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The '*Tm(n,2n)'%Tm and '*Tm(n,3n)'"Tm cross sections have been measured in the neutron energy
range between 15 and 21 MeV using the H(d,n)*He neutron source reaction. The '9°Tm(n,3n)'®’ Tm data
are intended to provide an accurate database for interpreting so-called reaction-in-flight neutron yields, which
provide a sensitive tool for studying properties of the deuterium-tritium plasma created in inertial confinement
fusion laser shots at the National Ignition Facility at Lawrence Livermore National Laboratory. The data are
compared to previous data and evaluations for the reaction studied, and are found to be in good agreement with
the ENDF/B-VIILO evaluation, although small adjustments are necessary for the ' Tm(n,3n)'®’ Tm reaction.
For the first time in any (n,2n) cross-section measurements to date, a comprehensive data set ranging from
threshold to 21 MeV has been obtained by the same group.

I. INTRODUCTION

The recent interest in the (n,2n) and (n,3n) reactions on
19Tm was triggered by the prospect of using the associated
cross-section data as diagnostic tools to better understand the
complicated physics governing the deuterium-tritium (DT) in-
ertial confinement fusion (ICF) plasma at the National Igni-
tion Facility (NIF) at Lawrence Livermore National Labora-
tory. The small DT loaded capsules are positioned at the
center of a hohlraum, which when bombarded with power-
ful lasers at NIF, produces not only 14.1 MeV neutrons via
the *H(d,n)*He fusion reaction (in the following also called
the DT reaction), but also neutrons of higher energies. Such
neutrons can only be created at sufficiently high DT and neu-
tron densities, which will allow deuterons and tritons to obtain
enough kinetic energy after neutron elastic scattering within
the capsule to initiate the DT reaction at MeV energies rather
than at the few keV of energy provided by the X-rays in the
hohlraum after a laser shot [1]. These high-energy neutrons
are often referred to as reaction-in-flight (RIF) neutrons. Be-
cause the fluence of the RIF neutrons with expected maxi-
mum energies of close to 30 MeV is many orders of magni-
tude smaller than that of the primary 14.1 MeV neutrons, it is
a challenge to properly detect them. Standard neutron detec-
tion methods, including the well-established neutron time-of-
flight technique are not applicable at NIF in high-yield laser
shots due of the high instantaneous 14.1 MeV neutron flux,
creating conditions well beyond the capabilities of even the
fasted counting techniques. Therefore, currently only pas-
sive methods are suitable for neutron fluence determination
in high-yield DT shots at NIF [2]. The '®Tm(n,2n)'%Tm
and 'Tm(n,3n)'7Tm reactions are important candidates for
this approach, which is based on the neutron activation tech-
nique. The ' Tm(n,2n)'%Tm reaction with its threshold en-
ergy of 8.1 MeV probes the primary and down-scattered neu-
tron energy spectrum from the H(d,n)*He reaction, while
the '%°Tm(n,3n)'®’Tm reaction with its threshold energy of
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15.0 MeV can only be initiated by the RIF neutrons. The ratio
of RIF neutrons to primary DT neutrons can provide valu-
able information on the DT plasma density achieved in ICF
laser shots, in addition to more subtle effects. See Ref. [3] for
more information on this topic. Therefore, it is not surprising
that these two reactions have received considerable attention
during the past five years, because their cross sections must
be known accurately as a function of incident neutron energy
in order to provide a sensitive diagnostic tool in ICF plasma
studies.

First, in 2016 Champine et al. [4] reported new data
for the 'Tm(n,2n)'¥Tm and '®Tm(n,3n)'’Tm reac-
tions between 17 and 22 MeV incident neutron energy.
Shortly afterwards, Gooden et al. [5] published data for the
169Tm(n,3n)'®Tm reaction between 23.5 and 30.5 MeV. Fi-
nally, Soter et al. [6] concentrated on the ' Tm(n,2r)'%Tm
reaction from threshold to 15 MeV. In the work of Champine
et al. and Soter et al., the ?H(d,n)*He reaction was used,
while the work of Gooden et al. employed the 3H(d,n)*He
reaction. All three experiments were performed at the Tan-
dem Laboratory of the Triangle Universities Nuclear Labora-
tory (TUNL) [7]. They employed the well-known activation
technique, i.e., after irradiation of the natural, mono-isotopic
thulium samples, the induced y-ray activity was measured
with HPGe detectors of known efficiency at TUNL’s low-
background counting facility. For each transition of interest,
published y-ray intensities Iy are necessary to convert the mea-
sured y-ray counts into activity of the reaction product.

As stated already, the work of Champine ef al. used the
’H(d,n)*He reaction as a neutron source. At the high
deuteron energies needed to produce neutrons above 17 MeV,
neutrons from the deuteron break-up reaction on structural
materials of the deuterium gas cell and the deuterium gas itself
create a substantial contamination of the monoenergetic neu-
tron flux from the ?H(d, n)*He reaction, resulting in large cor-
rections to the '%°Tm(n,2n)'%Tm cross-section data. The un-
certainty in these corrections dominate the overall uncertainty
of the 'Tm(n,2n)'%Tm data reported in Ref. [4], limiting
their importance compared to the already existing literature
data in this energy range. It should be pointed out, however,
that the '%Tm(n,3n)'%’Tm cross-section data, the major con-



TABLE I. Relevant nuclear data for the (n,2n) and (n,3n) cross-
section determination of '*Tm [4, 12-14]. Note that both ' Tm
and '7 Au are monoisotopic, having natural abundance of 100%.

Reaction Threshold Half-life Ey Iy
MeV) (d) (keV) (%)

19Tm(n,2n) 18 Tm  8.082  93.1(2) 184.295 (2) 18.15 (16)

198.251 (2) 54.49 (16)

447.515 (3) 23.98 (11)

815.989 (5) 50.95 (16)

19Tm(n,3n)'7Tm  14.963  9.25(2) 207.801 (5) 41.9(16)*
197 Au(n,2n)'%Au 8.114  6.1669 (6) 355.73 (5)  87(3)

4 This value is the result of a new measurement from Ref. [4], while all
other values are from Refs. [12—-14].

tent of the work of Champine et al., are not affected by the
so-called deuteron break-up neutrons due to the high reaction
threshold of 15.0 MeV.

In order to provide higher quality data for the
169Tm(n,2n)'%Tm reaction in the 15 to 21 MeV incident
neutron energy range, the present work used the 3H(d,n)*He
reaction as monoenergetic neutron source. Because of its
large Q-value of +17.6 MeV, deuteron break-up reactions
are not an issue. As a by-product, cross-section data for the
169Tm(n,3n)'%Tm reaction were obtained as well. Because
the present work is a continuation and extension of the
work of Soter et al. [6], using the same experimental setup,
except for the *H(d,n)*He neutron source reaction, and the
same data-acquisition and data-analysis procedures, only a
very brief description is given in the following Sec. II. The
main emphasis is on the new results and their comparison to
existing data and model and evaluations presented in Sec. II1.
Finally, Sec. IV provides a brief summary and concluding
remarks.

II. EXPERIMENTAL SETUP, DATA-ACQUISITION AND
ANALYSIS

The neutron activation technique [8, 9] was used to mea-
sure the 'Tm(n,2n)'%Tm and 'Tm(n,3n)'®"Tm cross
sections. A tritiated titanium foil was bombarded by deuteron
beams provided by the model FN tandem accelerator at TUNL
to produce monoenergetic neutron beams via the *H(d,n)*He
reaction at 12 energies between 14.8 and 21.1 MeV. The tri-
tiated titanium target is described in Ref. [10]. Thulium foils
of 7/16” diameter and 0.1 mm thickness were positioned at a
distance of 2.5 cm from the end of the tritiated titanium foil.
They were sandwiched between two gold foils of the same
diameter as the thulium foils and thickness of 0.025 mm in
order to use the '°7Au(n,2n)'°°Au [11] reaction as neutron
fluence monitor. Unique foils were used for each neutron en-
ergy due to the long ' Tm half-life. The irradiation times
increased from approximately two hours at 14.8 MeV to ap-
proximately eight hours at 21.1 MeV to account for the de-
crease of both the neutron yield from the *H(d,n)*He reaction
and the '9°Tm(n,2n)'%8Tm cross section.

After irradiation, the foils were y-ray counted on one of
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FIG. 1. Measured y-ray spectrum at E,, = 20.15 MeV. The 184.295
and 198.251 keV transitions from the '®*Tm(n,2n)'%Tm reaction
and the 207.801 keV transition from the '%°Tm(n,3n)'%" Tm reac-
tion may be clearly seen, and are easily distinguished using the high
resolution of the HPGe detector. The 184.295 keV transition was not
utilized in this work due to contamination by the naturally occurring
background 7 ray at 185.715 keV, resulting from the o decay of 23U
in the HPGe detector shielding.

three different HPGe detectors of either 55% or 60% relative
efficiency (compared to a 3” x 3” Nal detector). These detec-
tors all have similar specifications (n-type Ortec HPGe detec-
tors with a thin beryllium window) and utilize the same data
acquisition system. Only small differences in the crystal size
differentiate the three detectors. Long counting periods were
required to accumulate statistics on '%¥Tm (¢, ,2=93.1d), and
the use of only one HPGe detector would have severely lim-
ited the counting throughput. In order to reduce y-ray sum-
ming effects, the foils were positioned at a distance of 5 cm
from the front face of the HPGe detector. The same proce-
dure was followed in the previous work [6]. Table I provides
relevant information on the spectroscopic data needed to com-
pute the cross sections of interest using the activation formu-
lae (1) and (2) of Ref. [6] with the y-ray yields, the measured
HPGe detector efficiency obtained from a mixed y-ray source
[15] of known activity, containing 10 isotopes ranging from
2T Am (55.9 keV) to Y (1836.1 keV), and applying small
corrections for self-absorption, finite-geometry and summing
effects.

III. RESULTS AND COMPARISON TO PREVIOUS DATA
AND EVALUATIONS

Figure 2 shows the available experimental data for the
19Tm(n,2n)'%Tm cross section from threshold up to 24
MeV in comparison to the commonly used nuclear data eval-
uations JEFF-3.3 [16], JENDL-4.0 [17], IRDFF-II [11] and
ENDF/B-VIIIL.O [18]. Here, we concentrate on neutron ener-
gies between 15 and 21 MeV, the energy range of the present
data (blue circles). In contrast to the 14 MeV energy region,
the previously existing data above 15 MeV are less abundant
and exhibit smaller deviations from each other. The present
data follow the trend established by the data sets of Veeser et
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FIG. 2. (Color online) The present measurements of the 169Tm(n, 2n) 168 T cross section compared to previous measurements and evaluations.

Only measurements spanning multiple neutron energies are shown.

al. [19] and Hanlin et al. [20], while the datum of Bayhurst
et al. [21] just below 17.5 MeV is clearly somewhat high, as
is one of the two data points of Ref. [21] near 16 MeV. Our
data also clearly show the improved accuracy achieved in the
present work compared to the very recent work of Champine
et al., which utilized the ?H(d, n)*He neutron source reaction
with its deuteron breakup-neutron contamination and associ-
ated fairly large correction uncertainty. The datum of Uno et
al. [22] near 20 MeV follows the trend of our data, while the
data of Iwasaki et al. [23] near 18 and 19.5 MeV are clearly
too high.

Table II provides our results in numerical form. Here,
the first column gives the mean neutron energy and as-
sociated energy spread. The second column presents
the '7Au(n,2n)'"®Au cross section values used to ob-
tain the cross-section results of interest, followed by our
169Tm(n,2n)'%Tm cross-section results and their uncertain-
ties in the third column. The total uncertainty in our
169Tm(n,2n)'%Tm data varies between 5.6 and 6.5%, which
includes uncertainties from the nuclear data inputs. These nu-
clear data uncertainties include the '°7 Au(n,2n)'°°Au refer-
ence cross section and y-ray intensities, which contribute an
uncertainty of 3.6-4.8%. The remaining experimental uncer-
tainty varies from 4.3 to 4.6%, and is governed by the un-
certainty in the y-ray detection efficiency (3.1%), coincidence
summing correction (2.5%), and counting statistics. A de-

tailed uncertainty budget is shown in Table III. In addition
to the sources of uncertainty, the correlation between uncer-
tainties at different incident neutron energies is provided. We
note that the largest sources of uncertainty, the y-ray intensi-
ties, the HPGe detector efficiency, and coincidence summing
correction, are highly or fully correlated between measure-
ments. Although three different HPGe detectors were used,
all detectors were calibrated using the same y-ray source and
procedure.

Concentrating on the comparison of the '°Tm(n,21)'¥Tm
cross-section data to the standard nuclear data evaluations
above 15 MeV, we note that shifting the JEFF-3.3 evaluation
to a higher energy by approximately 100 keV would result in
a much better representation of the experimental data. The
other three evaluations, JENDL-4.0, IRDFF-II, and ENDF/B-
VIII.O, are in very close agreement to each other above 12
MeV. The energy range below 15 MeV has already been dis-
cussed in Ref. [6]. Overall, IRDFF-II seems to provide the
best representation of the experimental '®*Tm(n,2n)'%Tm
cross-section data in the entire energy range from threshold
to 25 MeV.

The reason why we have obtained more '%Tm(n,2n)'%Tm
cross-section data in the 17 MeV neutron energy re-
gion than below and above this energy is related to the
169Tm(n,3n)'%"Tm reaction. Figure 3 shows the available ex-
perimental cross-section data for the '*Tm(n,3r)!"Tm re-



TABLE II. Reported cross section measurements on 1%Tm, and
the 197 Au(n,2n)'°% Au reference cross section utilized, taken from
IRDFF-II [11]. The reported uncertainty on the neutron energy rep-
resents the spread of the beam. The 198.251 keV transition from the

decay of '%8Tm was used to produce the present results.

E, O7Au(n,2n)  Tm(n,2n) 1 Tm(n,3n)
(MeV) (mb) (mb) (mb)

14.8+0.06 2164.5+22.3 2042.8+114
15.7£0.11 2163.5+42.7 2046.9+£119
16.5+£0.11 2100.8+£46.0 1949.6+115 53.2+39
16.75+£0.11  2060.0£45.5 1903.4+117 147.7+£10.8
16.954+0.11 2019.1+£44.5 183594110 196.3+14.3
17.2+0.11 1957.8+£40.8 1779.1+£106  208.6+15.0
17.25£0.11 1944.0£44.5 1754.6+£104 285.7+£20.4
17.65+£0.10 1821.0£35.8 1689.9+£99.7 492.5+34.6
18.05+0.10 1679.4£32.9 1338.2+79.0 600.9+42.7
18.8+£0.10 1397.34+£27.2 12343+72.8 851.5£59.9
20.15+£0.10  965.0+28.2 760.0+48.0 1040.8+76.8
21.1+£0.10 756.6 £24.9 717.4+47.0 1269.4+£96.2

TABLE III. Uncertainty budget for the present measurements. In
addition to the individual sources of uncertainty, the correlation be-
tween individual neutron energies is provided.

Uncertainty (%)  Correlation
197 Au cross section 1.0-3.3
196 Ay y-ray intensity 3.45 1
168 T y-ray intensity 0.29 1
167Tm y-ray intensity 3.82 1
168Tm Half-life 0.21 1
167Tm Half-life 0.21 1
Counting statistics 1.0-2.4 0
Detector efficiency 3.1 0.7
Coincidence summing 2.5 1
Source geometry and
Self-absorption of yrays <0.5 1
Target mass <0.1 1
Activation times <0.5 0
Neutron flux fluctuation  <0.5 0

action from threshold to 30 MeV in comparison to our data
(blue circles) in the 16.5 to 21 MeV energy range. Our data
are in good agreement with the very recent data of Champine
et al. [4] and all the other previous experimental data below
21 MeV, except for the two data of Bayhurst et al. [21] near
20 and 21 MeV. As noticed already for the ' Tm(n,2n)'%Tm
reaction, the more than 40 years old data of Veeser et al. [19]
are in nice agreement with our data, which are presented in
numerical form in the 4th column of Table II. Here, the
individual contributions to the overall uncertainty associated
with our data is similar to those discussed already for the
169Tm(n,2n)'%Tm reaction. The total uncertainty is 7.0-
7.6%, which includes a 5.5-6.1% contribution from the nu-
clear data inputs (the reference cross section and y-ray inten-
sities). The remaining experimental uncertainty is 4.4-4.7%.
The "% Tm(n,3r)'7Tm cross section is now very well deter-
mined in the RIF energy region up to approximately 18 MeV,
an energy region more easily accessible in ICF shots at NIF

than the higher energy RIF neutrons.

Turning now to the evaluation we note that the JEFF-
3.3 evaluation is in disagreement with all experimental data
below 20 MeV. In contrast to the '*Tm(n,2n)'%¥Tm reac-
tion, the IRDFF-II evaluation is in excellent agreement with
the '%Tm(n,3n)'®’Tm data up to almost 25 MeV, while the
ENDEF/B-VIIL.O evaluation is somewhat low in the 18 MeV
energy region. Above 21 MeV, the highest neutron energy
used in the present work, all evaluations shown provide lower
cross-section values than found in the recent work of Gooden
et al. [5].

As the present data, combined with the previously pub-
lished '%Tm(n,2n)'%Tm data [6], spans two reaction thresh-
olds and is all taken in a self-consistent manner, a valuable
comparison may be made to theory models. This compar-
ison was performed using the available models in TALYS
[24]. Of the reaction parameters available, the level den-
sity model used was found to have the most relevant impact
on the ' Tm(n,2r)'Tm and '*Tm(n,3n)'%Tm cross sec-
tions. TALYS’s default level densities are the constant tem-
perature plus Fermi gas model [25] or the back-shifted Fermi
gas model with a normalization factor for the average radia-
tive width of I'y, = 0.9 [26]. Calculations using these two level
densities are shown by the orange and green curves in Fig. 4,
respectively. The best fit to our data was found using the re-
cent microscopic level density, calculated using a the temper-
ature dependent Hartree-Fock-Bogoliubov plus Gogny force,
from Hilaire’s combinatorial tables [27], shown by the pur-
ple curve in Fig. 4. Hilaire’s microscopic model fits our data
very well, and is a marked improvement over the Fermi gas
models. This warrants a further investigation using measured
reaction cross section data at vastly different atomic numbers.

IV. SUMMARY AND CONCLUSION

The 'Tm(n,2n)'%Tm cross-section data obtained in the
present work are a continuation of the work of Soter et al. [6]
to extend the highest neutron energy from 15 to 21 MeV.
The present data together with the previous data of Soter et
al. present a comprehensive data set from threshold to 21
MeV. This has never been accomplished in any (n,2n) experi-
ments to date. The data of Bayhurst e al. [21] on many nuclei
have been the “gold standard”, but they have a gap between
approximately 9 and 13 MeV, although they extend beyond
21 MeV, the highest energy in our present work. The advan-
tage of a large and comprehensive data set is the fact that the
size of potential systematic effects is common to all individual
data points, making it easier for an evaluator to interpret the
data as opposed to data sets from different sources and cover-
ing smaller energy ranges. The present data are in very good
agreement with the ENDF/B-VIIIL.O evaluation.

The present '*Tm(n,3n)'’Tm cross-section data in the
energy range between 16.5 and 21 MeV provide an accurate
database to help interpreting RIF neutron yields at NIF. Our
data are in excellent agreement with the data of Veeser et al.
[19], supporting the observation that the ENDF/B-VIIL0 eval-
vation predicts slightly lower cross-section values than ob-
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FIG. 3. (Color online) The present measurements of the 169Tm(n7 3n) 167Tm cross section compared to previous measurements and evaluations.
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FIG. 4. (Color online) The present measurements of the

19Tm(n,2n) ' Tm and '°Tm(n,3n)'®’Tm cross sections com-
pared to different TALYS models. See text for a discussion of the
models.

tained in our present work between 17.5 and 19 MeV, in con-
trast to the IRDFF-II evaluation which describes our data very
well in the entire energy range investigated. Once higher en-
ergy RIF neutrons become available at NIF, it would be im-
portant to extend the '9°Tm(n,3n)'®’Tm cross-section mea-
surements to cover the energy range between 25 and 30 MeV,
where experimental data are scarce and discrepant.
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