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The high-energy portion of the spectrum of internal-bremsstrahlung photons accompanying
the allowed electron-capture transition from *!Cr to the ground state of 'V has been mea-
sured with a Ge(Li) y-ray spectrometer supplied with a pileup rejector. The most impor-
tant correction for the residual pileup spectrum caused by the 320.1-keV nuclear vy rays from
the deexcitation of the first excited state in 5V was performed by extrapolation from a set of
measurements with sources of different activities. The pulse-height spectrum of internal-
bremsstrahlung photons was corrected for detector response. For energies higher than
348.1 keV the number of bremsstrahlung photons emitted per ground-state electron-capture
(EC) decay of %'Cr was determined to be (9.56+ 0.60) 1075, Corresponding theoretical values
are 9.49x 1075 predicted by the theory of Martin and Glauber, and 9.47x 107 deduced from
recent calculations of Intemann. The present result confirms the predictions of theory for
radiative capture of 1s +2s orbital electrons, in contradiction to recent results on 5'Cr and
other EC decaying light nuclides, obtained mainly by bremsstrahlung~y-coincidence mea-
surements. The transition energy of ®'Cr was determined to be 760+ 15 keV, in good agree-

ment with accepted atomic mass differences.

1. INTRODUCTION

In nuclear decay by electron capture (EC) a
small fraction (usually ~10™%) of the decay events
is accompanied by internal bremsstrahlung (IB).
The study of this radiative capture process pro-
vides a lot of information on EC decay, and many
investigations, both theoretical'~® and experimen-
tal,’°~12 have been devoted to it.

The IB theory for allowed EC decays has been
most extensively developed by Martin and Glau-
ber,?:3 who improved the early theory of Morri-
son and Schiff! by taking account of the nuclear
Coulomb field and of relativistic and screening
effects. Their calculations include also capture
of electrons from higher shells. It is well known
from this work that IB associated with capture of
s-orbital electrons is dominant for photon ener-
gies higher than about Za (units of mc? Z is the
atomic number; « is the fine-structure constant),
while IB due to p-electron capture is considerably
intense at lower energies. This theory, which
includes some low-Z approximations, was sup-
plemented very recently by more accurate numeri-
cal calculations.?6

The agreement between theory and experiments
is not yet satisfactory. Although experiments in
general confirm the predicted shape of an allowed
IB spectrum the results for the absolute number
of photons per disintegration are still rather con-
troversial. For s IB in low-Z EC transitions,
where the calculations are most accurate, ratios
of experimental to theoretical intensities between
0.5 and 1.5 are found, even if best available values
for the transition energies'? are used to calculate

the theoretical quantities.'**** A number of ex-
periments have been published recently,**"'" in
which IB spectra have been separated from spectra
of much more intense nuclear y rays by measur-
ing IB-vy coincidences. In part of these measure-
ments'® the intensity of IB was found to be 20 to
40% lower than the predictions of theory; oth-
ers'®+16:17 hayve yielded 20 to 30% higher results
than theory. In one recent experiment!® the inten-
sity of circularly polarized IB in the 5'Cr decay
has been measured with a Compton polarimeter

to be (67+ 7)% of the predicted intensity. The large
inconsistency mainly among the IB-y-coincidence
results has prompted the present investigation.

A relative measurement of IB to y intensity is
possible for nuclides that decay by competing EC
branches to the ground state and to excited states
in the daughter nuclei, respectively. Here part of
the IB accompanying the ground-state branch falls
always into the energy region above the nuclear-vy-
ray energy. The measurement of the IB in this
region with a y-ray spectrometer is, however,
strongly complicated by pileup from the y-ray
pulses being more frequent by several orders of
magnitude.

The decays of 5!Cr and ‘Be are favorable for
such an IB/y measurement. In both cases, a
large fraction of the IB spectrum exceeds the y
energy, and y emission occurs only in about 10%
of the decays, reducing pileup contributions to a
treatable amount. The use of a high-resolution
Ge(Li) y-ray spectrometer further facilitates the
separation of IB and pileup.

The y branching ratios in both decays are ac-
curately known, so that good results on the rela-
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tive rate of radiative to ordinary capture for the
predominant ground-state branches can be de-
rived from measured IB/y ratios. The predic-
tions for this rate from IB theory can accurately
be calculated, since precise values for the transi-
tion energies are available. The accurate deter-
mination of the IB intensities, on the other hand,
will provide good IB corrections for accurate y
calibration of both nuclides.

In the present paper our measurements on %Cr
are described; the results on "Be will be contained
in a subsequent paper.'®

2. EXPERIMENTS

A. Experimental Technique

A Ge(Li) detector with a volume of 1.2 cm?® (di-
ameter, 14 mm; thickness, 8 mm) was used, in
conjunction with a TMC 336 preamplifier, an
ESONE A 1005 nonoverloading linear amplifier,
and a SCIPP-1600 pulse-height analyzer operated
with conversion gain 800. The energy calibration
was performed by recording spectra from standard
sources of *°Ce (165.8 keV), *'Cr (320.1 keV), "Be
(4717.6 keV), ®Sr (514.0 keV), *'Cs (661.6 keV),
%Nb ('765.8 keV), **Mn (835.0 keV), and ®Zn
(1115.4 keV), and determining the photopeak posi-
tions by the three-channel method.?°

For the *Cr measurements an electronic pulse
pileup rejection system was used (Fig. 1), the
principal element of which is a pileup gate (EGG-
GP 100/N) coupled to the anticoincidence gate of
the analyzer. Pileup rejection was performed for
pulse intervals between the resolving time 7,
and 3.6 usec and for pulses higher than 5% of the
amplitude of the 320.1-keV v pulses. The resolv-
ing time was about 100 nsec for two pulses of
equal amplitude and varied between about 50 and
200 nsec for pulses of different heights.

This procedure reduced pileup considerably (by
a factor of 10 for an integration and differentiation
time constant of 0.5 usec in the main amplifier),
but the residual pileup spectrum formed by pulses
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FIG. 1. Block diagram of the electronic equipment of
the Ge(Li) y-ray spectrometer with pileup rejection.
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of the nuclear y rays could not be reduced to an
amount negligible compared to the weak IB spec-
trum. This was even true for total counting rates
as low as 10° sec™, where the IB counting rate
above the nuclear-y-ray energy became compar-
able to the rate of the natural background radia-
tion. A previous attempt® to measure the IB
spectrum of *'Cr with a similar arrangement was
unsuccessful for this reason.

The complete separation of the residual pileup
and IB spectrum, however, can be attained by
measuring sources of different activities and ex-
tracting the pure IB contribution from an extrapo-
lation procedure to zero activity.

B. Extrapolation Method

In each measured spectrum the counting rate
n,,(E, N) in every channel (corresponding to an
energy range E - sAE< E<E+3AE) above the
photopeak energy is the sum of counts from resid-
ual pileup np,(E, N'), internal bremsstrahlung
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FIG. 2. Photon spectrum nap(E) in the energy range
348.1 keV <E =800 keV of a weak 5'Cr source (disinte-
gration rate: 7x10° sec™!) as recorded for 5100 min
with a 1.2-cm® Ge(Li) y-ray spectrometer supplied with
a pileup rejector. The individual contributions of in-
ternal-bremsstrahlung photons z ;3(E), and residual
pileup pulses n pu(E) from the 320.1-keV nuclear y rays
were determined in combination with a spectrum of a
strong source (9 X108 sec™!). The background spectrum
ng(E) was measured for 11900 min.



1372 MANFRED MUTTERER 8

niz(E, N’), and background n§(E) (see, e.g., Fig.
2), multiplied by a correction function f(N) for
over-all rejection losses:

Nap(E, N)=[npy(E, N') +nip(E, N')+ng(E)] f(N).
(2.1)

The correction function f(N) is given by f(N)
=N/N’, where N is the total counting rate inte-
grated over the whole y spectrum, and N’ is the
rate of events recorded by the detector. Since
nearly all counts (299.7%) in the total spectrum
are due to the nuclear vy rays, the function f(N)
can easily be determined by comparing the count-
ing rates N with the known y-emission rates of
the used sources.

After subtraction of the background term
ny(E)f(N) from nap(E, N) and introduction of the
N’-independent ratios

Spu(B) =np (E, N")/N"
and
r1g(E) =nip(E, N')/N’
one gets
n(E, N)/N =spu(E)N’+'rIB(E) . (2.2)

For counting rates lower than 2x10* sec™ as

used in our experiment, the quantity 7,,;, N’ is al-
ways much smaller (<4x1073) than unity and,
consequently, the pileup shape function s Pu(E) is
in good approximation determined by first-order
pileup only. In the idealized case of rectangular
pulses and constant resolving time 7.;,, the func-
tion s, (E) for first-order pileup is independent of
N’, as claimed in Eq. (2.2):

spu(E) = T min (V)2

E+(1/2)AE E!
X f dE’f dxny(E’ -x, N')
0

E-(1/2)AE
xn,(x, N'). (2.3)

The shape of the measured residual pileup
spectrum (Fig. 2) comes close to that idealized
shape, since 7, is short compared to that flat
maximum of the main amplifier pulses. A distinct
difference is observed only in the low-energy part
(Ey <E= 450 keV), where the observed spectrum
rises more steeply. This can be explained by the
variation of 7., with the pulse amplitudes, and
the independence of s (E) on N’ can be assumed
to be conserved.

In this case, the pure IB spectrum #;3(E) per
recorded y event can be determined from a set of
measured spectra by linearly extrapolating the
quantities n(E, N)/N as function of N’ to N’'-~0.
In order to check this assumption we made also

extrapolations of integral counting rates in the en-
ergy region above the photopeak, according to

Nint/N=SpuN’+RIB’ (2-4)
with the definitions
E2 EZ
Nine = 2 n(E, N),  Spu= 25 sw(E),
By Ey

and

Ey
Rig= 2, 715(E),
By

and conditions for the integration limits

E,>E, and E,>EZ, .

C. Experimental Details and Determination
of the IB Spectrum

All sources, used for the IB measurements and
for the calibration of the device (Sec. 3B), were
drop sources deposited and dried onto small poly-
ethylene foils. Care has been taken that the activ-
ity was distributed over a circularly shaped area
of 4+1 mm diam. The foils were then fixed and
sealed into aluminum containers which were placed
at a reproducible position located 10 mm distant
from the detector surface.

The counting geometry of all sources used was
equal within 1.5% under the given conditions. The
y-emission rates of the sources have been deter-
mined with an accuracy of 0.5 to 1% by integral
counting with a calibrated NalI(T1) y-ray spec-
trometer.??

The **Cr sources were prepared from a carrier-
free 51CrCl, solution, which before had been radio-
chemically purified by extracting the impurities
with TIOA (triisooctylamine) (10% volume) -xylene
(90% volume).?® No impurity peaks could be de-
tected in the energy range below 2 MeV; for en-
ergies higher than 350 keV the limit of detection
was <1077 in respect to the 5Cr y activity.

To determine the IB spectrum of 5Cr a total
number of 10 spectra has been recorded using 6
sources. The time of the single measurements
ranged from 700 min for the strongest source
(*!Cr activity of 9x10° sec™) to 5100 min for the
weakest one (7x10° sec™). Eight background
spectra were recorded during the whole period of
measurements for a total 11900 min. The inten-
sity of the background radiation was found to be
stable within the statistical errors of 2% on the
integral background rates in the energy range of
the measured IB spectrum. The mean of all back-
ground spectra was subtracted from the 'Cr
spectra after multiplication with the function f ().
This correction function for over-all rejection



losses could be determined from the series of
measurements on *Cr and "Be'® to be f(N)=1
- aN, with a="7.05+0.20 usec.

For the extrapolation of integral counting rates
Ny, accordingto Eq. (2.4), an upper integration limit
E,of 810 keV and several lower limits E; between
332.1and 396.0 keV were chosen. Straight lines were
fitted to the data (Fig. 3) using two different least-
squares-fitting procedures, one without weighting
the individual points (fit I) and a second using the
squared reciprocals of the statistical errors on
both axes (generally <1%) as weights®* (fit II), re-
spectively. The results of both fits agree satis-
factorily: For example, for E, =348.1 keV (curve
b in Fig. 3) the slopes determined by both fits
differ by less than 0.4%, the calculated standard
errors being 0.3 and 0.9%, respectively. The
intercept R;p, corresponding to the total number
of IB quanta recorded in the energy range E > 348.1
keV per recorded y quantum, was calculated to be
R;5=(1.068+0.014)x 10™%, The results from both
fits differed, in this case, less than 1% from cal-
culated standard errors of 1.2 and 1.4%, respec-
tively. The resulting small errors support the
assumed proportionality of the integral pileup
rates with N’ [Eq. (2.4)].
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FIG. 3. Ratios of integral counting rates N;,, within
energy intervals E; = E<810 keV and total counting rates
N (0 to 810 keV) versus the total counting rates N’ that
have been corrected for over-all rejection losses.
Curves a to e were obtained by least-squares fitting
of straight lines to the results of 10 measurements us-
ing several lower-energy limits E; [Eq. (2.4)]. The ex-
perimental errors are within the diameters of the plot-
ted points. The extrapolations to N —0 yield integral
rates Rig(E;) of IB photons per recorded nuclear y
quantum of ®'Cr. The inset shows the calculated devia-
tions AB =B — (B) of the ratios B=S,,(Ej =332.1 keV)/
Spu (E;=396.0 keV) of integral pileup counting rates from
the mean value (B) =2.80.
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As a sensitive check of the constancy of s,,(E)
in the energy range of strongest deviation from
the idealized shape [Eq. (2.3)], pileup rates
Spu(El)N ’ were calculated by subtracting the ex-
trapolated values R p(E,) from the quantities
N (E,)/N, and. the ratio B=S,,(E, =332.1 keV)/S,,
(E,=396.0 keV) was regarded as function of N'.
The inset in Fig. 3 shows the deviations AB=B
—-(B) from the mean value { B) =2.80, which were,
at maximum, 1.5% of {( B) and within the statis-
tical errors. This justifies a linear extrapolation
procedure in the covered energy range.

The differential IB spectrum per total count rate,
71s(E), was determined by weighted least-squares
fitting of straight lines to the rates n(E, N)/N in
every chamnel [Eq. (2.2)]. The final experimental
IB spectrum n7y (E) per energy interval of 1 keV
and per ground-state EC decay of 5'Cr (Fig. 4) was
then calculated from 7;3(E) according to

nSY(E) = 715(E)P,€S /(1 - P,)AE. (2.5)

In Eq. (2.5) P, =0.098+ 0.002 25 is the branching
ratio in the *'Cr decay, and A E=1.597+ 0.003 keV
is the energy interval per channel width of our
analyzer setting. The total counting efficiency for
the nuclear y rays, €}, =N’/A, =(1.907+0.035)
X1072, was determined as a mean from the cor-
rected total count rates N’ and the known y-

emission rates Ay of the used sources.
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FIG. 4. Pulse-height spectrum zg5(E) of 51Cr internal-
bremsstrahlung photons. The experimental spectrum
nﬁgp(E) was determined by weighted least-squares fitting
of straight lines to the measured rates n(E,N)/N versus
N’ [Eq. (2.2)] and was normalized according to Eq. (2.5).
The full line is the IB pulse-height spectrum n}}B‘(E), that
was calculated from the Martin-Glauber theory using
Qpc =751.4 keV and folded with the response function of
the y-ray spectrometer. The inset shows the theoretical
IB spectrum w{g(k) and the response-corrected experi-
mental spectrum wfP &) .
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3. COMPARISON WITH THEORY

A. Theoretical Spectrum

For the low-Z isotope *'Cr internal brems -
strahlung accompanying capture of p-orbital elec-
trons is negligibly small for photon energies much
higher than about 90 keV (=Za), as in the energy
range covered by our experiment. The compari-
son with theory can therefore be restricted to
radiative capture of s electrons only, the predomi-
nant contribution (=99%) of which pertains to 1s
and 2s capture. Thus for each branch in the *'Cr
decay the IB spectrum w{}(k)dk per EC decay can
be calculated from the theory of Martin and
Glauber?:?® according to

wib(R)dk = (a/m)k dR[ Py (1 = k/BLE, )R | (Z, k)
+PL 1 - k/k?r.lsax 2 zs(Z’ k)] .
(3.1)

In Eq. (3.1) the quantity « is the fine-structure
constant, % is the photon energy in units of the
electron rest mass, P, and PLl are the relative
capture probabilities for electrons from the 1s
and 2s shell, respectively, the R, (Z, k) are the
shape factors, and the 275, are the end-point ener-
gies of the partial #s-IB spectra. The latter are
given by the transition energy @yc minus the bind-
ing energy k%° of the captured ns electrons.

In our calculation we used for @gc a value of
751.4+ 0.9 keV from the most recent atomic-mass
tables.'® Values for Py, B, and the binding ener-
gies k% and 2% have been derived from litera-
ture.?®=?% The shape factors R, (Z, k) and R,(Z, k)
were calculated from the theory of Martin and
Glauber [Eqs. (4.3) and (4.4) in Ref. 3, and Egs.
(9.16) and (9.25) in Ref. 2, respectively], and
from improved calculations on the basis of this
theory, presented recently by Intemann.® The IB
accompanying the EC branch to the excited level
of 'V (Q%-=431.3+1.0 keV) turns out to contribute
only 0.2% to the total IB intensity for 2> 348.1 keV
and has therefore been neglected.

Equation (3. 1) can be written in another form by
mtroducmg wSi (B, BLS.), the result of the earlier

“Coulomb- free approach of Morrison and Schiff,’
which contains the major dependence on the photon
energy k:

wih(R)dk=R,(Z, RYwCE(k, k13 )dk, (3.2)
wSs(k, kLS Vdk=(a/mE(1 - k/RX V¥dk.  (3.3)

The function R (Z, k), which can be defined as an
over-all shape function for s-IB radiation, is only
slightly varying with %2 but dominantly dependent
on the atomic number Z:

R(Z, k)=PeR, (2 k) + Py Roo(Z, Dh(R).  (3.4)

The function %(%) introduced in Eq. (3.4) corrects
for the difference in binding energy of the 1s and
2s electrons (B} — k% =5.3 keV =kyx) and has a
strong influence near the end point of the IB spec-
trum:

h(k)= (1= k/R25)?/ (1 = k/k i)
~[1+kygy/(RES, —R)%. (3.5)

The description of the total s-IB spectrum by Egs.
(3.2) to (3.5) will be used to determine the 1s-IB
end-point energy by applying a Jauch plot to the
measured IB spectrum (Sec. 3C).

B. Correction for Detector Response

The energy spectrum w, = w(k;) of photons emit-
ted by the source and the pulse-height spectrum
n; =n(E;) recorded in m channels of the analyzer
are linked by the set of equations:

f; =n; (i=1,..., m). (3.6)

The coefficients 7;; =7(E;, k;) compose the so-
called response matrix R, which for the compari-
son of the theoretical and experimental IB spec-
trum must be known with sufficient accuracy.

The columns of R are represented by pulse-
height spectra measured per unit time with mono-
energetic y sources of energies k; and unit decay
rates. Thus, spectra of calibrated y sources
(*'Cr, "Be, ®sr, *'Cs, ®Nb, **Mn, and °°Zn) were
recorded and divided by the known y-emission
rates. The matrix elements 7;; in the energy
range from 320 keV to 1 MeV were determined by
interpolation. Favorably, two different interpola-
tion procedures were used for the photopeaks and
the remaining parts of the spectra including the
Compton distributions, respectively:

(a) The photopeak efficiency €,(k) and energy reso-
lution A E(E) of the device were determined from
spectra of the peak regions, recorded by using a
biased amplifier. Second-order polynomials in %
were fitted to the sets of data AE versus & and
loge, versus logk, respectively. From these func-
tions the elements of R near the diagonal have been
calculated as histograms of normalized Gaussian
peaks.

(b) To get the remaining part of R, the calibration
spectra were transformed to a new energy scale

€ bringing all Compton edges in the transformed
spectra 7i(e, k) to the same position at € =0 and all
photopeaks to € =1. With energies E and % in units
of mc? this transformation is given by:

e(R)=EQ2k+1)/k -2k, (3.7a)
fi(e, k) =n(E, k)k/(2k+1). (3.7b)
The transformed calibration spectra calculated for



€ values between —1.6 and +1.0 in steps of 0.01 are
shown in Fig. 5. For each value of € the interpola-
tion between % values was performed by least-
squares fitting a third-order polynomial function
of k. From the resulting sets of coefficients the
matrix elements 7;; were calculated by linear
interpolation between neighboring € values and by
retransformation to the E scale.

The accuracy of the interpolation procedure was
checked by recalculating the calibration spectra
starting from line spectra. The agreement with
the original spectra was better than 1 to 3% for the
photopeak areas and for counts in channels around
the Compton edges and at lower energies. Larger
deviations (up to 5%) were observed only in the
valley regions at the low-energy side of the peaks.
This was mainly due to poorer counting statistics
and small distortions of the calibration spectra
due to pileup, but these low-intensity regions have
minor influence on the response correction.

The accuracy of the determined response matrix
R has finally been estimated to be 3% on the aver-
age, including the errors on the y-emission rates

2
107 "Be (477.6)

855r (514.0)
5r 13¢5 (661.6)
*Nb (765.8)

54Mn (835.0)

Sler (320.1)
85Zn (1115.4 keV)

10" -
[ 1 1 1 i 1 L ]

1 1 1 n 1
-1.6 -1.2 -08 -04 0 +0.4 +08
Transformed energy € (k)

FIG. 5. Pulse-height spectra of calibration sources
emitting single vy lines, transformed according to Eq.
(3.7). The plotted portions of these spectra were used
to construct the response matrix R of the Ge(Li) y-ray
spectrometer in the energy range from 320 keV to 1
MeV, except for elements near the diagonal of R.
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of the calibration sources and on counting geome-
try (Sec. 2C).

For unfolding the measured pulse-height spec-
trum »(E;) in order to get w(k,), we applied an
iterative method,* represented by v iteration
steps of the kind

m
w, M =ny = 3 (rf; = 0w "D (=1,..., m).
=1

(3.8)

The prime indicates that, for this case, the re-
sponse matrix has been normalized to unit peak
areas® according to 7{;=7,;/€,(k,), which leads
to transformed spectra w}=w,e,(k;).

C. Results

1. IB Counting Rates

The IB spectrum w{%(%) deduced from Martin and
Glauber’s theory (Sec. 3A) has been normalized

to an energy interval of 1 keV and folded with the
response matrix [Eq. (3.6)]. In Fig. 4 the result-
ing “theoretical” IB pulse-height spectrum #}(E)
per ground state EC decay of %!Cr is compared
with the experimental spectrum 77§ (E). Numerical
results of integral rates Nyg(E, = [$ECn;5(E)dE are
listed in Table I for various low-energy limits E,.

2. IB Intensities

Before unfolding the measured pulse-height spec-
trum #T5(E) the number of channels was reduced
by a factor 8, and the unfolding procedure [Eq.
(3.8)] was tested by recalculating the theoretical
spectrum wiy (k) starting from »f(E). It was
found that after six iteration steps the original
wiB(k) was reproduced within 0.1% in all channels.
In the inset of Fig. 4 the experimental IB spectrum
calculated by six iterations from #$¥(E) is com-
pared with wii(k). The integral IB intensity ob-
tained by integrating w{{ (k) over the energy range
348.1 keV < k< Qg is compared in Table II with

corresponding theoretical values.

TABLE 1. Measured IB counting rates per EC decay
N ]e;p (E;) compared with those calculated from the the-
oretical IB spectrum (see text).

E, NS (Ey) N (Ey)
(keV) Per 10° ground-state EC decays of Soy
353.0 207+8 2007
400.0 1177 112+4
450.0 61.4+5.0 56.9+2,1
500.0 32.1x4.0 28.0+1.2
550.0 15.9+3.5 12.2+0.6
600.0 6.9+2.5 4.8+0.3
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TABLE II. Comparison of measured IB intensities in 5!Cr with the predictions of theory.

This work Ref. 14 Ref, 18
Method IB- vy coinc. IB(circ. polar.)/y
Decay Sicr(Ec)®tv Sler(EC)Pv*
Transition energy (keV) 760+ 15 429+16
) 751.4+0,92 431.3x1.02
Energy range (keV) 348.1-751.4 130-425
IB/EC x10°%
Experiment 9.56+0.60 7.2+0.4
Theory?: Martin and Glauber ¢ 9.49+0,05 5,56 +0.04
Intemann 9.47+0,05 5.66+0,04
Exp.-to-theor. IB yield:
Martin and Glauber 1.01+0.06 1.29%0.08 0.67+0,07
Intemann 1.01+0.06 1.27+0.08

2 These values were derived from Ref. 13.

b Transition energies from Ref. 13 were used. The errors on these values were used to
calculate the quoted errors on the theoretical IB intensities.
¢ Calculated with 1s-IB shape factors from Eqgs. (4.3) and (4.4) in Ref. 3.

3. Error Analysis

The errors on the IB counting rates NyJ(E,)
given in Table I are rms errors calculated, ac-
cording to Eq. (2.5), from
(a) the standard errors on the corresponding rates
per total counting rate R;(E,) (1.5% for E, =353.0
keV to 30% for E, =600 keV) that have been ob-
tained by weighted linear fits [Eq. (2.4)] and rep-
resent the statistical counting errors of all 10
measurements, and
(b) the systematic errors on the y branching ratio
P, (2.0%), the average detection efficiency for
ICr y rays €9 (2.3%, as composed of the standard
deviation of 1.8% from 10 results and 0.5% due to
the y-decay-rate calibration of the Cr sources),
and the energy interval per channel width AE
(0.2%).

The errors given on the theoretical quantities
N%(E,) correspond to the sum of the estimated
error (3%) on the response matrix (Sec. 3B) and
uncertainties of 0.5 to 1.7% that are induced on the
predicted IB intensities for 2= E, by the uncer-
tainty on the value of 751.4+ 0.9 keV, recom-
mended for Qg of **Cr."?

The error on the measured IB intensity, given
in Table II, is the error of 3.2% on the corre-
sponding counting rate N{¥ (E, =348.1 keV) plus
3% due to the response correction.

4. Average IB Shape Function Rs

An experimental result for the over-all shape
function R, (Z, k) for s IB [Eq. (3.4)] was derived
by dividing wi}’ () by the Morrison-Schiff spec-
trum w §E(%, £15,) [Eq. (3.3)]. The accuracy of the
data was not sufficient for an establishment of the
weak energy dependence of R (Z, k), but its abso-
lute value could be well determined: Averaging

over the energy range 348.1 keV < k< 602.4 keV
has yielded ( R (exp)) =0.63+ 0.06 (standard devia-
tion of 20 values) as compared to the theoretical
value { R (theor.)) =0.634.

5. Transition Energy of S1Cr

A properly normalized Jauch plot® was con-
structed from w{3P(k) by using the relations of
Egs. (3.2) to (3.5), according to

F(k)=[wi3?(R)/(a/m)kR(Z, k)] '/
=(k}ﬂsax_k)/k]r.|‘\gax . (3-9)

A linear least-squares fit to the data F(k) in the
energy range 348.1 keV < k< 666.3 keV (Fig. 6)
has yielded for k15, a value of 754+ 10 keV. Fit-
ting the same data, but neglecting the predicted

o
o

(WS (k) / (/) kR, (k)] "2
7564* 10 keV

F (k)
o

-—
L

' s L 1 1 L

350 450 550 650 750
Quantum energy k (keV)

FIG. 6. Jauch plot of %'Cr. The experimental data
were calculated from wfP (%) accordingto Eq. (3.9).
The straight line fitted to these data has yielded for the
end-point energy of the 1s-IB spectrum of Slcr values
754 +10 keV and 776 +30 keV, deduced from the inter-
cept and the slope, respectively.



8 RADIATIVE CAPTURE OF s ELECTRONS IN THE DECAY... 1377

energy dependence of the shape factors by setting
R, =R,;=1in Eq. (3.4) has yielded k1%, =749+ 10
keV. Since the predicted energy dependence of
the shape factors has never been confirmed ex-
perimentally until now the difference of 5 keV with
respect to the upper result is adopted as an addi-
tional systematic error, leading to the final result
of k1%, =754+ 15 keV. The transition energy of
®1Cr is consequently @g-=760+ 15 keV. This value
is in good agreement with 750+ 6 keV 2 and 751
+ 3 keV,* obtained from the nuclear threshold re-
action 5V (p, n)**Cr, as well as with the recom-
mended value 751.4+0.9.13

As seen from the right side of Eq. (3.9), the 1s
end-point energy must also be represented by the
negative inverse slope of a properly normalized
Jauch plot. From the data £(k) a value of 776+ 30
keV has been derived in this way, in fair agree-
ment with the upper result. Although this value is
less accurate than that deduced in the usual way
from the line’s intercept with the & axis, this al-
ternative method may be of some interest, e.g.,
for s-IB spectra of higher-Z EC nuclides, where
the function %(k) [Eq. (3.5)] introduces some un-
certainty on F(k) values except far below the IB
end-point energy.

4. DISCUSSION

The present results confirm the prediction of
the Martin-Glauber theory for radiative capture
of 1s+2s orbital electrons: Agreement within a
few per cent was found for the shape of the IB
spectrum as well as for the relative rate of radia-
tive to ordinary capture. The measured 1s-IB
end-point energy comes into close agreement with
accepted atomic mass differences.

The confirmation of the predicted rate of radia-
tive to ordinary capture by the present experiment
is consistent with the result of a 1s-IB-KX coinci-
dence experiment on the heavier nuclide **Er.**
The present result is, however, in contradiction
to recent experiments*'!® on *Cr (results are in-
cluded in Table II), and on the EC-decaying light
nuclides "Be, *Mn, and 5'Co.**~'" Although,
with one exception,'® these were IB-y-coincidence
experiments, performed similarly with Nal de-
tectors in face-~to-face geometry, the reported re-
sults are very contradictory.'*

There are reasons to believe that the over-all

accuracy achieved by these IB-y~coincidence ex-
periments has partly been overestimated. The
measurement of IB-y coincidences is complicated
by the fact that both types of radiation, being dif-
ferent in intensity by about 1074, contribute to the
same spectral range. Scattering between the
crystals gives further complications, which might
have caused the low IB rates obtained by Lancman
and Lebowitz'® (see Ref. 14). But it may be as-
sumed that the latter effect cannot account for the
difference of about a factor of 2 between the IB
rates for %*Mn and *°Co, reported by Lancman and
Lebowitz,' and those for *:Cr and 5*Mn, given by
Koonin and Persson.*

According to the theoretical calculations of Inte-
mann,® the omission of higher-order terms in Za
in the Martin and Glauber theory tends to a slight
underestimation of the 1s-IB intensity and to a
more pronounced overestimation of the 2s-IB in-
tensity. For %Cr, Intemann’s calculations yield
an increase of the 1s-IB intensity in the energy
range of the present experiment of about 3% com-
pared to the Martin and Glauber result, but a de-
crease of the 2s-IB component of about 23%. Both
deficiencies in the Martin-Glauber theory nearly
cancel in the calculation of the 1s +2s-IB spectrum,
as can be seen from Table II.
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