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Figure 1. Comparison of the neutron-energy spectra in fission and fusion
reactors. For fission the average neutron spectrum in the fuel-assembly of a PWR
reactor is shown, while the equatorial FW spectrum for the DEMO model in
figure 2 is representative of fusion.

Figure 2. The simplified, homogeneous, DEMO model used in MCNP
simulations to obtain neutron fluxes and spectra.



The divertor is one of the key components of the ITER 
machine. Situated along the bottom of the vacuum 
vessel, its function is to extract heat and helium ash 
— both products of the fusion reaction — and other 
impurities from the plasma, in effect acting like a 
giant exhaust system. It will comprise two main parts: 
a supporting structure made primarily from stainless 
steel, and the plasma-facing components, weighing 
about 700 tons. The plasma-facing components will 
be made of tungsten, a high-refractory material.



Materials damage:!
!

- Displacement of atoms in the lattice by fast neutrons 
- Transmutation of elements in the materials 
- Production of gas within the material 
- Combined effect of neutrons and plasma?
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Figure 8. Variation in concentrations of (a) He, (b) Re, and (c) Ta, produced
in pure W under neutron irradiation as a function of position (and depth) in the
divertor region of the DEMO design (figure 2). In (a) the equivalent dpa/year in
pure W are also given for each position.
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Figure 9. Variation in He concentration in pure Be after a five-year irradiation
as a function of depth into the DEMO blanket at (A) in figure 2. The equivalent
dpa in pure Be after five years is also given at each depth

He produced from (n,a); Re from (n,g) and Ta from e.g. (n,2n)

Impurities produced in W 
 following neutron irradiation in DEMO

calculated using 
neutron transport  

and FISPACT 
inventory code
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Table 2. Table of calculated critical boundary densities νc
He

,
critical bulk concentrations Gc

He
for He in various elements,

and the approximate critical lifetimes tc in DEMO first-wall
full-power time and equivalent integral dpa. Results for two
different grain radii R shown.

Element νcHe R Gc
He DEMO FW

(cm−2) (µm) (appm) tc dpac

Fe 6.76× 1014 5 47.8 4 months 4.79
V 8.59× 1014 5 71.3 1.5 years 25.07
Cr 5.53× 1014 5 39.9 5 months 6.27
Mo 7.31× 1014 5 68.4 1.5 years 14.34
Nb 8.96× 1014 5 96.8 2.5 years 39.99
Ta 9.25× 1014 5 100.1 21 years 118.92
W 7.51× 1014 5 71.4 16 years 71.11
Be 4.80× 1014 5 23.3 4 days 0.08
Zr 8.82× 1014 5 123.2 4 years 61.99

Fe 6.76× 1014 0.5 478.1 4 years 57.47
V 8.59× 1014 0.5 713.2 15 years 250.75
Cr 5.53× 1014 0.5 398.6 4 years 60.20
Mo 7.31× 1014 0.5 684.1 16 years 152.97
Nb 8.96× 1014 0.5 968.2 21 years 335.92
Ta 9.25× 1014 0.5 1001.2 283 years 1602.62
W 7.51× 1014 0.5 714.3 244 years 1084.49
Be 4.80× 1014 0.5 233.0 22 days 0.43
Zr 8.82× 1014 0.5 1231.7 40 years 619.88
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The ENDF/B-VII.1 library is our latest recommended evaluated nuclear data file for use in nuclear science and
technology applications, and incorporates advances made in the five years since the release of ENDF/B-VII.0. These
advances focus on neutron cross sections, covariances, fission product yields and decay data, and represent work by
the US Cross Section Evaluation Working Group (CSEWG) in nuclear data evaluation that utilizes developments in
nuclear theory, modeling, simulation, and experiment.
The principal advances in the new library are: (1) An increase in the breadth of neutron reaction cross section coverage,
extending from 393 nuclides to 423 nuclides; (2) Covariance uncertainty data for 190 of the most important nuclides, as
documented in companion papers in this edition; (3) R-matrix analyses of neutron reactions on light nuclei, including
isotopes of He, Li, and Be; (4) Resonance parameter analyses at lower energies and statistical high energy reactions
for isotopes of Cl, K, Ti, V, Mn, Cr, Ni, Zr and W; (5) Modifications to thermal neutron reactions on fission products
(isotopes of Mo, Tc, Rh, Ag, Cs, Nd, Sm, Eu) and neutron absorber materials (Cd, Gd); (6) Improved minor actinide
evaluations for isotopes of U, Np, Pu, and Am (we are not making changes to the major actinides 235,238U and 239Pu
at this point, except for delayed neutron data and covariances, and instead we intend to update them after a further
period of research in experiment and theory), and our adoption of JENDL-4.0 evaluations for isotopes of Cm, Bk, Cf,
Es, Fm, and some other minor actinides; (7) Fission energy release evaluations; (8) Fission product yield advances for
fission-spectrum neutrons and 14 MeV neutrons incident on 239Pu; and (9) A new decay data sublibrary.
Integral validation testing of the ENDF/B-VII.1 library is provided for a variety of quantities: For nuclear criticality,
the VII.1 library maintains the generally-good performance seen for VII.0 for a wide range of MCNP simulations of
criticality benchmarks, with improved performance coming from new structural material evaluations, especially for
Ti, Mn, Cr, Zr and W. For Be we see some improvements although the fast assembly data appear to be mutually
inconsistent. Actinide cross section updates are also assessed through comparisons of fission and capture reaction rate
measurements in critical assemblies and fast reactors, and improvements are evident. Maxwellian-averaged capture
cross sections at 30 keV are also provided for astrophysics applications.
We describe the cross section evaluations that have been updated for ENDF/B-VII.1 and the measured data and
calculations that motivated the changes, and therefore this paper augments the ENDF/B-VII.0 publication [1].
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However, the previous VII.0 data were considered
unsatisfactory during recent data validation and as-
sessments: systematic discrepancies were observed in
criticality safety benchmarks containing tungsten [6],
fusion neutronics benchmarks [102], and measured
constants for neutron activation [103]. In addition, new
experimental data have been measured (e.g. total cross
section data for natural tungsten measured by Abfalterer
et al. in 2001 [104], total cross section data for separated
tungsten isotopes measured by Dietrich et al. in 2003
[105], and several sets of charged-particle emission cross
sections). Finally, there was no evaluation available for
neutron induced reactions on the 180W isotope. These
deficiencies, together with the availability of new data
in the fast neutron range, motivated the work presented
herein. Results of comprehensive experimental data
analysis and VII.1 evaluations for neutron interactions
on tungsten isotopes 180,182,183,184,186W in the neutron
energy range up to 150 MeV [106, 107] are described
below.

Resonance range

Our review of the resonance parameters of tungsten
isotopes showed that no significant improvement in
quality is possible without new measurements. Minor
adjustments to existing resonance parameters of 182W
were made by L. Leal. The sources of other resonance
parameters were: Atlas [35] for 180W, IRDF-2002 [108]
for 186W and ENDF/B-VII.0 [1] for 183W and 184W
isotopes. The unresolved resonance parameters were
flagged for the calculation of self-shielding only. The
error in the exponent of the gamma-width of the reso-
nance at 1132 eV of 184W was corrected. The capture
background was increased from 1.2 to 2.2 keV neutron
energy in 183W. Reconstructed capture cross sections had
an unusual dip in this energy region, that corresponds
to the upper range of the resolved resonance range.
The Perrot benchmark [75] shows a dip in the reaction
rate corresponding to the same energy region which
motivated the undertaken correction. All evaluations
include covariance information obtained by a retroactive
method, but the details of evaluating the covariances are
given elsewhere [27].

Fast energy range

The evaluation methodology was previously described for
the 55Mn evaluation, see subsection VI C 3. A compre-
hensive description of the theoretical modeling based on
the EMPIRE code was also given there.

The employed evaluation methodology combines EM-
PIRE [82] theoretical modeling of relevant reactions with
a Bayesian generalized least-squares fitting to include ex-
perimental data as implemented in the GANDR code [83].
GANDR fitting results are then combined with a selected
evaluation of resonance parameters to assemble a full
evaluated nuclear data file.

Selected benchmarks covering both criticality and 14
MeV fusion domains are calculated for the assembled

evaluated data file; benchmark results are analysed to
further constrain the theoretical modeling and model pa-
rameters. Then, the whole process is repeated starting
from a new theoretical calculation and concluding with
a new GANDR least-squares fitting that produces a new
evaluated data file. Iterations are continued until the
benchmarks’ performance does not improve anymore. We
consider this iterative feedback process an important step
for improving the tungsten evaluations. This process re-
quired a close interaction between the reaction cross sec-
tion modelers and the benchmark evaluators.
The direct interaction cross sections and transmission co-
efficients for the incident channel on 180,182,183,184,186W
nuclei were obtained from rigid-rotor dispersive coupled-
channel optical model potential especially derived for this
evaluation (RIPL catalogue numbers 1480,1481,1482; see
Table 1 at p.15 of the NEMEA-3 proceedings [109, 110]).
The quality of the derived OM potentials can be assessed
by calculating the difference of the total cross sections
(divided by the average total cross section) of 182W and
186W isotopes measured by Guenther et al. [111] and
Dietrich et al. [105]. Calculated results are compared
with measured data in the Fig. 30. Guenther et al. [111]
experimental data were shifted down by -0.008, while
the OMP calculations were shifted up by +0.006, val-
ues well within the estimated uncertainty of the vertical
scale (around 0.02) [105, 111] which arises from uncer-
tainties in the areal densities of the tungsten targets. The
measurements are very well reproduced by the OMP cal-
culations; similar agreement was obtained for the ratio of
other tungsten isotopes.

The selection of, and corrections to, the raw EXFOR
data have been documented in Ref. [107] and are not
repeated here. A modified Lorenzian (MLO) radiative-
strength function for all tungsten isotopes was taken as
recommended by Plujko [85] and resulted in excellent
agreement with the selected experimental neutron
capture database in the fast neutron range. Total, cap-
ture, secondary emission cross sections of neutrons and
charged particles, average resonance parameters, and
angular distributions of neutron and proton scattering
on all tungsten isotopes were in fairly good agreement
with the available differential experimental data. An
example of the evaluated cross sections for selected
neutron induced reactions on 182W and 186W isotopes
in comparison with experimental data is shown in Fig. 31.

Benchmark calculations

Results of the integral validation testing are only dis-
cussed here when they were used as a constraint in the
iterative evaluation process. A comprehensive analysis of
benchmarks’ results and data verification can be found in
the companion paper by Kahler et al. in this edition [8].

Validation of the theoretical model and model parame-
ters was performed by systematically comparing available
experimental data in the EXFOR database for the natu-
ral element with equivalent quantities reconstructed from
the evaluated isotopic data files. For these purposes, the
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Kinematics for typical W(n,a) reactions

Cross-sections are millibarns 
Energies of particles quite high 
BUT relevant neutron energies in challenging region



“Physics	  with	  neutron	  beams	  at	  the	  CERN	  n_TOF	  facility”	  
ISOLDE	  Seminar	  at	  CERN,	  January	  23rd	  	  2013

Detec%on	  of	  (n,α)	  reac%ons
The	  main	  problem	  in	  (n,α)	  measurements	  is	  the	  background	  from	  other	  reac9ons	  in	  

the	  sample,	  or	  in	  the	  detectors	  (gas	  recoils,	  etc.)

Detector	  box	  with	  	  
Sample	  inside

Preamplifiers:	  
80	  MHz	  charge	  amplifier	  	  
(CIVIDEC	  Instrumenta9on	  GmbH)

Preamplifiers

Micromegas	  chamber	  (MGAS)	  
• low-‐noise,	  high-‐gain	  
• Several	  samples	  in	  parallel

Diamond	  (pCVD	  or	  sCVD)	  
• Background	  reac9ons	  only	  above	  1	  Mev	  
• Very	  fast	  response	  
• Par9cle	   discrimina9on	   (if	   sCVD	   or	   charge	  
collec9on	  distance	  >	  300	  µm)
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c
e
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Figure 1. Schematic of the SHARC setup, with the radioactive ion beam entering from the left. The
array consists of (from the left) upstream CD detector (a), upstream box (b), target holder operated from
rotary feedthrough (c), downstream box (d), and downstream CD detector (e, hidden). The radius of (a,e)
is 41.0 mm, while (b,d) each measure 48 mm along the beam direction (z). The distance between upstream
and downstream CD detectors is 141 mm.

2 Scientific programme

This multi-purpose nature of the SHARC detector array is reflected firstly in the physics programme
through which the array is utilised, and secondly in the diverse set of experimental techniques
applied to probe the structures and reactions in question. The physics programme covers questions
ranging from nuclear reaction rates in explosive stellar scenarios to nuclear structure around the
N⇡20 island of inversion and the structure of N⇡Z nuclei. To address such questions, a variety
of different techniques are used, including transfer studies, fusion evaporation reactions, Coulomb
excitation, and deep inelastic scattering.

2.1 Nuclear astrophysics

Nuclear processes driving nucleosynthesis in stars often cannot be studied directly in the laboratory.
Often, these reactions involve short-lived nuclei, and are furthermore hindered by the Coulomb re-
pulsion of the nuclei. In many cases, this combination makes direct observation of the reactions
difficult or even impossible. Reactions related to the breakout from the Hot-CNO cycles fall into
this category. In the Hot-CNO cycles, hydrogen is burnt to helium through a series of reactions
and radioactive decays in which isotopes of carbon up to neon in the mass range 12 to 18 catalyse
the hydrogen burning. At the high temperatures and densities reached in X-ray bursts [8], breakout
from the cycles into the region above mass 18 may take place and trigger the subsequent rapid
proton capture (rp-process) towards higher mass nuclei. When direct measurements are impossi-
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Figure 8. Particle identification from dE-E the energy loss in a 140-µm detector is plotted against the
energy collected in a thick backing detector. The visible loci are from protons, deuterons, tritons, and alpha
particles.

Gating on either alpha particles or deuterons, individual g-ray transitions are easily identified.
This is displayed in figure 9, where g rays from the induced reactions are shown. In figure 9(a–b),
the g-ray spectrum is shown with a Doppler correction appropriate for beam-like particles (b =
9.4%). The prime example of this is the 1982-keV g ray from deuteron inelastic scattering in
which the first 2+ state of 18O is populated. Gating on deuterons leaves the inelastic peak intact
but reduces background significantly. In figure 9(c), on the other hand, the spectrum is gated on a
particles exclusively, and Doppler corrected assuming b = 6.7%. This corresponds to the velocity
of the compound nucleus in reactions with 12C. This yields a clean gate on fusion evaporation of
18O on 12C with emission of at least one a particle, and we therefore see for example the 24Mg(2+)
decay at 1369 keV and the 22Na(2+) decay at 1275 keV.

7 Summary

The charged-particle-detection array, SHARC, has been designed to facilitate studies of nuclear
astrophysics and nuclear structure through a range of methods covering transfer reactions, fusion
evaporation, Coulomb excitation, and deep-inelastic scattering. The array has been installed at
the ISAC-II facility at TRIUMF, Canada, and has by now taken several beams of stable as well
as radioactive nuclei. The experimental campaign utilising SHARC will continue in the coming
years, and will during that time benefit from the development of new beams at the ISAC facility,
as well as the development of new facilities which may be used in conjunction with TIGRESS

– 12 –
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Figure 6. Photograph of the UoYtube charged particle veto box. 96 CsI(Tl) crystals are arranged around the
6 sides of the box which has a hexagonal cross-section. 2.5-µm Ni foils were applied to all surfaces, with
9-µm Ta foils at forward angles to stop scattered beam.

nucleus is typically pn evaporation, or 2n evaporation for production of N = Z�2 nuclei. Detecting
evaporated charged particles with high efficiency can be used to reduce contamination for both the
pn and 2n fusion evaporation channels. A veto barrel detector called UoYtube (the University of
York tube) was constructed. It comprises 96 CsI(Tl) detectors arranged on six faces of a hexagonal
barrel (see figure 6).

Each CsI(Tl) crystal is 20⇥ 20 mm2 and 2 mm thick. The scintillation light is collected with
S3590-08 PIN diodes from Hamamatsu. The photodiode output is coupled to Mesytec preampli-
fiers. The preamplifier signal goes through a gain and offset box with signals then interpreted with
a moving-window deconvolution algorithm [24] in Lyrtech ADCs. Whilst at present no attempt
is made to separate protons from a-particles, this might prove to be of use in regions in which
channels such as the a pn have significant cross-sections. In principle, pulse-shape analysis could
be implemented into the digital electronics. This would allow for charged particle discrimination,
without the memory intensive task of recording wave-forms for all CsI(Tl) channels. A further
development being considered is the use of segmented silicon photomultipliers. By accurately re-
constructing particle paths, one would be able to correct for any additional motion in the recoiling
nucleus caused by, in particular, a-particle emission.

4 In-beam tests

Two in-beam tests have been conducted: the first to evaluate the performance of UoYtube and
the second to study the new DSSD and phoswich detector. For both tests, recoils were identified
using RITU [15] coupled to the GREAT focal plane spectrometer (figure 1). g rays emitted at the
target position were detected by the compton suppressed JUROGAM II array [25], consisting of 24
Eurogam II type composite clovers [26], and 15 Eurogam phase I [27] or GASP [28] type detectors.
However, for both tests described below, 5 upstream phase I type detectors were not mounted.

– 7 –
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irradiation steps to reflect this, but any surplus tritium in stor-
age is assumed to radioactively decay to 3He over time.

3. Neutron spectra remain constant over the irradiation time
period.

4. The blanket tritium production rate is proportional to the blan-
ket coverage factor.

5. A tritium start up inventory has not been considered, tritium
retention and release from materials are in steady state and tri-
tium losses from the system are zero.

6. The power plant operates at 3.6 GW with an availability of 33%
[2].

The demonstrative calculations in this work aim to calculate tri-
tium generation over time with consideration for major source and
sink terms. Some tritium losses such as retention or absorption in
blanket materials are inevitable, particularly when starting up a
plant. The magnitude will depend on the technology employed
and the level of absorption and retention would reach steady state
after a period or time. Losses of tritium from the overall system
may also be inevitable, but the magnitude of losses for any system
would have to be tiny, since the discharge of more than 1 g per
year to the environment would probably be unacceptable.

Tritium generation is sensitive to neutron spectra and within a
solid-type breeding blanket the neutron spectra would inevitably
change over time as the lithium becomes depleted. One way to
address this would be to recalculate the neutron spectrum and

irradiated material composition at each time step: work is cur-
rently in progress and results are expected to be reported in the
future.

MCNP calculation

Determine nth
burn region

neutron spectra

FISPACT process:
run burn step(s)

Loop for n
region spectra

Calculate output
quantities

Sum output H-3
and He-3

quantities during
mth FISPACT time

step

Tritium
inventory
positive?

Decay correct

Y
N

Loop for m time steps

Dump output data
to file

Output region
inventories for
each time step

Fig. 2. Process flowchart for coupled MCNP5-FISPACT tritium inventory
calculations.

Table 2
Model cases used for time dependent calculations.

Case Outboard blanket
module depth

Breeding material 6Li enrichment

1 80 cm Li4SiO4 Natural abundance
2 30%
3 90%
4 Li2TiO3 Natural abundance
5 30%
6 90%

7 40 cm Li4SiO4 Natural abundance
8 30%
9 90%
10 Li2TiO3 Natural abundance
11 30%
12 90%
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Fig. 3. (a) TBR variation over time and (b) surplus tritium inventory over time for
each case. A coverage factor of 0.85 was used.
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Future perspective:!
Tritium breeding!
!
- Well constrained for principal 
production reactions 
- How well known are (n,t) reactions 
on other structural materials? 
- Secondary reactions induced by tritons? 
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“Physics	  with	  neutron	  beams	  at	  the	  CERN	  n_TOF	  facility”	  
ISOLDE	  Seminar	  at	  CERN,	  January	  23rd	  	  2013

§Proton	  intensity	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  8x1012	  p/pulse	  
§Proton	  beam	  momentum	  	  	  	  	  	  	  20	  GeV/c	  
§Proton	  pulse	  width	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  6	  ns	  (rms)	  
§high	  instantaneous	  n	  flux	  	  	  	  105	  n/cm2/pulse	  
§wide	  energy	  spectrum	  	  	  	  	  	  	  25	  meV<En<1GeV	  
§ low	  repe%%on	  rate	  	  	  	  	  	  	  	  <	  0.25	  Hz	  
§good	  energy	  resolu%on	  	   	  	  	  	  ΔE/E	  =	  10-‐4

Neutron	  beam	  +	  state-‐of-‐the-‐art	  detectors	  and	  acquisi9on	  systems	  make	  n_TOF	  UNIQUE	  for:	  
• measuring	  radioac%ve	  isotopes,	  in	  par9cular	  ac%nides	  
• iden9fying	  and	  studying	  resonances	  (at	  energies	  higher	  than	  before)	  
• extending	  energy	  range	  for	  fission	  (up	  to	  1	  GeV	  !).

Main	  characteris%cs	  of	  the	  n_TOF	  neutron	  beam


