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Abstract

K-X-ray spectra of Zr, Nb, Mo and Pd targets bombarded with 250 MeV carbon and 360 MeV oxygen ions are stud-
ied with high resolution diffraction spectrometry. Relative yields and natural widths of the Khotl,z hypersatellite lines are
determined and compared with those of the diagram lines. The widths of K"a, 5 lines are compared with the new phe-
nomenological formula which takes into account the retardation of the K", transition in the LS coupling scheme. The
data significantly exceed the expected values. Deduced lifetimes of the double K-hole states are shorter than expected.

PACS: 32.30.Rj; 32.70.—n; 32.70.Jz; 34.50.Fa
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1. Introduction

K-X-ray hypersatellite spectra originate from
transitions where the initial state has two vacancies
in the K-shell. They were discovered in the begin-
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ning of the seventies [1]. Ever since, they remain in
the focus of very special interest to both basic [2]
and applied atomic physics [3]. Firstly, the hyper-
satellite K-X-ray spectra are particularly suitable
to study the Breit interaction, one of the most elu-
sive and least studied of all atomic interactions [4].
Furthermore, the strengths of the K", and Ko,
hypersatellite transitions are determined by the
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coupling scheme dominating in the atom (see Fig.
1). The de-excitation of the K2 hole state via the
spin flip K"o; transition is forbidden in the pure
LS coupling scheme ('Sy — *P;) and fully allowed
in the jj coupling. As a result, the intensity ratio
R = I(K"o))/I(K"a,) differs considerably from that
of the corresponding diagram lines which is almost
constant and equals two. This ratio is thus a sensi-
tive quantitative measure of the coupling which
changes with the atomic number from the LS cou-
pling limit at low Z to the jj coupling limit at high
Z. Another coupling-dependent quantity is the
natural width of the hypersatellite line, which gives
direct information on the lifetimes of the so-called
hollow atoms, which are characterized by the
shortest lifetimes of any bound atomic states [5].
Hollow atoms became a focus of interest lately
as model systems for atoms far from stability, use-
ful for studies of ultrafast dynamics in chemistry,
biology, and materials science [6]. They have also
been proposed as a way of achieving the popula-
tion inversion and the lasing for hard X-ray lasers
[3].

The present paper focuses on the natural widths
of the K-X-ray hypersatellite transitions of mid-Z
atoms induced in collisions with fast carbon and
oxygen ions. The measured widths are compared
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Fig. 1. Energy diagram showing the decay of (a) singly and (b)
double K-shell ionized states via Koy, diagram and K'o;,
hypersatellite X-ray transitions, respectively.

with the theoretical predictions based on the
MCDF calculations and phenomenological for-
mulas.

2. Experiment and data analysis

The experiments were performed at the variable
energy cyclotron of the Paul Scherrer Institute
(PSI), in Villigen, Switzerland. The highly charged
2C3* and '"*O7* jons delivered by a 10 GHz CA-
PRICE ECR source were accelerated to the energy
of 250 MeV and 360 MeV, respectively. Beam cur-
rents of 200-750 nA were used, depending on the
investigated elements.

The high-resolution measurements of the Ko
spectra were performed with an on-line transmis-
sion-type curved crystal spectrometer [7]. A
0.15 mm-wide rectangular slit, located on the
Rowland circle, 2 cm in front of the target, served
as the effective source of radiation. In this modified
DuMond geometry the line shapes of the observed
transitions are almost insensitive to the beam-in-
duced thermal deformations of the target. A sche-
matic drawing of the experimental set-up is given
in Fig. 2.

The targets consisted of 4 x40 mm? self-sup-
porting metallic foils with thicknesses of 31.7 mg/
cm? for Zr, 9.1 mg/em? for Nb, 26.4 mg/cm? for
Mo and 25.9 mg/cm? for Pd. They were mounted
on a special aluminium holder and tilted to 15°
with respect to the target-crystal direction. This
angle was chosen as a compromise between the
self-absorption of the X-rays in the target and
the target area seen by the crystal through the slit,
which had an opposite dependence on the tilt
angle.

A Imm thick SiOx(110) crystal (2d=
2.456671 A) was used for the diffraction of the
X-rays. The crystal plate was bent cylindrically
to a radius of 313 cm and the effective reflecting
area was about 5x 5cm? The Bragg angles were
measured by means of an optical laser interferom-
eter with a precision of about 0.01 arcsec. The dif-
fracted X-rays were detected with a 3in.
diameter x 1 mm-thickness Nal scintillator sur-
rounded by an anti-Compton ring. Good events
were selected by setting energy-windows in the
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Fig. 2. Schematic diagram of the DuMond slit geometry used
in the present experiment (not to scale): (1) beam, (2) target
chamber, (3) crystal, (4) collimator, (5) detector, (6) focal circle,
(7) monitor detector, (8) target and (9) tantalum slit. @
represents the Bragg angle.

ADC spectra. The energy windows were adjusted
automatically by the acquisition program as a
function of the Bragg angles. The heavy-ion beam
intensity was monitored by means of a 13 mm? Si-
PIN photodiode viewing the target through the
same slit as the crystal of the spectrometer. The
data were collected for each Bragg angle until a
preset number of Ko-X-rays was obtained in the
monitor detector so that each point of the high-
resolution spectra corresponded to the same num-
ber of collisions.

The energy calibration of the spectra was based
on the photoinduced Ko, diagram lines measured
for each target on both sides of reflection. The
photoionization was produced by irradiating the
targets with the bremsstrahlung from a Au anode
Coolidge X-ray tube equipped with a 1 mm
thick Be window and operated typically at
60 kV x 50 mA.

All spectra were collected in first order on the
right side of reflection by step scanning over the gi-
ven angular region. In order to survey the stability
of the experimental set-up, the spectra were

measured in several successive scans. For illustra-
tion, the measured Ko-X-ray spectrum of molyb-
denum induced by 20 MeV/amu carbon ions is
shown in Fig. 3.

The profile of an X-ray line resolved with a
crystal spectrometer can generally be represented
by the convolution of a Lorentzian and a Gauss-
ian, which results in the so-called Voigt profile.
The Lorentzian represents the natural line shape
of the X-ray transition, while the Gaussian profile
accounts for the instrumental response of the spec-
trometer and the additional broadening due to the
multiple ionization in the outer shells [8,9]. The ob-
served spectral lines were analysed by means of a
least-squares-fitting program employing Voigt
functions. The instrumental response could be ex-
tracted from the measurements of the Ko dia-
gram lines in the photoinduced X-ray spectra.
The determination of the additional broadening
due to the multiple ionization was a little more
complicated. Assuming that the degree of multiple
ionization is the same for diagram and hypersatel-
lite lines, the broadening could be obtained by
comparison of the widths of the Ko, diagram lines
in the photoinduced and heavy-ions induced X-ray
spectra. The fixed Gaussian widths employed in
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Fig. 3. Measured Ko-X-ray spectrum of molybdenum induced
by 20 MeV/amu carbon ions. L” indicates the transition with n
spectator vacancies in the L-shell.
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the fits of the hypersatellites correspond thus to the
instrumental response corrected for the unresolved
satellites contaminations (see Section 3). The cen-
troid energies, intensities and Lorentzian widths
of the hypersatellite lines were let free in the fitting
procedure. The measured hypersatellite yields were
corrected for the X-ray absorption in the target.

3. Effect of L- and M-shell ionization on the
K-X-ray spectra

The KoL satellites of the diagram KoL lines
as well as KMaL' satellites of the hypersatellite
KoL’ lines are well resolved in the spectrum
(Fig. 3). The K"aL° lines correspond to the de-
excitation of initial states with two K-shell holes
and a closed L-shell (i.e. He-like hole states [10]).
The M-shell satellites due to the additional M-shell
ionization cannot be resolved from the KoL’ nor
the K"oL? lines because the energy shifts are smal-
ler than the natural widths. No statement about
the M-shell closure can be therefore made.

The M-shell ionization produces a broadening
and an energy shift of the X-ray lines. These effects
increase with the square of the atomic number of
the projectile. They are at maximum when the pro-
jectile velocity matches that of the M-shell elec-
trons of the target atom. The average numbers of
the M-shell holes at the moment of the emission
of the diagram and hypersatellite X-ray lines were
assumed to be approximately the same. Actually,
MCDF calculations show that the average energy
shifts of diagram and hypersatellite lines due to
one additional M-shell hole are almost the same
(maximum difference is ~0.12eV) [10], whereas
two additional M-shell holes cause different aver-
age shifts of the Ko and K"o lines (maximum dif-
ference is ~1.3eV). Therefore, if the M-shell
ionization probability is low, one can find a correc-
tion for the broadening of the X-ray lines by the
determination of the Gaussian widths (corre-
sponding to the instrumental response and broad-
ening due to the multiple M-shell ionization) of the
diagram Ko lines in the heavy-ions induced X-ray
spectra. Only such corrected experimental values
can be compared with the theoretical results ob-
tained for transitions in which the M-shell

Table 1
Gaussian widths [eV] of the heavy-ion-induced Ko lines

Element 12C (250 MeV) 1°0 (360 MeV)
a0t 7.3 (0.4) 11.6 (0.4)
4Nb 8.8 (0.3) 13.7 (0.3)
»Mo 8.9 (0.2) 12.6 (0.3)
46Pd 10.8 (0.4) 16.8 (0.4)

ionization is not considered in the initial and final
vacancy configuration states. For this purpose,
independent studies of the M-shell ionization
probabilities for the investigated collisions with
carbon ions have been performed [11]. In these
studies, the following average numbers of specta-
tor M-shell holes at the moment of the K-X-ray
emission were obtained: 1.08(20), 1.04(26),
0.98(17), 0.86(11) for Zr, Nb, Mo and Pd, respec-
tively. The low M-shell ionization probabilities al-
lowed us thus to determine the broadening
corrections of the hypersatellite lines from the
Gaussian widths obtained from the fits of the dia-
gram lines. The Gaussian widths of the Ko, dia-
gram lines obtained in the X-ray spectra induced
by impact with 250 MeV carbon and 360 MeV
oxygen ions are presented in Table 1.

4. Results and discussion

The lifetime 7 of a single hole in an atomic level
is related to the natural width I" of that level by the
uncertainty principle:

I =n/r, (1)

where 7 is the reduced Planck constant. Assuming
that the de-excitation processes are independent,
the total level width (natural width) is given by

F:Fr+Fn7 (2)

where I', and I', are radiative and non-radiative
widths, respectively. Knowing the natural widths
of the initial (I';) and final (I'y) atomic levels, one
can obtain the natural width of the corresponding
X-ray transition:

r—f)=r+rI. (3)

The natural widths of the Koy » (K™ — Ly!;,) dia-
gram lines (see Fig. 1) can be written as
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F(KO"LZ) =Tk + FLII,III’ (4)

where I'y and 'L, are the natural widths of the
1s™" and 2p~! atomic states. The natural widths
of the K~! atomic states increases from 0.03 eV
(tk =2.2x107"5s) for 5Li [12] to 95.7eV (1 =
6.9 x 107 '® 5) for ¢,U [13]. The experimental natu-
ral widths of Ko , lines are known with high accu-
racy up to high Z atoms (with errors of few eV)
[13]. On the contrary, data for hypersatellite
widths are rather scarce and not consistent. Due
to the double vacancy state in the K-shell, the nat-
ural linewidths of hypersatellites are expected to be
bigger than the ones of the corresponding diagram
lines. Assuming that all decay channels are allowed
(jj coupling), the width of the initial state K2 can
be estimated by

Fi:FKszrK (5)
and the width of the final state K 'L~! by
I'i=TxL~=Tx+TIL. (6)

The natural width of a hypersatellite line can thus
be written as [14]:

F(Khotliz) R 3k + Ty (7)

The jj coupling assumed above dominates only for
high-Z atoms. In the case of mid-Z atoms, theoret-
ical calculations of linewidths have to take into ac-
count the intermediate coupling, in which the K"o
is only partly allowed. This effect should enlarge
the lifetime of the K2 hole state and correspond-
ingly decrease the natural width of the hypersatel-
lite line. Taking into account the intermediate
coupling and assuming that the fluorescence yields
wgg are the same in the LS and jj coupling
schemes, the width of the K~2 hole state can be
rewritten as

4
I'kg = (2_3KLS)FKa (8)

where g is a parameter varying from 0 to 1, cor-

responding to the “strength” of the LS coupling

with respect to the jj coupling. The parameter

K1 s can be determined from the measured intensity

ratio R = K"a;/K"0,, using the following relation:
R

KLS:1*§- (9)

For the intermediate coupling, the natural widths
of the hypersatellites can thus be written as

4
F(Khdl,z) = <3 - 3KLS> I + T'ryy,- (10)

In Fig. 4 the experimental natural widths I'; and
I', of the K", and K"o, lines are compared with
values calculated with the phenomenological laws
corresponding to the jj coupling (Eq. (7)) (solid
line) and intermediate coupling (Eq. (10)) (dashed
line), respectively. The single vacancy level widths
were taken from [15]. Results of MCDF calcula-
tions concerning 3pZn and ;¢Kr [16] are also pre-
sented in Fig. 4. As shown, the experimental data
significantly exceed the phenomenological values
for intermediate coupling. The lifetimes of the
double K-hole states 1k shown in Fig. 5 were de-
duced from the natural widths I'kx. The latter
were obtained directly from the averaged differ-
ences between the fitted Lorentzian widths of the
Ko, » hypersatellite and diagram lines measured
in the heavy-ions induced X-ray spectra. The
experimental lifetimes are close to those predicted
by the phenomenological law for jj coupling (solid

30
jj coupling
254 ... intermediate coupling
X MCDF theory
— 209 & 0360Mev
% 15 A C 250 MeV
2 & expt. Diamant
= 10
5 4
0
(@ 20 25 30 35 40 45 50
30
] — ii coupling
259 intermediate coupling
20 1 X MCDF theory
S. = 0360 MeV
o, 15 A C 250 MeV
s 4 expt. Diamant

10 A

) 20 25 30 35 40 45 50

Fig. 4. I’y (a) and I'; (b) natural widths of the K", and K",
lines compared with the results given by the phenomenological
formulas based on the jj coupling (solid line) and intermediate
coupling (dashed line), respectively. X represents results of
MCDF calculations performed for Zn and Kr [16], (®)
experimental data taken from [5].
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Fig. 5. Experimental double K shell vacancy lifetimes com-
pared with the values obtained from the phenomenological
formulas based on the jj coupling (solid line) and the interme-
diate coupling (dashed line). () represents experimental data
taken from [5].

line in Fig. 5) but significantly shorter than the val-
ues determined by means of the phenomenological
law based on the intermediate coupling (dashed
line), although the latter should be the most appro-
priate coupling scheme for the investigated mid-Z
atoms.

There is no obvious mechanism which could be
responsible for this apparent “speeding up” of the
hypersatellite transitions. The possible changes in
the fluorescence yields have been considered by
Chen [16] and found to be relatively small. Any
major change in the coupling scheme due to the
additional M-shell hole also seems unlikely. Pre-
cise experimental data as well as detailed theoreti-

cal calculations are thus clearly needed,
particularly for light elements, i.e. for those ele-
ments which are governed by the LS coupling.
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