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Positron-electron angular correlations in internal pair conversion
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The internal pair conversion~IPC! of transitions in Pb nuclei has been studied. Recent calculations of IPC
for transitions with energies up to 2 MeV predict large differences in the shapes of the angular correlations
according to their magnetic or electric character. We have measured absolute pair-conversion coefficients for
E1 transitions in206Pb and anM1 transition in 207Pb with uncertainties three to five times smaller than
previous measurements. The measured positron-electron angular correlations are in good agreement with the
predictions of the recent calculations and display the predicted differences between the electric and magnetic
cases.@S0556-2813~98!50606-1#

PACS number~s!: 23.20.Ra, 23.20.En, 27.80.1w
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Internal pair conversion~IPC!, whereby a photon of en
ergy greater than 1022 keV converts into a positron-elec
pair in the Coulomb field of the emitting nucleus, is a we
known process which has been studied in its own right,
well as used as a spectroscopic tool, for several deca
Recent theoretical results suggest, however, that an ex
mental reexamination of this phenomenon in heavy nucle
in order. The earliest mention of IPC in the literature is
Nedelskey and Oppenheimer@1#, who pointed out the ex-
pected region of validity of simple calculations of the pa
production rate using the Born approximation. These
proximate calculations were extended by Rose and Uh
beck @2#, who calculated total pair-conversion coefficien
the dependence of the conversion coefficients on the pos
energy and the opening-angle correlation between the p
tron and electron.

Early numerical calculations using Coulomb-distort
Dirac wave functions for the positron and electron were p
formed by Ja¨ger and Hulme@3#. These were subsequent
refined@4,5#, and, most recently, Schlu¨ter et al. @6# reported
the results of more precise calculations of differential a
total IPC coefficients using Coulomb distorted wave fun
tions. Particular emphasis was placed on the behavio
transitions in heavy nuclei, where the effects of finite nucl
size were also treated. These calculations were later exte
to describe the opening-angle dependence of IPC@7# and
included the effects of nuclear alignment on the positr
electron angular correlation@8#. Significant differences be
tween the older Born approximation results and those fr
the more precise methods have emerged. The absolute
conversion coefficients for electric and magnetic dipole c
version were found to have qualitatively different depe
dences onZ, the charge of the emitting nucleus. The ma
netic coefficients show a dramatic rise with increasingZ
aboveZ580. In contrast, electric pair conversion genera
decreases slightly in this range. In addition, the openi
angle correlations for magnetic transitions with energies
to 2 MeV, in highZ nuclei, were found to deviate strongly a
570556-2813/98/57~6!/2794~5!/$15.00
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large angles from those, where the Coulomb effects are s
and the transition energies are high.

The most precise absolute measurements of IPC in he
nuclei by coincident detection of both positron and electr
are from Allan @9#, who studied transitions in205,206,207Pb
with uncertainties on the order of 20%. In that work, t
measured coefficients were used to support multipolarity
signments for the different pair converting transitions. T
detection efficiency, however, relied on an assumed, unm
sured, opening-angle correlation.

Angular correlation data for IPC are comparatively ra
The earliest measurement of the positron-electron ang
correlation is by Devons and Lindsey@10#, who studied the
6.05 MeV electric monopole transition in16O, which was
later reinvestigated by Gorodetzkyet al. @11# Warburton
et al. @12# used a pair spectrometer and the Born approxim
tion forms of the positron-electron angular correlation f
electric and magnetic multipole radiation, to assign multip
larities for a number of transitions in light nuclei. There h
also been a very recent report of a comparison between e
tric and magnetic transitions at high energy in Be and C@13#.
In situations where strong deviations from the Born appro
mation are anticipated, with the exception of one recent m
surement@14#, such angular correlation data are unavailab

For these reasons, we have carried out a study of IPC
heavy nuclei using the APEX spectrometer at Argonne N
tional Laboratory@15#. Our goal was twofold. First, to im-
prove the precision of the measured absolute pair-conver
coefficients for electric and magnetic dipole transitions
heavy nuclei, so as to check more rigorously the theory,
second, to measure the positron-electron opening-angle
relation for transitions in heavy nuclei, to test the predicti
of a strong deviation from the Born approximation for ma
netic transitions. To perform these tests, we have studied
of transitions with similar energies but different multipolar
ties: ~1! the 1760 keV electric monopole (E0) transition in
90Zr, ~2! electric dipole (E1) transitions in206Pb between
1700 and 1900 keV and~3! a 1770 keV magnetic dipole
R2794 © 1998 The American Physical Society
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(M1) transition in 207Pb. The comparison between the r
sults for the different cases thus minimizes systematic err

The APEX positron spectrometer is a solenoidal dev
utilizing highly segmented arrays of silicon detectors to d
tect positrons and electrons. Technical details of the sp
trometer as well as the properties of the performance
response of the device are given in Ref.@15#. For this par-
ticular measurement, the spectrometer was augmented
two high-purity intrinsic Ge detectors; one of 70% relati
peak efficiency was used for primaryg-ray detection, and a
second with 25% relative peak efficiency was used for mo
toring and cross checking. A pulser was used to monitor
data acquisition dead time. All events were recorded wh
satisfied either a hardware trigger developed from
positron-identification detectors in the spectrometer, or w
downscaled samples of events triggered by the silicon
Ge detectors.

The 90Y nucleus decays byb2 emission predominantly to
the 90Zr ground state, but also with a 0.0115% branch to
01 first excited state of90Zr, which decays by anE0 transi-
tion via electron conversion or IPC. The two Pb isotopes
populated by electron capture~EC! decay of 206,207Bi. The
majority ('90%) of the 206Bi decay strength goes to 52

levels in 206Pb at 3279 keV and 3403 keV. These two sta
have a variety of decays, of which the strongest pair prod
ing transition is anE1 decay connecting the 52 ~3403 keV!
and 41 ~1684 keV! states, with a transition energy of 171
keV. A number of other weakerE1 52-41 transitions also
occur. Finally, the207Bi EC decay primarily feeds the 13/21

~1633 keV! isomer of 207Pb, but contains a 7.03% branch
the 7/22 state at 2339 keV. This level decays almost exc
sively by a 1770 keVM1 transition to the 5/22 first excited
state in 207Pb at 569 keV@16#.

The 90Y and 207Bi source materials were obtained fro
commercial suppliers. The nucleus206Bi has a rather shor
half-life of 6.243 d, and so was produced using t
206Pb(p,n) reaction on a thick206Pb target at an inciden
proton energy of 11.0 MeV. This bombardment was carr
out at the University of Notre Dame tandem accelerator
the 206Bi which was produced was subsequently chemica
separated at Argonne National Laboratory. The strength
the radioactive sources at the beginning of the measurem
were 32.5mCi, 12.6 mCi and 4.1mCi, for 90Y, 206Bi, and
207Bi, respectively. The elapsed live times for the three m
surements were 61.8 h, 48.6 h, and 105.4 h, respectively
addition, a measurement of background radiation was car
out for 59.8 h. The pair detection efficiency of APEX w
determined from Monte Carlo simulations using the GEAN
software package@17#. These calculations have previous
been demonstrated to reproduce the response of the s
trometer@15#. The efficiencies of the Ge detectors were d
termined using a152Eu source to measure the relative ef
ciency as a function of energy, and a calibrated60Co source
to obtain the absolute efficiency calibration. The uncertai
in the efficiency of the Ge detector was dominated by tha
the 60Co activity, quoted by the manufacturer to a precisi
of 1.9%.

Positron-electron sum-energy spectra for the three ra
active sources studied are shown in Fig. 1. In each case
contributions to the spectra from room background ha
s.
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been subtracted. These amount to less than 8% of the yie
the peak sum-energy region. For the90Y and 207Bi sources,
the energy resolution in the sum-energy spectra is domin
by the response of the APEX silicon detectors and their
sociated electronics. For the206Bi case, the source wa
somewhat thicker and less uniform, which gives rise to
ergy loss straggling and consequently to a poorer ove
energy resolution. The inserts in Figs. 1~b! and 1~c! show the
respective gamma-ray spectra in the energy region of in
est, where the gamma-ray peaks corresponding to the m
prominent IPC producing transitions have been indicated

The remaining backgrounds underneath the peak reg
in Fig. 1 arise, in each case, from different processes.
90Y, there exists a broad continuum of positron-electr
pairs due to coincidences of the positron from a 01-01 tran-
sition in 90Zr with electrons from theb2 decay of 90Y. In
the case of206Bi, counts under the full energy peak aris
from chance coincidences between positrons from IPC
conversion electrons produced in lower lying transitions
the decay cascade. For207Bi, a conversion electron could
also, in principle, be in coincidence with a positron from t
pair decay. In this case, however, in order to satisfy the su
energy condition ofE(e1)1E(e2)5748 keV the corre-
sponding low-energy positrons are largely below our thre
old of 200 keV. The effects of these different processes h
been included in the Monte Carlo simulations. The contrib
tions from these background processes in the region of
sum energy peak are estimated to be 10% to 15% of the
energy peak yield, and have been subtracted, when calc

FIG. 1. Positron-electron sum energy spectra for internal p
conversion in~a! 90Zr, ~b! 206Pb, and~c! 207Pb. The inserts in~b!
and~c! contain gamma-ray spectra showing the transitions prod
ing positron-electron pairs. The vertical scales for the inserts
logarithmic.
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ing the absolute pair-conversion coefficients.
In order to measure the relative angles of the leptons e

ted in the pair conversion process, we have exploited
transport properties of the APEX spectrometer. For each
ement of the silicon detector array, for a given lepton ene
there are only a few trajectories by which a positron or el
tron can reach that element, each corresponding to a par
lar polar angle of emission measured relative to the solen
axis. The spread in polar angles for paths reaching any g
silicon wafer depends on the energy of the detected par
and the distance between the detector and the source, b
in general, smaller than 20°. We have used Monte Ca
simulations to determine the average value of this emiss
angle for each detector element as a function of lepton
ergy. For each detected pair with a sum energy consis
with the full energy of the IPC transition, we have thus a
signed the average value of the polar emission angle for e
lepton. The azimuthal angle for each particle was then de
mined from the segmentation of the silicon array. Usi
these quantities, we calculated the experimental open
angle (u12) for the pair.

The distortions of the opening-angle correlations due
this average treatment of the polar emission angles, as
as effects such as multiple scattering in the 1 mg/cm2 source
backing, have been studied using the Monte Carlo simula
of the response of the spectrometer@19#. As there is no
unique correspondence between the true opening angles
those deduced experimentally, we have developed a resp
function for the apparatus which describes this transform
tion. This response function was obtained by simulat
positron-electron pairs with sum energies equal to those

FIG. 2. Illustration of the procedure used to deduce the positr
electron opening-angle distribution for the 1770 keVM1 transition
in 207Pb. ~a! Raw angular correlation,~b! response matrix for de
convolution of APEX opening angle response, obtained fr
Monte Carlo simulation. The X axis represents the true open
angle, and the Y coordinate the reconstructed opening angle~c!
Angular correlationdbp /du12 after deconvolution, and~d! angu-
lar correlationdbp /d cosu12 .
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der consideration with isotropic opening-angle correlatio
(db/d cosu125constant!. The raw data were then deconvo
luted using this calculated response function, to produc
final experimental opening-angle correlation. This proces
illustrated in Fig. 2, which shows opening-angle correlatio
for the 207Pb pair transition obtained at each stage of t
process, as well as a plot showing the calculated open
angle response matrix.

We have studied the behavior of the opening-angle co
lations for the three pair transitions being considered, av
aged over the energy ranges of the detected positrons
electrons, between 200 keV< E(e1),E(e2) <Emax2200
keV, whereEmax is the maximum available lepton energ
As discussed above, the recent calculations@7# predicted that
for the system under study, the opening-angle correlation
magnetic transitions is expected to deviate significantly fr
predictions based on the Born approximation. In theE1 case,
the shape of the opening-angle correlation is expected to
qualitatively similar to the Born prediction, i.e., enhanced
small opening angles. Due to the relatively low charge,
the E0 transition in 90Zr deviations from the Born approxi
mation results are predicted to be almost negligible. M
surement of theE0 angular correlation thus provides a ve
fication of the method used for extracting the angu
correlation.

The positron-electron angular correlations obtained w
this method are shown in Fig. 3. The solid curves repres
the results of the calculations by the method of Hofma
et al. @7#, and the dashed curves represent the results for

-

g FIG. 3. Measured and calculated positron-electron angular
relations.~a! 01→01 E0 transition in90Zr, ~b! 52→41 E1 tran-
sition in 206Pb. ~c! 7

2
2→ 5

2
2 M1 transition in 207Pb. The solid

curves represent the calculations of Hofmannet al. and the dashed
curves show the predictions of the Born approximation.
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TABLE I. Internal pair conversion coefficientsbp .

Transition v ~keV! e ~%! bp
a bp

b bp(th) c

90Zr~01→01) E0 1760 0.49 2.66~0.02!~0.19!31021 2.96~0.01!31021 2.7831021

206Pb(52→41) E1 1719 0.42 3.06~0.02!~0.15!31024 3.7~0.6!31024 3.2631024

206Pb(52→41) E1 1881 0.42 4.65~0.06!~0.15!31024 4.7~1.5!31024 4.4031024

207Pb(7
2

2→ 5
2

2) M1 1770 0.47 3.07~0.05!~0.18!31024 2.5~0.5!31024 2.7331024

aCurrent measurement. The uncertainties are~statistical!~systematic!.
bResults of Nessin, Kruse, and Elkund@20# (E0), and Allan@9# (E1,M1).
cCalculations of Church and Weneser@21#, Wilkinson @22# (E0), and Schlu¨ter, Soff, and Greiner@6#
(E1,M1).
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Born approximation calculations, each appropriately av
aged over the lepton energy range covered in the meas
ment. The curves have been normalized to the data with
exception of the Born approximation result in Fig. 3~c!,
which is normalized to the data at smallu12 so as to em-
phasize the difference between it and the Hofmann res
The error bars in the data reflect both statistical uncertain
and estimated systematic errors. The systematic uncertai
which result from the deconvolution described above are
ficult to estimate accurately, although prior experience w
the GEANT simulation of the APEX apparatus suggests t
they should not be greater than 5%. It is gratifying to obse
that the agreement between the newer calculations and
data in each case is excellent. In particular, the predic
difference between the electric and magnetic angular co
lations is confirmed.

Absolute total pair-conversion coefficients were obtain
from the sum-energy peak yields using the measured so
strengths, and efficiencies from the Monte Carlo simulatio
These values are listed in Table I, together with the energv
and the full-energy peak efficiency for each transition. T
angular correlations used in the simulations are those f
@7#. The table entry for theE1 transition in 206Pb at 1881
keV represents the sum of contributions from the 18
1878, and 1903 keVE1 transitions, which are not resolve
in our pair data. Here the efficiency, as well as the theoret
conversion coefficient is calculated for the average transi
energy of 1881 keV. For90Zr and 206Pb ~1719 keV!, the
statistical uncertainties in the IPC coefficients are domina
by statistics in the Monte Carlo simulations. For206Pb ~1881
keV! and 207Pb, the statistical uncertainties in the data a
the Monte Carlo calculations are comparable. The uncert
ties in the source strengths are limited by the uncertaint
the strength of the60Co calibration source. For the90Y
source, the strength was determined from the measuredb2

yield, corrected for acceptance, and the associated un
tainty is somewhat larger. For the systematic uncertaint
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we use the estimate of 5% from the GEANT Monte Ca
calculation of the pair efficiencies. In each case, we find t
the pair-conversion coefficients are in good agreement w
the theoretical values as well as with the results of previ
measurements.

Additional consistency checks on the absolute values
the Monte Carlo simulations of the detection efficiency
the apparatus were made using data for conversion elect
from 207Pb. For 206Pb, the large number of conversion ele
tron transitions and the resolution of the silicon detector
ray, as well as energy straggling in the source, preclu
such a measurement. The electron conversion coefficient
theK andL1M conversion of the 569 keV (E2), and theK
conversion of the 1060 keV (M4) transition in 207Pb de-
duced from our measurements are listed in Table II. TheL
and M lines for the 569 keV transition were not resolve
and their contributions are summed here. TheL1M conver-
sion lines for the 1060 keV transition were beyond the sp
trometer acceptance at the magnetic field setting of 300
used in this measurement. In each case, the results a
reasonable agreement with theoretical predictions@18# and
with the results of previous measurements@9#.

The results of the current study, together with the work
Refs. @6–8#, demonstrate that the theoretical understand
of IPC for heavy nuclei is now quite good. Our measur
total pair-conversion coefficients and angular correlat
data are in quite reasonable agreement with the predict
of Refs. @6–8#, suggesting that the calculations are reliab
even in the regime of strong vacuum polarization expec
for high-Z nuclei. It is interesting to note that for Pb, th
angular correlation is considerably more sensitive to
electromagnetic character of the transition than is the I
coefficient. For example, in the Pb nuclei studied here,
measuredM1 andE1 conversion coefficients are very clos
to each other, and still in agreement with their respect
theoretical values. It is in the angular correlation that t
TABLE II. Internal conversion coefficientsaK,L for transitions in207Pb.

Transition v ~keV! e ~%! aK,L
a aK,L(th) b

207Pb(5
2

2→ 1
2

2) E2 (K) 569 23 1.46~0.04!~0.07!31022 1.6231022

207Pb(5
2

2→ 1
2

2) E2 (L1M ) 569 23 5.30~0.16!~0.27!31023 5.6631023

207Pb(7
2

2→ 5
2

2) M4 (K) 1060 1.4 1.06~0.15!~0.05!31021 1.0331021

aCurrent measurement. The uncertainties are~statistical!~systematic!.
bCalculations of Ro¨sel et al. @18#.
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behavior of the two transitions becomes radically different
would be interesting to test this sensitivity for nuclei withZ
greater than 82, where the magnetic conversion proces
expected to be even stronger than that observed here.
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