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Abstract
The participants highlighted the importance of complementing the averaged cross
section data already stored in EXFOR by the incident neutron energy spectra.
They shared their experience on measurement and simulation of neutron fields
produced at reactors and accelerators over a wide energy range. The source
characteristics, format and rules needed for storage in EXFOR were discussed.
The participants submitted the numerical information on spectra that will
essentially increase the number of “complete” data sets in EXFOR. The report
additionally provides an overview of (i) neutron production cross sections and
thick target yields missing from the EXFOR database; (ii) codes for neutron
spectra calculations; (iii) informational resources for reactor, radioactive and
spallation neutron sources; (iv) codes for spectrum unfolding and (v) EXFOR
compilation rules for the Maxwellian averaged cross sections measured for the
reactor and astrophysical applications.
October 2011
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Introduction
The purpose of the Meeting was to make the EXFOR database (http://www-nds.iaea.org/exfor/) more
representative and complete by including information on neutron source energy spectra to allow
correct interpretation of measured results, complete specification of physical process, comparison with
other measurements and theoretical predictions. The necessity of knowing neutron spectra mainly
appears when a neutron source has a relatively broad (non-monoenergetic) energy distribution and the
cross section (XS) under investigation varies significantly over this interval.
The EXFOR database has already accumulated thousands of XS measured with such neutron sources
produced by fission reactors (cold, thermal, fast and filtered fields) and by accelerators (thick targets,
quasi monoenergetic fields), but practically all of them lack the source energy spectra except for a few
cases (Entries 31868, 21816 and 22850).
Energy spectra from accelerator driven neutron sources are traditionally compiled in the EXFOR
database even if they were not used for XS measurement. This is very valuable information for
illustrating the typical energy distributions and intensities as well as for verifying charged particle
induced reaction models.

Presentations and Proceedings
A Consultants’ Meeting on “Neutron Source Spectra for EXFOR was held at IAEA Headquarters,
Vienna, Austria from 13-15 April 2011. Seven consultants (T. Belgya, P. Bém, M. Drosg, O. Gritzay,
F. Käppeler, M. Pillon and S.M. Qaim) attended the Meeting, the IAEA was represented by R. Forrest
(Head, Nuclear Data Section), S.P. Simakov (served as Scientific Secretary), N. Otuka, V. Semkova
and V. Zerkin. H. Harada, invited as a Consultant, was not able to come because of the Tsunami
disaster in Japan and the related accident at the Fukushima Nuclear Power Station (his presentation
was delivered by S.P. Simakov and was discussed by participants; the summary is included in this
Report and the neutron spectra of the YOYOI reactor will be compiled in EXFOR).
S.P. Simakov welcomed the participants on behalf of R. Forrest, Head of the Nuclear Data Section of
IAEA. He acknowledged the consultants expertise and emphasized the importance of improving the
EXFOR database through the collection and inclusion of the source neutron spectra.
S.M. Qaim was elected as Chairman of the meeting and F. Käppeler as Rapporteur. The approved
Agenda is attached (Appendix 1), as well as a list of participants and their affiliations (Appendix 2).
During the first day and half of the second day, participants gave summary presentations of relevant
research activities within their institutes (Appendix 3). They shared their experience in the use of
thermal and fast reactors, filtered beam techniques, low-energy accelerators, cyclotrons, linacs and
radioactive isotopes as neutrons sources for measuring the data for nuclear physics, astrophysics and
dosimetry, radionuclide production for medical diagnostics and therapy, energy-related technologies
and materials research. They also presented the methods and techniques that were used to characterize
the neutron source spectrum distributions.
Discussions then took place on recommendations and conclusions.
The Nuclear Data Section acknowledged all participants for cooperation and supplying of detailed
information.
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Conclusions and recommendations
Information on neutron source spectra and on the effective spectra at the sample position are a
fundamental part of cross section measurements. Therefore, authors are advised to include such
information in their publications and to provide numerical spectral information related to published
work for inclusion in the EXFOR database.
The responsibility for the full description of the neutron source spectrum and related information to be
included in EXFOR rests with the experimentalists. Experimental data should be provided for a
complete characterization of the spectra according to the existing EXFOR rules and the
recommendations listed below. Also codes for spectrum calculation (including the respective data
bases used) are helpful in this respect and should be provided wherever appropriate.
The present practice of listing “representative” energies for broad spectra was discussed. In view of
the fact that this concept may be sensitive to the cross sections and the spectra, representative energies
should be supplemented with more specific spectral information.
The practice of including information on spectra that have not been used for cross section
measurements so far, e.g. spectra obtained with triton-beams, should be continued – the list of the
energy differential neutron emission cross section and thick target yields, still missing in EXFOR, are
collected in Appendix 4 and distributed among NRDC centers for compilation.
Specific Recommendations for the submission of spectral information in EXFOR:
-

provide spectra with appropriate resolution over the energy range covered in the experiment;
provide spectrum uncertainties in En and N(En), possibly with correlations;
provide a good estimate of the absolute flux for supporting the plausibility of results;
provide links to documented neutron spectra from averaged cross section Entries to avoid
duplication.

Technical aspects:
-

-

-

Codes for neutron spectrum calculations, e. g. NEUSDESC, PINO, TARGET, FNG Source
Routine, DROSG2000, FILTER should be collected by NDS - a short description of the
codes, the range of applicability and their availability including hyperlinks are summarised in
Appendix 5.
Additional links to the data base for reactors, which is kept by the Physics Section, and to the
Spallation Benchmark site would be helpful as well – an overview of the information
resources is given in Appendix 6.
List of and links to codes and databases for neutron spectrum unfolding via multi-foil
activation techniques should be provided by NDS – summarised in Appendix 7.
NRDC Network must develop rules and formats for the storage of spectrum information in
EXFOR (flux units, references to original publications) – the NRDC proposals are presented
by O. Gritzay et al. in Appendix 3 and in the NRDC working paper WP2011-22 http://wwwnds.iaea.org/nrdc/nrdc_2011/ .
Compilers of EXFOR entries are encouraged to contact authors to clarify inconsistencies or to
add comments in case of doubtful data.
It is noted that MXW average data must be given for the proper moderator temperature. These
Entries should also include the normalization convention used (2/√π) – the overview of
EXFOR rules for compilation of the MXW averaged data is given in Appendix 8.
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The overall conclusion:
The participants expressed their views on the importance to store neutron spectra data as a supplement
to energy averaged or smoothed cross section data measured in such neutron fields. They shared their
experience of what neutron source information is necessary to be compiled in EXFOR for the correct
interpretation of the energy averaged data.
They submitted the numerical information on neutron spectra for compilation together with the
relevant cross sections. In this way the number of “complete” data sets in EXFOR will increase from 4
up to several thousand. The participants discussed rules and formats for convenient storage of incident
source information in EXFOR.
The survey concerning information on (i) neutron production cross sections and thick target yields still
missing in the EXFOR database; (ii) codes for neutron spectrum calculations; (iii) numerical data for
reactor, radioactive and spallation neutron sources; (iv) spectra unfolding codes, and (v) EXFOR

compilation rules for the Maxwellian averaged cross sections measured for the reactor and
astrophysical applications has been collected by NDS/IAEA and is included in this Report.
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APPENDIX 1

Consultants‘ Meeting on
„Neutron Sources Spectra for EXFOR“
IAEA Headquarters, Vienna, Austria
13 - 15 April 2011
Meeting Room G0E85

AGENDA

Wednesday, 13 April 2011
08:45-09:00
09:00-09:30

Registration
Opening Session

09:30-09:45

Welcome Address - Robin Forrest
Administrative Announcements - Lidija Vrapcenjak
Self introduction of participants, Selection of Chairperson &
Rapporteur,
Approval of Agenda
Mr Stanislav Simakov, IAEA - Introduction & Objectives of the Meeting

Thermal, fast and filtered beams from Reactors
09:45-10:30

10:30-11:00
11:00-12:30
12:30-14:00

Mr Hideo Harada, JAEA, Japan - “Measurement of neutron capture cross section of
237
Np for fast neutrons” - he could not come due to tsunami disaster
in Japan – nevertheless he sent a talk and YAYOI spectra (was
presented by S. Simakov)
Coffee break
Mr Tamás Belgya, KFKI, Budapest, Hungary - “Guided neutron beams”
Ms Olena Gritzay, KINR, Kiev, Ukraine - “Neutron spectra after the interference
neutron filters at Kyiv research reactor”
Lunch break

Accelerator driven neutron sources: kev, a few MeV and 14 MeV
14:00-15:30

15:30-16:00
16:00-17:30

Mr Franz Käppeler, KIT, Karlsruhe, Germany - “Quasi-stellar spectra for activation
studies in astrophysics”
Mr Manfred Drosg, University of Vienna, Austria - “How did I (not) handle several
neutron source related problems during 40+ years of fast neutron
work“
Coffee break
Mr Mario Pillon, ENEA, Frascati, Italy - “Experimental techniques and computational
methods used at the Frascati neutron generator in order to determine
the neutron source spectrum “
Summary Discussion
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Thursday, 14 April 2011
Accelerator driven neutron sources: high energies (above 14 MeV)
09:00-10:30

10:30-11:00

Mr Syed Qaim, FZJ, Juelich, Germany - "Neutron spectrum averaged activation cross
section measurements”
Mr Pavel Bém, NRI, Řez, Czech Republic, “Quasi-monoenergetic p-7Li and white pD2O and 3He-D2O neutron sources“
Coffee break

Technical issues relevant to the EXFOR compilation
11:00-12:30

12:30-14:00
14:00-15:30
15:30-16:00
16:00-17:30
19:00 -

Ms Olena Gritzay, KINR, Kiev, Ukraine - “EXFOR formats and rules: present status
and proposals how to store neutron sources data”
Mr Naohiko Otsuka, IAEA - “Possible improvement in EXFOR for spectrum averaged
quantities”
Lunch break
Discussion: Overview of neutron sources and their specific features
Coffee break
Discussion: Compilation practice and unresolved issues
Social event: visit to restaurant www.zwoelf-apostelkeller.at

Friday, 15 April 2010
09:00-10:30
10:30-11:00
11:00-12:30
12:30-14:00
14:00-16:00

Discussion: Drafting of conclusions & recommendations
Coffee break
Discussion: Finalizing conclusions & recommendations
Lunch break
Final remarks and end of the Meeting
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APPENDIX 3
SUMMARIES OF PRESENTATIONS
The representative neutron energy and the corresponding capture cross
section in activation measurement using fast neutron spectrum
Hideo Harada
Japan Atomic Energy Agency, 2-4 Shirane, Shirakata, Tokai-mura, Naka-gun,
Ibaraki 319-1195, Japan
The activation method using reactor neutrons has been utilized for the measurement of the capture
cross sections. In order to deduce thermal neutron capture cross sections and resonance integrals, the
Westcott convention has been successfully utilized, where a well moderated neutron spectrum is
approximated by a Maxwell distribution plus a 1/E component. Since the energy dependence of
neutron capture cross section is approximated by 1/v at thermal energy region for most nuclei, the
thermal neutron capture cross section at thermal neutron energy ( = 25.3 meV) is deduced.
On the other hand, a fast neutron spectrum cannot be approximated by a Maxwell distribution or
simple formula. The energy dependence of the neutron capture cross section is also not approximated
by 1/v or a simple formula. Therefore, it is difficult to give a mathematically rigid definition on the
representative neutron energy used for measurements using a fast neutron spectrum. The simple
average of neutron spectrum does not always give an appropriate representative neutron energy. In
measurements using fast neutrons supplied by the Yayoi reactor [1], the representative neutron energy
has been defined by a numerical calculation method. The representative neutron energy was defined
as the energy where the integrated value of the reaction rate from 0 MeV to that energy is 50 % of the
total reaction rate.
In order to make this
calculation possible, the
neutron spectrum used for
the irradiation is required.
The inclusion of the neutron
spectrum in EXFOR makes
this kind of evaluation
possible. As an example,
neutron spectrum used for
the measurement at Yayoi
reactor is shown in Fig. 1.

Neutron Spectrum per Unit Lethargy at 2 kW

1012

Neutron Energy Spectrum
in Gy hole of YAYOI
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104
103
10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

101

Neutron Energy [MeV]

Fig. 1. Neutron spectrum in Gy hole of the Yayoi reactor.

Reference
1. H. Harada, S. Nakamura, Y. Hatsukawa et al., “Measurements of Neutron Capture Cross
Section of 237Np for Fast Neutrons”, J. Nucl. Sci. Tech. 46, 460-468 (2009).
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C
Cold neutrron sourcee spectra at the Bu
udapest PGAA-NIP
PS facilitiies
T.
T Belgya, L
L. Szentmikló
ósi and Z. Kiis
Institutee of Isotopes Hungarian Academy
A
of Sciences
H-1525 POB
B 77, Budapest, Hungary
y
The Buddapest Reseaarch Reactor’’s Prompt Gaamma Activation Analyssis (PGAA) aand Neutron
n-Induced
Prompt gamma Speectroscopy (N
NIPS) facilitties [1] weree significanttly upgradedd during the last few
years. T
The higher neeutron flux, achieved byy the partial replacementt and realignnment of thee neutron
guides, made feasibble the autom
mation and specializatio
on of the tw
wo experimenntal stationss. A new
neutron flux monitorr, computer-controlled beeam shutterss and a low-leevel counting
ng chamber have
h
been
put into operation too assist with
h in-beam acctivation exp
periments. An
A automaticc sample chaanger has
been insstalled at the PGAA staation, while the NIPS station
s
was redesigned
r
aand upgraded with a
Comptonn suppressorr to use for the
t non-desttructive analysis of bulky
y samples. IIn the near future
f
the
latter seetup will be completed with
w a neutroon tomograp
ph and a moving table, tto make posssible the
Neutronn Radiographhy/Tomograp
phy-driven PG
GAA (see [2
2] and Figuree 1).

Fig. 1. Thhe current staatus of PGAA-NIPS facilitiees.

Due to tthe changes in
i the neutro
on guide it iss timely to reepeat the neu
utron beam ccharacterizatiion using
detailed time-of-fligght (TOF) experiment.
e
These expeeriments hav
ve been perrformed usin
ng a 2D
Positionn Sensitive Neutron
N
Detecctor (PSND)). The PSND
D detector and the acquisiition system [3] were
providedd by the Neuutron Optics Departmentt of Research
h Institute fo
or Solid Statee Physics an
nd Optics
of the H
Hungarian Academy of Sciences.
S
A flight path of
o 190 cm was
w used from
m the chopp
per blade
rotated aat 1250 rpm
m. On the cho
opper blade two 1.2 mm
m openings were
w
set at 1 80 degree frrom each
other. A standing sliit of 1.2 mm was coveredd with a 5 mm2 round-ho
ole collimator
or at the midd
dle of the
upper PG
GAA beam. The dwell time
t
of the acquisition system
s
was set to 5 μs aand the 2D positions
were colllected in 20048 channels. This made up a 2562562048 maatrix with a pposition reso
olution of
about 0.7 mm. To deecrease the size the matriixes were re--binned into 512 channells, i.e. for 20 μs dwell
time. Thhe time of flight spectrum
m was calibraated with BeO
O and graphiite Bragg filtters for waveelength.
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Fig. 2 shhows neutron spectra ob
btained in thiis experimen
nt. The pinho
ole geometryy of the expeerimental
system eenables us too look into deep
d
to the neeutron guidees and observ
ve reflectionss arriving faar back in
the guidde. Two dimeensional posiition distribuutions are sho
own in Fig. 3 that were ccut from timee regions
of the 3D
D matrix for the correspo
onding wavellengths regio
ons shown in
n Angstrom ffor the figurees.

Fig. 2. C
Comparison off the new neuttron spectra too the old specctrum taken in
n 2003 beforee the installation of new
ssupermirror guides.
g
It can be seen thatt the new guid
des cut the hig
gher energy ccomponent off the beam
and enhancess the low energ
gy componentt.

butions show
wn in Fig. 2 must be corrrected for thhe energy dependent
The eneergy (waveleength) distrib
efficienccy of the dettector and th
he uncertaintty of the waavelength meeasurement ddue to the fin
nite time
transfer function off the choppeer and due too the differeent depth off absorption of the same energy
neutronss.
b supplied for the EXFO
OR databasee after publiccation in refeereed journall. In case
All of thhis data can be
of thin, homogeneouus and unifo
orm targets w
with 1/v nuclei gives eneergy indepenndent producction rate
ratios foor different isotopes of the target. T
This can be used to dettermine therm
mal equivaleent cross
sections using the comparator method.
m
Thiss method is used
u
in the simplified
s
annalysis of PG
GAA [4]
and crosss section measurements
m
s discussed bby Belgya [5,6]. The PG
GAA-NIPS instrument is
i widely
used to determine thhermal equiv
valent cross sections thaat as discusssed in [5, 6]]. In the futu
ure cross
section m
measuremennts the TOF method
m
will bbe available to study deviations from the 1/v behaaviour.
Finally a 4D representation of the TOF-matriix is shown in
i Figure 4.
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0-1 Å

1-2 Å

2-3 Å

3-4 Å

4-5 Å

5-6 Å

6-8
8Å

Fig. 3. C
Cuts from the 3D (X-Y-t) matrix
m
for the sshown Angstrrom region corresponding ttime regions. The white
ssquare showss about a 2 cm
m x 2 cm area that is equal with the colliimator sizes siituated upstreeam of the
beam, before the chopper blade. Repeaated square regions
r
in thee figures beloong to reflectiion of the
neutron beam
m on the mirrror walls. Thee guide is currved to the riight looking iin the directio
ons of the
neutrons. Thee picture show
ws the absorbeed neutron possitions from lo
ooking to it frrom the beam direction.
The pinhole geometry
g
reverrses the up-doown and left-rright directions.

Fig. 4. 44D representaation of the X-Y-T(Z
X
axis on the figuree) TOF matrixx. The colourr codes the number
n
of
neutron counnts analyzed by
b the 2D possition sensitivve neutron detector at a giiven flight tim
me T. The
ffigure was maade by the help
p of the VisIt 22.2.1 program
m.
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Neutron spectra after the interference neutron filters
at Kyiv research reactor
Olena Gritzay
Institute for Nuclear Research of NAS of Ukraine, Prospekt Nauky, 47, Kyiv, Ukraine, 03680
At the Kyiv Research Reactor (KRR) a neutron filtered beam technique (NFBT) has been used for
more than 30 years and its development is continued. Usage of the NFBT allows an extraction of
neutron lines in the energy range from thermal energy to several hundred keV with intensity 106 –108
n/cm2s from the white reactor spectrum. Such high intensity gives possibility to provide the measured
values with good statistics and hence the averaged neutron cross sections with rather high accuracy:
the total neutron cross sections with accuracy 1% and better, the neutron scattering cross sections with
3-6%, the neutron capture cross sections with 5-6%. These data may be very useful for practical
applications and for improvement of the existing evaluated neutron files. It is necessary to remember
that all data obtained by NFBT are averaged over neutron filtered spectrum. Thus information on the
neutron spectrum after the filter is very important.
Let consider the neutron spectra after the interference neutron filters, which are used in fundamental
investigations at KRR. The WWR-M KRR is a light water moderated and cooled tank-type reactor
with a beryllium reflector. The reactor used 36% enriched uranium-235 WWR-M2 fuel assembly,
today the replacement by 20% U235 fuel has been finished. The nominal thermal power is 10 MW,
neutron flux in the core is about 1014 n/cm2s. The reactor has 27 vertical and 10 horizontal
experimental channels (HEC) for performing scientific and applied researches. Currently three of ten
HEC are employed in the experimental investigations with NFBT.
The main idea of neutron filter development is the use of large quantities of materials, the nuclei of
which have the deep interference minima in their total neutron cross sections. Transmission of the
reactor neutrons, having a white energy distribution, through thick layer of such material yields the
quasi-mono-energetic neutron lines.
Energy of a such quasi-mono-energetic neutron line may be in the range from thermal to several
hundred kilo-electron-volts, and its intensity may reach 105- 108 n/cm2s. Besides essential advantages
NFBT has also some disadvantages: presence of the parasitic (non desirable energy) lines and γ-ray
background in the filtered neutron spectrum.
To get only one quasi-mono-energetic neutron line (so-called, neutron filter beam with high purity) a
composite filter is usually used. It consists of the “main filter material” and additional materials, for
which the resonance maxima in their total neutron cross sections coincide with interference minima
for filter material, except the most deep interference minimum energy.
The basic requirements for the neutron filter beam are the following:
-

purity of the main energy line in neutron spectrum has to be close to 100%, as much as
possible;
neutron intensity has to be sufficient to obtain the necessary accuracy in experiment;
construction and composition have to provide the minimal gamma-background;
in necessary cases the construction and composition have to allow increasing or reducing of
the base line width without essential worsening of filter quality;
amount of enriched isotopes in filter components has to be as few as possible.
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A wide set of natural elements and enriched isotopes are used as components for neutron filters in the
Neutron Physics Department (NPD) at the KRR:
- natural elements: Si, Al, V, Sc, S, Mn, Fe, Ti, Mg, Co, Ce, Cr, Rh, Cu, B, Cd, LiF.
- enriched isotopes: 52Сr (99.3%), 54Fe (99.92%), 56Fe (99.5%), 57Fe (99.1%), 58Ni (99.3%),
60
Ni (92.8 – 99.8%), 62Ni (98.04%), 80Se (99.2%), 10B (85%), 7Li (90%).
Availability of such wide set of materials, especially enriched isotopes, allows the creation of a unique
set of neutron filters, providing more than 10 neutron lines in the energy range from thermal energy to
several hundred keV with intensity up to 106 – 108 n/cm2s. This is much more than other methods
(time of flight or others) can provide. The wide set of filter materials also allows us to modify filter
parameters. So, the filtered neutron beams with the same main neutron line may have different
parameters:
-

purity (ratio of the main neutron line intensity to the intensity of all other lines);
width of the main neutron line;
shape of the main neutron line;
intensity of main neutron line.

Chosen parameters depend on particular task. For example, if the measurement of the total neutron
cross section is carried out using a hydrogen recoil counter, the purity is not very important, since we
can separate effects from the different lines. If the measurement of the averaged radiative capture
cross section is carried out using activation method, the purity is very important, since we are not able
to separate effects from different lines. Hence in these two cases we have to use the different variants
of filter though the energy of the main neutron line is the same.
The filter component optimization procedure to get the highest intensity of the main energy line and
simultaneously the most possibly low intensity for parasitic lines in the filtered spectrum includes
next three main steps:
-

1-st step: simulating calculation of the neutron filtered spectra;
2-nd step: creation of the filter with the calculated amount of the chosen components;
3-rd step: experimental testing of the created filter.

If necessary the sequence of these steps could be repeated to attain the desired quality of the filter.

1st step: simulating calculation of neutron filtered spectra using information from ENDF.
For simulating calculation of the neutron spectra formed by filters, special computer package FILTER
was developed. It allows calculation for practically any material and isotope combinations to get the
filtered neutron spectrum with necessary energy. The code allows obtaining two energy dependent
quantities which image the filtered neutron spectrum:
(i) neutron transmission T(E) multiplied by the incident reactor neutron spectrum  (E ) :

F1( E)  T ( E)  ( E )  exp[ ni   i ( E)]  ( E) ,

(1)

where ni – nuclear thickness of the i-th filter component; σi(E) – total neutron cross section of
the i-th nuclide.
(ii) neutron transmission T(E) multiplied by the incident reactor neutron spectrum  (E ) and
multiplied by the energy dependent cross section  react (E ) of the reaction used for neutron
detection, i.e. it allows to take into account an efficiency of the neutron detector:
F 2( E )  T ( E )   ( E )   react ( E ) .
(2)
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The inciident reactor neutron spectrum  (E ) is represen
nted by 3 com
mponents: M
Maxwellian, 1/E
1 – low
and fissiion spectrum
m.
The totaal neutron cross
c
section
ns for nucliides σi(E) were
w
obtaineed from EN
NDF librariees at the
temperatture 300 К in the energy
y range 10-5 еV to 20 МееV in point-wise form uusing the PRE
EPRO or
NJOY999 codes. JEN
NDL-3.3 and
d ENDF/B-66 or -7 librarries were tak
ken as the bbasis for form
ming this
special llibrary.
The usee of these sim
mple expresssions for dettermination of the neutrron spectrum
m shape afterr filter is
justifiedd by a strict collimation
c
of
o the neutronn filtration sy
ystem, otherwise it is neccessary to caalculate a
neutron transport between reacctor core andd sample taaking into acccount all pprocesses (sccattering,
absorption, etc.). Coorrectness off this statem
ment was pro
oved by calcculation of th
the neutron spectrum
shape affter the 24 keV
k
filter with the MCN
NP4C code. The MCNP4C results w
were similar to those
obtainedd by our packkage FILTER
R.

2nd stepp: creation of filter witth componennts chosen by calculatiion.
As a ruule, when wee create a new
n
filter (oor improve an
a existing one)
o
with ennergy different from
thermal,, the first fillter componeent is boron--10 to avoid
d excessive activation
a
off the rest of the filter
components. It has location
l
on the
t beginninng of the thirrd beam shuttter disk - thhe most closee to core,
see Fig. 1. Also in the
t first threee shutter dissks the main
n components of filter arre inserted. The
T filter
components, which are planned
d to alter, arre placed, if it is possible, in the ouutside collim
mator. To
facilitatee and to accelerate the procedure
p
off filter chang
ging, special containers ffor filter weere made.
These coontainers aree tubes from stainless steeel with the length
l
equal the length oof beam shuttter disks.
Collimattion materialls (ordinarily
y paraffin wiith H3BO3 an
nd lead) revo
olve and are replaced by the filter
components in thesee tubes. One variant
v
of thee real 59 keV
V filter is preesented in Figg. 2, as an ex
xample.

Fig. 1. Loocation of filteer in horizontal reactor chaannel.
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Fig. 2. O
One of variannt of the 59 keeV filter. Top – the III and
d II shutter disscs (from left to right), botttom – the
ffirst shutter disc.
d
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n of previous ccurve (bottom)).
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Results of calculation with the code FILTER have shown that if we take 10B - 0.281 g/сm2, 58Ni 83.15 g/сm2, V - 17.4 g/сm2, S - 122.55 g/сm2, Al - 5.4 g/сm2 we can obtain a neuron filter with
energy 59 keV and the purity of this filter will be better than 99%, other admixtures to the main
neutron group will be negligible – less than 0.2% for each other line.

3-rd step: experimental testing of the created filter.
To demonstrate procedure of experimental testing of the created filter, consider the filter, main
components of which are S, 58Ni, V, 10B, and Al. This filter was arranged as it is shown in Fig. 2 (Al
was placed in outer collimator) and a neutron spectrum behind it was measured by proton recoil
counter. The experimental results are shown in Fig. 3. The bottom part of this Figure displays the
shape of neutron filtered beam spectrum obtained by differentiation of apparature spectrum. It seen
that contribution of the parasitic lines with higher energy is negligible.
In summary, the type of information available about neutron spectrum after the interference neutron
filters at Kyiv research reactor:

1. Neutron spectrum shape in relative units.
Calculated neutron spectrum shape is available for filters with all line energies, if the total neutron
cross sections for all components of this filter are presented in the ENDF libraries.
Experimental neutron spectrum shape is available for filters with main neutron energy line
En  12 keV, where we can use hydrogen recoil counters.
2. Absolute intensity of the neutron filtered beam.
We can measure the absolute intensity of the neutron filtered beam in each experiment, but sometimes
it is not important. The decision about such measurement depends upon research task.
In experiments with transmission method the information about the absolute intensity of the neutron
filtered beam is not important, thus the measurements of the absolute value of the neutron flux are
carried out only periodically (as a rule, after the creation a new filter). Usually we use the foil
activation method (with foils Au,Mn, etc.).
In experiments with activation method the information about the absolute intensity of the neutron
filtered beam is very important, therefore such measurements are carried out systematically, in each
experiment. As a rule, the following measurements are carried out:
a) Flux measuring by 10B(n,αγ)7Li* reaction before and after irradiation.
Flux monitoring during irradiation using He-3 counter; areas under He-3 peaks are used as
the weight function for the flux averaging.
b) Flux measuring using the foil activation method (In, Au, …) during irradiation.
At the KRR a set of the neutron filtered beams was created by using the composition interference
neutron filters. There were obtained about ten quasi-mono-energetic neutron lines with energies 2,
3.5, 7.5, 13, 24, 54, 59, 133, 149 keV with the intensity between 105 n/cm2s and 108 n/cm2s. There are
several variants of the same filtered beam (purity, width of neutron line, intensity, etc.), that depend
on the given research task. Information about parameters of the neutron filtered beams may be
available in calculation and/or experimental forms. The new filters and the new variants of the
existing filters are in development. The filtered neutron beams at the KRR are used and planned to be
used in future for measuring the averaged neutron data with high accuracy.
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Quasi-stellar spectra for activation studies in astrophysics
F. Käppeler
Karlsruhe Institute of Technology, Karlsruhe, Germany
Almost all of the elemental abundances between Fe and the actinides are produced by neutron
reactions. The essential mechanisms are the slow (s) neutron capture process, which occurs in the He
(and C) burning phases of stellar evolution and the rapid (r) neutron capture process that is
characterized by explosive scenarios, presumably supernovae. Typical neutron capture times are years
for the s- and milliseconds for the r-process, slow or rapid compared to average γ-decay times.
Consequently, the reaction path of the s-process follows the valley of stability, and the so-produced
abundances are mostly determined by the effective (n,γ) cross sections averaged over the stellar
neutron spectrum. Because of the high density in the stellar interior, neutrons are instantly
thermalized, resulting in a Maxwell-Boltzmann distribution. Thermal energies of current s-process
scenarios range from kT=8 keV in low mass stars to 90 keV in massive stars. The required
Maxwellian averaged (n,γ) cross sections (MACS) can either be determined by folding the energydifferential cross sections obtained in time-of-flight experiments with the stellar spectrum or by
activation in a quasi-stellar neutron field. The latter method provides an attractive possibility for such
measurements and has been extensively used so far.
The production of quasi-stellar spectra under laboratory conditions rests on the properties of (p,n)
reactions. Near threshold these reactions provide kinematically collimated neutrons in forward
direction with spectral distributions that are determined by the velocity of the compound system and
the square of the mass ratio, mn/(A+mn). Suited cases are the (p,n) reactions on 7Li, 3H, and 18O, which
yield quasi-stellar spectra for thermal energies kT = 25, 52, and 5 keV, right in the relevant
temperature range of the s process. With proton beam currents of 100 μA, comparably large neutron
source strengths of 3·109, 2·108, and 2·105 s-1 can be achieved with these reactions. So far, most
activation measurements have been carried out with the 7Li(p,n)7Be reaction, which provides the
highest neutron yield and has the additional advantage that it fits best to the temperature of the most
important s-process scenarios.
The neutron fields produced by the above reactions were defined by means of the time-of-flight
(TOF) technique, as described in Ref. [1] for example. The spectrum obtained with the 7Li(p,n)7Be
reaction (Fig. 1) was recently confirmed with improved resolution by Feinberg, et al. [2] and Lederer,
et al. [3]. As shown in [1] the spectrum is practically insensitive to variations of the proton energy
within the 0.1% energy spread of the accelerator as well as to modifications of the 7Li targets in
diameter and thickness.
After an accurate activation measurement of the 197Au(n,γ) cross section in the spectrum of Fig. 1,
which was based on the comparison of the induced gold activity (Eγ = 412 keV) and that of the
produced 7Be (Eγ = 478 keV) [1], this technique was used for an extended series of activation
measurements, mainly in the context of the astrophysical s-process. The measurements were carried
out by irradiating a sample sandwich consisting of Au foils on both sides of the sample for monitoring
the neutron flux. In principle, this would require a correction for the fact that neutrons emitted at
larger angles see a “thicker” sample. The correction is very small and practically negligible for cases
where the energy dependence of the investigated cross section and that of gold are similar. This was
recently confirmed by comparison of results from TOF and activation measurements in Table II of
Ref. [4].
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Fig. 1:

The quasi-stellar neutron
n spectrum prroduced by th
he 7Li(p,n)7Bee reaction at a proton eneergy Ep =
1912 keV afteer integration
n over all em
mission angles (histogram and symbolss) compared to a true
thermal specttrum for kT = 25 keV (from Ref. [1]).

As can bbe seen from
m Fig. 1, the quasi-stellarr spectrum provides
p
a go
ood but not pperfect representation
of the ttrue thermall spectrum. Therefore, the experim
mental resultts have to bbe corrected
d for the
remaininng differencces by mean
ns of theoreetical or evaaluated energy-dependennt cross secctions. In
practice,, these dataa are normaalized to thee spectrum-aaveraged results obtaineed in the activation
a
measureements, and are then ussed to calcuulate the Maaxwellian av
veraged crosss sections (MACS)
requiredd for appliccations in stellar
s
s-proocess models. The meaasured crosss sections are well
documennted in refeereed journals and the ddeduced MA
ACS results are collecteed in the Karlsruhe
K
Astrophyysical Databbase of Nucleeosynthesis inn Stars (see www.kadoni
w
is.org).
Accordinngly, it is im
mportant to note
n that the rrelevant exp
perimental daata for the EX
XFOR entriees are the
original,, experimenttal spectrum
m-averaged ccross section
ns, whereas the deducedd MACS vaalues are
containinng additionaal information
n from seconndary sourcees.
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Soome whitee neutron
n (source) spectra encounter
e
red durin g 40+ yea
ars
of fas t neutron
n work
M. Drosg
F
Faculty
of Ph
hysics, Univeersity of Vien
nna, A-1090 Wien, Austrria

1. Introoduction
Most off my neutronn related exp
periments weere time-of-fflight measurrements donne at LANL, either at
the Vann-de-Graaffss, or at thee spallationn source off WNR. In particular, when inveestigating
“monoennergetic” neeutron sourcees I encounntered quite a few neutrron spectra w
with a widee neutron
energy distribution stemming predominanntly from deeuteron or triton breakk-up. Based on this
experiennce I now preesent my ideas on continuuous neutron
n source specctra.

2. Definition of th
he Neutron Source Sp
pectrum Reelevant for EXFOR Coompilation
n
One cann discern (at least)
l
three kinds
k
of relevvant definitio
ons of neutro
on source speectra:
- spectrum deliveered by the so
ource,
- spectrum in the volume of th
he interactionn sample, an
nd
- effeective spectruum in the volume of the iinteraction sample.
The last two types arre derivatives of the first because the neutrons fro
om the sourcee reaction arre their
principaal cause. How
wever, from a practical pooint of view only the effeective neutroon spectrum in
i the
volume of the samplle is of intereest.

Fig. 1. SSource intrinssic neutron sp
pectrum for tthe
pproduction off 10 MeV neu
utrons by meaans
of the 2H(d,n))3He (b) and the 3H(p,n)3H
He
reactions (a) [1].

he tritium
Fig. 2. Structural neeutron backgrround from th
gas cell when producingg 12 MeV neu
utrons via
the p-T reaction [1]
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3. Effective Neutrron Sourcee Spectrum
Based oon the experrience with accelerator driven neuttron sources 6 componeents of the effective
neutron spectrum can be isolated
d:
a) Soource Intrinsiic Neutron Spectrum,
b) Strructural Neuutron Background,
c) Phhysical Specttrum Modificcation,
d) Exxperimental Spectrum
S
Modification,
e) Modification of
o the Spectru
um by the M
Measuring Pro
ocess, and
f) Addmixed Backkground (p, gammas).
g
c
all 6 components in a way that
t
the effeective neutro
on source
It is praactically imppossible, to control
from one iinstallation to
spectrum
m is 100% transferable
t
t another. Only
O
in excceptional casses (selfsupportiing pure target materials)) such a transsfer will be possible
p
to a sufficient deegree.
Fig. 1 giives an exam
mple of two in
ntrinsic neutrron source sp
pectra [1].
The struuctural neutroon backgrou
und stems froom interactio
ons of the beeam with thee target struccture and
from neuutrons scatteered from this structure. F
Fig. 2 showss the contribu
ution of the ttritium gas cell
c to the
neutron source specttrum when 12 MeV neuttrons are pro
oduced by thee p-T reactioon. By optim
mizing the
target sttructure the structural baackground c an be reduced as shown
n in Fig. 3. Such a target would
allow m
measuring 12 MeV cross sections of reactions wiith thresholds above abou
out 5 MeV as long as
physicall spectrum modifications
m
s can be disreegarded. Theese are mostly the result of inscatteriing, from
objects in the room
m and the roo
om containm
ment (ceiling
g, floor, wallls), and to a small amou
unt from
ambient air.

Fig. 3. Structural neuutron backgro
ound from a trritium
ggas cell with a 58Ni entran
nce foil and a 58Ni
beam stop foor producing 12 MeV neuutrons
via the p-T reeaction [1].

4 Experimen
ntal spectrum modification.. Time-ofFig. 4.
flight meth
hod to modifyy the effective spectrum
[2].

At the eexpense of inntensity the 12
1 MeV neuttron source mentioned
m
ab
bove cannott only be useed for the
measureement of threeshold reactions; Fig. 4 sshows the principle of rejjecting event
nts from loweer energy
neutronss by applyinng the time--of-flight meethod in an (n-γ) experiiment [2]. A distance of
o 96 cm
providess enough tim
me to reject th
he unwanted events.
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In some cases the use of threshold detectors or a pulse-height bias in the neutron detector might help
in “cleaning up” the low energy portion of the source spectrum, The use of thermal neutron detectors
(e.g., 3He counters) would make the higher energy portion of the effective source spectrum of little
importance.
Radiation of other nature present in the source usually can be suppressed (n-γ-discrimination,
absorbers against charged particles). However, if the intensity of such parasitic radiation is high as is
the case with γ–rays when stopping higher energy protons in a 58Ni beam stop (Fig. 3) the increase in
detector and electronic dead time can cause a severe problem.

4. Reproducibility of the effective neutron source spectrum
An exact reproduction of a neutron source spectrum based on neutron source reactions is not possible,
neither at different installations nor at different times. The first is mainly due to physical spectrum
modifications, the second due to changes in the target composition. Using a pure self-supporting, fully
stopping target will avoid background from the target structure and is a prerequisite for good
reproducibility in time. However, in the course of time beam particles will be deposited in the beam
stop disturbing the purity of the target material. As this deposition is at the very end of the particle
range only the lowest energy part of the neutron spectrum is affected, as long as the beam energy is
not raised. The d-Be source would deliver such a moderately well reproducible neutron spectrum.
Other rather, exotic examples are neutron source spectra of fully stopped triton beams, e.g., in ice [3,
4]. Fig. 5 shows such a spectrum when 20.0 MeV tritons were fully stopped in heavy ice. At the upper
edge one can see the effect of the limited energy resolution, the lowest energy neutrons were
discriminated against by the detector pulse-height bias (modification of the effective spectrum by the
measuring process). The measured spectrum can be unfolded into three components
-

neutrons from the deuteron break-up,
neutrons from the interaction with oxygen, and
high energy neutrons from the two-body reaction 2H(t,n)4He.

specific neutron yield [n/(sr*ev/nC)]

The last component as shown in the figure is the thick-target yield prediction of the two-body neutron
source reaction code WHIYIE [5].

10.00
20 MeV t on D2O, 0°
1.00

0.10

0.01
0

5

10 15 20 25 30
neutron energy [MeV]

35

40

Fig. 5. Measured neutron (source) spectrum at 0° after fully stopping 20 MeV triton in heavy ice [4] (bold
curve). The superimposed high-energy component is a prediction of WHIYIE [5].
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Triton beam based neutron sources are presently of very little use. This is a pity because of the
extraordinary properties of the kinematically collimated, very intense 1H(t,n)3He source [6] that, when
fully stopped, would provide a flat white spectrum [3]. Neutron production cross section or double
differential yield data (mainly at 0°) from triton interactions with targets of H2, H2O, D2, D2O, T2, He,
Li, LiF, Be, O, F, Si, Ni, Mo, Ta, W, Pt, and Au have been measured for triton energies up to 20.22
MeV [7].
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Expeerimental techniques and coomputatio
onal methods used at the Frascati
neu
utron gen
nerator in order to determin
ne the neu
utron sourrce spectrrum
Mario Pillon
n
ENEA
E
UT- F
Fusion CR Frascati,
F
Italy
y,
FNG is a deuteron electrostatic
e
accelerator oof beam eneergy 260 KeV
V producingg 1011 neutron
ns/s with
9
energy 114 MeV from
m T(d,n) or 10 neutronss/s with enerrgy 2.5 MeV from D(d,n))3He reaction
ns.
The abssolute neutroon intensity at FNG is m
measured by
y the associaated particle method; acccuracy is
better thhan 5%.
The neuutron source spectrum is calculated uusing an accu
urate source routine whicch is compiled inside
MCNP55 transport code.
c
This routine
r
takess into accou
unt all the physical asppects of thee neutron
productiion from beaam-target in
nteraction, inncluding ionss scattering, fusion crosss-section an
nisotropy,
etc. Thee FNG sourcce routine iss now includded in the SINBAD
S
database, wheree several beenchmark
experim
ments perform
med at FNG are availablee. The source routine can
n be compileed inside MC
CNP5. In
the MCN
NP geometrry the targett holder andd the used detectors
d
dim
mensions annd materials are also
describeed. The latesst version off FNG sourcce routine, not
n yet distributed, workks for deuterron beam
energy uup to 10 MeV
V and for thick or thin, soolid or gas taarget options.
The souurce routinee has been recently vaalidated for FNG with accurate nneutron specctroscopy
measureements usingg diamond detectors. Diaamond detecctors have beeen recently demonstratee to be a
very higgh energy ressolution fast neutron speectrometer fo
or the energy
y range 8-20 MeV (FWH
HM 0.4%
constantt in the enerrgy range). Validation
V
oof the FNG source routiine is also inn progress using
u
the
IRMM V
Van-der-Graaaff of Geel (Belgium) for deuteron
n beam enerrgy up to 5 MeV. Otheer mature
source rroutine codees have been
n developed by other lab
boratories, i.e. TARGET
T code from
m PTB or
NeuSDeesc form JRC
C– Geel and they
t
permit tto obtain acccurate calculaated source sspectra.
Spectra in the wholee energy ran
nge are meassured at FNG
G using activation foil uunfolding tecchniques.
The firstt guess inputt spectrum is calculated uusing MCNP
P5+source rou
utine.

Fig. 1. SSource routinee was develop
ped by ENEA F
Frascati and Institute
I
Jozeff Stefan in Ljuubljana and is available
inn SINBAD daatabase at NEA
A. Latest vers ion up to 10 MeV
M beam eneergy (not yet iin SINBAD): pd
p - point
ddetector, cf - cell
c flux estima
ator.
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Fig.

2 Calculated whole neu
utron spectru
rum at the rhenium sample
FNG experim
ment concerning irradiatioon of pure rhen
nium samples..

irraadiation

position.

The unfo
folding codess used are SA
AND-II and STAY-NL (included
(
in the neutron m
metrology fiile NMF90 from
m IAEA) buut using with
h IRDF-200 2 dosimetry
y file instead
d of the IRD
RDF-90 file which is
includedd in the package.
The expperience gainn at FNG haas shown thaat accurate cross-section
c
n measuremeents can be obtained
only if the reactionn under meaasure responnds mainly in the energy
y range arouund the fusion peak
(threshoold reactions)) since it is difficult
d
to obbtain an accu
urate measurre of the speectrum tail. In the tail
energy rrange significcant differen
nces of the reeaction cross sections und
der measure ( ±20 %) are
a obtain
with thee two unfoldiing codes. Th
hese differennces appear only
o
for no th
hreshold reacctions.

Table: Rhenium crross section
n measurem
ments: compaarison of thee results usiing the unffolded
spectra obtaained by SA
AND-II andd STAYNL codes

One recoommendatioon for the com
mpilation off source specctra for EXFO
OR is to incllude, when available,
a
the unceertainties on the measureed spectra. T
The energy grrid of the spectra includeed in EXFOR
R should
be the orriginal one of
o the experim
ments; otherw
wise some ex
xtra uncertainties should be introduceed.
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Neutron spectrum averaged activation cross section measurements
Syed M. Qaim
Institut für Neurowissenschaften und Medizin, INM-5: Nuklearchemie
Forschungszentrum Jülich GmbH, D-52425 Jülich, Germany
A brief description of neutron spectrum averaged activation cross
sections, measured at Jülich over several decades, is given. The
neutron source spectra and some other salient results are discussed.

1. Introduction
For several decades activation cross section measurements have been carried at Jülich using fast
neutrons, both monoenergetic and spectral shaped. Here the discussion is limited to the use of spectral
sources. In this connection, three types of facilities have been utilized: (1) d/Be neutrons, (2) fission
neutrons, and (3) 241Am/Be source neutrons. The d/Be neutron sources were available at two
cyclotrons (CV 28 and JULIC) and were extensively used. The energy of the deuterons used at CV 28
was 14 MeV. At JULIC, however, deuteron energies could be varied between 17.5 and 30 MeV, so
that various neutron spectra were available for the activation work. A yet another available facility
was a 53 MeV d-Be breakup neutron source. As far as other spectral neutrons were concerned, use
was made of fission neutrons in a nuclear reactor or those produced via the 241Am/Be radionuclidic
source. In this report the emphasis is on work done using the d/Be neutron sources. The publications
from Jülich based on various spectral sources are listed at the end of this article [cf. 1–22]. Most of the
studies were performed radiochemically, i.e. the product was separated chemically prior to the
determination of the radioactivity. A brief outline of the various areas of investigations is given
below.

2. Light Complex Particle Emission Reactions
Integral cross section measurement
Neutron induced light complex particle emission reactions, e.g. (n,t), (n,3He) and (n,7Be), have very
high thresholds and are therefore extremely difficult to study with monoenergetic neutrons available
up to 20 MeV. Extensive studies were therefore carried out using a 53 MeV d/Be neutron source. The
(n,t) reaction was investigated on about 40 elements via separation and gas phase counting of
accumulated tritium [1,2]. The neutron spectrum adopted was that described by Schweimer [23]. The
(n,t) cross section was high for the light mass target nuclei but for elements with A > 40, it was
practically constant at a value of about 3 mb. For comparison, the residual reaction product was also
investigated. The cross section then entailed the sum of [(n,t) + (n,dn) + (n,p2n)] processes. It was
found that the emission of three single particles is much stronger than the emission of a bound triton.
In the case of the (n,3He) reaction, measurements were done on about 25 elements. On one hand,
assay of the radioactive product was done and, on the other, quadrupole mass spectrometry on the
accumulated 3He and 4He gases was applied [3,4]. The neutron spectrum adopted was slightly
different from that in the case of the (n,t) reaction. The data by Meulders, et al. [24] covering the
energy range 4 – 50 MeV were slightly corrected for the higher deuteron energy and then used in
cross section determination. The cross section for the (n,3He) reaction was found to be low in all cases
and showed a decreasing trend with the increasing mass number of the target nucleus.
As regards the (n,7Be) reaction, investigations were done on about 10 elements. The radiochemically
separated 7Be was assayed by low-level γ-ray spectrometry [8]. The neutron spectrum adopted was
the same as for the (n,3He) reaction. Compared to the other complex particle emission reactions
described above, the (n,7Be) reaction cross section was even lower but the trend over the whole mass
range was somewhat similar.
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Nuclear model calculations, based on the Hauser-Feshbach formalism, showed that the contribution of
the statistical processes to the emission of complex particles 3H, 3He and 7Be was small.

Determination of excitation function
Attempt was also made to deduce the excitation function of an (n,t) reaction up to 30 MeV via
activation in diverse neutron fields and unfolding the spectra using certain codes. Metal discs together
with sets of about 12 flux monitor foils having different reaction thresholds were irradiated in six
different d/Be neutron fields (Ed = 17.5 to 30.0 MeV) [6,7]. The shapes of the neutron spectra were
characterized by using the accumulated radioactivity in the foils combined with an unfolding code:
SAND-II. The neutron energy range covered was from 2.0 MeV up to the maximum deuteron energy.
In a second calculational step, from the measured tritium activities and neutron flux distributions, the
excitation function for the (n,t) process was deduced. This methodology was used for two elements,
namely Be [7] and Al [6]. The excitation function obtained in each case was in agreement with the
cross section values obtained by using monoenergetic neutrons in the energy range of 13 to 20 MeV.

3. Application Oriented Work
Data related to radiation damage studies
In 1970s and 1980s considerable interest had arisen to measure cross section data related to materials
damage in a 30 MeV d/Be neutron field. It was considered to be a possible alternative to an intense 14
MeV neutron source. Activation cross sections of (n,x) reactions on a large number of fusion reactor
first wall and structural materials were therefore measured. Particular interest was on (n,p), (n,n’p),
(n,α) and (n,n’α) reactions, i.e. hydrogen and helium producing reactions [9,10]. In addition, the (n,t)
reaction was also investigated in detail [5] using this neutron spectrum.

Medical radionuclide production
Detailed cross section measurements were carried out using fission neutrons [11,12,14-17] available
at FZ Jülich and PINSTECH (Pakistan).The major aim was to investigate the formation of some
medically interesting radionuclides at reactors which are generally produced at accelerators. Some of
the examples are 58Ni(n,2n)57Ni→57Co, 123Xe(n,2n)123Xe→123I, etc. [12,16,17].
A 14 MeV d/Be breakup neutron source was also used for measurement of data for medical
radionuclide production. Since the spectrum is much harder than the fission spectrum, it was
considered worthwhile to investigate the formation of 64Cu, 67Cu and 89Sr via (n,p) reactions using
those neutrons. In reality the cross section was found to be about three times higher than with fission
neutrons [20]. Neutrons with a hard component (e.g. spallation neutrons) would thus be very suitable
for production of some β- emitting therapeutic radionuclides.

Data validation
Spectral neutrons, if well characterized in shape, can be used for data validation, i.e. testing the
accuracy of excitation functions of neutron threshold reactions. Fission neutrons have often been used
for this purpose but, as pointed out above, neutrons with a harder component than fission neutrons
could be more advantageous. The technique of multiple-foil activation and spectrum unfolding via
iterative methods has attained some more sophistication in recent years [cf. 21,22,25,26] and energy
regions above about 1.5 MeV can be unfolded with sufficient accuracy. Thus a 14 MeV d/Be source
was used to validate excitation functions of several reactions [19,21]. Very recently it has also been
demonstrated [22] that an 241Am/Be neutron source, such as the one recently installed at the Rajshahi
University in Bangladesh, could be effectively used for validation of excitation functions of (n,p) and
(n,α) reactions.
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Fast neutron sources with white and quasi-monoenergetic spectra
of the NPI variable-energy cyclotron U-120M.
P. Bém, M. Honusek, M. Gotz, J. Novák, M. Majerle, E. Šimečková
Nuclear Physics Institute AS CR, p.r.i., 252 68 Řež, Czech Republic
in collaboration with S.P. Simakov, U. von Möllendorff, U. Fischer (KIT Karlsruhe)
and R.A. Forrest (Culham Science Centre)
The design and operation of the cyclotron-based fast neutron sources at Nuclear Physics Institute Řež
were aimed to the integral- and differential benchmark tests of neutron cross-section data in the
energy range relevant to IFMIF (International Fusion Material Irradiation Facility). The IFMIF
neutron source reaction d(40 MeV)+Li produces a white spectrum with a high energy tail up to
35 MeV (50 MeV at lower intensity). To enable neutronic-design calculations for IFMIF,
computational tool- and data tests are required for this energy range with neutrons having a realistic
energy distribution (IFMIF-like). As deuterons up to 20 MeV energy only are available on the NPI
cyclotron and two-fold energy could be reached for H(-) and 3,4He(++) beams, another reactions were
used to simulate the d+Li neutron source spectrum of IFMIF.
IFMIF- like neutron spectrum simulated by the 3He(40MeV)+D2O source reaction [1-3]
High-yield emission of fast neutrons with a broad Gaussian-like energy spectrum from deuteron
breakup reaction on 3He target has been investigated before now. The same form of spectra and
strongly forward directed neutron emission due to higher mass of the projectile could be presumed for
the inverse reaction D(3He,np)3He. Thus, the D2O(3He,xn) source reaction has been investigated
experimentally for the first time. Measurements were carried out on external 3He (40 MeV) beam of
the cyclotron, using heavy water target of full-stop thickness. Open geometry arrangement of a
scintillation detector and the conventional shadow-bare method were utilized for neutron spectrometry
based on the pulse height technique with n-γ discrimination hardware. Neutron spectra were obtained
using standard GRAVEL procedure (PTB Braunschweig), the detector response and efficiency were
calculated by Monte Carlo code SCINFUL-R.
The angular distribution of spectral neutron yield was measured at 0-90O angular range with an
overall uncertainty from 8 to 25 %. In Fig. 1, resulting energy spectrum and angular distribution of
energy integrated data are compared with prediction calculated for the IFMIF source reaction
d(40 MeV)+Li and with available experimental data of d(40 MeV)+Li reaction, respectively. The
observables of both reactions are found to be similar. Therefore, the D2O(3He,xn) reaction was
selected as a suitable source for a simulation of the IFMIF d+Li spectrum. Using the 3He+D2O
neutron source, the set of neutron transmission experiments on iron, the main constituent of the IFMIF
high-flux test module, has been performed in different configurations of sample arrangement.
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Left: zero-degree spectral neutron yield from D2O(3He,xn) reaction compared to the Li(d,xn) spectrum
calculated for IFMIF. Right: relative angular dependence of neutron yield from D2O(3He,xn) reaction
versus experimental data for d+Li and d+Be reactions.

High-power white-spectrum neutrons from p(37 MeV)+D2O source reaction [4-7]
The powerful fast neutron sources are usually built using proton or deuteron induced reactions on
thick beryllium target. To avoid operation with toxic Be material, the D2O(p,xn) reaction was
investigated for the first-time using the experimental arrangement and data acquisition system
described above. In Fig. 2 - left, resulting spectra measured at 24 MeV proton are compared with data
for the p + Be (thick target) reaction. It is evident, that the p+D2O reaction presents suitable
alternative to p+Be source at proton energies under investigation.
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Taking advantage in both the higher beam power (800 W) and larger energy range (up to 37 MeV) of
protons from the cyclotron in the negative-ion mode of acceleration, the high-power neutron target
station with special hardware for an operation of flowing D2O target medium was build up.
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Fig. 2. Left: spectral neutron yield from p(24 MeV) + D2O reaction measured by scintillation detector; zerodegree spectral yield from p(22 MeV) + Be reaction is given for a comparison. Right: p(37 MeV) +
D2O spectrum obtained by activation technique and SAND-II adjustment procedure; in upper part resulting C/E ratios for different dosimetry reactions displayed at energies weighted with product of
neutron flux and corresponding cross-section.
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To determine the spectral flux from p(37 MeV) + D2O neutron source at sample positions, the
dosimetry activation foil technique was used instead of the MCNPX simulation so as a study has
shown that the LA-150 proton library does not reproduce experimental double differential cross
sections for the D(p,xn) reaction and hence the spectral yield from the thick heavy water target.
Selected set of 11 foils was irradiated simultaneously at two distances of samples from the target. Up
to 25 threshold activation reactions cover the full neutron energy range from 4 to 36 MeV. The
SAND-II code was used for adjustment procedure after it had been modified to input dosimetry cross
sections above 20 MeV from EAF-2007 library [9]. Standard adjustment procedure changes the shape
and absolute value of the initial guess spectra (a combination of MCNPX simulation and experimental
zero-degree spectral yield) bringing the C/E ratios close to unity.
Resulting adjusted neutron spectrum of p(37 MeV) + D2O neutron source is given in the Fig. 2 (right).
Standard relative deviation between calculated and experimental activities summed over all 25
detectors reach its minimum of 6-8% (see upper part of the Fig. 2, right). Estimated uncertainty is less
than 10 % in the energy range below 25 MeV and increases above this energy due to errors of
dosimetry cross sections. Below 4 MeV, the spectrum corresponds mainly to the MCNPX simulation.
To determine the spectral flux at other distances from the target, the fit to measured reaction rate for
selected dosimetry reactions at different distances was done.
Above 7 MeV neutron energy, the integral flux amounts 5.4 1010 n/cm2/s for 15 μA proton beam
current and for the nearest distance from the target. Utilizing this high-power neutron source with
spectrum similar to one in the IFMIF test cell, the integral activation data for IFMIF relevant materials
(low-activation steel Eurofer-97 and its components) were collected and used for the validation of
EAF library. These investigations serve also for identification the set of nuclides for which the
validation of cross-section with quasi-monoenergetic neutrons needs to be done.

Quasi-monoenergetic neutrons from p(20-37 MeV)+7Li(C) source reaction [8-17]
To supply the integral validation experiments by differential cross-section measurements, the p+7Li
neutron source of quasi-monoenergetic neutrons was built on the NPI cyclotron. The standard 7Li(p,n)
reaction on thin lithium target induced by 20-38 MeV proton beam from the cyclotron is used for the
production of quasi-monoenergetic neutron field at IFMIF relevant neutron energies. A selfsupporting 7Li foil (2 mm) and thick carbon beam-stopper (10 mm) are utilized in the target setup
similar to one at CYRIC laboratory (Tohoku University, Japan). Up to 400 W/cm3 of beam power
could be dissipated in the Li target under separate setting of the foil and carbon disc in present
modification. The neutron flux of 3 108 n/cm2/s is calculated for 37 MeV and 5 μA proton beam for
the target-to-sample distance 50 mm.
Neutron spectral flux at the sample positions is determined using the transport code MCNPX to
simulate the proton interactions with the target assembly. The Los-Alamos evaluations for proton
induced cross sections on 7Li and 12C from LA-150h were used. For other nuclides the relevant cross
sections were represented by the MCNPX analytical models. The neutron scattering in the target
assembly was simulated by making use of high energy neutron cross section data from ENDF/B-VII.
This approach and nuclear data were validated against the neutron differential yields measured by
time-of-flight technique at the CYRIC setup. As can be seen in the Fig. 3 (left), the MCNPX/LA-150h
reasonably reproduces the whole Li/C spectra. Besides a mono-energetic peak 7Li(p,n01), the target
simultaneously produces “parasitic” low energy neutrons from 7Li and C discs. The analysis of impact
of set-up arrangement on the extraction of activation cross sections from the measured induced
radioactivities has been performed. The MCNPX simulation well represents the space-energy
integration effect on neutron spectra due to comparable dimensions of the set-up, samples - and the
sample-to-target distances. In Fig. 3 (right), the ratio of spectra calculated for two different “nominal”
distances of sample from Li foil indicate the effect of different s-to-s distance for C disc and Li foil,
respectively, the integration effect of 7Li(p,n01) cross section over solid angle of samples (the non
uniform irradiation) and even the impact of 7Li thickness on different emission of QME-neutrons as
well.
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proton-recoil telescope, Proc. of ND-2010 in J. of Kor. Phys. Soc 59(2011)1577; see also NEA
Data Bank, Paris, EFF-DOC-1076, -1093, -1099 and -1100
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present status and proposals how to store neutron source data
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P.O. Box 100, A-1400 Vienna, Austria
In many cases the neutron cross sections, presented in EXFOR, are obtained with use of incident
neutrons having broad energy distribution, thus such data are actually cross sections averaged over the
neutron spectrum. In accordance with the existing EXFOR rules, this neutron spectrum should be
entered in EXFOR as a free text. Analysis of data, available in EXFOR, has shown that information
on neutron source spectra is practically absent. Lack of information makes it impossible to compare
different experimental data correctly and to use the averaged cross sections for improvement of the
evaluated neutron data libraries. Thus the situation has to be made better.

1. Existing EXFOR formats and rules.
EXFOR: Chapter 6. REACTION SPECIFICATION
The reaction and quantity for the data coded in the data table is specified using the informationidentifier keyword REACTION. Therefore, this keyword must always be present in a data set.
A REACTION unit consists of three major fields (reaction, quantity, data-type):
Reaction field
SF1. Target Nucleus
SF2. Incident particle
SF3. Process
SF4. Reaction Product
Quantity field
SF5. Branch
SF6. Parameter
SF7. Particle considered
SF8. Modifier
Data-type field
SF9. Data type

SF8 Modifier contains information on the representation of the data, for example, relative
data, fitting coefficients. Code(s) are taken from Dictionary 34.
Dictionary 34: Modifiers (REACTION SF8)
EPI epi-thermal neutron spectrum average
FIS fission spectrum average
FST
fast reactor neutron spectrum average
MXW
Maxwellian average
SPA
spectrum average
AV
average
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EXFOR: Chapter 7. INFORMATION-IDENTIFIER KEYWORDS AND CODING RULES
INC-SPECT provides information on the characteristics and resolution of the incident-projectile
beam. It must be present when a spectrum average modifier (e.g., MXW, SPA, or FIS) is present in
REACTION SF8.
See also LEXFOR. Spectrum Average: cross sections averaged over a broad incident-projectile
energy spectrum may be entered into EXFOR using the proper modifier to REACTION SF8. The
type of spectrum and its characteristic should be entered in free text under the information-identifier
keyword INC-SPECT.
To show the actual situation with information on neutron sources data in EXFOR, let consider several
examples.

Example 1.
SUBENT

22857001

TITLE
AUTHOR
FACILITY
INC-SOURCE

Nuclear data for production of the therapeutic radio- nuclides P-32, …
(M.AL-Abyad, …, S.M.Qaim, …)
(CYCLO,2GERJUL) Variable energy compact cyclotron CV28.
(D-BE) Deuterons with primary energy 14 MeV impinging the thick beryllium
target 19.7 mm diameter, 1.9 mm thick, 98% purity embedded into 2 mm thick
copper holder cooled with water.
Continuous neutron energy spectrum evaluated using averaged cross section and
the measured activity of the elements given below. Has two maxima - the first
large at aprx 3 MeV and the second - small at 14 MeV neutron energy. Maximal
flux density occurs at 2.5 - 3.5 MeV neutron energy.

INC-SPECT

SUBENT

22857005

REACTION

(16-S-32(N,P)15-P-32,,SIG,,SPA) Averaged over the neutron spectrum of (D-Be)
source

SUBENT

22995001

TITLE
AUTHOR
FACILITY
INC-SOURCE

The 14-C(n,gamma) cross section between 10 keV and 1 MeV
(R.Reifarth, … F.Kaeppeler, …)
(VDG,2GERKFK) 3.7 MV Van de Graaff accelerator
(P-LI7) A metallic Li-7 target of different Li-7 layer thicknesses with protons of
different energies above the (P,N) reaction threshold.
Spectrum at the place of the sample is determined by averaging of the down- and
upstream gold monitor samples.
Neutron fluxes between 1.E+7 - 1.E+9 1/cm**2/s .

Example 2.

INC-SPECT

SUBENT

22995003

REACTION
INC-SOURCE

(6-C-14(N,G)6-C-15,,SIG,,SPA) Averaged over neutron spectrum width
Li-7 target thickness is 5 micrometers, proton energies are 2001 - 2530 keV, above
Li-7(p,n) reaction threshold
Asymmetric broad neutron spectrum with resolution taken by compiler from Fig.3
of main reference. Spectra are typical for mono-energetic experiment with wide
energy uncertainty (for 150 and 500 keV).

INC-SPECT
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Example 3.
SUBENT

31611001

TITLE
AUTHOR
FACILITY
INC-SOURCE
INC-SPECT

Thermal neutron capture cross sections of the palladium isotopes
(M.Krticka, … T.Belgya, …)
(REAC,3HUNII)
(REAC) The thermal-equivalent neutron flux was 2 x 10**6 n*cm2/s.
ABSENT

SUBENT
REACTION

31611015
(46-PD-106(N,G)46-PD-107,,SIG,,SPA)

SUBENT

31633001

TITLE

Neutron activation experiments on chromium and tantalum in the NPI p-7Li quasimonoenergetic neutron field
(P.Bem, …)
(CYCLO,3CZRUJF) The variable-energy proton beam of NPI cyclotron …
(P-LI7) neutron flux density of about 10**9 n/cm2/s in peak at 30MeV neutron
energy.
ABSENT

Example 4.

AUTHOR
FACILITY
INC-SOURCE
INC-SPECT

SUBENT
31633002
REACTION
(16-S-32(N,P)15-P-32,,SIG)
In subentry 31633002 the spectrum average modifier SF8 is absent.

Example 5.
SUBENT

32217001

TITLE

Measurements of neutron capture cross-section for tantalum at the neutron filtered
beams
(O.Gritzay, …)
(REAC) Reactor WWR-M
(REAC) Neutron filters installed in horizontal channel of the reactor.
2) Filter 59 keV. Filter components: 10B, V, S and 58Ni. The main part of the
filtered neutron spectrum is a line in the energy range 54.8-60.1 keV. The energy
distribution centre of this line is at 58.96 keV; its relative intensity is 94.36% of
the entire neutron flux. Besides, in the spectrum there are impurity lines: 3 groups
of lines in the energy range 1-40 keV (0.01%), 70-230 keV (0.11%) and 235-1570
keV (5.52%).

AUTHOR
FACILITY
INC-SOURCE
INC-SPECT

SUBENT

32217003

REACTION

(73-TA-181(N,G)73-TA-182,,SIG,,AV)

In subentry 32217003 it was used AV instead of SPA.
It is noted that numerical information about neutron spectrum is absent in EXFOR, though the
existing EXFOR rules recommend to include the type of spectrum and its characteristics in a free text
under the information-identifier keyword INC-SPECT. As it was noted above the absence of this
information leads to difficulties in comparison of the averaged data measured by different authors and
use them in evaluation procedures. The numerical data on neutron spectrum thus have to be compiled
in EXFOR.
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2. Two possible options how to modify the existing EXFOR rules.
1) To change rule for INC-SPECT.
Now: the type of spectrum and its characteristic should be entered in free text under the informationidentifier keyword INC-SPECT.
Alter: the type of spectrum and its characteristic should be entered in numeric data type under the
information-identifier keyword INC-SPECT.
2) To introduce into EXFOR new special ENTRY/SUBENTRY for neutron spectrum.
New: type of spectrum and its characteristic should be entered in numeric data type using separate
SUBENTRY or ENTRY for neutron spectrum if the spectrum is commonly applied to measurements
performed at the neutron source.
2.1 Use special form of REACTION to define the neutron source (see table below) with the proper
modifier SPD to REACTION SF8.
2.2 Use DATA to enter the numerical spectral data.
2.3 Data, that are averaged over broad incident-projectile energy spectrum and entered into the
EXFOR system, should be labelled by the keyword INC-SOURCE with use of all relevant
keywords from the Inc-Source Dictionary (#19) and the cross-reference to the EXFOR
entry/subentry with these numerical spectral data.
2.4 This cross-reference must be coded as an eight-digit integer.

The special form of REACTION to define the neutron spectrum
Name of neutron source
Alpha-Beryllium
Spont. fission of Californium-252
Spont. fission of Curium-244
Spont. fission of Curium-246
Spont. fission of Curium-248
Deuteron-Beryllium
Deuteron-Carbon 12
Deuteron-Carbon 14
Deuteron-Deuterium
Deuteron-Lithium
Deuteron-Lithium 7
Deuteron-Nitrogen 14
Deuteron-Nitrogen 15
Deuteron-Tritium
Evaporation neutrons

In INC-SOURCE
(Dictionary #19)
A-BE
CF252
CM244
CM246
CM248
D-BE
D-C12
D-C14
D-D
D-LI
D-LI7
D-N14
D-N15
D-T
EVAP

Nuclear explosive device
Proton-Beryllium
Proton-Deuterium
Photo-neutron

EXPLO
P-BE
P-D
PHOTO

Proton-Lithium 7
Polarized neutron source
Proton-Tritium
Spont. fission of Plutonium-240
Spont. fission of Plutonium-242
Reactor
Thermal column

P-LI7
POLNS
P-T
PU240
PU242
REAC
THCOL

SF1-SF8 in REACTION in
Entry/SubEntry with spectrum
4-BE-9(A, X)0-NN-1,,DE,,SPD
98-CF-252(0,F) ,, NU/DE,,SPD
96-CM-244(0,F),, NU/DE,,SPD
96-CM-246(0,F),, NU/DE,,SPD
96-CM-248(0,F),,NU/DE,,SPD
4-BE-9(D,X)0-NN-1,,DE,,SPD
6-C-12(D,X)0-NN-1,,DE,,SPD
6-C-14(D,X)0-NN-1,,DE,,SPD
1-H-2(D,X)0-NN-1,,DE,,SPD
3-LI-0(D,X)0-NN-1,,DE,,SPD
3-LI-7(D,X)0-NN-1,,DE,,SPD
7-N-14(D,X)0-NN-1,,DE,,SPD
7-N-15(D,X)0-NN-1,,DE,,SPD
1-H-3(D,X)0-NN-1,,DE,,SPD
13-Al-27(P,X)0-NN-1,,DE,,SPD
74-W-0(P,X)0-NN-1,,DE,,SPD
82-Pb-0(P,X) 0-NN-1,,DE,,SPD
92-U-0(D,X) 0-NN-1,,DE,,SPD...
???
4-BE-9(P, X)0-NN-1,,DE,,SPD
1-H-2(P,X)0-NN-1,,DE,N,SPD
1-H-2(G,X)0-NN-1,,DE,,SPD
13-Al-27(G,X)0-NN-1,,DE,,SPD
74-W-0(G,X)0-NN-1,,DE,,SPD
92-U-0(G,X)0-NN-1,,DE,,SPD ...
3-LI-7(P,X)0-NN-1,,DE,,SPD
???
1-H-3(P,X)0-NN-1,,DE,,SPD
94-PU-240(0,F) ,, NU/DE,,SPD
94-PU-242(0,F) ,, NU/DE,,SPD
92-U-FUL(X,X) 0-NN-1,,DE,,SPD
???

* The SF1-SF8 designation of source, marked by “???”, is not defined today.
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The fiellds SF8, SF99 in REACT
TION may bbe used to indicate,
i
if th
his spectrum
m is given in
n relative
(SPD/RE
EL) values, and if it was obtained byy calculation (CALC).
In COM
MMENT or in
i the line with
w REACTIION we can
n write the ad
dditional infoormation abo
out given
spectrum
m: codes andd libraries useed in calculat
ations, compo
onents on thee used neutroon filter, etc.

3. Prop
posal for th
he source sp
pectral infoormation sttorage in EXFOR.
E
We proopose to use the secon
nd way, i.ee., to introd
duce a new separate sspecial ENT
TRY or
SUBEN
NTRY for neuutron spectru
um. The advaantages wou
uld be:
1)

to refrain from repeatiing the neuttron spectrum
m informatio
on in Entriess with data obtained
with that neutron
n
sourcce spectrum.
2)
to facilitatee data search
h of neutron source specttrum - they could
c
be founnd using the modifier
SPD in RE
EACTION SF8
S
and thee EXFOR reetrieval systeem; this servvice is impo
ortant for
experimentters, evaluato
ors and comppilers.
3) to use keyw
word INC-SO
OURCE for cross-referen
nce to the relevant specctrum (see above
a
the
point 2.3) - it
i will allow us to avoid iintroduction of new Dictionary and eessential mod
dification
of the checkking codes.
To dem
monstrate an example off such Entriies, let consider subentrry 322170033, where thee filtered
neutron spectrum was
w used to measure
m
the averaged radiation crosss section on Ta. There were
w
two
types off spectrum: calculated
c
an
nd experimenntal ones, thee latter was obtained
o
by differentiatio
on of the
instrumeental proton recoil spectrrum.
We can use one neew entry (taake for exam
mple 32777) for the filteered neutron spectra. In subentry
327770001, as usuaal, we desscribe generral informaation using keywords TITLE, AU
UTHOR,
INSTITU
UTE, …
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For calculated neutroon spectrum we can use ssubentry 327
777002 and for
f experimeental one the subentry
327770003. Note this neutron sp
pectrum wass created by filtering off the reactor spectrum. Since
S
the
reactor used uraniuum fuel, wee propose tto fill the fields
f
SF1-S
SF4 in RE
EACTION as
a 92-UFUL(X,,X)0-NN-1.

…

In COM
MMENT or inn the line wiith REACTIION we can write the ad
dditional infoormation abo
out given
spectrum
m: libraries used in
i
calculattions, com
mponents of
o
the neeutron filteer, etc.
To referr to the used neutron
n
specctrum from thhe subentry 32217003,
3
which
w
containns the measu
ured
average cross sectionn data, we caan use there tthe keyword
d
INC-SO
OURCE (R
REAC, 32777
7002) and (R
REAC, 32777
7003):
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Such forrm of recordding of the neutron
n
sourrce spectrum
m allows us to
o use the exxisting EXFO
OR rules,
except small changes.
By analoogy, for eachh of the abo
ove-mentioneed examples 1-4 we may
y create the new special separate
subentryy (or create new
n entry) to
o enter specttrum numeriical informattion. Thus, ffor the exam
mple 1 the
numericcal spectral information
i
may be enttered in SUB
BENTRY 22
2857008 andd the keywo
ord INCSOURC
CE (D-BE, 222857008) maay be added iin each suben
ntries with av
veraged dataa (subentries 2-5).

Exaample 1.
…
SUBEN
NT
REACT
TION
INC-SO
OURCE
…
SUBEN
NT
REACT
TION
…
DATA

22857005
5
(16-S-32((N,P)15-P-322,,SIG,,SPA) Averaged over
o the neuttron spectrum
m of (DBe) sourcce
(D-BE, 22857008)
22857008
8
(4-BE-9(D,X)0-NN-11,,DE,,SPD)

m be writtenn.
For the eexamples 2, 3, and 4 it may

Exaample 2.
…
SUBEN
NT
REACT
TION
INC-SO
OURCE
…
SUBEN
NT
REACT
TION

22995003
3
(6-C-14(N
N,G)6-C-15,,,SIG,,SPA) Averaged
A
ov
ver neutron sp
spectrum wid
dth
(P-LI7, 22995004)
2
22995004
4
(3-LI-7(D
D,X)0-NN-1,,,DE,,SPD) Li-7 target thickness
t
is 5 micrometerrs,
proton en
nergies are 20001 - 2530 keV,
k
above Li-7(p,n)
L
reacction threshold

…
DATA
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Example 3.
…
SUBENT
REACTION
INC-SOURCE
…
SUBENT
REACTION

31611015
(46-PD-106(N,G)46-PD-107,,SIG,,SPA)
(REAC, 31611021)
31611021
(92-U-FUL(X,X) 0-NN-1,,DE,,SPD) The thermal-equivalent neutron flux was
2 x 10**6 n*cm2/s.

…
DATA

Example 4.
…
SUBENT
REACTION
INC-SOURCE
…
SUBENT
REACTION
COMMENT

31633002
(16-S-32(N,P)15-P-32,,SIG,,SPA)
(REAC, 31633004)
31633004
(3-LI-7(P,X)0-NN-1,,DE,,SPD)
Neutron flux density of about 10**9 n/cm2/s in peak at 30MeV neutron
energy.

…
DATA
The given examples obviously show that new separate special subentries (not entries) can also be used
for storage of the numerical spectral information.
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APPENDIX 4
DIFFERENTIAL NEUTRON PRODUCTION CROSS SECTIONS
AND THICK TARGET YIELD DATA MISSING IN THE EXFOR
DATABASE
Neutrons generated by light-ion induced reactions on light or medium element targets (e.g., 7Li(p,xn),
7
Li(d,xn), 9Be(d,xn) etc.) have been recognized as useful neutron fields for cross section
measurements, detector calibrations, material irradiation and validation of the neutron transport
through shield materials. On the other hand, theoretical modelling of the differential cross sections for
these reactions faces difficulties to verify them due to the lack of experimental data [1,2]. As a result,
complete and validated evaluated data files are missing for many neutron production reactions.
Therefore, the collection of experimental differential neutron production cross sections and thick
target yields in the EXFOR database continues to be a task of high importance. It turns out that still
many experimental works are missing. Many measurements were done and published in the period
1960-1980 in Journals and Conference proceedings (where the results were usually presented in the
graphs) or as laboratory Reports. There are also recent publications which were not included in
EXFOR. Compilation of all relevant data by priority is proposed for NRDC
(see also http://www-nds.iaea.org/nrdc/nrdc_2011/working/wp2011-13.pdf).
Table. List of papers and reports containing neutron emission data from p, d, t, 3He and α induced
reactions, which were not included in EXFOR before this Meeting. The new Entries (or
additional Sub-Entries) already assigned for compilation are shown in the last column. They
will be available for users as the EXFOR database will be updated.
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.

References

EXFOR

H.I. Amols et al., Med. Phys. 4 (1977) 486, Report FermiLab-Pub-76/102-EXP
T. Aoki et al., J. of Nucl. Sci. Tech. 41 (2004) 399-405
D.L. Johnson, NIM85-86(1979)467, Report BNL-NCS-51245,99,1980
A.N. Goland, IEE Transactions on Nuclear Science 22 (1976) 1776
M. Sugimoto, Report JAERI-M-91-170, 1991, p. 137
H.J. Brede et al., Nucl. Instr. Meth A274 (1989) 332
V.K. Daruga et al., Atomnaya Energiya, 30 (1971) 399,
English Translation: Sov. Atom. Energy 30 (1971) 493
M.A. Lone et al., Nucl. Instr. Meth. 143 (1977) 331,
Report NBIR-77-1279, 1977, p. 5
R. Madey et al., Med. Phys. 4 (1977) 322
J.L. Ullmann et al., Med. Phys. 8 (1981) 396
N. Colonna et al., Med. Phys. 26 (1999) 793
J.P. Meulders et al., Phys. Med. Biol. 20 (1975) 235-243
Z. Radivojevic et al., Nucl. Instr. Meth. B 183 (2001) 212-220
M.J. Saltmarsh et al., Nucl. Instr. Meth. 145 (1977) 81-90,
Report NBIR-77-1279, 24, 1977
G.W. Schweimer, Nucl. Phys. A100 (1967) 537-544
L.S. August et al., Report NBSIR 77-1279 (1977) 31
C.E. Nelson et al., Report NBIR-77-1279 (1977) 1
K.A. Weaver et al, NSE 52 (1973) 35; Report UCRL-51310, 1972
K. Shin, Phys. Rev. C29 (1984) 1307
H. Schuhmacher et al., NIM A421 (1999) 284
C. J. Batty et al., Nucl. Instr. and Meth. 68 (1969) 273
A. S. Clough et al., Nucl. Instr. and Meth. A143 (1970) 385
P. Bém et al., Nucl. Instr. and Meth. A 425 (1999) 522

C1835
E1893
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E2358
D0523
A0898
C1837
C1833
C1834
C1836
O1050
C1832

F0218
E2343
O0650
F0789
D0273

24.
25.
26.
27.
28.
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N. Nakao, NIM A420 (1999) 218
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Y. Uwamino et al., NIM A 271 (1988) 546; NSE 111 (1992) 391
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M. Baba et al., JNM 307-311 (2002) 1715

37. M. Baba et al., Int. Conf. ND-2004, Santa Fe, 2004, p. 884
38. Y. Iwamoto et al. Nucl. Instrum. Meth. B 389 (1997) 463
39. Y. Iwamoto et al. Nucl. Instrum. Meth. B 629 (2011) 43
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APPENDIX 5

CODES FOR NEUTRON SPECTRUM CALCULATIONS
This appendix gives an overview of codes developed elsewhere for the simulation of accelerator
driven and reactor filtered neutron sources.
The most essential input for the modelling of accelerator driven neutron sources is double differential
neutron production cross sections for the reactions under consideration. As this overview shows, the
systematics by M. Drosg or by H. Liskien and A. Paulsen are most often used. Another essential
aspect concerns the simulation of the slowing down process of charged particles in target materials. So
far, this is predominantly based on the evaluation of J.M. Ziegler (SRIM) of electron and nuclear
stopping powers.
One could also notice a tendency to implement the above models (or pass the neutron sampling
results) in the sophisticated Monte-Carlo codes, like MCNP. It facilitates the simulation of the impact
of neutron scattering on the target set-up, which depends on each facility and could be rather complex.
Particular attention was paid to the availability of these codes for practical use.

DROSG2000
The package was developed and regularly upgraded by M. Drosg [1] and contains data and three
computer codes to calculate accelerator-based neutron production:
- neutron energies, differential cross-sections and differential yields for monoenergetic neutron
production through the following reactions: 3H(p,n)3He, 7Li(p,n0)7Be, 7Li(p,n1)7Be*, 9Be(p,n0)9B,
11
B(p,n0)11C, 13C(p,n0)13N, 15N(p,n0)15O, 2H(d,n)3He, 3H(d,n)4He, 3H(α,n0)6Li, 36Cl(p,n)36Ar,
39
Ar(p,n0)39K, 59Co(p,n)59Ni, 7Li(d,n)8Be, 9Be(d,n)10B, 11B(d,n)12C, 13C(d,n)14N, 15N(d,n)16O,
18
O(d,n)19F, 7Li(α,n)10B, 11B(α,n)14N, 13C(α,n)16O, 22Ne(α,n)25Mg;
- energy-angular differential thick target yields and white neutron spectra from the two body
reactions covered above;
- differential cross sections and energies of (n,p), (n,d), (n,t) and (n,α) reactions by detailed balance
from the time reversed reactions listed above.
The reaction differential cross sections and their uncertainties are presented in [2]. The electronic
stopping power needed to account for the slowing down of charged particles is based on data of
Ziegler et al. [3] unless indicated otherwise.
Package is freely available from IAEA web page: http://www-nds.iaea.org/drosg2000.html

TARGET
The adjoint Monte-Carlo code TARGET [4] calculates the neutron energy spectrum produced by
protons and deuterons impinging on solid (Li, LiF, LiOH, Sc, T-Ti, D-Ti) and gas (D2) targets. The
code computes the uncollided and target scattered neutrons contributions to the cylinder detector of
given size and location, as well as for proton recoil telescope. It makes use of Drosg’s neutron
production cross section data [2]. The proton and deuteron transport in target materials is modelled on
the base of Ziegler’ data with inclusion of energy and angle straggling [4].
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EnergySet and NeuSDesc
EnergySet [5] is a program developed by IRMM that calculates neutron energy spectra and fluencies
for most commonly used quasi mono-energetic neutron sources employing the reactions: 7Li(p,n)7Be,
T(p,n)3He, D(d,n)3He, 7Li(α,n)10B, T(d,n)4He, 7Li(p,n)7Be*, 45Sc(p,n)45Ti and D(d,pn)D. The program
uses kinematics for real-time neutron spectrum calculations as a function of ion energy, neutron
emission angle, reaction target thickness, measurement distance and ion beam current. Also related
accelerator parameters are calculated.
NeuSDesc (Neutron Source Description) [6] is an extended version of the EnergySet program
including the option of creation an MCNP input file containing the description of the neutron field at
an arbitrary surface (so called SDEF card). NeuSDesc does not, however, provide any accelerator
parameters. Reaction cross section data are taken from H. Liskien and A. Paulsen [7], the ion stopping
power - from SRIM-2008 [8].
Package is available from
http://www.irmm.jrc.be/about_IRMM/laboratories/Pages/the_van_de_graaff_laboratory.aspx.

PINO
The Monte-Carlo based program PINO (Protons In Neutrons Out) [9] simulates neutron spectra from
the 7Li(p,n) source (Li, LiF or LiO2 thick targets) considering the geometry of the setup and the
proton-energy distribution. The code was designed and validated for simulation of neutrons produced
in moderately thick targets and for proton energies slightly exceeding the 7Li(p,n) reaction threshold.
The double-differential cross-sections are taken from the compilation by Liskien and Paulsen [7],
stopping power data are from SRIM [8]. The protons and the neutron transport are very simplified:
protons do not scatter in the thin lithium layer, straggling is neglected, neutrons are not tracked - only
position and angle at the production point are considered. The code estimates a spectrum seen by disklike samples.
The calculations can be done on-line using the web interface
http://exp-astro.physik.uni-frankfurt.de/pino/.

FNG Source Subroutine
The FNG source subroutine was developed and validated at ENEA [10, 11] to simulate the neutron
yield from thick titanium-tritium targets bombarded by hundred-keV deuterons (fusion D–T source). It
was designed as a special subroutine for use (compilation) together with the MCNP code family: at a
given incident deuteron energy it samples a neutron with particular energy, emission angle and weight
for the further transport by MCNP.
The FNG source simulates the effect of the deuteron slowing down inside a titanium-tritium target by
electrons using the models implemented in the TRIM/SRIM package. The T(d,n) double differential
cross-sections were retrieved from the DROSG2000 code [1].
The latest version of this subroutine [12] includes several modifications: it takes D-T reaction
anisotropies from ENDF/B–VII data, uses relativistic kinematics to convert data from centre of mass
to target frame, drops the special treatment of the first deuteron collision that avoids artificial spikes in
the spectrum.
The source subroutine is appropriate for analysis of 14 MeV neutron generator with solid TiT target,
while the facility-dependent neutron scattering on the target holding materials could be simulated by
exact representation of the target design in the MCNP input file.
The subroutines are available in SINBAD database
http://www.oecd-nea.org/science/shielding/sinbad/sinbadi.htm.
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FILTER
The package was developed and then regularly upgraded by O. Gritzay [13]. It contains special data
library and computer code to calculate neutron spectra formed by interference neutron filters installed
in the beam line at Kyiv light water research reactor.
The special data library consists of a set of separate files with the total neutron cross section in the
point-wise format. These total neutron cross sections were obtained from latest evaluated data libraries
in the energy range from 10-5 еV to 20 МеV and a temperature of 300К by the PREPRO or NJOY
codes.
The code allows simulation of practically any combination of materials and isotopes for the filter to
get quasi-mono-energetic neutron spectrum with necessary energy, intensity and line purity.
The code uses simple expressions for calculations of the transmission through the filter materials. This
approach is valid for the strong collimation of the reactor beam in the neutron filter system. It was
tested by exact simulation of experimental set-up using the MCNP-4C code.
Detailed information is available from UKRNDC web page: http://ukrndc.kinr.kiev.ua/.
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APPENDIX 6
IAEA INFORMATION RESOURCES ON REACTOR,
RADIOACTIVE AND SPALLATION NEUTRON SOURCES
The Nuclear Data Section and Physics Section of IAEA, undertaking the Agency activity in the areas
of nuclear data development and relevant technology transfer, systematically collected information on
the availability and characteristics of neutron sources at different facilities. This information is
available from the IAEA reports and databases. A short overview of the IAEA resources is given
below.

STANDARD AND REPRODUCIBLE NEUTRON FIELDS IN IRDF-2002
The International Reactor Dosimetry File IRDF-2002 [1] contains a set of neutron source
spectra available in numerical form on http://www-nds.iaea.org/irdf2002/index.htmlx. These
fields were used by the IRDF community to validate evaluated cross sections for 35 activation
reactions selected for reactor dosimetry. The numeral data are presented in the ENDF format
in the energy range from 0.0001–0.01 eV to 18-20 MeV. To characterise the energy
distribution, the energy range comprising 90% of the spectrum (in parentheses) and the
average energy are specified.
Regarding the quality, the neutron fields are sorted in two classes [2]:
Standard Fields - a permanent and reproducible neutron field with neutron flux intensity, energy
spectra and angular flux distributions characterized to state-of-the-art accuracy:
-

-

252

Cf spontaneous fission spectrum (0.26 – 5.5 MeV), average energy 2.13 MeV, 122 energy
groups and 71×71 energy-energy covariances matrix evaluated between 15 keV and 20 MeV
[3];
Thermal Maxwellian flux (0.01 - 0.4 eV) – neutron thermal equilibrium distribution
N ( E )  E exp(  E / kT ) with atoms of moderator at temperature T, averaged energy
0.00253 eV at room temperature 293 K [2];
Near-1/E (6 eV – 3 MeV) – epithermal slowing down spectrum in a hydrogenous moderator
N ( E )  1 / E , average energy 0.75 MeV [2].

Reference Fields - a permanent and reproducible neutron field, less well characterized than a
standard but accepted as a measurement reference by a community of users
-

235

U thermal fission (0.24 – 5.1 MeV) – from National Bureau of Standards and ENDF/B-V
evaluations, average energy 1.97 MeV, 620 groups [4];
Sigma-Sigma or ΣΣ (0.02 – 2.9 MeV) - coupled Thermal/Fast Uranium + Boron Carbide
spherical assembly located within a conventional graphite thermal column, evaluated at NBS,
average energy 0.76 MeV, 431 groups [4];
ISFN - Intermediate-Energy Standard Neutron Field (0.008 – 3.5 MeV) – from NBS, average
energy 0.80 MeV, 620 groups [4];
BIG-TEN (0.04 – 2.3 MeV) - 10 per cents enriched Uranium cylindrical assembly, average
energy 0.58 MeV, 396 groups [4];
CFRMF (0.02 – 2.9 MeV) - Coupled Fast Reactivity Measurement Facility is a zoned core
critical assembly, average energy 0.76 MeV, 460 groups [5];
ORR – Oak Ridge Research Reactor, 100 groups [6];
YAYOI (0.1 – 4.2 MeV) - average energy 1.50 MeV, 460 groups [6];
Central Zone Flux of the NEACRP benchmark, 208 groups [7].
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EXFOR has Entries that have the spectral averaged cross sections measured with neutron fields listed
above (for example, #30568 contains the measured dosimetry cross sections with Sigma-Sigma
source). NDS will analyse the necessity to have cross references between the EXFOR Entries with
energy averaged cross sections and the corresponding neuron spectra available in IRDF-2002.
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RADIOACTIVE NEUTRON AND GAMMA SOURCES
The IAEA has collected neutron energy spectra for 23 isotopic (natural radioactive) and more than 400
operational (driven by research and power reactors, medical and high energy accelerators, cosmic
rays) neutron sources [1]. The purpose was to provide guidance to health physicists and dosimetry
specialists on the proper selection and use of dosimeters and survey instruments on the basis of their
energy response characteristics and the neutron spectra in the environment where the devices are to be
used. This report includes dosimetric quantities, response functions and neutron spectra.
The compendium presents an interest for the physics and EXFOR community mainly by its collection
of radioactive neutron source spectra, since operational ones have not been used for cross reaction
measurements. Indeed the natural radioactive neutron sources are often used for detector calibration,
cross section measurements, benchmarking of evaluated data files and as reference fields for
metrological purposes. They consist of an α-particle emitting radioisotope (238,239Pu, 226Ra or 210Po)
and a neutron converter (9Be, 10,11B or 19F). Technologically they are manufactured either as
homogeneous mixture (isotropic sources) or as heterogeneous or “sandwich” (neutron yields depends
on emission angle).
Compendium has clean (bare source) neutron fields for isotopic sources 252Cf, 241Am-B, 241Am-Be,
238
Pu-Be and 238Pu-F. These spectra were either evaluated by International Organization for
Standardization [2] or measured at PTB [3], CERN [4] and GSF [5] labs. The numerical spectral data
are presented in sixty energy bins in the energy range between 1 meV and 630 MeV.
Comprehensive and detailed survey of neutron and gamma isotopic sources was also given in
monographs [6-8]. They cover many different sources like 252Cf, 226Ra-Be, 210Po-Be, 242,244Cm-Be,
238
Pu-Be, 210Po-B, 238Pu-B 210Po-F, 238Pu-Li, both homo- and hetero-geneous types. The numerical
energy spectra are available, e.g., in [9].
Not only clean isotopic sources, but also those surrounded by moderators or bulk structural materials
were used for the measurements of spectrum-averaged cross sections. In these cases, neutron
scattering causes considerable contributions of low energy neutrons (which however could be
neglected when threshold reactions are measured) [10, 11].
Regarding the essential number of cross section data measured with clean radioactive neutron sources the
NDS has recommended to NRDC to start collection and compilation of the relevant isotopic neutron
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fields in EXFOR [12]. It was also found that incident source code A-BE is used presently for both
accelerator driven and all radioactive α-Be neutron sources. To improve the accessibility of spectrum
averaged cross sections in the EXFOR database, the new codes sources (AM-BE, CM-BE, PU-B etc.) for
radioactive were proposed, keeping the already existing code (A-BE) only for neutrons generated at
accelerators.
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SPALLATION NEUTRON SOURCES
Spallation nuclear reactions as neutron sources play an important role in a wide domain of
applications: nuclear and particle physics, astrophysics, condensed matter and material studies,
transmutation of nuclear waste and rare isotope production, calibration of detectors and radiation
protection issues near accelerators and in space.
IAEA and the Abdus Salam International Centre for Theoretical Physics (ICTP, http://www.ictp.it/)
have organised a set of experts’ meetings on international benchmarking of spallation model codes
such as MCNP(X) and GEANT. This activity included collection of all available experimental data on
spallation reaction products and demonstration of the capability of these codes to represent them.
As a result, all double differential cross sections for neutron production by protons with energies
between 60 to 2500 MeV incident on target nuclei C, Al, Fe, Cu, Ni, Ta, Au, Pb, Bi, U were collected
in EXFOR. The detailed graphical and numerical (in terms of Figure of Merit) intercomparisons give
an overall status of existing experimental and theoretical results for spallation neutron spectra (for
details see http://www-nds.iaea.org/spallations/).
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APPENDIX 7

NEUTRON SPECTRA UNFOLDING CODES
The determination of energy spectra by the multiple foil activation technique is a rather universal and
well establish method. It is of advantage for measuring the spectral fluence in harsh radiation
environments, at high temperatures and in compact volumes, where other detectors and methods are
not applicable.
Many codes, each employing different models and algorithms, have been developed during the last
decades for unfolding an energy spectrum from measured reaction rates. Based on published reference
documents and manuals, we would like to give a short overview of used methods, computing
environment and availability of the most popular neutron spectra unfolding or adjustment codes.

SAND-II-SNL
Sandia National Laboratories, in the process of characterizing the neutron environments at its reactor
facilities, has developed an enhanced version of W. McElroy’s original SAND-II code [1, 2]. The
enhanced input, output, and plotting interfaces make the code much easier to use. The basic physics
and operation of the code remain unchanged. Important code enhancements include the interfaces to
the latest dosimetry-quality cross sections and the ability to use silicon displacement-sensitive devices
as dosimetry sensors.
The SAND II code provides a “best fit” neutron flux spectrum for a given input set of infinitely dilute
foil activities. The calculational procedure (non-linear least squares) consists of the selection of a
known flux spectrum form to serve as the initial approximation to the solution, and subsequent
iteration to a form acceptable as an appropriate solution, no exact uncertainty analysis. A reaction
cross-section library is provided with the code or could be retrieved from IRDF-2002, http://wwwnds.iaea.org/irdf2002/index.htmlx .
Coding language Fortran 77, SUN Sparcstation; available from the Radiation Shielding Information
Center (RSIC) at Oak Ridge National Laboratory http://www-rsicc.ornl.gov (package
P00345/SUN04/00).

HEPROW Package
Computer codes based on Bayes theorem and the maximum entropy method have been developed in
the PTB and have been successfully applied in many metrological fields to determine the spectral
neutron or photon fluence [3, 4]. It contains a number of programs for data handling, plotting, folding
and, in particular, for unfolding: GRAVELW - modified SAND-II code, UNFANAW and MIEKEW.
The propagation of uncertainties is performed with a so-called ambiguity term. The HEPROW
program system is an updated version of the PTB HEPRO system [5].
The codes run in the DOS-Box of a PC, tested under WINDOWS-98 and are available from
http://www.matzke-bs.de/heprow/. The MIEKE code (predecessor of MIEKEW) is also available from
http://www-nds.iaea.org/ndspub/libraries/nmf/.
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STAY’SL
Computer program STAY'SL [6] solves the dosimetry unfolding problem by the method of linear least
squares. The solution (the output spectrum and its covariance matrix) is calculated by minimizing chisquare based on the input data (the activation data, a priori spectrum, the dosimetry cross sections and
their uncertainties given by covariance matrices). The solution reflects therefore the uncertainties in all
of the input data and their correlations. The correlations among the various dosimetry cross sections
are taken into account; however, the activation data, input spectrum and cross sections as classes are
assumed to be uncorrelated with each other.
A FORTRAN code, sample problem and documentation are available from the Radiation Shielding
Information Center (RSIC) at Oak Ridge National Laboratory (http://www-rsicc.ornl.gov, package
P00113) or from NDS of IAEA (http://www-nds.iaea.org/irdf2002/codes/index.htmlx, IRDF-2002).

STAYNL
The code STAYNL [7] is a modified and extended follow-up of the code STAY‘SL. It solves the
neutron spectrum adjustment problem by the generalized least square method (GLSM). The spectrum
normalization before adjustment is performed by GLSQM, and the cross-covariance terms derived
from the calculation of the covariance matrix of the reaction rates also taken into account.
The program is written in standard FORTRAN-7 language, is a part of the Neutron Metrology File
NMF-90 and could be downloaded from http://www-nds.iaea.org/ndspub/libraries/nmf/.

LSL
LSL-M2 - Least-Squares Logarithmic Adjustment of Neutron Spectra [8] - adjusts calculated neutron
spectra to make the fluence values consistent with given neutron dosimetry measurements. In an
adjustment procedure, consistency is achieved by adjusting the input data (a priori spectrum) in such a
manner that a weighted sum of squares of adjustments is minimized. The weights are assigned
according to the input uncertainties, i.e., the larger the uncertainty, the smaller the weight. This sum,
which is further modified by correlations, represents the negative logarithm of the probability of the
outcome of the experiment if the adjusted values are the ``true'' data.
Fortran 77, IBM PC or VAX family, available from RSICC http://www-rsicc.ornl.gov/ (package PSR233) and from NDS of IAEA http://www-nds.iaea.org/ndspub/libraries/nmf/ (package NMF-90).

SULSA
Code SULSA [9] implements a new method for the neutron spectrum unfolding based on the
improvement of the generalized least square method. It allows an iterative treatment of the problem
and keep the number of the independent statistical variables of the solution lower than the number of
the measured reaction rates. An advantage of the method is that the neutron spectrum can be
determined when no prior information is available.
It uses the cross section data and their respective covariance matrices from the IRDF-90 (2002)
Dosimetry File to get detailed representation of the energy grid with successive approximation.
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NSVA-3
A new third version [10] of the spectrum least-squares adjustment code NSVA (Neutron Spectrum
Validation and Adjustment) [11] has been developed and is being made available to the community.
The designation of NSVA-3 is that it simultaneously adjusts spectra for multiple environments. Items
of data may be easily swapped in or out of the calculation. The data input requires the fluence spectra,
dosimetry measurements with the standard deviations and correlation matrices. In the case of multiple
environments, the cross correlations between environments of the input fluence and dosimetry
measurements can also be included. An 89-group cross section library including covariance matrices,
based on SNLRML [12], is incorporated in the code package.
The code is written in MATLAB®, it allows variable-dimension matrix operations to be written as
simple commands, and also provides facilities for the input and output of data to and from
spreadsheets. The main advantage of the NSVA code is the usage of graphic user interfaces GUIs to
assist with the data input and in interactive execution of adjustment cases.
NVA-3 is run under the MATLAB® (version 6.5 and higher) environment and is designed for a
Windows operating system, but is can also be executed on UNIX machines.
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APPENDIX 8
Compilation of Data Averaged over Incident Neutron Spectra for EXFOR
Library
N. Otuka, V. Semkova, S.P. Simakov
Nuclear Data Section, International Atomic Energy Agency, A-1400 Vienna, Austria

1. Introduction
Cross section and other experimental neutron-induced reaction data measured under broad neutron
spectra have been compiled in the EXFOR Library maintained by the International Network of
Nuclear Reaction Data Centres (NRDC) [1]. In the current EXFOR Formats rule, the neutron field
used in the measurement is indicated by a “modifier” (Table 1) as a part of the code under the keyword
REACTION, and its characteristic energy is coded with the measured cross section (Fig. 1). Following
the introduction of Westcott’s convention, two spectrum modifiers MXW and SPA and two definitions
of Maxwellian averaged cross sections (MACS) are presently used in compilation practice. To remove
ambiguity, the compilation rules for neutron spectrum averaged quantity and representative energy are
discussed in this Appendix.
Table 1. Selected modifiers in the EXFOR dictionary

Code

Definition

MXW
EPI
FIS
FST
SPA
AV

Maxwellian average
Epithermal neutron spectrum average
Fission neutron spectrum average
Fast reactor neutron spectrum average
Spectrum average (not specified above)
Average

SUBENT
BIB
REACTION
ENDBIB
NOCOMMON
DATA
EN-DUMMY
EV
0.0253
ENDDATA
ENDSUBENT

12438004
19830809
1
1
(92-U-235(N,F),,SIG,,MXW)
1
0
0
3
1
DATA
DATA-ERR
B
B
552.
55.
3
0
9
0

Fig. 1. EXFOR Entry: 235U neutron-induced fission cross section measured in a thermal reactor and coded as a
Maxwellian spectrum averaged (MXW) cross section [2].

2. Quantities defined with two codes MXW and SPA in EXFOR
For cross sections measured at thermal reactors, the spectrum averaged or effective cross section
<σSPA> is introduced by the Westcott’s convention [3] in terms of the reaction rate R:


R   n0 n(v) (v)vdv  n0 v0  SPA
0

(1)

with





0

n(v)dv  1

(2)

where n(v) is the neutron velocity distribution normalized to 1, n0 is the total neutron density, and v0 is
the thermal neutron velocity (2200 m/s) at the room temperature kT0 = 0.0253 eV. The effective cross
section is related to the 2200 m/s cross section (thermal neutron cross section) σ0 = σ(v0):
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 SPA   MXW (kT ) (1  rs 0 T / T0 )   0 g (1  rs 0 T / T0 ),

(3)

Here <σMXW(kT)> is the effective cross section for incident neutrons with the Maxwell energy
distribution (Maxwellian averaged cross section, MACS) at the temperature T:

 MXW (kT ) 

1
v0





nMXW (v) (v)vdv 

0

v

kT

v0

,

(4)

where g is the ratio of <σMXW(kT)> to the 2200 m/s cross section σ0 (Westcott’s g-factor), r is the
epithermal index (r = 0 if there is no epithermal flux) and s0 is a quantity depending on the
temperature and resonance integral (s0 = 0 if σ ∝1/v). See ref. [4] for more details.
Note that the explicit form of Maxwellian velocity distribution is

4

n MXW (v) 

3
T

v

 v2
v 2 exp  2

 vT





(5)

The velocity vT  2kT / m is the most probable velocity corresponding to the peak of the velocity
distribution, and it is equal to v0 when T = T0. If σ ∝ 1/ν, Eqs. (4) and (5) give (namely g = 1):

 MXW (kT )   0

(6)

Eq. (4) can be also expressed in terms of the neutron energy E:



2

 MXW (kT ) 



0



E exp( E / kT ) ( E )dE





0

E exp( E / kT )dE

(7)

Experimentally, <σMXW> is determined through determination of parameters r and s0 by measurements
with and without a Cd cover sheet around the sample.

3. Issues important for the EXFOR compilation
The moments essential for the correct compiling of the energy averaged data are considered in
the next sub-sections.
3.1 Selection of modifiers - MXW or SPA
According to the EXFOR rules (Table 1), two modifiers MXW and SPA should be applied to the
effective cross sections for Maxwellian and more generic spectra n(v). However, it is not always
obvious whether the cross section reported by the author as the “thermal cross section” is <σSPA>,
<σMXW> or σ0. The situation is similar for other quantities (e.g., fission yields) measured in thermal
reactors. Since SPA is too generic (any spectrum can be expressed by this code), some EXFOR
compilers prefer to use MXW rather than SPA assuming that the effect of the epithermal flux is
negligible. Moreover they sometimes omit both MXW and SPA codes when no description of the
neutron spectrum is given in the article. EXFOR compilers do not have a clear prescription for these
cases.

3.2 Two definitions of the Maxwellian Averaged Cross Sections (MACS)
A straightforward definition cross section averaged for a given spectrum is

ˆ SPA
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(8)

For the Maxwellian distribution, this becomes

ˆ MXW
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v
v

kT

(9)

Since the mean velocity in the Maxwellian distribution v  2 2kT / m is a factor 2 /  (~1.128)
larger than vT, it results to the following difference of MACS at the room temperature T=T0 in
accordance with two definitions Eqs. (4) and (9):

 MXW (kT0 ) 

2



ˆ MXW kT0 

(10)

Usually the definition based on Westcott’s convention <σMXW(kT0)> is adopted as the definition of
MACS in the thermal neutron region. The situation is the same for the MACS at the stellar
temperature kT ~ 30 keV (see, e.g. Eq. (2) in [5]). However, Eq. (9) is also used as another definition
of MACS at the room temperature (see, e.g. Table II in [6]). Currently both MACS are coded with the
same modifier MXW in the EXFOR Library.

3.3 Renormalization of existing data by new spectrum averaged experimental data
Various reactions relevant to the s-process nucleosynthesis have been studied by using kT = 25 keV
quasi-Maxwellian spectrum neutrons produced by the 7Li(p,n)7Be reaction at the Karlsruhe 3.7 MV
Van de Graaff accelerator. Though the neutron source simulates the Maxwellian spectrum almost
perfectly, it has a maximum neutron energy (high energy limit), e.g., En,max = 106 keV at the incident
proton beam energy Ep = 1912 keV [5]. Note that genuine Maxwellian distribution extends to the
infinite energies. The Karlsruhe group has utilized their experimental quasi-Maxwellian spectrum
averaged cross sections ˆ exp, qMXW for renormalization of the Maxwellian averaged cross sections
constructed from an existing point-wise cross section data sets folded by the Maxwellian spectrum
ˆ pw, MXW :

ˆ pw, MXW, renorm 

ˆ exp, qMXW
ˆ pw, MXW
ˆ pw,qMXW

(11)

where ˆ pw, qMXW is an existing point-wise cross section data set folded by the quasi-Maxwellian
spectrum.
For example, the measured spectrum averaged 197Au(n,γ)198Au cross section under the quasiMaxwellian spectrum ˆ exp,qMXW = 586 mb [5] was used to renormalize Macklin’s experimental pointwise cross section [7], which give ˆ pw, MXW = 557 mb and ˆ pw,qMXW = 568 mb. Applying a
renormalization factor ˆ exp, qMXW / ˆ pw,qMXW = 586/568=1.04 to ˆ pw, MXW , and then correcting by the
factor 2 /  , the MACS derived from Macklin’s experimental data was finally renormalized to

 MXW (kT  25 keV) 

2



 pw,renorm 648 mb

(12)

MACS obtained from original Macklin’s point-wise cross sections at various temperatures were also
renormalized by the same normalization factor. A similar approach is seen in renormalization of
MACS derived from point-wise evaluated nuclear data libraries (e.g., the normalization factor NF
introduced in [8]).
EXFOR compilers have compiled these renormalized MACS as an original experimental data set.
F. Käppeler has reported at this Consultant’ Meeting that the MACS renormalized by the Karlsruhe
group have been compiled in the KADONiS (Karlsruhe Astrophysical Database of Nucleosynthesis in
Stars) database [9], and he proposed to exclude these renormalized values from EXFOR compilation.
Note that ˆ pw, qMXW = 586 mb mentioned above is currently coded with MXW in EXFOR 22099, and it
must be changed to SPA.
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4. Characteristic energy of spectrum averaged quantities in EXFOR
The EXFOR Format rules always require the incident energy as an independent variable of each
experimental data set except for spontaneous fission data. For the spectrum averaged quantities, a
characteristic energy of the spectrum is coded and used as a key to search data at specific energy
ranges. If authors do not define any characteristic neutron energy, the EXFOR compiler gives an
assumed characteristic energy under the heading EN-DUMMY. For typical spectra, assumed values are
defined in the EXFOR coding rule (Table 2). Currently we do not have a common assumed value for
fast reactor neutron fields.
Table 2. Characteristic energies used in EXFOR under heading EN-DUMMY [10]

Energy
0.0005 eV
0.0253 eV
1.5 MeV
4.5 MeV

Neutron field
Cold neutron field
Thermal reactor neutron field
Prompt fission neutron field
Decay α-Be neutron field

Below two proposals on characteristic energies are considered.

4.1. Cold and thermal reactor neutron fields
Usually the cold and thermal reactor neutron fields are approximated by Maxwellian distribution at a
given temperature. The dummy energy 0.0253 eV in Table 2 is equal to the room temperature kT.
Therefore the heading KT would be more suitable than EN-DUMMY for the characteristic energies
when the contribution of the epithermal neutrons is negligible. Note that numerous EXFOR entries
coded with 0.0253 eV under the heading EN-DUMMY are already exist, and we should not do
retroactive corrections only for this issue.

4.2. Prompt fission neutron fields

The prompt neutron fission spectrum averaged cross section is defined according to Eq. (8):

ˆ PFNS
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(13)

It is known that the prompt fission neutron spectrum (PFNS) is well approximated by Maxwellian
spectrum at a given temperature. Therefore the heading KT can be used to express a characteristic
energy of the prompt fission neutron field, <E> = 3/2kT. For the spontaneous fission of 252Cf and
neutron-induced fission of 235U (by both thermal and fast neutrons), the temperatures kT are about
1.42 MeV and 1.32 MeV, respectively. These temperatures coded under the heading KT would be more
appropriate as characteristic energies of PFNS averaged cross sections in EXFOR.
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