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Abstract 

Recent studies exhibit discrepancies at keV and MeV energies between major 
nuclear data libraries for 238U(n,), 232Th(n,) and also for (n,xn) reactions. We have 
extended our initial (n,) measurements on 235,238U to higher neutron energies and 
to additional reaction channels. Neutron-induced reactions on 232Th and 238U were 
measured by a combination of the activation technique and atom counting of the 
reaction products using accelerator mass spectrometry (AMS). Natural thorium and 
uranium samples were activated with quasi-monoenergetic neutrons at IRMM. 
Neutron capture data were produced for neutron energies between 0.5 and 5 MeV. 
Fast neutron-induced reactions were studied in the energy range from 17 to 22 MeV. 
Preliminary data indicate a fair agreement with data libraries; however at the 
lower band of existing data. This approach represents a complementary method 
to on-line particle detection techniques and also to conventional decay counting. 

Introduction 

Cross-sections for neutron-induced reactions are a basic nuclear property and 
accurate knowledge of nuclear data is crucial for many applications, in particular for 
nuclear technology. Advanced future reactor concepts are based on fast and epithermal 
energy regimes where nuclear data information is limited or discrepant, mainly because 
only a small number of facilities can produce appropriate neutrons for such studies.  
Thus, high demand exists to confirm previous measurements or to produce new nuclear 
data for this energy region. Here we focus on nuclear reactions leading to long-lived 
reaction products in the actinide mass region, in particular Th and U. Existing data for 
neutron-induced reactions on U and Th have been measured via detection of the prompt 
radiation, by the activation technique and by detection of emitted particles (Jandel, et al., 
2012; Guerrero, et al., 2012). A major difficulty in these experiments is, however, the 
discrimination against the strong -background (e.g. from the competing fission channel) 
or unfavourable decay schemes. Until recently, no measurements have been performed 
for such reactions applying the technique of accelerator mass spectrometry (AMS) 
(Wallner, et al., 2011, 2014; Wang, et al., 2013). Indeed AMS was applied in the “early days”  
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of AMS in the late 1970s for a nuclear reaction study [26Mg(p,n)] (Paul, et al., 1980), though 
it took some 25 years (2005) until it became more widely used for studying some nuclear 
reactions of relevance to nuclear astrophysics (Nassar, et al., 2005; Wallner, 2010). 

Long-lived radionuclides are difficult to measure in standard activation experiments 
due to their low activities. This shortcoming can be overcome by using mass spectrometric 
techniques for measuring directly the number of produced radionuclides rather than their 
decay: AMS is an atom-counting technique, thus is independent of the half-life of the 
nuclide counted. It is usually applied in quantifying long-lived radionuclides (t1/2 > years) 
where decay counting is limited due to low decay rates. Such long-lived nuclides might 
be either the direct product of a reaction, or a decay product of a directly produced 
short-lived nuclide. 

Figure 1: Chart of the nuclides relevant for neutron-induced reactions on Th and U 

Excerpt from Karlsruhe Chart of the Nuclides (Magill, Pfennig and Galy, 2009) 

 

The main advantage of AMS (Synal, 2013; Kutschera, 2013) compared to other mass 
spectrometric techniques is the use of particle accelerators. This additional accelerator, 
coupled to two mass spectrometers (low-energy and high-energy component), completely 
suppresses any molecular interference and for a few cases isobaric interference is excluded 
as well, and hence highest sensitivities are obtained. A disadvantage is that AMS may 
require elaborate sample preparation and is a costly technique and, like all mass 
spectrometric techniques, it is sample-destructive. 

One important feature is that AMS detection depends on different systematic 
uncertainties compared to standard techniques (Wallner, et al., 2012). Neglecting 
radioactive decay, the isotope ratio Nproduct/Ntarget generated in an activation experiment is 
directly related to the cross-section for a specific reaction and to the neutron fluence  
[see Eq. (1)]. Depending on the cross-section value, isotope ratios between 10–10 and 10–15 
are typically produced in such activations: 
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For example, assuming a cross-section of 100 mbarn and exposing a sample to a 
neutron fluence of 1013 n cm–2 results in an isotope ratio of 10–12. This combination of 
activation and AMS allows the production of data with typical uncertainties between 
2 and 10% largely depending on the isotope of interest (Wallner, 2010). 
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Recent AMS studies on 232Th and 238U 

We have extended our initial neutron capture measurements on 235,238U (Wallner, et al., 
2011, 2014) to higher neutron energies and to additional reaction channels. These 
measurements were performed through the transnational access activities offered within 
the framework of the European EUFRAT programme (EC, n.d.a). Importantly, utilising 
different neutron-producing reactions in combination with four independent AMS 
facilities allowed us to study in detail potential systematic uncertainties hidden in such 
measurements. 

Natural uranium and thorium samples were exposed to neutrons of energies between 
0.5 and 21 MeV at IRMM (Semkova, et al., 2009) utilising three different neutron-generating 
reactions. A proton or deuteron beam of a few A intensity, accelerated by a Van de Graaff 
accelerator, bombarded a deuterium or tritium target: neutrons with mean energies of 0.5, 
1.0 and 2.1 MeV were produced via the (T,p) reaction; and with mean energies of 2.1 and 
5 MeV via the (d,d) reaction, thus data at 2.1 MeV could be deduced from two independent 
irradiations. Higher neutron energies between 13 and 21 MeV were available via the (d,T) 
reaction (see Tables 1 and 3). 

The longer-lived nuclides produced in these irradiations were subsequently quantified 
by AMS at different laboratories: the VERA laboratory, University of Vienna (Steier, et al., 
2010); ETH Zurich (Christl, et al., 2013); ANSTO, Sydney (Hotchkis, et al., 2013); and HIAF at 
the ANU, Canberra (Fifield, et al., 2010). Most AMS measurements are now finished and 
data evaluation is in progress. Some preliminary data are given below for two cases: 
i) 232Th(n,2n) in the energy range from 17.5 to 22 MeV; ii) neutron capture on 232Th and 238U 
for energies between 0.5 and 5 MeV. 

Table 1: Summary of recent IRMM irradiations with subsequent  
AMS studies in the mass range from W to U (EUFRAT programme) 

Experiment Reaction studied Energy (MeV) AMS facility 

I 204Pb(n,3n)202gPb 18/20.5 VERA (Wallner, et al., 2013) 

IIa, IIb 232Th(n,2n)231Th 17.55/18.8/20.05/22.0 VERA/ETH/ANSTO 

IIa, IIb 232Th(n,4n)229Th 17.55/18.8/20.05/22.0 VERA/ETH 

IIa, IIb 232Th(n,) 229Ra  229Th 17.55/18.8/20.05/22.0 VERA/ETH 

IIa, IIb 238U(n,3n)236U 17.55/18.8/20.05/22.0 VERA 

III 232Th(n,)233Th 0.5/1/2.1/2.1/5 ANU 

III 238U(n,)239U 0.5/1/2.1/2.1/5 ANU 

IV 186W(n,n)182Hf 21 ANU – in progress 

 

232Th(n,x) and 238U(n,x) – Irradiations with fast neutrons at IRMM 

A particular feature of the U and Th isotopes are the low (n,2n) and (n,3n) thresholds. 
Even the (n,4n) reaction could be studied. For instance (n,3n) channels are open below 
12 MeV neutron energy. In addition, (n,) reactions have no reaction threshold at all. 
While plenty of experimental data exist for the 238U(n,2n) reaction, above 15 MeV only a 
limited number of data points is available, and no data exist above 19 MeV. The 238U(n,3n) 
reaction exhibits discrepancies between JEFF-3.1 (Koning, et al., 2011) and ENDF/B-VII 
(Chadwick, et al., 2011; Shibata, et al., 2011), and above 15 MeV only one experiment has 
been performed so far. In general, knowledge for 232Th is practically limited to (n,2n), and 
even for that reaction there are large discrepancies around 14 MeV neutron energy. Like 
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232Th(n,4n), the reaction 232Th(n,)229Ra leads to the production of the longer-lived 229Th 
isotope. Both reactions can be measured directly via the isotope ratio 229Th/232Th. Due to 
the expected very small cross-sections (barn to mbarn) in case of the (n,) reaction, 
quite low isotope ratios were expected from such irradiations. 

From the theoretical point of view, the dominant mechanism of (n,2n) emission in 
actinides above 16 MeV incident neutron energies is the pre-equilibrium or direct 
interaction of neutrons with target nuclei. An accurate measurement of multiple neutron 
emission above 16 MeV thus allows for a much better understanding of the pre-equilibrium 
emission in heavy nuclei. Within this project we aimed to demonstrate the potential of 
AMS for such fast neutron-induced reactions on Th and U, which will also allow exploring 
the limits for other isotopes and reactions in this mass region. 

We used natural thorium and uranium samples that were found to be low in their 
natural content of the potential nuclear reaction products: for U the same sample 
material was available that was previously utilised for our initial 235U(n,) and 238U(n,) 
measurements [IRMM BC0206-1 (Verbruggen, et al., 2007)], kindly provided by St. Richter 
from IRMM (low in 236U and 233U). Similarly, commercial ThO material from Merck was 
found suitable; i.e. the content of 229Th, 231Pa and 233U was below the detection limit. 

Owing to the high sensitivity of AMS these measurements require small sample 
masses of typically 30 mg. Two sample activations of 50 and 150 hours, respectively, were 
performed at IRMM with two pellets each of thorium-oxide and uranium-oxide. 
Simultaneous irradiations at two different angles relative to the incoming deuteron beam 
resulted in different neutron energies. Neutrons with energies of 17.55 and 20.05 MeV; 
and 18.8 and 22 MeV, respectively, were generated via the T(d,n)4He reaction. Taking the 
typical neutron flux at IRMM of 2  107 s–1, an irradiation time of 150 hours and e.g. a 
cross-section of 1 barn for the 238U(n,3n) reaction, we calculate [Eq. (1)] a conversion ratio 
236U/238U of ~1  10–11. Experience on the AMS performance for heavy isotopes at VERA 
(Steier, et al., 2010, 2013), in particular for 235U(n,) measurements (Wallner, et al., 2014) 
has shown that isotope ratios of about 10–11 are required in order to obtain good 
quantitative results. Measurements on 236U showed a background of 10–12 at the VERA 
facility, limited mainly by interference from the neighbouring mass 235U. Based on 
existing experience with previous AMS measurements in that mass range, we may 
achieve an overall cross-section uncertainty of the order of ~5%. 

The longer-lived nuclides produced in these irradiations with fast neutrons, namely 
229Th, 231Pa, 233U and 236U, were measured at VERA (3 MV AMS facility) (Steier, et al., 2010), 
at ETH Zurich (0.6 MV) (Christl, et al., 2013) and ANSTO (10 MV) (Hotchkis, et al., 2013) (see 
Table 1). They all have dedicated actinide measurement set-ups with low interfering 
background. To this end, a beam switching mode was used to sequentially measure both 
the count rate of the radionuclide of interest (i.e. 229Th or 236U) and the current of the 
stable ions (e.g. 232Th or 238U). 

Sample chemistry was required for the thorium and uranium samples after the 
neutron activations. The Th-oxide and U-oxide pellets were dissolved and the various 
reaction products were extracted via column chemistry. The case for ThO is shown in 
Figure 2; after dissolution the sample was spiked with a well-known amount of 233Pa and 
238U. The 233Pa is isolated from a parent solution of 237Np, and the time between this 
isolation and the chemical separation of the desired isotopes is kept to a minimum to 
minimise any 233U contribution that could arise from the addition of the 233Pa spike. 231Pa 
[decay product of 231Th from 232Th(n,2n)] was separated together with the 233Pa spike; 
similarly, 233U (the decay product of 233Th) was extracted together with 238U. Finally, the Th 
fraction containing the bulk 232Th as well as the reaction product 229Th was available. In all 
cases oxide powder (Th, Pa and U) was produced, mixed with iron and silver and pressed 
into sample holders for the subsequent AMS measurements. 
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Figure 2: Sample preparation and chemical separation of the reaction products  
for AMS as exemplified for the case of fast-neutron induced reactions on Th 

 

Some preliminary data are listed in Table 2. The AMS data are given in arbitrary units 
(a.u.); the measured quantity was 231Pa/233Pa, with 233Pa (27 days half-life) derived from the 
spike added during sample preparation. A good agreement was found between the 
different AMS laboratories. Our preliminary data indicate cross-sections at the lower end 
of the band of values suggested by nuclear data libraries. 

Table 2: Preliminary data for 232Th(n,2n) from neutron irradiations at IRMM  
and AMS measurements at VERA (Vienna), ETH (Zurich) and ANSTO (Sydney) 

En (MeV) AMS-VERA (a.u.) AMS-ETH (a.u.) AMS-ANSTO (a.u.) AMS (barn) Evaluations (barn) 

17.55 1.6  0.3 1.5  0.2 1.65  0.3 0.20 0.3-0.5 

18.80 2.9  0.3 3.0  0.2 2.9  0.3 -- 0.25-0.45 

20.05 29  2 32  1.2 24  5 0.18 0.2-0.4 

22.00 2.2  0.2 2.0  0.2 2.2  0.2 -- ~0.2 

 

232Th(n,γ) and 238U(n,γ): 0.5-5 MeV neutrons produced at IRMM 

The low neutron capture cross-sections for MeV neutron energies make activation 
and direct measurements difficult and only very limited experimental data are available 
so far. Such lack of data is reflected in large discrepancies between major data libraries. 
Within the European EFNUDAT programme (2007), the capture cross-sections of 235U and 
238U were determined for broad neutron energy distributions peaking around 30 keV and 
426 keV (Ratynski and Käppeler, 1988). Within the EUFRAT scheme we have extended 
such measurements to higher neutron energies, with the lowest neutron energy at 
500 keV, which connects directly to the previous measurements. We activated natural 
uranium and thorium samples at four different energies with neutrons between 0.5 and 
5 MeV energy. 

Activations at IRMM were conducted two times for ~5 days (three and two stacks  
of U/Th pellets, respectively). Again, different neutron energies were achieved with 
simultaneous irradiations at different angles relative to the incoming proton and deuteron 
beam, respectively. With neutron fluences between 0.5 and 10  1012 n cm–2, we obtained 
isotope ratios 233Th/232Th and 239U/238U between 7  10–14 and 1  10–12. 
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After the activation, the number of nuclides produced via neutron capture on 232Th 
(233Th) and 238U (239U) was quantified by AMS through their decay products 233U and 239Pu, 
respectively. Here we used the AMS system at the Heavy Ion Accelerator Facility (HIAF) at 
the Australian National University (ANU) (Fifield, et al., 2010). This set-up is based on  
a 15 MV tandem accelerator (14 UD pelletron). In combination with a unique 6 m 
time-of-flight path isotopic interference is strongly suppressed in the AMS measurement. 
Actinide AMS was developed at the ANU and is also routinely applied in a variety of 
environmental applications. 

After the activations the thorium-oxide and uranium-oxide samples were ground to a 
homogenous powder and split into two sub-samples each. A 238U (242Pu) (EC, n.d.b, n.d.c) 
spike was added to the Th (U) fractions. The material was dissolved completely and the 
bulk Th (U) was separated from the 233U and 238U (239Pu and 242Pu) using a UTEVA resin for 
column separation. The U and Pu fractions were mixed with Fe (for co-precipitation), 
converted to oxide powder and finally pressed into Al sample holders for the AMS 
measurements. 233U/238U reference materials as well as a series of blank samples were 
produced in the same way for comparison in the AMS measurements. 

In case of 233U [“decay product” of 233Th from 232Th(n,)] 232Th background did not pose 
any limiting interference because 233U was separated by the chemistry prior to the AMS 
measurements. Similarly, the quantification of 239Pu was done relative to a well-known 
spike of 242Pu (IRMM-085), after separation from the bulk U material. 

Some preliminary data are listed in Table 3. These values do not yet include all AMS 
measurements. Cross-sections for five neutron energies (with 2.1 MeV twice) will 
eventually be available from these measurements. Listed also is a value for 238U(n,) from 
an independent activation utilising a different activation set-up at KIT (Ratynski and 
Käppeler, 1988) and the AMS set-up at VERA (Wallner, et al., 2014). Our 0.52 MeV data 
point connects directly to that experiment. Note the values listed from the nuclear data 
library [e.g. ENDF (Chadwick, et al., 2011)] are point values and do not take into account 
the broader neutron energy distributions in the experiment. The overall cross-section 
uncertainty is expected to be of the order of 5-10%. 

Table 3: Preliminary data for 232Th(n,) and 238U(n,) from  
irradiations at IRMM and AMS measurements at the ANU 

En (MeV) 
Neutron 

production 
Th(n,) 
(mbarn) 

ENDF-Th 
(mbarn) 

U(n,) 
(mbarn) 

ENDF-U 
(mbarn) 

AMS/ENDF – 
Th 

AMS/ENDF – 
U 

0.46* 7Li(p,n)7Be –  108  4 109  1.00  0.03 

0.52 T(p,n)3He 172 153 123 110 1.12 1.12 

1.0 T(p,n)3He 118 136 108 128 0.87 0.85 

2.1 T(p,n)3He 59 68 42 43 0.86 0.97 

2.1 D(d,n)3He ~40 68 40 43 ~0.59 0.92 

5.0 D(d,n)3He ~10 2.8 6 2.1 ~3.5 3 

* For comparison an independent result from a sample activation at KIT utilising the Van de Graaff accelerator and the 
7Li(p,n) reaction for neutron production is shown as well (Ratynski and Käppeler, 1988; Käppeler, et al., 2011). 

Summary and outlook 

This method of cross-section measurements, i.e. combining sample activation with 
subsequent AMS measurement, has the advantage that the involved systematic 
uncertainties are in no way correlated with the uncertainties inherent e.g. to the TOF 
technique or the incomplete knowledge of the decay pattern. Limitations of this method 
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(if neutron fluence and energy spectra are well known) are either the background in the 
spectra of the particle detector or counting statistics due to the low number of nuclides in 
the sample. 

These two cases are illustrated in Figure 3. The first case, i.e. background from 
interfering nuclides is the limiting quantity, is exemplified for the case of 235U(n,)236U: AMS 
facilities with the highest sensitivity for 236U detection (e.g. ANU, VERA, ETH) demonstrate 
a detection limit of 236U/238U <3  10–12. This ratio converts to 236U/235U 4  10–10 (natural 
uranium); assuming a neutron capture cross-section of 150 mbarn for a neutron energy of 
500 keV, we calculate the required neutron fluence [Eq. (1)] being 3  1015 n cm–2. 

Figure 3: Limitations of our method are exemplified for Case I, 235U(n,),  
requiring a minimum isotope ratio and for Case II, 238U(n,), requiring a  
minimum number of reaction products (e.g. 239Pu), i.e. a minimum mass 

 

For the second case the total number of produced nuclides defines the final precision 
of the data. If the reaction product decays to another element (e.g. 239U decays via 239Np to 
239Pu, see Figure 1), this decay product can be separated from the bulk material 
(e.g. uranium). Thus interference from neighbouring isotopes in the particle detector 
(Case I) is strongly reduced and usually the measurement is limited by counting statistics 
or the reproducibility of AMS. Assuming a typical overall measurement efficiency between 
10–3 and 10–4 (fraction of counted radionuclides vs. the total number of radionuclides in 
the sample), the number of produced radionuclides has to be of the order of 106 to 107 
atoms, to generate data with an uncertainty of 3% (i.e. 1 000 particles registered in the 
detector). For the case of 238U(n,)239U, we require 107 atoms of 239U produced in an 
activation experiment. For a neutron energy of 500 keV the capture cross-section is about 
100 mbarn. Using a fluence value of 1  1014 n cm–2 [1/30 of the above value for 235U(n,), 
Case I] results in an isotope ratio 239U/238U = 239Pu/238U = 1  10–11. Because we separate 239Pu 
from the bulk uranium, 238U is expected not to interfere in AMS. The total number of 239Pu 
produced in the irradiation is proportional to the sample mass. If we require at least  
107 239Pu nuclei generated, we can calculate a minimum number of 238U atoms in the 
sample, i.e. a minimum mass of uranium to be activated: hence we calculate 0.4 mg of 
238U is required. Similar calculations can be done for the other isotopes in the actinide 
region. Thus, for some cases this type of measurement can be performed with very small 
samples. In the future, new powerful neutron irradiation facilities, e.g. FRANZ (Käppeler, 
et al., 2011; Ratzinger, et al., 2010) and SARAF (Weissman, et al., 2010), will provide new 
opportunities for such measurements, which might allow to use g-size samples. 
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