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The decay possibilities of atoms with two K-shell vacancies have been studied by bombarding a
thin (465 pg/cm?) Al target with electrons of E,=20 keV. In addition to the more common proba-
bility involving a sequential decay [which leads to a K ~2— K ~'L ~! transition with the emission of
a Ka hypersatellite x ray, called the one-electron—one-photon transition (OEOP)], we have also in-
vestigated the weakly correlated two-electron—one-photon transition (TEOP) by spectroscopy of the
emitted x rays using a high-resolution crystal spectrometer. The two transitions were recorded with
different crystals always relative to the intensity of the Ka line, which originates from a single-K-
shell vacancy. The branching ratio Rg=I1gop/Iopop Was found to be Rp=(2.2+0.8)x 1073,
which is in good agreement with theoretical predictions, that include the electron correlation ap-
proximately and is close to previous heavy-ion induced investigations.

I. INTRODUCTION

The experimental detection of two-electron—one-
photon transitions (2e ~—1y) was first reported in
heavy-ion collision experiments by Wolfli et al.! Since
then these transitions have been detected in a variety of
experiments in which the double inner-shell vacancies
were produced by heavy-ion collisions,>~® electron-
capture decay,’ as well as proton-? and electron-induced’
excitations. These experimental observations generated a
great deal of interest since multielectron transitions can-
not readily be described in a strict independent-particle
model and it is thus expected that multiple electron tran-
sitions give valuable information on the electron-electron
correlation. In fact, the study of multielectron transi-
tions demonstrates the contribution of the configuration
mixing and the interelectronic-electrostatic interactions,
which couple the motions of the electrons, and it exhibits
that the independent-particle model does not describe
satisfactorily the complex atom. Several models were
proposed to explain the decay mechanism.'°~!" They are
primarily based on the configuration mixing of the elec-
tronic states of electrons and the change in the average
potential of electrons in the independent-particle model
and rely on various interelectron interaction pertur-
bations. The result on the 2e ™ — 1y transition rate
varied in these calculations depending on the form of the
interaction matrix used. The most recent model was pro-
posed by Scott and Woollett!” using the velocity as well
as length forms of the interaction matrix elements. With
appropriate valid approximations, both forms of the in-
teraction matrix give similar results. The transition rates
of two-electron—one-photon transitions are about four
times less than the previous results of Aberg et al.'®

It is the branching ratio Rp=1Iygop/Iopop Of two-
electron—one photon transitions (TEOP) that is experi-
mentally accessible and which can directly be compared
to theoretical predictions regardless of the mechanisms
by which the two K-shell vacancies are created. It re-
quires the detection of the 2e ™ — 1y transition rate
I(Kaa) and the K a hypersatellite transition rate I (K a%)
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and its measurement thus reflects the correlation strength
between inner-shell electrons. Only a few data are
known, however, about the excitation and decay of
double-K-vacancy states. The reason for this arises from
the difficulty to identify the very weak transitions of a
double-K-vacancy state. In addition, for an unambiguous
determination of these transition rates a crystal spec-
trometer is necessary for the photon detection in order to
separate the many possible satellite lines—especially in
heavy-ion investigations—from the hypersatellite and
2e ~— 1y transitions. Despite these shortcomings, it is
manifested that the few available experimental data agree
with the different theoretical approaches, at least qualita-
tively.2— 710141617

The most recent experiments on two-electron-one-
photon transitions, however, were performed by Salem
et al.>'® for several first transition series elements.
While the double-K-shell vacancies were produced by
electron bombardment, the emitted photons could be
detected using a crystal spectrometer. The branching ra-
tios deduced from these investigations were reported to
be some 3 orders of magnitude higher than almost all pre-
vious experiments and theoretical calculations.

In view of this variance between electron-induced and
heavy-particle-induced investigations of double-K-shell
vacancy decay, the present experiment was performed to
clarify the situation. Since the branching ratio decreases
with increasing atomic number,'>!%!” aluminum (Z=13)
was chosen as a low-Z target. It also helped us in consti-
tuting a stable thin target in view of the long hours of ex-
posure needed.

In Sec. IT we will describe shortly some of the experi-
mental details, while more space is devoted to a detailed
description of the data evaluation which turned out to be
crucial for the deduction of the weak signals from the
noise (Sec. III). The results obtained are discussed in Sec.
Iv.

II. EXPERIMENTAL PROCEDURE

The experiment was performed at our superconducting
pilot accelerator facility.!” The details of the experimen-
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tal setup are described elsewhere.!~?? Essentially, an
electron gun was used as a source of an electron beam
which was focused on a thin (465 pg/cm?) Al target
placed 2 m from the electron gun. After traversing
through the thin target, the electrons were collected in a
Faraday cup. The electron beam energy amounted to
E,=20 keV, which is high enough to assure only sizable
contributions of additional multiple L vacancies?® with its
disturbing satellite lines, and on the other side not so high
such that the weak lines searched for are concealed by
the background.

The emitted characteristic radiation was studied per-
pendicular to the beam axis using a high-resolution flat
crystal spectrometer with either a thallium acid phthalate
crystal (TIAP; 2d=25.745 A)ora pentaerythritol crystal
(PET; 2d=8.726 A). The energy of the transition under
investigation dictated the crystal selection. While the
study of the 2e ~ — 1y transitions required the PET crys-
tal, the Ka! transitions were recorded with the TIAP
diffraction crystal. A flow proportional counter operat-
ing at a pressure of 10° Pa and using a mixture of argon
(90%) and methane (10%) detected the x-ray photons.

To reduce the effect of current fluctuations which
might generate high background intensity fluctuations,
the x-ray intensity was measured per unit charge (e.g., 50
uC per step) by integrating the incident electron flux us-
ing a Faraday cup. This was crucial for the present mea-
surements as we are dealing with exceedingly weak tran-

sitions, I(Koté’)/l(Ka):lO"4 and I(Kaa)/I(Ka)
~10~7. The intensities were measured by stepping the
counter along Bragg’s angle in increments of

AB=2x 1072 deg.

For the reduction of statistical fluctuations, the num-
ber of sweeps were increased while measuring the low-
intensity lines; for example, only four sweeps were needed
to obtain 2% accuracy in the determination of the inten-
sity of the Ka line. To obtain 5% accuracy in the inten-
sity of Kal, 226 sweeps were needed and 1817 sweeps to
reduce the statistical fluctuations and to achieve an accu-
racy to about 22-40 % in the intensity measurements of
2e ~ — ly transitions.

The electron beam was periodically checked for any
defocusing that might have occurred. If any significant
change was detected, the data were discarded. It took
about four weeks of continuous beam time to study the
K aa transition, while the study of Ka! required only six
days.

The experiment was performed in two steps. First we
determined the OEOP transition probability for double-
K-shell vacancies relative to a single-K-shell vacancy de-
cay by detecting the intensity of the hypersatellite rela-
tive to the K line following the procedure outlined pre-
viously.?! Accordingly, the intensity of the TEOP transi-
tion was detected again relative to the K a radiation.

III. ANALYSIS AND RESULTS

Figure 1 exhibits the total spectrum obtained by sum-
ming the above-mentioned 226 single spectra taken to
deduce the hypersatellite intensity between 1.60 and 1.64
keV relative to the Ka line at 1.4867 keV. A least-
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FIG. 1. The upper part shows the aluminum Ka (left-hand
side) and Ka” (right-hand side) background eliminated spectra
obtained by bombarding a thin (465 ug/cm?) Al target with
electrons of 20 keV energy using a flat TIAP crystal. The solid
line represents the result of a fitting procedure explained in text.
The decomposition of the spectra was achieved by separating
those contributions caused by satellites S from the hypersatellite
transitions HS. The lines B, C, E, F, and G, as indicated in the
middle part of the figure, denote the satellites characterized in
Table I, whose intensities were taken from the work of Ref. 24
scaled down (Refs. 23 and 25) to the impact energy of the
present investigation. In the lower part of the figure the Ka!
transition searched for is displayed shaded D together with two
satellites of the hypersatellite H,I and the K « transition A4.

squares-fitting procedure was adopted to determine the
peak position, intensity, and width of the Ka transition
(line A4) and its satellite (line B) using a combination of a
Gaussian and Breit-Wigner function. In order to untan-
gle the spectrum it became necessary to subtract the sa-
tellites (lines C, E, F,G) which could not be resolved in the
present experiment. For this purpose we assumed a
Gaussian shape for each of the lines centered at energies
reported by Keski-Rahkonen et al. (Ref. 24) for electron
impact energies of E;=3.25 keV. Since the intensities of
these transitions decrease with electron energy,?>?* the
intensities of the satellites produced at E;=20 keV as in
the present work reduce to about 50% of the value at
3.25 keV. The result of the fitting procedure is shown in
the middle part of Fig. 1 on the right-hand side designat-
ed by S. The hypersatellite line D and its satellites H and
I were determined by applying the same fitting function
and the energies of Ref. 24. The shaded area of line D
represents the transition searched for. Energies?* and the
intensities of all lines are compiled in Tables I and II,
where D is the hypersatellite of interest.
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TABLE 1. Energies of the designated spectral lines of alumi- T T T T T
num given absolutely (Ref. 24) and relative to the Ka, line Al
(1486.27 eV). Line D denotes the hypersatellite line of interest. al Kaa Spectrum 1o
Energy AE igric:;::lol Ist order
Designated transition (eV) (eV) 3 19
- 12eV —~
A K 'Lt Ka, 1486.7 0.4 e 2} 1e @
B K-'L-'L-? Ka; 1497.3 11.0 s S
C K 'L*sLM-' KB 1607.4 121.1 o 417 &
D K2SK-'L! Ka! 1611.0 124.7 P -
E K 'L?»LM~' KB 16114 125.1 € °f 1% ¢
F K- 'L2>LM-' KB'W 1612.1 125.8 o 1 T 3
G K-'L-LM~' Kp™ 16183 1320 SO 1,8
H KA 'K 'L? Kali(L™" 1621.0 134.7 'E i o
I K L*LK-'L-3 KalL-? 16360  149.7 - Ll i . An de @
I AVSSAVAVAVAIAN
1k |1 T
I J KL M N o P Q
/A
(o} = _IQ 4 6
The observed two-electron—one-photon transitions are o, ; )
shown in Fig. 2—lines J through Q —together with the 1.48 149 3.0 3.1 3.2

K a line relative to which the spectra were collected. The
much higher resolution of the K a line originates from the
use of a PET crystal during these runs which enabled the
detection of the weak Kaa transitions. The satellite (B)
observed with the TIAP crystal (Fig. 1) lies above the
data range of the K« line and is thus not present in Fig.
2. The separation of the spectrum was achieved by fitting
Gaussians to the lines L through Q. The energies and in-
tensities resulting from this least-squares-fitting pro-
cedure are listed in Tables III and IV. The transition of
interest (line L) is displayed again shaded.

The reported intensities were corrected for absorption
in the target, the crystal reflectivity and the detector
efficiency (Table V). Since fluorescence yields of multiple
ionized atoms are known only for a few elements?® the ra-
tios deduced for neon were applied for the satellites B
with ©~!'/©0~°=1.10 and C,E,F,G with 0™ 2/ °=1.22
and the hypersatellites D,H,I with wj°/0 °=1.14,
wp' /0 %=1.34, and o0p?/0 °=1.41, respectively.
Since no fluorescence yields are available for two-
electron—one-photon transitions, we adopted in a first ap-
proach a value which characterizes the transition from
the initial K 2 to the final L ~2 state via a K ~'L ~! state

Energy (keV)

FIG. 2. Aluminum Ka and the two-electron—one-photon
spectra are displayed in the upper part of the figure for the same
conditions described in Fig. 1 but with the use of a PET crystal
(note the different energy scales on the left- and right-hand side).
The solid line represents the result of a fitting procedure ex-
plained in the main text. The decomposition of the spectrum
led to a number of transitions, where only lines J and K could
not be identified while L through Q belong to 2e ~— 1y transi-
tions. The designations of the lines are listed in Table III. The
2e~— 1y transition for the decay of the K ~? state, which is
searched for, is indicated by the shaded area L.

yielding wh_,”,z(m'l/w‘o)(wgl/w—°)= 1.46.

The total error of the hypersatellite intensity (line D) as
quoted in Table II is caused by uncertainties in the fitting
procedure (2% -5%), fluorescence yields (7%), correc-
tions of absorption (10%), crystal reflectivity (8%), and
detector efficiency (2%), and also by a systematical uncer-
tainty originating from the subtraction of the satellite
lines C,E,F,G (10%). In case of the 2¢ ~— 1y transitions

TABLE II. Intensities of the designated spectral transitions I (X), (X =B,C, ..., I) of aluminum rel-
ative to the Ka, , line. Line D denotes the hypersatellite line of interest.

10°1(X) /(K a, )

Designated Present work Ref. 24
transition Ey=20 keV E;,=3.25 keV Ey,=12 keV

B Ka, 1032.00+62.0 1025.00

Cc KB'I 1.2340.4 2.46

D Kok 5.30+0.9 1.440.2°
E Kpyr 0.60+0.2 1.20

F KBV 0.21£0.07 0.42

G kg™ 0.96+0.31 1.92

H Kal(L-") 1.40+0.2 0.6%0.12

I Kal(L~?) 0.0240.007

*These values were deduced by subtracting the satellite intensities measured at 3.25 keV (for discussion

see the main text).
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TABLE III. Energy difference AE =E(Kaa)—2E(Ka,) in eV for the designated transitions in

aluminum. Line L is the one of interest.

AE (eV)

Designated Experiment Theory

transition Present work Ref. 6 Ref. 15 Ref. 13
J 56.1
K 84.8
L K *o>L? 103.4 102.0 93.0 78.0
M K 2L-'»L—3 125.5 118.0
N K-*L-*>L* 159.0 148.0 101.0
(0] KL3-L-3 189.9 180.0
P K-L-4-L-° 229.7 216.0
Q K-*L-5->L-°M-! 256.7 256.0

(line L) the first mentioned error amounts even to
20-30 % and the one for the fluorescence yield to 15%,
while the uncertainty in the absorption is about 2% and
all other ones are of the same order of magnitude. A to-
tal error of 35% is adopted which yields an overall uncer-
tainty of 38% for the branching ratio.

IV. RESULTS AND DISCUSSION

The results concerning the intensities of the hypersatel-
lites and two-electron—one-photon transitions are com-
bined in Tables II and IV. We will concentrate on the
two relevant transitions D and L only.

A. Intensity of hypersatellite lines

The observed Al Ka” transition contains only the Ka’
transition because the Ka/ transition is forbidden in the
strong L-S coupling scheme since the 1s7 21§,
—1s712p~13P, (Ka!) spin-flip transition is not allowed.
As indicated in Table II (line D), the observed intensity
I(Ka%)/I(Ka) is nearly four times higher than the value
previously reported.?* It is worthwhile to mention, how-
ever, that the former experiment was performed at a
lower electron impact energy (12 keV). The satellites that
occur at nearly the same energy (compare Fig. 1, lines C,
E, F, and G) were taken into account also, although their
intensity was considered to be equal to the one deter-
mined at a much lower electron impact energy (3.25

keV). Since this intensity decreases, however, with elec-
tron impact energy,”>?’ its contribution was overestimat-
ed and thus the value quoted is too low by the same
amount. This fact, however, does not account for the to-
tal difference to the present experiment and thus the ori-
gin of the discrepancy is not well evident.

The value of I (Ka")/I (K a) from a heavy-ion collision
experiment? exceeds our result by more than a factor of
30. This result is not presented in Table II. Since the ex-
citation of an atom depends on the nature of the projec-
tile and its energy, it is meaningless to compare the
I(Ka")/I(Ka) ratio in various experiments using
different excitation techniques. Especially in heavy-ion
collisions the probability of multiple inner-shell vacancies
is enhanced in comparison to electron ionization, which
would at least explain in part the large reported value in
Ref. 2 in comparison with the present value.

The intensity of Ka"(L ') relative to Ka"(L ~°) is
about 26% from the present work while Keski-Rahkonen
et al. (Ref. 24) report 42% for this ratio which is—
considering the fairly large uncertainties—still of the
same order.

B. Two-electron—one-photon transition

As has been mentioned earlier, the designation of the
observed transitions is solely based on the energy cri-
terion where the predicted energy values by Tanis et al.

TABLE IV. Intensities of the designated 2e ~— 1y spectral transitions of aluminum relative to the Ka,, and to the Ka? line.

Line L is of special interest.

10’ (Kaa)/I(Kal)

Experiment

Designated Present Theory

transition 10°I [Kaa(L ~")]/I(Ka, ;) work Ref. 2 Ref. 11 Ref. 16 Ref. 12 Ref. 13
J 1.36+0.48
K 0.72+0.25
L Kaa 1.14+0.40 2.2+0.8 1.04+0.19 0.8 1.0 1.5 14
M Kaa(L~") 1.07+0.37
N Kaa(L~?) 1.17£0.41
o Kaa(L™?) 1.09+0.38
P Kaa(L %) 2.02£0.71
Q Kaa(L~%) 0.95+0.33
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TABLE V. Corrections for x-ray absorption in the target
(Abs), efficiency of the proportional counter (€), and reflectivity
of the crystal (R) applied for the designated spectral transition
rates. Lines D and L are of special interest.

Designated

transition Abs € 10°R

A Ka,, 0.878 0.572 1.40°
2.45°

B Ka,, 0.881 0.575 1.40*
C Kp¥! 0.340 0.590 1.40°
D Ka! 0.342 0.590 1.40°
E KpYir 0.342 0.590 1.40°
F Kp¥ur 0.342 0.590 1.40°
G Kp¥H! 0.344 0.590 1.40°
H Kay(L™Y) 0.345 0.600 1.40*
1 Ka,(L™?) 0.351 0.600 1.40°
J 0.780 0.380 1.87°
K 0.784 0.373 1.87°
L Kaa 0.787 0.369 1.87°
M Kaa(L™Y) 0.790 0.364 1.87°
N Kaa(L ™) 0.795 0.356 1.87°
0 Kaa(L™?) 0.799 0.349 1.87°
P Kaa(L~*%) 0.804 0.340 1.87°
0 Kaa(L~%) 0.808 0.733 1.87°

*Thallium acid phthalate crystal.
®Pentaerythritol crystal.

(Ref. 15) are used as the guideline for the present assign-
ments of the transitions. While the previous experimen-
tal determination® falls within the limits of the uncertain-
ties of the present measurement of K aa, the theoretical
predictions are systematically about 10 keV lower (Table
III). Since there is no other observation of Kaa
(L™"n=1,...,5), our results cannot be compared. It
is worthwhile to mention here that such transitions have
not been observed for any element so far. It also shows
clearly that the use of a crystal spectrometer is essential
to separate the different lines which do carry even in
electron-excited double-K-shell vacancy ionizations a
considerable strength.

As mentioned previously, the intensity ratio
I(Kaa)/I(Ka"), as shown in column 3 of Table IV, de-
pends on the mode of excitation which gives rise to vari-
ous populations of the initial configuration states of the
excited atom. It is thus uninformative to compare the
present measurement with a heavy-ion induced experi-
ment.?

The branching ratio Rg=1I1gop/Iogop Which is ob-
tained from the two independent measurements of
I(Ka?)/I(Ka) and I(Kaa)/I(Ka) was found for Al to
be

Rp=I(Kaa)/I(Ka%)=(2.2+0.8)x 1073 .

This value differs within the error limits from our previ-
ously reported number?’ where the satellite intensities
(compare Fig. 1) were not taken into account. It is also
somewhat larger than the value reported by Stoller et al.
(Ref. 2) and nearly one order of magnitude larger than
the observations made by Schuch et al. (Ref. 5) using

heavy-ion ionization. In general, however, it is possible
to compare the results of Ry obtained by heavy-ion in-
duced excitation with the present experiment, since the
Kaa and Ka" transitions originate from the same
initial-state configuration. We have listed in Table IV the
Ry value obtained by Stoller et al. (Ref. 2) only, since
only those data can be compared that have been deduced
from high-resolution spectra in which the various Kaa
(L™" n=0,1,2,...) transitions can be separated (see
Fig. 2).

Finally, the present result is compared with various
theoretical predictions (Table IV). It becomes apparent
that our value is in accordance with the calculations by
Gavrila and Hansen (Ref. 12) and by Aberg et al. (Ref.
13) and somewhat larger than the results obtained by
Vinti (Ref. 11) and Khristenko (Ref. 16). This clearly
reflects the importance of the electron correlation which
has approximately been taken into account in the work
by Aberg et al. using the shakedown model to calculate
the average 1s ~2—2s ~!12p ! electric dipole transition
rate. The approach chosen by Gavrila and Hansen (Ref.
12) yields a similar result. It circumvents the inclusion of
correlation in the proper sense by applying a single parti-
cle model that takes the relaxation between the initial and
final state into account. The shortcomings of the calcula-
tion by Vinti and Khristenko have been pointed out pre-
viously.'? Finally, it is noted that the present observa-
tions do not confirm the results obtained by Scott and
Wollett (Ref. 17) which yield transition rates that are four
times less than the values of Aberg.

V. CONCLUSION

The intensities of aluminum hypersatellites are mea-
sured with accuracy in electron excitation method. The
intensity ratio I(Kaé')/I(Kal,z) is measured at 20 keV
electron impact energy and found to be some four times
higher than the previous result using a similar technique
at a different impact energy (12 keV). This discrepancy
can be explained only partially.

Two-electron—one-photon transitions in various L-
shell configurations were detected for aluminum. The en-
ergies of 2e ~ — 1y transitions as observed in the present
work agree with the results of previous experiments and
theoretical calculations.

The branching ratio Ry is also close to the previous ex-
periments using Al and in agreement with theoretical
predictions. It confirms the expected influence of the
electron-electron correlation and contradicts the results
of Salem et al. (Ref. 9) obtained for several transition ele-
ments. Due to the improved technique used in the
present experiment, a value for the branching ratio is ob-
tained which could be used to refine the theoretical mod-
els for the decay scheme of the multiionized atom.
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FIG. 1. The upper part shows the aluminum Ka (left-hand
side) and Ka" (right-hand side) background eliminated spectra
obtained by bombarding a thin (465 pg/cm?) Al target with
electrons of 20 keV energy using a flat TIAP crystal. The solid
line represents the result of a fitting procedure explained in text.
The decomposition of the spectra was achieved by separating
those contributions caused by satellites S from the hypersatellite
transitions HS. The lines B, C, E, F, and G, as indicated in the
middle part of the figure, denote the satellites characterized in
Table I, whose intensities were taken from the work of Ref. 24
scaled down (Refs. 23 and 25) to the impact energy of the
present investigation. In the lower part of the figure the Ko
transition searched for is displayed shaded D together with two
satellites of the hypersatellite H,I and the Ka transition A.



