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Double ionization of the atomic K shell accompanying the K-shell internal conversion of the
0.145-MeV transition of '*'Pr has been studied by recording coincidences between Ka satellite x rays
and Ka hypersatellite x rays emitted when the double vacancies are filled. The probability per
K-shell internal conversion that a double vacancy is formed, Pggx(IC), was found to be
(3.440.3) X 10~3, which is a factor of (0.79+0.07) times the theoretical prediction for K-shell elec-
tron shakeoff in K-shell internal conversion of Mukoyama and Shimizu. The Ka,; to Ka, hyper-
satellite ratio was found to be (1.5040.13), a value which is about 6% less than the calculation of

Aberg et al.

I. INTRODUCTION

In K-shell internal conversion, double ionization of the
atomic K shell may occur when the unconverted K elec-
tron is either excited to an unoccupied bound state or
completely ejected from the atom. This excitation or ejec-
tion can be produced by several separate processes. One
process is a shakeup (SU) or shakeoff (SO) process similar
to that found in electron capture or beta decay and is
caused by the sudden disappearance of the electron-
electron Coulomb interaction. A second process is the
direct collision between the converted and unconverted K
electrons. Other processes which can give rise to a doubly
ionized K shell are higher-order electromagnetic transi-
tions, both nuclear and “electronic” in nature. In the nu-
clear higher-order transitions, the decay proceeds through
virtual intermediate levels with the internal conversion of
both transitions. In the electronic decay mode the nucleus
may transfer its energy to an orbital electron, which radi-
ates a photon as it is ejected from the atom. This effect is
commonly called the internal Compton effect. Double
ionization of the K shell is then produced when the inter-
nal Compton photon itself is internally converted.

All of the above processes leave the atom in the same
final state, characterized by a doubly ionized K shell. In
atoms with large fluorescence yields the most probable
mode of atomic deexcitation is the emission of two K
x rays. An experimental determination of the probability
per K internal conversion (IC) for double K-shell ioniza-
tion, Pgg(IC), can then be made by coincidence measure-
ments between the K x rays emitted when the double va-
cancy is filled. These x rays, a K hypersatellite x ray (KZ;
1s72515s~12p~1) and a secondary K satellite x ray (K*;
1s712p~152p~?) are shifted to higher energy with
respect to the normal K x rays, with the K* x ray shifted
only about 10% of the shift of the K¥ x ray.

Double K-shell ionization in internal conversion has
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been experimentally examined in ten isotopes, with ap-
proximately one-half of the measurements yielding only
an upper limit to Pgx (IC). Of these ten isotopes, five
have been studied by several groups. Table I shows the re-
sults of the measurements performed on these five iso-
topes, the majority of which have been performed since
1969. A summary of earlier work has been published by
Freedman.!? As seen in Table I, discrepancies exist in the
measured values of Pgg(IC) in four of the five isotopes.
Only in the case of '®Ag (Refs. 1 and 2) is there agree-
ment in the Pgg(IC) values. Three other isotopes have
also been studied by single groups during this time. Port-
er et al® obtained a Pyg(IC) value of (4—20)x 10~3 for
the 0.122-MeV transition in 'Fe by direct observation of
the satellite line in the electron spectrum, Briand et alt
obtained a value of ~10% 107> for the 0.145-MeV transi-

TABLE 1. Previously measured values of Pgg(IC) in five iso-
topes.

Isotope Px(IC) (X 10%) Method? Ref.
109Ag 15.3+2.4 A 1
) 13.0+1.1 A 2
41 1.71+0.3 B 3
12 A 4

Blxe 11+2 A 5
<4 A 6

137Ba 18+5° C 7
<20 D 8

7.1£3.5 A 9

<5 A 10

20371 4.0+1.5 A 11
25 A 4

a4 denotes x-ray—x-ray coincidence, B denotes e -e~ coin-
cidence, C denotes e~-e~—x-ray coincidence, D denotes direct
observation of satellite in the e~ spectrum.

YEnergy range 115—472 keV.
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FIG. 1. Decay scheme of #!Ce.

tion of *'Pr by the x-ray—x-ray coincidence method, and
Javahery ef al.!*> obtained a combined value of
(7.63+3.8)% 107> for all the transitions in '®Tm by
direct observation of the K al x ray with a curved-crystal
spectrometer.

In the present work double ionization of the K shell in
the 0.145-MeV transition of *!Pr has been reexamined by
the x-ray—x-ray coincidence method to help give a better
data base for comparing experiment and theory. Figure 1
shows the decay scheme of *!Ce to the 0.145-MeV level
of 'Pr. While K-shell electron SO and SU also occurs in
the beta decay of the *'Ce, the x rays produced in this
process would be normal K x rays, and not the hypersatel-
lite and satellite x rays produced in the filling of the dou-
ble K-shell vacancy.

II. EXPERIMENTAL PROCEDURES

A. Electronic circuitry and detectors

The value for Pgg(IC) in this study was deduced from
the coincidences recorded between the Pr Kaf and Ka®
x rays (Ka®Ka® coincidences). The schematic diagram of
detector and circuits used for these measurements is
shown in Fig. 2. This arrangement is very similar to that
used in recent investigations of K-shell electron SO and
SU in electron capture.'*~!® The main difference between
this and the earlier investigations is associated with the
detectors used for the studies. In this investigation two
intrinsic Ge low-energy photon spectrometers were used
to detect the Ka® and KaS x rays. The detectors used
were Ge(1), a Princeton Gamma-Tech model IG-510 with
a 25 mm diam, 10 mm sensitive depth, 0.152 mm Be win-
dow, 3 mm window to detector distance, and peak width
of 550 eV at 122 keV, and Ge(2); an Ortec model
GLP-16195/10 with a 16 mm diam, 13 mm sensitive
depth, 0.127 mm Be window, 5 mm window to detector
distance, and peak width of 179 eV at 5.9 keV. While
both Ka¥ and Ko’ x rays were detected in both detectors,
data analysis was performed on Pr Kaf x rays recorded
in detector Ge(2). Hence as far as data analysis was con-

cerned, Pr Ko x rays were detected in Ge(1).
J

N (Ka¥KaS)

where Ny is the total number of decays of '*!Ce during a
run, £(0.145)=0.69 (Ref. 17) is the fraction of *!Ce de-
cays which go to the 0.145-MeV level of !*'Pr,
a(0.145)=0.26 (Ref. 17) is the K-shell internal conver-
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FIG. 2. Schematic diagram of detectors and circuits. Pream-
plifiers, amplifiers, and delay circuits have been omitted for sim-
plicity.

B. #!Ce source

The *!Ce activity used in this study was purchased
from the New England Nuclear Corporation. During the
course of the investigation three separate runs, whose
durations were 252.8, 308.9, and 161.6 h, were made using
a single source. The activity at the beginning of each run
was 1.38, 1.04, and 0.74 uCi, respectively. The source was
prepared by evaporating drops of active solution onto a
0.07 mm thick Mylar backing. After drying, the source
was covered with Scotch brand tape and placed between
two 1.5 mm thick polyethylene absorbers. The source was
then placed between the two detectors in a close geometry.

A long run with a well-shielded Ge detector at the Mis-
souri University Research Reactor (MURR) facility
showed the only source impurity to be 137.2 d 1*°Ce, with
an activity of about 0.15 per cent of the '!Ce activity at
the beginning of the investigation. While this activity
produced La x rays in the prompt coincidence spectra
these x rays were easily resolved from the Pr Ka and
Ka® x rays in detector Ge(2).

III. DATA ANALYSIS

The total number of Kaf’Ka® coincidences recorded
during a run, N (Ka®Ka), is given by

=Nof(0.145)ag(0.145) Py (IC) 0k (K /K1 ) (aE)§ o wB (Ka /K1) (aE)E Er (1

I

sion probability for the 0.145-MeV transition, Pxg(IC) is
the probability per K-internal conversion for double
K-shell ionization, w§y and w¥ are the K-shell fluores-
cence yields for Pr, K and K#¥ x rays, respectively,
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(aE)Ee1) and (aE)&,,) are the products of absorption fac-
tors (a) and photopeak detection efficiencies (E) for Pr
Ka® and Ko x rays in the two intrinsic Ge detectors,
and E7r is the time-to-amplitude converter (TAC), coin-
cidence efficiency. The total number of Pr Ka x rays
detected in Ge(1) during a run, N (Ka), is given by

N(Ka)=Nof(0.145)ax(0.145)0x (Ka /K1) aE)e1) > (2)

where wg is the K-shell fluorescence yield for normal Pr
K x rays, (Ka/K7) is the Ka fraction of all Pr K x rays
and (aE)g.(1) is the product of the absorption factor and
total detection efficiency for normal Ka x rays in detector
Ge(l). The very small contributions from the Ka x rays
emitted in K-shell SO and SU in the beta decay of 4!Ce
and the Ko’ and Ka* x rays emitted in the internal con-
version of the 0.145-MeV transition have been neglected
in Eq. (2). Taking o} =0Z=wg, where wg=0.915,""
(Ka/Kr’=(Ka/Kr), (aE)ge1)=(aE)ge1), (aE)&)
=(aE)ge(2), and substituting Eq. (2) into Eq. (1) gives

N(Ka¥KaS)=N (Ka)Pxx(IC)wx(Ka/Kr)¥
X(aE)Ge(Z)ET . ’ (3)

(Ko /Ka)? T (Ka,)+1(Kay)

2045

Rearranging Eq. (3) then yields

N (KoK aS)

Py (IC)= :
KK N(Ka)og(Ka/Ky)(aE)geo)Er

4)

The (aE)ge2) term of Eq. (4) was determined by singles
spectra measurements of the Ka x ray count using the
known decay rates of the '*!Ce source. For each of the
Ka®KaS runs, a singles measurement was taken at both
the start and end of the run. The average of the two
values of (aE)gey) acquired in these single runs was then
used in ‘Eq. (4). These two values for any one run were
consistent to less than 2%. .

For normal Pr K x rays (Ka/K7) is 0.803.!7 Aber
et al.'® have pointed out, however, that the ratio of K ay
to Kol x rays decreases with respect to the Ka; to Ka,
x-ray ratio. For normal Pr K x rays this ratio is 1.82,!7
whereas it is about 1.6 (Ref. 18) for hypersatellite x rays.
Assuming that only the Kafl transition is suppressed,
(Ka/K7)H can be calculated on the basis of the observed
(Ko, /Kay) ratio to be

= .
(Ka/Kp)/= - : —, 5)
(Ka,/Kay)PI(Kay) +I(Kay)+I1(KB))+1(KB))
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FIG. 3. (a) Prompt coincidence spectrum from the Pr Ka, x ray to La K] x-ray region recorded in Ge(2). The solid curve gives
the overall computer fit to the data, whereas the dashed curves give the components of the fit, the Pr Ka,, Ka;, Kaﬁ’, and Kaf

x rays, the La K3 x ray, and the constant continuum. (b) Accidental coincidence spectrum for the same region.
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where the relative K x ray intensities, I(Ka,), (K1),
and I(KpB,) are taken to be 54.8, 29.9, and 7.9,!7 respec-
tively.

The N (Ka?Ka®) term of Eq. (4) was determined from
least-squares computer fits to the Ka,—Kail region of
the prompt coincidence spectra recorded in Ge(2). Each
prompt spectrum was fit in this region with the sum of
four modified Gaussian distributions, one each represent-
ing the Pr Ka,, Kay, Kaﬁ', and Kafl X rays, and a con-
stant continuum. The modified Gaussian distributions
used had the form suggested by Jorch and Campbell.! In
the fitting procedure the energies of the Ka! and Kai
X rays were constrained to values predlcted by Chen,
Crasemann, and Mark® with the Kaff x ray located at an
energy of 717 eV above the Ka, x ray and the K af x ray
located 726 eV above the Ka; x ray. The shapes of all
four of the modified Gaussian distributions were taken to
be the same.

N(Ka) was determined from the TAC true starts sca-
lar with a 2% background reduction due principally to
the external bremsstrahlung photons produced in the ab-
sorption of both the internal conversion electrons and the
0.436-MeV beta rays as well as Compton photons from
the 0.145-MeV gamma rays. E; was determined from
TAC spectra recorded simultaneously during the course
of each run and was equal to 0.9510.05 for all three runs.

IV. RESULTS

Figure 3(a) shows the region of the gamma-ray spec-
trum from the Pr Ka, x ray to the La K3] x ray recorded
in Ge(2) in prompt coincidence with the Pr Ka x rays
selected by Ge(l). The solid curve indicates the overall
computer fit to the region, whereas the dashed curves m-
dicate the components of the fit, the Pr Ka,, Ka;, KaZ,
and Ka1 X rays, the La K3} x ray, and the constant con-
tinuum. Figure 3(b) shows the accidental coincidence
spectrum for the same region. The La Kf3] x ray seen in
Fig. 3(a) is due to the 3°Ce contaminant discussed earlier.
The large continuum present in the prompt spectrum is
due to external bremsstrahlung photons from the absorp-
tion of both the internal conversion electrons and the
0.436-MeV beta rays in Ge(2) in coincidence with Pr Ka
x rays in Ge(l). The large number of true Pr Ka x rays
seen in this spectrum are primarily due to the reverse pro-
cess, external bremsstrahlung photons in Ge(1) in coin-
cidence with Pr Ka x rays in Ge(2). However, some of
these x rays would be Pr Ka’ x rays in coincidence with

H. J. NAGY AND G. SCHUPP 32

Pr Ka¥ x rays in Ge(1). Also, some Pr Ka x rays would
be due to the SO and SU effect in the beta decay of #'Ce
which are in coincidence with external bremsstrahlung
photons detected in Ge(1). These x rays would be normal
Pr x rays and not hypersatellite x rays. If, however,

'K-shell internal conversion of the 0.145-MeV transition

occurred before a K-shell vacancy produced by the above
beta decay processes to this level were filled, hypersatellite
x rays could be produced. Since the K-vacancy lifetime in
Pr is about 4X 1017 s (Ref. 20), the 1.85X 10~? s half-
life for the 0.145-MeV level noted in Fig. 1 makes any
contributions to the hypersatellite peaks due to this effect
completely negligible compared to the measured Pgg(IC)
value.

Table II shows the data necessary for evaluatlon of
Pygg(IC) for each run. N (Ka¥) and N(Ka¥) represent
the total number of K a2 and K a{{ x rays detected during
a run, respectlvely The uncertainties on the individual
(Ka;/Kay)® and (Ka /K7 ) ratios are based upon the un-
certainties associated with- the individual N(Kai) and
N (Ka¥) values. The uncertainties on the Pgg(IC) values
are based upon the uncertainties associated with
N(Ka¥Ka®), (Ka/K7)?, (aE)gy,), and Er. The three
Py (IC) values of Table II give an unweighted average of
(3.440.3)107%. The uncertainty on this average
Pgg(IC) value is the average value of the uncertainties of
the individual Pgg(IC) values and has not been statistical-
ly reduced because of systematic errors which may have
existed in computer fitting procedures and detection effi-
ciencies. This average value is approximately a factor of
3 less than an earlier measurement by Briand ez al.*

When the energies of the Pr K a{l and K af’ X rays were
also obtained from the computer fitting procedures, the
values for Pgg(IC) changed by as much as 10% While
the energy shifts found in this manner for the Kaf hyper-
satellite were in good agreement (+5%) with the predic-
tions of Chen, Crasemann, and Mark, an average 20% de-
viation found for the KaZ shift due to the presence of the
intense Pr Ka; peak led to the procedure used whereby
the energies of the hypersatellites were fixed at the
theoretical values to give the best value for Pxg(IC). This
procedure was justified by the good agreement found be-
tween experiment and theory for these energy shifts in
similar investigations.

The average value of (Ka,/Ka,)® found from the three
individual values is (1.50+0.13). The uncertainty on this
value is also the average value of the three individual un-

TABLE II. Data necessary to calculate (Ka /K1) from Eq. (5) and Pgg(IC) from Eq. (4).

Run I 11 1
Time (h) 252.8 308.9 161.6
N(Kak) 247+16 240+15 130+11
N(Kal) 375+19 404+20 169+13
N(Ka¥Ka®) 622425 644425 299+17
N(Ka) (X109 371 334 130
(aE)gea) (X10%) 7.9+0.5 8.7+0.5 8.84+0.5
(Ka/Kay)? 1.52+0.12 1.68+0.14 1.30+0.15
(Ka/Kr)H 0.79+0.01 0.80+0.01 0.7740.01
Px(IC) (X109 3.11+0.3 3.240.3 3.94+0.4
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TABLE III. Summary of experimental results and theoretical calculations for Pgx(IC) in the 0.145-

MeV transition of *'Pr.

Experimental Pgg(IC) (< 10%)

Theoretical Pgg(IC) (X 10°)°

This work Previous work? Py (SO) Py (DC) Py (ICE)
3.4+0.3 ~10 5.74° 2.35¢ 23
4.32¢ 1.77¢

2From experimental result in Ref. 4.

bSO, DC, and ICE refer to shakeofff, direct collision, and internal conversion of the internal Compton
radiation, respectively. The manner in which these values were calculated is discussed and referenced in

the text.
“Two-step method.
9One-step method.

certainties, unreduced as in the case of the average
Pgg(IC) value. This average value is about 6% lower
than predicted by Aberg et al.!8

V. DISCUSSION

Of the four processes which can give rise to double
K-shell vacancies in internal conversion, shakeoff or
shakeup (SO or SU), direct collision (DC), double conver-
sion or intermediate nuclear state (N), and internal con-
version of the internal Compton effect (ICE), theoretical
comparisons can be made for all but process N. Although
Eichler and Jacob,?! Eichler,”2 and Grechukhin®} have
presented formal theories for two quantum transition in-
tensities, it is very difficult to determine the probability
for double conversion from either theory since all the vir-
tual intermediate states which may contribute to the pro-
cess are not known. Hence, no comparison is made be-
tween the experimental Pgg(IC) and a theoretical Pgg(N).

Mukoyama and Shimizu®*?® have calculated the proba-
bility of K-shell electron SO in internal conversion, but
not SU, by use of one- and two-step relativistic overlap
theories. They found Pgg(SO) to be 5.74X 107> by the
two-step and 4.32X 107> for the one-step method. The
experimental Pgx(IC) value is a factor of (0.79+0.07)
times this latter Pgyx(SO) value. Any contribution to
Py (SO) by a SU process, however, would increase this
discrepancy.

No formal theory for a direct collision process in inter-
nal conversion has been presented, but Feinberg?® has es-
timated the relative probability of direct collision to
shakeoff in beta decay to be BE/E,, where BE is the
binding energy of the electron subsequently ejected and
E, is the kinetic energy of the colliding electron. If this
estimate is applied to the K-shell internal conversion of
the 0.145-MeV transition in “'Pr, where the ratio of
BE/E, is 0.41, the above SO predictions yield Pgg(DC)

values of 2.35X107° for the two-step method and
1.77X 107 for the one-step method. This latter value is
about a factor of 2 less than the experimental Pgg(IC)
value.

Listengarten?’ has proposed that the probability for the
internal conversion of the internal Compton radiation be
given by

4a

Pyx(ICE)= | —
37

/. o etlhrdl (6)

BE 2 E "’

where W is the energy of the nuclear transition, BE is the
K-shell binding energy, and a(E 1,E) is the K-shell inter-
nal conversion coefficient for electric dipole radiation of
energy E. Using a(E1,E) as given by Hager and
Seltzer,?® evaluation of Eq. (6) for the 0.145-MeV transi-
tion of 'Pr gives a Pxx(ICE) value of 23 107>, This
theoretical estimate is about a factor of 6 larger than the
experimental Pgg(IC) value. It is worthwhile to note,
however, that the Listengarten suggestion has generally
y1e1ded values 3 to 5 times larger than experimental
values.”

Table III summarizes experimental and theoretical re-
sults for Pgg(IC) in the 0.145-MeV transition of “*!Pr.
While the Pgx(IC) value determined in this investigation
is a combination of all processes producing double K-shell
vacancies, the measured value of Pgy(IC) is in fairly good
agreement with the Py (SO) value of the one-step method
of Mukoyama and Shimizu. To better understand the
various processes occurring in the decay, more values of
Pix(IC) with experimental spectrum shape studies of the
ejected electrons are needed along with more formal
theoretical calculations.

We would like to thank the Missouri University
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