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Measurement of neutron cross sections and resonance

parameters of 169Tm below 100 eV
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Abstract The neutron total cross-sections of thulium (169Tm) 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 m 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, and a new set of resonance parameters of 169Tm isotope was obtained

from the transmission rate by using the SAMMY code, with a comparison with the recommended parameters

by Mughabghab.
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1 Introduction

The neutron cross-section data are of great impor-

tance in the study of the internal structure of atomic

nuclei, as well as the safe design of nuclear reactors

and the evaluation of both the neutron flux density

and the energy spectrum around a reactor. Nowa-

days, neutron resonance parameters data are play-

ing an increasingly important part in practical ap-

plications concerning with computations of reactor

temperature coefficients, neutron reaction yields, self-

protection effects, and other related matters. Particu-

larly, in reactor design, the individual resonances can

be very important.

Thulium, as an important rare-earth element,

with 169Tm as the only natural isotope, is widely ap-

plied in reactor neutron energy spectrum measure-

ment and weapon design. As an odd-even isotope,
169Tm shows prominent close resonance in low energy

range. However, for some reason, in the common nu-

clear data library, such as ENDF [1] and JENDL [2],

there is no data sheet for 169Tm.

The total cross-sections and the resonance param-

eters of Thulium, ranging from 3 eV to 200 eV, were

first measured and analyzed by Harvey et al [3], using

the Brookhaven fast chopper in 1955, whose energy

resolution was quite poor. The most widely adopted

data were from Tellier et al [4] 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 were taken by Danon et al [5] in 1998, with a

correction of paramagnetic scattering and more pre-

cise 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 last decade, there have been rarely such mea-

surements of Thulium reported, while neutron detec-

tors and electronics are developing very fast. Thus,

there comes the need to re-measure the cross-sections

in the resonance region.
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The total cross-sections of 169Tm, ranging from

0.01 eV to 100 eV, were measured with n-TOF

method at the Pohang Neutron Facility (PNF), which

was constructed at the Pohang Accelerator Labora-

tory in 1999. The PNF consists of an electron linac,

a water-cooled Ta target, and a 12 m- TOF path.

The details of the PNF are described elsewhere [7, 8].

The present data are compared with other measure-

ments and analyzed using SAMMY [9] code to gener-

ate new resonance parameters, whose results are com-

pared with the resonance parameters recommended

by Mughabghab.

2 Experimental arrangement

The experimental setup arrangement of PNF for

neutron transmission measurement consists of four

parts: the RF gun and Linac, the water-cooled Ta

target system to produce neutron, the auto sample

changer, and the data acquisition system.

The maximum energy of the electron linac is

100 MeV, and the measured beam currents at the

end of linac are 40 mA. The width of the electron

beam pulse is 1.0 µs, with a repetition rate of 10 Hz.

Tantalum is selected as the neutron target mate-

rial in order to produce intense neutrons by means

of Bremsstrahlung under high-power electron beams.

The neutron guide tubes were constructed with stain-

less steel, while the neutron collimation system was

mainly composed of H3BO3, Pb, and Fe collimators,

which were symmetrically tapered from 10 cm diam-

eter at the beginning to 5 cm diameter in the middle

position where the sample changer was located, and

finally to 8 cm diameter at the end of the tube where

the neutron detector was placed. In addition, there

is a 1.8 m thick concrete slab between the target and

the detector room for radiation shielding.

The sample changer, which is controlled remotely

by the CAMAC module, is a disc with four holes, of

which each is 80 mm in diameter, for mounting sam-

ples and set at the midpoint of the TOF path. The

exposure time of each sample may be selected indi-

vidually and precisely controlled by computer, with

a 9 s exchange time interval from one position to the

next one.

A 6Li-ZnS (Ag) scintillator BC-702 with a diam-

eter of 12.5 cm and a thickness of 1.59 cm was used

as the neutron detector. This detector is sensitive for

thermal and epithermal neutrons and is on the other

hand quite insensitive to gamma radiation; thus, it

is suitable for applications where the gamma back-

ground is quite high, such as in the transmission mea-

surement at PNF.

3 Data acquisition system and sam-

ples

Two different data acquisition systems were used

for the neutron TOF spectra measurements: one is a

NIM-based system and the other is a CAMAC-based

system.

The CAMAC-based system consists of a main

data acquisition module and the remote control mod-

ule of the sample changer. The main purpose of the

NIM-based system is for neutron-gamma separation

and parallel accumulation of the neutron TOF spec-

tra, if necessary. Parallel data acquisition with both

the NIM system and the CAMAC system may be used

if one desires to optimize the dwell time for different

regions of the TOF spectra.

During this transmission measurement, we used
169Tm templates with a purity of 99.95%, whose phys-

ical properties are listed in Table 1. For the energy

calibration and background estimation, a notch filter

plate which is made of Cd, In and Co, whose physi-

cal properties are listed in Table 2, were used. With

three of the four sample positions in use, the mea-

surements were performed with two Tm samples with

different thicknesses mounted on the sample changer

at the same time and another free position was empty

to collect the neutron TOF spectra without any sam-

ple (open beam). The positions of the samples were

chosen in the following sequence: thin sample, open,

thick sample, open. The exposure time for each po-

sition is set to be 300 s. The interleaving sequence of

open positions in the sample changer was chosen to

minimize the influence of slow and /or the small vari-

ations in the neutron beam intensity. If the beam in-

tensity’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 h.

Table 1. Physical properties of measured sample.

purity thickness/ diameter/ density/
sample

(%) mm mm (g/cm3)

Tm 99.95 1.41 64 9.32

Tm 99.95 0.41 64 9.32

Table 2. Physical properties of notch filters samples.

purity size/ thickness/ density/
sample

(%) cm2 mm (g/cm3)

Co 99.9 10×10 0.5 8.90

In 99.99 10×10 0.2 7.31

Cd 99.99 10×10 0.5 8.65
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4 Data processing and analysis

4.1 Energy calibration and background esti-

mation

The notch filter templates, were used for energy

calibration and background level estimation. Several

standard resonance peaks of the notch filter were se-

lected to process non-linear least-square regression in

the following formula:

E =

(

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, I is the

channel address, L is the flight path and t is the time

difference between the start time from the RF trig-

ger and the real time zero when the neutron burst is

produced. From the non-linear least square regres-

sion, 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)

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. 1.

Fig. 1. Background level estimation using notch filters.

4.2 Transmission rate and total cross sections

From the n-TOF spectrum, the transmission rate

can be defined as the neutron flux with samples di-

vided by that without samples (open beam). Taking

background into consideration, we can get the trans-

mission rate as follows:

T (Ei) =
I(Ei)/MI −B(Ei)/MB

O(Ei)/MO −B(Ei)/MB

=

kI(Ei)−B(Ei)

mO(Ei)−B(Ei)
, (3)

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 fac-

tors, 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 intro-

duced to the formula above. The final transmission

spectra of samples with different thicknesses in the

concerned energy range, from 2 eV to 100 eV, are

illustrated in Fig. 2.

Fig. 2. Tm transmission spectrum after nor-

malization and background correction.

The relationship between transmission rate and

total cross sections is as follows:

σ(Ei) =−
1

∑

j

Nj

lnT (Ei) , (4)

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:

σeff(E) =

∫Ef

Ei

σ(E)EdE

∫Ef

Ei

EdE

, (5)

Here, the subscript j corresponds to each energy

group. The calculated cross section data of this ex-

periment compared with some other experiments and

evaluated data are shown in Fig. 3. They are, in a

way, in agreement.
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Fig. 3. Cross sections compared with former

experiments.

4.3 Energy resolution and uncertainty anal-

ysis

From Eq. (1), we can get the energy resolution as

∆E

E
=

2∆t

t
, (6)

where, the uncertainty (∆t) of the neutron TOF (t)

is composed of uncertainties due to the flight path

(0.02 m), the moderator thickness (0.03 m), the pulse

width of the electron beam (1 µs), the channel width

of the time encoder (0.5 µs), and the time jitter (neg-

ligible small) from the neutron detector. The energy

resolutions for neutron energies of 1, 10 and 100 eV

are 0.65%, 1.01% and 2.63%, respectively.

According to the statistic error of the counting

rates of both the background and sample measure-

ments, the statistic error of cross-sections can be gen-

erated from Eqs. (3) and (4).

During this experiment, the overall statistic error

is less than 5%. The systematic uncertainties came

from the uncertainties of flight path and dead time fit-

ting, background estimation and normalization, etc.

Taking all above into account, the total systematic

error of this experiment is less than 3%.

4.4 Resonance parameters determination

To determine the resonance parameters of each

resonance peak in Fig. 2, we fitted the transmission

data with the SAMMY code [9], which is a multi-level

R-matrix fitting code using Bayes’ equations. In the

Reich-Moore approximation [10], the total cross sec-

tions in the thermal neutron energy region can be

described as follows:

σt=
2πg

k2

{

1−cos2ϕ

(

1−
ΓΓ1

2d

)

−sin2ϕ
Γ1(Eλ−E)

d

}

,

(7)

here, k represents the wave number associated with

the incident channel, φ the potential scattering phase

shift, g the spin statistical factor, E the neutron en-

ergy, and Eλ the resonance energy. Γ and Γ1 are the

sum of the partial widths and the partial width of

decay channel 1, respectively. d can be defined as

d = (Eλ−E)2 +

(

Γ

2

)2

. (8)

SAMMY is a code system for multi-level R-matrix

fitting to experimental data using Bayes’ equations,

with corrections for complex experimental conditions.

As for this experiment, the Doppler as well as the

resolution broadening was taken into consideration,

where the MULTI method was applied. The free

gas model was applied for Doppler broadening, while

the convolution of Gaussian and exponential func-

tions was applied for energy resolution broadening

[9], whose mathematical expression is

RGE (E,E′) =
1

∆E∆G

√
π

∫
∞

E−∆Es

dE0×

exp

{

−
E0−(E−∆Es)

∆E

}

×

exp

{

−
(E′−E0)2

∆2
G

}

, (9)

where the width of Gaussian resolution function ∆G

is given by

∆G = E [aE +b]
1/2

(10)

and the width of exponential resolution function ∆E

is given by

∆E = cE3/2 , (11)

The energy shift ∆Es, which is automatically deter-

mined in the SAMMY code, is introduced in order

to locate the maximum of the broadening function

at E′ = E. The constant value of a, b and c is

1.21×10−6 eV−1, 6.83×10−6, and 8.23×10−4 eV−1/2,

respectively.

Fig. 4. 169Tm data fitting results.



No. 2
WANG Wen-Ming et al: Measurement of

neutron cross sections and resonance parameters of 169Tm below 100 eV 181

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 169Tm, rang-

ing from 1 eV to 100 eV, compared with the rec-

ommended data by Mughabghab, are shown in Ta-

ble 3. It should be noticed that there are some dif-

ferences between these two results. For the energy

resolution of present experimental data is a little bit

poor, the uncertainties of the present work, generated

both from experimental errors and Sammy fitting er-

rors, are accordingly larger than the recommended

parameters by Mughabghab. The spin group of each

resonance is assigned according to the recommended

value by Mughabghab at first, which finally shows no

big problems.

Table 3. New resonance parameters of 169Tm compared with Mughabghab.

E/eV 2gΓn/meV Γγ/meV

Mughabghab present Mughabghab present Mughabghab present

−20.13 −20.16 358±42 86.37 173±21

3.906±0.001 (3.93) 11.2±0.3 (17) 102.4±1.2 (131)

14.32±0.001 14.41±0.03 4.56±0.06 5.4±0.5 97.1±2.0 160±15

17.42±0.001 17.51±0.02 2.87±0.03 3.8±0.5 81.4±3.0 107±12

28.9±0.1 28.9±0.1 0.31±0.03 0.42±0.04 95±20 93±20

34.79±0.05 34.86±0.06 8.8±0.5 14.1±1.0 86±3 113±20

37.51±0.05 37.47±0.05 0.69±0.07 0.8±0.1 (5.0)

44.79±0.05 44.87±0.06 5.2±0.3 7.0±1.0 93±5 97±8

50.58±0.10 50.7±0.3 8.1±0.8 12.0±2.0 79±5 74±5

59.07±0.10 58.5±0.3 15.0±0.9 25±3.0 84±5 66±6

62.97±0.10 62.9±0.2 1.5±0.2 1.2±0.5 78±15 76±15

65.75±0.10 65.90±0.2 56.5±1.5 71±5 83±4 97±15

83.18±0.10 83.53±0.3 11.3±0.6 15±1 85±5 83±10

94.1±0.1 94.6±0.3 48±5 58±8 (4.9)

95.4±0.1 95.6±0.3 1.9±0.2 3.5±1.0 71±20 71±15

5 Conclusions

The total cross sections of 169Tm, ranging from

0.01 eV to 100 eV, were measured at the Pohang Neu-

tron Facility with n-TOF method and a 6Li-ZnS(Ag)

glass scintillator as a neutron detector, whose results

are in good agreement with other experimental data.

The resonance parameters of 169Tm were determined

by fitting the transmission rate with the SAMMY

code below 100 eV with a comparison with the rec-

ommended parameters by Mughabghab.

The authors would like to express their sincere

thanks to the staff of the Pohang Accelerator Labo-

ratory for the excellent operation of the electron linac

and their strong support.
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