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Photoneutron reactions on >®Pb in the giant dipole resonance energy region have been investigated at the y-ray
beam line of the NewSUBARU facility in Japan. The measurements made use of quasimonochromatic laser
Compton backscattering y-ray beams in a broad energy range, from the neutron threshold up to 38 MeV, and
of a flat-efficiency moderated *He neutron detection system along with associated neutron-multiplicity sorting
methods. We report absolute cross sections and mean photoneutron energies for the 2®Pb(y, inX ) reactions with
i = 1to 4. The fine structure present in the *Pb(y, n) cross sections at incident energies lower than 13 MeV has
been observed. The photoabsorption cross section has been obtained as the sum of the (y, inX) reaction cross
sections. By reproducing the measured ring-ratio values at excitation energies below the two neutron separation
energy, we were able to extract estimations on the 2®Pb(y, 1) photoneutron energy spectra and on the partial
photoneutron cross sections for leaving the residual 2’Pb in its ground and first two excited states. The present
results are compared with data from the literature and statistical model calculations.
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I. INTRODUCTION

Photonuclear data, describing the response of atomic nu-
clei to photons, find use in fundamental nuclear physics and
in a wide range of applications [1]. The photoabsorption
cross section is used to directly determine the y-ray strength
function (¥ SF) [2], the key ingredient for computing y-ray
cascades in nuclear reactions [3,4]. Nuclear reactions induced
by high-energy photons of 10-20 MeV are dominated by E'1
excitations known as the giant dipole resonance (GDR) and
understood as collective oscillations of the protons against
the neutrons [5]. The photoabsorption cross section in the
GDR energy range reveals information on important nuclear
quantities [6,7], such as the symmetry energy, which is the
restoring force against the separation of protons and neutrons.

The doubly magic 2°®Pb is a benchmark case for theoretical
modeling of the electric dipole response in nuclei [7]. It has
been extensively investigated through photonuclear reactions
in pioneering experiments at the Livermore [8,9] and Saclay
[10] positron in flight annihilation facilities. Recently, fine
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structures superimposed on the broad GDR resonance have
been observed in great detail in high energy resolution inelas-
tic hadron scattering experiments at the RCNP GrandRaiden
[11,12] and iThemba [13] facilities, revealing single parti-
cle manifestations. Based on the (p, p’) RCNP data and on
208pp(3He, He' y) Oslo-type data, the total 2°*Pb ' SF and
its E1, M1, and E2 components have been extracted in the
2.7-20 MeV excitation-energy range [14].

However, there are unresolved systematic discrepancies
[15] between photoabsorption and partial photoneutron cross
sections obtained at the Saclay and Livermore facilities, as
follows: the Saclay [10] (y, abs) and (y, n) cross sections are
systematically higher than the Livermore ones [8], and the
Livermore (y, 2n) cross sections are generally higher than
the Saclay ones. The different neutron multiplicity sorting
procedures employed at the two laboratories have been sug-
gested in Refs. [16,17] as a discrepancy source. The need to
remeasure the 2*Pb photoabsorption excitation function in
the GDR energy range has also been pointed out in Ref. [7]
in order to shed light on a discontinuity in the £1 moments
between neighboring 2°*Pb and >*Bi nuclei.

New measurements of photoneutron reactions on %*Pb in
and above the GDR energy range have been performed at
the laser Compton scattering (LCS) y-ray beam line of the

©2024 American Physical Society
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FIG. 1. Diagram showing the BLO1 LCS y-ray beam line and the experimental hutch GACKO at the NewSUBARU synchrotron radiation
facility (not to scale). P; and the P, mark the focus point positions of the 1064 nm and, respectively, the 532 nm laser beams at 1.8 and,
respectively, 3.8 m downstream of the electron beam focus in the middle of the BLO1.

NewSUBARU synchrotron radiation facility in Japan [18,19].
Photoneutron cross sections have been measured at incident
photon energies between 7.5 and 38 MeV. The investiga-
tions made use of a novel high-and-flat-efficiency moderated
neutron detection array (FED) and the associated neutron-
multiplicity sorting methods [20,21].

Decay experiments which measure the energy and angu-
lar distribution of y rays and particles emitted from GDR
states are in high demand for bringing information on the
microscopic nature of the GDR [22]. However, such exper-
imental data are very scarce, mainly because of (i) minute
photon decay branching ratios, namely, 0.019 + 0.002 ratio
to the ground state in 208pp, [23,24], (ii) low cross sections for
charged particle emission in medium to heavy nuclei, and
(iii) low detection efficiencies of neutron time-of-flight ex-
periments combined with the technical difficulty of producing
high-intensity monochromatic photon beams. In lack of direct
spectroscopic measurements, the present experiment provides
indirect determinations of the average energy of neutrons
emitted in the photoneutron reactions on 2°*Pb. In the present
work, we extract estimations for the neutron emission spectra
in the low-energy 2®®Pb(y, n) reaction.

In Sec. II, we present the experimental technique and
methodology, with focus on diagnostics of the incident LCS
y-ray beams and neutron detection. The data analysis methods
concerning neutron multiplicity sorting, extraction of infor-
mation on the photoneutrons mean energy and spectra, as
well as the energy unfolding are discussed in Sec. III. Results
are discussed and compared with preceding data in Sec. IV
and with theoretical calculations in Sec. V. These include
the photoabsorption cross section, the photoneutron cross
sections and average energies and also estimations on the
208pb(y, n) photoneutron spectra and partial cross sections.
A summary and conclusions are given in Sec. VI.

II. EXPERIMENTAL METHOD

The apparatus used for the present experiment is shown
schematically in Fig. 1. Laser beams were guided into the
BLO1 straight beam-line section of the NewSUBARU syn-
chrotron and were scattered by electrons circulating in the
ring. The backscattered y-ray photons that passed through a
system of two lead collimators (C; and C; in Fig. 1) irradiated
the target which was located in the GACKO (Gamma Collab-
oration hutch of Konan University) experimental hutch, 7.5 m
downstream of the second collimator.

The energy resolution and flux of the y-ray beam were
monitored with a lanthanum bromide (LaBr3:Ce) and a Nal:T1
detector, respectively. The reaction neutrons were moderated
and recorded with an array of *He counters placed in con-
centric rings around the target. The data were written in a
triggerless list mode, using an eight-parameter 25 MHz digital
data acquisition system which recorded the time and energy of
the signals provided by the LaBr;:Ce and Nal detectors, the
neutron detection time in each ring of 3He counters, and the
external laser triggering signal.

We note that the present experiment provides the o;,x sum
cross sections of all photoneutron reactions with i neutrons
in the final state, accompanied or not by charged particle
emission:

OinXx = Oy, inX
=o(y, inX)
=o(y,in)+o(y, inp)+o(y, ine)+---. (1)

However, the large Coulomb barrier in 208py, (~26 MeV for a
particles) hinders the emission of charged particles. Thus, for
incident photon energies covering the GDR range up to 20
MeV, both the cross sections and the average photoneutron
energies for the (y, inX) reactions generally coincide to or are
a good approximation for the (y, in) neutron-emission-only
reactions [1].

A. Laser Compton scattering y-ray beams

Table I gives the main properties of the electron, laser
and y-ray beams employed in the present study. The y-beam
energy was varied in 85 steps between 7.5 and 38.12 MeV
by using two lasers with wavelengths of 1064 and 532 nm
and tuning the electron energy between approximately 650
and 1050 MeV. The maximum energy of the LCS y-ray beam
is directly determined by the known laser wavelength and by
the electron-beam energy, which has been calibrated with an
accuracy of (5.5-9.4) x 1075 [25].

Interactions between the unsynchronized laser and elec-
tron beams could take place along the entire 20 m length of
the electron beamline, according to the laser-electron beam
spatial overlap (see Fig. 6 of Ref. [26]). The resulting LCS
y-ray beam had a pulsed time structure given by the slow
laser time structure (1-20 kHz, 20—40 ns pulse width) and the
fast electron beam structure (500 MHz, 60 ps pulse width). A
100 ms macro-time structure of alternating 80-90 ms beam-on
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TABLE 1. Parameters for the laser, electron, and LCS y-ray
beams and measurement conditions. Z is the laser Rayleigh length
[26], Az is the longitudinal displacement between the focal posi-
tions of the laser and electron beams. f.- is the rf frequency of
the NewSUBARU storage ring. We give the pulse width of the 198
electron-beam bunches circulating in the ring. E,, is the maximum
energy of the y-ray beam [25].

(v, n) (v, in)

neutron multiplicity
Laser beam counting sorting
Laser Inazuma Talon
Wavelength (nm) 1064 532
Zg (m) 0.57 6.1
Az (m) 1.8 2.8
Power (W) <40 <20
Siaser (kH2) 20 1
Pulse width (ns) 20 40
Beam on/off fill factor (%) 80 90

100% linear polarization perpendicular to accelerator plane
Electron beam

E.- (MeV)

[fe- and pulse width
Emittance (g, &,) (nm-rad):
— Nominal at injection

651.30-887.65 649.29-1050.63
500 MHz and 60 ps

(38, 1)—(38, 3.8)

— Simulated (50, 5)—(70,7)

LCS y-ray beam

E, (MeV) 7.50-13.86 13.84-38.02
Mean no. of y per pulse 5-14 6-20
Incident flux (y/s) (8-22) x 10* (0.5-1.8) x 10*
AEFWHM (MGV) 0.2-0.5 0.2-1.1
AErwum (%) 2.7-3.9 1.6-3.1
Measurement conditions

Irradiation time (min) 5-30 ~120
Target areal

Density (g/cm?) 4.36 10.97

and 20-10 ms beam-off intervals was used for background
monitoring, where Table I gives the corresponding 80% or
90% fill factors for each measurement range. The Nal:Tl
detector (8” diameter x 12 length) used as a flux monitor was
placed in beam downstream of the neutron-detection system.
The number of incident y rays was obtained by applying the
pile-up or Poisson fitting method [27] on the Nal: Tl detector
response functions, which represented summed spectra for the
Poisson-distributed y photons in the 2040 ns wide pulses.
The mean numbers of y rays per pulse and the incident photon
flux values are given in Table I.

The spectral distribution of the incident LCS y-ray beam
was monitored in between target irradiations with a 3.5” di-
ameter x 4.0” length LaBr;:Ce detector placed in beam. For
the incident spectra measurements, the laser was operated
in a continuous wave (cw) mode at reduced power. The ex-
perimental detector response functions were reproduced by
Monte Carlo simulations performed with the LCS y-source
simulation code ELILABR [26,28,29]. The simulated energy
spectra of the incident beams used in the present experiment
are shown in Fig. 2 by the L(E,, Ey,) path-length-weighted
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FIG. 2. The simulated energy profiles of the 85 incident LCS
y-ray beams used in the present experiment. For clarity, the distri-
butions have been normalized to have the same area and each curve
is offset along the vertical axis. The spectral uncertainty is shown
by the red band for y beams obtained with the 1064 nm wavelength
laser and by the green band for those obtained with the 532 nm laser.
The inset shows the magnified spectra for the 13.86 and 17.21 MeV
beams.

energy distributions for each LCS y-ray beam of E;, max-
imum energy [26]. The L(E,, E,) distributions account for
the y-beam self-attenuation in the irradiated sample material
and for the secondary radiation generated by electromagnetic
interaction of the y beam with the target, which, for ~30—40
MeV photon beams, has sufficiently high energies to induce
nuclear reactions in the target.

By investigating the range of suitable values for the
electron-beam emittance and for small laser-electron-beam
transverse offsets, we estimated the uncertainty in the incident
spectra determination, which is shown in Fig. 2 by the red
and green bands for the y beams produced with the 1064 and
532 nm lasers, respectively. Table I gives values for the main
input parameters used in the LCS y-ray beam simulations and
for the energy spread of the best-fit y-ray beams.

B. Targets

Enriched metal powder of 2%Pb (98.4% 2%Pb,
1.2% 2Pb, 0.1% 2°°Pb, 0.3% 2**Pb) was pressed and
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shaped into two targets of 8 mm diameter and lengths of 4 and
6 mm. The neutron counting measurements below S,, were
performed with the thinner target of 4.36 g/cm? areal density,
for which the photon transmission varied between 79.4%
and 82.1%. The neutron multiplicity sorting measurements
above S,, were performed with the two targets stacked,
resulting in a 10.97 g/cm? total areal density. The photon
transmission through the stacked targets varied between
45.0% and 55.3%. The target alignment to the y-beam axis
has been performed using the visible synchrotron radiation
passing through the collimators C1 and C2 and has been
checked by measurements with an x-ray MiniPIX camera
[30,31], which also confirmed the beam-spot estimations of
~4 mm diameter [32].

C. Neutron detection

The 2%Pb targets were placed in the center of a flat-
efficiency moderated neutron detection array of *He propor-
tional counters (10 atm, 2.5 cm diameter x 45 cm length
active volume) [20]. The array consisted of three concen-
tric rings of 4, 9, and 183He counters placed 5.5, 13.0,
and 16.0 cm from the y-ray beam axis, respectively (see
Figs. 1 and 2 of Ref. [20]). The SHe tubes were embed-
ded in a high-density polyethylene moderator block having
a central axial hole that allowed the y-ray beam to pass
through.

Figure 3(a) shows MCNP [33] simulations for the total
detection efficiency (thick solid lines) and for the detection ef-
ficiencies of the inner ring (thin solid lines) and of the summed
two outer rings (dotted lines) compared with an experimental
calibration with a »2Cf source of known activity [20]. Cal-
culations are shown for monochromatic neutrons (black) and
for evaporation neutron spectra described by the Weisskopf-
Ewing function [34] (red lines) and are represented at the
corresponding average neutron energies. We notice the kink
in the monochromatic efficiency curve given by the 3 MeV
resonance in the cross section of neutron elastic scattering on
12C. The *He array geometrical configuration was optimized
so that the total detection efficiency is (i) insensitive to the
shape of the neutron spectrum and (ii) constant in the 10
keV to 5 MeV average neutron energy range, with a &5%
variation between 38% and 33% for both monochromatic and
evaporation neutron spectra.

However, the detection efficiencies of the inner and outer
rings do depend on the neutron energy: the inner ring ef-
ficiency decreases and the outer rings efficiency increases
with increasing neutron energy. This feature is used through
the ring ratio technique to determine the average energy
of the neutron emission spectrum [21]. Figure 3(b) shows
the ratio of the simulated detection efficiencies of the outer
and inner rings for evaporation and monochromatic spectra
versus the average neutron energy. We notice that, as the
SfRR—evap €vaporation and fRrR_mono mMonochromatic ring ra-
tio curves diverge starting with average neutron energies of
~1 MeV, the ring ratio method is in fact sensitive to the
neutron emission spectrum, which has to be properly de-
scribed in order to extract accurate average neutron energy
values.

- @
Total —
Inner ring £" —

. out
Outer rings &~~~

L===77 Monochromatic
Weisskopf-Ewing ]|
L ! I

L L L I
.1 0.5 1 2 3 5 7
Neutron energy (MeV)

N W

- ()
- RR=£""Y6"=fr(E)

0.1 0.5 1 2 3 5 7
Neutron energy (MeV)

RR outer / inner ring ratio

FIG. 3. FED calibration. (a) Experimental *Cf measurement
for the total (circle), inner ring (cross) and summed outer rings
(triangle) detection efficiencies reproduced by MCNP simulations for
monochromatic neutrons (black) and evaporation neutron spectra
(red). (b) The average neutron energy as a function of the g™ /g™
ratio between the efficiencies of the inner and summed outer rings
of counters, here referred to as ring ratio functions and computed
for both monochromatic (frr—mono) and evaporation neutron spectra

(fRR—evap)-

D. Neutron coincidence events

The neutron-multiplicity sorting measurements above the
two-neutron-separation energy S, involved the recording of
neutron coincidence events. By i-fold coincidence neutron
events we refer to events where i neutrons were detected dur-
ing the 1 ms time interval between two consecutive y-beam
pulses. Figure 4 shows the histogram of the arrival time for
neutrons emitted in the photoneutron reactions on **®Pb at
E, =27.72 MeV < Sy, incident photon energy. The neutron
counts are discriminated by the (left) inner and (right) outer
firing ring and by the coincidence order: (a) single, (b) double,
and (c) triple fold events. Black histograms show beam-on
data and red ones show beam-off data multiplied by nine, the
ratio of the measurement time with beam-on and beam-off of
90 ms and 10 ms, respectively. The flat background is due to
neutrons generated by the continuous bremsstrahlung emitted
by relativistic electrons circulating in the NewSUBARU ring
and a small cosmic component. The background subtraction
procedure discussed in Refs. [20,21,35] relies on fitting the
time distribution with a sum of exponentials plus a flat back-
ground shown by the green lines in Fig. 4.

III. DATA ANALYSIS

In the following, we discuss the methods applied for ob-
taining the photoneutron cross sections and average energies

014619-4



PHOTONEUTRON CROSS SECTION MEASUREMENTS ON ...

PHYSICAL REVIEW C 110, 014619 (2024)

10000 T T T T T T T T T T

1000 (al) Inner ring, 1-fold events |

B Al i

(b1) Inner ring, 2-fold events |

(a2) Outer rings, 1-fold events |

e

]

1000 [*

Neutron counts / 10 ps
=
(=}
T

_
)
l.ﬁ

(cl) Inner ring, 3-fold events | (c2) Outer rings, 3-fold events |

1000

100} + E

1l

1 |
200 400 600 800 0 200 400 600 800 1000
Arrival time (ps)

FIG. 4. Arrival time distributions of neutrons emitted in pho-
toneutron reactions on 2*Pb at E, =27.72 MeV < S,, and recorded
by the (left) inner ring and (right) summed outer rings of *He coun-
ters. We plot separately the neutrons recorded in (a) 1-fold, (b) 2-fold,
and (c) 3-fold events. The black and red histograms correspond to
beam-on and scaled beam-off data, respectively (see text). The green
lines are fits to beam-on histograms.

in 2%8Pb. Details on data analysis techniques here presented
can also be found in Refs. [20,21,36-38].

First, we present the primary experimental quantities,
which are the

(1) n; number of i-fold neutron coincidence events dis-
cussed in Sec. IIT A. We further introduce the N; i-fold
cross sections, which are a more convenient tool of
representing the i-fold neutron coincidence numbers
by dropping the proportionality to the incident y-ray
flux and amount of target material.

(2) E; energies of neutrons recorded in i-fold neutron co-
incidence events discussed in Sec. III B. Here, we treat
separately different LCS y -ray incident energy ranges,
depending on the type of neutron emission spectra for
each excitation energy range.

Second, we describe in Sec. III C the neutron multiplicity
sorting methods used to extract the individual (y, xn) cross
sections and average neutron energies from the primary ex-
perimental data given by the N; cross sections and E; average
neutron energies. We present two neutron multiplicity sorting
techniques of increasing complexity, without and with consid-
eration of the small probability for multiple reactions being
induced in the target by the same y-ray pulse.

Third, we consider the fact that the quantities obtained
from the neutron multiplicity sorting method based on the
measured N; and E; values, are in fact the folding of the true,
y-ray energy dependent (y, xn) cross sections and average
neutron energies with the spectral distribution of the incident
LCS y-ray beams. The energy unfolding methods applied for
the 2%Pb study are discussed in Sec. ITI D.

A. Number of neutron coincidence events
and i-fold cross sections

The number of i-fold neutron coincidence events »n; is ob-
tained as

P (Ew) + 11" (En)
i b

ni(En) = 2

where E,, is the maximum energy for each of the 85 incident
LCS y-ray beams used in the present experiment. 7 and ri"
are the numbers of neutrons recorded in i-fold coincidence
events by the outer two rings and by the inner ring of coun-
ters, respectively. They have been obtained by integrating the
corresponding background subtracted arrival time histograms.

We further introduce the i-fold neutron cross sections N;
for conveniently representing the i-fold neutron counts on the
entire excitation energy range here studied, without depending
on the particular target thickness and photon flux values for
each experimental point. Thus, »; is defined as

n;(Em)
Ny (Em)nré (Em) '

where nt is the concentration of target nuclei and N, is the in-
cident photon number. £(E,) = {1 — exp[—(En)L]}/ i (Ew)
is a thick-target correction factor given by the target thickness
L and attenuation coefficient @ (Ey,). The attenuation coeffi-
cient w(Ey,) for the irradiation with LCS y-ray beam of E},
maximum energy is obtained by folding the y-ray energy
dependent p(E, ) with the spectral distribution of the incident
LCS y-ray beam.

Figures 5(a)-5(d) show the experimental i-fold cross
sections (open black circles) for the ZOSPb(y, inX) reac-
tions with i ranging from one to four, respectively. The
nonzero N3 and N, values below the three- and four-neutron-
separation energies, respectively, show the presence of pileups
or multiple-firing neutron events, which will be discussed in
Sec. III C.

Ni(En) = 3

B. Average energies of neutrons recorded
in i-fold coincidence events

Information on the neutron spectra emitted in photoneu-
tron reactions on 2%Pb have been obtained based on the
experimental RR; ring ratios for neutrons recorded in i-fold
coincidence events, which are defined as

P (E)

RR;(En) = EL

“)

Figure 6 shows a partial decay scheme of 2°Pb illustrating
the photoexcitation and decay of 2*®Pb to states in 2°’Pb by
In-emission. E1 excitations populate 1~ states in 2**Pb with
probabilities given by the photoabsorption cross section. The
207Pb levels are well separated, with the level spacing much
larger than the level width, up to an excitation energy of
~4 MeV. Based on the analysis of the cumulative number
of levels, the RIPL3 recommendation [39] is to consider a
complete level scheme of 66 discrete excited levels and start
the continuum at 4.25 MeV excitation energy.

In the following, we discuss the methods applied for ex-
tracting the E; average energies of neutrons recorded in i-fold
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FIG. 5. 8Pb i-fold cross sections and average neutron energies as a function of the incident photon energy. Panels (a)—-(d) show
experimental (;, open black circles) and best fit (NMF, red crosses) i-fold cross sections. Panels (e)—(h) show average energies of neutrons
recorded in i-fold coincidence events (experimental: open black circles, best fit: red crosses). The error bars for the average energies of i-fold
coincidence events represent the statistical component and a 3% systematic component accounting for the uncertainty in the neutron detection
efficiency calibration while those for i-fold cross sections N; are statistical only.

coincidence events. As discussed in Sec. IIC, the ring ratio
method is sensitive to the neutron emission spectrum. There-
fore, we treat separately the extraction of the average neutron
energy on different incident energy ranges of the LCS y-ray
beam.

1. Eyin (y, n) reactions populating only the " Pb ground state
Jor E, <7.94 MeV

For incident photon energies below S, + 0.57 MeV =
7.94 MeV, only monochromatic neutrons can be emitted, pop-

" E, 207ph 208ph E,
13.00
11.61

7/2° 9.71

13/2F 9.00

3/2° 8.27

5/2° 7.94

127 737 S,

A/

0.0 0"

FIG. 6. Partial decay scheme of 2®Pb. All energy values are
given in MeV.

ulating the ground state of 2°’Pb. Such is the case for the
three lowest incident energy settings at 7.50, 7.66, and 7.80
MeV, for which the experimental neutron energies have been
directly determined by evaluating the fR_Rl_mono function at the
measured ring ratio values RR; (see Fig. 3)

Ei(En) = fl{Rl—mono(RRl(Em)) for E, <7.94MeV. (5
Figures 7(a) and 7(b) compare the experimental ring ratios
and neutron energies (filled red circles), respectively, with
the values given by the kinematics of the two-body breakup
28ph — n 4 27Pb, E; = (E, — S,) x 207/208. We notice
that the experimental results are consistent, within error bars,
with the two-body breakup kinematics.

2. E;in (y, n) reactions with mixed discrete and continuous
emission spectrum at 7.94 MeV < E, < Sy,

Starting at photon beam energies larger than 7.94 MeV,
neutrons can be emitted also to excited states in 2’Pb. With
the incident photon energy increase, the photoneutron decay
transitions from emission of discrete energy neutrons to sta-
tistical emission of neutrons with continuous spectrum. To

(1) correct the average neutron energies extracted using
the ring ratio method by accounting for the differences
between the actual neutron emission spectra and ideal
monochromatic or evaporation ones, and

(2) obtain indirect information on the neutron spectra,

we performed an iterative search for 2®Pb(y, n) photoneu-
tron spectra for which the RRSY calculated ring ratio values
reproduce the experimental ones.
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FIG. 7. *®Pb(y, n) ring ratios and average neutron energies ver-
sus incident photon energies. (a) The RR;(E,,) experimental ring
ratios (filled circles) along with the calculated ones for the starting
value photoneutron spectra (lines) used in the minimization proce-
dure described in Sec. III B 2. The open circles show the RR; ;(Ey,)
calculated ring ratios for the best-fit photoneutron spectra resulted
from the minimization. (b) The E, (E,, ) experimental average neutron
energies (filled black circles) obtained by reproducing the measured
ring ratios and the E;"(E,,) and E{™™(E,,) ones extracted directly
through the ring ratio method assuming evaporation (open circles)
and, respectively, monochromatic neutron spectra (filled red circles).
The lines show the E; ;(E,,) average neutron energies corresponding
to the minimization results for each set of starting values.

Given the Y (E, Ey,) spectrum of photoneutrons emitted at
an incident energy E,,, the calculated ring ratio is obtained as

2 Y(E, En)énono(E)
ZE Y(E’ Em)grigono(E) ’

RRM(Ey) = ©6)

where ¢ (E) and 2% (E) are the inner ring and the outer
ring detection efficiencies, respectively, for monochromatic
emission of E energy neutrons. We used the CERN MINUIT
package to perform a x> minimization procedure and deter-
mine the Y (E, Ey,) neutron spectrum for which the calculated
ring ratio reproduces the experimental one.

The minimization procedure has been applied considering
32 sets of starting values for the neutron spectra calculated

using the EMPIRE reaction code [4] with combinations of dif-
ferent nuclear inputs:

(1) y-ray strength function: standard Lorentzian, modi-
fied Lorentzian (1, 2, and 3), enhanced generalized
Lorentzian, and simplified modified Lorentzian mod-
els with RIPL-3 parameters [39]

(2) spherical optical model potentials (OMP) for neutrons
of Koning-Delaroche (RIPL IDs 2405 and 1467) and
of Weisel (RIPL ID 121) and the coupled channels one
of Vonach (RIPL ID 2) [39]

(3) level densities: enhanced generalized superfluid model
[4], Gilbert-Cameron and microscopic Hartree-Fock-
Bogolyubov (HFB) level densities [39] with the a
parameter for the 2°’Pb level density varied in an in-
terval of 80% to 100% of the RIPL-3 recommended
value

and discrete levels retrieved from the RIPL-3 database. Sec. V
gives more details on the EMPIRE calculations.

The free parameters in the minimization were the contents
of each energy bin in the neutron spectra, where the spectra
binning varied from 33 keV to 100 keV with increasing in-
cident photon energy. We constrained to zero the strength of
the neutron emissions prohibited by spin and parity selection
rules, which corresponded to empty channels in the initial
neutron spectra calculated with the EMPIRE code. The mini-
mized quantity x ém was defined as

»  [RR$™(En) — RR\(En)]’
XE, = GI%Rl E) . @)

and has been calculated for each incident photon energy E,
between 7.96 and 13.86 MeV, the latter being the highest
irradiation energy below S,,. Here ogg, (En) is the statistical
uncertainty for the experimental ring ratio.

Figure 8(a) shows the EMPIRE calculations for *%Pb(y, n)
neutron spectra at 12.30 MeV incident photon energy. For all
sets of input parameters in the statistical model calculations,
we notice the typical neutron spectrum, with a continuous
component due to statistical evaporation of low energy neu-
trons, and discrete high energy neutron transitions due to
population of low lying discrete states in the residual. The
best fit neutron spectra shown in Fig. 8(b) show that the
minimization procedure systematically decreased the contin-
uous component of low energy neutrons, thus increasing the
contributions of intermediate energy neutrons of ~2 MeV and
of the high energy neutrons populating the low discrete states
in 297Pb.

Figure 7(a) shows the experimental ring ratios (black dots)
and those calculated for the EMPIRE neutron spectra used as
starting values in the minimization (solid lines), where each
line corresponds to the one of the 32 sets of nuclear inputs. We
notice significant differences between the experimental ratios
and those computed for the starting values spectra. However,
the minimization procedure identified Y, (E, Ey,) best-fit pho-
toneutron spectra for which the calculated RR§%¢ ring ratios
(open circles) reproduce well the experimental values, where
k indicates the nuclear input set and cycles up to 32.
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FIG. 8. 2Pb(y, n) neutron spectra for 12.30 MeV incident pho-
ton energy. (a) The 32 spectra calculated with the EMPIRE statistical
model code with different sets of input parameters (see text). (b) The
best-fit spectra obtained through x? minimization by reproducing the
experimental ring ratio. Thin lines represent (a) input and (b) best-fit
spectra for a given set of starting values. The thick black line is the
final spectrum estimation obtained as the average of the 32 best-fit
results.

The E; ;(E,,) average neutron energies were obtained as
the first moments of the Y; (E, E.,) best-fit photoneutron spec-
tra:

S EV(E,Ey)
ZE Yk(E’ Em) ’

For each k set of starting values, Fig. 7(b) shows the E; ;(Ep)
average neutron energies (solid lines) as a function of the
incident photon energy E,, with each line corresponding to
one of the 32 sets of minimization results. Good agreement
was obtained between the average neutron energy results for
each incident photon energy value.

The final E; average energies of 2°*Pb(y, n) photoneutrons
for excitation energies below S,, are shown by the filled black
circles in Fig. 7(b) and have been obtained as the average of
the E x (Ey, ) results for each incident photon energy. The error
bars account for the mean standard deviation of the set of
minimization results for each incident energy, the statistical
uncertainty in the neutron counts for each ring of counter
and a 5% uncertainty in the ring ratio average neutron energy
determination.

Figure 7(b) also compares the present £, average neutron
energies to those directly extracted through the ring ratio
method assuming either evaporation (E;"“*—open black cir-
cles) or monochromatic (E"*"°—filled red circles) neutron
emission spectra. For incident photon energies below 8.5 MeV

E\k(En) = (8)

TABLE II. 2%Pb separation energies for i neutrons S, in MeV.

Sn SZn S3n S4n Sﬁn

7.368 14.107 22.194 28.927 37.323

there is good agreement between all three curves, which fol-
lows from the overlap between the fRr—_evap and fRR—mono
ring ratio curves for low neutron energies below ~1 MeV.
At incident photon energies between 8.5 and 10 MeV, the
best-fit E; values reproduce well the monochromatic ones
and are well below the evaporation assumptions. For photon
energies above 10 MeV, the best-fit E| results follow closely
the evaporation curve, suggesting a transition to a statistical
neutron emission. We notice that the ring ratio minimization
procedure applied only small corrections of up to ~10% to
the 2®Pb(y, n) average neutron energies in the transition
excitation energy range between 7.94 MeV and S,,,.

The Y (E, E,,) final estimations for the 208Pb(y, n) pho-
toneutron spectra at Ey, incident photon energy have been
obtained by averaging each neutron energy bin content of the
set of 32 best-fit Y;(E, E\,) results. This can be observed in
Fig. 8(b) for 12.30 MeV incident photon energy. The resulting
Y (E, E,) neutron spectra are shown and discussed in Sec. IV
along with the partial cross sections for the 2Pb(y, n) re-
actions that populate the residual nucleus 2°’Pb in its ground
state and in the first- and second-excited states.

3. E; i-fold average neutron energies for statistical neutron
emission at E, > S,

For incident energies above S, the average energy of neu-
trons recorded in i-fold coincidence events has been directly
determined by evaluating the fI{leevap neutron evaporation
ring ratio function at the experimental RR;(E,) ring ratio
value [36,40]:

E(En) = fap—cvap(RRi(Em))  for Ep > Sy, (9)

Figures 5(e)-5(h) shows the ring-ratio extracted average ener-
gies E; of neutrons recorded in i-fold events fori = 1 toi = 4,
respectively.

C. Neutron multiplicity sorting

Let us consider a photon beam of energy E, incident on
the 2°8Pb target, where Sy, < E, < Sai+1), and Sy, is the sep-
aration energy of N neutrons, which are given in Table II for
neutron multiplicities up to five. Photoneutron (y, inX) reac-
tions with i cycling up to N will be induced in the target, each
characterized by the o;,x cross section and by the E;,x average
energy of the photoneutron spectrum. For (i) single-firing
conditions in which no more than one reaction is induced in
the target by the same 1 kHz y-ray pulse, and (ii) constant
neutron detection efficiency, the direct neutron multiplicity
(DNM) sorting method relates the oj,x cross sections to the
raw N; neutron coincidence experimental observables as [20]

N
Ni(Em) =Y oo™ (En),Cie'(1 =)™, (10)
x=i
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FIG. 9. Present 2%Pb results in monochromatic approximation as obtained with the DNM (blue crosses) and with the multiple-firing (MF)
(open red circles) sorting methods compared with the energy unfolded results (filled black circles): [upper panels (al)—(d1)] cross sections of
and [lower panels (a2)—(d2)] average energies of neutrons emitted in the (a) (y, 1nX), (b) (¥, 2nX), (c) (¥, 3nX), and (d) (v, 4nX) reactions.
The low energy o, , unfolding has been cross-checked by two independent methods (see text). The error bars account for the total uncertainty.
The solid lines correspond to the maximum neutron energies given by kinematics (208/207)(E, — Si,). The horizontal axes in panels (a) and

(b) are on a log scale.

and the E;,x photoneutron energies to the E; average energies
of neutrons detected in i-fold coincidences as [21]

SN EPYM(E ) PIM(E), Ciel(1 — e
Ni (Em)

where ¢ is the constant neutron detection efficiency and ,C; is
the binomial coefficient.

For single-firing conditions to be met, low reaction rates
were maintained by conveniently limiting the target thickness
and incident photon flux. Still, as the number of photons in the
LCS y-ray pulses followed Poisson distributions with mean
values between 6 and 20 photons per pulse, the incidence of
multiple firings has only been minimized, but not completely
eliminated. Multiple firings are visible in Figs. 5(c) and 5(d)
from the nonzero N3 and Ny cross sections, respectively, below
the three-neutron separation energy S3,. Explicitly, the three-
neutron coincidence events below S3, originate from (y, n)
and (y, 2n) reactions induced by the same y -ray pulse.

Thus, we applied the statistical treatment of neutron co-
incidence events described in Ref. [21], which models the
multiple firing of all available combinations of photoneutron
(y, inX) reactions with corresponding contributions given by
the reaction cross sections, areal density of the irradiated sam-
ples, and the multiplicity of incident photons per pulse. Using
the CERN MINUIT package, a x> minimization procedure
has been performed to determine the multiple-firing-corrected

E/(E,) = , (11

208ph cross sections and average photoneutron energies from
the measured i-fold cross sections N; and average energies E;.
The 2%Pb(y, inX) cross sections and average neutron ener-
gies are the free parameters in the minimization procedure,
while the target (n7, §) and LCS y-ray beam (N, , mean num-
ber of photons per pulse) characteristics have been fixed to
the experimentally determined values. The best-fit i-fold cross
sections NMF and average neutron energies EMF are shown
in Fig. 5 in comparison with the raw measured values. We
notice that the raw measured data are well reproduced by the
multiple-firing results on the entire excitation energy region
and for all observed neutron multiplicities.

Figure 9 shows the present neutron multiplicity sorting
results for the 2Pb(y, inX) reactions with (a) i = 1, (b)
i =2,(c)i=3,and (d)i = 4. The DNM cross sections o 0¥M
and average photoneutron energies EDYM obtained by solv-
ing the systems of equations (10), and (11), respectively,
are shown by the blue crosses. The multiple-firing-corrected
(MF-corrected) ones oM and EMF are shown by the open red
circles and correspond to the best-fit NMF and EM* shown in
Fig. 5.

1. (y, xn) cross sections in monochromatic approximation

The reasonable fulfillment of the single firing conditions
is indicated by the increasing behavior of the oP¥™ with
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i = 2, 3, 4 starting from the reactions threshold and their drop
with the opening of the channel with the immediately higher
neutron emission multiplicity. Still, multiple-firing corrections
have produced visible changes to the cross sections, especially
in the excitation energy regions just above Sj, reaction thresh-
olds, bringing a general improvement in the scatter of the
cross sections for all channels. The (y, 2n) cross sections in
the vicinity of S,, have been decreased by taking into ac-
count the multiple firings of the strong (y, 1nX) channel. The
nonzero aﬁ?}M and GH)\I(M values below S5, were reallocated
to the (y, 1nX) and (y, 2nX) channels.

2. (y, xn) average neutron energies in monochromatic
approximation

The multiple-firing corrections applied to the EDYM ener-
gies are generally small and within error bars. Exceptions are
seen in the incident energy regions just above the S,, and S3,
thresholds, where the weak newly opened (y, 2n) and (y, 3n)
channels have small photoneutron energies compared with the
stronger channels of lower neutron emission multiplicities.
Explicitly, the multiple firings of (y, 1nX) reactions with
high E,x values artificially increase the average energy of
double neutron events to values higher than the maximum
energies given by kinematics (207/208)(E, — S2,). We no-
tice that the average neutron energies show strong statistical
fluctuations at high excitation energies, which confirms the
need of a flat efficiency neutron detector for precise reaction
cross-section measurements.

D. Energy unfolding for the incident laser Compton scattering
y-ray beam spectral distribution

The (y, inX) cross sections and average photoneutron
energies obtained through the neutron multiplicity sorting
method discussed above are referred to as monochromatic
approximations representing in fact the folding of the true,
energy-dependent quantities with the spectral distribution of
the incident photon beams. The measured cross sections are
given by the folding of the excitation function o;,x (E, ) with
the beam spectral distribution L(E, , Ey,):

1
§(Em)

where £(Ey,) is the thick-target correction factor introduced
in Sec. III A. The measured average energies are obtained by
folding the incident energy-dependent function Ej,x (E, ) with
the beam spectral distribution and the excitation function:

E‘T\
O—ily\:lxlj(Em) = / L(Eya Em)oinX(Ey)dEya (12)
0

Jo™ Einx (Ey )L(Ey , En)0inx (E, )dE,
G,%F (Em)§ (Em)

The oM (Ey,) and EMY (E,,) monochromatic approximations
are not connected to a specific incident photon energy E,, but
are functions of the LCS y-beams maximum energy Ey,.

An iterative unfolding procedure described in Refs. [37,38]
has been applied to the quantities defined in Eqgs. (12) and
(13) in order to extract the energy-dependent photoneutron
cross sections and average energies. The method was applied

EN(En) = (13)

independently for each quantity oy,x (E, ) and Ej,x (E, ) with
i = 1 to 4, first for the cross sections and then for the average
neutron energies.

For each unfolding process, the method starts with a con-
stant trial function of 10 keV binning spanning from the
corresponding S, threshold up to the maximum investigated
energy of 38.02 MeV. The trial function is iteratively adjusted
based on the difference between its folding with the beam
spectral distribution and the measured quantity. The iterations
stop when the folded trial function reproduces the measured
cross sections (average neutron energies). The adjustment of
the trial function has been performed independently for each
energy bin using linear interpolations between the measured
or folded values as functions of E,. To prevent spurious
fluctuations being introduced by the unfolding method, after
each iteration we applied an energy-dependent (0.1-1.4) MeV
smoothing factor related to the full width at half maximum
(FWHM) energy distribution of the LCS y-ray beams listed
in Table I.

Particular attention has been paid to the unfolding of the
resonant o, , Cross sections in the energy excitation region
below S,,. Here, we found that smoothing factors smaller than
the experimental FHWM spectral distributions were needed
in order to reproduce the rapid changes in the monochro-
matic approximation of the (y, n) cross section. To validate
the results, we performed a separate unfolding process in
which we described the photoabsorption cross section as a
sum of analytical functions: two Lorentz functions for the
entire GDR region and eight Gauss functions for describing
the resonant structure below E,, = 13 MeV. Using the CERN
MINUIT package, we searched for an excitation function that,
folded with the y beam spectral distributions, optimally re-
produced the monochromatic (y, n) cross sections below
S>,. The strength, centroid, and width of the Lorentz and
Gauss functions were considered as free parameters in the
minimization. The resulting o, ,, shown by the open green
triangles in Fig. 9(al), reproduced within error bars the cross
sections obtained through the iterative method of Ref. [37]. Fi-
nally, we adopted the results obtained by the iterative method
of Ref. [37], which makes no assumptions on the shape of the
unfolded cross sections.

Figure 9 shows the energy unfolded cross sections and
average neutron energies (filled black circles) along with the
monochromatic approximation values. The spectral distribu-
tion of the incident y -ray beams has already been considered
in the procedure applied for extracting the E; average en-
ergy of (y, n) neutrons, and thus the unfolded values (black
dots) coincident with those obtained in Sec. IIIB2 (open
red circles). The error bars for the energy unfolded results
account for the statistical uncertainties in the neutron detec-
tion and for uncertainties of 3% for the neutron detection
efficiency [20,35], 3% for the photon flux determination,
and 1% for the target thickness and the incident photon
spectra uncertainty. The uncertainty in the incident pho-
ton spectra, shown by the red and green bands in Fig. 2,
has been propagated by applying the unfolding procedure
separately for the upper and lower limit of the incident
spectra.
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FIG. 10. Present photoabsorption cross sections for 2®*Pb (filled
circles) compared with existing positron in flight annihilation data of
Saclay [10] (half filled circles) and Livermore [8,9] (diamonds) and
more recent, indirect data obtained in hadronic experiments at RCNP
Grand Raiden [11] (crosses).

IV. EXPERIMENTAL RESULTS

A. Photoabsorption cross sections

Based on the negligible contributions of (y, p), (y, «),
etc. charged particle only emission reactions, which are highly
suppressed by the large Coulomb barrier, the total photoab-
sorption cross section in 2®Pb is well approximated by the
sum cross section for the neutron emission reactions:

Oabs = Oy, abs
A Olpx + O2ux + O3nx + Odnx . (14)

The so obtained 2°Pb photoabsorption cross sections are
shown in Fig. 10 in comparison with preceding data. The
present results are in good agreement with the Saclay data
of Veyssiere et al. [10] and with the indirectly determined
photoabsorption cross sections extracted from RCNP proton
inelastic-scattering experiments by Tamii et al. [11]. The Liv-
ermore cross sections obtained by Harvey et al. [8] for the
entire GDR energy range are considerably lower than all four
other sets of results shown in Fig. 10. The cross sections re-
measured by Berman et al. [9] at Livermore using a natural
lead sample are only slightly lower than the present results,
by ~5% for the GDR peak value. We note instead that the
centroid and width of the giant dipole resonance is in good
agreement for all experimental datasets.

B. Photoneutron cross sections

Figure 11(a) shows the present oj,x photoneutron cross
sections for 2®®Pb compared with previous measurements. As
for the photoabsorption, we notice a good agreement with the
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FIG. 11. Present photoneutron cross sections for the
(@ (v, InX), (b) (v, 2nX), and (¢) (v, 3nX) and (y, 4nX)
reactions in 2®Pb compared with existing data.

Saclay data of Veyssiere et al. [10], whereas the Livermore
cross sections of Harvey et al. [8] are considerably smaller
than the present results and ~5% higher present GDR peak
cross-section values than the Berman et al. [9] data. The
present oy,x are also in good agreement the recent measure-
ments performed by Kondo et al. [41] (open green triangles)
using LCS y-ray beams with energies up to 13 MeV and

014619-11



I. GHEORGHE et al.

PHYSICAL REVIEW C 110, 014619 (2024)

700 ‘ ‘ \ ‘ \ ‘ ‘ \ ‘ \ ‘
Young (1972) 208Pb(y,n) % % é &
600 Tamii ef al. (2011) |
Calarco (1969) —e— %
g Alarcon ef al. (1991) —— R &9
500 - Veyssiere et al. (1970) —e— { |
Bell et al. (1982) tﬁj %
= [ P t k e ¢ il
@ resent worl { %{) %
= 400 3 B
B
= M 4
2 &
2 300|- @'5‘}@ i
3 | i
&) l : {§§ ]
200 - &y e
i %ég%
e
100 - L@ 'Df% ) .
, { { l Qc@‘%‘?ﬁ
af st o™
0 L ! . | . | . | . | . | .
7 8 9 10 11 12 13 14
Photon energy (MeV)

FIG. 12. Present low-energy 2®Pb(y, n) cross sections com-
pared with existing high energy resolution measurements. Arrows
indicate resonance structures.

a moderated neutron detection array of *He counters. Good
agreement with bremmstrahlung monochromator data is ob-
served for the unpublished results of Young [42] (filled green
circles) in the GDR peak region and with those of Calarco [43]
only on the increasing slope of the oy,x. The o},x cross sec-
tions of Alarcon et al. [44] (open magenta diamonds), which
were obtained by integrating differential cross sections over
neutron energy and angles, show GDR values lower than the
present data.

The present 2%®Pb(y, 2nX) cross sections shown in
Fig. 11(b) are systematically higher than the Veyssiere et al.
[10] and Berman et al. [9] ones. A better agreement is found
with the Harvey et al. [8] results below the ~18 MeV. Above
~18 MeV, it is difficult to make a comparison because of the
large statistical fluctuations of the Livermore results.

Figure 11(c) shows the present 2%Pb(y, 3nX) and
208pb(y, 4nX) cross sections, which are in good agreement
with the Saclay results in the excitation energy region up to
38 MeV.

C. Resonant structures in low-energy 2*Pb(y, n) cross sections

Figure 12 shows the 2%Pb(y, n) cross sections in the
low excitation region below the S, threshold. The present
cross sections are plotted along with existing high resolution
measurements in order to compare the results on the reso-
nant structures below E,, = 13 MeV. The peaks at 7.65, 8.10,
and 8.45 MeV reproduce well the structures observed in the
Saclay experiment [10]. The broad shoulder at 9.45 MeV
has also been observed both in the Saclay and RCNP [11]
experiments and in the tagged bremmstrahlung measurements
of Young [42] and Alarcon et al. [44]. For the prominent ~10
MeV peak we obtained a 10.06 MeV centroid value, which

is in agreement with the tagged bremmstrahlung experiments
of Bell et al. [45] and Alarcon, but about ~150 keV higher
than the peak position obtained in the Saclay experiment. The
10.70 MeV peak has been previously observed only in the
Bell measurements, while the Saclay and RNCP experiments
described it as a low shoulder. The present 11.31 MeV peak
position confirms the tagged bremmstrahlung results of Alar-
con and Calarco [43], but is again 100 keV higher than the
Saclay and RCNP centroid values. The 12.20 MeV shoulder
is also observed in all the other measurements.

D. Average photoneutron energies

Figures 13(a)-13(c) show the average energies of pho-
toneutron energies emitted in the (y, 1nX), (y, 2nX), and
(y, 3nX) and (y, 4nX) reactions, respectively, in 208pp,

The energy of the (y, 1nX) photoneutrons shows a steep
increase starting from S, up to 11.5 MeV excitation energy
followed by a fast drop until the opening of the (y, 2n)
channel. Above S,,, the average neutron energy resumes its
increase, which confirms the unpublished results of Mutch-
ler [46] obtained by the photon difference method using
bremsstrahlung photon beams of 13, 14, and 15 MeV and
time-of-flight measurements at three angles relative to the
photon beam. We notice that the average neutron energies
steeply increase around 22 MeV excitation energy.

The (y, 2nX) reaction is characterized by a long rise in the
average photoneutron energy Ej,x, which increases quickly
above S,. The growth slows down at ~18 MeV excitation
energy and continues until the Sy, threshold, above which the
experimental E,,x shows a slow decrease with strong fluctua-
tions which follow from the statistical scatter in the unfolded
average neutron energy values shown in Fig. 9(b2). The E3,x
average neutron energies, starting from S3,,, increase up to &5
MeV above Sy,, where they start decreasing. The (y, 4nX)
reaction shows a rather abrupt increase in the average neutron
energy values, starting &4 MeV above the reaction threshold.

E. Estimations for (y, n) photoneutron spectra and partial
cross sections

1. 28Pb(y, n) photoneutron energy spectra

Figure 14 shows the present estimations for the 2®Pb(y, n)
photoneutron spectra Y (E, Ey,) obtained by reproducing the
experimental ring ratio values. The spectra represent branch-
ing ratios normalized so that their integral is equal to 1000.
The error bar for each energy bin content is the quadratic
sum of the ring ratio statistical error and of the standard
deviation of the mean over Y, (E, Ey,), with k indicating the
set of nuclear inputs used for the minimization starting values.

The neutron emission to the ground state (0 keV, 1/27),
first-excited state (569.7 keV, 5/27), and second-excited state
(897.7 keV, 3/27), which are recognized by the three highest-
energy discrete neutron emissions, show significant yields
up to incident photon energies of ~13 MeV. Starting with
incident photon energies above 10 MeV, we notice signifi-
cant population yields for the higher excited states. This is
in agreement with the behavior of the average energy of the
total 2®Pb(y, n) photoneutron spectra, which, as shown in
Fig. 7(b) follow closely the evaporation ring ratio average

014619-12



PHOTONEUTRON CROSS SECTION MEASUREMENTS ON ...

PHYSICAL REVIEW C 110, 014619 (2024)

10 T T i
;

I (a) *%Pb(y./nX)
S gk / i
E 8 EMPIRE —
S 7 TALX'S ]
&n 6 Present work £, e~
5 6L J
g Mutcher (1966) - }
= k i
2 /
(%]
.
< 2r /A

L

lSZn lS_?n lS4n
0 AN RN NN N U R S BN S BARR
5 10 15 20 25 30 35 40
Photon energy (MeV)
—

7 T T T

ol (0)Pb(n2nX)
r EMPIRE —
51 TALYS h

Present work E,, y —e—

Average neutron energy (MeV)
) w S
\ ——

—_
T

[\ R I - | il |
5 10 15 20 25 30 35 40
Photon energy (MeV)
5 T T T T
I (¢) 2%5Pb(y,3nX)
208Pb(y,4nX)
4, _
I EMPIRE E;,, —
EMPIRE E,,y — -
3 TALYS Ej,y 7
TALYS E,y

Present work E3, y —e—

NS}

Present work £, —e—

Average neutron energy (MeV)

1+ 1 g
e
I ‘S:4n/ %
) ) S B R o gea®
5 10 15 20 25 30 35 40
Photon energy (MeV)
FIG. 13. Present photoneutron average energies for the

(a) (v, InX), (b) (y, 2nX), (c) (v, 3nX) and (y, 4nX) reactions
in 2%Pb compared with EMPIRE and TALYS calculations. Thin blue
lines show EMPIRE (y, in) average energies considering no charged
particle emission.

energy curve for excitation energies higher than 10 MeV. We
also notice that the present estimations obtained by reproduc-
ing the experimental ring ratio values confirm the transition
to a statistical neutron emission towards the (y, 2n) reaction
threshold.

2. Partial photoneutron cross sections for E, < S,

Figures 15(a)-15(d) shows the partial cross sections for
208pb(y, n) photoneutron reactions populating the residual
nucleus 2°’Pb in its ground state, first-excited state, second-
excited state and in any excited state higher than the second,
respectively. These were obtained by multiplying the branch-
ing ratio corresponding to the respective state with the total
photoneutron cross section.

The present estimations for the partial cross section show
reasonably good agreement with the results of Bell ez al. [45]
(filled red circles) obtained at the Illinois bremmstrahlung
monochromator using time-of-flight measurements at seven
angles relative to the photon beam. The present o (y, ng)
and o (y, n;) cross sections for leaving the residual 2°’Pb
in its ground state and in its first-excited state, respectively,
reproduce the narrow peak at 10 MeV excitation energy and
the structure at ~10.5 MeV. However, the present o (y, n;)
cross section for populating 2’Pb in its second-excited state
does not reproduce the strong structure observed by Bell
at 10.5-11 MeV. The present o(y, n.,) for leaving 207pp
in an excited state higher then the second is in agreement
with the increasing behavior of the Bell data, however with
systematically higher absolute values. This follows from the
low-energy neutron detection threshold of ~600 keV from
the Bell experiment, in which low-energy neutrons emitted to
high excited states were not recorded.

The present o(y, ng) estimations are further compared
with the high-resolution measurements of Sherman et al. [47],
which were performed using bremsstrahlung beams and the
time-of-flight technique with a single neutron detector placed
at 90° to the photon beam. The approximate angle-integrated
cross sections for populating the ground state of *’Pb shown
by the orange histogram in Fig. 15(a) were obtained by
assuming W(0) = 2 — P»(cos 6) as the neutron angular distri-
bution. Overall good agreement is found between the present
o (y, np) estimations and the data of Sherman with the excep-
tion of the 10.5-11.5 MeV excitation energy region, where
the present results are systematically higher than those of
Sherman.

The partial cross sections of Calarco [43] shown by the
green crosses in Figs. 15(a), 15(b), and 15(c) are also ap-
proximations. They have been obtained by multiplying by
47 the differential cross section measured at 115°, in the
assumption of isotropic neutron emission. Considering only
dipole photoexcitations, s-wave neutron emission is possible
from the 1~ states in >°Pb to the 1/2~ ground state and to
the 3/2 second-excited state in >*’Pb. Indeed, there is re-
markably good agreement between the present o (y, 1) cross
sections and those of Calarco. However, the present o (v, ng)
cross sections are systematically higher than those of Calarco.
For the o (y, ny) cross section, the Calarco results confirm
the ~11.25 MeV peak position also observed in the present
estimations but do not show the structures at 10.5-11 MeV
present in the Bell measurements and in the present results.

V. STATISTICAL MODEL CALCULATIONS

The new experimental data are now compared with sta-
tistical model calculations obtained by the EMPIRE [4] and
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FIG. 14. Present estimations for the 2 Pb(y, n) photoneutron spectra normalized to an integral of 1000 counts for incident photon energies

up to 13.86 MeV.

TALYS [3] codes. Since the entrance channel plays a fun-
damental role for an accurate description of the various
reaction channels, the fit to experimental photoabsorption
cross sections has been tested with several Lorentzian-type
closed-forms (SLO, MLO1, SMLO) plus the quasideuteron
contribution for the E'1 y SF [39,48]. We found that the SMLO
model, properly tuned, reproduces well, although not per-
fectly, the experimental data. The resulting y SF is obtained
by the sum of three SMLO-type Lorentzians for which the pa-
rameters are given in Table III. In addition, the quasideuteron
contribution to the photoabsorption cross section is included
with a normalization factor of 60% to ensure a proper de-
scription of the high-energy tail of the cross section at the
highest energies considered here. The resulting SMLO and
quasideuteron component fit is shown in Fig. 16 to be rather
accurate though some fine structures (e.g., around 20-24
MeV) are not properly described.

The specific optical model potential (OMP) for 29-2%8pp
(RIPL ID - 102) [39,49] is used in the TALYS code to obtain
the transmission coefficients for neutron emission. Since the
EMPIRE code can only consider a single OMP common to all

nuclei in the reaction chain, the Koning-Delaroche general
spherical OMP (RIPL ID - 2405) is used in the EMPIRE cal-
culations. The latter was also used for light Pb isotopes in the
TALYS code. The level densities at the equilibrium deformation
are described with the enhanced generalized superfluid model
[4] in the EMPIRE code and with the temperature-dependent
Hartree-Fock-Bogolyubov (HFB) plus combinatorial model
[50] in the TALYS code. In the latter code, the first 40 discrete
excited levels coming from experiment [39] are adopted for
all target and residual nuclei.

In both approaches, the level densities have been adjusted
to reproduce the low-lying discrete level scheme and the s-
wave resonance spacing at the neutron separation energy. To
reproduce the present experimental results, we found it nec-
essary in the EMPIRE calculations to reduce the so determined
207pb level density by lowering the @ parameter by 20%. This
increased the (y, 1nX) cross section tail at the expense of the
newly opened (y, 2n) channel and lowered the E},x average
neutron energies. In the EMPIRE calculations, we also lowered
the starting energy for the continuum in >’Pb from the 4.25
MeV RIPL-3 recommendation to 3 MeV. This improved the
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FIG. 15. Partial cross sections for the 2°®Pb(y, n) reaction
leaving 207Pp in (a) its ground state, (b) first-excited state, (c) second-
excited state, and (d) in any excited state higher than the second.
Present estimations are compared with existing data.

TABLE III. ®Pb GDR parameters adopted within the SMLO
model for the three Lorentzians. o corresponds to the peak cross
section, E to the centroid energy, and I' to the full width at half
maximum. i is the Lorentzian index.

(i)

i Gpr (mb) Ehg [MeV] I MeV]

1 260.65 12.20 3.251
526.13 13.93 3.06

3 8.44 25.56 1.97

i

0.1
5 10 15 20 25 30 35 40
Photon energy (MeV)
FIG. 16. Present cross sections (filled circles) for the

(@ (v, abs), (b) (v, 1nX), () (v, 2nX), and (d) (y, 3nX)
and (y, 4nX) reactions in 2%Pb compared with EMPIRE and
TALYS statistical model calculations. The SMLO + QD curve
in panel (a) corresponds to a three-Lorentzian fit to the present
photoabsorption data using the simple modified Lorentzian function
described in Refs. [2,48] and a quasideuteron (QD) component. The
QD component is shown separately by the dotted line.

description of the (y, n) average neutron energies at 10 to 12
MeV excitation energy.

The high photon energies considered in the present ex-
periment also induce an important contribution from the
pre-equilibrium cross section. In the TALYS code, it is given
by the default two-component exciton model [3] where only
the single-particle state densities of the Pb isotopes have been
adjusted to improve the description of the present experimen-
tal cross sections. We found that a reduction of about 30%
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is needed, except for 2”’Pb for which the reduction factor is
about 80%. Such a high reduction factor can be attributed to
the strong shell effect in this doubly magic region which is
known to strongly affect the level-density parameter.

The new experimental photoneutron cross sections are
compared in Fig. 16 with EMPIRE and TALYS calculations.
The 208Pb(y, 1nX) cross section is rather well described by
both calculations, although, as for the photoabsorption cross
section, some detailed pattern could not be reproduced with
the SMLO input y SF. Both the EMPIRE and TALYS calculations
tend to overestimate the 208Pb(y, 2nX) cross section in the 15
to 20 MeV incident energy region, but a proper description of
the energy dependence in the vicinity of 25 MeV is ensured
by the inclusion of the third Lorentzian in the SMLO ySF
(see Table III). While the 2°®Pb(y, 3nX) cross section can
be correctly reproduced by both reaction codes, the (y, 4nX)
channel is underestimated by TALYS but correctly described by
EMPIRE.

In a similar way, the newly measured average photoneutron
energies are compared in Fig. 13 with EMPIRE and TALYS
calculations. Here, we plot the average energies of the ex-
clusive neutron spectra obtained in the EMPIRE and TALYS
calculations, which contain the summed contributions of re-
actions with emission of a given i neutron multiplicity. The
EMPIRE and TALYS model calculations describe qualitatively
well the E;,x behavior at the lowest incident photon energies.
However, the calculations could not reproduce the detailed
patterns observed in the energy dependence of E;yx, e.g.,
the position of the inflection point at ~11 MeV in the Ej,x
evolution, suggesting that a better knowledge of the discrete
levels in 2’Pb is required to be able to describe the high
average neutron energies in the 10 to 12 MeV excitation en-
ergy region. Above 25 MeV, the E},x average neutron energy
shows a long decrease, a tendency qualitatively reproduced
by the EMPIRE calculations, which, however, overestimate the
E\,x values between 17 and 35 MeV excitation energy and
cannot describe the structures present at 16, 20, and 29 MeV.
At these high energies, above their corresponding thresholds,
EMPIRE also predicts much larger photoneutron energies com-
pared with TALYS for each of these E;,x channels. EMPIRE
calculations follow closely the increasing E»,x and E3,x ex-
perimental values but fail to reproduce their average energy
drop at high incident photon energies above S4,. A decrease
in the Ej,x is predicted in the EMPIRE calculations at incident
energies of 35 MeV, but this follows a continuous increase in
average neutron energies up to 6 MeV, well above experimen-
tal values. For the (y, 1nX) and (y, 2nX) reactions, the drop
in mean neutron energies predicted by EMPIRE calculations is
due to the contribution of charged particle emission channels.
This can be seen from the continuous increasing trend of the
average energies of neutrons emitted in the reactions without
emission of charged particles (y, n) and (y, 2n), represented
by thin solid lines in Figs. 13(a) and 13(b). The sudden in-
crease of E4,x some 4 MeV above the Sy, threshold could
not be reproduced by the model calculations. The difference
between both EMPIRE and TALYS predictions stems mainly
from the different nuclear level-density prescriptions con-
sidered and the impact of their associated energy-dependent
shell effect. In particular, a smaller shell effect in the

TABLE IV. 2®Pb experimental integrated cross section Trgg,
centroid energy E., and polarizability with their estimated uncertain-
ties (Err) on the basis of the present measurements and comparison
with the values obtained in Ref. [7].

Present Ref. [7]
YRK 1.27 £ 0.10 1.29 £+ 0.03
E. [MeV] 14.20 + 0.12 14.53 £ 0.29
ap [fm?/e?] 20.00 £ 1.30 19.82 + 0.49

level density tends to increase Ej,x and decrease Ej,x
predictions.

The (y, n) partial cross sections to the first-excited states
in 2°7Pb are compared with EMPIRE and TALYS calculations
in Fig. 15. As statistical codes, the fine structures observed
experimentally cannot be reproduced. However, both TALYS
and EMPIRE satisfactorily reproduce the global trend and order
of magnitude of the partial cross sections of populating the
residual 2°’Pb in its ground and first two excited states. In
particular, the TALYS calculations describe well these three
partial cross sections in the region of high incident energies,
above 13 MeV, where the statistical neutron emission is domi-
nant. The experimental cross sections o (y, n.. ) for populating
207Pb in any state higher than the second state are relatively
well described by both codes.

Finally, based on the newly measured E1 photoneutron
cross sections, it is possible to estimate the three main mo-
ments of the E'1 distributions, namely,

(1) the integrated cross section Xrg defined in terms
of the Thomas-Reiche-Kuhn (TRK) sum rule orrg =
60NZ/A mb MeV,i.e.,

YTRK =

/ T om(@do. (15
0

OTRK

(2) the centroid energy

fooo Oaps(w)dw

=0 B (16)
fooo Oaps(w)/wdw
(3) the polarizability
fic [ oaps(@)
op = 271262/0 = dw. 17

As detailed in Ref. [7], to estimate the moments, the
measured photoabsorption cross sections above the neu-
tron separation energy has been supplemented with the
SMLO values below the neutron separation energy and the
quasideuteron contribution has been excluded. The results are
given in Table IV where the listed uncertainties correspond
to those associated with the experimental photoabsorption
cross sections plotted in Fig. 10, the theoretical cross sec-
tion considered below the neutron separation energy, as well
as the missing charged-particle emission component. Addi-
tional information on the error propagation can be found in
Ref. [7]. Table IV also compares the present £ 1 moments with
the values obtained in Ref. [7] on the basis of experimental
data from Ref. [11]. The resulting moments are seen to be
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in rather good agreement and confirm the previous myste-
rious kink found between 2%Pb and 2*Bi polarizabilities in
Ref. [7].

VI. SUMMARY AND CONCLUSIONS

New measurements of photoneutron reactions on 2%Pb
have been performed in the GDR energy region using
7.50 MeV-38.02 MeV quasimonochromatic laser Compton
scattering y-ray beams of the NewSUBARU synchrotron ra-
diation facility. A high-and-flat efficiency moderated neutron
detection array of *He counters together with an associated
neutron-multiplicity sorting method were employed.

We obtained the cross sections for the (y, 1nX), (v, 2nX),
(y, 3nX), and (y, 4nX) photoneutron reaction channels. The
photoabsorption cross sections, extracted as the sum of the
photoneutron cross sections, confirm the Saclay results of
Ref. [10]. The present experiment extended the area of in-
vestigation of the photoabsorption excitation function above
the maximum limit of 21 MeV reached in the Saclay exper-
iment. Fine structures have been observed in the 208Pb(y, n)
reaction at incident energies lower than 13 MeV and com-
pared with previous high-resolution measurements. Average
energies of neutrons emitted in each reaction have also been
extracted based on the ring ratio data. Low average energies
for the (y, 1nX) and (y, 2nX) neutrons at excitation ener-
gies above S3, indicate a significant contribution of charged
particle emission reactions. The experimental photoneutron
cross sections and average energies have been satisfactorily
reproduced with both EMPIRE and TALYS calculations by slight
adjustments of model parameters.

Based on the measured ring ratio values, we have ex-
tracted estimations on the total neutron emission spectra
in the 2®Pb(y, n) reaction at incident energies lower than
S>,, which confirm a gradual transition from discrete energy
neutron emission to a statistical neutron emission towards
S»,. Present estimations for the partial photoneutron cross
sections for populating the >°’Pb residual in its ground and

first two excited states reproduce the resonant structures
observed in the previous experiments and significantly ex-
tend the previously investigated energy range. Until detailed
time-of-flight measurements are available, such systematic
estimations on a wide energy range are useful for microscopic
descriptions of the GDR structure.

Finally, the £1 moments extracted from the present data
are in rather good agreement with those obtained from the pre-
vious measurement of Ref. [11] and confirm the mysterious
kink previously found between 2°Pb and 2*Bi polarizabilities
in Ref. [7].

All the experimental results obtained in the present paper
are available in numerical format in the Supplemental Mate-
rial [51].
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