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Measurements of the 169Tm(n,2n)168Tm cross section have been performed via the activation technique at

13 energies between 8.5 and 15.0 MeV. The purpose of this comprehensive data set is to provide an alternative

diagnostic tool for obtaining subtle information on the neutron energy distribution produced in inertial con-

finement deuterium-tritium fusion experiments at the National Ignition Facility (NIF) at Lawrence Livermore

National Laboratory. The 169Tm(n,2n)168Tm reaction not only provides the primary 14 MeV neutron fluence,

but also the important down–scattered neutron fluence, the latter providing information on the density achieved

in the deuterium-tritium plasma during a laser shot.

I. INTRODUCTION

For practical reasons monoisotopic chemical elements play

an important role in applied nuclear physics. The rare earth

element thulium with Z = 63 and A = 169 is no exception.

Its (n,2n) Q value of −8.1 MeV and the decay radiation of

the daughter nucleus 168Tm make thulium a convenient diag-

nostic tool for measuring the neutron fluence in laser shots at

the National Ignition Facility (NIF), located at Lawrence Liv-

ermore National Laboratory. There deuterium-tritium (DT)

loaded capsules are bombarded with powerful lasers with the

goal of achieving ignition. Until now this goal has not been

met, and efforts are underway to understand the complicated

physics governing the plasma-laser interaction. Because of

the high instantaneous neutron flux from the d + T → n+α
reaction, traditional neutron time-of-flight techniques employ-

ing even the fasted plastic scintillator based neutron detec-

tors and associated photo-multiplier tubes reach the limits of

their applicability. Therefore, passive methods for neutron

fluence determination are an important alternative [1]. The
169Tm(n,2n)168Tm reaction probes the primary and down-

scattered neutron energy spectrum from the d + T → n+α
reaction with maximum energy of 14.7 MeV. Because of the

high deuterium, tritium, and neutron density within the DT

plasma, there is a finite probability for secondary reactions,

i.e., elastic and inelastic neutron scattering off deuterons and

tritons, resulting in lower energy, so-called down-scattered

neutrons [2]. Valuable information on the plasma density

could be obtained if the 169Tm(n,2n)168Tm cross section is

accurately known. Recent work [3, 4] has focused on the
169Tm(n,3n)167Tm reaction with a Q value of −15.0 MeV.

This reaction probes the reaction-in-flight (RIF) neutrons,

which could have energies up to 30 MeV [5]. Again, their

fluence is a measure of the DT plasma density. Considerably

stronger conclusions can be drawn, however, if both down-

scattered and RIF neutron fluence can be measured simulta-

neously in the same laser shot. This is the main motivation for
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FIG. 1. (Color online) Available literature data and evaluations for

the 169Tm(n,2n)168Tm cross section from threshold to 12.5 MeV.

The horizontal error bars illustrate the spread of neutron energies

used in the experiment.

the present 169Tm(n,2n)168Tm cross-section measurements.

The 169Tm(n,2n)168Tm cross section has been heavily in-

vestigated in the 14 MeV energy range. In contrast, data be-

low this energy are scarce. Figure 1 shows the experimental

information available for the 169Tm(n,2n)168Tm cross section

from threshold up to 12.5 MeV in comparison to the com-

monly used nuclear data evaluations JEFF-3.2, JENDL-4.0

[6], IRDF-2002 and ENDF/B-VII.1 [7]. Focusing on this en-

ergy range, which is important to probe down-scattered neu-

trons at NIF, and ignoring the very early (1960) data of Tewes

et al., we note that in addition to the comprehensive data set

of Frehaut et al.[8] there exist only two data points from Bay-

hurst et al.[9]. In contrast to the vast majority of (n,2n) data

reported in the literature, which are based on the well-known

activation technique, Frehaut et al. detected the outgoing neu-

trons directly, using a sophisticated detector and analysis pro-

cedure, which have not been duplicated by any other group.

The lack of sufficient (n,2n) data below 12 MeV was one of

the main reasons for the present study.
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II. EXPERIMENTAL SETUP AND PROCEDURE

The experimental setup, data taking, and data analy-

sis procedures are identical to those of Ref. [10]. In

short, we used the neutron activation technique to measure

the 169Tm(n,2n)168Tm cross section. The 2H(d,n)3He re-

action was employed to produce mono-energetic neutrons

in 0.5 MeV energy steps between 8.5 and 14 MeV. The
197Au(n,2n)196Au reaction served as neutron fluence moni-

tor. In order to extend the energy range to higher energies, the
3H(d,n)4He reaction was used at 14.8 MeV. At such a high

energy, the 169Tm(n,2n)168Tm and 197Au(n,2n)196Au reac-

tions would be sensitive to so-called breakup neutrons from

the 2H(d,n)3He reaction. In order to avoid making the asso-

ciated corrections, the 3H(d,n)4He reaction with its large Q

value of 17.59 MeV was employed. The TUNL tandem ac-

celerator facility [11] provided and accelerated the deuteron

beams. The thulium samples consisted of 11.1 mm diameter

disks of 0.1 mm thickness. They were positioned at a dis-

tance of 2.5 cm from the end of the deuterium gas cell de-

scribed in Ref. [12], or from the tritiated titanium target foil

described in Ref. [13]. The thulium disks were sandwiched

between two monitor foils of 197Au of the same diameter as

the thulium disks, and 0.025 mm thickness. Irradiation times

varied between 2 hours and 8 hours, depending on neutron

source reaction and energy. After irradiation the thulium and

monitor foils were γ-ray counted in TUNL’s Low-Background

Counting Facility using 25%, 55%, or 60% relative efficiency

(with respect to a 3” × 3” NaI detector) high-purity germa-

nium (HPGe) detectors. The samples were positioned at a

distance of 5.0 cm from the front face of the detectors. The

γ-ray energies of interest and other relevant information are

given in Table I for 169Tm and 197Au. The 168Tm nucleus

undergoes electron-capture to form 168Er.

III. DATA ANALYSIS

Using the Canberra Multiport II data-acquisition system

with associated GENIE software, the activity of the samples

was followed until the initial activity was determined to suf-

ficient accuracy. Figure 2 shows a γ-ray energy spectrum

obtained at En = 11.91 MeV. For comparison, a background

spectrum measured before irradiation is also shown, indicat-

ing a potential interference problem with an environmental

background line in the case of the 184.3 keV transition in
168Er. The well-known 355.73 keV neutron monitor transi-

tion in 196Au was background free. Parts of the relevant level

scheme of 168Er are displayed in Fig. 3. As can be seen,
168Er has strong γ-ray transitions. Figure 4 shows typical

decay curves at selected incident neutron energies for 168Tm

and 196Au. Within uncertainties, the measured decay half-life

times T1/2 agree with the literature values.

The photo-peak efficiency of the HPGe detectors used in

the present work was determined with calibrated test sources.

Typical efficiency data and associated fit results are shown in

Fig. 5.

In order to obtain the cross-section values of interest, the
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FIG. 2. (Color online) γ-ray energy spectra, expanded around the 200

keV region, obtained with a HPGe detector after five hours irradia-

tion with a 11.91± 0.11 MeV neutron beam. The activated sample

spectra is shown in blue and the background spectrum, measured be-

fore irradiation, is shown in red.
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FIG. 3. Partial level scheme for decay of 168Tm, showing all tran-

sitions measured in the present work. All energies are given in keV.

Data taken from Ref. [14].

activation formula [15] is first used to obtain the neutron flux

φn from the measured activity of 196Au,

φn =
Aλ

NσεIγ (1− e−λ ti)e−λ td (1− e−λ tm)
, (1)

where the induced activity A is the total yield in the photo-

peak, N is the total number of target nuclei, ε is the photo-

peak efficiency for the γ-ray energy of interest, Iγ is its in-

tensity, ti is the irradiation time, td is the decay time between

the end of irradiation and the begin of off-line counting, tm
is the measuring time. The cross-section values, σ , for the
197Au(n,2n)196Au reaction were taken from Ref. [16].

Next, the activation formula is employed once more,

this time with the induced activity of the 169Tm foils



3

TABLE I. Relevant data for the reactions of interest in the present work

Reaction Threshold Half-Life Isotopic Eγ Iγ

[MeV] Abundance [keV] [%]
169Tm(n,2n)168Tm 8.082 93.1 (2) d 100 184.295 (2) 18.15 (16)

198.251 (2) 54.49 (16)

447.515 (3) 23.98 (11)

815.989 (5) 50.95 (16)
197Au(n,2n)196Au 8.114 6.1669 (6) d 100 355.73 (5) 87
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FIG. 4. (Color online) Measured decay curves of the (a) 168Tm 198

keV activity after irradiation with 12.41 MeV neutrons and (b) 196Au

355 keV activity after irradiation with 12.90 MeV neutrons. The data

are fit to an exponential decay (red curves).

and φn obtained as described above, to determine the
169Tm(n,2n)168Tm cross section of interest:

σ =
Aλ

NφnεIγ(1− e−λ ti)e−λ td (1− e−λ tm)
, (2)

where the notations follow those of Eq. (1).

We restricted ourselves to the strongest (198.251 keV) tran-

sition. As pointed out already, the 184.295 keV transition is

affected by a background line. The 815.989 keV γ-ray has

a similar intensity as the 198.251 keV transition, but its de-
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FIG. 5. (Color online) Measured efficiency data and fit (red curve)

using a mixed γ-ray source positioned 5 cm away from the face of

a 55% relative efficiency HPGe detector. The efficiency was fit to a

function of the form ∑3
i=0 εi ln(E)i, where εi are free parameters.

tection efficiency is more than a factor of three lower than

that of the 198.251 keV. The transitions at 447.515 keV and

815.989 keV also required larger summing corrections than

the 198.251 keV γ-ray line. The coincidence summing cor-

rections for the 198.251 keV transition varied between 1.5%

an 4.5%, depending on the HPGe detector used to record the

induced activity. The summing correction was confirmed by

taking data with the same sample at 5 cm and 15 cm from

the detector face. This was easily achievable given the long-

lived activity of 168Tm. For measurements made at a 15 cm

distance, summing effects were found to be negligible. When

determining final cross-section values, the summing effects

were corrected for accordingly.

It should also be noted that the 447.515 keV transition

yield consistently gave smaller cross-section values than the

198.251 or 815.989 keV transitions, indicating a problem with

the published Iγ value. With the sample positioned 15 cm from

the detector, the intensity ratio of the two strongest γ-ray tran-

sitions in 168Er, 198.251 keV and 815.989 keV, was consistent

with the literature value [14], within our experimental uncer-

tainties. The intensity ratio of the 198.521 keV γ ray and the

third strongest transition at 447.515 keV, however, was mea-

sured to be 2.60± 0.08, in contrast to the literature intensity

ratio of 2.27± 0.02.
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TABLE II. 169Tm(n,2n)168Tm reaction: neutron energy and asso-

ciated energy spread, 197Au(n,2n)196Au reaction cross-section data

used for determining the neutron fluence, and cross-section results

obtained for the 169Tm(n,2n)168Tm reaction

Neutron energy Monitor 169Tm(n,2n)168Tm

[MeV] σ [mb] σ [mb]

8.43 ± 0.12 77.85 ± 6.34 133.4 ± 12.4

8.93 ± 0.12 304.9 ± 11.8 401.3 ± 23.9

9.43 ± 0.12 651.5 ± 21.8 825.0 ± 56.6

9.93 ± 0.11 978.8 ± 29.7 1149.3 ± 74.4

10.42 ± 0.10 1222.1 ± 35.8 1321.9 ± 78.5

10.92 ± 0.12 1420.8 ± 39.2 1467.1 ± 53.6

11.41 ± 0.11 1577.6 ± 41.9 1584.3 ± 66.0

11.91 ± 0.11 1713.3 ± 43.6 1697.4 ± 69.3

12.41 ± 0.11 1834.6 ± 43.9 1807.6 ± 69.7

12.90 ± 0.10 1944.1 ± 41.7 1923.6 ± 68.4

13.40 ± 0.10 2043.7 ± 34.2 1982.4 ± 68.6

13.90 ± 0.09 2119.9 ± 25.3 2058.4 ± 67.1

14.80 ± 0.06 2164.2 ± 22.8 2068.2 ± 70.9

IV. RESULTS

Results for the 169Tm(n,2n)168Tm reaction cross section

are shown in Fig. 6 in comparison to the existing data and

evaluations. Our data confirm those of Frehaut et al., the only

previously available comprehensive data set below 12 MeV

neutron energy, as well as the two data points of Bayhurst et

al. With our improved accuracy, the 169Tm(n,2n)168Tm cross

section is now very well determined in this energy range above

the reaction threshold. At higher energies our data agree very

well with the average of the existing data in the 13 to 15

MeV energy region. The existing evaluations all meet at 14

MeV. The largest difference between them can be seen in the

11 MeV energy region. Here the IRDF-2002 evaluation fol-

lows the trend of the experimental data, while the JENDL-4.0

and ENDF/B-VII.1 evaluations are somewhat higher in the 11

MeV to 12 MeV energy range. There is hardly any difference

between the JENDL-4.0 and ENDF/B-VII.1 evaluations. The

JEFF-3.2 evaluation over estimates all data below 12 MeV.

An excellent agreement was found using the TALYS-based

evaluated nuclear data library (TENDL-2015) [17]. TENDL

uses the output of the TALYS nuclear model calculation and

is shown in Fig. 7, along with the present data. The largest de-

viation between our data and TALYS comes near threshold at

the 8.43 MeV data point. Otherwise, the excellent agreement

indicates that cross-section data are well modeled by TALYS

and the default parameters are well chosen in this mass range.

Our results are presented in numerical form in Table

II. The first column gives the mean neutron energy. The

second column provides the monitor reaction cross-section

data used to obtain the results given in column 3 for the
169Tm(n,2n)168Tm cross section. The uncertainty budget is

summarized in Table III.

TABLE III. Uncertainty budget

Uncertainty Tm [%] Monitors [%]

Counting statistics 0.1-1.6 0.03-0.60

Reference cross section - 1.1-8.1

Detector Efficiency 0.81-7.77 2.4-4.8

Half-life 0.21 0.01

γ-ray intensity - 0.29

Coincidence summing 3-5 1-3

Source geometry and

Self-absorption of γ rays <0.5 <0.5

Irradiation time <0.5 <0.5

Decay time <0.5 <0.5

Counting time <0.5 <0.5

Neutron flux fluctuation <0.5 <0.5

V. CONCLUSION

This work presents an accurate and comprehensive cross-

section data set for the 169Tm(n,2n)168Tm reaction from

threshold to 15 MeV. The present data favor the IRDF-

2002, ENDF/B-VII.1 and JENDL-4.0 evaluations over those

of JEFF-3.2. The results of our measurements provide an im-

proved basis for determining the down-scattered neutron flu-

ence component obtained in laser shots on DT capsules at NIF.

This diagnostic tool is expected to give valuable information

on the density of the inertial confinement fusion plasma.



5

 

σ 
(b

)

0

1

2

 

Neutron Energy (MeV)
4 8 12 16

 

JEFF - 3.2
JENDL - 4.0
IRDF - 2002
ENDF/B-VII.1
Chuanxin Zhu 2011
Xiangzhong Kong 1997
S. Iwasaki 1994
C. Konno 1993
Xiuyuan 1989
J. Laurec 1981
L. R. Greenwood 1987
L. Hanlin 1985
J. Frehaut 1980
L.R. Veeser 1977
B.P. Bayhurst 1975
W. Dilg 1968
D. G. Vallis 1966
S.M. Qaim 1974
A.A. Druzhinin 1972
A. Bari 1971
D. S. Mather 1972
R. Vos 1973
D. R. Nethaway 1972
H. A. Tewes 1960
Present Data

FIG. 6. (Color online) 169Tm(n,2n)168Tm cross-section data in comparison to evaluations and previous data. The horizontal error bars indicate

the neutron energy spread for the present experiment.
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region showing the range of results achieved by varing the parame-

ters.
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