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Double K-shell ionization in the electron capture decay of s5Sr
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The probability per E capture for double K-shell ionization in the electron capture decay of "Sr
has been studied by recording coincidences between Rb K x rays and Rb Ko. x rays produced when

the two K-she jjl vacancies are filled. The probability for this decay was found to be
(6.0+0.S)&&10, which is a factor of 0.64+0.OS times the recent theoretical prediction by Suzuki
and Law. The energy shift of the hypersatellite Rb En x ray was found to be 38S+28 eV, in

agreement with the calculation of Chen, Craseman, and Mark.

I. INTRODUCTION

In electron capture (EC) decay, double K-shell ioniza-
tion occurs when one E electron is captured and the other
is ejected from the atom [shakeoff (SO)] or is excited to an
unoccupied bound state [shakeup (SU)]. The SO and SU
processes for the K shell occur with a total probability of
order 10 per E capture owing to the somewhat compen-
sating effects of the sudden reduction in nuclear charge
and the sudden disappearance of the electron-electron
Coulomb interaction. The filling of the empty E shell is
accompanied by the nearly simultaneous ( —10 ' s) emis-
sion of either two K x rays, two Auger electrons, or by one
E x ray and one Auger electron. Reviews of the
phenomenon have been presented by Freedman, ' Walen
and Briancon, and by Bambynek et al.

Theoretical calculations for the probability per E cap-
ture for double E-shell ionization, P~~, were first per-
formed by Primakoff and Porter in 1953. Further calcu-
lations were presented by several authors in the late
1960's and early 1970's. In the latest theory, Suzuki and
Law (SL) (Ref. 10) use Dirac-Fock-Slater wave functions
and self-consistent-field calculations in their description
of the initial and final electron states. A noteworthy re-
sult of their calculations is that the probability for shake-
up, Pzz, is much less than the probability for shakeoff,

so so
Pit-, rt-„, giving Pgit,- =PJt-g.

Experimental values for Pzz are generally deduced
from coincidence measurements between the E x rays
emitted when the double vacancy is filled. The first x ray,
a K hypersatellite (K; ls —+ ls '2p '), and the second
x ray, a K satellite (K, ls '2p '~2p ), are shifted to
higher energy with respect to normal E x rays because of
the additional electron vacancy. The E shift has been
recently calculated by Chen, Craseman, and Mark" and is
substantially greater than the E shift. Resolution of the
E x rays from the E and normal E x rays is possible
with modern detectors and allows trustworthy values of
P~& to be determined for decays which may be complicat-
ed by K x rays from EC in coincidence with E x rays from
internal conversion or low energy Compton photons.

Agreement between experiment and theory, even with
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FIG. 1. Decay scheme of "'Sr.

the latest techniques available to both, is not as good as
might be expected. The average Pzz value for the decay
branches in Zn was recently measured' to be a factor of
1.44+0. 13 times the SL theory, while Pit+ for ' Er and
' 'W were recently measured' to be factors of 0.48+0. 16
and 1.75+0.44, respectively, times the SL theory. When
referring to the SL theory, we use their local density ap-
proximation values denoted by P(LDA) in Ref. 10. Other
comparisons between theory and experiment show that no
one theory gives overall agreement. (See Tables I and III
of Ref. 10 and Fig. 4 of Ref. 13.) A smooth trend sug-
gests, however, that the theoretical values do not decrease
with increasing Z as fast as the experimental values do,
whereas the ' 'W result may indicate a problem for decay
energies near threshold.

The present experiment on Sr was undertaken to help
give a better data base for delineating the apparent
discrepancies between experiment and theory. As seen
from the decay scheme' of Sr shown in Fig. 1, the EC
proceeds almost completely through the 0.514-MeV level
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which has a half-life of 1.01 ps. This half-life eliminates
the double E-shell vacancies that could in principle be
formed by the EC followed by internal conversion of the
0.514-MeV transition if the nuclear level had an extremely
short half-life ( —10 ' s). Even assuming an electronic
half-life for the level at 0.868 MeV, the decay fraction to
this level of 1.4&& 10 and the K-shell internal conversion
coefficient, ax(0. 868), for the 0.868 MeV transition' of
0.8)& 10 give a probability for double It.-shell ionization
of near 10,which is at least a factor of 10 smaller than
could be expected for Pxx. Similarly, the number of Ka
x rays which could be produced by shakeoff accompany-
ing the internal conversion of the 0.514-MeV transition is
at least smaller than Pxx by the factor ax(0. 514) which
has been measured to be 0.0059.' With these fundamen-
tal difficulties for the experiment discounted, the 64.8 d
half-life and 13.37-keV Rb Ka x rays makes the long
counting times and x-ray detection rather straightforward.
Complications in determining the coincidence efficiency
caused by the 1.01 ps half-life will be discussed later.

II. EXPERIMENTAL PROCEDURES

A. Electronic circuitry and detectors

In this investigation Pxz was deduced from the coin-
cidences recorded between the Rb Ko, and K x rays
(Ka IC coincidences). The schematic diagram of detec-
tors and circuits used for these measurements is shown in
Fig. 2. %hile both Eo. and K x rays were detected in
both detectors, the Ea x rays were resolved only by the
Si(Li) detector; hence the K x rays in coincidence were
detected by the NaI(T1) x-ray detector. This arrangement

is very similar to that used in recent investigations' ' '
of shakeoff in both position and EC decays. The main
electronic circuitry difference between this and the earlier
investigations was associated with the recording of the
time-to-amplitude converter (TAC) spectra. For the ear-
lier investigations free or ungated TAC spectra were
recorded during the entire duration of each run with
periodic checks taken on the positions and widths of the
prompt and accidental single-channel analyzer (SCA) win-
dows. For this investigation the TAC spectra recorded
were alternated (about every two days) between a free or
ungated mode and a mode in which the TAC spectra were
gated by the prompt and accidental SCA's. Figure 3
shows the resultant TAC spectra for one run and will be
discussed in detail in Sec. III.

The Si(Li) x-ray detector was an Ortec 7000 series with
a 4 mm diameter, a 4.2 mm sensitive depth, an 0.008 mm
Be window, a 10 mm window to detector distance, and a
peak width (FWHM) of 160 eV at 5.9 keV. The NaI(T1)
detector had a 5.1 cm diameter, a thickness of 3 mm, and
a 0.13 mm Be window.

B. Sr source

The Sr activity used in this study was purchased from
New England Nuclear Corporation and no evidence for
complicating impurities was seen in a long run with a
well-shielded Ge detector system. Two separate sources
were used during the course of the experiment. Source A

was used for two runs and had activities of 0.133 and
0.065 pCi at the start of its runs, while source 8 had a
strength of 0.049 pCi at the start of its run. Each source
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FIG. 2. Schematic diagram of detectors and circuits. Pream-
plifiers, amplifiers, and delay circuits have been omitted for sim-
plicity.
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was prepared by evaporating drops of active solution onto
a 0.01 mm thick Mylar backing. After drying, the sources
were covered with Scotch Brand tape and placed between
the detectors in a close geometry.

III. DATA ANALYSES

PEK
N(Ka K )

X(K)
1 1 1

. (3)
co~(Ka/Kr) (aE)s Er

The (aE)s; factor in Eq. (3) was taken to be the same as
(aE)s; and was determined from singles runs. Neglecting
E x rays produced by internal conversion or shakeoff ef-
fects, the number of Eo, x rays observed in a singles run
with a Si(Li) detector, N(Ka, ), is given by

N (Ka)=&0(K/T)co+(Ka/Kr )(aE)si r (4)

where the number of decays Xo comes from the source
strength determinations made with a well-calibrated Ge
system. Experience with this system in earlier investiga-
tions where auxiliary coincidence runs could elminate the
need to know Xo independently has shown that the uncer-
tainty in Xo is about 3%. For the predominant EC to the
0.514-MeV level, the K/T ratio was taken to be 0.894 and
a value of 0.669 (Ref. 14) was used for co+.

The N(Ka K ) term of Eq. (3) was determined from
least-squares computer fits to the Kn-Ka region of both
prompt and true coincidence spectra recorded with the
Si(Li) detector. For a given run the true coincidence spec-

Since the EC decay can be taken to be 100% to the
0.514-MeV level as argued earlier, the total number of
Ka K coincidences recorded during a run, X(Ka K ),
is given by

Ã(KCPK ) =No(K/T)PxxciPE(aE)N r

)&coax(aE)s;(Ka/Kr) Er,
where No is the total number of decays during the run,
K/T is the K-shell-to-total capture ratio for the EC to the
0.514-MeV level, Pzz is the probability for double E-shell
ionization per E capture, co+ and co+ are the E-shell
fluorescence yields for the Rb K and Ka x rays, (aE)N, &

and (aE)s; are the products of absorption factors (a) and
total detection efficiencies (E) for the Rb K x rays in the
NaI(T1) detector and for the Ka x rays in the Si(Li)
detector, (Ka/Kz. ) is the Ka fraction of all K x rays,
and Er is the TAC coincidence efficiency. The very
slight variation in P~z and K/T for the 0.014% branch to
the 0.868-MeV level was neglected in this study. The total
number of Rb K x rays detected in the NaI(T1) x ray
detector during the same run, X(K), is given by

N (K) =No(K/T)co~(aE)Nzy, (2)

where co+ is the E-shell fluorescence yield for normal Rb
K x rays and (aE)N, I is the product of the absorption and
total efficiency factors for the normal E x rays in the
NaI(T1) detector. The very low intensity contribution to
the E x rays by internal conversion as well as by the E
and E x rays has been neglected in this expression. As-
suming co@

——cox. =vox and that (aE)N, &
——(aE)N, ~, the ratio

of Eq. (1) to Eq. (3) gives

trum was obtained by subtraction of the computer fitted
accidental spectrum from the actual prompt spectrum.
The Ka region of the accidental spectrum was first fit
with the sum of a modified Gaussian distribution of the
form used by Jorch and Campbell' and a constant contin-
uum. The Eo;-Ea region of the true coincidence spec-
trum was then fit with the sum of two modified Gaussian
distributions, one for the main Ea peak and the other for
the Ea peak, along with a constant continuum. The
same shape parameters determined for the modified
Gaussian Ea peak were used for the Ea peak. Values
for JV (Ka K ) determined from computer fits directly to
the prompt coincidence spectra before subtraction of the
accidental coincidences were essentially the same as from
the true spectra and showed how insensitive the P~~
determination was to experimental detail not represented
in Eq. (3).

For normal Rb x rays (Ka/Kz. ) =0.85.' Aber et al. '

have pointed out, however, that the ratio of Ka I to Ka2
decreases considerably at low Z. Normal Rb E x rays
have a value of 1.93 for this ratio, whereas Aberg et al.
have estimated (Kal/Ka2) to be 0.7. Assuming only the
Ka& transition to be suppressed yields (Ka/Kr ) =0.77.
For this study an intermediate value of
(Ka/Kz ) =0.81+0.04 was used in Eq. (3).

Figure 3 shows typical TAC spectra taken during the
course of this investigation. Curve (a) shows a free or
ungated spectrum highlighted by exponentials resulting
from the 1.01 ps half-life of the 0.514-MeV level. Start-
ing at the peak, the exponential decay to higher channels
is caused by very low intensity Compton photons from the
0.514-MeV gamma ray in the Si(Li) detector in delayed
coincidence with EC x rays seen by the NaI(T1) detector.
This situation is just reversed when going from the peak
to lower channels where the more intense exponential dis-
tribution in this case comes from the fact that the NaI(T1)
detector has relatively more Compton photons from the
0.514-MeV gamma ray than the Si(Li) detector. Although
these contributions lead to true coincidences, they do not
lead to hypersatellite coincidences as was argued earlier.
The "peak" seen in this upper curve includes the desired
Ea E coincidences but is primarily due to internal
bremsstrahlung accompanying E EC. The rniddle curve
(b) shows the TAC spectrum gated by the prompt and ac-
cidential SCA s set with windows of 0.6 ps. From this
curve it is not clear how broad the prompt peak is and
hence the bottom curve (c) was run in an auxiliary experi-
ment using a Se source. This source decays by EC to

As giving many possibilities for coincidences with Ea x
rays at 10.5 keV compared to the 13.4-keV Rb Eo, x rays.
The prompt peak seen in the bottom curve was obtained
simply by replacing the Sr source with Se. No gain or
window adjustments were needed since the x rays already
fell within the SCA windows set on the Si(Li) and NaI(T1)
spectra. When analyzing all of the coincidence runs, a
value of 0.97+0.03 was used for the TAC efficiency, Ez,
which is simply the fraction of the desired coincidences
falling within the prompt window on the TAC spectrum.

Since the K x rays in the NaI(T1) x-ray spectrum ride on
the low-intensity Compton continuum from the 0.514-
MeV gamma rays mentioned above, the NaI(Tl) spectrum
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149.5, respectively, where E is the decay scheme transition
energy and Bz is the K-shell binding energy of the
daughter atom. This result shows that even at energies
with (E B~)/Bx ~ 10, c—are should be exercised when es-

timating theoretical values from Z interpolations. Look-
ing at the values calculated from the SL theory, Pxtt(SL),

FIG. 5. (a) Values for P~& calculated from the theories indi-
cated. (b) Ratios of experimental values of P~~ to the theoreti-
cal values of SL. Isotopes for which experimental values are
shown are, in order of increasing Z, "Fe (Refs. 24 and 25), 'Zn
(Ref. 12), 'Ge (Ref. 20), 'Sr (the present result), ' 'Pd (Ref. 26),

Cd (Ref. 21), "'Cs (Refs. 27 and 28), ' Er (Refs. 13 and 27),
' 'W (Ref. 13), and Bi (Ref. 29}. All results are plotted at the
Z of the daughter atom. The smoothed curves are drawn only
to aid the eye.

plotted vs Z of the daughter atoms in Fig. 5(a), one sees a
rather smooth dependence. The difference in the calculat-
ed values for Zn discussed above are seen to be rather
unimportant with respect to the smooth curve when com-
pared to the differences seen for ' Cd, ' '%', and Bi.
The ' Cd decay has an (E —Bx.)/Bx ratio of 2.68 which
is seen to lower Pxx(SL) by approximately a factor of 5
from the smooth curve. Similarly, the ' 'W decay has an
(E Bx—)/Bz rato of 1.79 and a PIC+(SL) value" of
0.137)&10 [not shown in Fig. 5(a)] which is approxi-
mately a factor of 10 below the smooth curve. The Bi
case represents a forbidden decay and was discussed
separately by SL. Also shown in Fig. 5(a) are smooth
curves drawn through the theoretical values (including
SU) of Mukoyama, Isozumi, Kitahara, and Shimizu
(MIKS), Pxx. (MIKS), as well as the SO values calculated
by Intemann, Px.(I).

Figure 5(b) shows the ratio Pxx(expt)/Ps'(SL) plotted
vs Z for all of the recent experimental values. Neglecting
the ' 'W data point, the smooth trend seen in Fig. 5(b) for
the theoretical values of Petr to be too small at low Z and
too large at high Z seems to be real, although more experi-
mental values at low Z would be helpful contributions.
The comparison between experiment and theory for the
' 'W decay indicates another type of discrepancy for de-
cay energies near threshold. Further investigations aimed
at this aspect of shakeoff phenomena appear to be called
for. When the Pxx (expt)/Pxx. (MIKS) and Pxx (expt)/
Pxx(I) ratios are plotted vs Z, similar trends are seen al-
though these theories have been evaluated for only four of
the experiments shown in Fig. 5(b). While theoretical
values can be reasonably well interpolated for the Zn,

Sr, and ' Pd cases to yield trends, the ' 'W, ' Cd, and
Bi values represent important tests for these theories

which have not been calculated. With so many of the
Pxx(MIKS) and Pzx(I) values missing, definitive state-
ments cannot be made about the theoretical description of
the Pzz process. However, the Z dependence of Intemann
and the overall magnitude of MIKS do appear to be more
in agreement with the later experimental results than the
SL theory.
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