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We report the activities by using the pulsed neutron facility which consists of an electron linear
accelerator, a water-cooled Ta target with a water moderator, and a 12 m time-of-flight path. It can
be possible to measure the neutron total cross-sections in the neutron energy range from 0.01 eV to
few hundreds eV by using the neutron time-of-flight method. A 6LiZnS(Ag) glass scintillator was
used as a neutron detector. The neutron flight path from the water-cooled Ta target to the neutron
detector was 12.1 m. We also report the nuclear data production experiments by using the
activation methods with neutron and bremsstrahlung beams from the electron linac of Pohang
Accelerator Laboratory.

1.

Introduction

Electron linear accelerators (linac) are being used throughout the world in a variety of
important applications. The pulsed neutron facility based on an electron linac is effective for
measuring energy dependent cross-sections with high resolution by the time-of-flight (TOF)
technique covering the energy range from thermal neutrons to a few tens of MeV. The
measurement of neutron cross-sections gives basic information about the internal structure of
atomic nuclei and their constituents. Precise measurements of neutron cross-sections are of
great importance for the safety design of nuclear reactors and for the evaluation of the neutron
flux density and the energy spectrum around a reactor.
The Pohang Neutron Facility (PNF) based on a 100-MeV electron linac was proposed in
1997 and constructed at the Pohang Accelerator Laboratory (PAL) on December 1998 [1]. Its
main goal is to construct the infrastructure for the nuclear data production in Korea.
Recently, the PNF has been used for measuring the cross-sections of neutron-nucleus
reactions and photo-nucleus reactions.

2.

Pohang Neutron Facility

The Pohang Neutron Facility (PNF) consists of an electron linac, a water-cooled Ta target,
and a ~12-m-long TOF path. The characteristics of the facility are described elsewhere [2].
The beam energy of the electron linac is varied from 75 MeV to 50 MeV, and the beam
currents at the end of linac are in between 100 mA and 30 mA. The length of electron beam
pulse is 1-2 s, and the pulse repetition rate is 10 Hz.
A Ta target was designed and constructed for the neutron production by way of
bremsstrahlung under high power electron beams [3]. The Ta target was composed of ten Ta
sheets, 49 mm in diameter and 74 mm in total length. There was 1.5 mm water gap between
Ta sheets in order to cool the target effectively. The target housing was made of 0.5 mm thick

titanium. The estimated neutron yield per kW of beam power at the neutron target was about
1012 n/sec.
The neutron guide tubes were constructed of stainless steel with two different diameters,
15 cm and 20 cm, and were placed perpendicularly to the electron beam. The neutron
collimation system was mainly composed of H3BO3, Pb, and Fe collimators, which were
symmetrically tapered from a 10-cm diameter at the beginning to a 5-cm in the middle
position where the sample was located, to an 8-cm diameter at the end of guide tube where
the neutron detector was placed. There was 1.8-m-thick concrete between the target and the
detector room.
During the experiment, the electron linac was operated with a repetition rate of 10 Hz, a
pulse width of 1.0 s, and the electron energy of 60 MeV. The peak current in the beam
current monitor located at the end of the second accelerator section is above 50 mA, which
almost is the same as that in the target.

3.

Nuclear Data Measurement

3.1 With Neutron TOF Method

The experimental arrangement for the neutron total cross-section measurements by using
the neutron TOF method, which is similar to the previous one [4], is shown in Fig. 1. The
target is located at a position where the electron beam hits its center. To reduce the gamma
flash generated by the electron burst in the target, the target is placed in 5.5 cm away from the
center of the neutron guide to the backward direction. This target was set in the cylindrical
water moderator contained in an aluminum cylinder with a thickness of 0.5 cm, a diameter of
30 cm and a height of 30 cm. The water level in the moderator was 3 cm above the target
surface which was decided by the measurement of thermal neutron flux and also compared
with the Monte Carlo simulation [3].
A high purity (99.99%) natural niobium metallic plate with a diameter of 80.11±0.01 mm
and the thickness of 15.04±0.03 mm, was placed at the midpoint of the flight path. A set of
notch filters of Co, In, and Cd plates with 0.5, 0.2, and 0.5 mm in thickness respectively, was
used for the background measurement and the energy calibration.
The neutron detector was located at a distance of 12.060.02 m from the photo-neutron
target. A 6Li-ZnS(Ag) scintillator BC702 from Bicron (Newbury, Ohio) with a diameter of
125 mm and a thickness of 16 mm mounted on an EMI-93090 photomultiplier was used as a
detector for the neutron TOF spectrum measurement. This scintillator consists of a matrix of a
lithium compound enriched to 95% 6Li dispersed in a fine ZnS(Ag) phosphor powder.
The configuration of the data acquisition system used in this measurement is also shown in
Fig. 1. The details of data acquisition system and data taking are described elsewhere [2].
In the transmission measurements, we have taken data with sample in and out (open beam)
periodically. Total data taking times for sample in and out are 35.83 hours. The neutron total
cross section is determined by measuring the transmission of neutrons through the sample.
The transmission rate of neutrons at i-th group energy Ei is defined as the fraction of incident
neutrons passing through the sample compared to that in the open beam. Thus, the neutron
total cross-section is related to the neutron transmission rate T(Ei) as follows:
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where Nj is the atomic density per cm2 of j-th isotope in the sample. I(Ei) and O(Ei) are the
foreground counts, IB(Ei) and OB(Ei) are the background counts, and MI and MO are monitor
counts for sample in and out, respectively. In this measurement, we assumed the monitor
counts to be equal during the experiment.
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Fig. 1 Experimental arrangement and a block
diagram for data acquisition.

The total cross-sections for several samples (Mo, Ta, Hf, Dy, In, and Cu) as a function of
neutron energy were obtained and published in [4, 5]. The statistical error can be determined
from Eq. (1) assuming the monitor counters are equal during the measurements. The
systematic uncertainties came from the following sources: the sample thickness, and the dead
time, the normalization, and so on.
3.2 With Neutron Activation Method

The thermal neutron cross-sections and the resonance integrals of several (n,) reactions
have been measured with the neutron activation method by using a 197Au(n,)198Au monitor
reaction as single comparator. The high-purity natural samples and gold monitor samples with
and without a cadmium shield case of 0.5 mm thickness were irradiated in a neutron field of
the PNF. The details of the experimental procedure are described elsewhere [6-8].
The thermal neutron cross-section for the AS(n,)A+1S (A is mass number and S is sample)
reaction, 0,S, has been determined relative to that for the 197Au(n,)198Au standard reaction as
follows [9]:
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where Au is the thermal neutron cross-section of the 197Au(n,)198Au reaction, Rx and RxCd are
reaction rates per atom for bare and Cd-covered x (S or Au) isotope irradiation, respectively.
The cadmium correction factor, FxCd accounts for the difference in count rates for Cd covered
and bare samples, and Gx is the thermal neutron shielding factor for x samples. The Westcott
factor gx, is the correction for the departure from 1/v cross-section behavior for neutron
capture reactions of x samples. The reaction rates Rx and RxCd are determined by measuring
the activities of emitted -ray from the (n,) reaction. The emitted -ray was chosen with high
intensity, well separated, and relatively low background.
The resonance integral for the (n,) reaction in an ideal 1/E epithermal neutron spectrum is
defined by the following relation:
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where σ(E) is the cross-section as a function of neutron energy E, and ECd is the cadmium cutoff energy, which is usually defined as 0.55 eV. The resonance integral defined in Eq. (4) is
not valid in a non-ideal, real epithermal neutron spectrum [9]. The resonance integral of a
1/E1+ real epithermal neutron spectrum for AS(n,)A+1S reaction has been determined relative
to that for the 197Au(n,)198Au reaction as a standard by the following relation:

I S ( )  I Au ( ) 

Cd
epi
g S  S CR Au  FAu
G Au
GS ,


Cd
g Au Au CRS  FS
G Au GSepi

(5)

where  is an epithermal neutron spectrum shaping factor, which is energy dependent, and
G xepi is the epithermal neutron self-shielding factor for x (sample S or Au) sample. Then, the
obtained IS() value was converted to IS by the relation given as [9]:
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where E r effective resonance energy (eV), as defined by Ryves and Paul [10], the term
( I S  0.426 g S ) represents the reduced resonance integral, i.e. with the 1/v tail subtracted. In
order to improve the accuracy of the experimental results, the following correction factors
such as the neutron self-shielding, the -ray attenuation, the cadmium correction, and the gfactor were considered.
We measured the thermal neutron cross-sections and the resonance integrals for the
179
Hf(n,)180mHf and 180Hf(n,)181Hf reactions [6], the 186W(n,)187W reaction [7], and the
98
Mo(n,)99Mo reaction [8]. The new measurements for the 165Ho(n,)166gHo reaction are
presented in here. The thermal neutron cross-section and the resonance integral for the
165
Ho(n,)166gHo reaction are  Ho  59.7  2.5 barn and I Ho  671 45 barn, respectively.

3.3 With Gamma Activation Method

We measured the isomeric yield ratios for the isomeric pairs produced from various photonuclear reactions by using the gamma activation method. We used bremsstrahlung photons
with the end point energy 50-, 60-, 65-, and 70-MeV produced from an electron linac of the
PNF. The experimental procedure for measuring the isomeric yield ratios for various samples
at this facility with varying the end point energy of the bremsstrahlung were found in
elsewhere [11-14]. The bremsstrahlung is produced when a pulsed electron beam hit a 0.1mm thin W-target with a size of 100 mm  100 mm. The W-target is located at 18 cm from
the beam exit window. The high-purity metallic foils of natural composition were exposed to
uncollimated bremsstrahlung of 50-, 60-, 65-, and 70-MeV. The activation foils were placed
in air at 12 cm from the W target and they were positioned at zero degree with the direction of
the electron beam. The time of sample irradiation is considered according to the half-lives of
the reaction products. The spectroscopic measurements of the studied nuclei from the
activated foils were taken with a p-type coaxial CANBERRA high-purity germanium (HPGe)
detector which is operated with GENIE2000 data acquisition software. The full peak
efficiency was measured with standard radioactive source. The details of the detection
efficiency measurement as a function of photon energy are given in [11].
In activation process, considering the production of nuclide of isomeric state and ground
state at the same time of irradiation and internal transfer, we can derive the isomeric yield
ratio IR from the measured gamma activities as IR= Ym/Yg, where Ym(g) is the yield of the
isomeric- and the ground-state. In case of the bremsstrahlung irradiation, due to the continuity
of the energy spectrum, the population of the isomeric and the fround state yields can be
expressed as follows:
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where i represents the isomeric state (m) or ground state (g) of a isomeric pair product of
interest, N0 is the number of target nuclei, i(E) is the energy dependent reaction crosssection and  (E) is the shape of the bremsstrahlung spectrum. Eγmax and Eth are the maximum
end point energy of bremsstrahlung and the reaction threshold, respectively.
We measured the isomeric yield ratios for the 45Sc(,n)44m,gSc reaction, the natTi(,x)44m,gSc
reaction, the 103Rh(,4n)99m,gRh reaction, the natFe(,x)52m,gMn reaction, the 197Au(,n)196m,gAu
reaction, the natIn(,xn)110m,gIn, 111m,gIn, 112m,gIn reactions, and the natSn(g,xnp)117m,gIn reaction
using 50-, 60-, 70-MeV bremsstrahlung [11-14].
As an example, the isomeric yield ratios of 44m,gSc from 45Sc are measured by the gamma
activation method with the maximum bremsstrahlung energy (Emax) of 50-, 60-, and 70-MeV.
The 44m,gSc isomeric pair were identified based on their characteristic -ray energies and halflives. The nuclear reactions and decay data of the 44m,gSc are taken from [15]. According to
the decay scheme given in [15], the isomeric state 44mSc (high spin state, 6+) with a half-life of
58.6 h decays directly to the 3285.0 keV state of 44Ca (6+) by an electron capture reaction
with a branching ratio of 1.20%. Meanwhile, 98.8% of the isomeric state decays to the
unstable ground state 44gSc (low spin state, 2+) by emitting a 271.13 keV -ray. The unstable
ground state 44gSc (2+) with a half-life of 3.927 h again decays to the 1157.03 keV energy
level of 44Ca (2+) by both an electron capture and a +-process with a branching ratio of
98.95%. In this work, the activity of the isomeric state, 44mSc was determined by using the
271.13 keV -ray, and that of the unstable ground state radionuclide 44gSc was determined by

using the -ray of 1157.03 keV. The interference and coincidence summing are taken in to
account in analyzing data. The isomeric yield ratios for the 45Sc(,n)44m,gSc reaction measured
at 50-, 60-, and 70-MeV bremsstrahlung energies are 0.200.02, 0.210.02, and 0.210.02,
respectively. The uncertainties were calculated by using the error propagation principle. The
main sources of the errors for the present results are due to statistical error (1-3%),
uncertainties in photopeak efficiency calibration (2-4%), nuclear data such as half-life,
gamma intensity, IT (1-2%), photopeak area determination (1-3%), coincidence summing (25%), bremsstrahlung flux fluctuation (1-2%), and others (2-5%). We plotted the present
results measured at 50-, 60-, and 70-MeV bremsstrahlung energies together with the reference
data [11, 16-21] as shown in Fig. 2. It is shown that the isomeric yield ratios for the
45
Sc(,n)44m,gSc reaction increase rapidly with the increasing bremsstrahlung energies from
the reaction threshold up to giant dipole resonance region about 20-30 MeV, and then those
values are almost constant in the energy region from about 30 MeV up to 2.5 GeV. That is
understandable because the yield for the simple (,n) photonuclear reaction was contributed
mainly from the giant dipole resonance [20, 22]. Recently, Thiep et al. [23] reported the
isomeric yield ratios of a 85m,gSr isomeric pair from the natSr( , xn)85m,gSr reaction with the
bremsstrahlung end-point energies from the giant dipole resonance region to 65 MeV, and it
showed the similar trend what we observed. The increasing ratios can be explained as the
increasing transfer momentum to the compound nuclei. The flattening out may be due to the
increasing importance of reactions from the direct characteristics with particles emitted,
which carry off a larger fraction of energy and angular momentum.

Fig. 2 Isomeric yield ratios of 44m,gSc.

4.

Discussion and Summary

The Pohang Neutron Facility based on an electron linac was constructed for nuclear data
production in Korea. It consists of a 100-MeV electron linac, a water cooled Ta target, and an
12-m long TOF path. We measured neutron total cross-sections with neutron TOF method
since 2001 cooperated with users came from both Korea and foreign countries. We measured
thermal neutron capture cross-sections and resonance integrals with neutron activation
method. We also measured isomeric yield ratios for various radioisotopes by using the
bremsstrahlung produced by electron linac.

Based on the present activities and experiences obtained during the experiment, we need to
upgrade the electron accelerator and construct 4 -detection system in order to measure
neutron capture cross-sections.
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