ) above, and

E(Ka~&)—E(Ka&) below are plotted as functions of atomic num-

bers. Values for Zr are from this work, Mo from Ref. 8 and the
rest from Ref. 9. Solid curve from Ref. 10 and dashed curve

from Ref. 11.

FIG. 3. Relative intensity of the Ka hypersatellites plotted as
a function of atomic numbers. The value of Zr is from this
work, Mo from Ref. 8, and In from Ref. 9. Solid curve from
Ref. 10 and dashed curve from Ref. 11.
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spin-orbit interaction is strong, one approaches the jj-
coupling limit' where the ratio I(Ka~)!I(Ka2)~2 is in
agreement with the results of MCDF computations, and
at variance with the results of DHS which predicts a value
of about 1.6 for this ratio in that region.

For elements with medium atomic number, the results
of the two theories and the available experimental values
are shown in Fig. 3. A11 three experimental points are re-
ported with some 20% uncertainty. Large uncertainties

are intrinsic in the intensity measurements of weak lines
superimposed on intense background.
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