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Photon activation technique using bremsstrahlug with end-point energy 55.6 MeV is used to induce pho-
tonuclear reactions in a 209Bi target. Absolute yields and integrated cross sections of multiparticle reactions
(y, 2n-6n), (y, 4nlp), and (y, Snlp) are obtained. The results are compared to predictions of statistical mod-
els using systematical and microscopic description of photoabsorption and to the result of evaluation of the
partial photoneutron reaction cross sections. Based on a comparison with existing experimental photoneutron
cross sections and model calculations, we make a conclusion that neutron multiplicity assignment in available
photoneutron cross sections on 209Bj can be corrected and evaluated cross sections of (y, 1n) and (y, 2n) are

obtained that are in an agreement with the obtained experimental results.

I. INTRODUCTION

Cross sections of photonuclear reactions find a wide
use in fundamental and applied nuclear physics. At
sufficiently low energies, photonuclear reactions proceed
mainly through formation and subsequent decay of highly
collective excitation modes such as the isovector giant
dipole resonance (IVGDR), and thus are sensitive to both
individual and systematic properties of nuclei. A large
amount of data has been collected over the years about the
photonuclear reactions and libraries and atlases of reaction
cross sections on hundreds of nuclei are available [1-4]
and used in such areas as nuclear astrophysics and vari-
ous applications of photon beams. Model calculations are
often used when no reliable measurement of the reaction
cross section is available. Especially, multiparticle reac-
tions and reactions with outgoing protons are less thor-
oughly studied in experiments. It is accepted that the sta-
tistical approach is the most adequate for description of
cross sections of photonuclear reactions for medium and
heavy nuclei. General purpose calculation packages such
as TALYS [5], GNASH [6], or the combined model [7]
offer a simple way to perform this kind of calculations.

In this work we present the results of measurement of
yields of multiparticle photonucler reactions on 2*°Bi in-
duced by a bremsstrahlung beam with 55.6 MeV end-point
energy and compare the results with model predictions,
evaluated cross sections, and data from other experiments.
Bismuth is a suitable subject for this kind of experiment
being a natural monoisotope with Z = 83 protons and
N = 126 neutrons, i.e. a single 1h9,, proton over a doubly
magic 2°8Pb core nucleus. The activation technique allows
multiple photonucleon reactions channels to be measured
independently and, thus, is a good and inexpensive candi-
date for this kind of experiment. The earliest photonuclear
cross section measurement on 2Bi was made by Miller
et al. [8], who measured the photoneutron yield reaction
cross section o (y, Sn) using annihilation photons. Using a
similar technique, Harvey et al. [9] measured partial pho-
toneutron reaction cross sections (y, 1n), (y, 2n), (y, 3n)
as well as the total photoneutron (y, tot) and the photoneu-
tron yield (y, Sn) cross sections. The photoneutron yield

cross section was obtained in [10] using bremsstrahlung.
The photoproton reaction (y, 1p) was also studied using
both bremsstrahlung and virtual photons in [11]. Naik
et al. [12, 13] measured bremsstrahlung-weighted average
cross sections of the (y, 3n) to (y, 6n) reactions. 2’Bi
has been a tool to study the application of the direct-semi-
direct model to the radiative proton capture. In this con-
nection a number of works on radiative proton capture
on 2%8Pb leading to formation of 2’Bi have to be men-
tioned [14-19].

II. EXPERIMENTAL TECHNIQUE

The photon activation technique was used to mea-
sure yields of photonuclear reactions. The details of the
setup and the analysis procedure were described in [20-
22]. 55.6 MeV electron beam with the energy spread of
about 100 keV, produced by the RTM-55 racetrack mi-
crotron [23, 24] of the Skobeltsyn Institute of Nuclear
Physics (SINP MSU), struck a 2.1 mm tungsten convertor
target and generated a bremsstrahlung beam, which irradi-
ated a 0.83 mm thick bismuth disk 5 cm in diameter. Quick
X-ray fluorescence analysis showed that the bismuth target
contained at least 99% of 2*Bi. For calibration a 0.1 mm
copper foil was placed behind the bismuth disk. The irra-
diation lasted for approximately 30 min, during which the
average beam current was 0.24(1) uA ! as measured by a
monitor reaction and an analog-to-digital card connected
to the Faraday cup. 3 min after the irradiation, the bismuth
target was moved into the low-background measurement
chamber with the Canberra GC3019 high-purity germa-
nium detector (30% relative efficiency, energy resolution
of 1.8 keV at 1.332 MeV) to measure the activated spec-
tra. The spectrum acquisition database [21] controlling the
InSpector 1250 multi-channel analyzer was used to store
gamma-ray spectra of induced activity of the target every

! Throughout the paper we use the computer notation to represent uncer-
tainties: the number in parentheses denotes the error of the last signifi-
cant digit of a value.



3.5 s for 23 days. The average count rate registered by the
detector at 16.5 cm from the target during the first 5 min
of the measurement was about 2800 cps.

The obtained gamma-ray spectra were analyzed using
the peak fitting module of the spectrum database [22]. Two
sample spectra summed over 10 hr starting right after the
irradiation and 1 week later are shown in Fig. 1. Dur-
ing analysis, the products of the photonuclear reactions
were identified by the energies, relative intensities, and
half-lives of gamma-lines in the spectra, the corresponding
peak areas were determined using least squares fits and,
after another fit with exponential decay curves, the corre-
sponding reaction yields were obtained.

We define the reaction yield y as the number of reactions
taking place in the target per unit charge of the electron
beam, i.e. during the irradiation, the number of reaction
products n changes according to the following differential
equation:

S = Ly - a4 Y kA, (1)
L

where 1. (¢) is the electron beam current and A is the decay
constant. The last term corresponds to accumulation due
to decays of other unstable nuclei: A; is the decay constant
of the i-th parent nucleus and k; is the branching fraction
of the decay. The accumulation was present, i.e. this term
was non-zero, only for reactions involving proton emis-
sion, i.e. (y, 4nlp) and (y, Snlp). Without accumulation
the solution to the equation is given by

t

n(t) = ye f I(t)e dr, 2)

0

i.e. the experimental reaction yields can be obtained from
the number of decaying product nuclei in the target and
from the recorded beam current. In this way, the instability
of the electron beam was taken into account.

As said above, the numbers of nuclei n of the reac-
tion products that were used to determine the yields in
Eq. (2) were calculated from the areas S of the correspond-
ing peaks in the spectra taken at different periods of time
after irradiation:

S([, r+ Treal) Treal
erc(l - e_/lel) Thive ’

n(t) =
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where r is the relative peak intensity, & is the detector
efficiency at the energy of the peak, c is the true coin-
cidence summing correction, A is the decay constant of
the unstable isotope, and Treq 1ive are, respectively, the to-
tal and live time of the spectrum acquisition. In each case
the 3.5-second spectra from the spectrum database were
combined so as to obtain a reasonable number of points
(10-15) over an interval of about five half-lives (where
possible). The peak areas in the spectra were determined
using least squares, by fitting the spectra with a combi-
nation of a Gaussian function and continous background.
To correct the peak areas with respect to the true coinci-
dence summing effect, the TrueCoinc [25] program was
used. Relative peak intensities of the reaction products
were taken from ENSDF [26]. The detector efficiencies

were calculated with a calibrated detector model using
GEANT4 [27]. For each reaction, the yield was indepen-
dently calculated from several peaks of the product and
the final value was calculated as a weighted average of the
obtained results. Yields of only those reactions where the
reaction products are unstable were obtained.

The spectra contained peaks from 2%3Pb and 2%“Pb,
which can be produced both in reactions with outgoing
protons and in S-decays of 293-2%4Bi. In this case, the num-
ber of nuclei n was determined in a similar way, except
that the last term in Eq. (1) was non-zero. The branching
fraction of the °*Bi decay into 2>Pb is equal to 1.0, and
the value for the decay of 2**Bi to 2°4”Pb was calculated
from the decay level scheme from [28] kyg4 = 3.1(3)%.

For each reaction product, the most intense and reliably
identifiable gamma-lines were used to obtain the yields.
The following gamma-lines were used to obtain the yield
of 2Bi: 569 keV, 1063 keV, 1770 keV (a small resid-
ual activity of 2°’Bi was detected from the target prior to
irradiation, its contribution of about 0.5% was subtracted
during analysis; from the 569 keV peak the contribution
of 2% Bi was subtracted during analysis). Gamma-lines for
206Bi: 537 keV, 803 keV, 881 keV, 1718 keV. For ®Bi:
703 keV, 988 keV, 1043 keV, 1764 keV, 1862 keV. For
204Bi: 375 keV, 899 keV, 984 keV. For ?*Bi: 821 keV,
825 keV, 1033 keV. For 2%Pb: 279 keV, 401 keV. For
204ampp: 375 keV, 899 keV, 911 keV, 984 keV (accumu-
lation from 20*Bi).

To normalize the reaction yields the total number of ini-
tial electrons during the irradiation was obtained from the
yield of the 3 Cu(y, 1n)**Cu reaction in the copper moni-
tor target. The evaluated cross section [29] of this reaction
was folded with the bremsstrahlung spectrum calculated
using a GEANT4 [27] model of the irradiation geometry,
giving the reaction yield per one electron. The obtained
reaction yields normalized in this way to the total charge
of the beam are shown in Table I. It should be noted that
the total systematical error affecting the accuracy of the
obtained yields is about 10%. About a half of this value
is due to the the uncertainty of the position of the irradi-
ated part of the target with respect to the detector and the
other part is contributed by the uncertainty of the thick-
ness of the monitor copper foil and the uncertainties of the
monitor reaction cross section. Other systematical error
sources, such as uncertainties of the relative peak inten-
sities, decay constants and so on contribute less than 1%.
Since these factors contribute only as a common multiplier,
we also present relative reaction yields, normalized to the
(y, 3n) reaction, where mostly only the statistical errors of
the fitted peak areas remain.

III. MODEL CALCULATIONS

The obtained experimental yields were compared with
theoretical calculations. For this purpose, the model-
calculated cross sections o (E) were folded with the
bremsstrahlung spectrum at 7 = 55.6 MeV simulated us-
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Figure 1. Two sample spectra of induced gamma-ray activity of the irradiated bismuth target summed over 10 hr immediately after the
irradiation (upper curve) and 1 week after the irradiation (lower curve, multiplied by 10~ 1).

Table I. Experimental yields of photonuclear reactions on 209g;

Reaction| Product [Half life] J© [Threshold, MeV | Yield, 101°x C~IYield, rel. to 3n
(,2n) | 27Bi [31.55yr|9/2- 14.35 2.3(2) - 10% 7.3(5)
(v,3n) | 20Bj |6.243d| 6* 22.44 3.1(3) - 103 1.0
(v,4n) | 205Bi | 15.31d |9/2~ 29.48 1.02(8) - 10 0.3308(7)

(7, 4nlp)| 204mpp | 672m | 9~ 32.72 4.9(4) 0.00121(6)
(v,5n) | 204Bi | 11.22h | 6* 37.97 2.0(2) - 102 0.06490(9)

(y,5nlp)| 203pb | 52h |5/2 41.12 73(7) 0.0235(9)
(,6n) | 203Bi | 11.76h [9/2~ 45.16 7.8(7) 0.0025(1)

ing GEANT4 [27] in the geometry of the experiment:

T
M
Ytheor = — f o (EW(E,T)dE, “
0

where v(E, T)dE is the bremsstrahlung spectrum, that is,
the mean number of photons with energy from E to E +dE
produced by an electron with kinetic energy 7', and M is
the number of 2°?Bi nuclei per unit area of the target.

The theoretical cross sections were calculated using two
models: TALYS [5], a widely used general purpose nu-
clear reaction package, and the combined model of pho-
tonuclear reactions (CMPNR) [7, 30], developed at SINP
MSU. Both models are based on the statistical approach
and use a combination of the preequilibrium exciton model
and particle evaporation process to calculate probabilities
of formation of specific final nuclei after absorption of a
photon. However, the photon absorption process is de-
scribed differently. TALYS uses the energy, width, and
area of the isovector giant dipole resonance (IVGDR) on
209Bj from the RIPL-3 [31] database, while the combined
model uses a microscopic approach to calculate the exci-
tation of the giant dipole and quadrupole resonances and
the overtone of IVGDR in deformed nuclear potential, ex-
plicitly including the isospin of the excited resonances. In
addition, the collective properties of the IVGDR are taken
into account at the pre-equilibrium stage. On this basis, in
the following discussion we use the photonuclear part of

TALYS as an example of a “traditional” statistical model
calculation and the combined model as a more microscopic
approach, which takes into account those properties of
photoexcitation that have the most effect on the cross sec-
tions of photonuclear reactions in the energy range span-
ning from the nucleon separation energy to the mesonic
threshold.

The comparison of the experimental yields and the cal-
culations is shown in Table II. In addition the (y, 1p) reac-
tion, not observed in the experiment, was also included in
the comparison. Statistical errors and errors due to deter-
mination of the number of target nuclei were about 1% for
each calculation. In addition, it is common to estimate the
general accuracy of statistical model calculations as about
10-15%.

It is useful to describe the photoabsorption cross sec-
tion, that is used by both models at the initial stage of cal-
culation. Apart from the quasideutron mechanism cross
section which is represented identically by both models
using the Levinger parameterization, the photoabsorption
cross section in TALYS is represented as a single Lorentz
curve with the center at 13.56 MeV, having a peak value of
648 mb, and the width of 3.72 MeV based on the tagged
photon measurement [32]. The photoabsorption cross sec-
tion in the combined model calculation is also a combi-
nation of several Lorentz peaks shown in Table III, corre-
sponding to deformation splitting of the giant dipole reso-
nance IVGDR and the giant quadrupole resonance IVGQR
(different peaks correspond to different values of the total



angular momentum projection M), isospin splitting of the
IVGDR (where Ts = Ty + 1 and T = Tj), and to the 37w
overtone IVGDR2.

Table II. Comparison of the experimental yields of photonuclear
reactions on 209Bi with model calculations

Reaction 109% Yield, CT
Experiment| CMPNR | TALYS
) 258-10° | 663
(,2n) | 2.32)-10* | 2.53-10* |3.01 - 10*
(.,3n) |3.13)-10% | 2.95-103 |3.11- 103
(v,4n) |1.02(8)-103|0.881-103|1.10- 103
(v, 4nlp) | 4.9(4) 0.2902 0.328
(,5n) | 2.02)-10% [0.750 - 10%{2.29 - 102
(. 5nlp) 73(7) 0.421 0.0148
(v, 6n) 7.8(7) 0.399 6.29

2 The yield of the ground state of 2%*Pb has been calculated with the
combined model and then multiplied by the isomeric ratio Y5, /Yg .
from TALYS.

One can see that both theoeretical models produce a
rather good description of the experimental multi-neutron
reaction yields. However, the yields of the reactions with
outgoing protons (y, 4nlp) and (y, Snlp) are clearly under-
estimated by both models and attention is also attracted to
a certain discontinuity in the case of (y, 2n). The observed
reaction yield is much lower than the TALYS prediction
and is also slightly lower than that of the combined model,
which is unexpected since in some cases the agreement is
almost exact for the 3n—o6n reactions. Further calculation
of the (y, 1n) yields helps to clarify the situation. The com-
bined model gives about 1.75 - 10'3 C~!, while the result
of TALYS is 1.66- 10" C~!, i.e. in the TALYS calculation
a fraction of the (y, 1n) yield flowed into the (y, 2n) chan-
nel. We tend to attribute this behavior to the semi-direct
process.

In this discussion of the obtained experimental result,
the following basic assumption is made: a photonuclear
reaction with outgoing nucleons in the energy region from
the nucleon separation threshold to 77 = 55.6 MeV can
be classified to one of four mechanisms: direct knockout
(DKO), semi-direct, pre-equilibrium, and equilibrium (or
evaporation) emission. Of these only the direct knock-
out mechanism (sometimes called the direct nuclear pho-
toelectric effect) takes place without formation of an inter-
mediate resonance state, while with the others, nucleons
are emitted at a certain stage of formation of a collective
compound excited state. The contribution of DKO to the
proton yield is rather small. The direct proton knockout
from 2%?Bi to excited states of 2*Pb has been studied ex-
perimentally in [11] at E, = 43.7 and 52.0 MeV, and cross
sections of several ub/sr for formation of individual low-
lying states of the final nucleus were reported.

In contrast to the pre-equilibrium and evaporation pro-
cesses, the semi-direct mechanism, or emission of nucle-
ons from the initial 1p1h doorway excitation, depends ap-
preciably on the detailed shell structure of this state. Mi-
croscopic models such as direct-semidirect model (DSD)
were used in addition to the statistical model calculations
to calculate cross sections of nucleon emission to individ-
ual states, e.g. (y, po), in [16, 33]. A different approach
is used in the combined model [7, 30], where the semi-

direct process is identified with the first stage of the pre-
equilibrium process with the exciton number m = 2. In-
stead of using the particle emission rates averaged over all
configurations [34, 35], the emission rates are calculated as
sums of partial rates correspoding to the mixture of single-
particle excitations in the initial doorway state.

The result of inclusion of the semi-direct mechanism in
the combined model is seen in the calculated yields of (y,
In) and (y, 1p), which are both larger than correspond-
ing “purely statistical” TALYS calculations. The spectra of
outgoing neutrons and protons also support this assertion,
revealing a large portion of high-energy particles originat-
ing from initial stages of the reaction. A related addi-
tional effect of the collectivization of doorway states might
be also responsible for the somewhat lower yield of (y,
2n) measured in the experiment and calculated using the
combined model. The threshold of this reaction lies very
closely to the peak of the giant dipole resonance, where
the coherency of the doorway excitation is most promi-
nent, which leads to increased probability of emission of
a single higher energy neutron, while the 2n emission is
accordingly inhibited.

We now return to the question of multi-neutron reac-
tions. As it is seen from Table II both models adequately
describe the measured yields of photonucleon reactions
with 2—4 outgoing neutrons. However, the yields of the
(y, 5n) and (y, 6n) reactions are reproduced only in the
TALYS calculations and the CMPNR model gives signifi-
cantly underestimated results. The cross sections of the 5n
and 6n reactions calculated by CMPNR are shifted by sev-
eral MeV towards higher energies as compared to the re-
sults of TALY'S, while their areas, i.e. the integrated cross
sections, are almost equal in both models. At 55.6 MeV the
bremsstrahlung spectrum overlaps the cross sections of (y,
5n) and (y, 6n) only partially and the shifts have a very con-
siderable effect on the photoneutron yield estimates. Un-
certainties of the high-energy part of the bremsstrahlung
spectrum, that was used to calculate the theoretical yields
in Eq. (4), arising from, e.g., uncertainties of the electron
beam shape at the target, could be one of the reasons that
contribute to the difference. Another possible explana-
tion is the description of the quasideutron (QD) mecha-
nism of photon absorption, which dominates in this energy
region. The doorway state of the pre-equilibrium QD cas-
cade in CMPNR is the 2p2h state of uncorrelated particles
and holes, similarly to the approach taken in [36]. How-
ever, the QD mechanism assumes a high degree of corre-
lation between the produced holes and, hence, lower num-
ber of degrees of freedom of the quasideutron excitation
(in this connection Blan [37] has proposed to consider the
2plh state as a doorway excitation for the QD cascade).
If the correllations in the QD channel are not taked into
account then the spurious degrees of freedom effectively
“consume” some part of the excitation energy which leads
to shifts of the multi-nucleon cross sections towards higher
energies.

It should be noted that the strength and position of the
IVGQR resonance was measured with high precision at the
HIyS facility [38], where only about a half of the E2 sum
rule was found at 23 MeV. This is consistent with the sys-
tematics used for the IVGQR in the combined model, and
the other part of the strength can be attributed to the low-



lying isoscalar quadrupole resonance.

We now consider the reaction yields with a proton in
the exit channel, which are both underestimated by model
calculations. Although it is tempting to attribute the un-
usually high observed yields of 2**”"Pb and **>Pb to a pos-
sible admixture of the stable 2%*Pb isotope in the irradiated
target, we could not find a sufficient amount of lead im-
purities: the upper limit for 2Pb in the bismuth target is
0.01% from X-ray flourescence analysis, and 0.001% from
the analysis of the 331 and 361 keV gamma-lines of 2°'Pb
in the spectra, which roughly corresponds to 1-10% of the
observed yields. Thus, we think that the observed yield of
204mpp and 203Pb can not be described by possible impuri-
ties in the target, however, a more precise measurement is
probably needed for a unambiguous answer.

It is well-known, that emission of protons in pho-
tonuclear reactions on medium and heavy nuclei is of-
ten extremely underestimated by statistical models. In the
medium mass region a great role is played by the isospin
splitting of the IVGDR. However, for heavy nuclei, since
the ground state isospin is large (4} in 2*Bi), this effect
does not contribute to the photoproton cross section (the
probability of excitation of the 7 branch is only about
0.4%). Again, the largest part of photoproton emission
in heavy nuclei comes from the semi-direct reaction chan-
nel, as shown, e.g. for 197 Au in [39]. On the other hand,
it is likely that this is not the reason of the obtained dif-
ference between experimental and calculated yields of the
(y, 4nlp) and (y, 5Snlp) reactions, since the thresholds of
these reactions are about 33 and 41 MeV, respectively, and,
thus lie far behind the IVGDR. In fact little systematical
information is known about photoabsorption at the high-
energy tail of the giant dipole resonance and other reso-
nance structures in this region, especially about the emis-
sion and spreading decay widths of IVGQR. Clearly, ad-
ditional tuning of models is required to realistically repro-
duce multi-nucleon reaction cross sections in this energy
region.

Table III. Components of photoabsorption cross section on 2%Bi

calculated using the combined model. E denotes the center of the
corresponding Lorentz peak, o~ corresponds to its area, I",I is the
proton escape width in MeV, FVT is the same for neutrons, I'! is
the damping (or, spreading) width in MeV, T denotes the isospin
splitting branch, and M is the projection of the momentum, cor-
responding to the deformation branch.

EMeV o,mb I} LI TV T Type M

13.63 1262.228 0.001 0.228 3.840 T« IVGDR 0
32.38 102.065 0.813 1.345 7.307 IVGDR2

22776 56.564 0.261 0.720 4.876 IVGQR 0
22770 112.504 0.258 0.716 4.863 IVGQR 1
2249 110.456 0.248 0.703 4.822 IVGQR 2
19.93  14.236 0.058 0.000 2.410 7> IVGDR

13.38 2524.456 0.000 0.187 3.702 T« IVGDR 1

Based on the calculations performed using the com-
bined model and the obtained yields we estimated the in-
tegrated cross sections from threshold to 7 = 55.6 MeV
for those reactions where cross section peaks lie within the
energy range of generated bremsstrahlung. oin(y,2n) =
7.1(7) mb MeV, oin(y,3n) = 2.42) mb MeV,
oint(y,4n) = 1.7(1) mb MeV.

IV. EVALUATED PHOTONEUTRON CROSS SECTIONS
A. Comparison with experimental (y, 2n) cross section

The obtained experimental data can be compared with
existing previous measurements. The cross sections of
photoneutron reactions on 2098 were measured in [8—10].
At the Lawrence Livermore National Laboratory (LLNL)
Harvey et al. [9] used quasimonochromatic annihilation
photon beam and a ring-ratio neutron multiplicity sorting
method to measure cross sections of partial photoneutron
reactions. (y, In) and (y, 2n) reaction cross sections from
this measurement are included in the JAEA compilation
of 1999 [1] and are a part of other widely used databases.
Since the outgoing protons were not detected, the reported
(y, 2n) cross section is in fact a sum o (y, 2n) + o (y, 2nlp).
If the same technique as in the previous section is applied
to calculate the corresponding yield for the (y, 2n) reac-
tion, one obtains the value ypn. = 2.53(7) - 10" C~1.
The LLNL cross section goes only up to 26.4 MeV, and in
order to calculate the yield in a 55.6 MeV bremstrahlung
spectrum the cross sections was extended into higher ener-
gies with the combined-model-calculated theoretical cross
section.

B. Evaluated cross sections

The yrnL value significantly exceeds the result of the
present measurement, and the difference should not be at-
tributed to the contribution of (y, 2nlp), which is smaller
by about two orders of magnitude. It has been shown in
multiple works previously (see [40] and references therein)
that the partial photoneutron reaction cross sections mea-
sured with neutron detectors often contain errors due to
shortcomings of neutron multiplicity sorting. To compen-
sate to some extent the unwanted contribution of wrong
multiplicity neutrons, the evaluation of the partial pho-
toneutron reaction cross sections was performed following
the procedure described in [40].

The evaluation is based on the observation that many
partial photoneutron reaction cross sections, that is the (y,
1n), (y, 2n), and (y, 3n) reactions, measured using direct
detection of neutrons at different laboratories, do not agree
with each other [40, 41]. It has been suggested that the dif-
ference is due to incorrect classification of some of the de-
tected neutrons, where, e.g., a neutron originating from the
In reaction is assigned to the 2n channel, and vice versa.
This kind of errors arises from using the kinetic energy to
classify neutrons from different reaction channels, whose
energy spectra overlap. For this reason the evaluated par-
tial reaction cross sections are obtained from the photoneu-
tron yield cross section

o(y,Sn) =o(y, In) + o(y, Inlp)+
20(y,2n) + 20 (y,2nlp) + ..., (5)

which is instead a directly measured quantity. The exper-
imental o (y, Sn) cross section is then multiplied by theo-
retical coefficients

O_theor(y, in)

theor _
Fi - O-theor(y’ Sn)’ (©)



calculated using the CMPNR model to obtain the evaluated
partial photoneutron cross sections.

Figure 2 illustrates the choice of the o (y,Sn) cross
section to be used for the evaluation. The photoneu-
tron yield cross section on 2*Bi was measured indepen-
dently in works [8—10] and is available in the EXFOR
database [2—4]. However, the cross section from [8] has
a smaller overall number of data points, and the behaviour
near threshold is very different as compared to other re-
sults. The cross section from [10] has wider error bars
and is slightly shifted towards the low energies in com-
parison to the other two, which might be due to the em-
ployed experimental technique. The target had been irra-
diated with bremsstrahlung at different electron energies,
and the obtained reaction yields as a function of energy
were unfolded into corresponding cross sections. Uncer-
tainties of the instrument function, i.e. in this case the
bremsstrahlung spectrum, can lead to energy shifts. There-
fore, the Livermore o (y, Sn) from [9] was chosen as a base
for the evaluation.
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Figure 2. Photoneutron yield reaction cross sections o (y, Sn)
measured by Miller et al. [8], Harvey et al. [9], and Sorokin et
al. [10].

A comparison of the experimental photoneutron yield
cross section from [9] to the calculation of the combined
model is shown in Fig. 3. It is seen that the theoretical
cross section calculated using the combined model very
closely matches the experimental data points multiplied by
a scaling factor 1.12 when slightly shifted by 0.15 MeV to-
wards higher energies. The scaling factor was chosen so as
to equalize the area of the experimental and theoretical (y,
Sn) cross section, since the photoneutron yield cross sec-
tions measured using the Livermore neutron detector are
systematically about 12% lower than corresponding mea-
surements by other groups [40]. Ref. [42] recommends a
higher value of 1.22, to bring the 1n part of the photoneu-
tron yield to the (y, 1n) cross section of [32]. However,
this scaling results in exaggerated cross section of (y, 2n)
and the 1.12 scaling factor is also more consistent with the
data of Ref. [10].

This scaled version of the o (y, Sn) cross section was
used for multiplication by the F; coefficients. The evalu-
ated partial photoneutron cross sections on 2**Bi obtained
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Figure 3. Photoneutron yield reaction cross section o (y, Sn)
from [9] scaled by 1.12 and matching of the theoretical cross sec-
tion to it when shifted by 0.15 MeV.

in this way are shown in Figs. 4 and 5. The errors of the
evaluation were obtained using interpolation of the experi-
mental errors and the above-made estimate of the accuracy
of the model calculations, i.e. 10%.
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Figure 4. Evaluated partial photoneutron reaction cross sections
o (y, In) compared to the experimental cross sections from [9].
The uncertainty of the evaluated cross section is denoted with
yellow-filled band.

One can see that behind the B, threshold the evalu-
ated o (y, 1n) is larger than the experimental cross section,
while the o (y, 2n) is correspondingly reduced, i.e. some
neutrons from the 2n channel were reclassified as coming
from the 1n.

The evaluated cross section o (y, 2n) was used to calcu-
late the reaction yield in the activation experiment giving
a value ey = 2.43(7) - 10'* C~1. If instead of scaling the
Livermore cross section to the model the scaling is done in
the inverse direction yeya = 2.20(3) - 104 C~1

The choice of the normalizing factor that is used during
preparation of the (y, Sn) cross section is closely related to
the IVGDR enhancement factor «, that represents the cor-
rection to the TRK dipole sum rule arising from the meson
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Figure 5. Evaluated partial photoneutron reaction cross sections
o (y,2n) compared to the experimental cross sections from [9].
The uncertainty of the evaluated cross section is denoted with
yellow-filled band.

exhange currents:
NZ
Tin(ED) = (1 +x)60——MeV mb. (7

For most medium and heavy nuclei k ~ 0.3, however it
was suggested on the basis of elastic photon scattering data
in [43] that an increased value of 0.46 is more likely for
209Bj due to its shell structure. In [44] this value was
re-measured and found to be 0.29, and [45] suggests a
value of 0.08. Since the values of « used in the combined
model k.. = 0.3 and in TALYS k1arys = 0.26 lead to
a good agreement with the experimental yields, this can
be viewed as an evidence against the unusual « in 2°Bi.
Combining the yields of (y, 2—4n) calculated by both mod-
els and neglecting the differences of photoabsorption and
partial cross sections of both models we can calculate the

7

weighted ratio KKI:% = 0.97(3). However, since the yield
of the (y, 1n) reaction, which exhausts most of the pho-
toabsorption cross section, was not measured in this ex-
periment, the obtained result is, thus, only an estimation.

V. CONCLUSIONS

Yields of multi-particle photonuclear reactions on 2 Bi
were obtained using the photon activation technique. The
experimental results were analyzed with the help of theo-
retical models. Integrated cross sections of the (y, 2n), (y,
3n), and (y, 4n) were estimated. The evaluated cross sec-
tions of partial photoneutron reactions (y, In) and (y, 2n)
on 2Bi were produced using the combined model-based
approach and experimental (y, Sn) cross sections. The ob-
tained evaluation is in agreement with the results of a pho-
ton activation experiment, while the experimental cross
section of the (y,2n) obtained using neutron multiplicity
sorting based on the detected kinetic energy is apparently
overestimated. Statistical model calculations of this reac-
tion also overestimate photoneutron reactions, and under-
estimate the reactions with outgoing protons.
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