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Spectrum shape of K-orbital shakeoff electrons and accompanying nuclear beta particles.
II. Decay of Pmt
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The composite K-orbital-shakeoff plus nuclear-electron spectrum was measured in coincidence with K x rays
in the P emitter ' Pm (Eo ——227 keV) using the Argonne double-lens magnetic spectrometer and a Ge(Li)
photon spectrometer. A bare NaI(T1) scintillation electron detector allowed coincidence data to be recorded
reliablydown to anelectron energy of -5 keV. The measured spectrum showed prominently the expected
intensity of Sm L-Auger lines at 5—6 keV following K x rays, and also the K internal conversion line of the
121.2 keV transition in Sm populated by the weak (5.7 ~0.7X 10 ';logft = 10.5) inner P group of ' 'Pm.
Neither of these features was seen in earlier measurements. Corrections for the small contribution of the inner

P group with its measured spectrum shape and intensity, and for the L-Auger peak were made. The resulting
spectrum shape and the total K-ionization probability, P„= 8.7 ~ 0.7 X 10, are both in good agreement with
the K shakeoff theory of Law and Campbell, including a 9% contribution to the spectrum from K shakeup
excitation. The spectrum shape agreement rejects a contribution to K ejection by the direct collision
mechanism exceeding 60% of that due to shakeoff, compared with Feinberg's theoretical estimate of 21% and
to earlier experimental indications. This latter evidence firmly rejects a recent proposal by Isozumi et al.
which suggests a direct collision contribution equal to shakeoff to make up for their twofold lower shakeoff
prediction.

RADIOACTIVITY Measured electron spectrum in coin with K x rays in decay
of Pm; deduced shape and total K-ionization probability.

I. INTRODUCTION

Probabilities fo. the ejection of atomic electrons
during nuclear decays have been the subject of
many recent experimental and theoretical investi-
gations. ' This particular study is concerned with
the P decay of '"Pm and the shape of the compo-
site K-electron-plus- nuclear- electron spectrum
observed in coincidence with K-shell excitation. It
is the second' in a series of five such completed
studies' undertaken to explore the effects of vari-
ous parameters such as maximum P energy, atom-
ic number, and deviations from allowed spectrum
shape of the singles spectrum on the K-electron
ejection process. The composite K-orbital-nu-
clear-p spectrum shape provides additional and in
some ways more stringent tests of the theory of
the process than is given merely by the measured
ejection probability relative to normal P decay,
PK, and also has the possibility of indicating the
separate contributions of different ejection mecha-
nisms, as well as of discerning complicating ef-
fects such as internal conversion and Auger elec-
trons and weak inner groups.

The principal orbital electron ejection mecha-
nism is a one-step process in which the sudden
change in the nuclear Coulomb field during nuclear
P decay (rarely) causes ejection of K-shell elec-
trons (and of outer orbital electrons with rapidly
increasing probability with shell number). This

process is referred to as shakeoff (SO) and is
dis tinguished from the two-step process in which
a nuclear P particle undergoes a final state Cou-
lomb interaction with a K electron and ejects it
from the atom. This latter direct collision (DC)
process also occurs in principle but has generally
a lower probability and a different associated elec-
tron spectrum shape. A third spectrum compo-
nent, shakeup (SU), consists of the shaking process
in which the atomic K electron is excited (b, / = 0) to
some unoccupied bound state rather than ejected
from the atom; thus it contributes only one (nu-
clear) electron to the spectrum in coincidence with
K x rays, whereas So and DC each contribute two.
Bremsstrahlung photons accompanying P decay and
other low intensity decay channels which give elec-
tron-photon coincidences were identified in the ob-
served coincidence measurements by their charac-
teristic distributions.

A study of the K-shakeoff spectrum accompanying
the P decay of "'Pr by Fischbeck et af. ' (hereafter
referred to as 1) showed the desirability of using
a magnetic spectrometer in studies of this type
because dis tortions due to s cat ter ing processes
commonly seen in solid state or proportional
counter spectrometers, particularly at the lower
energies important for the elucidation of the orbital
ejection process, are much less severe. The
'~'Pr study gave the first (thus far only) clear view
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of the low energy orbital component, and also
showed' the definite contr ibu tion of the des truc-
tive interference effect arising from the indistin-
guishability of the two free electrons in the final
state, predicted by the theory of I,aw and Camp-
bell. ' I.ed by the above earlier work, this investi-
gation used an improved electron detection system
for the magnetic spectrometer, a new Ge(Li) spec-
trometer for photons, and a much more complete
coincidence analysis system. The improved ex-
perimental arrangement allowed lower energy
electrons which constitute the abundant orbital
component and the interference term to be studied
reliably. In spectrum shape studies, as contrasted
to overall probability mc;asurements, extreme
care must. be exercised if the resulting spectra
are to distinguish between various theoretical pre-
dictions.

The study of "'Pm was chosen as a complement
to the "'Pr work because it has a well established
nearly allowed shape' with relatively much lower
end-point energy and a nearby Z. The available
energy parameter E, governs K So in relation to
the K binding energy Bz, for "'Pr, E,/Br ——21.4,
whereas for "'Pm, E,/Bx ——4.9. This lower value
yields a much less pronounced separation of the
main bodies of the nuclear and K-orbital overlap-
ping continua (terms in SO theory described later)
for "'Pm, but a relatively much larger and more
easily discerned contribution of the "indistinguish-
able-particle" interference term on the spectrum
shape, and is therefore a more severe test of this
recent ' theoretical refinement. The same low

E,/Bx value leads to a prediction of a relatively
much enhanced DC component, with perhaps im-
proved chance of observing its influence on the
spectrum shape. A comparison with earlier spec-
trum shape studies on ' 'Pm by Stephas and Crase-
mann' and by Isozumi and Shimizu' using solid
state and proportional counter spectrometers,
respectively, was also thought to be desirable. In
particular, neither of these earlier investigations
showed any evidence for the K internal conversion
or L-Auger electrons which are prominent fea-
tures of this particular spectrum in coincidence
with K x rays (see Fig. 6); this lack casts doubt on
the validity of the conclusions inferred. In addition
to the K internal conversion peak associated with
the weak (-8 && 10 ') decay branch' of "'Pm to the
121.2 keV level in ' 'Sm, the contribution to the
K x-ray coincidence spectrum from this inner P
group itself would also be expected to influence the
spectrum shape. All these features were observed
and corrected for in this study, which included a
measurement of the intensity and spectrum shape
of the inner group in coincidence with the 121.2-
keP y ray.

II. EXPERIMENTAL PROCEDURE

Investigations of this type push the usual P spec-
troscopic requirements and techniques to their
limits in a variety of ways. Since K shakeoff is a
low probability process (-10 ' per P decay for
'4'Pm), intense sources, with attendant dead-time
effects, must be counted over long times, requir-
ing months long stability of the system to obtain,
e.g. , 1000 counts per each spectrum point. Sever-
al experimental compromises and intrinsic effects
entail inefficiencies that require precise correc-
tion. Extreme source purity must be substantiated
to avoid extraneous coincidences, and sources, al-
though intense, must be thin to avoid scattering
and spectrum shape distortions at low energies.
Finally, the spectroscopic and electronic tech-
niques must be valid to unusually low electron en-
ergies, «B~, where the main part of the orbital
So component lies.

A. Source

The source was prepared by retarded ion beam
deposition at 200 eV of mass 147 in an electromag-
netic isotope separator onto a 50- pg/cm' carbon
film supported over a 1-cm hole in 7-mg/cm' Al
foil held on a 10-cm diam thin Al ring. Its mass
thickness was &1 pg/cm'; it was invisible in a,ny

illumination. It contained negligible '"Sm after a
preliminary separation of Pm on a cation column,
judged also from the intensity of the analyzed mass
beam at mass 148. No photon peaks other than
from '~'Pm decay were detectable with a Ge(Li).
The source strength was 18.6+1.5 p, Ci; three in-
dependent measurements via the singles P count
(in the spectrometer), the intensity of the K x rays
and of the 121.2-keV y ray, agreed within 10%.

B. P spectrometer

Figure 1 schematically shows the Argonne iron-
free double-lens P spectrometer with the detectors
and electronic circuitry used in this investigation.
The spectrometer baffles were adjusted for 5/0 of
4v transmission and a nomina. l 5/o momentum res-
olution, adequate for shape studies and involving
only small resolution corrections. " In this mode
the spectrometer induces" &1/o spectrum distor-
tions. The lens current and thus the momentum
of the focused electrons is automatically controlled
proportionally (+ 5 x 10 ') by selecting the reference
voltage for the control on a potentiometer. The
convenient units for electron momentum are the
potentiometer settings in millivolts (mV). Calibra-
tion of the spectrometer was based on the 193.658
+0.02 keV (Ref. 9) K-internal conversion line in
the decay of "'Hg, and on an internal standard,



SP ECTR UM SHAPE OF E-ORBITAL SHAKEO F F ~ . . II ~ - ~

HIGH
VOLTAGE P PREAMP PHOTO

MULT I P LIE R

BA FFLES

I t & ' ' I I

IIIA--
I ))i i's) ) X I

X
l

NOI (TI ) SOURCE )~ SPECTROMETER COILS
(78 cm)

7-PREAMP
HIGH

VOLTAGE

) PULSE GENERATOR )
)ATTEN)
I I

TIME
PI CKOFF

TIME
PICKOFF

CONTROL

&s o TIME
TO

AMP L I 7UDE
CONVERTER

1I

START
CONSTANT
FRACTION

T I MIN G

Dl SCRI MINATOR

TI M IN G

FILTER
AMP,

CONSTANT
FRACTION D ELAY DELAY

TIMING AMPLIFIER AMPLIFIER
DISCRI MINATOR

P
SINGLE

CHANNEL
ANALYSER

SINGLE
CHANNEL

AN A LYSE'R

BETA
LI NEAR

A MPL I F I E R

BETA
SINGLE

CHANNEL
ANALYSER

i1 TAC P+ A

Sy SLOW
GOING IDENCE -I

L I N EAR f'

GATE

GAMMA
SINGLE

CHANNEL
AN ALYSER

GAMMA
LIN EAR

AMPLIFIER

DELAY
AMPLIFIER

ATTEN

lf

BETA
MULTI C HANNEL

ANALYSER

TAC
MULTI C H AN NE L

ANALYSER

IIE
ROUTING

GENERATOR

GATING
GENERATOR

F ULI
TAC

S LOW

GOING I DENCE -3I
P+A

II

FULL TAG

DELAY
AMPLIFIER

GAMMA
MULTICHANNEL

ANALYSER

~P 4

FIG. 1. Schematic diagram of apparatus and circuit. At top, double lens electron spectrometer with NaI(T1)
scintillation electron detector at left, and Ge(Li) photon detector at right of source mount. The fast-slow coincidence
circuit used to gate the three mul. tichannel analyzers which record the selected photon, photoelectron, and TAC dis-
tributions is described in the text.

the internal conversion line of the weak' 121.25
+0.05-keV transition in ' 'Sm. Daily monitoring
of the residual earth's magnetic field inside the
degaussing coils assured negligible effects by the
residual field on electron focusing to &1 keV.

C. Electron detector

A bare, cleaved Nal(T1) disk 12 mm in diameter
and 1 mm thick was chosen as the electron detec-
tor for its superior scintillation efficiency" at low

energy. A 10-mm diam detector baffle with round-
ed edges was 1 mm in front of the crystal. A 62-
cm long, 2.5-cmdiam Lucite lightpipeled toa mag-
netically shielded RCA 8850 Quantacon photomulti-

plier tube located in a region of acceptably low
magnetic flux. The system yielded approximately
0.7 photoelectrons per keV deposited in the crys-
tal.

D. Photon detector

An Ortec Ge(Li) low energy photon spectrometer,
25 mm diam and 5 mm thick, with 40-pg/cm' dead
layer, mounted in a 45-cm long 5-cm diam cryo-
stat extension, inserted into a reentrant tube behind
the source (20-mm gap; 0„„=7%)inthe P spectro-
meter. The extension and reentrant tubes each
had a 0.047-g/cm' beryllium end window. The
source-Be window distance was minimized con-
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sistent with a & 1% measured rise of the P spectrum
at a low energy arising from electron backscat-
tering. The energy resolution of the Ge(Li) system
was 2.7 keV full width at half maximum for the 40-
keV SmKn x rays whichwere observed over a con-
tinuous bremsstrahlung spectrum. Near 40 keV
the intrinsic efficiency is unity and for the 121.2-
keV y ray in "'Sm, 0.50+0.03, measured with a
series of intensity-calibrated y-ray sources.

E. E1ectronic circuitry

A fast-slow coincidence circuit gated three mul-
tichannel analyzers (MCA). The x-ray (photon)
MCA gives the basic spectru~ datum at each fo-
cused electron momentum, i.e., the intensity of
the Sm K x rays [prompt (P) and chance (A) events
recorded concurrently in separate MCA memory
sectionsj in coincidence with electrons of energy
selected by the magnetic spectrometer. The "P"
and "time- to-amplitude converter" MCA records
were used to determine the electron and fast-co-
incidence detection efficiencies and timing adjust-
ments and as requisite checks on the number of P
and A photon events. Various scalers recorded
data used in the analysis.

The fast photon, focused electron coincidences
were analyzed via a time-to-amplitude converter
(TAC). The Ge(Li) drove the "sta,rt" pulse for the
TAC. "True start" (TS) pulses, which account for
start dead time losses, were scaled. The relative-
ly slower rates for photon pulses (typically to 100/
sec) compared with fast electron rates (up to
15000/sec) gave TS losses of &0.1%, much larger
TAC stop losses are tolerable. The first photo-
electron pulse from the Quantacon arising from
each focused electron formed the "stop" input
pulse to the TAC with a verified &99% efficiency.
The short dead time of the negative, 50-nsec wide
time pickoff (TPO) output logic pulse normally
used for such timing applications introduced dif-
ficulties in the TAC operation. Repeated stop
pulses coming from individually detected photo-
electrons from a single scintillation event [7=250
nsec for Nal(TI)] spread the leading edge of the
TAC peak with time-correlated "accidental" co-
incidences. To alleviate this problem, the posi-
tive output logic pulse from the TPO control was
extended to 3.5 p,sec and after inversion, shaping,
and delay was used as the stop pulse to the TAC
to prevent fast retriggering. The sealer recording
"fast P rays" or stop pulses was driven with a
similarly extended retriggering time so that its
counts would match those of the TAC stop.

The time resolution of this system is a function
of the energy of the electrons focused in the P
spectrometer and is limited principally by the

relatively slow 0.25- psec decay time of the NaI(Tl)
detector for single photoelectron pulses (cf. TAC
efficiency discussion). True coincidences appear
in a peak on the MCA-recorded TAC spectrum
superimposed on a continuum of random coinci-
dences. A TAC range of 0.5 p, sec for electron en-
ergies above 25 keV (2 p, sec below 25 keV) con-
fined the true coincidence peak to less than half the
channels on the TAC multichannel analyzer (MCA).
A TAC output drove two parallel single channel
analyzers (SCA) with precisely equal window-width
settings, one selecting the region including the
prompt (P) coincidence peak of the TAC spectrum,
and the second selecting a timewise displaced seg-
ment of the a,ccidental (A) coincidence spectrum.
Thus true and chance coincidence rates were con-
currently recorded. The joined outputs from the
P- and A-SCA's provided the TAC input into one of
two slow triple coincidence circuits (I): The full
TAC output fed the other (II). The decoupled signal
from the A SCA was used for routing the accidental
events into a selected memory segment of the y
and P MCA's.

An amplified linear signal from the photon de-
tector through a SCA with a pulse shape discrimi-
nator provided the slow y (S„) coincidence require-
ment, differentially selecting only that portion of
the photon energy spectrum of interest. This
range included also the 121.2-keV y ray in "'Sm,
so that the shape of the weak inner P group from
"'Pm could be measured concurrently with the
SO shape, via the intensity of the y ray.

The electron side was similar except that the P
SCA driving the slow coincidence inputs rejected
only low amplitude pulses. At all electron ener-
gies incident on the NaI(Tl) crystal there is a very
broad range of pulse amplitudes extending down to
single photoelectron events due to backscattering
of a fraction of the focused electrons from the
crystal, which thus deposit only a portion of their
energy. Due to the large dynamic range of the
pulses from the P preamplifier and the need to see
even single photoelectron events, the photomulti-
plier voltage and the linear amplifier gain used
were sufficient to saturate the amplifier for all
scintillation events releasing more than about 10
photoelectrons. The P SCA (S~) discriminator was
set precisely beyond the upper amplitude limit of
the single photoelectron-event distribution. These
were rejected for higher focused electron energies
(~ 10 keV) since the decay of the prolifically popu-
lated delayed states" in NaI(Tl) gives many single
photoelectron events which would have drastically
increased the chance coincidence rate. This mode
of slow coincidence operation was labeled "triples"
(S„S~,TAC). For electron energies below 10 keV
the S~ requirement was removed in both of the slow
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coincidence circuits (labeled "doubles"; S„, TAC),
because relatively fewer delayed states are
formed, and one can achieve higher P efficiencies
by accepting the substantial fraction of low energy
focused electrons which give only a single photo-
electron.

Pulse height distributions for electrons and pho-
tons which satisfied the coincidence requirements
were recorded on separate multichannel analyzers
(P and y MCA's), gated by the slow coincidence
output. Both analyzers were operated in a split
memory mode such that prompt events (in the P
SCA window) were stored in one-half of the P and

y MCA's, respectively, while events falling time-
wise in the A-SCA window were routed into the
other half of the respective MCA's.

The second slow triple coincidence circuit (II)
gave the usual coincidence gate for the TAC MCA.
Thus the TAC analyzer recorded the jul/ TAC dis-
tribution for which all coincidence requirements
had been met. For the daily check on the channel
positions and widths of the P- and A-SCA windows

on the TAC spectrum, the TAC analyzer was gated

by the (l) slow coincidence circuit. These window

positions were measured quickly and accurately
by generating high chance rates by setting the TAC

range at its maximum of 80 p.sec and lowering the

y discrimination level on the TAC start pulses into

the noise. Analyses of the TAC spectrum for each
electron momentum setting afforded a check on the
number of true coincidences obtained in each run

and a means for determining the coincidence (or
TAC) efficiency.

III. DATA ANALYSIS

The composite electron momentum spectrum
measured in coincidence with K x rays was taken
as the corrected K x-say coincidence sate per unit
electron momentum, i.e., per mV, "as a function
of the focused electron momentum expressed in
m7." Thus the principal datum used in the analy-
ses for each mV setting of the spectrometer cur-
rent control was the K x-ray intensity derived
from the coincidence-gated photon MCA. Analyses
of the TAC and P MCA data, were used in making
various corrections to the observed x-ray rate.
Figure 2 shows examples of the type of data col-
lected at each of the 50 momentum settings of the
spectrometer used in the coincidence runs.

A. X-ray photopeak rate

The true coincidence photon spectrum shown in

Fig. 3(a) was obtained from channel-by-channel P-
A differences of Fig. 2(a) for a spectrometer set-
ting of 230 mV (-31.7 keV). The Sm K x-ray peaks
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FIG. 2. A sample set of raw data from the three
multichannel analyzers for the run on 47Pm at 230-mV
spectrometer potentiometer setting (31.7 keV focused
electron energy). The data points from the prompt and

accidental sections of the MCA memories are foMed to

superpose corresponding channels for both the photon

and electron spectra. In the photoelectron amplitude

spectrum (b), the peak at channel 114 is due to amplifier
saturation for pulses having 10 or more photoelectrons.
The discriminator level was set to reject the strong
single photoelectron peak. The TAG spectrum shows

the prompt coincidence peak (channel 73). The cross
points show the spectrum of accidental coincidences
generated at an artificially high rate in a separate mea-

surement made to delineate the channel widths of the

accidental (left) and prompt (right) single channel

analyzer windows selecting TAC output pulses (see text).
The exponentially decaying slope of the tops of the P
and A window tests is due to the high random stop rate.
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FIG. 3. (a) Photon coincidence spectrum (prompt
minus accidental) from data of Fig. 2. Open squares
show smoothed averages of each channel group (groups
indicated below), on background continuum, each ob-
tained from separate plots of group-average value vs
mV fe.g. , Fig. 3(b)]. Curve (least-squares fit to
square points) was used as continuum under photon
peaks. (b) Photon count rate in group 3, (channels
35-39), corrected for electron detection efficiency,
TAC efficiency, and ~47Pm decay, plotted vs focused
electron momentum in mV units.

in coincidence with the electron SO spectrum were
superimposed on a continuum which arose from in-
ternal and external bremsstrahlung in coincidence
with the normal P spectrum as well as from the
Compton distribution of the 121.2-keV y ray in co-
incidence with the weak inner P group. To reduce
the statistical uncertainties in determining the
photon continuum beneath the x-ray peaks for each
coincidence run, the intensity and shape of the con-
tinuum was assumed to vary smoothly as a function
of mV, so that the fluctuations of background con-
tinuum shape for any one mV setting could be
smoothed by correlating data from all mV settings.
Channels on the photon continuum above and below
the x-ray peaks were grouped (5-10 channels per

group) and the intensity of each of 13 groups plotted
as a function of mV, e.g. , Fig. 3(b). A smooth
curve through the points yielded average coinci-.
dence rates at the center of each group as a func-
tion of mV. Then, at each mV, a quadratic curve
was least-squares fitted to these group average
rates to give interpolated background rates to be
subtracted from the channels summed for the Kn
andKIBpeaks. Attempts to fit theoretical internal
bremsstrahlung distributions to the continua had
some success but it was thought that. the empirical
approach was more appropriate.

The Kn+Kp sum rate thenwas corrected for a
variety of instrumental losses and for the contri-
bution of the weak decay branch to the 121.2-keV
level in '"Sm. This latter decay is in coincidence
with K x rays which follow K internal conversion
of the 121.2-keV transition, as is the K conversion
electron line itself. An average value for the Kn/
KP ratio of 3.85 +0.OV was determined from these
analyses which showed no systematic variation
with electron momentum. The literature value"
for this ratio is 4.0.

B. Energy-dependent electron detection efficiency

The usual way of determining the efficiency of
the electron detector by extrapolating the true
coincidence electron pulse amplitude distribution
to zero pulse height, thereby estimating the frac-
tion of counts lost below the discrimination level
at each mV setting" is inadequate at the low elec-
tron energies of interest in SO studies. A new

technique, used here, was developed for the study
of "'Sm, which has a maximum energy of only 28
keV for its K SO spectrum. Details will be given
in Paper III of this series. It involves use of the
Quantacon photomultiplier, with which discrete
amplitude peaks corresponding to the release of
one, two, etc. , photoelectrons from its photoca-
thode can be seen (as in Fig. 4). By computer
construction the amplitude distributions of analyzed
pulses corresponding to two, three, etc. , photo-
electron events emitted in the decay of the prompt
(250 nsec) scintillations from Nal(T1) were cal-
culated. This was done using a convolution pro-
cedure based on an observed single electron dis-
tribution and a measured time-interval response
function of our linear amplifier, gated electron
MCA combination. Computer assisted deconvolu-
tion of the photoelectron pulse amplitude distribu-
tions observed at each focused electron momentum
yielded the fraction of pulses resulting in one, two,
three, etc. , photoelectron events. From these
fractions the fraction of focused electrons giving
zero photoelectrons was obtained by a Poisson fit-
ting procedure.
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FIG. 4. Pulse amplitude distribution from electron
detector obtained by focusing 31.7-keV electrons (230
mV) in magnetic spectrometer as in Fig. 2. Peaks cor-
responding to groups of 1, 2, or 3 photoelectrons
ejected from photomultiplier photocathode are marked,
as well as the amplifier saturation peak due to 10 or
more photoelectrons. Circles are singles counts (no
coincidence gate on MCA) minus background. Crosses
are "self-gated" singles (only gating requirement is
electron amplitude above "one-electron peak"; discrim-
inator at channel 24), also minus background. Such
distributions were measured for purpose of determining
electron detection efficiency (see text) at each focused
momentum.

In doubles where all single electron pulses were
accepted (no Ss coincidence requirement) the frac-
tion of "zeros" constituted the total detection in-
efficiency; the efficiency decreased from 0.90 at
10 keV to 0.53 at 3 keV. In the triples mode, with
the S~ discriminator just above the "one-electron"
level, the loss of all zeros and "ones" was aug-
mented by the fraction of each of the deconvoluted
components, i.e., "twos, threes, and fours, " that
lay below the selected S~ discrimination level,
giving an efficiency function decreasing from 0.94
at 160 keV to 0.80 at 10 keV. The detection effi-
ciency is reliable down to -5 keV.

Figure 4 shows the pulse height distribution in
the singles and self-gated modes. The intense
peak in singles at low pulse heights was caused by
one-photoelectron pulses arising principally from
the numerous long-lived trapping states in NaI(T1)
generated by each focused electron of moderate-
to-high energy. The triples discrimination level is
shown by the singles spectrum self-gated by those
pulses rising above the one-electron level. The
intense saturation peak is also seen. The satura-
tion pulse was kept on scale so that the sum of all
MCA coincidences could be used as a check on the
electronic system and on the photon P-A coinci-
dences.

C. Coincidence efficiency and accidentals correction

Fast coincidence losses resulted when true co-
incidence pulses in the TAC spectrum fell outside
the prompt (P) SCA window setting. Figure 2(c)
shows the complete TAC spectrum obtained for
the run at 230 mV. Superimposed on the TAC
spectrum is a check (accidentals) run taken to
show the P- and A-SCA windows. The leading
(left) edges of the TAC peaks, produced by the
photon start pulse, were generally well defined
and steep. When necessary, corrections were
made for losses on the leading edge by calculating
the small fraction of the peak area lying to the left
of the lower window edge of the P-SCA.

Estimation of the fraction of true coincidences
falling above the upper edge of the P-SCA window

by simple graphical extrapolation of the tail of the
TAC peak was difficult; however, because of the
tailing distribution and the uncertainty in the ac-
cidental continuum. To estimate these losses re-
liably, the shape of the right side of the TAC peak
was calculated (Fig. 5) from the distribution of
arrival times of the first photoelectron pulse in
each scintillation event, since the TPO unit gen-
erating TAC stops was adjusted to be sensitive to
over 99% of single electron pulses. The time
spread arises from the prompt nearly exponential
fluorescence mean decay time of the NaI(Tl), -250
nsec. " (The TAC peak width is purely instrumen-
tal, since the K vacancy lifetime in Sm is -10 "
sec.) At each focused electron energy the ob-
served electron amplitude distribution was ana-
lyzed into a composite sum of multielectron
events, as noted. For each n-electron component
the probability for arrival of the first photoelec-
tron goes as P(t) cc e "'~555, f in nsec, i.e., each
component gives an exponential term of decay time
250/n nsec as illustrated in Fig. 5. By taking t=0
at the TAC peak, the fraction ( fl)„of TAC events
lost beyond t, the upper P-SCA window edge, is,
for each n electron component,

(f[) s ht~/250

Summed over all n electron events, with weighting
factors f„(from the e„„analyses), at each focused
electron energy, the total TAC loss is then

(Fg) Q f e nt I250-
This is illustrated in Fig. 5, for 90 mV, for which
the (typical) TAC efficiency was 0.92.

Possible causes of an incorrect P-A subtraction
in the photon or electron analyses included unequal
P and A window widths, TAC nonlinearity, and
TAC stop slope. The P and A window widths were
monitored and set before and after each run to 1%
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[Fig. 2(c)] and corrections made when necessary
to compensate small drifts. The TAC nonlinearity
was observed to be less than 1% over the used
span. A high stop rate (mean pulse spacing of the
order of the TAC range) of random pulses pro-
duces an exponentially decaying TAC slope (cf.
check run, Fig. 2). The actual experiment, how-
ever, showed no detectable slope over a 2- p,sec
TAC range (calculated &1%) and no correction was
made.

D. Dead-time corrections

The low coincidence rates inherent in this type
of expe r im ent require that the singles counting
rates be relatively high, particularly of electrons.
Photon rates may also be high depending upon the
character of the photon spectrum and how near to
the noise level the disc riminator must be set to
avoid x- ray losses. Corrections were made for
those dead-time losses that exceeded the 1% level.
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l. Fast coincidence dead-time losses F. Calculation of experimental momentum distributions

Fast coincidence losses as great as 1% occur
only as true start losses in the TAC. The mea-
sured TAC-start dead time is (5 psec+ TAC
range). The dead-time correction was based on
recorded true starts.

2. Slow coincidence dead-time losses

These may occur in the P and photon SCA's and
in the MCA's; only the first exceeded the 1% level.
To prevent spectrum pileup distortion, even the P
SCA pulses below the discriminator level intention-
ally extend its dead time following an analyzed
pulse.

The loss rate in Sz analyzed and recorded co-
incidences was measured for a 60-Hz pulser,
mixed with P pulses into the P preamplifier, a,nd

also inserted into the photon preamplifier (pulser
only), as a function of the focused P pulse rate and
energy. This test yielded a P SCA dead-time r fit-
ting an extending dead-time models, „,
=N, exp(-N, r). The electron energy affects the
loss rate owing to the increase with focused elec-
tron energy in the single electron pulse rate from
long lived states in NaI(T1). (In fact this high rate
of delayed state single electron pulses was ob-
served to stretch out the pulse length of high en-
ergy saturated pulses up to 40 times that of un-
saturated pulses. ) Since the true rate N, in the ex-
ponential loss factor must include pulses below
the slow P (Ss) discriminator level, the fast P rate
N y'g &

from the TPO which included all s ingle elec-
tron pulses was found to be a proper measure of
the total pulse rate into the P SCA to account for
the pulser rate loss, so we have instead,

.N&ose, &Ne(s, &
exp( N(, ,&7)-

The slow P dead-time losses (~ 7/o) were applied
to both coincidence and singles spectra.

E. Routine system monitors

A pulser fed to both the photon and electron pre-
amplifiers was used to monitor the electronic sys-
tem daily, testing all coincidence operations and
all three MCA's for overall system stability.
Sums of the recorded P and A events were com-
pared separately for the photon and electron analy-
ses of each run (required 1% match). The spectro-
meter current control was checked (and reset to
10 ') daily, as also were the vacuum and degaus-
sing field. Photon and electron emission rates
from the source were measured daily at preselect-
ed energies, checking the mechanical stability of
the source and the source decay (6.5/0) during the
three months running time of this experiment.

I(singles) =NoQ,

I(SO; K„(SO))= 1.9 3No Pyy A(os E»„,
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FIG. 6. The total electron momentum spectrum of
4 Pm in coincidence with Sm & x rays, corrected for

all losses, detection efficiencies, and sample decay.
The continuous distribution includes the ~ shaking and
direct collision contributions as well as the weak inner
P group in ~47Pm decay (see decay scheme), seen in
coincidence with & x rays following K internal conver-
sion of the 121.2-keV transition. The &&2f conversion
line, and the unresolved L-Auger group appear as
superposed lines (see inset). Below is shown the inner
group spectrum in coincidence with the 121.2-keV p
ray, in (approximately) the correct relative abundance
to the total, & x-ray coincidence spectrum.

Finally, small corrections significant for only
the four highest energy points for finite spectro-
meter resolution" were applied to the singles and
coincident momentum spectra. The composite K
x-ray coincidence spectrum (Fig. 6) includes sev-
eral significant contributions: shakeoff, shakeup,
and direct collision ejection in the ground state P
transition; the weak inner P decay branch itself
seen via K x ray following K conversion of the
121.2-keV transition in "'Sm, and also its equally
intense associated Ik internal conversion line (in-
ner group SO is negligible); and L, -Auger electrons
which follow only Ka. x rays. M-Auger electrons,
which follow KPx rays are &1.5 keV. Also shown

is the momentum spectrum of the inner P group in
coincidence with the 121.2-keV y ray. The relative
intensities (areas of continuous or line components
of the momentum spectrum) in the coincidence and

single spectra used to obtain I'~ and the shaking
spectrum shape, are given by
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I(K line; K„(IC))=N, fQ [n»/(1+ o.)]&a» &»„, (3)

I(inner P;K„(IC))=No fQ [n»/(I+ o.)]to» c»„(4)
I(inner P; 121y) =No fQ [1/(1+n)]e»„(5)
I(L-Auger;Ka (SO)) =N, P»Q&u»e»„(v], (6)

where

I~'I=
K

'(I- ~L.-f-)

+ '+f„K' (1 —~„)Kn, K@2

and

I(L Auger; -Kn (IC)) =N, f[o.»/(I + o.)] Q&o» &»„(v).

(7)

I(x;y) represents the intensity of the x electron
group in singles or in coincidence with photon y,
except that 80 represents shakeoff plus shakeup
and direct collision; N, is the "'Pm decay rate;
Q is the transmission-resolution product for the
magnetic spectrometer"; and f is the very small
inner group branching ratio (5.7 x 10 '}. K„(SO),
Ka (SO), K„(IC), and Kn (IC) represent K(total) and
Ka x rays resulting from shakeoff (SO) and internal
conversion (IC), oI» and oI are the K-shell and total
internal conversion coefficients for the 121.2-keV
transition, v, is the fluorescence yield of the ith
(sub) shell and e»„and e», are the overall detection
efficiencies for the K x ray and 121.2-keV y ray,
respectively; Ke and Ke denote KL, and KL,

1 2
transitions, and f» is the Coster-Kronig yield be-
tween the L, and L, subshells. The 1.93 factor in
Eq. (2) is the average number of electrons emitted
per K-shell shaking plus direct collision event (2
for SO and DC and 1 for SU) evaluated from Law-
Campbell' theory; P»(SU)/P»(SO) = 0.089 and

P»(DC)/P»(SO) =0.206 for '"Pm; [2(1+0.206)
+0.089]/1.295=1.93. Justification for the intensi-
ty of the direct collision (DC) contribution will be
discussed later.

IV, RESULTS AND DISCUSSION

A. Singles spectrum

Equation (1) represents the singles P-ray spec-
trum. While the ensemble of slow P sealer values
from the individual runs on the coincidence data
points gave a singles spectrum, better results
from a special short singles run are shown in Fig.
7. This was taken with the slow P discriminator
set just above the upper end of the two- (rather
than one-) electron distribution from the P detec-
tor to avoid spectrum pileup distortions from sin-
gle photoelectron events from NaI(Tl) delayed
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FIG. 7. Pm P singles spectrum. (a) Kurie plot.
Inset: momentum plot of the very weak (3 &&10 '/decay)
+f2 f convers ion line internal standard (sol id curve),
observed in coincidence with & x rays. Data peeled
from Fig. 6. Dashed line with centroid position at 362
mV would give calibration that would yield ED=224. 5
keV for Kurie end point. Residuals sum from Gaussian
line fits to data points marked for each line. Cross
points above 200 keV show data corrected for magnetic
spectrometer resolution; circles show uncorrected
data. (b) Shape factor plot (experiment/theoretical
allowed shape) for Eo= 227.5 +1.0 keV.

states. There was evidence of such distortions;
the singles electron distribution showed a small
excess two-electron peak as well as a strong ex-
cess one-electron peak with respect to the elec-
tron distribution observed in coincidence with K
x rays. Electron detection efficiencies and dead-
time corrections were determined as for the co-
incidence runs. Figure V(a) shows the Kurie plot
and Fig. 7(b) the shape plot (ratio of experimental
points to those calculated for an allowed spectrum
shape with end-point energy of 227.5 keV).

This singles spectrum does not follow the al-
lowed shape of most earlier measurements' and
the measured end point is 3 keV higher, at 227.5
keV. The inset of Fig. 7(a) shows a momentum
plot of the K internal conversion line of the 121.2-
keV transition, taken in coincidence with Sm K x
rays, as an internal calibration standard. It has
the width and shape of the strong K-conversion line
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most negligible effect. We ignored the allowed
shape deviation in the K shaking theory calculations
that will be compared with experiment.

B. K x-ray coincidence spectrum

1. Resolution of components

In Fig. 6 a smooth interpolation under the K in-
ternal conversion [Eq. (3)] and I.-Auger [Eqs. (6)
and (7)] peaks gave the continuum. Using only co-
incidences with the KP x rays and multiplying by
a K„/KP ratio of 5.0 eliminated the I, -Auger peak,
but was statistically poorer (see Fig. 8). Also the
shape of the L-Auger composite unresolved "peak"
was used to aid in its delineation and "peeling. "
This was calculated by convoluting the theoretical
Auger spectrum with the spectrometer resolution
function (the K line shape). Next the contribution
to the SO continuum by inner P group coincidences
with K x rays was subtracted. The inner group
forbidden spectrum shape (log f t = 10.5) measured
in coincidence with the 121.2-keV y rays (Fig. 6)
was subtracted with an intensity equal to the area
of the peeled-off K internal conversion peak, as
seen from the equality of Eqs. (3) and (4). A check
on this intensity giving acceptable agreement was
afforded by the ratio of Eqs. (3) and (5) for the K
line and inner group coincidences (see below). The
shape and intensity of the inner group contribution
is indicated in Fig. 6.

2. Shaking probability Pz

Relative areas of the various electron compo-
nents from the coincidence and singles measure-
ments (the low energy singles rise below 15 keV
was not included in extrapolating the momentum
plot to zero momentum) are listed in Table I.
Various intercomparable values of P», o.»(121),
and f, = f/(1+ n) can be calculated by pairwise com-
parisons of these data, using the equations of Sec..
III F. and the labeled areas of Table I. The un-
certainties quoted in Table I include both statisti-
cal and systematic contributions and should be in-
terpreted as standard deviations.

(a) The most direct value for P» comes from the
ratio of Eq. (2) (area b-area c) to Eq. (1) (area a)
which gives

A(SO; K,(SO)) 1 1 1
A(singles) 1.93 e» c»„

=(8.3+1.0) x10',
where co~=0.94, and &~„=0.07+0.007 includes the
source-Ge(Li) solid angle.

(b) Another value for P„based on the ratio of Eq.
(2) (area b-area c) to Eq. (3) (area c) gives

A(SO; K„(SO))
A(K line; K,(IC)) 1+n 1.93

=(8.5+0.8) x 10 ',
where f/(1+ n) = (2.9 + 0.1) x 10 ' (McConnon") and
o.»=0.826 calculated (tables of Hager and Seltzer" )
for 89'%%uo Ml+11/0 E2 for the 121.2-keV transition. '

(c) A final correlated P» value based on the ratio
of Eq. (2) to Eq. (5) (area d) gives

A(SO; K„(SO)) f E „, 1 1
A(inner P; 121y) 1+ et e», 1.93 (o»

= (9.6 + 1.2) x 10 ',
where e», /e»„=0. 50+0.03 was measured for our
Ge(Li).

Although P„also appears in Eq. (6) involving the
L-Auger electrons, the uncertainties associated
with the electron detection efficiency at these low
energies (main component at 4.5 keV) gave P» val-
ues which were not as reliable due to correction
factors as large as 2. As an example of the validi-
ty of the various corrections in the L-Auger re-
gion, the following ratio gives

A(1 Auger; K„(S-O+IC))
A( K line; K„(IC))+ A(SO; K„(SO))/1.93

about 20'%%uo low compared with the "theoretical" val-
ue of 0.633 for the curly brackets in Eqs. (6) and

(7). This dispa. rity, among others, leads us to
discount the spectrum shape data below -5 keV.

All of these values show internal consistence.

TABLE I. Relative areas determined experimentally for the various momentum distribu-
tions.

Label Equation Distribution Relative area

(1)
(2)+ (4)

(3)
(5)

(6)+ (7)

A (singles)
A((SO+ innerp); K„(SO+IC))
A(X line; IC„(IC))
A (inner P ~ 121')
A(L Auger; Ã„(IC+SO))

(1.222' 0.030) x 10
(1.467 ~ 0.073) x 103

(1.86 y0.13) x 102

(1.07 y 0.09) x 10
(4.37 k 0.44) x 10
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We conclude that our best value for P» = (8.7+ 0.7)
x 10 ', the average of two previous measurements
is 9.0+ 0.9 & 10 '. The Law-Campbell theory' gives
P»(SO+SU) =7.71x 10 ' and P»(SO+SU+DC) =9.32
&& 10 '. Our P~ value alone thus gives no clear evi-
dence on a DC component.

3. n& and f/(1+n) values

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

A(Kitne;K„(lc)) 1 1 (1++)
A (singles) (u» «»„ f

compared with 0.826 from the multipole admixture.
Alternatively, solving for f/(1+ o.), using n»

=0.826 as above in this ratio gives

f/(1 + o.) = (2 80+ 0 35) x 10 '.

Similarly the ratio of Eq. (3) to Eq. (5) gives

A(K line; K„(IC))e», 1

A(innerP; 12ly) E»„a»

and finally the ratio of Eq. (5) to Eq. (1) gives

A(inner P; 121y) 11+o.) =
A (singles)

= (2.50 a 0.37) x 10 ',
where e», =0.035+0.004. From this one gets f
= (5.7 + 0.7) x 10 ' and logf t = 10.5 for the inner
group.

Again these values are internally consistent.

4. K SO spectrum shape; theory and experiment

While the P~ value agrees well with theory and
other measurements, the primary thrust of these
measurements has been to determine spectrum
shapes. We digress to present some details of
the Law-Campbell (L-C) theory' of K shaking in P
decay that are essential to the analysis of the ex-
periment. In L-C theory, the composite negatron
(K electron plus nuclear P ray) momentum shake-
off spectrum for a transition exhibiting an allowed
shape for the singles spectrum is given by

G 2

&(P)4 = 4",, P'dP ;,'. (~.—E~-E.)'2(1&e.'I "&I' F(Z', E,)+l&e,'I "&I' F(Z' E.)

—I& 'I "&II&,'I "& 9'(z' E.»(z' E.)l"'& (8)

|"~ and G„are vector and axial vector coupling
constants, (1)' and (o')' denote the corresponding
nuclear matrix elements of allowed beta decay,
and $ =(1)'+ (G„/G v)'(o)'. X is the relative proba-
bility that one of the two ejected indistinguishable
electrons has momentum p; the other has momen-
tum s. Thus P and s enter the formula symmetri-
cally, prior to the indicated integration. For a
given electron ejected with momentum p, the in-
tegral limit so(p) is the maximum momentum the
other electron could have, i.e., when the antineu-
trino momentum' is zero. In the antineutrino en-
ergy factor (W»-E~ —E,)', W» is the total decay
energy minus B~, and E,. are ejected electron en-
ergies. The F(Z', E,)are Fermi func. tions ac-
counting for the effect of the final nuclear Coulomb
field (Z'=Z+1) on the free electrons, and (e& Ie»)
are overlap integrals between the initial E-elec-
tron and the final electron continuum wave func-
tions. L-C approximate the K shell state with
relativistic hydrogenic wave functions. 4

The most important features to consider when
comparing this completely antisymmetrized theory
with the experimental spectrum above are the
three terms within the curly brackets. While all
three terms in principle span the entire allowed
energy range, zero to E, —B», the first term (af-

ter integration) rather closely follows the usual
I8 spectrum (but with maximum energy decreased
by B») and is prominent at higher energies; it is
referred to as the nuclear component (N). The
second term is predominant at the lower electron
encl gles near B~ lt ls called the orbital com-
ponent (0), in analogy to the component of simple
wave function overlap theory, since its energy de-
pendence is governed mainly by the sharp dropoff
in the atomic matrix element (wave function over-
lap integral) - (E/B») '~' The final. (negative)
"cross" (X) term arises from the interference of
the two final state free electrons, and hence is
strong in the region of maximum overlap of the
first two terms, where they have similar ener-
gies. The N and 0 term integrals are necessarily
of equal intensity for all decay energies E,. Since
they overlap little for E,»B~, the X term is then
relatively small. The N and 0 terms (components)
can then be easily distinguished, ' as in '4'Pr (E,/
B»—-21), and the small influence of the X term can
be seen in the "valley" between them. Where E,
-B~, the N, 0, and X terms become very similar,
in shape and in magnitude, as in "'Sm. ' ' 'Pm,
with E,/B»=4. 9, is an intermediate case in which
the separate term influences are smoothly melded
but with each prominent in different spectral re-



790 SCHUPP, FREEDMAN, PORTER, AND BEERY

gions. These three principal components of the
SO spectrum calculated for '4'Pm from the formu-
las of Ref. 4 are shown in Fig. 8 (at half scale)
plus the SU component (shown at twice its 9% rela-
tive intensity) and the DC component (shown at the
Feinberg intensity). SU, of course, contains only
one free electron whereas the three SO terms, N

+0 —X, in sum represent two free electrons, as
does the DC component. The SU shape is given'
by an expression similar to Eq. (8).

In a perhaps more familiar representation, the
energy spectrum of the experimental and theoreti-
cal shaking distributions are given in Fig. 9, cal-
culated from N(E)dE =N(P)dP.

In both these figures the fit of the theoretical
shape to the data is excellent over the entire en-
ergy range above -5 keV. An essentially equally
good fit is had without including a DC component
(see Fig. 10). The necessity to include the inter-
ference (X) term is made clear, particularly in
the range 125-350 mV, by an attempt to fit the
data with (N+0+SU+DC) only; this curve, nor-
malized to the data above 400 mV, was above the
experimental average by -2O% at 150 mV. The
misfit of the statistically poor, KP only, data points
at the extreme low end, near 5 keV, is due to a
breakdown in the electron detection efficiency pro-
cedure there, and is not indicative of a weakness
in the theory.
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5. Direct collision component

Calculation of the magnitude and shape of the di-
rect collision (DC) contribution'"' is much less
reliable, no complete theory having been developed
without involving major approximations. Fein-
berg" estimated that DC/SO (intensity) -B„/E„
or 21% for the '47Pm decay. The intensity of DC
which could be accommodated in the experimental
spectrum shape was tested using the ratio (shape
factor) plot of the experimental spectrum to the
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lation spectrometer SO measurement (Ref. 7), albeit at
poorer resolution.
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FIG. 10. Shape. factor plots (ratio of experimental to
theoretical intensity) for I-electron ejection in 4 Pm
P decay, with varying (indicated) relative amounts of
DC included in the theory with SO+SU: in (a), no DC;
in (b), the Feinberg estimate, DC/SO= Sz/Eo = 0.21; in
(c), 3 times the Feinberg estimate. An energy-inde-
pendent ratio, i.e., points along a horizontal line, in-
dicates agreement of measurement with theory. Plot
(c) indicates 3&& Feinberg estimate is an upper limit for
DC component.
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theoretical (SO+SU) contributions with varying
amounts of DC added; see Fig. 10. The DC shape
used was calculated from Feinberg's prescription,
as in Paper I on "'Pr, and is shown in Fig. 8.
However, for '"Pm with a fourfold higher B»/E,
ratio, the DC shape is much more similar to that
of (SO+SU) than for the high energy case of "'Pr;
despite the expected much larger DC contribution
in the former case, the shape similarity results
in a comparable sensitivity of the measured shape
to the DC component, in each case. Figure 10
shows the results of these tests where no DC con-
tribution was added to the L-C theory in (a), the
Feinberg estimate added in (b) (as in Figs. 8 and

9), and 3 times the Feinberg estimate added in (c).
The criterion for agreement of experiment and
theory is an energy-independent ratio. From the
slope and shape of plot (a) we conclude that the
spectrum shape is consistent with no DC compo-
nent, and (c) rejects any such contribution exceed-
ing 3 times the Feinberg prediction, -60%. Our
DC upper limit firmly rejects the recent proposal
of Isozumi et al. ' that DC/SO-1. This reinforces
the same, even more stringent limitation on the
DC contribution obta. ined" for the ca,se of "'Sm (in
that case from the P» value) in which the DC com-

ponent could not exceed 4 of the Feinberg estimate,
and the conclusion from several recent P~ mea-
surements, '.""which match better the L-C So+SV
predictions with no DC.

Finally, the principal conclusions to be drawn
are that the data indicate an excellent fit to L-C
theory in P„and in shape, to -5 keV, only around
—,
' of B~; that the large negative contribution of the
interference term is clearly required for this fit;
and that the residual theoretical approximations,
the sudden approximation, no initial state correla-
tion, and hydrogenic wave functions, are all ade-
quate for K shaking in "'Pm.
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