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Internal ionization in the K shell during nuclear P decay has been studied experimentally
as well as theoretically. The subsequentK x rays were measured in coincidence with emit-
ted electrons for various segments of the P spectra of 4 Pm and 3Ni, using 4~ detection ge-
ometry for these electrons; the sources were mounted in the electron detectors. The ener-
gy-dependent ionization probability Pz(EB) was measured as a function of E&, where the pa-
rameter E~ is defined as a sum of energies of the P particle and emitted K electron plus the
K-shell binding energy of the daughter atom. This energy-dependent and the simultaneously
measured total ionization probabilities have been found to be in fairly good agreement with
theoretical values calculated by the theory developed based on a relativistic one-step treat-
ment of electron shakeoff. From this result it has been established that electron shakeoff is
the predominant mechanism even for electrons (P particles and K electrons) emitted with
very low energies. As to the total ionization probability, it is pointed out that the theoretical
values calculated by the simple wave-function-overlap theory using self-consistent-field wave
functions should be improved by multiplying by a correction factor, a function of B& and Eo,
where Bz is the K-shell binding energy of the daughter atom and Eo is the ordinary maximum
kinetic energy of P rays. The theoretical treatment of the phenomenom and future fruitful ex-
periments to be hoped for are also discussed.

I. INTRODUCTION

When a radioactive nucleus disintegrates through
P decay, shell electrons of that atom may be ex-
cited to an unoccupied level, or ionized to the con-
tinuum by either the sudden change in nuclear
charge (electron shakeoff) or simply by direct
collision between the P particle and shell electrons.
This phenomenon, so-called internal ionization of
shell electrons accompanying P decay, was first
investigated theoretically by Feinberg' and Migdal'
in 1941. The first experimental evidence was es-
tablished by Boehm and Wu' by measuring the
characteristic x rays in the P decay of "'Pm and
"Bi in 1954. Since these early works a number

of experimental workers' ' have measured the
total probability per P decay of this ionization
process using several single-P-decay nuclides.
It was concluded from its experimental Z depen-
dence that electron shakeoff may be mainly re-
sponsible for the process. On the other hand, by
the observation of spectra of low-energy elec-
trons accompanying P decay, Suzor and Charpak'
and Spighel and Suzor' claimed that there was a
serious disagreement with the theory of electron
shakeoff. Their works stimulated Feinberg' and
Weiner" to reexamine the mechanism of internal
ionization. They suggested that, for the K shell,
direct collision should also be taken into con-
sideration as one of important possible processes.
Erman et al."and Stephas and Crasemann'" '
have measured the P energy dependence of the

probability for the K shell.
In these works for the K shell, because of the

experimental arrangement of a P-ray source
always placed between two detectors, one for K
x rays and the other for both P particles and emit-
ted K electrons, coincidences were measured both
between K x rays and p particles and between K
x rays and emitted K electrons, i.e., the compos-
ite (emitted K electrons and P particles) electron
spectra in coincidence with K x rays were mea-
sured but not in the low-energy region of P decay.
Recently, Fischbeck et al. have performed a
similar experiment to observe the precise com-
posite electron spectrum of '~pr even in the low-
energy region with the aid of a magnetic-lens
spectrometer. All of them concluded that elec-
tron shakeoff is the main process for the phenom-
enon.

In the present paper, we report details of our
experimental work with ' 'Pm and "Ni using im-
proved detection systems with the intention of
providing additional information on this phenom-
enon in the whole energy region of P decay by
proposing a new concept of P energy dependence
of the probability. Since no exact observations
have been published, especially in the low-energy
region, careful procedures have been pursued to
obtain information in this region. A refined theo-
retical treatment reconciled with the experimental
results has also been studied with the aim of
throwing light on our understanding of the K-shell
internal ionization during P decay.

522



K-SHELL INTERNAL IONIZATION ACCOMPANYING BETA DECA& 523

II. PRINCIPLE OF THE MEASUREMENT

When internal ionization in the K shell occurs
during P decay, a P particle and a neutrino are
emitted from the nucleus and also a K electron
from its orbit, followed immediately by emission
of a K x ray with a certain probability defined by
the K-shell fluorescence yield. Denoting the maxi-
mum kinetic energy of the continuous P-ray spec-
trum of ordinary p decay by E„we can express
the energetics for K-shell internal ionization by

Eo = E 8+Ev + E~+Ba

where E 8, E„, and E~ are the kinetic energies of

P particle, neutrino, and emittedK electron,
respectively, and B~ is the K-shell binding energy
of the daughter atom.

In the present experiment the p-ray source is
mounted inside the electron detector to achieve
4r detection geometry. Thus, when the phenom-
enon to be studied takes place a sum of energies
of the P particle and K electron emitted simul-
taneously, Ea+E~, is measured in coincidence
with an emitted K x ray. In the present work,
from the experimental data we can easily derive
the probability of the phenomenon as a function
of the sum of energies E&=E8+E~+B~, even in

the low-energy region of the coincidence elec-
tron spectrum.

%e present a rationale for the use of the energy
E8. This would be defined as the initial energy of
a P particle if the K-shell internal ionization were
assumed to take place through tmo steps, viz. ,
the ordinary P decay first occurs by emission of
a p particle with an energy Es and a neutrino with
an energy Eo Es and then a K electron is ejected
with a kinetic energy E~ by an interaction with the
P particle. But, as is mell known, electron shake-
off occurs by a one-step process, where three
leptons (P particle, K electron, and neutrino) are
emitted simultaneously. Although the term "initial.
P energy" may be understood to imply a two-step
process, such is not our intention; nevertheless
we did employ the energy Ea as a convenient pa-
rameter of the energy-dependent probability. It
should be noted that in the present work me never
treat the phenomenon as a two-step process. As
it is discussed in Secs. V and VI, the definition of
the ionization probability using the energy Ea is
more helpful for understanding the mechanism of
K-shell internal ionization than that using other
parameters such as E8 or E8+E~ or Ea+B~.

The photon spectra were observed by the x-ray
detector in coincidence with pulses from the elec-
tron channel corresponding to the selected energy
sum of p particle and emitted K electron, EH+ E~.
The ionization probability per P decay as a func-

tion of Ea can be given by

P E N, (ES) n(Ee+Er) 1

N(Es+ E~) n(E8) D&ur
'

where N(E8+ E~) is the observed counting rate
from the electron detector with an energy selec-
tion of Ea+Er, N, (E8) is the counting rate of the

K x-ray peak in the observed coincident photon

spectrum, D is the effective detection efficiency
of the x-ray detector, and co~ is the K fluores-
cence yield of the daughter atom. In this expres-
sion the second factor, n(E8+Er)/n(E~&), is a
correction for N(E8+E~); n(Es+E~) and n(EO~) are
the sing'. es counting rates of the P-ray spectrum
at energies Ea+E~ and E8, respectively, mea-
sured by the electron detector having the P-ray
source inside it. This procedure for correcting
N(Ez+Er) by the use of the observed value of

n(E8+Er)/n(Eoa) is essential in the present work
to estimate the ionization probability per P decay
as a function of E8.

In the present work the total ionization proba-
bility per p decay, P~, is defined as that for all
p particles with energies larger than B~. P~ can
be given simply by

N, n(&0) 1

N8 n(&Br) Der

mhere N& is the observed counting rate for elec-
trons with energies above zero and 1V„ that of the
coincident K x rays, and n(&0) and n(&B ) are the
counting rates of all P particles with kinetic ener-
gies above zero and B~, respectively. It is noted
that P~ given by this expression is different from
the experimental total ionization probability P~
defined by other workers, except Erman et gl."
with respect to the term n(»0)/n(&Br). Fuller
discussion on this point is given in Secs. V and VI.

III. EXPERIMENTAL PROCEDURE

In the present work P-ray emitters '"Pm and
"Ni mere chosen, because the relatively large
values of B~/E, are advantageous for observing
the phenomenon in the lom-energy region of P
spectra; E, = 225 keV and B~= 47 keV for '"Pm,
and E,= 67 keV and B~ = 9.0 keV for "Ni. The
nuclide 'Ni has been shown to decay to the ground
state of "Cu through a pure single P decay, while
'"Pm decays mainly to the ground state of "'Sm
through P decay but with a very weak P branch to
the 122-keV first excited level of "'Sm." The
branching ratio of this weak P decay, determined
by us as (5.1+ 1.0) x10 ', had to be taken into
account in the present work with '4'Pm, as men-
tioned in Sec. IV.
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A. Apparatus for the Experiment with ' Pm

A split anthracene crystal was used as an elec-
tron detector. An anthracene crystal of 8-mm
diam by 4-mm thickness was cut into two pieces
at its center line. The residuum of a drop of
'4'PmCl, solution of about 1 mm in diameter was
sandwiched between sliced surfaces of these two

pieces to achieve 4m detection geometry. This
split crystal holding the "'Pm source was covered
with a thin aluminum reflector and then mounted

on a Toshiba 7696 photomultiplier with a special
coupling material (G.E. TRV-602 silicone potting
compound). The intensity of this source was esti-
mated to be about 0.6 p. Ci.

The 40-keV Sm K x rays emitted from the
source by the process to be studied were detected
by a 38-mm-diam by 6.0-mm-thick Nal(T1) de-
tector. Both detectors were housed in a brass
tube. The experimental assembly of the detectors
and source is shown in Fig. 1.

The light output from the anthracene crystal is
known to have a negative temperature coefficient.
Since the coefficient of the crystal used in the
present work was found to be -0.7%/'C near room
temperature, and long-run measurements had to
be performed for several months, the whole assem-
bly of the detectors was installed in a special beer
refrigerator to keep the temperature of the crystal
constant, at 4.0+0.3 C during the experiment.

The Kurie plot of P rays from '~'Pm (once parity
forbidden) obtained by the present device using a
split anthracene crystal was found to be linear
from 30 keV to the end point of 225 keV, while
when the source was placed just above a single
crystal of the same dimensions the plot was linear

R- ~~~L
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FIG. 1. Experimental arrangement of x-ray and elec-
tron detectors and ~47Pm source: A, split anthracene
crystal; N, NaI(T1} crystal; S, ~4'Pm source; E, G.E.
RTV-602 silicone potting compound; R, aluminum re-
flectors; L, Lucite plate; P& and P2, Toshiba 7696
photornultipliers; T, thermistor; F, Lucite frame; B,
brass tube.

from about 110 keV. This favorable result is due
to the fact that the effect of backscattering of P

particles from the surface of the crystal can be
eliminated by the use of the sandwich method.

The coincidence circuit connecting both detector
channels including the DD-2 amplifiers and single-
channel analyzers was a conventional fast-slow
coincidence unit with a time resolution 2&= 180
nsec, which was rather poor, but in the present
experiment the ratio of the random to true coin-
cidences was found to be about 1/30 with the
0.6-pCi "'Pm source. The pulses from the coin-
cidence unit triggered a multichannel pulse-height
analyzer to record the x-ray spectrum.

Since the stability of the whole system was cru-
cial to the success of the experiment, before long-
run measurements the drift of the system was
examined carefully using a "'Cs source; the spec-
trum of the 32-keV Ba K x rays was observed in
coincidence with the 624-keV K conversion elec-
trons. The fluctuation in stability of the whole
system was found to be less than 1k for two weeks.
Such a satisfactory stability could be achieved by
installing the detector assembly inside the refrig-
erator.

B. Apparatus for the Experiment with Ni

Since F, of the P rays of "Ni is only 67 keV, to
achieve 4~ detection geometry a gas-flow pro-
portional tube counter (30 cm long by 10-cm i.d. )
was used as an electron detector, inside of which
a "Ni source was mounted. For detection of the
8.1-keV Cu K x rays from the source, another
gas-flow proportional tube counter (30 cm long by
5-cm i.d. ) was constructed. Aluminum was chosen
as the wall material of these counters to avoid
possible emission of undesirable x rays near 8
keV from the counter wall, which may be observed
when copper or brass or iron is used. The count-
er gas (90% Ar 1(yf, CH» mix-ture) at 1 atm wa, s
flowed through the counters at a constant rate of
about 1 cc/min. The side windows of both count-
ers were covered by a very thin Mylar film (1 mg/
cm'), on which about 200-A-thick aluminum was
evaporated.

One drop of "NiCl, solution was evaporated to
a residuum of about 3 mm in diam on a water-
spread Formvar film (=2 pg/cm') supported by a
5-mm-diam ring frame of a 90-p. tungsten wire.
The intensity of this very thin source was esti-
mated to be about 0.3 p, Ci. The source frame
was fastened to the end of a Lucite bar and then
inserted into the electron counter through a side
hole so that the distance from the source to the
window was set as to be about 30 mm and the
source-supporting film was perpendicular to the
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FIG. 2. Experimental arrangement of x-ray and elec-
tron proportional counters: A& and A2, aluminum coun-
ter cylinders; S, Ni source; F, Formvar film; L, Lu-
cite bar; I, source inlet; W, aluminum-evaporated My-
lar windows; P&, lead plate; P2, lead cover.

center wire. The 3-cm gas path to the window

was enough to absorb all P particles from the
"Ni source. Moreover, most of the 8.1-keV pho-
tons to be observed by the x-ray counter could
escape from the electron counter, since only
29.6% was found to be absorbed in the 3-cm-thick
gas layer. The experimental arrangement of the
electron counter with the "Ni source in it and the
x-ray counter is shown in Fig. 2. A 2-mm-thick
lead sheet surrounding the x-ray counter served
to limit the opening of the window exactly for the
x rays to be measured. A 5-mm-thick lead plate,
shown in the figure, was used to reduce the nat-
ural background in the coincidence measurement.
Many precautions were taken against fluctuation
of the applied voltage and change in the flow rate
of the counter gas. The drifts of the gains from
the counters could be kept less than about 3%
during the coincidence experiment for about five
months.

The P-ray spectrum of "Ni (I forbidden} was
measured with the same arrangment with the in-
serted source as that mentioned above. Since the
shape of the low-energy region of the spectrum
was found to depend strongly on the preparation
procedure of the source residuum, the greatest
possible precaution was paid to eliminate dust
and moisture, which appeared to be harmful to
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FIG. 3. Block diagram of the electronic system used in the coincidence experiment with Ni.
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FIG. 4. Photon spectra in coincidence with electrons
emitted from the +Ni source obtained with and without
the use of a pulse-shape discriminator (PSD) in the x-
ray channel.

obtaining a reliable spectrum. The best source,
judged by examining the shape of the whole spec-
trum obtained, was used in the present experi-
ment.

A block diagram of the electronic system is
schematically shown in Fig. 3. The electronics
is composed of two circuits; one is a fast-slow
coincidence unit and the other is a pulse-shape-
discriminator (PSD) unit built in the x-ray chan-
nel, which serves to eliminate a large number of
false coincidences caused by cosmic rays and nat-
ural y rays.

The coincidence unit was designed by taking ac-
count of unavoidable defects inherent in the gas
proportional counter. In the present circuit, in
order to obtain better time resolution of the coin-
cidence unit, a leading-edge timing method rather
than a conventional crossover method was adopted
to pick off the timing of the event. The resolving
time of our coincidence unit was about 1.8 p.sec.
In the present experiment, even with such a poor
resolving time, the ratio of the random to true
coincidences was found to be about —,',.

Since in the present experiment two gas pro-
portional tube counters with quite large sensitive
volumes were employed, false coincidences by
high-energy cosmic rays and natural y-ray back-
ground were inevitable. In order to eliminate
such false coincidences an electronic device has
been developed which discriminated incident radi-
ations by means of their pulse shapes from the
detectors. Similar electronics has recently been
applied to measurements of low-energy cosmic

x rays by the use of gas proportional counters. "
We adapted this method to use with two propor-
tional counters in a coincidence arrangement. "
Our PSD built in the x-ray channel is composed
of a risetime-to-pulse-height converter and a
single-channel analyzer (see Fig. 3). Reduction
in the number of the x-ray signals by the use of
the PSD circuit was found to be less than 5%. In

Fig. 4 are shown the photon spectra obtained in
coincidence with electrons from a "Ni source
with and without the use of the PSD. Only when

this device was used can a small x-ray peak due
to K-shell internal ionization in P decay of "¹i
be recognized clearly, while without it the peak is
buried completely in the large background of false
coincidences. This PSD circuit was an indispens-
able aid in the present coincidence experiment
using two proportional counters.

C. Measurements

In order to estimate Pr(E~) defined by Eq. (2),
the photon spectra in coincidence with electrons
having a selected energy range were observed by
means of the previously described measuring sys-
tems. The energy region of the P-ray spectrum
was divided into seven segments in both the "'Pm
and "Ni cases. Each segment was selected by
adjusting the window of the single-channel ana-
lyzer in the electron channel. Considering the
gradual decrease in number of electrons in the
higher-energy region of the spectrum, the win-
dow was made wider for electrons with higher en-
ergies. When we measured the total ionization
probability per p decay in the case of '4'Pm, the
window was set so as to cover electron energies
from 25 keV to the maximum P-ray energy, 225
keV, while in the case of "Ni, from 3 keV to the
maximum P-ray energy, 67 keV. These lower
limits of the window setting were necessary to
eliminate noise from the electronics. The coinci-
dence efficiency was believed to be about 100/&,
almost independent of selection of the energy seg-
ment. It was confirmed by the fact that no appre-
ciable change in the coincidence counts was ob-
served when the gain of the linear amplifier in
the electron channel was considerably shifted.
During each experimental run, the counting rates
of both electron and x-ray channels, the P spectra,
the coincident photon spectra, and the coincidence
cable curves were measured every 12 h in order
to monitor performance of the whole measuring
system.

Some typical spectra of photons from a '4'Pm
and a "Ni source, observed in coincidence with
pulses from the electron channel, are shown in
Figs. 5 and 6, respectively. As is understood
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from the decay scheme of ' 'Pm shown in Fig. 7,
when the electron channel selects energies less
than 103 keV, there appear two evident peaks in
the photon channel; one at 40 keV due to the K
x rays in question from the daughter atom, Sm,
and the other in the vicinity of 120 keV caused by

y rays from the transition from the 122-keV first
excited level of '~'Sm to its ground state. Since
40-keV x rays may also be emitted after K con-
version of this transition, the observed peak must
be corrected to evaluate the contribution only from
the process to be studied here; details of this
correction procedure are discussed in the follow-
ing section. The spectra with "Ni show also two
evident peaks, one at 8 keV due to K x rays from
the daughter atom, Cu, and the other due to the
3.0-keV Ar K x rays from ionization of the counter
gas by P particles. The continuous backgrounds
in all observed spectra are due to the internal and
external bremsstrahlung photons from the source
and its surroundings. With the present arrange-
ment of the source it was very difficult to sup-
press the background further.

D. Detection Efficiency of the X-Ray Detectors

The effective detection efficiency, D in Eqs. (2)

D, =D+a,ama, /(1+ g) . (4)

The symbols in the expression are Dp is the de-
tection efficiency for the photons to be detected;
R is the peak-to-total ratio; g is the correction
factor for the escape peak of the IK x rays; and

a„a„a,are the correction factors for absorp-
tion of the photons in the anthracene crystal,
Lucite absorber between both scintillation detec-
tors (see Fig. 1), and the aluminum reflector foils
on the NaI(Tl) and anthracene crystals, respec-
tively.

The detection efficiency Dp could be calculated
easily by the common procedure adopted by other
workers" using numerical values of the dimen-
sions of the NaI(T1) crystal, distance from the
source to the crystal, and the linear attenuation

and (3), of the x-ray detectors must be evaluated
for the present experimental arrangement; D, of
the thin NaI(T1) detector for the 40-keV x rays and

the 122-keV y rays, and D~ of the gas proportional
counter with a definite side window for the 8.1-keV
x rays.

For the thin NaI(T1) detector used in the case of
' 'Pm, D, can be given by the following expres-
sion:
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FIG. 5. Photon spectra from the Pm source observed in coincidence with electrons emitted from the source. ~ is
14?

the electron-channel window width selected. The 40-keV Sm K x rays resulting mainly from the K-shell internal ioniza-
tion are superimposed on the bremsstrahlung spectra. The 120-keV peak observed for electrons below 103 keV is due
to the very weak y rays caused by the transition from the 122-keV first excited level of t4~Sm to its ground state (see
Fig. 7).
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D~ =Doa,'a,' j(1+g'), (5)

coefficient of the photon in the crystal. The value
of R was calculated by the Monte Carlo method
developed by Miller, Reynolds, and Snow. ' The
correction factors a„a„and a, were evaluated
for the present arrangment by utilizing the numer-
ical values of the y-ray attenuation coefficients
given in the table prepared by Davisson. " The
correction factor g was estimated by interpolation
of the values provided by Dell and Ebert"; 0.24
for the 40-keV photons and =0.00 for the 122-keV
photons. The numerical values of D, thus esti-
mated and adopted for the present experimental
geometry are as follows: D, = (9.42+ 0.51) x10 '
for the 40-keV photons, and D, =(8.67~0.56) x10 '
for the 122-keV photons.

In the case with "Ni, the effective detection
efficiency, D~, of the gas proportional counter
used for x-ray detection was evaluated by pursuing
the following rather complicated procedure. This
can be given by

where D,' is the detection efficiency for the 8.1-keV
photon, provided that there is no material between
the source and the x-ray counter, a,' is the correc-
tion factor for the absorption of the x rays in gas
in the electron counter, a,' is that for the Mylar
window of the electron counter and air between
both counters, and g' is a correction factor for
the escape peak at about 5 keV due to the Ar K x
rays. The detection efficiency D,' was determined
by making use of the NaI(T1) crystal, whose diam-
eter was chosen to be the same as the opening of
the side window of the x-ray proportional counter,
viz. , a crystal of 25-mm diam by 4-mm thickness.
A "Zn source of about; 100 p, Ci was mounted in
the electron proportional counter. The geometri-
cal arrangment of the source mounting was quite
similar to that in the actual experiment with "Ni.
First, the 8.1-keV Cu K x rays from the "Zn
source were measured with the x-ray proportional
counter in the actual geometrical arrangment, then
then this counter was removed and the Nai(TI)
crystal detector was installed so that its surface
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FIG. 6. Photon spectra from the ¹isource observed in coincidence with electrons emitted from the source. ~ is
the electron-channel window width selected. The 8-keV CuK x rays resulting from the K-shell internal ionization are
superimposed on the bremsstrahlung spectra. An evident peak at 3 keV is due to the Ar K x rays from ionization of the
counter gas by P particles.
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was located at the same position as the Mylar
window of the x-ray counter. When the former
counter gives the counting rate N~ and the latter
gives N, , D' in Eq. (5) can be given very approxi-
mately by

D,'=D,'N, /N, , (6)

a,' =N~/N„,

where X~ is the counting rate of the x rays mea-
sured by the x-ray counter, and A„ is that by the
same counter but with the electron counter filled
with hydrogen. An estimated value of a,' was
0.704 + 0.005. The factor a,' was also estimated
from Davisson's table": a,' = 0.99. The correc-
tion factor g' could be estimated from the spec-
trum of the 8.1-keV x rays from "Zn measured
by our x-ray counter: g'=0.078+0.001. From
these results the effective detection efficiency
of the x-ray counter was determined to be D~
= (1.56 + 0.15) x10 ' for the 8.1-keV photons.
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147p

0.005 9m~
lpga keY
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l22 keY

100 f
225 keV
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i47~ I.05 x lp" yr

where D', is the detection efficiency of this Nal(T1)
crystal. The absorption of the x rays in a beryl-
lium foil (-200 p, ) on the crystal was found to be
negligible. The value of D,' was calculated by a
procedure similar to that for D, in Eq. (4} as men-
tioned above. Thus, Do was obtained as to be
(2.41+0.23) x10 '. The error is mainly due to an
uncertainty in the distance from the source to
the surface of the crystal detector. In order to
determine a,' in Eq. (5) experimentally, the count-
er gas in the electron counter was replaced with
hydrogen of 1 atm. Since the x rays concerned
are scarcely absorbed in hydrogen, a,' can be
given by

E. K-Shell Fluorescence Yields

As the most reliable values for the K-shell flu-
orescence yield &u» in Eqs. (2) and (3), we used
the data recently provided by Kostroun, Chen,
and Crasemann. ~' The numerical values we adopt-
ed are as follows: co~ =0.93 for ~Sm, and ~~
= 0.45 for Cu.

IV. EXPERIMENTAL RESULTS

Except for the factors n(EB+E»)/n(Eo&) in Eq. (2)
for P»(EB), and n(o0)/n(&B») in Eq. (3) for P», all
other terms in these equations were determined
as described in the preceding section. In the P-
ray spectrum of both ' 'Pm and 'Ni, observed by
the ele"tron detector containing the source, the
ratio of the counting rate in the P-energy region
for EB+E~ to that in the region for EB = E8+ E~+B~
was adopted as the correction factor n(EB +E»)/
n(EB). The factor n(~0)/n(oB») could also be eval-
uated approximately from the ratio of the counting
rate of all P particles above the lower diserimina-
tor level (25 keV for ' 'Pm and 3 keV for "Ni) to
that of P particles with energies larger than B~ in
the P-ray spectrum.

For the electron detectors used in the present
work, in addition to the energies of the P particle
and ejected K electron, simultaneously emitted
L x rays and/or Auger electrons are detected. "
To account for the additional absorption of this
small energy (=B~) in the electron detector, only
about 5 keV for ' 'Pm and 1 keV for "Ni, P»(E»)
given by Eq. (2), and P» by Eq. (3) must be slight-
ly modified, viz. , Eqs. (2) and (3) were multi-
plied by factors n(E8+E»+B~)/n(E&+E») and
n(~B~)/n(~0), respectively, where B~ is the L
binding energy of the daughter atom. When we
estimated P»(E5) and P» experimentally using
Eqs. (2) and (3), such correction factors were
taken into account.

In the experiment with '"Pm, a correction
should be made for the minute contribution to
the observed x-ray peak, which is caused by K
internal conversion from the 122-keV first excited
level of '"Sm to its ground state, as mentioned
in Sec. IIIC. Since the energy of this K conver-
sion electron is I5 keV (=122 keV B») and -' 'Pm
decays according to the scheme as shown in Fig. 7,
when the energy window of the electron channel is
set in the region lying between 75 and 178 keV
(=E, B ), the contribution only from the x rays
due to K-shell internal ionization, No(E8O}, can be
expressed by

FIG. 7. Decay scheme of ~47Pm.
No ( o) Nx (Eg)

40

7 &8+&~-» keV)
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where a~ is the K-shell conversion coefficient of
the transition concerned, D«and Dy22 are the
effective detection efficiencies of the x-ray de-
tector for the 40-keV x rays and 122-keV y rays,
respectively, and Ny(Eg+E~ 75 QgQ) is the counting
rate of the observed 122-keV y-ray peak when the
electron window is set at EB+E~ —75 keV. There-
fore, Pr(Ess) for '~'Pm can be obtained by replac-
ing N, (Eso) in Eq. (2) with the right-hand side of
Eq. (8) as

N, (E,') n(Es+ E,) l
N(Es+Er) n(E,') D„~,

y(ES+E~-75 ]kiev)
x 1 —~, 40.( s) iss—

The last term can be regarded as a correction
factor for the effect of the K internal conversion
involved. The expression [Eq. (8)] for the total
ionization probability per P decay should also be
corrected by this factor. As a numerical value of
e~, we adopted 1.05+0.06 determined by Schwerdt-
feger, Prask, and Mihelich. "

The experimental values of the probability
P~(Ess) obtained by the present work for '~'Pm and
"Ni are shown by open circles in Figs. 8 and 9,
respectively. The total ionization probability P~
is also given in the figures. The errors shown
are due to those of counting statistics, uncertain-
ty in the shape of the continuous background under
the observed x-ray peaks in the photon spectra,
and uncertainties in fa,ctors in Eqs. (2), (8), and
(8). The horizontal bars indicate the width of the

105 I
I I I

electron-channel window selected in each coinci-
dence measurement. The data at the lowest Es
in both figures may be less reliable than indicated
by the error bars, since in this energy region P
spectra were rather distorted by suspicious noises
caused by interaction between P particles and
surroundings near the P-ray source. It is seen
from these figures that the probability Pr(Eso) for
both '"Pm and "Ni is almost independent of the
energy E8 in the higher-energy region of the spec-
tra above twice the K binding energy, I3~, of the
daughter atom involved, but it drops rather steep-
ly in the region below about EB =2B~, especially
for "'Pm. However, we must add that, in the
case of "Ni, if a source thinner than that used
could be prepared, more refined data would be
obtained in the low-energy region. Physical mean-
ings of such a trend are discussed in Sec. VI.

V. THEORETICAL TREATMENT

As mentioned in Sec. II, electron shakeoff oc-
curs by a one-step process. This means that the
kinetic energy of the ejected K electron, E~, is
given by an energy sharing among all three leptons,
including the neutrino. Both the E& -dependent
probability Pr(Es) and the total ionization proba-
bility P~ defined in the present work should also
be evaluated by a one-step treatment.

Stephas and Crasemann" ' have developed the
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FIG. 8. Measured energy-dependent E-shell internal
ionization probability Pz (E~~) for ~47Pm. Horizontal bars
indicate the electron-channel window in coincidence mea-
surements and vertical bars represent standard devia-
tions. The solid curve represents the theoretical curve
calculated by Eq. (13), based on the one-step electron
shakeoff treatment. Measured total ionization probability
Pz and its theoretical value calculated by Eq. (14) are
also shown.

FIG. 9. Measured energy-dependent K-shell internal
ionization probability Pz (E~) for 6 Ni. Horizontal bars
indicate the electron-channel window in coincidence mea-
surements and vertical bars represent standard devia-
tions. The solid curve represents the theoretical curve
calculated by Eq. (13), based on the one-step electron
shakeoff treatment. Measured total ionization proba-
bilityP & and its theoretical value calculated by Eq. (14)
are also shown.
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theory of the electron shakeoff as a one-step pro-
cess. They have defined a probability P„(E~) as
a function of the energy of the p particle, Es.
However, since in their experiment the composite
electron spectrum (emitted K electrons plus P

particles) in coincidence with K x rays was ob-
served, Pr(Eq) +Pr(E~) had to be comPared with

the experimental data. In the present work, a
sum of energies of p particle and emitted K elec-
tron in coincidence with a K x ray was measured.
The 4~ detection for electrons ensured the mea-
surement even when both P particle and emitted K
electron have very low energies. %'e employed
E8 (—= EB+E~+Br) as a parameter of the energy-
dependent probability. There is no connection be-
tween the energy of a P particle emitted from
ordinary p decay and E& or EB in the electron
shakeoff during P decay. Any of all possible pa-
rameters, E&, Ez, E&+E~, or Ez+B~, can be

understood only as a convenient parameter in
order to compare the experiment with the theory.
Nevertheless, we adopted a parameter E& by re-
flecting upon the fact that this energy is equal to
the initial P energy in a two-step treatment and
if the shakeoff occurs through a two-step process,
Pr(E8) should be independent of EBO in the whole

energy region. "
Pr(EB) can be easily derived based upon the

theory of the phenomenon as a one-step process,
developed by Stephas and Crasemann. "'" If an
atom undergoes P decay, a K-shell electron can
also be ejected from an eigenstate of the parent
atom, g, (Z, K), into a continuum of the daughter,
g&(Z+1, E„), with kinetic energy Er, under the
sudden change of the nuclear charge from Z to
Z + 1. Then, the differential transition probability
for the electron shakeoff process can be expressed
as

dWr =—[( g&(Z + 1;e, P) g&(N) ~ H& ~ g (N) g„g (Z, K})[ p(P, v, e),E (10)

where g, (N) an. d gz(N are the initial and final nuclear wave functions, p~(Z+ 1;e, p) the antisymmetric wave
function for the p particle and K electron, g, the neutrino wave function, &8 the weak interaction Hamil-
tonian, and p(P, v, e) the density of final states for P particle, neutrino, and emitted K electron. It should
be noted that the expression treats p decay as a transition of the atom as a whole, including atomic vari-
ables in both final and initial states.

Upon integrating Eq. (10) over the neutrino energy E„, we obtain

Wr(EB» E,)&Ee~E& = 2eAIM&I*S(Es Eo E8)F(Z +» E—8)IM& I*PB(Es + 1)(Eo —EB)'dEBdE& ~

In this expression, A is a constant factor equal to (m'c~g /g')(I/2»»') provided all other factors are dimen-
sionless, where m, c, and g are the rest mass of the electron, light velocity, and the coupling constant of
the weak interaction, respectively. M„ is the energy-independent part of the nuclear matrix element,
S(Eq, Eo —EBO} is the energy-dependent shape factor for the electron shakeoff, F(Z+I, E&) is the Coulomb
correction factor, the factor a arises from the antisymmetrization of the final electron states of P particle
and emitted K electron, a factor 2 accounts for two K electrons, and p~ is the linear momentum for the p
particle. M„ is the atomic matrix element given by (g~(Z+I, Er)~g»(Z, K)). In the present calculation we
used'the analytical form of ~M„~' obtained by Stephas and Crasemann" using relativistic hydrogenic wave
functions for p~(Z+1, E~) and (z(Z, K). It is noted that a similar expression given by them [see Eq. (2.10)
in Ref. 14] differs from our expression [Eq. (11)]by a factor of (m'c'/2»»'h')p~(Er+1). Their matrix ele-
ment ~M„~ is not normalized in momentum space, since gz(Z+1, E„}is normalized only by the energy
E~+ 1, not by wave number. Their expression, therefore, should be divided by the factor mentioned above.
Fuller discussion on the factor pr(E~+ 1) has recently been given by Fischbeck et al."

The absolute transition probability as a function of Ez is obtained by integrating Eq. (11) over E after
changing the variable Es to Es —E~ -B~ as

W,(E,') = I
'

W, (E,'-E, B„E,)dE, -
+~e-~r0

= 2 eA i MJ ' S(Es, Eo —Es)F(Z + 1, Eg) i M„ i ps(E8 + 1)(Eo —Eg) dE» .
0

(12)

The Es-dependent probability of the K-electron shakeoff during p decay can be expressed by the following
equation:

Wj»(EI) 2
" 8 &~M ~sS(E8»Eo—Es) F(Z+1»Es) E8(Es+2) EB+1

Ws(Es =Ee) ao
" S(ES» EO —Es) F(Z+ 1, Es) E8(EB+2) E8+ I
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where W~(Ez) is defined as the absolute transition probability of ordinary p decay. The total ionization
probability P», corresponding to Eq. (3), can also be given by

0f"W»(E,')dE,' J"(E, EBO-)'dE80 f'& '»S(E„E, E,-')F(z+1, E,)~m„~'f, (E, +1)dE,

f Wa(EB)dE8 f S (E8, EO —E») F(Z + 1, E8)p8(E8 + 1)(EO —EB) dE8
~ac &ac

(14)

We evaluate the probabilities P»(Eq) and P» using
~M„~' obtained by Stephas and Crasemann [see Eq.
(9) in Ref. 13]. As the Coulomb correction factor
F(Z+ 1, E»), we used a conventional Fermi function.
The shape factor for electron shakeoff during P
decay, S(E~, E, —E~), generally differs from that
of ordinary P decay, S(E», E, —E&). However,
since it is rather difficult to calculate S(E~, E, —EB),
we assumed these two shape factors to be equal,
as done by other workers. " " For the case of
"'Pm, the factor for shakeoff can be set equal to
unity under such an assumption, since the ordi-
nary P spectrum of "'Pm is of the allowed type.
"Ni does not have an allowed-type spectrum, be-
cause it decays through an l-forbidden transition,
but the shape factor has not been well studied. We
were obliged to assume an allowed-type spectrum
for this nuclide and set both S(E8, E, —E8O) and

S(E», E, —E») equal to unity for calculational sim-
plicity. The antisymmetrization factor e is 4 for
'"Pm and —,

' for "Ni, respectively.
The calculated E8-dependent probability P»(EB)

is shown by solid curves in Figs. 8 and 9. These
curves were drawn so as to fit the experimental
results using the calculated values multiplied by
constant factors (1.12 for "'Pm and 0.95 for "Ni).
The calculated total probability P~ is also shown
in the figures: 6.63x10 ' for "'Pm and 3.47 x10 '
for "Ni.

VI. DISCUSSION

As shown in Figs. 8 and 9, the experimental
values of P„(E80) detetmined for both '"Pm and "Ni
are in fairly good agreement with the calculated
values in the whole energy region of E8, i.e. ,
from near the K binding energy B~ to the p-tran-
sition energy limit Eo, and the measured total
probabilities P~ for these nuclides agree also fair-
ly well with the calculations. These results indi-
cate strongly that the electron shakeoff process
is the predominant mechanism of K-shell internal
ionization, and an assumption of the sudden change
of nuclear charge during P decay holds well even
for very low energy P particles near J3„. More-
over, from our results it is concluded that the
possible role of the direct-collision process sug-
gested by Feinberg"" can be neglected even in
the low-energy region. According to his discus-

sion, if this process exists, behavior of the ob-
served P»(E8) would rise in this energy region.

Both measured and calculated probabilities
P»(E8) are nearly constant in the higher-energy
region, but decrease rather steeply below about
2B~ and reach zero at B~. According to the two-
step treatment, "P»(E~) should be independent of
EB in the whole region. But, the conspicuous be-
havior of P»(E8) in the low-energy region found by
the present work indicates that electron shakeoff
does occur as a one-step process. In the energy
sharing of the electron shakeoff as a one-step pro-
cess, the energies of most of the emitted K elec-
trons, E~, are relatively small, nearly equal to
B~ or less. For this reason, it is expected that
in the higher-energy region the spectrum of E'~,

W»(E»0) becomes the same as that of ordinary p
decay, W8(E~). This fact corresponds to the be-
havior of P»(Ez) being almost independent of E»o

in the high-energy region, and also to that of the
composite electron spectrum measured by Fisch-
beck et al."using '"Pr, which has a similar spec-
trum for the ordinary P decay in the higher-energy
region. The noted decrease of P»(Eq) in the low-
energy region can also be understood from the
fact that E cannot be neglected in this region. It
is worthy to note that in. the recent experiment of
orbital-electron shakeoff induced by external
electrons, Carlson, Moddeman, and Krause" have
observed a sharply decreasing probability in the
low-energy region of impact electrons. Their
observations are in accord with our observed be-
havior of P»(E8). This fact may suggest that both
P-induced shakeoff and impact-electron-induced
shakeoff are under the control of the same mech-
anism.

The general behavior of P»(E8) depends mainly
on the value of B»/E, To examine . this trend more
closely, calculations of P»(EB) have also been
attempted for two nuclides with extreme values of
B»/E, : ' Pr (ED=933 keV, B»=44 keV) and '0'pd

(E, =35 keV, B»=26 keV). The calculated results
are shown in Fig. 10.

As mentioned in the preceding section, the P
decay of "Ni is an /-forbidden tradition with an
unknown shape factor, but in the calculation of
P»(E~~) we assumed an allowed-type spectrum
Fairly good agreement between calculated and
experimental results, as shown in Fig. 9, sug-
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geste that P (EB) may be almost independent of
the type of the P transition involved. By assuming
the shape factor for the electron shakeoff to be
S(E80, E, —E80} instead of S(E8, Eo —Eso), P~(E&) given
by Eq. (13) can be seen to be independent of the
transition type. Future experiments with P-decay
nuclides having high forbiddenness are planned to
judge which assumption is a better approximation;
that is, our S(EB,E, —EB) =S(Eg, E, —EB), or S(Ep,
E, -E8) =S(EB,E, -E8) as assumed by Stephas and

Crase mann. "
Since in the region of very low E8 an emitted P

particle travels with slower velocity than that of a
K electron in its orbit, the sudden approximation
for the change in nuclear charge may no longer
hold. In this case the adiabatic approximation
would be proper. One can, therefore, expect that
the experimental values of Pr(E80) in the region of

Es near B~ would be less than that estimated by
the present calculation using the sudden approxi-
mation. " However, such an expectation could
not be verified by the present work. More exact
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FIG. 10. Theoretical energy-dependent K-shell inter-
nal ionization probability I'&(EB) for Pr and Pd cal-
culated by Eq. (13), based on the one-step electron shake-
off treatment. For Pr (once parity forbidden) p =4,
while for Pd (assumed to be an allowed transition) g
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measurements in this region are planned to ob-
serve the small adiabatic effect.

As to the total ionization probability, other
workers have compared their experimental values,
in general, with the theoretical values calculated
by the following equation derived from the sim-
plest theory of electron shakeoff:

P~ = 2 M~ dE~. (15)

This equation is easily derived from our P~(EBO)

expressed by Eq. (13) as an asymptotic case when

When E8 is much larger than B~, we can
approximate EB as to be nearly equal to EB, and

Eq. (13) can be reduced to

dp
(16)

since in this case all other factors except ~M„i'
in the integral in Eq. (13) can be set as unity.
When the antisymmetrization between P particle
and emitted K electron is neglected, i.e. , e = 1,
Eq. (16) becomes the same as Eq. (15). Therefore,
Eq. (15}can be regarded as a very rough approxi-
mation of Eq. (14). It is noted here that in the
measurement of the total ionization probability
P~, only P particles with energies larger than B~
should be taken into account. The calculated re-
sults of P~ for elements from g = 2 to 92 based
upon Eq. (15) with the use of self-consistent-field
(SCF} wave functions have been published by Carl-
son, Nestor, Tucker, and Malik (CNTM)."

In order to avoid confusion, it may be useful to
add a further remark on the total ionization proba-
bility. As mentioned in Sec. II, the total ionization
probability P~ discussed in the present paper ac-
counts for only P particles with energies larger
than B~, while the probability P~ by other workers
except Erman eI, al."accounts for all emitted 13

particles. In the present situation where the one-
step process has been established in electron
shakeoff, there seems to be no reason to adopt
the probability P» defined by Eq. (3) as a total ion-
ization probability of the process. Nevertheless,
the probability P~ is more reasonable than P„
when the probability calculated based on Eq. (15)
using, for instance, the SCF wave functions is
used for comparison between theory and experi-
ment.

The experimental value of P„obtained by the
present experiment, the theoretical values calcu-
lated by Eq. (14) using the relativistic hydrogenic
wave functions, and those calculated by CNTM"
using the SCF wave functions are listed in Table I.
Both experimental and calculated values obtained
by the present work show fairly good agreement.
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TABLE I. Total K-shell internal ionization probability per P decay, Pz.

'4'Pm 63Ni Method

(7.6+1.1) x10 '
6.63 x 10 5

2.88x10 4

5,15 x10 5

(4.0 + 0 .5) x 10 4

3.47 x 10 4

1.15 x10
4.30 x10 4

Present measurement
Calculated from Eq. (14)
SCF calculations by Carlson'
SCF calculations, corrected

Je W»(EB)[P»(E8)/P»(Ee» B»)]dE8
Q(B, E,)= '

J W»(ES)dEB
(17)

By the use of the SCF calculations thus corrected,
we obtained the theoretical values shown in the
last row in Table I, which are in better agree-
ment with our experimental values than those
given by CNTM. " The expression of Q(B», E,)
given by Eq. (17) is rather complicated. However,
examining calculated results for many nuclides, it
was found that Eq. (17) can be expressed approxi-
mately as

Q(B, E ) =1 -B /E (18)

~See Ref. 28.

The SCF wave functions used by CNTM" are more
reasonable than those used in the present work,
but as one can see from the table, their values
deviate considerably from our measured values.
The total probability obtained by the SCF calcula-
tions should be improved by multiplying by a cor-
rection factor e Q(B», E,), where e is the antisym-
metrization factor and Q(B», E,) can be expressed
by

Reviewing our work reported here, it is hoped
that experiments with thinner sources than those
used in these experiments can be attempted to ob-
tain more exact information in the very low-ener-
gy region. Experiments with nuclides with larger
B»/E„ for instance '"Pd, would be valuable. It
is also hoped that more elaborate measurements
of the total ionization probability P~ for many dif-
ferent nuclides can be performed to provide more
meaningful comparisons with theory, although
many experimental results have so far been pub-
lished. A triple-coincidence measurement be-
tween K x ray, P particle, and K electron using
"'Pm is now in progress.
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The Mo( He, d)9 Tc reaction has been studied at 35-MeV bombarding energy. Several T&

levels are observed belo~ 6-MeV excitation energy, and evidence is presented for sizable
p „, and f5y2 components in the 9 Mo proton configuration. Four deuteron groups, corre-
sponding to T& ——) analogs of low-lying levels in 83Mo are also observed. Distorted-wave
Born-"pproximation calculations were performed, using form factors calculated for a proton
quasibound by the Coulomb and centrifugal barrier for the proton-unstable levels (~4.08-MeV
excitation energy). The data are well described by the calculations, and reasonable spectro-
scopic factors are obtained for both T& and T& levels.

I. INTRODUCTION

The structure of nuclei in the A =90 region has
been studied quite extensively both theoretically
and experimentally. The models used to describe
the proton configurations for Z» 39 in the pres-
ence of the N = 50 closed shell are usually based
on a "Sr or ' Zr closed core, ' ' and studies of
low-lying levels in this region via proton transfer
reactions' ' appear to have verified this assump-
tion. We have studied the "Mo('He, d)"Tc reac-
tion up to 11-MeV excitation energy to investigate
the proton configuration of the ~Mo ground state
and the nature of the T =& isobaric analog states
(IAS), which are also excited in this reaction.
Ohnuma and Yntema' and Picard and Bassani' (re-
ferred to as PB in the following discussions) have
also studied some of the low-lying T& levels with
the "Mo('He, d)"Tc reactions; however, no analy-
sis was made of level, s above the ' Tc proton sepa-
ration energy (4.08 MeV). We have performed dis-
torted-wave Born-approximation (DWBA) calcula-
tions for the proton-unstable T~ and T& states, us-
ing a technique reported previously' for the analy-
sis of stripping to unbound levels.

II. EXPERIMENTAL PROCEDURE AND RESULTS

A 35.0-MeV 'He beam from the Texas A 5, M cy-
clotron was used to bombard a 1.10-mg/cms self-

supporting Mo foil enriched to 98.3% in ~Mo. The
beam was focused to a 3-mm-diam spot at the
center of the 30-in. scattering chamber and collect-
ed in a Faraday cup 2 m behind the chamber. A

beam-energy spread of -35 keV was obtained
through the use of the n= & analyzing magnet. A
4E-E detector telescope consisting of a 1-mm-
thick 4E detector and a 3-mm-thick E detector
was used to detect the deuterons and the elastical-
ly scattered helions simultaneously. The beam
axis in the scattering chamber was located to with-
in 0.1' by rotating the detector into the "beam" re-
sulting from the few ions produced in the cyclotron
with no ion-source arc current and a small fila-
ment current. A detector fixed at 35' was used to
monitor the current integrator.

Pulses from the LEE and E detector were routed
past time pickoffs and through amplifiers to a
power-law identifier circuit where deuteron puls-
es were selected The tot.al energy (E+n.E) puls-
es were fed through a biased amplifier and stretch-
er to an analog-to-digital converter which was in-
terfaced to the IBM 7094 computer. The spectra
(1024 channels each) were stored in the computer
memory and transferred to magnetic tape at the
end of each run. Also, four spectra from previous
runs were retained in the memory, and the data
were reduced on line to absolute, center-of-mass
cross sections with the aid of the display oscillo-


