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The neutron total cross-sections of thulium (169 Tm) were measured in the neutron energy region
from 0.01 eV to 100 eV by using the time-of-flight method at the Pohang Neutron Facility, which
consists of an electron linac, a water-cooled tantalum target with a water moderator, and a 12-mlong time-of flight path. Two thulium plates with different thicknesses were used for the neutron
transmission measurement. The background level was determined by using a notch-filter of Co, In,
and Cd sheets. The present measurement was compared with the previous ones, while a new set
of resonance parameters of Tm-169 isotope was obtained from the transmission ratio by using the
SAMMY code, with a comparison with the recommended parameters by Mughabghab.
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I. INTRODUCTION
As part of nuclear data library, neutron resonance parameter (RP) plays a significant role in the study of the
internal structure of atomic nuclear, as well as the safe
design of nuclear reactors. Nowadays, the progressing of
reactor technology increases the need for the precision
of RP.
Thulium (Tm), as an important rare-earth element,
with 169 Tm as the only natural isotope, is widely applied reactor neutron energy spectrum measurement and
weapon design. As an odd-even isotope, 169 Tm shows
distinct close resonances in low energy range. However,
for some reason, in the common nuclear data library,
such as ENDF [1] and JENDL [2], there is no data sheet
for 169 Tm.
The total cross-sections of 169 Tm, ranging from 0.01
eV to 100 eV, were measured with n-TOF method at the
Pohang Neutron Facility (PNF), which was proposed in
1997 and constructed at the Pohang Accelerator Laboratory in 1999. The PNF consists of an electron linac,
a water-cooled Ta target, and a 12-m-long TOF path.
The details of the PNF are described elsewhere [3,4]. The
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present data are compared with other measurements and
analyzed using SAMMY [5] code to generate new resonance parameters, whose results are compared with the
resonance parameters recommended by Mughabghab [6].
II. HISTORY REVIEW
The total cross-sections and the resonance parameters of Thulium, ranging from 3 eV to 200 eV, were
first measured and analyzed by Harvey et al. [7], using the Brookhaven fast chopper in 1955, whose energy
resolution was quite poor. Another series of data were
from Tellier et al. [8] in 1972, ranging from 3.9 eV to 1
MeV, using n-TOF method with a flight path of 103.7
m. The latest reported data which can be found in EXFOR were taken by Danon et al. [9] in 1998, with a
correction of paramagnetic scattering and more precise
thermal cross-sections, ranging from 0.001 eV to 20 eV,
which has been adopted by Mughabghab in the latest
evaluated resonance parameters [6]. However, in the latest decade, there have been rarely such measurements of
Thulium reported, while neutron detectors and electronics are developing very fast. Thus, there comes the need
to re-measure the cross-sections in the resonance energy
region.
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sition was empty to collect the neutron TOF spectra
without any sample (open beam). The positions of the
samples were chosen in the following sequence: thin sample, open, thick sample, open. The exposure time for
each position is set to be 300 seconds. The interleaving sequence of open positions in the sample changer
was chosen to minimize the influence of slow and/or the
small variations in the neutron beam intensity. If the
beam intensity’s variations or its drift was fast and /or
large, then the partial measurements were excluded from
the total statistics. The total data dating time for the
samples was around 80 hours.
IV. DATA PROCESSING AND ANALYSIS
Fig. 1. Configuration of the experimental setup including
a data acquisition system.

1. Energy calibration and background estimation

A notch filter template, made of Cd In and Co, was
used for energy calibration and background level estimation. Several standard resonance peaks of the notch
filter were selected to process non-linear least-square regression in the following formula:

E=

Fig. 2. (Color online) Background level estimation using
notch filters.

III. EXPERIMENTAL ARRANGEMENTS
The overall setup of PNF can be seen in Fig. 1. To be
brief, there are four parts of PNF: a LINAC to generate high-energy electrons, a water-cooled tantalum target with a water moderator to produce white neutrons,
an automatic sample changer to allocate samples, two
data acquisition system respectively basing on NIM and
CAMAC. The details of PNF can be found elsewhere [3,
4].
During this transmission measurement, two 169 Tm
templates with a purity of 99.95% were used. The measured sample size is as listed in Table 1. While for the
energy calibration and background estimation, a notch
filter plate made of Cd, In, and Co were used, whose
physical properties are as listed in Table 2. The transmission samples were placed at the midpoint of the flight
path and were cycled into the neutron beam by using the
automatic sample changer with four sample positions,
three of which were used at this time. The measurements were performed with two Tm samples with different thicknesses simultaneously, and another free po-

72.3 × L
I ×W −t

2
,

(1)

where W is the channel width of the time digitizer, with
a value of 0.5 µs in this experiment, L is the flight path
and t is the time difference between the start time from
the RF trigger and the real time zero when the neutron
burst is produced. From the non-linear least square regression, L and t can be determined as 12.06 ± 0.02 and
6.03 ± 0.01, respectively.
The neutron spectrum of notch filters is also used for
the background level estimation. In this situation, the
black resonances at 132 eV and 1.457 eV together with
the starting thermal energy of Cd are adopted to perform
fitting in the following formula:
B = a × e−I/b + c,

(2)

where B represents the estimated background counting
of the notch filter spectrum, which will be normalized
to reduce the background level of Tm spectrum later.
Finally the values of a, b and c are determined as 78.65,
423.05 and 0.5 respectively. The estimation result is
shown in Fig. 2.
2. Transmission rate and total cross sections

From the n-TOF spectrum, the transmission rate can
be defined as the neutron flux with samples divided by
that without samples (open beam). Taking background
into consideration, we can get the transmission rate as
follows:
T (Ei ) =

I(Ei )/MI − B(Ei )/MB
kI(Ei ) − B(Ei )
=
, (3)
O(Ei )/MO − B(Ei )/MB
mO(Ei ) − B(Ei )
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Table 1. Physical Properties of Measured Sample.
Sample
Tm
Tm

Purity (%)
99.95%
99.95%

Thickness (mm)
1.41
0.41

Diameter (mm)
64
64

Density (g/cm3 )
9.32
9.32

Table 2. Physical Properties of Notch Filters Samples.
Sample
Co
In
Cd

Purity (%)
99.9
99.99
99.99

Size
10
10
10

(cm2 )
* 10
* 10
* 10

Fig. 3. (Color online) Background level estimation using
notch filters.

where I and O represent the neutron flux with and
without samples, B is the estimated background level,
MI , MB and MO are the normalization factors, which,
in this experiment, are generated from the pico-log files
of the beam monitor. To make it easier for uncertainty
estimation, k and m are introduced to the formula above.
The relationship between transmission rate and total
cross sections is as follows:
1
σ(Ei ) = − P
ln T (Ei ),
Nj

(4)

j

where Nj is the atomic density per cm2 of the j-th isotope
in the sample. As for different energy groups, the total
cross section can be calculated as:
R Ef
σ(E)EdE
σeff (E) = EiR Ef
.
(5)
EdE
Ei
Here, the subscript j corresponds to each energy group.
The presented calculated cross section data compared
with some other experiments and evaluated data are as
shown in Fig. 3. They are, in a way, in agreement.
During this experiment, the overall statistic error is
less than 5%, while the systematic uncertainties came
from the uncertainties of flight path and dead time

Thickness (mm)
0.5
0.2
0.5

Density (g/cm3 )
8.90
7.31
8.65

Fig. 4. (Color online) Tm data fitting results.

fitting, background estimation and normalization, etc.
Taking all above into consideration, the total systematic
error of this experiment is less than 3%.
3. Resonance parameters determination

To determine the resonance parameters of each resonance peak in Fig. 3, the transmission data were fitted
with the SAMMY code [5], which is a multi-level Rmatrix fitting code using Bayes’ equations.
The fitting results can be seen in Fig. 4, which are in
good agreement with present experimental data. Both
the thick and thin sample data are processed simultaneously, while only the thin-sample data are shown here.
The new resonance parameters of Tm-169, ranging
from 1 eV to 100 eV, compared with the recommended
data by Mughabghab, are shown in Table 3. It should
be noticed that there are some differences between these
two results. As the energy resolution of present experimental data is a little bit high, the uncertainties of the
present work, generated both from experimental errors
and Sammy fitting errors, are accordingly higher than
the recommended parameters by Mughabghab. The spin
group of each resonance is assigned according to the recommended value by Alfimenkov [11] at first, which finally shows no big problems.
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Table 3. New Resonance Parameters Compared with Mughabghab.
E(eV)
Mughabghab
-20.13
3.906 ± 0.001
14.32 ± 0.001
17.42 ± 0.001
28.9 ± 0.1
34.79 ± 0.05
37.51 ± 0.05
44.79 ± 0.05
50.58 ± 0.10
59.07 ± 0.10
62.97 ± 0.10
65.75 ± 0.10
83.18 ± 0.10
94.1 ± 0.1
95.4 ± 0.1

Present
-20.16
(3.93)
14.41 ± 0.03
17.51 ± 0.02
28.9 ± 0.1
34.86 ± 0.06
37.47 ± 0.05
44.87 ± 0.06
50.7 ± 0.3
58.5 ± 0.3
62.9 ± 0.2
65.90 ± 0.2
83.53 ± 0.3
94.6 ± 0.3
95.6 ± 0.3

2gΓn (meV)
Mughabghab
11.2 ± 0.3
4.56 ± 0.06
2.87 ± 0.03
0.31 ± 0.03
8.8 ± 0.5
0.69 ± 0.07
5.2 ± 0.3
8.1 ± 0.8
15.0 ± 0.9
1.5 ± 0.2
56.5 ± 1.5
11.3 ± 0.6
48 ± 5
1.9 ± 0.2
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