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Radiative capture of orbital electrons in the decay of Be
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The higher energy portion of the inner bremsstrahlung spectrum accompanying the allowed orbital electron
capture transition in Be to the ground state of Li was measured with a single channel NaI(Ti) scintillation
spectrometer. Correction for the pileup spectrum due to the 478 keV nuclear y rays arising from the
deexcitation of the first excited state in Li was performed by numerical integration. The measured
pulse-height distribution of the inner bremsstrahlung photons was corrected for detector response following
the procedures of Liden and Starfelt and Palmer and Laslett. For energies higher than 560 keV the number
of 1S+2S bremsstrahlung photons emitted per ground state EC decay'of 'Be was determined to be
(6.31+0.38) X 10 '. Corresponding theoretical values are 6.46)& 10 ', deduced from Martin-Glauber
theory, and 6.45 )& 10 ', deduced from the improved calculations of Intemann. The present result is in good
agreement with the theoretical predictions. The decay energy of Be was determined to be 857+ 14 in
agreement with the accepted atomic mass diA'erence.

HADIOACTIVITY Be; measured inner bremsstrahlung, y; deduced Iz~, Q.
NaI(Tl) detector, numerical integration method.

I. INTRODUCTION

W'hen a nucleus decays by capturing an orbital
electron (EC) there is a small probability that this
process is accompanied by the simultaneous emis-
sion of electromagnetic radiation, usually referred
to as inner bremsstrahlung (IB). Moiler' and
Morrison and Schiff' independently developed the
theory of IB spectra in allowed transitions, com-
pletely neglecting the influence of the nuclear Cou-
lomb field. This theory is restricted to 1S-state
capture and it predicts a differential spectrum of
the form x(xc —x)', where x is the energy of the
emitted photon and x, is the end point.

Inner bremsstrahlung from orbital electron cap-
ture was first observed by Bradt et al. ' in "Fe. A
number of workers have reported the measure-
ment. of IB at higher energies. All these data were
consistent with the Morrison-Schiff theory. ' When
measurements were extended to include IB photon
distribution gt lower energies, however, an un-
expected steep rise of IB intensity was noticed. "
Martin and Glauber" carried out extensive cal-
culations for allowed capture from both K and L
shells taking into account the nuclear Coulomb
field and relativistic and screening effects. The
new theory successfully explained the observed
excess of low energy photons in IB intensity as
due to capture of electrons from the L shell. It
provides approximate expressions for the calcula-
tion of the partial spectra corresponding to capture
of electrons from various orbital states, The total
intensities of the spectra are related to the or-
dinary nonradiative 1S electron capture. The rel-

ativistic corrections appear as factors multiplying
the nonrelativistic expressions for the S-state
spectra. These factors do not affect noticeably the
shapes of the spectra. The intensities of the spec-
tra, however, depend crucially on their magnitudes.

A relatively simple procedure for calculating ex-
act numerical results for the relativistic correc-
tion factors for arbitrary k and z has been devel-
oped by Intemann. ' Zon and Rapaport' have gen-
eralized this theory to electron capture transitions
of all degrees of forbiddenness.

The agreement between. theory and experiment is
not wholly satisfactory. The shapes of total spec-
tra and partial 1S spectra have been measured for
a number of allowed capture transitions between
various nuclei and found to be in good agreement
with theory. ' However, the intensities of these
spectra, obtained mainly from IB-y coincidences,
show wide divergences from the theoretical pre-
dictions. ' Only Kadar, Berenyi, and Myslek" re-
port agreement with theory.

Orbital electron capture decay of 'Be is an ex-
cellent example for allowed low-Z transitions
(AJ'=0; Atr=no; log, cft=3.38) for which the cal-
cul3tions of Martin and Glauber are expected to
be most accurate. The end point of the IB spec-
trum accompanying the ground state to ground
state branch decay (89.7%) in this isotope falls
wsli beyond the energy (478 keV) of the nuclear
y rays resulting from the decay in the other branch
(10.3%). Therefore it becomes possible to mea-

. sure accurately the IB spectrum in the higher en-
ergy region with a NsI(Tl) scintillation spectro-
meter. Further, correction for the pileup spec-
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trum can be easily made by performing numerical
integration.

IB accompanying ground state to ground state
electron capture decay of 'Be has been measured
only once before with a Ge(Li) y-ray spectrometer
with a pileup rejector. " Agreement between theo-
ry and experiment was reported in contradiction
to earlier measurements. ""Therefore it was
thought worthwhile to reinvestigate the IB spec-
trum associated with the ground state to ground
state electron capture decay of this isotope.

Accurate determination of the intensities of in-
ner bremsstrahlung are also relevant for experi-
ments aimed at determining the parity mixtures"
in nuclear states, testing basic features of the
theory of weak interactions, and precise y count-
ing 16

II. EXPERIMENTS

The decay scheme of 'Be and the experimental
setup are shown in Fig. 1. The inner bremsstrah-
lung spectrum accompanying the ground state to
ground state transition in 'Be was measured in
the energy region 560-820 keV with a NaI(Tl)
scintillation spectrometer. The source was ob-
tained in the form of carrier-free ~BeC1, solution
from Radiochemical Centre, Amersham, U. K. A
known quantity of the solution was evaporated,
drop by drop, on a thin aluminated Mylar film
(-2 mg cm ') mounted on a Perspex. ring of inner
diameter 2.4 cm. Sufficient care was taken to
have uniform spread using a drop or two of dilute
aqueous solution of insulin and the extent of the

.source was limited to a circular area of 0.6 cm
diam. In all, three sources of low activity (-1.7
pCi) and two of higher activity (-50 pCi) were
used in the present study.

Counts were accumulated in each channel, once
with the source in position and again without it in
position. Counting time was varied from 5000
to 50000 sec according to the energy region of the
measured IB pulse-height distribution. The back-
ground level was greatly minimized by housing the
NaI(Tl) crystal-photomultiplier assembly in a lead
shield of wall thickness 8.4 cm. To reduce the
pileup of uncorrelated pulses a lead filter of thick-
ness 1.2 mm was placed in between the detector
and the source. '7 The linearity of the analyzer was
checked by using the following y-ray lines: 280
keV ( osHg) 412 keV ( 98Au) 662 keV ( Cs) 835
keV ('~Mn), and 1114 keV ("Zn). It was found to
be good within 1/p. The stability of the counting

system was ensured by using a stabilized power
supply and maintaining the laboratory temperature
constant at 23 + 1'C. It was checked before and
after each individual run by means of an 835 keV

y-ray line of '4Mn.

In order to estimate the contributions from the
impurity isotopes ("Zn, 88Y, "V, "Mn, and "Na ")
to the measured IB spectra we obtained the entire
spectra (0-2 MeV) of the stronger sources with a
Ge(Li) spectrometer. Contributions from 4'V and
"Na p rays were scarcely seen (~10 '). Contri-
butions from the other isotopes were found to be
less than 10 ' of the transition rate to the first
excited state of 'I i. y-ray, spectra of impurity
isotopes "Zn and "Mn were recorded and after
proper intensity normalization, subtracted from
the 'Be spectrum. With regard to the impurity
peak due to "Y y rays the spectrum of "Mn y rays
was itself shifted in energy scale, making proper
adjustment for the change in the resolution" and
intensity, ' and subtracted from the 7Be spectrum.
This procedure was adopted because of the non-
availability of the "Y source in our laboratory.
Only the correction due to the '4Mn y rays was
important. The total contribution to the measured
IB from the impurity isotopes was less than 10%.

III. EVALUATION OF 'THE IB SPECTRA

n, (E„)=27.
g
"N(E„-x)N(x) dx, (3.2)

where v' is the resolving time of the detecting sys-
tem and N(E„—x) and N(x) are the numbers of
photons with energy (E„—x) and x, respectively.
The integration in Eq. (3.2) is performed numeri-
cally to obtain n~(E„) at each channel. The back-
ground counting rate and the calculated pileup
counting rate were subtracted from the measured
counting rate.

In order to obtain the true IB spectrum the back-
ground and pileup corrected spectrum should be
further corrected for detector response. This is
done either by constructing the response matrix
of the detector and using it for spectral unfolding
or by following the procedure due to Liden and
Starfelt. '0 In the present study we have followed
I iden and Starfelt procedure. This consists in
correcting for dead-time counting loss, finite en-
ergy resolution, Compton electron distribution,
iodine K x-ray escape, backscattering, y detection
efficiency and geometry in that order.

The measured counting rate n„(E„) in each chan-
nel above the photopeak is the sum of counts from
pileup n~(E„), inner bremsstrahlung n»(E„), and
background ns(E„):

n.,(E„)=n, (E„)+n„(E„)+n,(E„). (3 1)

Contributions to the pileup come predominantly
from the photopeak region. Therefore, restricting
to first order summing, we may write"
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FIG. l. (a) Dt cay scheme of ]Be. (b) Experimental setup: 1: source; 2: 5.1x4.4 cm NaI(T1) crystal; 3; photo-
multiplier; 4: cathode follower and preamplifier; 5: aluminum lining; 6: lead; 7; iron; 8: Perspex ring; Bnd 9: 1.2
mm lead filter. .

Correction for dead-time counting loss was found
to be negligible because of the small resolving
time (4 psec) of the analyzer and small strengths
of the sources used. The situation in connection

with the correction for finite energy resolution is
very contradictory. ' In any case this correction
must be more considerable at higher energies be-
cause of increasing experimental half widths of
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the monoenergetic y-ray lines with increasirig
energy. Most of the workers who have measured
IB associated with P decay or electron capture
have followed the procedure of Liden and Star:-
felt. ,2x But Dixon and Attken found this pro-
cedure to give incorrect estimates of the resolu-
tion correction. In recent y'ears the other two pro-
cedures, one due to Owen and Primakoff" and
other due to Palmer and Laslett" are being fol-
lowed. Both these procedures lead to higher
values for the correction, especially at the higher
energy portion of the spectra desired.

In our measurement the correction for the finite
energy resolution was made using the expression
given by Palmer and Laslett:

n„„(E„)=n, (E„)—k n,' (E„)—-'E„n ", (E„), (3.3)

where n,'s(E„) and n(s(E„) are the first and. second
derivatives of the background and pileup corrected
sPectrum n, s(E„)dE„atE„and k = g '(E„)/0.693.2E„
where W(E„) is the half width at half height of the
photopeak produced by photons of energy E„. The
derivatives required were determined by means of
the so called 7 multiplier method which is based
on the fitting of the best third order curve. In the
energy region of present intere8t the calcuLations
of Owen and Primakoff also lead to the same re-
sult.

The correction for Compton electron distribution
is considerable in the energy region below 600
keg." If the number of photons of energy E„ab-
sorbed in the crystal is n, (E,), then the number of
Compton electrons having energies emging from
zero to E~, the maximum energy of the recoil
electron, is n, (E,)[1—K(E„)], where K(E„) is the
fraction of photons detected with full energy. The
probability that such a Compton electron will have
an energy between E and E+a E is a function C (E,E„).
The total number of Compton electrons at energy
E due to all incoming photons from zero to E is

starting at the highest energy, n, (E„) is taken.
Next the corresponding [1—K(E„)] is calculated.
Then by choosing a suitable va, lue for ~E„ the or-
dinate (nn, )s of the Compton distribution fromr
zero to E*„due to photons of energy between E„
and E„+4E„ is calculated by the relation

(n, n,), = —„n.(E„)[1-K(E„)]nE„.
r

(3.6)

This process is repeated to cover the entire en-
ergy region. Fina, lly, by adding up all the contri-
butions, the Compton electron distribution is ob-
tained. This is subtracted from the pileup, back-
ground, and finite energy resolution corrected IB
pulse- height distribution.

The actual values of K(E„) can be determined
from the experimental pulse-height distributions
of a number of single y-ray lines in the energy
region of interest using the rela, tion"

n, (E„)"'=.(E) '(E) (3.7)
r

where n~(E) is the number of photons detected un-
der the photopeak and n, (E„) is the number of pho-
tons detected under the brompton continuum. In
the present study K(E„) was determined by re-
cording under the same geometrical arrangement
complete spectra of monoenergetic y-ray lines:
145 keV ('4'Ce), 280 keV ('"Hg), 320 keV ("Cr),
412 keV ('9'Au), 662 keV ("'Cs), 835 keV ("Mn),
and 1114keV ("Zn). The values of K(E„) thus ob-
tained are shown in Fig. 2. The Compton electron
distribution reLevant to the measured puIse-height
distribution was calculated using these values.

Correction for iodine K x-ray escape is impor-
tant only in the energy region below 150 keV.
Since our measurements were restricted to the
region above 560 keV this correction was neglected.

The photons backscattered from the photomulti-

n, (E) = C(E,E„)n,(E„)[1—K(E„)]dE„(3.4)
I.O

C(E,E„)= C(E„)= —
~ for 0 &E &E*„ (3.5a)

on the assumption that the Compton electron dis-
tribution for any y-ray energy is approximately
constant over the energy range from zero to E*„,
the following approximation is made 0

I
I

O

~ 0.5
cg
hl

C(E,E„)=C(E„)=0 for E&E*„. (3.5b)

In order to obtain the Compton electron distribu-
tion the integration in Eq. (3.4) is performed nu-
merically. Actually the observed pulse-height dis-
tribution is first extrapolated to the end point. By

l I

250 500 T50 lOOO
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t
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FIG. 2. Peak-to-total ratio vs y-ray energy for the
5.08 x4.45 cm NaIgl) detector. -
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FIG. 3. 1: Experimental pulse-height distribution; 2: background; 3: correction factor for detection efficiency; 4:
correction factor for energy resolution; 5: t ompton electron distribution.

~,(E„)=&(E„)~,(E„). (3.8)

The values of the intrinsic efficiencies for our
crystal were obtained from the theoretically com-
puted data of Wolicki, Jastrow, and Brooks." The
pulse distribution coi'rected for detection efficiency
is given by

n', *'(E„)=n (E„)/e (E„), (3 9)

where n~(E„) is the pulse distribution of the IB
photons obtained after all the corrections, dis-
cussed before, are made.

The calculations of the source strength and the
absolute intensity of the IB spectrum involve the
same geometry factor. It cancels out when the'
number of IB photons per electron capture decay
is calculated. Figure 3 shows the experimental
pulse-height distribution, the background, pileup
spectrum, Compton electron distribution, and the
other correction factors.

plier window, source backing, the crystal con-
tainer, and the lead shield make undesirable con-
tributions to the spectrum in the range 100-300
keV. Since the energy region of present interest
is above 560 keV this correction was also ne-
glected.

The most important correction relevant to the
present mea, surement is the one due to y detection
efficiency. Z detection efficiency a~(E„) at any
energy E„ is given by the product of the peak-to-
total ratio K(E„) and the intrinsic efficiency e,(E„),
l.e.)

IV. THEORY

'Be decays through only 1S and 2S electron cap-
ture. Therefore the total theoretiea) IB spectrum
is restricted to 1S+2S IB. According to the theory
of Martin and Glauber, with low-Z approximations,
the IB spectrum W",hs(k)dk per electron capture de-
cay in 'Be can be calculated as

1Phs(k)dk =—k dk[P~(l —k/k'~ )'R, ~(z, k)

+ p, (I —k/k". „)'R28(z,k)], (4.l)

where a is the fine structure constant, k is the
photon energy in units of the electron rest energy,
P~ and P~ are the relative capture probabilities
for electrons in 1S and 2S shell, respectively,
R„,(z, k) are the relativistic correction factors
and k"' are the end-point energies of the partial
nS-IB spectra. k"' is equal to QEc —ks' where
Q« is the transition energy and ke' is the binding
energy of the captured nS electron. The correc-
tion factors R,z(z, k) and R»(z, k) were calculated
from Martin-Glauber theory [Eqs. (4.5a) and (4.5b)
in Ref. 8 and Eqs. (9.16) and (9.25) in Ref. I, re-
spectively] and from the improved calculations
presented by Intemann.

In our calculations of the IB spectrum we used
for Q«a value of 861.75+0.09 keV obtained from
the most recent atomic mass tables. " Experi-
mental values of the relative capture probabilities
P~ and P~ for 1S and 2S 'orbital electrons in 'Be

1
are not available. The theoretical results for the
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ratio P~, /P» are 0.033"and 0.039,"which change
to values between 0.11 and 0.15 if exchange-over-
lap correction introduced by Bahcall' are applied.
The I. electrons in Be metal are found, to a large
extent, in p-type orbital states. "'" In this case,
the capture rate for 2S electrons must be reduced
compared with the theoretical values. A similar
reduction in the population of 2S states is expected
for Be compounds for the 'Be half-life measured
in various 'Be compounds and metallic 'Be are
found to differ only slightly. "" So we adopted,
following Mutterer, "a value of 0.0V+0.07 for
P~ /P» and accordingly 0.935 a 0.065 for P» and
0.065+0.065 for P~ . These values take into ac-Ly'
count the chemical effects on the IB yield and give
rise to an error of -0.8% on W',~s(k).

For comparing the measured 1S+2S IB spectrum
with theory Eg. (1) can be written in another form
by introducing W F(k, k's ); the result of the
earlier Coulomb-free approach of Morrison and
Schiff as

W',",(k) dk =R,(z, k) W,",(k, k"„)dk,

W (k, k' )dk =—k(1 —k/k' )'dk.

The function Rs(z, k) which can be defined as the
overall shape factor for the S-IB spectrum is
given by

(4.2)

(4.3)

(4.4)Rs(z, k) =P»R, s(z, k)+P~ R,s(z, k)k(k) .
The function h(k) introduced in Eg. (4.4) corrects
for the difference in binding energy of the 1$ and
2S electrons (k ~ss —k'ss = k»») and is given by

k(k) = [1+k»»/(k's —k)]' . (4.5)

Figure 4 shows the comparison of the measured
IB pulse-height spectrum Wts'(k) per ground state
EC decay of 'Be obtained as the average of five
corrected consistent IB spectra, with the theoret-
ical spectrum [Eq. (4.2)] normalized to an energy
interval of 1 keV. Numerical results of integral
rates N»(E, ) = f»»c W»(k)dk are listed in Table I
for various low energy limits E,. The integral IB
intensity obtained by integrating W»'(k) over the
energy range 560 keV» k » Q« is compared in
Table II with corresponding theoretical values.

Figure 5 shows the overall shape factor Rs(z, k)
for S-IB [Eg. (4.2)] as a function of photon energy.
It is easy to see from this figure that the accuracy
of the data is not sufficient to establish conclu-
sively the energy dependence of R.s(z, k). More
precise measurements covering a wider energy
range are required for that purpose.

V. ERRO'R ANALYSIS

The corrections to the measured IB pulse-height
distribution are due only to finite energy resolu-

7
SxIO

tion, Compton electron distribution, detection ef-
ficiency, and pileup effect. The corrections due
to finite energy resolution and Compton electron
distribution in the energy region of present mea-
surement are negligible and so the contributions

TABLE I. Measured IB counting rates N &~&~(g&) per
ground state EC decay of ~Be, compared with those cal-
culated from the theoretical spectrum (see Fig. 4).

E~
(keV)

N', p'(E, ) N', g(Eg)
(per 106 ground state EC decay of Be)

560—840
600-840
660-840
700-840
760-840

63.1 +3.8
42.5 +2.9
20.2 +1.7
10.5 +1.1
2.4+ 0.3

64.6 +0.7
44.2 +0.5
21.8 + 0.2
11.7 +0.1
3.3 + 0.05

500 600 700 800 900
PHOTON ENERGY k (keV)

FIG. 4. Pulse-height spectrum 8'&~(k) of Be IB pho-
tons per ground state EC decay. The open circles (o co)
show the experimental spectrum; the full line represents
the theoretical spectrum calculated from Glauber-Martin
theory.
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TABLE II ~ Ratios of measured to predicted IB yields in Be.

Decay
Transition

energy (keV)

Energy
range
(keV)

Exp.-to-theor. IB yield
with theor. values

of Martin, Glauber,
and Intemann References

Be(EC) Li
395 +25
861.75 +0.09
851 +12
857 +14

Be (EC)~Li* 384.1 +0.1
388 +8 50-360

100-360
120-360
120-360

523.7-861.7
560 -840

1.12 +0.08
1.18 + 0.09
1.21 +0.10
0.77 +0.17

1.05 + 0.08
0.98 +0.05

\

27

14

13
27
12

Present work

The theoretical values were calculated with Qzc ——861.75 +0.09 keV. The quoted errors
correspond to the sum of the experimental errors on the theoretical values (see text).

to the error from these corrections are not con-
sidered. More than, 80% of the contribution to the
pileup spectrum comes from the photopeak region
of the 478 keV nuclear y rays. Since the counting
rate in this region is comparatively very large,
the statistical error becomes very small. As a
result the overall error on the pileup spectrum
becomes trivial (~ 0.1/0). Only correction due to
detection efficiency contributes to the final error
on the lB spectrum. This is found to be 3-5/o in
the energy region 500-850 keV." The other source
of error is due to counting statistics. This is re-
stricted to 3-5% in the entire region of the mea-
sured IB by properly increasing the counting time
with increasing energy. Therefore the total or
rms error in the experimental IB intensity is

around 6% as one can see from Table l.
The error on the end-point energy was obtained

by the least-squares fit analysis of the data. The
errors on the theoretical rates, given in Table I,
are composed of the errors due to P~/I'~(0. 8 /o)

and q„(0.1%).

VI. TRANSITION ENERGY

Equation (4.2) is used to determine the end-point
energy of 1S-IB spectrum by constructing the

l.50

l.25—
N

K
cn I

1.00

~C

0.75

0.50

N

N

g}

L.6—

0.8—

0.25—
500

l

600 700
PHOTON ENERGY k (keV)

l

800 850

500 600 700 800

85748
keV

900
FIG. 5. The overall shape factor of the 7Be IB spec-

trum in the energy region 560-820 keV. The open cir-
cles (o o o) show the experimental points; the full line
represents the theoretical prediction according to Eq.
(4.24).

PHOTON ENERGY k (keV}

FIG. 6. Jauch plo t, W,~~(k)/kR~('p, k)' vs k, of the
IB spectrum of 7Be, yielding an end-point energy of
857+8 keV.



I8 RADIATIVE CAPTURE OF ORBITAL ELECTRONS. . . 981

Jauch plot" to the measured IB spectrum accord-
ing to

(6.1)

Figure 6 is the resulting Jauch plot which yields
an IB end-point energy of 857+8 keV. If the energy
dependence of the relativistic correction factors
is neglected by setting A, s =B» -1, the data yields
an end-point energy of 851 + 8 keV. Since the en-
ergy dependence of the correction facto'rs is not
yet experimentally established the difference of
6 keV is considered as an additional systematic
error. The transition energy of 'Be is therefore
Q« = 857+ 14 keV. This value is in good agree-
ment with the accepted mass difference. "

VII. RESULTS AND DISCUSSION

The present measurements confirm the predic-
tion of the theory of Martin and Glauber for al-
lowed radiative capture of 1S+28 orbital electrons
in the higher energy region of the IB spectrum.
The, measured 1S-IB end-point energy is in close
agreement with the accepted atomic mass differ-
ence." The confirmation of the predicted ratio
of the radiative to ordinary nonradiative EC by
the present measurements is consistent with the
measurements of Mutterer" and that of 18-IB K
x ray coincidence in a heavier nuclide '"Er."

However, it is in contradiction to recent experi-
ments on "Cr,"'Be "~" "Mn "and "Co " With
one exception, "these were IB-y coincidence ex-
periments with Nal detectors in face-to-face geo-
metry. IB-y coincidence measurement is com-
plicated by scattering between the crystals. This
is likely to lead to an overestimation of chance co-
incidences. Coincidences between IB and nuclear
y rays which differ in intensities by about 10 4 are
also likely to further complicate the measurements.

The approximations made by Martin and Glauber
to calculate the IB spectrum accompanying al-
lowed electron capture decays are fairly reliable
for lighter elements. This is borne out by the ex-
act calculations of Intemann in the case of EC de-
cay of 'Be. The difference between these two cal-
culations is only 0.5%. Intemann's calculations
yield an increase of the iS-IB intensity and a de-
crease of the 2S-IB intensity which aggregate to
zero in the total 1S+28 spectrum.
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