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Branching ratio to the 803 keV level in 2'°Po « decay
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Precise knowledge of the branching ratio in the « decay of 2!°Po is important for accurate measurement
of the 2Bi(n,y)*'%Bi cross section, the reaction involved in the termination of the astrophysical s process.
The branching ratio was determined from independent measurements of « and y spectra of bismuth samples
simultaneously irradiated by neutrons near the core of the Soreq research reactor (IRR1). The branching ratio was
found to be (1.15 £ 0.09) x 10~ , consistent with the results of several measurements performed six decades
ago. As a by-product value the 2Bi(n,y)*'%¢Bi thermal cross section was measured to be 21.6 & 1.1 mb.
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I. INTRODUCTION

The 2*Bi isotope terminates the s process as the next
neutron capture leads to the  unstable product >'°Po. Accurate
knowledge of all measurements involved in stellar nuclear
reactions and, in particular, the 209Bi(n,y)zmgBi cross section
is needed for reliable analysis of the s-process termination
[1]. The neutron capture of bismuth has also a practical
application since bismuth is considered to be suitable material
for spallation targets and as a coolant for accelerator-driven
systems. Therefore, the knowledge of the cross sections is
essential for the radiation safety evaluation of future facilities.

Recent commissioning of the liquid lithium target (LiLiT)
at the first phase of the Soreq Applied Research Accelerator
Facility (SARAF) [2,3] prompted an astrophysical research
program which also included measurements of Maxwellian-
averaged cross sections (MACSs) of the 2®Pb(n,y)**Pb [4]
and % Bi(n,y)*'°¢Bi [5] reactions, playing a major role in the
termination of the s process. An activation measurement is
appropriate for the determination of the 2*’Bi(n,y) reaction
cross section via the decays of the 2!°¢Bi (T1» = 5.013 days)
and ?!°Po (T1/2 = 138.376 days) isotopes (Fig. 1). In general,
there are three methods to measure the cross section via such
activation: (1) measurement of the B rays from the 2'°¢Bi
decay, (2) measurement of the a-particle intensity in the 2'°Po
decay, and (3) measurement of the weak 803 keV y ray in
the !°Po decay (Fig. 1). All three methods were utilized in
a recent experiment [5]. y-ray measurements performed with
a high-purity germanium (HPGe) detector are reliable when
good counting statistics are achieved. The result of the latter
method will rely directly on the value of the weak branching
ratio of the « decay to the 803 keV level in 2°°Pb.

It is interesting to survey the literature on the experimental
measurements of the branching ratio to the 803 keV level.
There are quite a few measurements of the branching ratio
[6-15]; however, all of them, except Ref. [15], were performed
during the 1950s. Dramatic progress in nuclear radiation
measurement instrumentation during the following 60 years
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makes it important to perform new measurements in order to
confirm the literature results. In this respect it is worthwhile
to emphasize that the result of the recent work of Ref. [15]
[(0.88 £ 0.05) x 107°]is lower by almost 40% than the most
recent recommended value [(1.23 & 0.04) x 1073] [16] based
on the results of the earlier experiments [6—13]. Determination
of the branching ratio is also of special importance in the
context of our recent work for the determination of the
29Bi(n,y)*'%¢Bi MACS [5].

II. IRRADIATION

The experiment involved simultaneous neutron irradiation
of two pure bismuth samples near the core of the Soreq
IRR1 research reactor. The samples were placed and under-
went irradiation with essentially identical neutron fluence.
One sample is a thin foil to be used after irradiation for o
spectrometry; another is a much thicker disk to be used for
y-ray measurements.

The target foil consists of a 1-um-thick bismuth layer
with nominally 99.97% pure bismuth sputtered onto a
0.25-mm Mylar foil, acquired from Evochem GmbH [17]. The
bismuth foil was punched out with a precise 8-mm-diam punch.
The thickness of the foil was measured using Rutherford
backscattering (RBS) techniques with a 3 MeV He™' beam
at the Bar-Ilan ion-beam analysis laboratory [18] and was
found to be of (2.86 + 0.12) x 10'8atoms/cm? (see Ref. [5]
for more details). The uncertainty in the punch diameter was
conservatively estimated as 0.1 mm, which corresponded to an
additional 2.5% uncertainty in the foil area.

A 1-mm-thick bismuth plate of 99.9999% was purchased
from Princeton Scientific [19]. An 8-mm-diam disk was
punched out of the plate using the same precise punch.
Since the bismuth plate was very brittle it was sandwiched
between two aluminum plates during the punching process.
The thick bismuth disk was weighed at 0.5302 £ 0.0005 g, or
1.527 4 0.002 x 10?! atoms.
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FIG. 1. The processes involving neutron capture of 2Bi. The
branching ratio of *!°Po « decay to the 803 keV state is taken from
Ref. [16].

The thin and thick bismuth samples were gently sandwiched
together, placed in a quartz ampule, and put into the pneumatic
system (rabbit) in the Soreq reactor and irradiated for 20 min.
The expected neutron fluence rate at the irradiation position
is of the order of 10! 7 cm~2s~! and the cadmium ratio with
respect to gold standard, i.e., the ratio of thermal to epithermal
and fast neutrons, is estimated as 8 & 1. Since the measurement
is based on the ratio of activation of the two samples, the
experimental result for the branching ratio is independent of the
neutron flux. Nevertheless, efforts were made for quantitative
evaluation of the neutron fluence. A 6.0 0.1 mg/cm? thick
gold foil of 8 mm diameter was also irradiated together with the
two bismuth samples for determination of the neutron fluence.

III. MEASUREMENTS AND ANALYSIS

A. y measurements

After extraction of the ampule from the reactor core, the
samples were allowed to decay for a 2.5-week period. The
measurement of the activity from the irradiated gold sample
was performed using a well-calibrated HPGe detector with
25% relative efficiency. The spectrum was taken with the
sample placed at a distance of 20 cm from the detector. The
detection efficiency of the 411.8 keV y ray from the '*®Au
decay was 0.145 £ 0.005% at this distance. The total neutron
flux was corrected for the detector efficiency, branching ratio,
and decay losses in order to obtain the number of '°® Au nuclei
produced in the irradiation. Based on this measurement and the
gold activation cross section of the '’ Au(n,y) '°® Au reaction
for thermal neutrons of o = 98.65 b, one can evaluate the flux
of thermal neutrons irradiating the bismuth samples, found
to be 2.5 x 102 ncm~2s~!. This corresponds to a total of
1.9 x 10" thermal neutrons irradiating the bismuth samples.
Corrections for the resonance integral are small given the
cadmium ratio of ~8 at the “rabbit” location; however, this
does not affect the branching ratio we aimed to determine.

Knowing the fluence of thermal neutrons, the number of
299Bj nuclei and the number of produced 2'*¢Bi nuclei (N, 0,
see below) in the thin sample allows one to deduce the value of
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FIG. 2. y spectrum from measurement of irradiated 1-mm-thick
bismuth target in a low background shielded HPGe. Background
spectrum normalized to the same live time as the bismuth spectrum
is also shown. A zoom-in on the 803 keV peak is shown in the inset.

the 209Bi(n,y)zlogBi cross section for thermal neutrons. The
deduced value of 0 =21.6 £ 1.1 mb is in good agreement
with the literature [20].

y-ray measurement of the thick bismuth sample was per-
formed following a longer cooling period of 42 days after the
irradiation, sufficient time for most (99.7%) of the *'°¢Bi to
decay to 2!°Po. The measurement of the 803 keV y ray was
performed over a period of about 9 days. The y measurements
were done in contact with a shielded 70% p-type coaxial
HPGe detector (model GEM 65-83, ORTEC [21]). The HPGe
detector was shielded by 10 cm of ordinary lead and 5 cm
of low background lead (2.8 Bq/kg) as well as a 3-mm
low activity tin liner. In addition, a 100 cm x 100 cm X
5 cm scintillator was used in anti-coincidence with the HPGe
detector for reduction of background signals caused by cosmic
rays. The background level inside the shielded detector was
about three orders of magnitude lower than typical unshielded
surface y background. This low background was necessary for
clear identification of the 803 keV peak given the low (~1073)
branching ratio for this decay scheme. Detector efficiency for
803 keV with the bismuth sample in contact with the detector
was determined to be 6.96 £ 0.020%, using a calibrated
multiline y source (46—1836 keV). Monte Carlo simulations
were performed using the GEANT4 simulation code [22] for a
consistency check of the determined efficiency and for accurate
assessment of finite sample size and bismuth self-absorption
of the 803 keV y rays. A separate measurement of the HPGe
background was also performed for background subtraction.
Despite the shielded low background environment, a faint
signal around the 803 keV line from the natural background
contribution of polonium was present. Figure 2 shows the
y spectrum obtained from the measurement of the irradi-
ated thick bismuth disk, with a comparison of the low-level
background spectrum collected over ~9 days and properly
normalized to the measurement live time of the bismuth sample
spectrum. The section of the y spectrum in the region of the
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803 keV peak from the 2'°Po—2°*Pb 4 a—2"Pb 4 yg3
decay is shown in the figure inset. The y line shape shown in
the inset slightly deviates from a Gaussian on the high-energy
side. The strong y lines in the spectrum all exhibit a similar
feature in their line shape. This effect was due to slight drift
of the HPGe amplifier gain during the 9 days’ measurement.
A linear background was assumed before and after the peak.
The number of counts in the peak region above the linear fit of
background gave the number of counts in the 803 keV peak.
Additional features associated with the activated sample are
lines from the bismuth x rays and 8 continuum and some y
rays from contaminants, the strongest of which are ®>Zn and
0Co isotopes (Fig. 2). The number of counts in the 803 keV
peak, minus the background contribution, was found to be

SJ = 2513 £ 113.

The number of activated 2'°¢Bi atoms at the end of irradi-
ation, Ngmo, is determined from the counts measured in the
803 keV y peak, S;}‘eas:

Ao
S;neas = N])B/iZIO [ﬁ] tlivegy Yb.r. Vbi-abs Vel-conv
o«

X [fr(r)lteas exp(_)“atcool) - frﬁeas exp(_)\-ﬂtcool)],
ey
|

§meas
— Y
A, =

where 7., is the cooling time from the end of irradiation
until the beginning of measurement (42 days), fieas 1S the
measuring time (9.02 days), and #j. is the live time (8.98
days) of the measurement. Ag = In(2)/74 (tp = 5.013 days) is
the decay constant of 2'°Bi—2!Po 4+ 8=, and A, = In(2)/7,
(t4 = 138.376 days) is the decay constant of 2!°Po—20Pb 4
a. &, = 0.0696 = 0.0020 is the detection efficiency. yp, is
the branching ratio for 2'°Po—2%Pb* + ¢—2%Pb + y and
the 803 keV y line, which are determined in this work. The
correction for electron conversion is taken from Ref. [14] and
is given by Yej-cony = 0.9920 £ 0.0002. The y self-absorption
correction for the 1-mm bismuth sample placed in direct
contact with the HPGe detector was determined by detailed
GEANT4 simulations to be phiaps = 0.886 & 0.001. The quan-

tities f., and fn’feas are the corrections for the finite measuring
i : B _ 1= pimens o«  _ l—erafmes
time and are given by fineas = For— and f = i

where frgeas was found to be 1.001, while f2 . was about
1.0226. Decay correction during irradiation was negligible
given the short irradiation time (20 min) with respect to the
half-life (138.3 days).

To treat properly the time dependence, we introduce for
both y and « (see below) the effective maximum activities
A, and A,, which correspond to the maximum activity at the
end of irradiation if it were only a one-step decay process. The
effective maximum y activity A, is then given by the following
formula:

The effective maximum y activity is related to the number
of activated 2'°¢Bi atoms at the end of irradiation as

Ay = NgiZlO[M]Vb-L' (3)
Ap — Ao

B. o measurement

The o spectrum, obtained from the thin bismuth sample, was
measured with a passivated implanted planar silicon (PIPS)
detector in a commercial shielded measuring system (Can-
berra model iSo0lo500 [23]). The PIPS detector has an active
area of 2000 mm? and an active thickness of 500 pum. The
measurement was started soon after a 2.5-week cooling period,
corresponding to decay of ~90% of the >'°Bi component. The
detection efficiency of the iSolo system was determined from
a calibrated triple « source (Eckert and Ziegler [24]) with «
lines centered at energies of 5.1, 5.5, and 5.8 MeV originating
from the 2°Pu,?*! Am, and >**Cm isotopes, respectively. These
energies are close to the 2'’Poa energy of 5.3 MeV. The
calibration source diameter of 7 mm is very similar to that
of the bismuth foil (diameter of 8 mm). The activities of the
radionuclides in the calibration source are known to within
an accuracy of +1.5%. A pulse height threshold of 2 MeV-
equivalent (taking into account energy loss in the air) was used
to reject B contribution (see Fig. 3). The measured « efficiency

tlivesy Vbi-abs Vel-conv [frgeas CXP(—)&a tcool) - fnfl}eas exp(_)tﬁ tcool)]

= 0.0675 +£0.0035 Bq. 2

(

over the relevant area was (36.5 £ 0.7)%. We assumed that the
same fraction of « particles were below threshold also for the
thin bismuth sample and for the calibration source (Fig. 3).

The sample was placed on a tray at a distance of 7.8 mm
beneath the detector. The 8-mm-diam bismuth foil was well
within the 50-mm-diam area of the PIPS detector. The mea-
suring compartment was not in vacuum; therefore, multiple
scattering and energy loss affected the distribution of « and
B particles. The relatively large solid angle resulted in a large
angle distribution of the outgoing « particle from the irradiated
foil and, hence, caused additional broadening. Figure 3 shows
an example of the measured « and § spectrum of the irradiated
bismuth sample (red curve), together with the o spectrum of
the calibration triple o source (black curve).

The first set of measurements was carried out over a period
of a month. In order to achieve a better time base for the
buildup-decay fit, an additional set of measurements was taken
after a waiting period of 3 months. The dependence of the
a-particle activity on time following irradiation of the bismuth
foil is shown in Fig. 4. The data points represent the average «-
particle activity per 12-h measuring period obtained by taking
the integral counts in the « region of the spectra, divided by the
measurement time, and corrected for the a-particle detection
efficiency. The parameter ¢ is the elapsed time from the end of
irradiation until the middle of the activity measurement. The
dependence of the a-particle activity can be described using
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104 TABLE I. Summary of the main contributing uncertainties.
. I .

piregion | Sieget Source of uncertainty Uncertainty (%)
103 | 803 keV peak statistical error 4.5
Number of atoms in the thin sample (RBS measurement) 4.1
| 803 keV y-ray detection efficiency 29
@ | Number of atoms in the thin sample (area error) 2.5
S 102 « detection efficiency L5
S | Fit of « decay 1.0
Number of atoms in the thick sample (weighting error) 0.1
Total 7.5

10!

100

3 4
Energy (MeV)

FIG. 3. Example of spectrum obtained from the irradiated thin
bismuth sample (red line) taken 40 days after the irradiation. The
spectrum of the calibrated triple « source is also shown (black line).
The vertical dashed line represents the threshold used to distinguish
between events originating from « and f particles.

the following function:

Aghg
Ayt) = Nﬁmo[%} [exp(—Aqt) —exp(=Agt)], (4)

A
where Ag =In(2)/7g is the decay coefficient of
205 210po + =, and Ay = In(2)/7, is the decay
coefficient of *°Po—2%Pb + «. The decay corrections
during the irradiation and measurements are negligible since
these periods were significantly shorter than the half-life. The
excellent fit, shown in Fig. 4, is an indication that there were
no significant contributions from other «-particle-emitting
radioisotopes in the sample as well as supporting the
assumption of constant measurement parameters. A similar
analysis of the § activity exhibited significant deviation from
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FIG. 4. '%Po activity from o measurements of the irradiated
bismuth foil as a function of time since irradiation. The solid blue
line is a fit using Eq. (4).

the expected buildup-decay trend, most likely due to the
presence of other B-particle-emitting radionuclides in the
sample. Therefore, the B activity measurements were not used
in the determination of the branching ratio.

In order to remove time dependence for a more straightfor-
ward comparison with the y measurement, we determine the
effective maximum « activity given by

Apha

—— | =5.55 £0.10 Bq. 5
}‘ﬁ_)‘a] d ®)

o
Ay = NBiZlO[
The main contributions to the uncertainty in A, are asso-

ciated with the a-detection efficiency (1.5%) and the fit error
(1%).

IV. DISCUSSION

The y activity is compared to the « activity, allowing one
to extract the branching ratio for intermediate o decay to
206ph* compared to direct o decay to 2°°Pb. Since the thick
bismuth disk and the thin bismuth foil were adjacent to each
other during activation, the ratio of activated 2'°Bi nuclei,
and correspondingly the intermediate >!°Po nuclei, should be
proportional to the number of bismuth atoms contained in each
of these samples [using Eqs. (3) and (5)], i.e.,

AV
Y thick rakp
Ngioio Ny [Aﬂw]y‘“' 14
o« bl A = -
Ngin1o Ngiroo T Yor. Aa
]

Thus, the measured value for the branching ra-
tio of 2%Po—2%Pb* + ¢—2%Pb + y, as compared to
210po_5206pp 4 o, is then

A, Ngi  0-0675+0.0035 (1.44£0.07) x 10

. =

Ay NEK™  5554£0.10  (1.52740.002) x 10*!
(1.15 +£0.09) x 1073

The main contributions in the experimental error are listed
in Table 1. As can be seen from the table, the main contribution
to the experimental error is associated with counting statistics
of the 803 keV y ray and uncertainty in the determination of
the number of bismuth atoms in the thin sample.

The obtained result for the branching ratio is shown in Fig. 5
and Table II together with the results from the literature [6—15]
and the most recent evaluations [16,25,26]. Most of the earlier
experiments [6—13] were based on direct measurement of the
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FIG. 5. The result of the present measurement is compared with
the literature [6—15] and the most recent nuclear data evaluation
[16,25,26]. The solid squares ([6—13], and the present work) are the
experimental results of the direct measurements of the 803 keV y ray.
The solid triangles are the experiments based on direct measurement
of the weak o, branch [14,15]. The open squares [16,25] and the open
triangle [26] are the nuclear data evaluations of the y-ray and «a-ray
experiments, respectively. See Table II and text for details.

803 keV y ray, while the direct measurement of the ratio of the
o1 and «; intensities (Fig. 1) was performed in Refs. [14,15].
The recent evaluations [16,25] adopted the results obtained in
the direct y measurements, while the nuclear data evaluation
[26] adopted the branching ratio obtained from the direct
o« measurements. It is worthwhile to note that there is a
significant difference between the results of the two types of
measurements and the corresponding evaluations (Fig. 5 and
Table II). This difference is probably due to the difficulties in
measurement of the extremely weak «, branch. The nuclear
data evaluations based on direct measurements of the y
ray [16,25] provide the recommended value for the decay
branching ratio.

The method used in this work utilizes measurement of the
803 keV y ray and simultaneously uses the @ measurement for
normalization of the result and cancelation of the systematic
errors. As it is seen in Table II and Fig. 5 the result of our
measurement within its experimental uncertainty is in good

@,

TABLE II. Summary of the experimental results. The “y” mea-
surements are based on direct measurement of the 803 keV y ray,
while the “o” measurements rely on measurement of the weak o,
branch.

Year  Result (%) Reference Method of measurement
1951 0.00180(14) [6] y

1952 0.0016(2) [7] y

1955 0.00121(6) [8] y

1955 0.0012(1) [9] y

1956 0.00121(8) [10] y

1957 0.0012(2) [11] y

1957 0.00122(9) [12] y

1957 0.00132(8) [13] y

1958 0.00107(2) [14] o

1999  0.00088(5) [15] o

1999 0.00121(4) [25] Evaluation of the y experiments
2008 0.00103(6) [26] Evaluation of the o experiments
2014 0.00123(4) [16] Evaluation of the y experiments

2017 0.00115(9)  This work y

agreement with the recommended nuclear data evaluations
[16,25] and the experimental results obtained six decades ago.

In summary, the branching ratio for *'°Po—2%Pb* 4
a—2"Pb 4 y, as compared to 2'°Po—2%Pb + «, was deter-
mined in this work by independent measurements of « and
y spectra of thin and thick bismuth samples simultaneously
irradiated in a reactor. The branching ratio was found to
be (1.15 £0.09) x 107, consistent with the results of the
literature. As a by-product, a value of 0 =21.6 = 1.1 mb
was deduced for the 209Bi(n,y)zmgBi thermal cross section
by a measurement of the a-particle activity of 2'°Po using the
197 Au(n,y)'%8 Au cross section as a reference.
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