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Foreword

The workshop on Neutron Measurements and Evaluation for Applications, NEMEA, was 
held 5-8 November 2003 at hotel Sunlight in Budapest, Hungary. The objective of this 
workshop was to strengthen the contacts between laboratories working on nuclear data in 
member states of the European Union, Accession Countries joining the enlarged Union in 
2004, and Candidate Countries which will join later. The workshop was organised by the 
Neutron Physics unit of the Institute for Reference Materials and Measurements (IRMM) 
together with the local organisers, the late Professor Gabor Molnar from the Chemical 
Research Centre (CRC) of the Hungarian Academy of Sciences (HAS) and Professor Gyula 
Csikai of the Atomki research centre of the Hungarian Academy of Sciences and the Institute 
for Experimental Physics of Debrecen University. The program committee consisted of 
Professor S.M. Qaim of the Institute for Nuclear Chemistry at Forschungszentrum Jülich in 
Germany, Professor G.L. Molnar of CRC-HAS, Professor G. Csikai of Atomki-HAS/Debrecen 
University and Professor P. Rullhusen of IRMM. 

The participants to the workshop were welcomed by Prof. Dr. Gábor Pálinkás, Director 
General of the Chemical Research Centre of the Hungarian Academy of Sciences and by 
Prof. Dr. László Wojnárovits, Director of the Institute of Isotope and Surface Chemistry of the 
Chemical Research Centre of the Hungarian Academy of Sciences. Their involvement in and 
support of this workshop was highly appreciated. 

The workshop included six sessions and three laboratory visits. The sessions were, in 
order of the agenda, Material Analysis; Data Evaluation; Safeguards, Illicit Traficking and 
Demining; Biology, Medicine and Environment; Single Event Upsets; and Neutron Data for 
Energy Applications . These were chaired and introduced by Prof. G.L. Molnar, Dr. A. Nichols 
of the Nuclear Data Section of the International Atomic Energy Agency, Prof. G. Csikai, Prof. 
S.M. Qaim, Prof. J. Blomgren of Uppsala University and Dr. A. Plompen of IRMM, 
respectively. In total there were thirty-seven presentations of excellent quality, illustrating the 
many different lines of research featuring neutron measurements and neutron data. 

Laboratory visits were made to the Atomki and the Institute for Experimental Physics on a 
one day trip from Budapest to Debrecen under supervision of Prof. G. Csikai, and to the KFKI 
research reactor in Budapest under supervision Prof. G. Molnar. Both at the Atomki and at the 
KFKI, laboratory visits were preceded by an excellent comprehensive overview of the facility, 
its history and its activities. At Debrecen, Dr. A. Fenyvesi provided an overview of the 
capabilities at the cyclotron laboratory in particular for neutron measurement, while at the 
Institute for Experimental Physics Dr. R. Doczi showed the neutron generator laboratory and 
the experimental setup for the demining experiments. At KFKI, Dr. T. Belgya showed the 
participants the laborarory for PGAA at the neutron beam guides of the reactor. 

In all, the workshop has been very succesful not in the least because the local 
organisation in Budapest, and the transport to and from Debrecen were very well taken care 
of by Gabor Molnar who was an energetic supporter of this workshop from the very beginning. 
He was instrumental in motivating many of the speakers to contribute an abstract to this 
workshop. We will also remember his enthusiastic commentary of the Hungarian countryside 
and of Budapest during the bus ride on our way to and from Debrecen. It was with great 
sadness that we heard of his sudden, unexpected death on January 6, 2004. 

Arjan Plompen 
April 2004 
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Group photo on the stairs of the KFKI research reactor.

Group photo outside the Atomki cyclotron laboratory.
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Dr. Andras Fenyvesi shows the deuterium gas cell in the target hall of the Atomki. 

Prof. Gabor Molnar shows the experiments at the neutron beam guides of the KFKI 
reactor.
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Prompt Gamma-Ray Activation Analysis and Neutron 
Tomography with cold neutrons – latest results from PSI and 

future projects for the FRM-II in Munich 

P. Kud jová1*), S. Baechler2), T. Materna1), J. Jolie1)

1) Institut für Kernphysik, Universität zu Köln, D-50937 Köln, DE  
2) Institut Universitaire de Radiophysique Appliquee, Grand-Pré 1, CH-1007 Lausanne, CH 

Abstract. At the beginning of the year 2004, the Prompt Gamma-Ray Activation Analysis 
(PGAA) installation, which successfully ran at the Paul Scherrer Institute (PSI), Switzerland, 
will be mounted and operated at the new Munich research reactor FRM-II, Germany. This 
new set-up will keep its advantages from experience gained at PSI and in addition will profit 
from better conditions at the FRM-II and from new improvements. Thanks to its mounting 
system on rails, PGA installation and cold neutron tomography installation can be switched 
and brought to operation within one day. This fact enlarges the possibilities of utilisation in the 
field of cold neutron applications. On one hand, a set of archaeological, geological or other 
kind of samples can be measured using the automatized measuring system developed at 
PSI. With the use of neutron focusing lens, position sensitive PGA can be performed. On the 
other hand, one sample on a rotating table can be scanned for cold neutron tomography. 
Examples of analysis of 54 roman brooches for the first method and nuclear waste 
tomography for the second method are presented. A careful measurement of k0 values of 26 
elements of interest is summarized. A new project in cooperation with geochemists 
concerning systematization in elemental composition of meteorites is discussed. 

A. Prompt Gamma-Ray Activation Analysis 

Introduction Prompt Gamma-Ray Activation Analysis is a multi-elemental non-destructive 
nuclear method used for determination of trace and major elements in a sample. The principle 
of PGAA is following: a cold neutron is captured by a nucleus of the target material, the new 
formed nucleus comes to an excited state and emits characteristic gamma rays, which are 
detected in our case by the Compton suppressed spectrometer. 
The spectra of characteristic gamma rays usually range from 50keV to 10MeV and are mostly 
very complex. By identifying the characteristic peaks and their net areas, the qualitative and 
quantitative analysis is performed. Another advantage of the PGA method is no need of a 
special preparation of the sample. The sample can be solid, liquid or in gaseous state. 
Depending on the amount of the investigated material, element and the target matrix, the 
detection limit (DL) for the PGA installation at PSI has reached even 10 ppb (for B, Sm, Gd). 
PGAA is an eligible complementary method to Neutron Activation Analysis (NAA) for H, B, C, 
N, S, Cd, Sm, Gd and Pb. In general, PGAA is a prosperous technique for the quantitative 
determination of H, B, Si, S, P, Cl, K, Ca, Ti, Cr, Mn, Fe, Co, Ni, Cd, Sm, Gd, Hg. PGAA is a 
powerful tool for archaeological and geological investigations, helpful in nuclear industry, 
material science and medicine. Moreover, PGAA is an excellent method for boron and 
hydrogen analysis. 

Set-up at PSI The PGA installation as well as the cold-neutron tomography set-up was 
successfully operated at the end of a curved cold neutron guide of the Swiss spallation source 
SINQ of the Paul Scherrer Institute (PSI) from October 1997 till January 2002. The complete 
instrument of both apparatus including even the concrete bunker has moved to the new 
research reactor FRM-II at Garching (Munich, Germany).  
The neutron flux of the PGA beam-line at PSI was about 1.4 108 n/cm2s during the latest PGA 
experiments. The energy spectrum of neutrons was nearly of Maxwellian distribution with an 
average energy of around 3.3meV or 5.5Å in wavelength units. The size of the neutron beam 
at the end of the guide was 20mm wide and 50mm high. A detailed description of the PGA 
facility at PSI is given elsewhere [1]. 
A Compton-suppressed spectrometer was used to detect prompt gamma-rays emitted from 
the target bombarded by neutrons. The central detector, a coaxial HPGe crystal of 168cm3

volume, was shielded by a NaI(Tl)/BGO scintillator with dimensions of 240x240mm2 by 
250mm in length. Both parts were connected in anticoincidence and suppressed thereby 
greatly the Compton background. 

                                                
* petra.kudejova@ikp.uni-koeln.de 



2

Figure 1 Left: Horizontal cut through the PGA facility. The pair spectrometer is not 
discussed here.   Right: Cold neutron tomography set-up at PSI 

The distance between the target and the HPGe crystal was kept close (30cm). The HPGe
crystal was introduced laterally to the NaI(Tl)/BGO scintillator with respect to the neutron
beam direction to decrease this way the number of background gamma-rays and fast
neutrons coming from the neutron guide (see Figure 1 Left). The concrete bunker served to 
reduce the gamma-ray background coming from the experimental hall. The aim to keep the
gamma–ray background on minimum was retained by the construction of the measuring
chamber as well. The chamber was made of aluminum and covered by a 6LiF polymer.
Together with 6LiF tiles for neutron shielding, the aim of low background was fulfilled very
successfully [2]. A teflon (FEP) ladder with positions for maximal six samples was used and
driven by a step motor. The measurement was then automatized and controlled by software
developed under Labview©.

Range in g Elements

0.001-0.01 B, Sm, Gd
0.01-0.1 Cd

0.1-1 H, Hg
1-10 Na, Cl, K, Ti, Mn, Co, Ni

10-100 Al, Si, S, Ca, Cr, Fe, Cu, Zn
100-1000 C, N, P, Sn, Pb

Table 1.

Brief overview of the detection limit
intervals for selected elements
reached with the PGA facility at
PSI.

The last part of the straight ending of the cold neutron guide was carefully designed to avoid
presence of boron. Very sensitive measurements of boron in samples were intended from the
very beginning and the whole PGA set-up was adapted to it. The reached detection limit (DL) 
for boron was 0.08ppm for water solution [3] and 0.0038ppm for boron in geological solid 
samples [1]. A brief overview of reached DL is presented in Table 1.
Experiments for position sensitive PGAA utilized a Kumakhov capillary-based neutron lens 
[4]. This lens focuses the neutron flux to a small and dense neutron spot by a concentric
arrangement of bent capillaries. At PSI, a lens of quite a long focal distance (150mm) with 
focal spot of less than 1mm2 was chosen. The lens was encapsulated in a shielding made
from a 1 cm thick 6LiPb alloy. 

Procedure The elemental concentration of PGAA samples was determined using the k0

method. The k0 method offers an alternative approach to the sample analysis using external
standards, e.g. NIST standards. The k0 method is an internal comparative method employing
one chosen element from the sample as a comparator. Usually H and Cl are concerned for 
their frequent occurrence in common chemical compounds and environment. Chemical
standard compounds of H or Cl with accurate elemental ratios given by stoichiometric
formula, homogenous mixtures and standard solutions are then used for determination of k0-
values.
Before the measurement and determination of k0 values of 26 important elements, a new
precise calibration of the detector efficiency was carried out. The calibration procedure of the
system included the region from approximately 100keV to 11MeV using calibrated sources
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and reactions recommended in the IAEA-CRP report [5]. Thorough description of the detector 
efficiency calibration and function used for fitting the data with an appropriate curve can be
found in [6] together with the final efficiency curve.
The k0-factor for each element was determined using the procedure and equations given by 
MOLNÁR et al. [7]. K0 values obtained in accordance with [7] are independent of the PGA
facility through elimination of the detector efficiency dependence. The neutron cross-section
( ) for cold neutrons (around and less than 5meV) for nearly all elements (exceptions are e.g.
Cd, Sm, Gd) is inversely proportional to neutron velocity v (hence = 0.v0/v, where v0 is the 
standard velocity of thermal neutron (2200 m/s)). Since for homogeneous samples with an
internal comparator the geometry and matrix dependence play negligible role, k0–values can
be compared to other PGA facilities. This was done with a very satisfactory result presented
in  [6].

An example of PGA applications. Selected 54 pieces of brooches coming from Western
Switzerland, representative in respect of chronology and typology, were analyzed by k0

method for major components: Cu, Zn, Sn and Pb. The brooches were chosen from the late 
La Tène period to the end of Roman period (120 B.C. – 380 A.D.) The result for a subset of
18 brooches is presented in Figure 2. The La Tène brooches were made of bronze, majority
of Roman brooches of brass, some of them contained lead (leaded brass). The late Romans
produced leaded bronze brooches. The lead content of both leaded bronze and leaded brass
brooches could point to some specific decorative techniques of Romans.
The PGA spectra were analyzed using the program PEGASE, which was developed at the
University of Fribourg by L. Genilloud [8].

Figure 2. Elemental
analysis of selected 18
pieces of Roman and La
Tène brooches. 4
different copper-based
alloys are identified here: 
bronze (La Tène);
leaded bronze (late
Romans);
brass/gunmetal (majority
of Roman brooches);
leaded brass (Romans).
One brooch was a real
curiosity made of tinned
lead.

B. Cold Neutron Tomography

Introduction Cold neutron tomography is based on the attenuation of a neutron beam in a
sample, its principle is analogous to X-ray tomography.
Neutron tomography is not competitive to X-ray tomography but rather a complementary
method. While the X-ray absorption cross-section increases with the fifth power of the 
element proton number, the neutron absorption cross-section is a random function. Light
elements are rather transparent for X-rays while neutrons can be strongly absorbed by some
of them, e.g. by H or B. X-rays have difficulties to distinguish between neighbour light 
elements such as boron and carbon, for neutrons there is a big difference in absorption. On
the other side, lead and some heavy elements are transparent for neutrons and quite opaque
for X-rays. These differences make the complementarity of both methods.

Set-up at PSI The experimental apparatus is thoroughly explained in [9] and can be seen in
Figure 1 Right. The same cold neutron flux as for PGA is attenuated in a sample fixed on a 
translation-rotational table, the transmitted neutron beam is converted to a visible light in a
converter consisting of ZnS(Ag) and 6LiF in an acrylic binder. Transmitted cold neutrons
undergo the 6Li(n, ) 3H nuclear reaction and eject alphas and tritons, which create scintillation 
events through interaction with ZnS(Ag) in the conversion screen. The produced light
scintillation is reflected by a silver-free 45 -mirror through lead glass and optical lens into a 
CCD camera.  The CCD camera is thereby kept out of the direct neutron beam. The lead 
glass protects the CCD chip from photons emitted by the mirror (which is made from
aluminum and titanium to avoid long-lasting activation). In addition to the concrete bunker, the 
CCD camera is shielded against gammas and neutrons inside the bunker by lead bricks, 6LiF
polymer (3mm thick) and B4C plates. The rotation of the sample on the xyz translation-
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rotational table is automatized and driven by two stepping motors, both controlled by software
developed in PSI under Labview©.

Tomography application example In contrast to X-ray tomography, neutron tomography
shows arbitrary dependence on atomic number of the explored sample and thus can be used 
in cases, where x-ray tomography fails. A different and very interesting kind of an application
brings the nuclear waste industry in case of radioactive slag treatment (slag is a solidified
waste from power plants, incinerators, medicine, industry or research).
Activated slag samples must be tested for leaching rate before being stored. A precise
knowledge of the slag surface area belongs to important parameters for leaching rate
measurement in research for radioactive waste storage. Here the neutron tomography takes
the advantage of very low absorption in lead. A piece of a radioactive slag is encapsulated
into a lead container (5cm high, 5mm thick walls) and is safely measured by cold neutron
tomography. The surface area of the slag is determined from the reconstructed 3D-
tomography image [10]. 

Figure 3. The layout of 
the Neutron Guide Hall
at the FRM II at 
Garching together
with the position of the
new PGA station.

C. Set-up at FRM-II and innovations

on Tomography will keep their set-ups with respect to

ers of the beam

tal analysis of

Both installations, PGA and Cold Neutr
the neutron beam at FRM II at Garching. The drawing of the PGA bunker in the experimental
hall of the FRM II reactor is shown in Figure 3. The neutron beam size will increase to
dimensions of about 50mm wide and 115mm high. The neutron flux will be around ten-times
more dense compared to PSI, namely around 1.5 109 n/cm2s. The Kumakhov neutron lens
applied at PSI has already too small dimensions to take advantage of larger neutron beam
size at FRM II and will be replaced by a polycapillary bending and focusing lens type
developed by H.H. Chen-Mayer et al. [11]. The advantage of the new focusing lens is not only
small focus spot of about 0.65mm2 but also the spot is placed about 20mm under the 
incoming neutron beam, what means a reasonable reduction of background.
The boron free ending of the neutron guide is to be kept too – the last 5 met
guide are straight and contain boron-free glass. The length of the whole beam guide is about
50m. The resolution of the cold neutron tomography will depend on the divergence of the
neutron beam at FRM II. In addition, a gamma-ray array for coincidences will be installed. At 
present, simulations of the neutron guide parameters are performed to achieve the best
divergence of the neutron flux, while keeping the intensity as high as possible.

New Applications and Outlook An extensive project of systematic elemen
meteorites in cooperation with the geochemical and cosmochemical institute of the University 
of Cologne is currently being discussed. Although the majority of the meteorites was already
submitted to accurate chemical analysis (destructive) or NAA, some elements are difficult to
be analyzed precisely this way (mainly H, B, C, N, P, S...). Hence, their precise concentration
is still unknown. PGAA is able to find their amount in the meteorite sample as well as 
concentration of many other important elements for comparison. First testing measurements
of small amount (hundreds of mg) of meteorites was ran at the PGA facility at Budapest
Neutron Centre (BNC), Hungary in collaboration with the local PGAA group. The cold neutron
flux here was of 5·107 n/cm2s thermal beam equivalent and the background countrate was
very low. A detailed description of Budapest PGAA facility is thoroughly described e.g. in [12]. 
To achieve good statistics, long measurements were pursued. As a presented example,
234mg of homogenously powdered meteorite Orgueil was measured four and a half hour to
get the minimal acceptable statistics. Orgueil is a chondrite of so called CI group, which is the
only group of meteorites with a composition nearly identical to our solar system abundance of 
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elements. The comparison of PGA analysis and nominal values for all meteorites from CI
group is presented in Figure 4. 

Figure 4. Elemental

The time of measurement of even smaller samples (100 - 200)mg should be reasonably

nclusions

s will be mounted and put into operation at the FRM II in Garching during the

ements
rted by the Swiss National Science Foundation, the Paul Scherrer

, J. Kern, J.-L. Schenker,  NIM A 449 (2000) 221
, No. 2 (2000) 399

10

alibration, IAEA TECDOC-619,

[6]  Radioanal. Nucl. Chem. 256 No.2

[7] ár, Zs. Révay, R. L. Paul, R. M. Lindstrom, J. Radioanal. Nucl. Chem., 234

[8] d, PEGASE, Internal Report IFP-PAN-13, University of Fribourg, Switzerland,

[9] echler, B. Masschaele, P. Cauwels, M. Dierick, J. Jolie, T. Materna, W.

[10] ick, J. Jolie, G. Kühne, E. Lehmann, T.

[11] .A. Sharov, Q.F. Xiao, Y.T. Cheng, R.M. Lindstrom,

[12] olnár, The cold neutron PGAA-NIPS

abundances of selected
elements, normalized to Si, 
measured by PGA (columns
Orgueil) compared to nominal
values of abundances for
meteorites of CI group
(columns CI nominal).

reduced at the FRM II in Garching. After the PGA analysis of bulky sample, a chemical
analysis of micrometer-parts of the meteorite can be proceeded. Even in these experiments,
PGA can offer a position sensitive analysis with the help of the neutron-focusing lens, which 
can be successfully used for analysis of grainy-parts (chondrulas) of mm-dimensions.

Co

Both installation
year 2004. The cold neutron flux will be about 1.5 109 n/cm2s, the beam-size 11.5x5.0 cm2.
Concerning the PGA installation, if the background is kept as low as at PSI, then it is realistic
to get more than three times better detection limits. With the new polycapillary focusing and
bending lens, millimeter precise PGA analysis or scanning of heterogeneous samples can be
performed.
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Neutron-induced autoradiography in the 
study of Venetian oil paintings 

E. Pa czyk1),  K.Pytel2), A.Kalicki1), L. Rowi ska1), B.Sartowska1), L.Wali 1)

1) Institute of Nuclear Chemistry and Technology, Dorodna 16, 03-195 Warsaw, PL 
2) Institute of Atomic Energy, wierk/Warsaw, PL 

Abstract. A complex technological investigation of 14th-18th centuries Venetian paintings from 
the collection of the National Museum in Warsaw has been performed in connection with the 
“Serenissima- Light of Venice”exhibition. All the paintings under analysis were irradiated in a 
specially designed station at the research reactor MARIA in Swierk near Warsaw. Beta-rays 
emerging from the painting surface irradiated by thermal neutrons and recorded on a X-ray 
film displayed the distribution of elements in pigments used for creating individual layers of 
the painting. It allows for tracing the particular phases of the painting structure invisible to the 
naked eye. The report presents results obtained for the following paintings: J. Tintoretto – 
Portrait of a Venetian Admiral, M. Marieschi – The palace of Doges in Venice, B. Bellotto 
called Canaletto  –  Fantasy architecture with self-portrait of the artist.

Introduction 

Complex technological studies related to Venetian paintings coming from the 14th-18th

centuries and constituting a part of the collection of the national Museum in Warsaw were 
undertaken in connection with the preparation of the exhibition entitled “Serenissima – The 
light of Venice. Art objects by Venetian Masters of 14th-18th centuries in the Light of New 
Technological and Historic Research as well as Preservation Studies”[1]. Based on obtained 
X-ray results a few paintings were selected, whose complex structure justified the use of a 
special technique of layer analysis, namely thermal neutron-induced autoradiography. 
Neutron autoradiography was used for the first time in the Brookhaven National Laboratory [2] 
and later also in Hahn -Meithner Institut in Berlin [3]. The technique consists in irradiating a 
given painting with a beam of thermal neutrons in a nuclear reactor and as a result of this 
process the elements constituting pigments are transformed into radioisotopes emitting beta 
and gamma radiation. Registration of such radiation takes place after the completion of 
radiation.  
The radiation detector is an uncovered X-ray film applied directly to the painting surface. 
Blackening of the X-ray film depends on the exposure time and nuclear parameters of 
isotopes of radioactive elements occurring in the pigments of painting layers. 

Experiment

In the classical neutron autoradiography method paintings are irradiated by means of a beam 
of thermal neutrons from the so-called thermal columns of nuclear reactors. Thermal columns 
have a number of advantages from the point of view of an autoradiography experiment, 
including [3]: 

1. high streams of thermal neutrons with small participation of fast neutrons, 
2. considerable exposure surface, 
3. neutron dispersion materials (graphite, heavy water) absorbing a considerable part of 

undesired gamma radiation at the same time. 
MARIA reactor is not equipped with a thermal column or a source of cold neutrons with a 
neutron guide. For the purposes of neutron autoradiography, a horizontal channel with an 
additional external neutron dispersing block was used in order to eliminate direct irradiation of 
paintings with fast neutrons and gamma radiation. 
The thermal neutron dispersion block was built in the form of a set of modules with frames 
(pelxiglas) onto which polyethylene foil was wound (polyethylene foil is a neutron dispersing 
material). The dispersion block was covered from three sides by means of a graphite 12-mm 
wide reflector. As  a result, in the vertical cross-section, the distribution of a dispersed neutron 
stream was obtained similar to the Gaussian distribution with half width of about 400 mm, 
which in the case of irradiation of big paintings (150x110cm) made it necessary to use a 
mechanism that moves a given painting vertically in a cycle. The established method of 
irradiation was directly related to the time of irradiation depending on the size of the painting 
moved in order to obtain comparable values of the thermal neutron fluence (5x1012 n/cm2).
Directly after the completion of irradiation, paintings were taken to a photographic dark-room, 
where the exposure of X-ray films took place (XS-1 type made by FOTON S.A. Poland). 
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Table 1. Chemical elements and radionuclides in most characteristic pigments
Element Pigment Radionuclide

(n, )

T1/2 (half-life) Eav

(average  energy)

Manganese umber, dark ocher 56Mn 2.6 hours 1.84 MeV 
Copper malachite, azurite 64Cu 12.8 hours 0.57 MeV 
Potassium smalt, glue 42K 12.5 hours 3.27 MeV 
Sodium glue, medium

canvas, ultramarine

24Na 15 hours 1.39 MeV 

Arsenic smalt, realgar,
aurypigment

76As 26.5 hours 2.55 MeV 

Antimony Naples yellow 122Sb
124Sb

2.8 days 
60 days 

1.5 MeV 
1.02 MeV 

Mercury vermilion 203Hg 47 days 0.21 MeV 
Cobalt smalt, glass 60Co 5.26 years 0.31 MeV 

Figure 1.  J. Tintoretto, Portrait of a 
Venetian Admiral

Figure 2.  X-ray image

Figure 3. First autoradiograph with 
exposure time 3 hours 

Figure 4. Third autoradiograph with
exposure time 32 hours

The films were placed on a wooden surface covered with a micro-porous sponge. The
painting surface was applied to the film. Mechanical pressure was exerted by means of lead
bricks and bags with sand evenly distributed on the support surface. Both the exposure and
the exchange of X-ray films took place in complete darkness. The exposed films were 
developed and fixed manually in accordance with the manufacturer’s instructions, i.e. FOTON
S.A. Company. After each exposure the gamma radiation spectrum was measured with a
consistent source-detector geometry (HP-Ge detection with the efficiency of 15%), without a 
collimator. The gamma radiation spectrum measured allowed for the identification of 
radionuclides the parameters of which have been presented in Table I. After series of 
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measurements of test paintings [4] the optimum neutron irradiation conditions have been
established as well as autoradiograph exposure times and duration.
Several paintings by Venetian masters were selected for the neutron autoradiography
method, based on the analysis of their X-ray radiographs.
Figure 1 presents Portrait of a Venetian Admiral  by Jacopo Tintoretto (1518-1595) (oil on
canvas; 81cm x 68cm) in visible light. The X-ray reveals a hidden portrait of a man in a
different garment than the admiral and with a headgear – figure 2. Initial analyses (X-ray
analysis, stratigraphy of painted layers) regarded covered portrait as an advanced
composition with the artist’s adjustments: large, flat collar was made smaller. Drapery
brocade pattern served as the background. However, the observations in the conservation
works, removing varnish and extensive inpaintings led to the conclusion that the previous
portrait could have been more advanced in terms of presenting the face and the collar while
the bust was only contoured with thick brushstrokes of white paint. These observations were 
confirmed by of neutron-induced autoradiography experiments. In figure 3 we can see the first 
autoradiograph of the portrait.
The autoradiograph shows facial features and the discontinued stage of the hidden painting.
The blackening of the X-ray film originated in the places of applying umber as a result of 
manganese radiation detection (56Mn), however, it is the mercury radiation (203Hg), present in
vermilion and copper (64Cu) in copper blue and green pigments, that is responsible for the
blackening visible in autoradiograph No. 3 - figure 4.
Another painting studied with the use of the neutron autoradiography method was the 
painting by Michele Marieschi (1710-1744), (oil on canvas; 41cm x 52cm) called

Figure 5. Michele Marieschi (1710 –1744)
The Palace of Doges in Venice 

Figure 6. M. Marieschi  The Palace of 
Doges, fourth autoradiograph, with 
exposure time 14 h 

“The Palace of Doges in Venice,” figure 5. The reproduction of autoradiograph No.4 - figure 6, 
shows a blackened strip of a painting planned before (124Sb antimony detection) as well-
outlined figures, boats and architectural elements painted with the use of vermilion (203Hg)
and Naples yellow (124Sb). We can only guess what the shape of the original composition
would be; the image is visible on the autoradiograph (it should be turned by 900 compared to
the present composition), where the film’s darkening shows the underpainting of water, with a
figure of a gondola and the contour of the waterside [1]. 
The biggest painting in size that was irradiated in the nuclear reactor was a painting by
Bernardo Bellotto  ( 1720-1780), Fantasy architecture with self-portrait of the artist,  (oil on 
canvas;  154 cm x 112cm), figure 7. In figure 9, the first autoradiograph of that presentation
has been shown. The ancillary lines made by the author in the process of preparing the
composition of the painting were reflected – 56Mn detection. In autoradiograph No.4 - figure
10, there are black are as corresponding to the surface distribution of Naples yellow (124Sb
detection), i.e. a scarf of the artist and vermilion (203Hg) used to reflect the complexion and
red garment of the figure. 

Conclusions

Despite its complexity, the neutron-induced autoradiography technique makes it possible to
image painting layers selectively, especially in the case of re-paintings. A detailed analysis of
auto- radiographs makes it also possible to the brushstrokes, which may have significant
meaning while learning about the painting technique of a given master, and also while
specifying precisely the attribution of a given painting.
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Figure 7. B. Bellotto (Canaletto) (1720-1780)
Architecture with self-portrait of artist

Figure 8. X-ray image

Figure 9. First autoradiograph with exposure
time 3 hours 

Figure 10. Fourth autoradiograph with 
exposure time 14 days
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Very accurate (definitive) methods by radiochemical NAA and 
their significance for quality assurance in trace analysis 

R.S. Dybczy ski

Institute of Nuclear Chemistry and Technology, Dorodna 16, 03-195 Warszawa, PL  

Abstract. The idea of  very accurate (definitive) methods by RNAA for the determination of 
individual trace  elements in selected matrices is presented.  The approach is based on 
combination of neutron activation with selective and truly quantitative post-irradiation  isolation of 
an indicator radionuclide by column chromatography followed by high resolution -ray 
spectrometric measurement.  The method should be, in principle, a single element method to 
optimize all conditions with respect to determination of this particular element.  Radiochemical 
separation scheme should assure separation of the analyte from  practically all accompanying 
radionuclides to provide interference-free -ray spectrometric measurement and achieving best 
detection limits.  The method should have some intrinsic mechanisms incorporated into the 
procedure preventing any possibility of making gross errors.  Several criteria were formulated 
which must be simultaneously fulfilled in order to acknowledge the analytical result as obtained 
by definitive method. Such methods are not intended for routine measurements but rather for 
verifying the accuracy of other methods of analysis and certification of the candidate reference 
materials. The usefulness of such methods is illustrated on the example of  Cd  and references 
are given to similar methods elaborated for the determination of several other elements (Co, Cu, 
Mo, Ni and U)  in biological materials.  

The XX Century brought rapid development of inorganic trace analysis. This was initiated first 
of all by the emergence of nuclear energy and the requirement to keep the impurities in the 
uranium used as a reactor fuel at a very low level (of the order of mg/kg (ppm) or better).  
Later on, in the era of rapid  development of semiconductors the requirements as to the purity 
of e.g. silicon became even more stringent and impurities at concentrations of the order of 
ng/g (ppb) had to be determined.  At the same time the development of biomedical sciences 
and increased recognition of the role of essential and toxic elements in living organisms 
created the necessity of determining several trace elements in tissues, body fluids, food etc.  
Similar effect on the increasing demand for the determination of trace elements in water, air, 
soils, biological and geological sample had the growing concern about environmental pollution 
but also the developments in sciences in general. 
The gradual introduction into the analytical practice of modern instrumental methods of 
analysis like INAA, XRF, PIXE, various electroanalytical methods, AAS, IC-AES and ICP-MS 
created the possibility of determining traces of most of elements in various matrices with very 
good detection limits.  The rapid progress in the instrumentation and automation of analytical 
procedures did not always run parallel to equal progress in the reliability of analytical results.  
This is illustrated by data shown in Table 1 [1] where some examples of the dispersion of 
analytical results observed in some interlaboratory comparisons are quoted. As can be seen 
no signs of decisive improvement of the quality of results over the time span of a quarter of a 
century can be noted.  Even in the case when the laboratories were hand-picked on the basis 
of their good reputation (“sel.labs”.) the dispersion of results might reach even two orders of 
magnitude.  
In the modern world many important decisions from the sphere of administration, technology, 
science, medicine and law may depend on quality of analytical results including those 
provided by inorganic trace analysis. The reliability of analytical results means that they 
should be both accurate and precise. While precision can be easily checked within the 
laboratory simply by performing a series of determinations by a given method and calculating 
e.g. standard deviation, the verification of accuracy poses much more problems.   
From the data presented in Table 1 it follows that accuracy is still a problem in inorganic trace 
analysis and that adequate quality assurance is of importance. The most common 
approaches used to check the accuracy are as follows [1]: 
1. Analyzing a given sample by two or more analytical techniques based on various physico-

chemical principles 
2. Participation in an interlaboratory comparison 
3. Comparison of own results with those obtained by “definitive” method  
4. Analysis of certified reference material(s) (CRMs)  of the matrix type and the 

concentration level of the analytes close to those in the tested sample. 
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In this paper the work on devising of “very accurate” or “definitive” methods of analysis 
performed in the Dept. of Anal. Chem., Inst. of Nuclear Chemistry and Technology over the 
past 15 years is briefly presented. 

Table  1. Dispersion of analytical results observed in interlaboratory comparisons  for some 
"difficult" elements  [1] 

Material Element No.of labs. Range of results Year (reference) 

Fuel
Oil

Ag
Hg

4(sel.labs.) 
5(sel.labs.) 

0.0006-0.1 mg/kg 
0.005-0.4 mg/kg 

1974 [2] 

Coal K 8(sel.labs.) 20-2200 mg/kg 1974 [2] 

Milk Powder 
IAEA A-11 

Cd
Co
Cr
Ni

8
18
16
10

1.1-1660 ng/g 
0.004-51.5 mg/kg 
0.016-1160 mg/kg 
0.083-83.3 mg/kg 

1980 [3] 

Milk Powder 
IAEA A-11 

Co
Mo
Ni

7(sel.labs.) 
6(sel.labs.) 
4(sel.labs.) 

3.7-40 ng/g 
79-400 ng/g 
22.1-500 ng/g 

1987 [4] 

Whey Powder 
IAEA-155

Cd
Co
Cu
Ni

25
22
42
20

0.73-38000 ng/g 
3.4-4980 ng/g 
0.183-38.3 mg/kg 
0.18-35.4 mg/kg 

1990 [5] 

Oriental 
Tobacco
Leaves
CTA-OTL-1 

Cr
Cs
Na
Pb

43
17
43
40

0.038-11.6 mg/kg 
0.117-315 mg/kg 
48.2-8083 mg/kg 
0.051-19.5 mg/kg 

1993 [6,7] 

Virginia 
Tobacco
 Leaves 
CTA-VTL-2

Ca
Ni
Pb
Se
Zn

48
33
44
10
66

0.086-5.523 wt% 
0.002-22.267 mg/kg 
0.083-42.500 mg/kg 
0.09-0.315 mg/kg 
9.40-1030.7 mg/kg 

1997 [8,9] 

      According to Uriano and Gravatt: Definitive methods of chemical analysis are those that have  
a valid and well described theoretical foundation, have been experimentally evaluated so that report-
ed   results have negligible  systematic  errors,  and  have high levels of precision [10].  Our aim was 
to formulate general principles and to devise definitive methods for the determination of trace 
amounts of selected essential or toxic trace elements in biological materials by radiochemical 
neutron activation analysis (RNAA).  The rules which were used when realizing this task [11] are 
given below :                      
1. A single-element method based on neutron activation combined with selective isolation of an 

element by column chromatography with practically 100% yield as confirmed by tracer 
experiments should preferably be used. 

2. All potential sources of error starting  from sampling and sample dissolution up to gamma  
spectrometric measurement should be identified at the stage of elaborating the method, and 
removed or appropriate corrective actions introduced into the  procedure.  

3. Whenever possible, the color of the ion in question (or its complex) added as a carrier  
should be used for visual control to safeguard against unexpected failure of the separation 
procedure.  

4. With each set of samples at least two standards should be irradiated, one of which is later on  
processed exactly as are the samples and the other is not. The specific activities of both   
standards should agree within predetermined  limits.  

5. Residual blank resulting from the contact of  the sample with sample container, and the 
background should be  measured in each series of determinations.   

The realization of these principles in practice will be demonstrated taking as an example very 
accurate method for the determination of cadmium in biological materials. The scheme of the  
method constructed according to above rules is shown in Fig.1[12]. The separation is based on 
post-irradiation stepwise elution of all radionuclides  (impurities) from the column filled with 
amphoteric ion exchange resin Retardion 11A8. Finally cadmium fraction of very high 
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radiochemical purity is eluted with 100% yield (as ascertained in numerous tracer experiments)
and measured by -ray spectrometry.
Very accurate or  definitive methods should have some intrinsic mechanisms safeguarding
against making gross errors which otherwise might be unnoticed. Therefore not every result
obtained with the aid of the elaborated procedure was  automatically qualified as obtained by
definitive method. A set of qualifying criteria was formulated and only  those results that 
simultaneously fulfilled all criteria were classified as being obtained by definitive method. The 
above mentioned criteria [11] are as follows: 
1. Lack of observations that would  indicate for  accidental losses of the analyte at any

stage of the analytical procedure. 
2. Positive result of visual control of the column separation process (if applicable). The colored

band containing the analyte should not have travelled more than  1/2-2/3  of the  column
length during elution of impurities.

3. Agreement of standards. The standard which has passed the whole analytical procedure
should agree within predetermined  limits (ca. few percent) with that measured directly.

4. Residual blank small in comparison with the content of the  analyte being measured.
5. The result for an analyte in the certified reference material (CRM)  irradiated and  analyzed

in the same series as  the  sample is in agreement with the certified  value.

The quality of analytical results, obtained with the aid of the above definitive method when
determining cadmium in several CRMs spanning the range of Cd concentration of 5 orders of
magnitude, is shown in Table 2.
If the experimental results are plotted on a log-log plot vs. certified values a straight line : 
y=0.999456x + 0.04 is obtained [13] with correlation coefficient: r=0.9999 what, along with the
inspection of the numerical data of Table 2,  demonstrates excellent accuracy of the method over
the whole cadmium concentration range.

Figure 1. Flow sheet of the analytical procedure for the determination of Cd by definitive
method

Very accurate method should be at the same time very precise. If  the relative standard
deviation (%) from Table 2 is plotted vs. mass fraction of Cd in the sample on the background
of the so called “Horwitz curve” (H) [14], the obtained  curve is close to ¼ H [11]. Horwitz
curve is an empirical relationship describing interlaboratory precision as a function of analyte
concentration. It is generally assumed that one-half to two-thirds of that value may be due to
within-laboratory variability.  So, it is clear that our results obtained by definitive method are 
far more precise than those that could be expected from the “normal” method.
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Table 2. Results of cadmium determination in the certified reference materials [12] 

 Material Certified value 
for Cd and its  
confidence limits 
mg/kg

Results of 
individual 
determinations 
mg/kg

Arithmetic 
mean and its 
confidence limits 
mg/kg

Relative 
standard 
deviation 
%

 IAEA H-8 
 Horse  
 Kidney 

189 ± 6 
(183 - 195) 

186.4
191.6
191.2
187.2
182.7

187.8 ± 4.6 2.0

IAEA MA-M-
2
 Mussel 
 Tissue 

1.32
(1.16 - 1.54) 

1.45
1.48
1.54
1.54
1.60

1.52 ± 0.07 3.8

CTA-OTL-1 
Oriental 
Tobacco 
Leaves

1.12 ± 0.12 
(1.00 - 1.24) 

1.19
1.14
1.17
1.08
1.25

1.17 ± 0.08 5.4

IAEA H-9 
Human Diet 

0.0315 ± 0.0045 
(0.0270 - 0.0360) 

0.0343
0.0354
0.0314
0.0304

0.0329 ± 0.0038 7.2

IAEA H-4 
Animal  
Muscle

0.0049 ± 0.0010 
(0.0039 - 0.0059) 

0.00521
0.00492
0.00566
0.00517
0.00460

0.00511 ± 0.00049 7.7

Versieck's 
Human
Serum

0.0020
(0.0017 - 0.0025 

0.00249
0.00204
0.00248
0.00198

0.00225 ± 0.00028 12.3

Except of the method for Cd, definitive methods were so far elaborated in our Laboratory also 
for Cu [15], Co [16,17], Ni [18] Mo [19] and U [19].  The methods of this kind may become a 
primary ratio methods [20] making a useful alternative to ID-MS and being perhaps the only 
choice, at the moment, for monoisotopic elements.  
Definitive methods are not intended for routine determinations but rather for checking the 
accuracy of other methods and certification of the candidate reference materials.  The 
usefulness of definitive methods in this role was demonstrated in practice [7-9] 

Acknowledgements 
Thanks are due to my coworkers: Dr B.Danko, Miss H.Maleszewska M.Sc.,  Dr H.Polkowska-
Motrenko, Dr Z.Samczy ski and dr M.Wasek who were active at various stages of 
development of definitive methods of analysis by RNAA. 

References 
[1] Dybczy ski R, Chem.Anal. (Warsaw), 47, 325-334  (2002) 
[2] Lehmden von D.J., Jungers R.H., Lee Jr. R.E.  Anal.Chem., 46 ,    239-245  (1974)  
[3] Dybczy ski R., Veglia A., Suschny O.,  "Milk Powder (A-11) a New IAEA Reference Material 

for      Trace and Other Element Analysis" in  Trace Element Analytical  Chemistry  in  
Medicine and Biology, (.Bratter P., .Schramel P.Eds.), W. de Gruyter, New  York,          
(1980),  pp.657-674  



14

[4] Byrne A.R., Camara-Rica C., Cornelis R, De Goeij J.J.M., Iyengar G.V., Kirkbright G., Knapp 
G., Parr R.M, .Stoeppler M.,  Fresenius Z.Anal.Chem., 326,  723-729 (1987) 

[5] Zeiller E., Strachnov V., Dekner R.  Intercomparison Study IAEA-155 on the Determination of      
Inorganic Constituents in Whey Powder, IAEA/AL/034, IAEA, Vienna,  Nov.,1990      69pp. 

[6] Dybczy ski R.,  Polkowska-Motrenko H., Samczy ski Z., Szopa Z,.  Fresenius  
J.Anal.Chem., 345,   99-103   (1993)  

[7] Dybczy ski R, Polkowska-Motrenko H, Samczy ski Z,  Szopa Z.  Preparation and 
certification of the Polish reference material “Oriental Tobacco Leaves” (CTA- OTL-1) for 
inorganic trace analysis,  Institute of Nuclear Chemistry and Technology,   Raporty  IChTJ, 
Seria A nr1/96 ,  Warszawa, 1996 

[8] Dybczy ski R., .Polkowska-Motrenko H., ,Z.Samczy ski Z.,  Z.Szopa  Z.    Preparation and 
certification of the Polish reference material  Virginia Tobacco Leaves  (CTA-VTL-2) for  
inorganic trace analysis including microanalysis,   Institute of Nuclear Chemistry and 
Technology,    Raporty  IChTJ, Seria A  nr.3/97 , Warszawa , 1997 

[9] Dybczy ski R, Polkowska-Motrenko H, Samczy ski Z, Szopa Z., Fresenius J Anal .   
Chem. 360, 384-387 (1998)    

[10] Uriano G.A,  Gravatt C.C., CRC Critical Reviews in Analytical Chemistry, 6, 361-411 (1977)   
[11] Dybczy ski R,  Food Additives and Contaminants, 19, 928-938 (2002) 
[12] Samczy ski Z, Dybczy ski R, Chem. Anal (Warsaw), 41, 873-90 (1996) 
[13] Dybczy ski R, Analityka No.1,  10-16    (2003) (in Polish) 
[14] Horwitz W., nal. Chem.  54, 67A- 76A (1982) 
[15] Dybczy ski R, Wasek M, Maleszewska M, J.Radioanal.Nucl.Chem., 130, 365-388 (1989)  
[16] Dybczy ski R, Danko B, J.Radioanal.Nucl.Chem., 181, 43-59 (1994) 
[17] Dybczy ski R, Danko B, Biological Trace Element Research, 43/45, 615-25 (1994)  
[18] Polkowska-Motrenko H, Dybczy ski R, Danko B, Becker D.A, J.Radioanal. Nucl. 

Chem., 207(2), 401-412 (1996) 
[19] Danko B., Dybczy ski R.,   J.Radioanal.Nucl.Chem., 216(1), 51-57 (1997)  
[20] Polkowska-Motrenko H, Danko B, Dybczy ski R,  Anal. Bioanal.Chem., (in print) 



15

Application of neutron-neutron and neutron-gamma 
measurements for borehole geophysics

K. Drozdowicz, U. Wo nicka

The Henryk Niewodniczanski Institute of Nuclear Physics, Polish Academy of Sciences,  ul. 
Radzikowskiego 152,  31-342 Kraków, PL 

Abstract. A laboratory method of measurement of the thermal neutron macroscopic 
absorption cross-section of materials with the pulsed neutron technique (Czubek’s method), 
elaborated in the INP, is presented. It is routinely applied for measurements of the absorption 
of rocks, brines, borehole fluids, and calibration blocks for neutron borehole tools.  
Monte Carlo computer simulations support calibration procedures and design of new logging 
tools. MC modelling of a spectrometric neutron-gamma tool for the nuclear borehole 
prospecting allows to extend significantly a possibility of interpretation of measurements in 
situ for a wide range of the element concentrations (Si, Ca, Fe, H, etc.) in geological 
formations. A prototype geophysical probe (fast neutron source + epithermal and thermal 
neutron detectors) is optimized with the MC simulation method. 

1. Introduction:  the geophysical well-logging 

Geological formations at a given stage of mineral exploration are sampled by boreholes. Any 
kind of measurement performed along the boreholes is called “logging” or “well-logging” [1]. 
The result of logging is a log, i.e. the plot of the measurement readings taken at given 
borehole depths. The electrical, acoustic, magnetic, mechanical and nuclear logging can be 
distinguished according to the methods used. In the logging tool the sensors (detectors) and 
some active elements are situated. The active element is a special emitter creating a 
particular physical field around the tool, e.g. the neutron source which creates neutron and 
gamma fields. The recorded logs are subjects of subsequent interpretation that can have 
qualitative or quantitative character. The common practice is not to interpret separately each 
particular log but to perform simultaneous interpretation of several logs (issued by different 
measurement methods) obtained in a given borehole in order to have complete information 
about geological formations crossed by the well. Qualitative interpretation is usually limited to 
the identification of the lithological type of the formation (sandstone, shale, limestone, etc.). In 
the quantitative interpretation the determination of values of some physical (like porosity, bulk 
density, water saturation, etc.) and geochemical (like ore grade, elemental contents in the 
rock matrix, brines, etc.) characteristics is required. 
A calibration of the logging tools is needed to be able to perform any kind of quantitative 
interpretation of logs. In this particular case the calibration means a procedure of establishing 
the relationship between the tool signal received from the given geological formation and the 
rock characteristics of the said formation. During the calibration the environmental borehole 
conditions have to be taken into account with the great attention. 
All nuclear logging methods are based on consideration of interactions of the gamma and 
neutron radiation with the rock matter. The neutron sources used in geophysics are emitting 
fast neutrons of energy from few to 14 MeV. The fast neutrons emerging from the source are 
losing their energy by consecutive collisions with nuclei of chemical elements forming the 
rock. This process should be considered in time, space and energy co-ordinates. At the first 
stage of the slowing down process we observe inelastic scattering of fast neutrons which can 
be noticed by the detection of the (n, n’ ) or (n,p) reactions. After the slowing down process, 
thermal neutrons are captured by some nuclei and gammas from the (n, ) reactions can be 
detected. 
The neutron penetration ability is measured by the value of the slowing down length (for fast 
neutrons) and the diffusion length (for thermal neutrons) in the rock. These values are strong 
functions of the hydrogen content that for geophysical purposes is used as an indicator of the 
rock porosity. For the typical neutron logging tool the measured tool signal is decreasing 
function with the increasing rock porosity. Such characteristic is called the tool calibration 
curve that in general is not linear. It is very sensitive to the borehole conditions (borehole 
diameter, mud cake, borehole drilling fluid, etc.) and lithology. Between these parameters the 
thermal neutron absorption cross-section of each medium (borehole, rock matrix and fluids) 
plays an important role and strongly affects calibration curves. 
When a gamma ray detector is used instead of the neutron one, the porosity determination is 
still possible by measuring the total gamma count-rate. The majority of gammas captured by 
the detector comes from the radiative capture of thermal neutrons, (n, ), on such nuclei like 
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H, Si, Cl, Fe, Ca, etc. When the spectrometric gamma-ray detector is used, it is possible to
identify the presence of these nuclei both qualitatively and quantitatively.

2. Measurement of the thermal neutron absorption cross-section

The thermal neutron absorption in the borehole, in the rock matrix and in the fluids influences
the calibration curves. A laboratory method of measurement of the thermal neutron
macroscopic absorption cross-section a on small samples (known as Czubek’s method [2]) 
was elaborated in the Institute of Nuclear Physics in Kraków, Poland. In this method the time
decay constant  of the fundamental mode of the pulsed thermal neutron flux in a two-region
cylindrical system is measured. The investigated sample of size H1 = 2R1 is surrounded

entirely by a moderator of size H2g = 
2R2g. The decay constant  of the system
with a given sample is measured as a 
function of the size H2g of the outer 
moderator. During the interpretation of 
the measurement the obtained
experimental curve (H2g) is used as well 
as another, theoretical one *(H2g),
calculated for this system within the
diffusion approximation under a particular
assumption (cf. [3]). The curve *(H2g)
depends on the size of the sample and
on the thermal neutron parameters of the
external moderator only. The thermal
neutron energy distribution and the
diffusion cooling effect in small systems
are taken into account [4], [5]. The
absorption rate v a1  of the sample
material is obtained from the intersection
point of the curves (H2g) and *(H2g) (v
is the thermal neutron speed). The
principle of this procedure is illustrated in
Figure 1. 
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The method is now applied for
measurements of the absorption of rocks,
brines, and borehole fluids. It is also
used for determination of the thermal
neutron absorption of geological
standards, including calibration blocks for

neutron borehole tools. Examples of results of the a measurements with Czubek’s method
are presented in Table 1. The on-going theoretical and experimental research is devoted to
investigation of an influence of heterogeneity of the material on the effective absorption of
thermal neutrons, which is always lower than in a corresponding homogeneous medium [6]. 
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Figure 1.  Determination of the thermal neutron
absorption rate v a1 of the sample material
from Czubek’s method of the a measurement.

3. Spectrometric neutron-gamma borehole logging

The spectrometric neutron-gamma borehole logging (sNGL) is based on a detection of  rays
created by inelastic scattering of fast neutrons and the thermal neutron capture. Spectrometry 
of this  radiation is useful for lithology interpretation. It was shown [10] that concentration of
elements: Al, Si, Ca, and Fe, which are the main constituents of many minerals, can be 
obtained from the sNGL measurements using the neutron-gamma spectrometer consisting of
the Am-Be source and an efficient BGO detector. Concentration of aluminium, well correlated
with the clay content, was evaluated from the concentrations of  Si, Ca, Fe. 
The quantitative elemental analysis based on the sNGL needs the geophysical neutron-
gamma spectrometer to be calibrated. Introduction of the environmental corrections reducing
an influence of disturbing factors is necessary for the fully effective calibration procedure.
Such factors as the borehole fluid salinity, formation salinity, borehole diameter or
temperature affect accuracy of the measurements.
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Table 1. Example results of the a measurements with Czubek’s method

Material
a/

[10–3 cm2/g] Reference

Sandstone   (PI011RW)
borehole: Ryszkowa Wola 7 

  5.33 
0.24

[7]

Shale   (LU005B)
borehole: Biszcza 890-896/II 

  1.44 
0.07

[7]

Diabase
quarry: Nied wiedzia Góra

  8.90 
0.15

[8]

Industry potassium-polymer brine   (Czk06)
borehole: Osobnica-143

30.38
0.57

[9]

Industry bentonite brine   (Czk20)
borehole: D browica D-3 

 9.76 
0.53

[9]
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Figure 2. Measured (diamonds) and simulated (histogram) -ray spectra for the 
calibration rock block, Ra-2 [14].

The Polish calibration facility in Zielona Góra [11] is equipped in major lithology standards
(sandstones, limestones and dolomites of various porosities) The calibration measurements
were performed for the borehole spectrometer SO-5-90-SN1). The measurements have been
also simulated using the Monte Carlo code, MCNP4c [12]. Details of the calibration (real and
simulated) experiments can be found in [13].For obtaining the calibration equation to 
determine the H, Si, Ca and Fe contents the multiple linear regression is used for both the 
gamma counts in the energy windows and the reference elemental contents:

c(H)   = a11+a12 J(H) + a13 J(Si) + a14 J(Ca) + a15 J(Fe) , 
c(Si) = a21+a22 J(H) + a23 J(Si) + a24 J(Ca) + a25 J(Fe) , 
c(Ca) = a31+a32 J(H) + a33 J(Si) + a34 J(Ca) + a35 J(Fe) , 
c(Fe) = a41+a42 J(H) + a43 J(Si) + a44 J(Ca) + a45 J(Fe) , 

where J(H), J(Si), J(Ca), J(Fe) are gross numbers of counts in the selected energy windows,
and a11, ..., a45  are coefficients determined by multiple linear regression. When conformity
between the simulated and experimental procedures is achieved, an extension of the
calibration is available with MC simulations for materials of other contents of elements and for
varying side effects (changes of the borehole diameter, variations of salinity of the formation
and of the borehole fluid, influence of the intermediate zone, of the temperature, etc). 

1) property of the Faculty of Geology, Geophysics and Environmental Protection at the AGH -
University of Science and Technology (former University of Mining and Metallurgy) in Kraków,
Poland.
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An example of the single
measured and complete MCNP-
simulated -ray spectra for a 
particular rock block is shown in
Figure 2.  A result of the MCNP 
calibration of the SO-5-90-SN
borehole spectrometer for the Ca
content in rocks is shown in Figure
3 as a correlation between the MC
results and the contents known
from the chemical assays. (A
deviation of the Li 2 result from the 
correlation line has been also
observed in real experiments and
is probably caused by a higher
heterogeneity of this calibration
rock model).
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Figure 3. Calcium content from the MC simulated
sNGL experiment (CaMCNP) vs. the content defined 
from chemical assay (Cachem) [13].

4. Optimization of a prototype geophysical probe, NNTE 

The NNTE logging tool (Neutron-Neutron Thermal-Epithermal) is a recent achievement of
Polish geophysicists. It is equipped with a fast neutron source (Am-Be) and three neutron

detectors: two “near” detectors (the
thermal, NT, and epithermal, NE,
neutron detectors) and one “far”
detector (for epithermal neutrons,
FE). The tool is designed to
measure the thermal neutron
absorption cross-section of
geological formations in situ. Count 
rates from the NT detector are used
to create the neutron porosity log.
Another porosity log is created with
the NE detector. Information about
the neutron absorption cross-section
is available by comparing these two
curves.

y= 90834317.36x + 6.63

R2 = 0.98

A correlation between Monte Carlo
simulations of the NNTE

geophysical neutron logging-tool response and measurements made on the rock blocks at the 
calibration facility in Zielona Góra (Poland) has been examined [15]. The simulations have
been performed using the MCNP4C computer code [12]. The experimental count rates
(corresponding to the known absorption cross-sections of the calibration blocks) have been
correlated with the MC-modelled numbers of neutron absorptions per starting particle. An 
example for the near epithermal neutron detector is presented in Figure 4.  A very good 
agreement has been obtained between results of the calculations and measurements.
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Figure 4. Correlation between results of the Monte
Carlo simulations and experiments for the
prototype NNTE logging-tool (NE neutron

The high correlation (measurement – simulation) creates the basis for further calculations of
the influence of the neutron absorption on the response of each detector of the tool. It is also
a good starting point for an analysis of other parameters, such as the vertical resolution or the
penetration range of the tool. The influence of the flushed zone can be also examined.

Conclusions

Geophysical well-logging methods require special field tools, calibration procedures,
interpretation procedures, and very often additional laboratory measurements. The laboratory
measurement methods dedicated to geological materials are still in progress. In this paper, 
Czubek’s a measurement method has been presented. It is now developed for
heterogeneous materials.
An examination of the well-logging tool capability requires many test measurements, made in
well-known laboratory conditions, or a theoretical approach to the entire physical process of 
the neutron transport from the source to the detector. Analytical solutions of the neutron
transport in such a complicated medium as the geological formation with a hole filled with
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brine are always approximate. Design of new logging-tools, calibration and interpretation 
methods have now a strong support in numerical MC simulations of the radiation fields in the 
geological environment. The present day possibilities in this scope have been presented here 
on the examples of the spectrometric neutron-gamma and thermal-epithermal neutron tools. 
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Abstract The International Atomic Energy Agency (IAEA) provides Member States with a 
wide range of nuclear databases and related products through the various activities of the 
Nuclear Data Section (NDS).  Well-defined Co-ordinated Research Projects (CRPs) and other 
data development programmes are regularly organized to develop and assemble improved 
databases through the direct participation of specialists from Member States.  A number of 
these most recent and on-going CRPs are described that contain a strong neutron data bias, 
along with the involvement of new EU Member States. 
Scientists from Member States are able to access many forms of atomic and nuclear data via 
the Internet, and on CD-ROM and other media.  Nuclear reaction data, nuclear structure and 
decay data are comprehensively covered through these services designed to satisfy technical 
needs in fission and fusion energy studies, and non-energy applications such as nuclear 
medicine, process monitoring, geological exploration and basic research.  The most essential 
databases are maintained through multinational data centre networks under the overall 
co-ordination of the NDS.  These various services are also considered below. 

1. Introduction 

Both the development and maintenance of all nuclear technologies are based on the availability 
of accurate atomic and nuclear data.  Over many years, the Nuclear Data Section (NDS) of the 
International Atomic Energy Agency (IAEA) has organized and undertaken an extensive range 
of nuclear data projects designed to assist in the development and dissemination of databases 
appropriate for many energy and non-energy related applications, primarily at the request of 
IAEA Member States (Sood et al., 2000).  Under these circumstances, NDS staff assemble and 
maintain a number of important databases.  The authors have focused their attention on 
neutron-related studies organized and undertaken through the auspices of the IAEA-NDS, and 
have also described in reasonable detail some of the most relevant services provided. 
NDS work programmes are regularly reviewed by the International Nuclear Data Committee 
(INDC), which meets biennially for 3 or 4 days to monitor progress and advise on possible 
future studies.  This committee of 15 members along with various advisors and observers 
includes representatives from specific EU candidate countries: 

 B. Osmera, Nuclear Research Institute, Rez near Prague, Czech Republic; 
 G.L. Molnár, Institute of Isotope and Surface Chemistry, Budapest, Hungary; 
 T.F. Tárkányi, Institute of Nuclear Research, Debrecen, Hungary (advisor). 

2. On-going Data Developments 

New and improved nuclear data files are mainly developed through the implementation of a 
series of Co-ordinated Research Projects (CRPs) and Data Development Programmes.  
Normally, 5-15 scientific groups from different countries work together through a combination of 
IAEA contracts and agreements over a period of 3-4 years to achieve the desired objectives.  
Specific on-going programmes are close to completion, and their achievements and resulting 
products are outlined below. 

2.1 Prompt gamma-ray neutron activation analysis data (PGAA) 
Prompt Gamma-ray Activation Analysis (PGAA) is a non-destructive radioanalytical method 
capable of rapid or simultaneous “in-situ” multi-element analyses across the entire Periodic 
Table from hydrogen to uranium.  However, inaccurate and incomplete data have been a 
significant hindrance in the qualitative and quantitative analysis of complicated capture-
gamma spectra by means of PGAA.  There is a need for a complete and consistent library of 
cold- and thermal-neutron capture gamma-ray and cross-section data (Muir and Pronyaev, 
1998).  Therefore, a CRP was initiated in 1999 on the “Development of a Database for Prompt 
Gamma-ray Neutron Activation Analysis (PGAA)”.  The main goal of this CRP was to improve 
the quality and quantity of the required data in order to make possible the reliable application 
of PGAA in fields such as materials science, chemistry, geology, mining, archaeology, 
environmental monitoring, food analysis and medicine.  Participation from EU candidate 

                                                          
* Corresponding author, tel: +43-1-2600-21709; fax: +43-1-26007, E-mail address: a.nichols@iaea.org 
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countries is identified with G.L. Molnár, Institute of Isotope and Surface Chemistry,
Budapest, Hungary. A database of 32,000 prompt gamma rays and  3,000 gamma rays
emitted by radioactive decay has been developed for all stable isotopes of the elements. 
Example data are presented in Table 1 for selected gamma rays with partial cross sections
> 1% of the most intense transition.  Energy-ordered gamma rays are given for each element
with isotopic identification, energy and uncertainty in keV, and partial elemental cross section
and k0 with their uncertainties.

2.1.1 k0 formulation
The k0 formulation is commonly used in activation analysis because the product of the yield and
cross section can usually be measured with greater accuracy than either parameter alone.  A
value of k0 for a gamma ray emitted from isotope i is defined relative to the hydrogen standard
on a mass scale:

)(/)2223()(/)()2223(/)()(0 HAkeVZAEkeVkEkEk r
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)(/)(03.3 ZAE r
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where  is the partial cross section in barns for the production of gamma ray E)(EZ  from 

element Z (assuming natural abundance),  is the relative atomic weight of element Z,

and  is the partial cross section in barns for neutron capture on hydrogen.  IUPAC atomic

weight values of Coplen (2001) were used in these calculations.

)(ZAr

H

2.1.2 Prompt gamma rays
While only k0 values > 1% of the largest value for each element are listed in Table 1 (k0 values 
> 10% are shown in bold type), all of the gamma rays are included in the complete database
which is also available on CD-ROM.  Both the recommended (E ) and k0(E ) values have the
same percentage uncertainties because they were measured with respect to the very precise
hydrogen value.

2.1.3 Decay gamma rays
Gamma rays from radioactive decay are denoted by d immediately after the energy and
uncertainty in Table 1.  Saturation values for k0 are listed, but many half-lives (t1/2) are too 
long for saturation to occur under normal experimental conditions.  Only decay gamma rays
with k0 (E ) > 10% of the largest k0 values or the most intense gamma ray are listed in Table 1;
however, the computer-based data sets are comprehensive and complete. 
A list of energy-ordered gamma rays with (E ) and k0(E ) values and the most intense
gamma rays associated with these transitions are given in Table 2.  This table has been
abbreviated to include only those gamma rays with k0(E ) > 10% of the largest value for each 
element (total of  1,300 transitions). Radioactive decay transitions are also included, and
have been appended with d immediately after the gamma-ray energy and uncertainty.

2.2 Reference Input Parameter Library (RIPL-2) 
When considering low-energy nuclear reactions induced by light particles, such as neutrons,
protons, deuterons, alphas and photons, a broad range of applications are addressed, from
nuclear power reactors and shielding design through cyclotron production of medical
radioisotopes and radiotherapy to transmutation of nuclear waste.  In these and many other
applications, the user requires a detailed knowledge of cross sections and spectra of emitted
particles and their angular distributions.  Originally, almost all nuclear data were provided by 
measurement programmes.  However, our theoretical understanding of nuclear phenomena
has reached a high degree of reliability, and nuclear modeling has become a standard practice
in data evaluation (with measurements remaining critical for data testing and benchmarking).
Thus, theoretical calculations are instrumental in obtaining complete and internally consistent
nuclear data files. 
Extensive efforts have been made to develop a library of evaluated and tested nuclear-model
input parameters.  An electronic Starter File (known as Reference Input Parameter Library-1
(RIPL-1)) was developed and made available to users throughout the world in 1997 (IAEA, 
1998).  Immediately afterwards a second CRP was initiated on “Nuclear Model Parameter
Testing for Nuclear Data Evaluation (Reference Input Parameter Library: Phase II)”, and
completed in 2002.  This CRP resulted in the revision and extension of the original RIPL-1
Starter File to produce a consistent RIPL-2 library of recommended input parameters.  RIPL-2
contains input parameters for theoretical calculations of nuclear reaction cross sections, and is
targeted at users of nuclear reaction codes interested in low-energy nuclear applications.
Incident and outgoing particles include neutrons, protons, deuterons, tritons, 3He, 4He and ,
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with energies up to approximately 100 MeV.  The numerical data and computer codes 
included in RIPL-2 are arranged in seven segments/directories: 

No. Directory Contents
 1 MASSES Atomic Masses and Deformations 

 2 LEVELS Discrete Level Schemes 
 3 RESONANCES Average Neutron Resonance Parameters 
 4 OPTICAL Optical Model Parameters 
 5 DENSITIES Level Densities (Total, Partial) 
 6 GAMMA Gamma-Ray Strength Functions 
 7 FISSION Fission Barriers and Level Densities 

EU candidate counties were involved in the development of these significant theoretical 
databases through the close involvement of T. Belgya, Institute of Isotope and Surface 
Chemistry, Budapest, Hungary. 
RIPL-2 is physically located at the web server operated by the IAEA-NDS, and can be directly 
accessed by pointing any Web browser at: 161.5.7.5/RIPL-2/.  The Web site provides for 
downloading entire RIPL-2 segments, individual files, and selected data.  A CD-ROM with the 
complete RIPL-2 library can also be requested cost-free from the NDS. 

2.3 Fission product yield data for transmutation of minor actinide nuclear waste up to 
150 MeV 
A bibliographic database of experimental fission yield data has been assembled for neutron, 
photon, and light charged-particle induced fission.  Highly-accurate reference yields are 
available for thermal, fast and 14-15 MeV neutron fission of 235U, fast and 14-15 MeV neutron 
fission of 238U and 252Cf spontaneous fission, including fission products used as standards in 
fission yield measurements and requested by users as monitors for various applications.  A 
method has also been developed for the treatment of correlated data in fission yield 
evaluations, and for the construction of a covariance matrix for various measurement methods. 
The systematic behaviour of the energy dependence of experimental fission yields has been 
studied for several fissioning nuclides.  Global systematics of the dependences of fission 
product mass and charge distributions on the fissioning nuclides and incident particles have 
been derived from experimental data for neutron, photon and charged-particle induced fission.  
Phenomenological models have been utilized to analyse experimental fission yield distributions 
and derive their dependence on model parameters. 
Fission cross sections have been studied for neutron- and proton-induced fission reactions 
using the statistical model.  The method of partitioning the observed neutron-induced fission 
cross-sections into emissive and non-emissive fission has been validated for the whole energy 
range and Th, U, Np and Pu target nuclides.  Differences of fission mechanisms and 
contributions of actually fissioning nuclides in neutron, photon and charged-particle induced 
fission reactions have been studied in order to derive systematics for neutron-induced fission 
yield distributions. 
Theoretical predictions of fission product yields at intermediate neutron energies (10-150 MeV) 
are complicated by two factors: multi-chance fission and changes in fission characteristics as a 
function of excitation energy.  A new theoretical approach has been developed for the 
prediction of fission product yields in this energy range, which tackles both problems 
simultaneously.  Tools have been developed to evaluate fission yields and their uncertainties 
up to an incident neutron energy of 150 MeV.  Empirical equations have been derived that 
represent the systematics of fission-product yields, and estimate yields from the fission of any 
actinide with atomic number Z = 90-98, mass number A = 230-252 and excitation energies from 
0-200 MeV.  A set of equations has also been developed to estimate the uncertainties of these 
yields.

2.4 Cross-section standards and evaluation methodology 
Nuclear reaction cross-section standards are the basic quantities needed in reaction cross-
section measurements and evaluations.  Standards include the evaluated cross sections for a 
set of reactions and the covariance matrices of their uncertainties (Table 3).   
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Table 1. Example Data: Adopted Prompt and Decay Gamma Rays from Thermal 
Neutron Capture for all Elements. 

A
Z    E -keV (E )-barns    k0

Hydrogen (Z=1), At.Wt.=1.00794(7), =0.3326(7)     
1H 2223.24835(9) 0.3326(7) 1.0000(21) 
2H 6250.243(3) 0.000519(7)(a) 0.001560(21) 

Helium (Z=2), At.Wt.=4.002602(2), =4.2E-11(12)     
3He 20520.46 4.2(12)E-11 3.2(9)E-11 

Lithium (Z=3), At.Wt.=6.941(2), =0.045(3)     

( 6Li)=71.3(5)
6Li 477.595(3) 0.00153(8) 0.00067(4) 
7Li 980.53(7) 0.00415(13) 0.00181(6) 
7Li 1051.90(7) 0.00414(12) 0.00181(5) 
7Li 2032.30(4) 0.0381(8) 0.0166(4) 
6Li 6768.81(4) 0.00151(9) 0.00066(4) 
6Li 7245.91(4) 0.00247(14) 0.00108(6) 

Beryllium (Z=4), At.Wt.=9.012182(3), =0.0088(4)     
9Be 853.630(12) 0.00208(24) 0.00070(8) 
9Be 2590.014(19) 0.00191(15) 0.00064(5) 
9Be 3367.448(25) 0.00285(22) 0.00096(7) 
9Be 3443.406(20) 0.00098(7) 0.000330(24) 
9Be 5956.53(3) 1.46(12)E-4 4.9(4)E-5 
9Be 6809.61(3) 0.0058(5) 0.00195(17) 

Boron (Z=5), At.Wt.=10.811(7), =0.104(20)     

( 10B)=764(25)
10B(n, )   477.595(3) 716(25) 201(7) 
10B 6739.67(17) 0.0113(10) 0.0032(3) 

Carbon (Z=6), At.Wt.=12.0107(8), =0.00351(5)     
12C 1261.765(9) 0.00124(3) 0.000313(8) 
12C 3683.920(9) 0.00122(3) 0.000308(8) 
12C 4945.301(3) 0.00261(5) 0.000659(13) 
13C 8174.04(18) 1.09(6)E-5 2.75(15)E-6 

Nitrogen (Z=7), At.Wt.=14.0067(2), =0.0795(14)     

p(
14N)=1.82(3)

14N 583.59(3) 0.000429(14) 9.3(3)E-5 
14N 1678.281(14) 0.0063(3) 0.00136(7) 
14N 1681.24(5) 0.00129(8) 0.000279(17) 
14N 1853.922(19) 0.000508(10) 1.099(22)E-4 
14N 1884.821(16) 0.01470(18) 0.00318(4) 
14N 1988.632(20) 0.000289(16) 6.3(4)E-5 
14N 1999.690(16) 0.00323(4) 0.000699(9) 
14N 2520.457(17) 0.00441(24) 0.00095(5) 
14N 2830.789(17) 0.00134(3) 0.000290(7) 
14N 3013.482(21) 0.00057(5) 1.23(11)E-4 
14N 3531.981(15) 0.0071(4) 0.00154(9) 
14N 3677.732(13) 0.0115(6) 0.00249(13) 
14N 3855.577(19) 0.000626(16) 1.35(4)E-4 
14N 3884.242(18) 0.000436(13) 9.4(3)E-5 
14N 4508.731(12) 0.0132(7) 0.00286(15) 
14N 5269.159(13) 0.0236(3) 0.00511(7) 
14N 5297.821(15) 0.01680(23) 0.00363(5) 
14N 5533.395(14) 0.0155(8) 0.00335(17) 
14N 5562.057(13) 0.0084(5) 0.00182(11) 
15N 6128.63(4)d 5.90(12)E-8 1.28E-8[100%] 
14N 6322.428(12) 0.01450(22) 0.00314(5) 
14N 7298.983(17) 0.00746(12) 0.00161(3) 
14N 8310.161(19) 0.00330(6) 0.000714(13) 

(a) Total deuterium isotopic cross section  

14N 9148.98(5) 0.00129(6) 0.000279(13) 
14N 10829.120(12) 0.0113(8) 0.00244(17) 

Oxygen (Z=8), At.Wt.=15.9994(3), =1.90E-4(19)     
18O 197.142(4)d 3.15(22)E-7 6.0E-8[99%] 
16O 870.68(6) 1.77(11)E-4 3.35(21)E-5 
16O 1087.75(6) 1.58(7)E-4 2.99(13)E-5 
17O 1981.95(9) 2.0(4)E-7 3.8(8)E-8 
16O 2184.42(7) 1.64(7)E-4 3.11(13)E-5 
16O 3272.02(8) 3.53(23)E-5 6.7(4)E-6 

Fluorine (Z=9), At.Wt.=18.9984032(5), =0.0096(5)     
19F 166.700(20) 0.000413(18) 6.6(3)E-5 
19F 325.606(24) 4.0(3)E-5 6.4(5)E-6 
19F 556.40(4) 2.01(8)E-4 3.21(13)E-5 
19F 583.561(16) 0.00356(12) 0.000568(19) 
19F 656.006(18) 0.00197(7) 0.000314(11) 
19F 661.647(21) 2.24(14)E-4 3.57(22)E-5 
19F 662.25(10) 1.02(15)E-4 1.63(24)E-5 
19F 665.207(18) 0.00149(6) 2.38(10)E-4 
19F 822.700(19) 2.20(9)E-4 3.51(14)E-5 
19F 978.19(5) 6.8(6)E-5 1.08(10)E-5 
19F 983.538(20) 0.00116(4) 1.85(6)E-4 
19F 1045.98(3) 1.79(8)E-4 2.86(13)E-5 
19F 1056.776(17) 0.00095(3) 1.52(5)E-4 
19F 1148.077(20) 0.000258(12) 4.12(19)E-5 
19F 1187.725(25) 4.5(3)E-5 7.2(5)E-6 
19F 1282.15(4) 8.5(5)E-5 1.36(8)E-5 
19F 1309.126(17) 0.00076(3) 1.21(5)E-4 
19F 1371.520(24) 1.44(7)E-4 2.30(11)E-5 
19F 1387.901(20) 0.00082(3) 1.31(5)E-4 
19F 1392.191(23) 8.3(5)E-5 1.32(8)E-5 
19F 1542.498(20) 0.000271(11) 4.32(18)E-5 
19F 1633.53(3)d 0.0096(4) 0.00153[100%] 
19F 1644.538(25) 7.3(6)E-5 1.16(10)E-5 
19F 1843.688(20) 0.000600(23) 9.6(4)E-5 
19F 1935.52(3) 7.3(5)E-5 1.16(8)E-5 
19F 1970.726(20) 8.5(6)E-5 1.36(10)E-5 
19F 2009.52(6) 4.6(4)E-5 7.3(6)E-6 
19F 2043.858(20) 7.0(4)E-5 1.12(6)E-5 
19F 2143.248(21) 1.95(8)E-4 3.11(13)E-5 
19F 2179.091(20) 8.9(6)E-5 1.42(10)E-5 
19F 2194.159(21) 1.32(6)E-4 2.11(10)E-5 
19F 2229.75(9) 5.3(5)E-5 8.5(8)E-6 
19F 2255.83(3) 8.5(5)E-5 1.36(8)E-5 
19F 2309.929(25) 4.5(3)E-5 7.2(5)E-6 
19F 2324.12(3) 1.18(5)E-4 1.88(8)E-5 
19F 2427.82(3) 1.89(8)E-4 3.01(13)E-5 
19F 2431.084(10) 0.000392(24) 6.3(4)E-5 
19F 2431.425(19) 7(3)E-5 1.1(5)E-5 
19F 2447.574(21) 1.44(7)E-4 2.30(11)E-5 
19F 2469.34(3) 1.94(9)E-4 3.09(14)E-5 
19F 2504.658(25) 3.8(4)E-5 6.1(6)E-6 
19F 2519.02(3) 6.8(5)E-5 1.08(8)E-5 
19F 2529.212(18) 0.00061(3) 9.7(5)E-5 
19F 2529.553(18) 9(3)E-5 1.4(5)E-5 
19F 2623.16(3) 4.5(3)E-5 7.2(5)E-6 
19F 2636.09(3) 9.6(5)E-5 1.53(8)E-5 
19F 2655.70(3) 7.6(6)E-5 1.21(10)E-5 
19F 2920.96(3) 9.6(5)E-5 1.53(8)E-5 
19F 2930.284(21) 8.5(5)E-5 1.36(8)E-5 



24

Table 2. Representative Listing of Most Intense Thermal Neutron Capture Gamma Rays in 
Order of Energy (E  keV). 

A
Z   E -keV (E )-barns       k0 E , (E ) for associated intense gamma rays 

56Fe 14.411(14) 0.149(3) 0.00809(16) 7631.136(0.653), 7645.5450(0.549), 352.347(0.273) 
71Ga 16.43(3) 0.078(5) 0.00339(22) 834.08(1.65), 2201.91(0.52), 629.96(0.490) 
51V 17.152(6) 0.260(20) 0.0155(12) 1434.10(4.81), 125.082(1.61), 6517.282(0.78) 
93Nb 17.810(7) 0.0579(14) 0.00189(5) 99.4070(0.196), 255.9290(0.176), 253.115(0.1320) 

115In 22.796(7) 7(3) 0.18(8) 1293.54(131), 1097.30(87.3), 416.86(43.0) 
55Mn 26.560(20) 3.42(4) 0.1887(22) 846.754(13.10), 1810.72(3.62), 83.884(3.11) 

127I 27.3620(10) 0.43(4) 0.0103(10) 133.6110(1.42), 442.901(0.600), 58.1100(0.28) 
159Tb 29.0170(20) 0.21(4) 0.0040(8) 75.0500(1.78), 63.6860(1.46), 64.1100(1.2) 
81Br 29.1130(10) 0.1680(20) 0.00637(8) 776.517(0.990), 554.3480(0.838), 245.203(0.80) 
39K 29.8300(10) 1.380(20) 0.1070(16) 770.3050(0.903), 1158.887(0.1600), 5380.018(0.146) 

139La 29.9640(10) 0.169(8) 0.00369(17) 1596.21(5.84), 487.021(2.79), 815.772(1.430) 
139Ba 29.9660(10)d 0.0381(11) 0.000485[0.1%] 74.6640(1.30000), 106.1230(0.723), 277.5990(0.382) 
27Al 30.6380(10) 0.0798(20) 0.00896(22) 1778.92(0.232), 7724.027(0.0493), 3033.896(0.0179) 

159Tb 32.652(3) 0.19(3) 0.0036(6) 75.0500(1.78), 63.6860(1.46), 64.1100(1.2) 
159Tb 33.1590(10) 0.22(4) 0.0042(8) 75.0500(1.78), 63.6860(1.46), 64.1100(1.2) 
79Br 37.0520(20)d 0.428(12) 0.0162[7.4%] 776.517(0.990), 554.3480(0.838), 245.203(0.80) 
79Br 37.054(3) 0.160(10) 0.0061(4) 776.517(0.990), 554.3480(0.838), 245.203(0.80) 

123Sb 40.8040(10) 0.10(3) 0.0025(8) 564.24(2.700), 61.4130(0.75), 78.0910(0.48) 
174Yb 41.2180(20) 1.1(3) 0.019(5) 514.868(9.0), 639.261(1.43), 396.329(1.42) 

The most recent evaluation of these neutron standards was completed in 1987, although the 
recommended uncertainties were so low that experts considered them as unrealistic. This 
serious problem arose from the impact of low uncertainties obtained in the R-matrix model fits 
for the important light-element standards.  As a result, the evaluators were forced to scale up 
the uncertainties to the “expected values”; after the expenditure of significant effort on the 
evaluation of the cross sections and their uncertainties, simple diagonal covariance matrices 
were assigned for the uncertainties (Condé, 1991). 

Table 3: Standard Neutron Reactions. 
Reaction Neutron Energy Range 

H(n, n) 1 keV to 200 MeV 
3He(n, p) 0.0253 eV to 50 keV 

6Li(n, t) 0.0253 eV to 1 MeV 
10B(n, 0) 0.0253 eV to 1 MeV 

10B(n, 1 ) 0.0253 eV to 1 MeV 
C(n, n) 0.0253 eV to 1.8 MeV 
Au(n, ) 0.0253 eV, and 0.2 to 2.5 MeV 

235U(n, f) 0.0253 eV, and 0.15 to 200 MeV 
238U(n, f) threshold to 200 MeV 

There are plans to prepare new versions of the national general purpose and applied evaluated 
data libraries in the USA, Russian Federation, PRChina, Japan and Europe.  Therefore, the 
main tasks of the recommended IAEA-CRP were focused on the re-evaluation and preparation 
of new international reaction cross-section standards.  An improved evaluation methodology is 
also being developed that is based on modified and newly-developed computer programs, 
leading to realistic evaluations of the uncertainties in the R-matrix model fits for light elements 
and in non-model fits for heavy elements.  These re-evaluations will also include new 
experimental data (i.e., published beyond 1987).  A suitable plan of work has also been agreed 
between CRP participants that will result in the preparation of new reaction cross-section 
standards by 2004 (Carlson et al., 2003). 

2.5 Nuclear data for the production of therapeutic radionuclides 
An accurate and complete knowledge of nuclear data is essential for the production of 
therapeutic radioisotopes in order to achieve the desired specific activity and purity for efficient 
and safe clinical purposes.  The selection of targets, isotopic purity of targets, and the nature 
and energy of projectiles require careful study. However, no serious effort has been previously 
devoted to the evaluation of nuclear data for reactor and accelerator production of therapeutic 
radioisotopes.  The first Research Co-ordination Meeting on Nuclear Data for the Production of 
Therapeutic Radionuclides was held at the IAEA Headquarters in Vienna, Austria, from 25 to 
27 June 2003.  EU candidate countries are providing important input to these studies through: 
 E. B ták, Institute of Physics, Bratislava, Slovakia; 
 T. F. Tárkányi, Institute of Nuclear Research, Debrecen, Hungary. 
Even though a number of appropriate publications exist that define the nuclear properties of the 
specified radionuclides, there has been no systematic evaluation of the published data, and 
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experimental data are missing in many cases. Furthermore, there is a trend towards the 
use of high-energy accelerators (100 MeV or more) for the production of radioisotopes 
useful in therapeutic applications through routes that have not been properly characterised.  
An earlier CRP concentrated on diagnostic radionuclides (IAEA, 2001), while this second 
CRP focuses on therapeutic radionuclides and is expected to require 3 to 4 years to prepare 
the desired database: 
(i) therapeutic radioisotopes that have established clinical use (Table 4) - Established 

Radioisotopes;
(ii) less-commonly used but potentially interesting radioisotopes for which medical 

applications have been demonstrated (Table 5) - Emerging Radioisotopes.

2.6 Nuclear data for the thorium-uranium fuel cycle 
Past developments in nuclear power technology have focused on uranium in thermal reactors 
and fast reactors in order to improve the utilisation of natural uranium resources. However, new 
concepts in nuclear technology for power production are being investigated, and the 
thorium-based nuclear fuel cycle offers many advantages.  Neutron capture in 232Th yields 233U, 
which is a highly efficient nuclear fuel, and a thermal breeder (or near-breeder) reactor concept 
based on thorium fuel is feasible.  Unfortunately, due to the previous lack of interest in the 
thorium fuel cycle, the quality of nuclear data for the relevant materials is lower than for 
comparable materials in the uranium and mixed oxide (plutonium) fuel cycles. Uncertainties in 
Th-U nuclear data can be as much as a factor of three larger than the target accuracies set by 
designers (Pronyaev, 1999). 
An IAEA CRP has been approved to study all of the relevant nuclear data for the nuclides of 
primary interest (232Th, 231, 232Pa and 232, 233, 234, 236U):
(i) critical assessment of the available experimental information with emphasis on new data 

and renormalization to modern standard cross-sections (if necessary), 
(ii) evaluation of experimental data, derivation of resonance parameters (where relevant), 

completion of data with the results of nuclear model calculations and formatting of the data 
in ENDF-6 format, 

(iii) verification of the formatted data to ensure that they are formally correct, internally 
consistent, and represent the experimental data from which they were derived, 

(iv) process data into applications libraries for validation purposes, and preliminary validation 
of processed data on externally provided benchmark test cases (if available). 

The main output of the project will be new and improved evaluated data files for the primary 
nuclides of interest, including documentation of the details of the evaluation process, 
experimental data included in the evaluation, and nuclear model codes. 

Table 4. Established Therapeutic Radioisotopes.
Radionuclide T1/2 Emax in MeV Production routes 

32P 14.3 d 1.7 - 31P(n, ) and 32S(n, p) 
89Sr 50.5 d 1.5 - 89Y(n, p) and 88Sr(n, )
90Y 2.7 d 2.3 - 90Zr(n, p), 89Y(n, ), and  

235U(n, f) 90Sr 90Y generator 
103Pd 17.0 d Auger electrons, x-rays 102Pd(n, ), 103Rh(p, n) and 103Rh(d, 2n) 

125I 60.0 d Auger electrons 124Xe(n, )125Xe 125I
131I 8.0 d 0.6 - 130Te(n, ) 131Te 131I and 235U(n, f) 

137Cs 30.97 y 0.5 - 235U(n, f) 
153Sm 1.9 d 0.8 - 152Sm(n, )
186Re 17.0 h 1.1 - 185Re(n, ), 186W(p, n) and 186W(d, 2n) 
188Re 17.0 h 2.0 - 186W(n, ) 187W(n, )188W 188Re generator  

and 187Re(n, )
192Ir 73.8 d 0.7 - 191Ir(n, ) and 192Os(p, n) 
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Table 5. Emerging Therapeutic Radioisotopes.

Radionuclide T1/2 Emax in MeV Production routes 
64Cu 12.7 h 0.6 - and 0.7 + 63Cu(n, ), 64Ni(p, n), 64Ni(d, 2n) and 64Zn(n, p) 
67Cu 2.6 d 0.6 - 67Zn(n, p), 68Zn(p, 2p) and 70Zn(p, )

114mIn 49.5 d Auger electrons 113In(n, ), 114Cd(p, n) and 114Cd(d, 2n) 
124I 4.2 d 2.1 + 124Te(p, n), 124Te(d, 2n) and 125Te(p, 2n) 

166Ho 26.8 h 1.9 - 164Dy(n, ) 165Dy(n, ) 166Dy 166Ho

and 165Ho(n, )
169Yb 32.0 d Auger electrons 168Yb(n, ) and 169Tm(p, n) 
177Lu 6.7 d 0.5 - 176Lu(n, ) and 176Yb(n, )177Yb 177Lu
211At 7.2 h 5.9 209Bi( , 2n) 
213Bi 45.6 m 8.4 decay of 225Ac
225Ac 10.0 d 5.8 226Ra(p, 2n) and decay of 233U 229Th

2.7 International Reactor Dosimetry File, IRDF-2002 
The last approved version of the reactor dosimetry file IRDF-90 V2 was released in 1993 
(Kocherov and McLaughlin, 1999).  Most of the evaluations for this file were prepared in the 
mid-eighties.  Since then large amounts of new experimental data have been measured, and 
two new national reactor dosimetry libraries have been produced (RRDF-98 (Zolotarev et al.,
1999) and JENDL/D-99 (Kobayashi et al., 2002)).  Some of the reaction cross sections and 
uncertainties included in these libraries may be of better quality than the data in the IRDF-90 
file.  Therefore, IAEA-NDS staff have initiated a Data Development Project (DDP): International 
Reactor Dosimetry File IRDF-2002, with the objective of assembling an updated and 
benchmarked neutron dosimetry reaction cross section library (IRDF-2002) for use in reactor 
pressure vessel service life assessments of nuclear power plants.  EU candidate countries are 
directly involved in the formulation of this new dosimetry file through the good efforts of 
E. Zsolnay, Technical University of Budapest, Hungary. 
Data files will not be included unless complete covariance files are available, except in special 
cases where such data may be incomplete or do not exist.  These data files will include 640-
group reaction cross sections, as well as the original data files in the general ENDF format and 
point-wise data, where available.  Whereas the 640-group files may be adequate for most 
dosimetry applications, the general ENDF or point-wise data files may be needed in some 
cases, where self-shielding is important and for higher-temperature applications. 
Nuclear decay data and their uncertainties will be included in IRDF-2002, as processed from 
the ENDSF data files to produce suitable files in ENDF 6 format (e.g., half-lives and 3 or 4 main 
gamma-ray energies and emission probabilities).  Ideally, the decay data provided in IRDF-
2002 should be the same data that were used to derive the evaluated cross section files.  
Unfortunately, such data are not present in the original evaluations and considerable effort 
would have to be expended to determine these parameters.  The participants agreed that this is 
a serious shortcoming of the present dosimetry data files that will not be corrected in the new 
IRDF file.  Further details of the contents and status of IRDF-2002 are given by Zsolnay et al.
(2003). 

3. IAEA-NDS Data Services 

The IAEA Nuclear Data Section holds a total of about 100 atomic and nuclear data libraries, 
representing enormous economic and scientific value.  All libraries and the related 
documentation are available free of charge on request from IAEA Member States.  An overview 
of the databases is given in Index of Nuclear Data Libraries Available from the IAEA Nuclear 
Data Section (Schwerer and Lemmel, 2002), and brief descriptions of the contents and/or 
format of most libraries are published in the IAEA-NDS-report series (Lemmel and Schwerer, 
2003). 
The collection, maintenance and distribution of nuclear data are organised on a worldwide 
basis through two international nuclear data centre networks coordinated by the IAEA-NDS: 

 Network of Nuclear Reaction Data Centres (Pronyaev and Schwerer, 2003); 
 Nuclear Structure and Decay Data Network (Pronyaev, 2001). 
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Data centres participating in the networks are involved in the various stages of data 
preparation (i.e., compilation, review, evaluation, processing and distribution).  This sharing 
of the workload worldwide is normally determined by the geographical location and data 
expertise of each centre. 

3.1 General purpose databases 
Specific general purpose databases are listed below.  These data files represent the backbone 
of the available data for a wide range of applications. 

3.1.1 Nuclear structure and decay data 

 Nuclear Wallet Cards (Tuli, 2000): basic properties of ground and metastable states; 
available as pocket book and on-line (see www-nds.iaea.org/wallet).

 Atomic Masses 1995 (Audi and Wapstra, 1995): mass evaluations for over 2900 
nuclides; available on-line (see www-nds.iaea.org/ndspub/masses). 

 ENSDF: Evaluated Nuclear Structure Data File is the ‘master’ library for nuclear structure 
and decay data maintained by the National Nuclear Data Center, Brookhaven National 
Laboratory, USA, through an evaluators’ network; published in Nuclear Data Sheets and 
available on-line (see www-nds.iaea.or.at/ensdf).

 NuDat (Dunford and Burrows, 1998): user-friendly extracts of applications data from 
ENSDF, plus thermal neutron data; available on-line  (see www-nds.iaea.org/nudat).

3.1.2 Nuclear reaction data 

 EXFOR (McLane, 1999): experimental nuclear reaction data under regular compilation 
through the network of nuclear reaction data centres (contains neutron, charge-particle 
induced and photonuclear data – integral and differential cross sections, resonance 
parameters, polarisation data, fission yields and related data); available as CD-ROM and 
on-line (see www-nds.iaea.org/exfor).

 Evaluated cross-section libraries: national and international libraries (ENDF/B-VI, 
BROND-2, JEF-2, JENDL-3, CENDL-2) have been assembled in ENDF-6 format (Lemmel, 
1996) over the neutron energy range from 10-5 eV to 20 MeV (and sometimes higher), also 
cross-section data for some charged-particle induced reactions; available as CD-ROM and 
on-line(see also www-nds.iaea.or.at/endf/endfframe.html).

 IAEA Photonuclear Data Library (IAEA, 2000): evaluated photonuclear cross sections of 
164 nuclides, many at energies up to 140 MeV (some only up to 25 MeV) for shielding and 
medical applications; available on-line (see www-nds.iaea.org/photonuclear).

3.1.3 Bibliographic data 

 CINDA (IAEA, 2002): Computer Index of Neutron Data represents a bibliography of 
neutron data, also covering unpublished reports and computer files (planned extension to 
charged-particle induced and photonuclear reactions); available in book form, as CD-ROM 
and on-line (see www-nds.iaea.org/cinda/cinda.html).

 NSR: Nuclear Science References is a bibliographic database for low- and 
intermediate-energy nuclear physics; published in Nuclear Data Sheets and available 
on-line (see www-nds.iaea.or.at/nsr).

3.2 Specialized databases 
A number of powerful databases have been assembled for specific applications (e.g., fission 
reactor calculations, design of fusion devices and their operation, dosimetry and medical 
treatments). 

3.2.1 Cross-section libraries 

 FENDL-2 (Pashchenko et al., 1998): comprehensive cross-section library for fusion and 
other applications, resulting from worldwide efforts, and including extensive testing - 
coordinated by IAEA; CD-ROM and on-line (www-nds.iaea.org/fendl/index.html).

 Charged-particle cross-section database (IAEA, 2001): optimise the production of 
medical radioisotopes for diagnostics and monitor reactions; available on-line (see www-
nds.iaea.org/medical).

 RNAL: Reference Neutron Activation Library of 255 neutron-induced reactions for 
activation analysis and other applications; available as CD-ROM and on-line (see www-
nds.iaea.or.at/ndspub/rnal/www).

 NGATLAS (Kopecky, 1997): atlas of neutron capture cross sections for 739 targets from 
10-5 eV to 20 MeV; available online (see www-nds.iaea.org/ngatlas2).
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 MENDL-2 (Shubin et al., 1997): activation cross sections for 505 stable and unstable 
targets between Al and Po for incident neutrons up to 100 MeV and incident protons up to 
200 MeV - transmutation and other applications; available by FTP. 

 Minsk Actinides Library (Maslov et al., 2003): evaluated neutron reaction data for 
232Th, and U, Np, Pu, Am and Cm isotopes; available online (see www-
nds.iaea.org/minskact).

 WIMS-D Library (Leszczynski et al., 2003): updated multi-group data library for the 
WIMS-D program; available online (see www-nds.iaea.org/wimsd).

3.2.2 Other specialized libraries 

 MIRD (Medical Internal Radiation Dose): based on ENSDF and data processed by 
RADLST program (e.g., tables of energies and intensities for X-rays and Auger electrons); 
available on-line (see www-nds.iaea.or.at/formmird.html).

 SGNucDat (Kocherov et al., 1997): Nuclear Data for Safeguards - contains nuclear data 
needed for the development and application of nuclear material accounting techniques; 

 available on-line (see www-nds.iaea.or.at/sgnucdat/sgnuc.html).

 EPDL-97: photon interaction data from 1 eV to 100 GeV from Lawrence Livermore 
National Laboratory; available on CD-ROM. 

 DROSG-2000 (Drosg, 2003): Neutron Source Reactions - data files and computer codes 
for 59 accelerator-based neutron source reactions; available on-line 

 (see www-nds.iaea.or.at/drosg2000.html).

3.3 Computer programs 
The following computer code packages are available free of charge from NDS (Website or on 
CD-ROM): 

EMPIRE-II: system of codes for nuclear reaction calculations (Version 2.18); 
ENDF Utility Codes (Release 6.13); 
ENDF Preprocessing Codes (PREPRO 2002); 
ENDVER: ENDF Verification support package; 
ENSDF analysis and utility programs; 
ZVVIEW package for interactive plotting of nuclear data. 

Other computer codes for the processing of nuclear data have to be requested from the NEA 
Nuclear Data Bank, Issy-les-Moulineaux near Paris, France. 

3.4 Data communications 
Various data distribution media are offered by the NDS, including WWW, CD-ROM and 
hardcopies in order to serve the diverse needs of users from all IAEA Member States.  A 
nuclear data "mirror server" has also been established at IPEN in Brazil to improve on-line 
access for Latin America to the IAEA nuclear data services. 

 WWW: "Nuclear Data Services" website of the IAEA can be accessed through www-
nds.iaea.org (IAEA Vienna) or www-nds.ipen.br/ (Brazilian mirror server). Contains links to 
all major libraries, electronic documents, nuclear data programs, general information, and 
much more. Some data are also available by FTP and a Telnet-based on-line retrieval 
system. 

 CD-ROM: several major databases are available on CD-ROM, some with processing 
software. 

 Handbooks: a number of nuclear data handbooks have been produced by NDS (some of 
them are priced IAEA publications); results of co-ordinated research projects are normally 
published within the IAEA-TECDOC series (see also Section 2, above). 

 Reports:  NDS publishes informal reports in the INDC series, containing meeting 
summaries, unpublished nuclear data works from member states, and translations from 
Russian literature; most recent reports are available electronically on the NDS Website. 

Nuclear Data Newsletter is published biannually, and serves as the primary medium for 
current awareness of new nuclear data available from NDS; available in hardcopy and 
from the Web. 

 Custom retrievals and other mail services can be requested by informal e-mail to 
services@iaeand.iaea.org

4. Concluding Remarks

The primary aims of the IAEA Nuclear Data Section are to encourage the development and 
organize the assembly of a wide range of atomic and nuclear databases, and ensure 
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improvements in technical performance by providing ready access to users in Member 
States.  There are other NDS work programmes that are not mentioned in the text above, 
but details can be accessed from the IAEA-NDS Web pages: 

www-nds.iaea.org
www-amdis.iaea.org

Other projects on-going or under debate include X- and gamma-ray decay data standards for 
detector efficiency calibration and other applications, the extension of RIPL to emerging 
non-energy technologies, updating of actinide decay data, and a wide range of atomic and 
molecular data development programmes. 
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Calculation of fission reactions within the MM-RNR model 
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Abstract. In the past fission-fragment properties and cross-sections for 235,238U(n, f), 237Np(n,
f), 239Pu(n, f) and 252Cf(SF) have been investigated. The interpretation of the experimental 
data in the frame of the multi-modal random neck-rupture (MM-RNR) model has been 
incorporated into the most recent evaluation exercise on neutron-induced fission cross-
section and prompt-neutron emission data in the actinide region of the chart of nuclides. The 
three most dominant fission modes were considered, the two asymmetric standard I (S1) and 
standard II (S2) modes and the symmetric superlong (SL) mode, namely. Except for 252Cf, de-
convoluted modal fission cross-sections as well as prompt neutron multiplicity and spectra 
have been calculated in the energy range from 0.01 MeV to 5.5 MeV in excellent agreement 
with experimental data. In addition, the obtained fission-mode branching ratios allow the 
calculation of fission-fragment yield and energy distributions where no experimental data 
exist. Most recently the first ever-direct measurement of the neutron-induced fission cross-
section of 233Pa has been performed at IRMM. The subsequent evaluation suggests a radical 
revision of today’s evaluated data files. 

What is the aim of the game? 

In recent years the multi-modal random neck-rupture (MM-RNR) model [1,2] has been 
successfully used to parameterise fission-fragment distributions obtained from various 
compound nuclear systems in the actinide region [3,4,5]. Quantitative predictions for the 
mean mass and kinetic energy of the fission fragments became possible. In this picture most 
actinide nuclei compound nuclear fission is dominated by three fission modes: the asymmetric 
modes standard I (S1), linked to the spherical neutron shell N=82, and standard II (S2), linked 
to the deformed shell N=88, and the symmetric superlong (SL) mode. However, the model 
does not allow quantitative predictions of fission-fragment emission yields, which are essential 
input data for reliable nuclear application studies. On the other hand there are quite 
successful model codes at hand to describe neutron-induced reaction cross-sections, which 
are, in turn, unable to provide information about the properties of the reaction products. 
Therefore, the inclusion of the MM-RNR model into model codes for neutron-induced reaction 
cross-section calculations is proposed to achieve a consistent description of both the fission 
cross-section together with other competing reaction cross-sections and the reaction product 
characteristics, e.g. quantitative assessment of particle emission yields, kinetic energies and 
multiplicity.
The results from this new approach might improve feasibility studies for new nuclear 
applications, the quality of decay heat calculations and provisions of nuclear waste 
inventories. In addition, they will also provide new insight about the structure of the nuclear 
energy landscape as well as the shape of the double-humped fission barrier. 

Concept of the model calculations 

Using the experimental fission-mode branching ratios obtained by high-resolution 
measurements of the fission-fragment mass and kinetic energy distributions at IRMM, 
typically in the incident neutron energy range from En = 0.5 to 5.5 MeV, and the ENDF/B-VI 
fission cross-section, the “experimental” fission cross-section for each particular fission mode 
is obtained. In this energy range the neutron interaction takes place through direct and 
compound nucleus (CN) mechanisms. For heavy deformed nuclei the elastic channel is 
strongly coupled with other possible channels in the process, and the direct mechanism has 
to be treated with the coupled-channel method. For the CN mechanism a statistical treatment 
is used for fission, neutron elastic and inelastic scattering as well as for radiative capture 
cross-section calculations. 
The CN mechanism is treated in the frame of the statistical model considering sub-barrier 
effects using the code STATIS [6] modified to take the multi-modality of the fission process 
into account. According to the fission-mode calculations in ref. [2] the bifurcation point of the 
fission modes is assumed close to the second minimum of the double-humped fission barrier. 
Consequently, the inner barrier and the isomeric ground state are taken the same for all 
modes, whereas the outer barriers are taken different.  
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Figure 1. Neutron-induced reaction cross-section calculations of 235U (lines) together with
experimental data (symbols). Top left: total neutron-induced reaction cross-section; top 
right: elastic scattering cross-section; bottom left: Differential inelastic scattering cross-
section at En = 3.4 MeV on the (11/2)- level with excitation energy 6 = 0.103 MeV (see 
text); bottom right: radiative-capture cross section.

Barrier parameters, i. e. height and curvature, are varied in order to obtain best agreement
with experimental data and well-established trends.
Direct-interaction calculations are performed with the coupled-channel code ECIS95 [7]. 
Strictly speaking, these calculations are valid for incident neutron-energies from 10keV up to 
the 2nd chance fission threshold.
The calculation of the prompt neutron multiplicity and spectra is performed within an improved
version of the Los Alamos model [8], where again the multi-modality of fission has been
considered. For details about the calculations it is referred to refs. [9-11], and references in
there.
Calculations have been performed for the reactions 235,238U(n, f) and 237Np(n, f). 

Results

The overall quality of the calculations is demonstrated in Fig. 1 for the target nucleus 235U,
where different calculated neutron-induced reaction cross-sections nicely agree with
experimental data [12]. Comparing the calculation for the differential inelastic cross-section
with experimental data taking either 3 or 4 coupled levels into account the latter choice has
been adopted for all calculations. Figure 2 (top part) shows the corresponding calculated
fission cross-section (lines) together with the individual modal cross-sections. The
experimental data are from refs. [12,13]. 
The dashed lines are obtained when varying the outer barrier heights by 0.5(!)% (top left) or
the corresponding curvatures by 15% (top right). It is obvious how closely the calculated
(modal-) fission cross-sections follow the experimental data. 
Similar calculations were performed for the reactions 237Np (n, f) and 238U(n, f). In the left 
bottom part of Fig. 2 the calculated (modal) fission cross-section(s) are shown (lines) together
with experimental data obtained at IRMM (full symbols) [5] and from the EXFOR library (open
symbols)[12]. The right bottom part shows the relative modal weight (in %) together with the
experimental data from ref. [5]. The excellent reproduction of both the total fission cross-
section data and the modal weights is clearly visible. The intriguing observation here is the
changing dominance of S1 and S2 for incident neutron energies En below 0.4 MeV in favour 
of S1 and the apparent increasing contribution of the symmetric SL-mode for En < 0.7 MeV. 
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Figure 2. Fission mode weighted neutron-induced fission cross-section of 235U together with
the total fission cross-section (lines) compared to experimental data from [9,11,12]. Top left:
results from varying the outer barrier heights by 0.5% (dashed lines); top right: results from
varying the corresponding curvature by 15%. Bottom left: calculated fission-mode weighted
neutron-induced fission cross section of 237Np together with the total fission cross-section
(lines). Bottom right: relative modal weights wi (i = S1, S2, SL) given in percent. Experimental
data are from refs. [5,12]. 
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Figure 3. Left: calculated (fission-mode weighted) neutron-induced fission cross-section of
238U (lines) together with experimental data from refs. [12,14]. Right: calculated relative
fission-fragment emission yield distribution at En = 1.2 MeV. 
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Figure 4. Top left: fission-mode weighted prompt-neutron multiplicity together with the total
prompt-neutron multiplicity from the reaction 237Np(n, f) as a function of the incident neutron
energy. Top right: corresponding representation of the prompt -ray multiplicity. Bottom left 
and right: prompt neutron-emission spectra from neutron-induced fission at En = 2.9 MeV and
4.9 MeV, respectively. Experimental data (symbols) are from ref. [12]. 

Therefore, visible changes in the fission-fragment characteristics may be expected at those
incident neutron energies.
Further results obtained for the reaction 238U(n, f) are shown in Fig. 3. Here, the well-known
resonance structure at fission threshold is reflected also in the calculated modal cross-
sections. As it is shown in the left part of Fig. 3 S1 becomes dominating S2 in this energy
region. However, the quality of existing experimental data around fission threshold is not good
enough, yet, to draw definite conclusions on the exact position of the observed mode
inversion.
The calculated prompt-neutron and prompt -ray multiplicity from the reaction 237Np(n, f) are 
shown in the top part of Fig. 4 as a function of incident neutron energy compared to 
experimental data from ref. [12]. Corresponding calculated prompt-neutron emission spectra
for two different incident neutron energies are given in the bottom part of Fig. 4. Again, the
achieved reproduction of the available experimental data is very convincing.

Can we predict fission-fragment characteristics?

Extrapolation and/or interpolation of the calculated individual modal contribution to the
observed fission cross-section in conjunction with the knowledge of the modal fission-
fragment characteristics, as mean mass (Ah) and total kinetic energy (TKE), allows, in
principal, the construction of the fission-fragment mass yield- and energy distributions.
The top part of Fig. 5 shows the calculated fission-fragment yield distribution from the reaction
235U(n, f) at En = 10 eV by extrapolating the results shown in Fig. 2 (top part) together with
experimental data from ref. [4]. The good agreement between calculation and experiment can
be taken as a first validation of the presented model. 
In the other three parts of Fig. 4 predicted relative fission-fragment yield distributions are
shown for the fissioning nuclei 239U* and 238Np* calculated at En = 0.9 MeV and En = 0.01 as
well as 0.25 MeV, respectively. The dashed vertical line indicates the position of the mean
heavy mass as observed above 1st fission threshold. The full vertical line indicates the
significant change of this fission-fragment characteristic likely to be observed in experiment at 
these particular incident neutron energies.
With the above fission-mode parameters the kinetic energy and the total kinetic energy
distributions may be calculated as well.
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Figure 5. Top left: calculated fission-fragment distribution at En = 10 eV(!) obtained from an
extrapolation of the calculated fission mode weights based on experimental data in the MeV
region. Top right and bottom: calculated relative fission-fragment emission yields for 239U at En

= 0.9 MeV and for 237Np at En = 0.25 and 0.01 MeV (see text).

Conclusions

Including the multi modality of the fission process into model codes for the calculation of
neutron-induced reaction cross-section calculations seems to allow the prediction of fission-
fragment characteristics. At the same time the simultaneous reproduction of other competing
reaction cross-sections has been taken to check the quality of the new approach. One
successful example has been presented of a calculated fission-fragment yield, where
experimental data are available, together with further predictions, for which experimental
validation will be a challenge for the years to come. 
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Abstract. A new model for statistical modeling of the resonant cross section structure in the
unresolved resonance region has been proposed and developed. The model bases on
introducing of characteristic function F for the R-matrix elements distribution and uses the
multilevel Reich-Moore approximation of the R-matrix theory.
The status of the latest evaluated nuclear reaction data files for 232 Th and 238 U in ENDF/B-
6(7), BROND-2.2, JENDL-3.3, JEF-2 and CENDL-2 in the URR under the inelastic threshold
has been checked. The calculated average resonance cross- sections and self-shielding
factors are compared with the latest experimental data. A new evaluation of the average
resonance parameters for 232Th is obtained on the base of neutron capture cross section
measurments on GELINA neutron source in Geel, Belgium. 

Introduction

In the unresolved resonance region (URR) only the statistical modelling can reveal the
resonant cross sections structure. Various schemes, based on the R-matrix theory are known
and they mainly use the Hauser-Feshbach formula, which is strictly valid only in the resolved
resonance region (RRR)1. No one of these schemes supplies general analytical expressions
for calculation of resonance averaged cross- section functionals (e.g. transmission functions,
cross-section moments and self-shielding factors).
Full information for the detailed energy cross sections structure in the URR could be derived
from transmission and self-indication functions, measured at a large set of sample thickness t
(atoms/barn). The average cross-sections, their dispersion and also self-shielding factors,
which manifest the resonant cross-section structure in the URR can be extracted from these
functions. Therefore the statistical cross-section models in the URR should:

 describe the interference peculiarities of the cross-section energy structure
 give correctly the average cross-sections and their physical functionals
keep the information for the cross-section minima, which influence rather sensitive to 

T  and  measured at big thickness t.T

As a consequence of these requirements a new model for statistical modeling of resonance
cross section structure in the URR has been proposed and developed -- model of the
characteristic function. A processing code HAR.FOR has been created. As a final result in this
scheme we compared the evaluated nuclear data files for 

232
Th and 

238
U and also analysed

the latest experimental data for  and f  for 
232

Th in the energy range (4 - 49) keV.

Model of the characteristic function
 2

This model uses the multi-level RM approximation of the R-matrix theory. The idea for
resonance ladder modeling of the energy dependent R-matrix-elements in averaging interval

E has been used for analysis of experimental resonance averaged cross sections and 
transmission e-t  and self-indication e-t  functions. Such an approach permits to account
the effects of the statistical fluctuations of resonance parameters for arbitrary cross-sections
functional. Then the model reduces the above problem to the analogous averaging over the
system of equations in the resolved resonance region (RRR).
The possibility for choosing the universal ladder of resonance levels is illustrated in the 
example of one neutron channel and big number of radiation channels for each independent
level system (non fissile nuclei under the inelastic scattering threshold.
Total and capture cross sections are expressed through the collision function:

]1)1(2[ 12 iReS i

where the resonance parameters determine the energy dependence of R-function:

iy
is

iEE
ER n

2/)(2

1
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Here: nnDEDEys /,/,/)/(2D),()/(2D),( n .

In this case an arbitrary cross-section functional can be considered as a function of the real
and imaginary parts of (1-iR)-1:

])1(,)1[(),( 1*1 iRiR

Presenting as a Laplace transform of corresponding original )',( tt  the result of resonance

averaging is:

0 0

)'()'( *

)',(' tRRtitt eettdtdt

where:  is the characteristic function of joint distribution density of the

real and imaginary parts of R-function. By using the Porter-Thomas distribution

)'( *

)',( tRRtiettF

dP )(

of neutron widths for and Wigner’s distribution dQ )(  of the resonance spacing

and after integration over  it can be expressed as:
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The integration over  is performed by Monte-Carlo technique. We calculated ),,( yF  -

function for a big variety of parameters ),,( zy . The results are presented in Table 1. 

Table 1. )2(;),,( 22)( yyyzyzFe z

y=0.001

 \ z 0,1 0,2 0,5 1 2 5 10

0 1,034276 1,067415 1,159592 1,298843 1,560278 2,467365 5,018609
0,001 1,034613 1,067737 1,159883 1,299111 1,560542 2,467734 5,019331
0,01 1,037386 1,070511 1,162467 1,3015 1,562908 2,471051 5,025844
0,1 1,052354 1,089587 1,184125 1,323309 1,585616 2,503914 5,0909
0,5 1,066221 1,117221 1,234827 1,39042 1,670339 2,643807 5,378664
1 1,068457 1,12603 1,262076 1,440287 1,751463 2,806388 5,735192

y=0.01

 \ z 0,1 0,2 0,5 1 2 5 10

0 1,029366 1,061611 1,152334 1,289979 1,548964 2,448834 4,980432
0,001 1,029691 1,061927 1,152623 1,290245 1,549225 2,449201 4,981153
0,01 1,032382 1,064648 1,155174 1,292609 1,55157 2,452492 4,987614
0,1 1,047462 1,083616 1,176619 1,314214 1,574089 2,485106 5,05217
0,5 1,062313 1,111844 1,227238 1,380897 1,658193 2,62395 5,337719
1 1,065001 1,121105 1,254692 1,430639 1,738831 2,78535 5,691529

y=0.1

 \ z 0,1 0,2 0,5 1 2 5 10

0 1,01147 1,032176 1,103428 1,222531 1,456697 2,290163 4,646158
0,001 1,011651 1,032399 1,103668 1,222766 1,456938 2,290502 4,646827
0,01 1,013211 1,034349 1,105804 1,224866 1,459086 2,293564 4,652843
0,1 1,024111 1,049336 1,124241 1,244208 1,479778 2,323914 4,712916
0,5 1,039954 1,076937 1,171261 1,305775 1,557835 2,453312 4,978716
1 1,044458 1,088056 1,199003 1,35347 1,6337 2,604082 5,308201

In practical applications the resonance ladder with limited number of N levels for )(R  is 

used3:

Niyctg
N

s
R

N
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1

 . 

Here the resonance structure is assumed with a periodicity )0( N  for accounting the 

contribution of levels outside the interval E .
The characteristic function that corresponds to this ladder is:
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The parameters of the ladder ( , ) are determined by fitting ),,( yFN  to the

statistical ),,( yF . This allows one to perform the resonance averaging of an arbitrary

functional ),(  by using the unique ladder of ),(  for )(R -matrix.

The resonance averaged cross sections and averaged transmission  and self-

indication  functions at an arbitrary thickness t, as well as the integrals

te
te

1

0

dte t  and 
0

dte t  can be calculated with this ladder in

the URR, like in the RRR. The calculations are performed with the computer code HAR.FOR .

Comparison of the evaluated nuclear data files for
232

Th and 
238

U in the URR bellow the
inelastic scattering threshold

4

We checked the status of the latest evaluated nuclear reaction data files for 232 Th and 238 U
from different libraries in the URR. Calculations are performed with HAR.FOR and using the
unresolved resonance parameters from ENDF/B-6(7), BROND-2.2, JENDL-3.3, JEF-2 and
CENDL- 2. 
The results for 238U are presented on Figures 1-4 in a comparison with the experimental data.

Total cross section  and neutron capture cross section  from

the libraries are compatible with the experiments  (except CENDL 2 data  25 KeV.) 
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Figure 1. Total cross-section for 238U.
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Figure 2. Neutron capture cross-section for 
238U.
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Figure 3. Self-shielding factor for total cross-
section for 238U
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Figure 4. Self-shielding factor for neutron
capture cross-section for 238U.

The self-shielding factors f from different libraries are also very closed (except CENDL 2 data
below 25 keV) and are compatible with the experiment. The situation for f  is more interesting.

All calculated  underestimate the experimental resultsf 7,8. BROND 2.2 evaluation fits best

the experimental data. In the both experiments 7,8 the fluctuations of  are observable

above  20 keV.

f
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Results for cross sections for 232Th are presented on Figures 5-6 in comparison with latest

experimental data for 10 and for 11,12.

The calculated self-shielding factors and  are shown on Figures 7-8. No fluctuations are

observed in the calculated , while in the experiment there are fluctuations in the whole

range.

f f

f

Evaluation of the average resonance parameters for
232

Th.

A new evaluation of the averaged resonance parameters for 232Th has been obtained on the

base of the experimental data for  in GELINA (2001).

For total cross-section  JENDL 3.2 calculation is closer to the experimental results 10,
while the ENDF/B-6 and BROND 2.2 data are systematically smaller than it. The dash line is 

the new evaluation for 232Th based

of the last experiment for 12

(see the next paragraph).

All evaluations for  are

very closed but they are 
systematically lower than the
latest experimental data 11,12. The 

latest experiments for  and

suggests that a new evaluation for 
232Th in the URR is needed. The
dash line is the new evaluation on
the base of the experiment 12(see
next paragraph).
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Figure 5. Total neutron cross-section for 232Th.
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For initial values of average resonance parameters we used those from JENDL 3.3. For
function minimization and error analysis we used the code MINUIT 13.
A reliable evaluation of the average resonance parameters in the URR could be obtained in a 
joint analysis of cross-sections (total and partial) and the transmission and self-indication
functions, measured at a large set of sample thickness. Therefore we also did an evaluation

on the base of 12 together with self-shielding factors f  9. The last were derived through

the measured T  and  functions. The results are in Table 2. T

Table 2. Average resonance parameters for 232Th in the energy range (4-49) keV.
Initial average res.
parameters.

Evaluated average resonance parameters 

JENDL 3.3 from from ( , )f

l=0, J =0.5 .17597E-2 .18990E-2 .18262E-2
l=1, J =0.5 .37046E-2 .39057E-2 .36877E-2
l=1, J =1.5 .18523E-2 .19530E-2 .18438E-2
l=2, J =1.5 .92173E-3 .90173E-3 .92173E-3

0

n

l=2, J =2.5 .61585E-3 .61585E-3 .61585E-3
l=0, J =0.5 .21200E-1 .25370E-1 .26190E-1
l=1, J =0.5 .21200E-1 .24240E-1 .25221E-1
l=1, J =1.5 .21200E-1 .24240E-1 .25221E-1
l=2, J =1.5 .21200E-1 .21200E-1 .21200E-1

,eV

l=2, J =2.5 .21200E-1 .21200E-1 .21200E-1
l=0, J =0.5 18.435 18.034 18.422
l=1, J =0.5 18.435 18.034 18.422
l=1, J =1.5 9.2173 9.017 9.211
l=2, J =1.5 9.2173 9.017 9.211

D ,eV

l=2, J =2.5 6.1585 6.1585 6.1585
'R ,fm

10.01 10.01 8.99
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Abstract. Neutron radiative capture reactions at incident energies exceeding few MeV are ex-
tremely difficult to measure because of low cross sections, so that the data are very rare. At the
same time, they are important not only for nuclear physics itself, but also for different applica-
tions. The pre-equilibrium exciton model appears to be an excellent and useful tool to describe
these reactions, which have been till recently supposed to be a domain of the direct-semi-direct
model. Essentially, both these approaches are capable to describe the same stuff. Anyway, each
of these two ways has its advantages and also handicaps. The pre-equilibrium model is supe-
rior when not much detailed knowledge and/or data are avaibale and when a simple and fast
answer is useful; obviously, with lower precision than that achieved within the direct-semi-direct
approach.

The pre-equilibrium models [1] appeared to be rather useful for evaluation and prediction of the
cross sections of reactions of nucleon radiative capture at incident energies up to about 30 MeV
[2]. Such reactions are rather difficult to be measured due to rather low cross sections, and the
bulk of experimental data on the γ emission in continuum has been gained about 30 years ago
using the NaI(Tl) detectors. These data have been analyzed successfully within the direct-semi-
direct (DSD) model [4], and also using more simple pre-equilibrium (PEQ) approach [2, 3].
The energy spectrum of the emitted particles/gammas in the spin-independent formulation of the
PEQ is

dσx

dεx
= σR ∑

n
τnλx(n,E,εx), (1)

where λx(n,E,εx) is the emission rate of the ejectile x, a particle or a photon, of energy εx from
the n-exciton state of the excitation energy E, σR is the cross section of creation of the composite
system, and τn is the lifetime of the relevant n-exciton state. Eq. (1) stands for the most simple
case when we are not interested in subsequent emissions and when we can neglect the spin
effects.
The spin-dependent PEQ calculations (till now only for nucleons and γ ’s) make the approach
to be less transparent; however, they enable such calculations like transitions to discrete states
with defined quantum numbers, isomeric cross sections, etc.
The total spectrum with inclusion of spin variables and possibility for γ cascades is obtained
by summing the contributions from the whole course of a reaction over all possible spins and
integrating over all energies of all intermediate composite systems. Let us denote σ(i,Ec,Jc,E,J)
the cross section of finding the nucleus at excitation energy E and spin J, if the original composite
system has been created with energy Ec and spin Jc (obviously, this cross section contains the
history of the reaction). Now, the energy spectrum of the ejectile x is [5]

dσx

dεx
= ∑

E,J,Jc,n,i

∫
σ(i,Ec,Jc,E,J)τ(i,n,E,J)λx([i,n,E,J] εx→ [anything]). (2)

There are essentially two processes reponsible for the γ emission (see Fig. 1), namely the

J J

j

j

j
1

S

j j

1

1
1

3

2

2

S

Figure 1. Two processes responsible for the γ emission, ∆n = 0 (left) and ∆n = −2 (right).
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scattering of a particle or a hole (∆n = 0) and an annihilation of a particle-hole pair (∆n = −2) [6].
The γ emission rates can be generally written in the form

λγ([E,J,n]
εγ ,λ→ [U,S,m]) =

ε2λ
γ σa(εγ)

3π2h̄3c2
· bnJ

mSω(m,E − εγ ,S)
ω(n,E,J)

(3)

(for the notation of spins, see Fig. 1) and the branching ratios b’s factorize as products of their
energy spin-independent part and the corresponding spin-coupling term [7]. Illustration of the
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Figure 2. The spin-coupling functions xnJ
nS (X0) of the ∆n = 0 process and xn+2,J

nS (X+) for the
annihilation of a particle-hole pair (|∆n| = 2) in the reaction of 14 MeV neutrons with 208Pb.

spin-coupling terms relevant for the γ emission in the case of 14 MeV neutrons on 208Pb is in Fig.
2. Here, the contribution from the n = 1 state is the dominant one for the pre-equilibrium γ emis-
sion and corresponds to the direct term of DSD, the n = 3 term corresponds to the semi-direct
term of DSD, and n = 15 is close to the equilibrium. The xn+2,J

nS functions are n-independent.
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Figure 3. The damping spin-couplings as functions of spin spin in the reaction of 14 MeV
neutrons with 56Fe, as obtained for different exciton numbers.

Similarly, spin coupling enters the intranuclear transition rates. Here again, the rates may be
factorized, and the spin-coupling part is depicted in Fig. 3.
Having all this in hands, we are able to calculate the continuous γ spectra, transitions to discrete
states, particle-to-gamma multiplicities, isomeric cross sections, etc.
Many of γ energy spectra for and the excitation functions of proton and neutron radiative capture
reactions at excitation energies of the composite system between 10 and 30 MeV have been
calculated within the spin-independent description [6, 2, 8]. The overall agreement between the
data and theory is typically within a factor of 2. This is surely not bad, if we remind that there
are no free parameters for the γ emission and that the PEQ non-spin description ignores all
details of nuclear structure. The only specific parameters for each reaction which remain are the
single-particle level density g (or — equivalently — the level density parameter a), the pairing
corrections to the excitation energy, the binding energies and the parameters of the photoab-
sorption cross section (in fact, of the giant dipole resonance).
Obviously, not all calculated physical quantities are equally influenced by all the details. Specif-
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ically, the excitation functions appeared to be very sensitive to the parameters of the level den-
sities, especially close to the closed (or even doubly-closed) shells. In some of these cases, we
have found that it is necessary to use the generalized form of the the Lorentzian of the giant
dipole resonance with the energy-dependent width [9]. This has been rather surprising at so low
energis as are those occuring typically at nucleon radiative capture reactions.
Comparison of the spin-independent and the full PEQ description showed that — at least in the
(n,γ) reactions near 14 MeV — both formulations yield sufficiently close results [10]. Anyway, if
one is interested in the transitions to given specific level, the spin-dependent formulation of the
model is necessary. An example of the excitation curve of the radiative neutron capture from
208Pb+n leading to the 2g9/2 state of 209Pb is presented in Fig. 4.
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Figure 4. Excitation curves of radiative capture to the 2g9/2 state in 209Pb obtainde within PEQ
(full line) and DSD (dashed) calculations compared to the data.

As for the comparison of PEQ and DSD, both models are capable to reproduce the data reason-
ably. The DSD model fully incorporates the details of nuclear structure and of the corresponding
interactions, and it is therefore relatively complicated. The PEQ description, on the other hand,
ignores majority of specific structure details, but one gains much easire calculations for that with
a comparable predictive power. In addition, it is more suitable for the cases where the interplay
of the particle and the γ emission plays a significant role.
The reactions of nucleon radiative capture in the MeV region can be descibed using two seem-
ingly very disctinctive models. The DSD description is more complex and it better reproduces
the data, but PEQ models are capable to yield sufficiently adequate results for many purposes.
The reactions of neutron (or nucleon, in general) radiative capture have been laying aside of
interest of experimentalists for nearly three decades. However, a rennaissance seems have to
appeared, as some of reactions of this kind have been measured recently at much higher instru-
mentation level, and the firts high-resolution spectra obtained by the germanium detector have
been measured and they are prepared to be published [11]. This, together with the needs of
nucleon medicine (see, e.g. [12]) and other applications, gives a new life for such studies.
This work has been supported in part by the IAEA Contract No. 12425 and by the VEGA Grant
No. 2/1124/23.
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The K- isomer studies in tungsten isotopes
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Abstract. Thermal neutron capture facility installed at the Rez research reactor allows to collect
information on the coincident γ-rays as well as the time distribution of the coincident events
in the wide time interval. An analysis of the delayed coincidences is more important in cases
where the long-lived isomers were established. The feasibility of this method was tested in
the A∼180 region where many K-isomers were known previously. Besides of several known
nanosec. isomers new long lived isomer was established. The isomer population-depopulation
modes were proved by setting the gates on the timing curve that is allowed to determine the
sequence order of the gamma quanta in cascades. Several factors affected on the shape of the
time distribution are considered.

Knowledge of the absolute transition rates is of great importance not only for probing the nuclear
structures but also for many applications in various fields. Conditions under which the certain
nuclear state becomes isomeric depends on the many factors. For example, an existence of
the many long-lived half lives in Hf-W region is caused by the so known K-selection rules. This
situation arises in consequence that the K-projection of the nucleonic spins on the symmetry
axis in deformed nuclei is a good quantum number so the nuclear transition violating the K-rule
behaves as forbidden.
There are many experimental techniques for measuring the nuclear half lives including tradi-
tional time-delayed spectroscopy method. Numerous spectroscopic measurements have been
performed on various samples since 1994 at the Řež reactor using the Ge-detector facility in
conjunction with the thermal neutron guide system [1]. Experimental set-up is shown in Fig.1.
Gamma-rays from the target are viewed by two large volume single Ge-detectors. Time-delayed
measurements are based on that the first gamma-ray feeding a nuclear level of interest and
detected by the first detector starts the clock in Time-to-Amplitude Converter (TAC) while the
second gamma-ray which depopulates the level and registered by the second detector stop the
TAC circuit. If the level lifetime is shorter than the time resolution of experimental set-up then
TAC produces so known prompt time curve. Longer lifetimes can be determined directly by fitting
the slope of the time distribution curve.
Large volume coaxial Ge-detector does not belong to fast devices. A signal in the detector is
produced when electrons and holes, formed after the slowing down of the incoming gamma-ray,
induce a charge on the collecting electrodes.The followed pulse rise time produced by the charge
sensitive preamplifier strongly depends on the point where the charge-carriers formation takes
place and on the subsequent time of the charge collection on the electrode and on RC process in
preamplifier. Particularly very wide spread in time produces low-energy quanta which energy is
deposited entirely in the surface region far from the central charge collector. It was found [2] that
the rise-time distribution of pulses in the large volume Ge-tetectors is rather complicated with
several time components. The fast component is mostly produced by pulses that correspond to
photo peaks or full energy absorbtion while the Compton events are widely spread in time.
Some examples of experimentally observed timing distributions are shown in Fig.2. The top
left side gives total time spectra measured in a dynamicaly wide energy region from several
dozens keV to neutron separation energy (5-6 MeV). Individual time distributions for selected
pairs of gamma-transitions are depicted on the central and right side. The energy dependence
of the timing picture is clearly seen for the pair of 577 and 204 keV γ-rays. The higher energy
in the start channel the smaller the left tail of the prompt coincidence curve. Most narrow time
distributions are displayed transitions with energies above 300 keV. In this way a combination
of two Ge-detectors with the 20% and 28% absolute efficiencies gives FWHM about 25-30 ns.
Figure 2 shows also examples of time-delayed spectra. While the spectra displayed on the C
and F panels look very similar the B and E differ clearly. The slope of the right wing for the pair of
419-177 keV transitions indicates that the 419 keV transition feds the well known 19 ns isomers
at 243 keV in 185W which is depopulated by the 177 keV transition. Others examples of time-
delayed spectra are shown on the bottom panels in Fig.2. Left side demonstrates that the 134
keV gamma-ray is below the 555 ns isomer in 187Re while the 479 keV is above it. As illustrated
in the last two parts the slope for the pair of 273-474 transitions in 187W almost constant in
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Neutron Beam
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Neutron Guide
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Figure 1. Thermal neutron capture facility at reactor LVR-15 at Řež (Prague). Neutron flux at
the target position is 3x106n · cm−2 · s−1 with a Cd ratio 105. Useful area of the neutron beam at
the target is 25x5 mm2.
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Figure 2. Examples of total time spectra measured in thermal neutron capture with two 20%
and 28% Ge-detectors for (A)the isotopicaly enriched 184W and (D) 186W samples. Individual
time curves (B,C etc.) are shown for the few selected pairs of γ-rays differing by the sequence
order in start-stop channels of the TAC. Examples of the prompt coincidence curves are shown
in (E,F) but examples of very long time spectra are given in (G-I) parts.
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Figure 3. Gamma-ray spectrum gated on the 177 keV transition in 185W which depopulates the
isomeric level at 243 keV. The insert shows the time spectrum divided by three parts A,B,C which
correspond to feeding, prompt coincidence and depopulation if, in general, the gating transition
is choosen as a start in the TAC.
comparison to the slope of the 134-479 pair. These examples demonstrates an existence of
previously unknown feeding of the 350 keV level in 187W by the 474 keV gamma-ray. Preliminary
data show that the lifetime of the unknown initial isomeric state is estimated to be greater than 1
µs. The own lifetime of 5 ns for the level 350 keV is almost hidden in these pictures.
An analysis of the time-delayed coincidences allows to expand our knowledge how are the iso-
mers populated in real process. For example we focus on the population of the 19 ns isomer
of 185W in thermal neutron capture. As it was mentioned above the isomeric state at 243 keV
(see also Fig. 4) depopulates by most prominent 177 keV transition. Setting the energy gate on
this peak in start detector and the time window on the left sloping wing (A) of the timing curve
that corresponds to the feeding of the isomer we display in another detector the full picture of
its population. Figure 3 shows resulting energy spectrum where many peaks invisible in single
spectrum are appeared here thanks to the fact that this procedure selects only the time-delayed
events reducing the total backround. Their placement in the level scheme is shown in Fig.4.
Among the many levels established recently [3] and partly shown here 13 levels are completely
new. Previously known level at 663 keV is found in the present delayed-coincidence studies to
be a close doublet 661.8 and 663.26 keV. Its existence is verified by comparison of relationships
between primary and secondary gamma-rays in prompt and delayed coincidences. Another
close doublet is established at 822.7 and 823.87 keV. The former level have been introduced
previously as via numerous gamma cascades from the prompt spectra as well as via the direct
primary 4930 keV transition from the capture state. There is no peak at this energy in the de-
layed spectrum as it specially marked in Fig. 3. Because the isomeric level is 7/2− state and we
postulate that predominantly fast dipole transitions could be involved in the deexcitation process
from the initial 1/2+ state the spins of all levels lying in this Figure above the 19 ns isomer are
probably less than 7/2 at whole. As an exception of the 391.4 keV level that is assigned as the
9/2− rotational member of the band with the band-head at 243.5 keV. Conclusions about the
spins of some other states are made in accordance with the our follow-up (d,p) and (d,t) studies.
An analysis of another example of new time relations shown on the bottom panel in Fig. 2 is
now in progress. Preliminary we can state that the new isomer in 187W is placed slightly above
the 7/2− state at 350.4 keV but not higher than 410 keV excitation energy. These studies have
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Figure 4. Population scheme of the 19 ns 7/2− isomeric state at 243 keV in 185W from the initial
capture state 1/2+ at 5753.8 keV marked by the dotted line.

clearly shown that with an analysis of delayed-coincidence events new important information
regarding the level scheme can be achieved.
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Abstract. A possibility to use fusion-fission molten salt (flibe) hybrid system to incinerate 
nuclear waste minor actinides (Np, Am, Cm) is considered. An optimization procedure was
developed in order to determine the fission blanket composition corresponding to fast 
incineration rate of actinides. Performance parameters such as ksrc, burn-up, neutron fluxes
and equilibrium conditions were obtained. Monteburns code system (MCNP+ORIGEN) was
used for system modeling. Approximately 1.1 tons of minor actinides, originating from the
spent nuclear fuel, could be incinerated annually with an output of 3 GWth fission power.
Detailed burn-up calculations show that the equilibrium conditions of the fuel concentration in 
the flibe transmutation blanket could be achieved, if the originating tritium and fission products
were removed at least in part and fresh minor actinides was added during the burn-up on line.
The optimal transmutation blanket in equilibrium is dominated by minor actinides for which the
cross sections may vary depending on the nuclear data libraries used. The system
performance was tested comparing different sets of data libraries. A number of major
differences among ENDF, JENDL and JEF data files were identified and quantified in terms of 
the averaged one-group cross sections. Our study could be directly generalized for other
transmutation systems, characterized by the similar neutron energy spectra.

Introduction

In order to transmute efficiently the long-lived nuclear waste, the high intensity neutron source
is needed. An inertial confinement fusion (ICF) device (based on D+T 4He+n nuclear
reaction) could provide a powerful neutron source - 1 MW fusion power corresponds
~ 4×1017 n/s [1]. A molten salt blanket (LiF-BeF2-(HN)F4 – “flibe”), surrounding this neutron
source, then could serve as a medium for transuranium actinides (TRU) to be burned. Flibe
also has a function of both coolant and carrier of tritium breeding material (6Li in this case). A 
well known advantage of the molten salt is a possibility of both refueling of burned TRU and
extraction of fission products (FP) on-line. The averaged neutron flux is very high
(1.48  1015 n/s) and corresponds to the flux typical only for high flux reactors. Fig. 1 presents

a simplified geometry setup used in calculations. The
diameter of cavity with Fusion Device (FD) is 400 cm,
surrounded by 1 cm thickness liquid flibe (6Li 0.1% in
Li) wall, 0.3 cm – metallic wall (SS316, 50%), 1 cm
graphite. 60 cm thickness transmutation blanket with
flibe density – 2 g/cm3 and corresponding TRU 
density – 0.0074 g/cm3. 6Li enrichment in flibe blanket
is 0.6%. All structure was surrounded by 20 cm
thickness graphite reflector and 5 cm thickness
stainless steel shell [2].
All calculations on the flibe-based actinide
transmutation blanket were made employing
Monteburns code system [3]. MCNP [4] was used to 
obtain keff of the blanket due to fission of TRU without
an external source in the mode of a criticality 
eigenvalue problem, and also to estimate neutron flux 
as well as kscr (the total neutron multiplication
coefficient) in its external source mode. kscr is defined

as: )/1/()1( nnscr MMk , where is the average number of neutrons per fission and

Mn is a total neutron multiplication factor of the system.

Figure 1. A simplified geometry
model of the fusion-fission hybrid

During simulation the fission power was kept constant (3GWth), which corresponds to a 
variable fusion power of the fusion device. This implied a renormalization of the absolute 
neutron flux if an effective neutron multiplication coefficient of the system is changed. For all
structure materials and actinides we have chosen ENDF data files [5] being most frequently
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employed, while for fission products JENDL data library [6] was taken due to the largest
number of fission products available (~200).

Optimization of Minor Actinides incineration

The minor actinides transmutation scenarios in the fusion-fission hybrid system molten salt
blanket were investigated. To optimize the neutronic characteristics of the blanket and to 
improve the minor actinides transmutation process two different molten salt compositions
were tested. The first molten salt blanket (2LiF-BeF2-(HN)F4) consists of: 28.57% - 6Li+7Li,
14.29% - Be, 57.13% - F (F – molten salt), the second one is the modified molten salt blanket,
where half of the blanket volume is occupied by Be: 14.29% - 6Li+7Li, 57.14% - Be, 28.57% -
F (Be – molten salt). The starting transuranium composition in the molten salt was Pu and
minor actinides separated from LWR spent nuclear fuel of 30 MWd/kg burnup, the
subsequent feeding - only minor actinides from the same spent fuel. Initial TRU mass is 3.04
tons in F molten salt blanket and 1.52 tons in Be molten salt blanket. The fission products
have been removed continuously during the irradiation.
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Figure 2. The behavior of kscr (a) in F based molten salt and (b) in Be based molten salt with
different intial 6Li quantity and feedin modes.

Moreover the influence of 6Li enrichment in Li on molten salt blanket characteristics was
tested. 6Li (6Li(n, )T) is very important for the tritium breeding, but at the same time has 
strong influence on keff and kscr of the transmutation blanket. The hybrid system performance
parameters with F molten salt blanket containing 0% and 0.6% of 6Li in lithium with different
6Li feeding modes, and with Be molten salt blanket containing 0% and 0.2% of 6Li in lithium
with different 6Li feeding modes were analyzed. kscr behavior in the different molten salt
blanket cases with different 6Li treating options is presented in Fig. 2 (a) and (b). The best
system performance results in terms of kscr and accordingly fusion power stability were
obtained in case of F molten salt blanket with 0.6% 6Li without 6Li feeding (kscr max fluctuation
during irradiation 0.74 0.81, Pfus 188 301 MW, at equilibrium stage kscr=0.79 0.004,
Pfus~230 MW) and in case of Be- molten salt blanket with 0.2% 6Li without 6Li feeding (kscr

max fluctuation 0.83 0.91, Pfus 100 210 MW, at equilibrium stage kscr 0.86 0.003,
Pfus~164 MW).
The observed kscr behavior can be explained by fissile isotope quantity and interaction with
neutron properties. In Figure 3 averaged macroscopic fission cross sections are presented for 
238Pu, 239Pu,241Pu isotopes, MA and all TRU in F and Be molten salt blankets. At the 
beginning 239Pu is a dominant fissile isotope in F molten salt blanket. Due to incineration of 
239Pu kscr is decreasing till 241Pu and some other fissile nuclei start dominate fission process in
the blanket. In the Be molten salt blanket the sharp variation in kscr at the early stage of
operation is explained by fast plutonium isotope mass equilibration process. At the beginning
kscr increases due to 240Pu conversion to 241Pu, and later decreases due to intensive burning
of plutonium isotopes (239Pu, 240Pu 241Pu). kscr increases again before equilibrium is reached 
due to 238Pu accumulation from different chains (237Np(n, ) 238Np( -) 238Pu, and
(241Am(n, ) 242Am( -) 242Cm) 242Cm( ) 238Pu. 238Pu converts to 239Pu by (n, ) reaction
compensating 239Pu disappearance.
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Figure 3. Averaged macroscopic fission cross sections for fissile isotopes (a) in F based
molten salt with 0.6% 6Li without Li feeding and (b) in Be based molten salt with 0.2% 6Li
without Li feeding.
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Figure 4. Averaged neutron energy spectra
at the beginning of irradiation and at 
equilibrium stage for F and Be molten salt 
blankets.

Figure 5. Evolution of kscr in the
transmutation blanket for different actinides
data files used for calculation (1 =0.004).

In both molten salt cases the same
incineration rate (1.1 tons/year) of actinides
was obtainded, but in the case of Be molten
salt the equilibrium stage is reached after 2 
years and in F molten salt case – after 5 
years. The reason for different plutonium
incineration in F and Be molten salt blankets 
is different neutron spectra. The neutron
spectra for both transmutation blankets are
presented in Figure 4. The thermal neutron
contribution in the neutron spectrum of Be 
molten salt medium is ~10 times larger at the
beginning of irradiation and at equilibrium
stage as compared with F molten salt. By 
comparing two molten salt transmutation
media, better hybrid system performance
parameters were obtained in Be molten salt
blanket case: a lower fusion power to sustain 3 GW thermal power is needed, equilibrium is 
reached faster, the total mass of transuranium elements in the blanket is smaller, so the
criticality safety and radiation protection concerns are of somewhat smaller scale. In addition,
the transuranium elements are incinerated more effectively.
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Figure 6. 242mAm one group fission cross
sections in molten salt blanket for different
data files.

Sensitivity to different nuclear data libraries 

Investigated above optimal Be transmutation blanket in equilibrium is dominated by minor
actinides for which the cross sections may vary depending on the data libraries used.
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Therefore, we decided to test the performance of the hybrid system by comparing different
sets of data libraries in terms of ksrc, equilibrium conditions, neutronics characteristics and the
evolution of the fuel composition in particular. In all cases the same Monteburns code system
(MCNP+ORIGEN) was used making our results dependent only on the evaluated data tables
[3, 4]. 
First the different data files (ENDF/B-VI [5], JEF 2.2 [7] and JENDL 3.2 [6]) for actinides were
tested. ENDF data files were taken for all structure materials and for fission products JENDL
data library was chosen as previously.
The neutron spectrum obtained in the blanket and the performance of the system was quite
similar for all actinides nuclear libraries considered. On the other hand the differences in kscr

and actinides mass evolution were obtained due to non negligible differences in minor
actinides cross sections. Differences in kscr in JENDL 3.2 case observed in Figure 5. are due
to higher fission cross section of 238Np. Consequently less of 238Np by - decay is converted to
238Pu (~30 kg) and less 239Pu (~4 kg) is produced by (n, ) reaction. At equilibrium less of
242mAm and 243Am were obtained in ENDF case due to higher fission cross section of 242mAm
as it is presented in Figure 6.The largest differences were observed for Cm isotopes both for
capture and fission cross sections (see Figure 7 for details). In the case of 243Cm the capture
and fission cross sections differ in 10% at the beginning (epithermal neutron flux) and 20% in
equilibrium stage (more thermalized neutron spectrum). 8% difference in one group capture
cross sections is observed for 244Cm (which accumulation in molten salt is substantial
~240 kg). 10% deviation in fission cross section is obtained for 245Cm at equilibrium.
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Figure 7. One group capture and fission cross sections for Cm isotopes in the molten 
salt blanket in ENDF, JEF and JENDL data libraries cases.

Also calculations were performed using
different data libraries for molten salt 
structural materials. The ENDF data file was 
used for all actinides. As it is shown in
Figure 8 JEF data files used for structure
materials gives different level of sub-criticality
in the system. The large differences of the 
entire system behavior are caused by
discrepancies in 9Be elastic scattering and 
(n,2n) reaction cross section. Molten salt 
transmutation blanket enriched in 9Be
(57.14%) is extremely sensitive to its cross
sections. The absence of 9Be (n,2n) reaction
gives different neutron multiplication value in
the system. In JEF case amount of 9Be
remains constant, but in ENDF case about 
300 kg 9Be and in JENDL case about 100 kg
9Be are incinerated during the irradiation.
Accordingly the bigger contribution to neutron
propagation from 9Be(n,2n) reaction is in
ENDF and JENDL data files cases.
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blanket in case of different data files for 
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1 =0.002, JEF 1 =0.008).
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Additionally the elastic scattering cross section for 9Be in JEF 2.2 data file is less by 0.15 b
(2.5%) comparing with ENDF/B-VI and JENDL 3.2. This results in slightly different level of
neutron flux thermalisation in the blanket – about 1% less thermal neutrons, and about 1% 
more epithermal neutrons were obtained in JEF case. Consequently, different one group
cross sections for actinides are calculated in JEF case, as it is presented in Figure 9. 
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Figure 9. One group fission cross sections for fissile Pu isotopes and capture cross section
for 237Np obtained in the molten salt blanket with different data libraries for structural
materials.

Conclusions

The minor actinides transmutation scenarios in the fusion-fission hybrid system with two
different molten salt compositions were investigated. In both molten salt cases the same 
incineration rate (1.1 tons/year) of actinides was obtained, but Be based molten salt
transmutation media shows better hybrid system performance.
A number of major differences among ENDF, JENDL and JEF data files were identified and
quantified in terms of the averaged one-group cross sections, i.e. the microscopic cross
sections weighted with a typical molten salt incinerator flux. One should note that 
performance of the system is very similar despite non negligible differences in the cross-
sections comparing calculations with different nuclear data files for actinides. The worst
situation is for Cm isotopes in the entire energy range. 238Np(n,f) cross-section should be 
measured as the major parameter for the Np-Pu chain. New evaluations should be done for
241-242mAm capture-fission.
As for calculations with different construction materials data files differences in elastic
scattering and (n,2n) reaction of 9Be strongly influences the entire system behavior.
The present study could be directly generalized for other transmutation systems,
characterized by the similar neutron energy spectra.
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Monte Carlo Modeling of GT-MHR with Military and Spent 
Nuclear Fuel Plutonium Isotopic Compositions 
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Abstract. The gas turbine modular helium-cooled reactor (GT-MHR) is an advanced nuclear 
power plant that could provide an increased safety, high thermal efficiency and deep burn-up 
rates. A particular feature of GT-MHR is that its refractory coated fuel is supposed to provide an 
impermeable barrier to the release of fission products and, at the same time, to resist very deep 
burn-up rates (>90% for 239Pu). In this work we performed detailed simulations of operation of 3D 
heterogeneous GT-MHR core with micro-particles by loading it with different Pu fuel composition: 
Pu from military applications, Pu extracted from LWR and RBMK-1500 spent nuclear fuel. The 
comparison of the main GT-MHR performance parameters as keff - values, the length of the fuel 
cycle, neutron characteristics, temperature coefficients, and the evolution of fuel composition 
were obtained for different initial plutonium isotopic vectors. We show that the performance of 
GT-MHR may be considerably influenced by the initial Pu isotopic composition used as fuel 
material.

1. Introduction 

GT-MHR can be used to burn all types of fuel and offers significant advantages in accomplishing 
the transmutation of plutonium isotopes and high destruction of 239Pu in particular [2]. The GT-
MHR features are: the helium coolant, which remains in a single phase under all conditions; the 
graphite core, which provides high heat capacity, slow thermal response, and structural stability at 
high temperatures; the refractory coated particle fuel, which allows high burn-up, retains fission 
products during operation in high temperatures and retains their integrity in a repository 
environment for hundreds of thousands years [1]. It utilizes natural erbium as a burn-able poison 
with the capture cross section having a resonance at a neutron energy such that ensures a 
strong negative temperature coefficient of reactivity. The lack of interaction of neutrons with 
coolant (helium gas) makes sure that temperature feedback of fuel and graphite is the only 
significant contributor to the power coefficient. These features are combined with a closed 
Brayton energy conversion cycle giving a net efficiency in the range of 45-47%. 
In this work we performed detailed simulations of GT-MHR operation by loading it with different 
Pu fuel vector: plutonium isotopes separated from LWR and RBMK-1500 spent nuclear fuel and 
plutonium from military applications. The main goal of our study is to compare the main GT-MHR 
reactor performance parameters as keff - values, the length of the fuel cycle, neutron 
characteristics, temperature coefficients, and the evolution of fuel composition as a function of 
different fuel isotopic composition. The modelling of GT-MHR and plutonium based fuel cycles 
within a Monte Carlo approach was made using double-heterogeneous reactor core geometry 
including microparticles.  
This is the first time when transmutation possibility of the plutonium, originating from the RBMK-
1500 spent nuclear fuel (from Ignalina nuclear power plant in Lithuania), was tested using GT-
MHR.

2. Modelling details 

The investigation of transmutation feasibility of different isotopic plutonium composition in GT-
MHR reactor is based on 3D double-heterogeneous reactor core geometry with micro-particles as 
described in our recent studies [3,4]. In brief, the main feature of a double-heterogeneous 
geometry is an exact active core structure, where fuel and erbium compacts include ceramic -
 coated fuel and erbium particles mixed uniformly in a graphite matrix. Each coated fuel particle 
consists of spherical kernel of PuO2-x (200 µm diameter) surrounded by triple protective coatings 
from pyrocarbon and SiC (so called TRISO coating). The same structure is valid for particles 
containing burn-able poison - natural erbium in the form of Er2O3.
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In this work we used the MCNP code and associated data libraries to obtain keff, neutron fluxes 
and temperature coefficients. As soon as keff is smaller than 1 (within statistical errors) the length 
of the fuel cycle is determined. In the more realistic description of GT-MHR, control rods would 
need to be modeled. Here the control rods were not designed since their effect would be very 
similar in the case of a comparative analysis (relative comparison) if modeled-omitted exactly in 
the same way. For burn-up calculations we employed the Monteburns code (MCNP+ORIGEN) 
[5]. ENDF/B-VI data library (as the most often employed with MCNP) was used for the fuel and 
structure materials, JENDL-3.2 data files (having the biggest number of fission products) were 
employed for fission products. Neutron spectrum in GT-MHR changes considerably during the 
fuel burn-up. In this work the neutron fluxes and cross sections were recalculated in every fifty 
days for further ORIGEN burn-up calculations.  
As it was mentioned above, our major interest in this study was to look at the GT-MHR 
performance parameters by investigating different plutonium fuel isotopic configuration, i.e. 
plutonium originating from: a) the spent nuclear fuel of LWR (light water reactor), b) the spent 
nuclear fuel of RBMK - 1500 (graphite - moderated water - cooled reactor), and c) plutonium 
found in military applications (see Table 1).  

Table 1. Different GT-MHR fuel and erbium load at the beginning of the fuel cycle. 
*Note, that in RBMK Pu1 case GT-MHR performance parameters where investigated
two times – with burnable poison erbium (Figure 1), and without erbium (Figure 2). 

Fuel Military
Pu

LWR
Pu

RBMK
Pu1*

RBMK
Pu2

RBMK
Pu3

RBMK
Pu4

Isotopic Pu 
composition, kg 

238Pu
239Pu
240Pu
241Pu
242Pu

    -- 
659.0
  37.8 
    4.2 
   -- 

    32.4 
  661.0 
  277.0 
  142.0 
    87.6 

      
      2.5 
  802.1 
  361.8 
      8.4 
    25.2 

      6.0 
  673.3 
  443.1 
    12.4 
    65.2 

      7.0 
  685.5 
  429.6 
    13.0 
    64.9 

      9.5 
  652.2 
  439.0 
    14.1 
    85.2 

Total plutonium, kg : 701.0 1200.0 1200.0 1200.0 1200.0 1200.0
Isotopic burn-able 

poison composition, kg 
:

166Er
167Er
170Er

132.0
  94.2 
  61.4 

  16.8 
  11.4 
    7.5 

  18.0 
  12.2 
    8.0 

    -- 
    -- 
    -- 

    -- 
    -- 
    -- 

    -- 
    -- 
    -- 

Total erbium, kg : 293.6    35.7    38.2     --     --     -- 

Since RBMK-1500 SNF isotopic composition strongly depends on the initial 235U enrichment fuel 
and its final burnup, for the RBMK plutonium several cases were tested: “RBMK Pu1” – 2% 235U
initial enrichment, 14 MWd/kg burnup plutonium composition, “RBMK Pu2” – 2% 235U initial 
enrichment, 20 MWd/kg burnup; “RBMK Pu3” – 2.4% 235U initial enrichment, 22 MWd/kg burnup 
and “RBMK Pu4” – 2.6% 235U initial enrichment, 26 MWd/kg burnup. RBMK-1500 reactor spent 
fuel composition were calculated using SCALE 4.4a code package (with ENDF/B-V nuclear data 
library) [6]. 
The corresponding GT-MHR plutonium fuel masses for each composition are presented in 
Table 1. 1200 kg for civil plutonium cases and 700 kg for military plutonium were the optimal fuel 
loads for GT-MHR. The burnable poison erbium in natural isotopic composition was added to 
reactor core to achieve the same keff eigenvalue at the beginning of the fuel cycle for LWR Pu, 
RBMK Pu1 and Military Pu. A high load of 240Pu in other three cases Pu2, Pu3 and Pu4 limited 
the possibility to add burnable poison (see next section). 

3. Results 

We perform our calculations by simulating the once-through fuel cycle scenario at the constant 
600 MWth power. The first intention was to check the RBMK plutonium as an initial GT-MHR fuel 
load. For this purpose GT-MHR performance parameters were analyzed for four RBMK fuel 
cases without burnable poison.  
The keff eigenvalues as a function of time (consequently, as a function of burn-up) for RBMK Pu1, 
Pu2, Pu3 and Pu4 compositions are presented in Figure 1. The most attractive RBMK plutonium 
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composition is that of 14 MWd/kg burnup (up to now there is about 15% of all INPP SNF), but the 
use of other burnup RBMK SNF plutonium in GT-MHR is also possible. In RBMK Pu3 case 90% 
of 239Pu transmutation rate was obtained.
The GT-MHR with military plutonium composition was tested in our previous studies [3,4]. In
order to obtain relative fuel cycle length for different GT-MHR fuel cases the appropriate quantity
of burnable poison was added to achieve the same starting keff. Unfortunately for higher burnup
RBMK cases keff was too low and it was impossible to make a comparative analysis, but RBMK 
Pu1 composition with added burnable poison was compared with the LWR Pu and military Pu. 
Figure 2 presents keff evolution in time for these three cases.
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Figure 1. A behaviour of keff  for different 
RBMK plutonium cases without burnable
poison in GT-MHR.

Figure 2. A behaviour of keff  for Military, 
LWR and 14 MWd/kg burnup RBMK
plutonium with burnable poison in GT-MHR.

A significant difference was found in keff evolution as a function of burn-up, in length of the fuel 
cycle and in the incineration efficiency between military, LWR, and RBMK Pu1 plutonium cases.
Starting at the same keff value military Pu keff is decreasing continuously and already after 
~550 days the fuel cycle ends with 73% of 239Pu burn-up. LWR fuel cycle continues for ~850 days
and 82% of 239Pu burn-up is obtained. GT-MHR performance with RBMK Pu is even better: it 
gives longer fuel cycle (~1100 days), very efficient 239Pu burning (93%) and relatively small 
accumulation of minor actinides. One can observe that in RBMK Pu1 case the decreasing of keff

is slightly slower in the first part of GT-MHR operation comparing with LWR case. RBMK isotopic
composition fuel in GT-MHR due to a higher amount of 240Pu can support rather long operation
time thanks to the formation of 241Pu which compensates the decrease of 239Pu. That means what
GT-MHR with RBMK fuel can support operating itself and the TRISO fuel kernel is of right 
dimensions to provide stable keff by enhanced 240Pu resonance neutron absorption.

Table 2. Reactivity coefficient ( keff/ T) dependence on fuel, graphite and
fuel / graphite temperature for different GT-MHR fuel cases ( keff expressed in pcm,
and T in K).

Fuel
Pu temperature

effect: TPu=300 K 
(TGraphite=1200 K) 

Graphite temperature
effect TG=400
(TPu=1500 K) 

Graphite and Pu
temperature effect 

TPu=300 K, TG=400 K
RBMK
Pu1 -3.6 0.9 -9.2 0.7 -12.8 1.1

RBMK
Pu3 -2.4 0.9 -9.1 0.7 -11.5 1.1

LWR Pu -2.1 0.9 -8.5 0.7 -10.6 1.1

Military Pu 0.9 0.9 -9.6 0.7 -8.7 1.1

It is also important to note that in all cases considered a negative temperature coefficient is 
obtained as it is shown in Table 2. Even the absence of burnable poison in RBMK Pu3 case do
not change reactivity feedback – the negative keff/ T values in the GT-MHR were obtained for 
fuel, graphite and both fuel and graphite temperature increase. The only exception is military Pu
case, where with increase in fuel temperature a slightly positive reactivity coefficient was 
predicted. On the other hand, this value is not significant statistically. A possibility to increase 
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calculation precision further is limited by nuclear data accuracy and complicated geometry
modeling.
In Figure 3 we presented averaged neutron fluxes in micro-particles for three isotopic fuel 
composition considered both at the beginning (BFC) and at the end of fuel cycle (EFC). Neutron
fluxes “seen” by Pu and Er particles are presented in separate graphs on the left (3a) and on the
right (3b) respectively.Thermal neutron contribution to neutron spectrum at the beginning of the 
fuel cycle inside fuel particles is quite similar, i.e. 9-10% for all cases considered. The observed
increase of the thermal flux at the end of the fuel cycle increases up to 22%. One can observe,
what in the resonance region neutrons are equally suppressed by the presence of 240Pu in civil
plutonium cases both at the beginning and at the end of irradiation cycle. The neutron absorption
at resonance 0.3 eV in 239Pu decreases with time due to 239Pu burn-up at the end of the fuel
cycle. At the end of irradiation the bigger quantity of 242Pu is accumulated in civil plutonium cases
and the neutron absorption by the 2.67 eV resonance is more prominent.
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Figure 3. a) (left) Neutron flux spectrum in fuel material particles for different GT-MHR fuel cases
at the beginning and at the end of the fuel cycle. b) (right) Same as in (a) but in the burn-able
poison particles.

The neutron flux spectrum presented in Figure 3b shows, that at the beginning the most intensive
neutron resonance capture in erbium particles is in military plutonium case. It is determined by 
almost 8 times bigger Er mass and somewhat higher thermal neutron flux when compared to
other cases. Neutron flux spectrum in Er particle in both civil plutonium cases is similar. In HTR
with military plutonium fuel there are still erbium (~20kg) left at EFC. Plutonium evolution for
Military Pu, LWR Pu, RBMK Pu1 and RBMK Pu3 cases is presented in Figure 4. The fastest
burn-up of 239Pu was obtained in Military Pu case, slowest in LWR Pu case. We also note
significant differences for 240Pu and 241Pu evolution. In military plutonium case the production of 
240Pu from 239Pu is most intensive because 239Pu in this fuel isotopic composition dominates.

The greatest 240Pu destruction and 241Pu formation was in RBMK Pu1 case.
After decommissioning of Ignalina NPP about 22.5 tons of plutonium will be accumulated in SNF.
The above analysis shows that in practice one would need 2 GT-MHRs units with 10 fuel loads
each every 3 years (assuming that reactor’s life is ~30 years) to burn all INPP SNF plutonium.
The outcome of the once-through GT-MHR fuel cycle of RBMK plutonium transmutation would be
~127 TWh of electric power.

Conclusions

1. The influence of different fuel isotopic composition on GT-MHR performance was
investigated using 3D reactor core geometry with ceramic-coated fuel and burnable poison
particles within Monte Carlo approach. A significant difference was found in keff evolution, in 
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length of the fuel cycle and in the transmutations efficiency between military, LWR, and
RBMK plutonium fuel cases.

2. It was demonstrated that TRISO fuel kernel (200 m) is of right dimensions to provide
negative temperature coefficient. Even absence of burnable poison does not affect the GT-
MHR temperature reactivity coefficient.

3. RBMK SNF isotopic composition in GT-MHR due to higher amount of 240Pu can support
rather long operation time, thanks to the formation of 241Pu which compensates the
disappearance of 239Pu.

4. 14 MWd/kg burn-up RBMK plutonium composition is the most attractive for use in GT-MHR
(up to 93% of 239Pu are burned).

5. The use of higher burn-up RBMK SNF plutonium in GT-MHR is also possible: 90% of 239Pu
transmutation rate was obtained in 22 MWd/kg burn-up RBMK Pu case.

The possibility to transmute RBMK-1500 plutonium separated from SNF in high temperature
helium cooled reactor was investigated for the first time. To burn all Ignalina NPP SNF plutonium
one would need 2 GT-MHRs units with 10 fuel loads each every 3 years (assuming that reactor
life is ~30 years). The outcome would be ~127 TWh of electricity produced.
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Activation of dosimetry foils  
in the NPI ež p-D2O neutron field of the IFMIF-like spectrum 
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Abstract. The work aims at integral tests on activation foils selected for neutron dosimetry of 
IFMIF (International Fusion Material Irradiation Facility) neutron field. Various packets of foils 
were irradiated in the neutron field of the cyclotron-based high-power fast neutron source at 
the NPI ež. The IFMIF-like neutron spectrum determined from 2.5 to 32 MeV employing the 
scintillator detector technique was produced by irradiation of thick heavy water flowing target 
by the 37 MeV/12 µA proton beam. Activated foils were investigated at different cooling times 
by  spectrometry technique with two HPGe detectors. Reaction rates for wide set of 
dosimetry reactions were adjusted. Both, the methodical approach and the data reduction are 
demonstrated for the Au nuclide. Beside, the accuracy and reliability of nuclear spectroscopy 
data are discussed.  
The work was performed in close collaboration with specialists from ENEA-Frascati (Italy). 

Introduction 

The multi-foil activation technique was selected at ENEA-Frascati for IFMIF neutron fluency 
and energy spectrum determination. A set of activation reactions suitable to the IFMIF high 
flux test module environment was chosen and the range of expected uncertainty in the 
spectrum measurement using this technique was evaluated. It turns out that an experimental 
validation of the selected cross sections is recommended at high neutron energy 
(experimental cross sections data above 20 MeV are lacking for most of the chosen 
reactions). Such validation can be obtained by performing integral tests on the cross sections. 

Experiment

The proton beam of 37 MeV energy from the NPI cyclotron is used to produce white IFMIF-
like neutron spectrum by irradiation of thick heavy water flowing target. Up to 15 µA beam 
current is extracted from the accelerator operating in the negative-ion mode. The spectrum 
from 2.5 to 32 MeV was determined employing the scintillator detector technique [1].
The set of foils for neutron dosimetry (Al, Au, Bi, Fe, Co, Lu, Mn, Nb, Ni, Rh, Ti, Y and Zr) was 
selected at ENEA for integral test of IFMIF (International Fusion Material Irradiation Facility) 
neutron field. Various packets of foils from the full selected set  were irradiated. The zero-
degree neutron yield 8.8 1011 n/sr/s of the source reaction  have provided suitable tool for the 
experiment (typical activity of 100 mg foil for reliable analysis of measured gamma spectra 
was reached after 10 h of  irradiation). Activated foils were investigated at different cooling 
times by  spectrometry with two calibrated HPGe detectors of 1.8 keV (at 1.3 MeV) energy 
resolution and 23% / 53% efficiency, respectively. The gamma spectra of 8K were evaluated 
by program Deimos32 [2] working in interactive mode. The evaluated part of spectrum is fitted 
by gaussian shape (or modified gaussian shape) and by linear or quadratic form of 
background with small step under given line. The parameters could be re-defined before each 
evaluation. To reliable evaluation of measured spectra, all lines are analysed including those 
from background.  To identify the lines in spectra, both the relative intensity of gamma line 
and the time behaviour are compared to literature data. For the number n of spectra and m
observed transitions the complete set of data (n times m as maximum) is utilised to calculate 
number of atoms and activity of given isotope at the end of irradiation. Resulting data are 
obtained as the weighted mean values. Due to uncertainties of detector efficiency calibration 
and literature data the accuracy  2 % is determined for results. The relative data could be 
provided with better accuracy. 

Results. 

Reaction rates for set of dosimetry reactions including (n,p), (n, ), (n,2n) through (n,4n) and 
(n,pxn) were adjusted. The evaluation of spectra of irradiated gold foil (diameter 15 mm and 
weight 90 mg) is  shown as an example. This foil was irradiated for 10.5 h. There is only one 
stable isotope of gold - 197Au. We measured 8 spectra at cooling times from 8 h to 88 d. The 
parts of different spectra which cover the same energy region (Figure 1) are shown as an 
example.
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Figure 1. Selected parts of
spectra measured at 
cooling time of 8 h (upper
part) and 7.4 d (lower part)
(see text). The log scale is
used for number of counts.
Energies in keV of some
strong transitions are
shown.
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Upper part on Fig. 1 belongs to the spectrum measured 8 h after the end of irradiation
(measuring time 4254 s), lower part belongs to the spectrum measured 7.4 d after the end of
irradiation (measuring time 31 h). Both spectra were measured in the same geometry  - the
distance foil from detector was 5 cm. The decay of isotopes produced in reactions

197Au (n, 4n) 194Au threshold  23.2 MeV   T1/2 = 39.02 h 
197Au (n, 2n) 196Au threshold    8.1 MeV   T1/2 = 6.183 d 
197Au (n, 2n) 196mAu T1/2 = 9.6  h 

     197Au (n, ) 198Au   T1/2 = 2.69 d 
are clearly seen.
Results are shown in Table 1, where N0 means number of atoms of given isotopes at the end
of irradiation.

Table 1. 

Isotope T1/2 reaction N0  N0 (%)

Au194 38.02 h (n,4n) 1.527 E9 2
Au195 186.09 d (n,3n) 1.60 E10 5
Au196 6.183 d (n,2n) 2.68 E10 2

Au196m 9.6 h (n,2n) 1.40 E9 5
Au198 2.69517 d (n, ) 2.15 E10 2

A comment to data accuracy of -ray intensities

We often employ user-friendly database [3] to obtain energies and -ray intensities of studied
isotopes. Strong discrepancy was discovered for the 521.175 keV transition following 196Au
decay for which the measured intensity was found to be ten times less  comparing to the
value recommended by current database [3]. This transition is observed as a single line in -
ray spectra with good statistics and well defined background, see Figure 2.
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Figure 2. Part of spectrum measured at cooling time of 7.4 d. The time behaviour of this line
corresponds to 196Au decay. 

The same discrepancy is observed using another internet database [4]. The evaluated -ray
intensities in Nuclear Data Sheets [5] (and some older one [6]) lead to the same conclusion.
The reason was found in numerical error appeared in the databases. The intensity value of
0.389 % for transition mentioned is stated [5,6] as taken from Ref. [7]. However, correct value
0.0389 % is actually derived from Ref. [7]. 
The accuracy of neutron data obtained by multi-foil activation technique depends on the
accuracy and reliability of nuclear spectroscopy data. It should be stressed that data for
dosimetry – important 196Au-  and 196mAu decay come from early experiments [7,8] performed
with that time Ge(Li) detectors (volumes 2.8 cm2 x 2 mm, 0.6 cm3 and 2.0 cm3 ) having not
sufficient resolution from today's point of view. The re-measurement of relevant data with
today's technique seems to be requested.
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Development and status of the new International Reactor 
Dosimetry File IRDF-2002 

E.M. Zsolnay1) and R. Paviott de Corcuera2)

1) Institute of Nuclear Techniques, Budapest University of Technology and Economics, H-
1521 Budapest, HU

2) Nuclear Data Section, International Atomic Energy Agency, Wagramer str. 5., 
 A-1400 Vienna, A 

Abstract. Updating of the International Reactor Dosimetry File IRDF-90 has been in 
progress. The work has been made by an international team with the coordination of IAEA 
NDS. The new library will be named IRDF-2002, and it will be released at the end of 2003 (at 
latest early 2004). As a part of the updating procedure, the data of several up-to-date reactor 
dosimetry and general purpose files, furthermore, of numerous recent evaluations have been 
analysed in order to select the best quality cross section and related uncertainty information 
for the new library. The results of the analysis, together with the detected errors and 
discrepancies have been communicated to the evaluators via IAEA, and the evaluators have 
then revised and modified several data. This paper presents the most important steps of the 
analysis and cross section selection procedure, together with the results obtained. 

1. Introduction 

The last and tested version of the International Reactor Dosimetry File IRDF-90 Ver.2. was 
released in 1993 [1]. From that time the library has become old and, new national dosimetry 
files have been compiled with better quality cross section data for several reactions than the 
ones present in IRDF-90. At the same time, the reliability of the reactor dosimetry results, 
used in the service life assessment of the reactor pressure vessels (RPV) of the NPPs, 
requires that good quality input data should be used in the calculations. Therefore, the reactor 
dosimetry community at the workshop on Cross sections and uncertainties  of the Tenth 
International Symposium on Reactor Dosimetry (held in Osaka, Japan, 1999), and later via 
the chairmen of the EWGRD and of the ASTM E10.05, expressed the need for an updated, 
consistent and tested reactor dosimetry library containing uncertainty information in the form 
of covariance matrices. Following a similar recommendation of the International Nuclear Data 
Committee (INDC, June, 2000), the Nuclear Data Section (NDS) of the IAEA initiated the 
Data Development Project (DDP): International Reactor Dosimetry File IRDF-2002. The 
objective of the project is to prepare and distribute a standardized, updated and benchmarked 
cross section library (IRDF-2002) on the reactor dosimetry reactions, for use in the RPV 
service life assessment of NPPs and, for other neutron metrology applications. The work has 
been done by an international team, co-ordinated by IAEA NDS. The participants are:

 Nuclear Data Section, International Atomic Energy Agency (IAEA NDS;  
R. Paviotti de Corcuera, A.Trkov, P.K. McLaughlin) Vienna, Austria 

 Institute of Nuclear Techniques (INT), Budapest University of Technology and 
Economics (BUTE; E.M. Zsolnay, E.J. Szondi, H.J. Nolthenius), Budapest, Hungary; 

 Institute of Physics and Power Engineering (IPPE; K.I. Zolotarev), Obninsk, Russia; 
 Physikalisch Technische Bundesanstalt (PTB; W. Mannhart) Braunschweig, 

Germany;
 Centre d` Etudes Nucleaires (CEA; O. Bersillon), Bruyeres-le-Chatel, France; 
 Sandia National Laboratories (SNL; P.J. Griffin), Albuquerque, USA; 
 Pacific Northwest Laboratory (PNL; L.R. Greenwood), Richland, USA; 
 Nuclear Data Center (NDC; K. Shibata), JAERI, Japan.

This paper presents the most important steps in the development of the new library and, the 
main results, obtained. 

2. Development of the new cross section library 

The development of the new library involved the detailed analysis, revision and modification 
of the data of different up-to-date cross section evaluations, furthermore, new evaluations 
were prepared for several reactions which no suitable cross section data were found in the 
open literature for. All the cross sections, candidates for IRDF  2002, have been compared 
with experimental data in standard neutron fields and, consistency test was made for the 

                                                
1 e-mail: zsolnay@reak.bme.hu 
2 e-mail: R.Paviotti-Corcuera@iaea.org 
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candidate cross sections in reference (benchmark) fields. The content of the new reactor 
dosimetry file was selected in accordance with the results of these investigations. The 
summary and outcome of the procedure is given below. 

2.1. Detailed analysis and intercomparison of the data of different neutron cross 
section libraries 

As a part of the updating procedure of the International Reactor Dosimetry File, IRDF-90, the 
data of up-to-date reactor dosimetry files (JENDL/D-99 [2], old and up-dated RRDF-98 [3]) 
and new evaluations in the files ENDF/B-VI (V.8), JEFF-3.0 and CENDL-2 [4] have been 
analysed, in order to select the best quality cross section and related uncertainty information 
for the new library, IRDF-2002. The analysis involved the following actions: 

 Checking the content and formats of the cross section and uncertainty information in 
the files of interest; 

 Numerical characterization of the cross section data by spectrum averaged cross 
section values for three theoretical spectrum functions: Maxwellian thermal, 1/E and 
Watt fission spectrum; 

 Intercomparison of the above integral spectrum characteristics; 
 Analysis of the uncertainty information of the different libraries (including detailed 

analysis of the covariance matrices), and intercomparison of the corresponding 
uncertainty data. 

The results, together with the detected errors, discrepancies and shortcomings (related 
sometimes to the physics and/or mathematics content, sometimes to the format of the data) 
were presented in the form of Progress Reports [5-7] and, communicated to the evaluators of 
the libraries via IAEA NDS. The evaluators then revised and modified numerous data in the 
cross section files JENDL/D-99 and IRDF-98, furthermore, a number of new evaluations have 
been prepared [8-10]. 
Altogether about 180 different cross section data were analysed (several ones more times, 
due to the revisions). It has turned out that, for several reactions no better quality cross 
section evaluations are available in the literature than the data in the file IRDF-90, and only a 
limited number of new evaluations accompanied by covariance information (the majority of 
them for RRDF), have been prepared in the energy region from thermal to 20 MeV, during the 
last decade. 

2.2. New evaluations 
New cross section evaluations with uncertainty information have been prepared for inclusion 
in IRDF-2002, by IPPE, Obninsk [8,9] for the following reactions: 27Al(n,p), 58Ni(n,p),
103Rh(n,n’), 115In(n,n’), 139La(n, ) 186W(n, ), 204Pb(n,n’) and 237Np(n,f). Also these data were 
analysed in the way described above. 

2.3. Pre-selection of the cross section data for IRDF-2002 
After repeated investigation of the revised data and analysis of the new data [6], a collection 
was prepared for each of the libraries mentioned above, containing the reactions with cross 
sections suitable for inclusion in IRDF-2002 [6-7,11]. Table 1 shows the list of these 
candidates [11]. The cross sections together with the uncertainty information, listed in this 
Table, are the best quality data available in the open literature at the end of 2002 - first part of 
2003 and, the content of the new international reactor dosimetry file will have to be selected 
from these data. 
There are some reactions interesting for dosimetry applications, but a part of them has 
shortcomings in the cross section information, while for another part no suitable cross section 
data were found in the open literature. These reactions are also listed in Table 1. 

2.4. Comparison of the pre-selected data with experimental values (C/E), and 
consistency test in reference neutron fields 

Integral (spectrum averaged) cross section values and the related uncertainties were 
calculated for the reactions of Table 1 in three standard neutron fields: Maxwellian thermal, 
1/E and 252Cf spontaneous fission neutron field [12-15]. The data were then compared with 
up-to-date experimental ones (C/E) of S.F. Mughabgbab [16], N.E. Holden [17], and W. 
Mannhart [15]. In the vicinity of 14 MeV the cross sections were plotted and compared with 
the corresponding EXFOR data [18]. The results obtained were used in the final selection of 
the cross sections for IRDF-2002. 
Consistency test was made for the candidate cross sections of Table 1 in two reference 
(benchmark) neutron fields of the Sandia National Laboratories: in the well characterized 
reference neutron field of the Annual Core Research Reactor (ACRR), and in the SPR-III 
reference field [19]. The results confirmed the outcomes of the former comparison with 
experimental data in the standard neutron fields.
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2.5 Final selection of the cross sections for IRDF-2002
The final selection of the cross sections for the International Reactor Dosimetry File IRDF-
2002 was made in frame of a Technical Meeting, held on the project at IAEA NDS, Vienna, 
from 1 to 3 October 2003 [20]. The selection procedure was based on the following 
considerations:

 comparison of the integral values of the candidate cross sections with the 
corresponding experimental ones in the four standard neutron fields (thermal 
Maxwellian, 1/E slowing down, 252Cf fission and a 14 MeV neutron field) recommended 
for the purpose of cross section selection [21]; 

 quality of the uncertainty information; 
 consistency of the data. 

The result can be seen in Table 2.

3. Summary  Content of the new library  

A new International Reactor Dosimetry File, IRDF-2002 has been developed with the co-
ordination of IAEA NDS. The new library contains: 

 cross sections accompanied with uncertainty information for 66 dosimetry reactions 
(see in Table 2); 

 total cross sections for three cover materials (B, Cd, Gd); 
 radiation damage cross sections for some elements and compounds; 
 nuclear data for dosimetry application, based on the most up-to-date ENSDF data 

[22].
Expected time of releasing the new file is end of 2003  early 2004.
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Table 1. Reactions from the different libraries with cross sections suitable for IRDF-
2002

REACTIONS FROM IRDF-90

LI6T B10A MG24P AL27P AL27A P31P S32P
SC45G TI46P TI47NP TI47P TI48NP TI48P CR522
MN55G FE54P FE58G CO592 CO59G NI582 NI58P
CU632 CU63G CU63A CU652 ZN64P ZR902 NB932
NB93N RH103N AG109G IN1152 IN115N I1272 AU1972
AU197G TH232F U235F U238F U238G PU239F

41
reactions

REACTIONS FROM JENDL/D-99

F192 MG24P AL27P AL27A P31P TI0XSC46 TI0XSC48
TI462 TI46P TI48NP TI48P TI49NP CR522 MN55G
FE54P FE58G NI582 NI58P CU632 CU652 Y892
ZR902 IN115N I1272 TM1692 AU1972 HG199N U238F
NP237F PU239F AM241F

31
reactions

REACTIONS FROM RRDF-98

F192 TI462 TI46P TI47NP TI48NP TI48P TI49NP*
V51A FE542 FE54A FE56P CO59A CU63A AS752
NB932 NB93N LA139G PR1412 W186G PB204N
AL27P NI58P RH103N IN115N 24

reactions
REACTIONS FROM ENDF/B-VI (V.8)

CR522 NI58P NI60P CU632 CU63G CU652
6 reactions

REACTIONS FROM JEFF-3.0

FE56P NI582 NI58P NI60P
4 reactions 

REMARK        = 106 reactions
   New evaluations or updates, 2003. 

Problematical reactions 

NA23G TI0XSC47 CR50G MN552 FE57NP NB93G IN115G
EU151G TA181G TH232G 10 reactions 

REMARKS
1) The SAND type short reaction names in the Table have to be interpreted as follows: 
the chemical symbol and mass number of the target nucleus is followed by the name of 
the reaction product. The letters G, F, 2, NP mean (n, ), (n,f), (n,2n) and (n,np) reactions, 
respectively. 
2) No suitable cross section data have been found for the reactions: TI0XSC47, CR50G, 
MN552, FE57NP and EU151G. 
3) Only diagonal covariance matrices are available in all the investigated libraries for the 
reactions: NA23G, NB93G, IN115G, TA181G and TH232G (below 15 eV).
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Table 2. Content of the file IRDF-2002 

Reaction Selected cross sec. 

evaluation 

Reaction Selected cross 

sec. evaluation 
6Li(n,t) IRDF-90 65Cu(n,2n) IRDF-90

10B(n, ) IRDF-90 64Zn(n,p) IRDF-90
19F(n,2n) RRDF-98(u) 75As(n,2n) RRDF-98(u)

23Na(n, ) IRDF-90 89Y(n,2n) JENDL/D-99
23Na(n,2n) JENDL/D-99(u) 90Zr(n,2n) IRDF-90
24Mg(n,p) IRDF-90 93Nb(n,2n) RRDF-98
27Al(n,p) RRDF-98(new) 93Nb(n,n’) RRDF-98
27Al(n, ) IRDF-90 93Nb(n, ) IRDF-90
31P(n,p) IRDF-90 103Rh(n,n’) RRDF-98(u)
32S(n,p) IRDF-90 109Ag(n, ) IRDF-90
45Sc(n, ) IRDF-90 115In(n,2n) IRDF-90
46Ti(n,2n) RRDF-98(u) 115In(n,n’) RRDF-98(u)
46Ti(n,p) RRDF-98(u) 115In(n, ) IRDF-90

47Ti(n,np) RRDF-98(u) 127I(n,2n) IRDF-90
47Ti(n,p) IRDF-90 139La(n, ) RRDF-98(new)

48Ti(n,np) RRDF-98(u) 141Pr(n,2n) RRDF-98(u)
48Ti(n,p) RRDF-98(u) 169Tm(n,2n) JENDL/D-99

49Ti(n,np) RRDF-98(u) 181Ta(n, ) JENDL/D-99
51V(n, ) RRDF-98(u) 186W(n, ) RRDF-98(new)

52Cr(n,2n) IRDF-90 197Au(n,2n) IRDF-90
55Mn(n, ) IRDF-90 197Au(n, ) IRDF-90
54Fe(n,2n) RRDF-98(u) 199Hg(n,n’) JENDL/D-99(u)
54Fe(n, ) RRDF-98(u) 204Pb(n,n’) RRDF-98(new)
54Fe(n,p) IRDF-90 232Th(n, ) IRDF-90

56Fe(n,p) RRDF-98(u) 232Th(n,f) IRDF-90
58Fe(n, ) JENDL/D-99(u) 235U(n,f) IRDF-90

59Co(n,2n) IRDF-90 238U(n,f) JENDL/D-99
59Co(n, ) RRDF-98(u) 238U(n, ) IRDF-90
59Co(n, ) IRDF-90 237Np(n,f) JENDL/D-99

58Ni(n,2n) JEFF 3.0 239Pu(n,f) JENDL/D-99 
58Ni(n,p) RRDF-98(new) 241Am(n,f) JENDL/D-99 
60Ni(n,p) ENDF/B-VI natB(n,x) IRDF-90(?)

63Cu(n,2n) ENDF/B-VI natCd(n,x) ENDF/B-VI
63Cu(n, ) IRDF-90 natGd(n,x) IRDF-90
63Cu(n, ) RRDF-98(u)

REMARKS

  Diagonal covariance matrix. 
 Covariance information needs up-dating. 
 The resonance integral has a large deviation from the experimental values.

     Revision of the resonance parameters is needed! 
   Cover, no covariance information available 
u  means updates



68

Neutron sources for basic and applied research 
at the MGC-20E cyclotron of ATOMKI

A. Fenyvesi 

ATOMKI, P.O. Box 51, H-4001 Debrecen, HU 

Abstract. Protons, deuterons, 3He2+- and 4He2+ - ions can be used for neutron production at 
the MGC-20E multiparticle variable energy isochronous cyclotron of ATOMKI (Debrecen, 
Hungary). A low intensity neutron irradiation site is available for cross section measurements 
and for integral tests of excitation function data of different libraries. A D2-gas target is used 
for producing quasi-monoenergetic d+D neutrons. Broad-spectrum p+Be, d+Be, 3He2+ +Be or 

+Be neutrons can be produced, too. A pneumatic rabbit system is under construction to 
enable counting of short lived radioactive reaction products. At the high intensity irradiation 
site broad-spectrum p+Be and d+Be neutrons have been used for studying effects induced by 
fast neutrons in biological systems and in structures used in photonic and electronic devices 
and particle detectors that operate in radiation environments with fast neutron component. 

1. Introduction 

The Cyclotron Laboratory of the Institute of Nuclear Research of the Hungarian Academy of 
Science (ATOMKI, Debrecen, Hungary) is based on the MGC-20E variable energy (K = 20) 
multiparticle isochronous cyclotron produced by NIIEFA (Leningrad, USSR) [1]. The 
laboratory has a broad scale of basic research and applications in many fields. 
Protons, deuterons, 3He2+- and 4He2+ - ions can be accelerated with the machine. Main 
parameters of the available beams are shown in Table 1. 

Table 1. Beam parameters of the MGC-20E cyclotron. 
Particle Internal beam Extracted beam 

E (MeV) I ( A) E (MeV) I ( A)
proton 2 –20 max. 300 5 - 18 max. 50 

deuteron 1 – 10 max. 300 3 – 10 max. 50 
3He2+ 4 – 26 max. 50 8 – 24 max. 25 
3He2+ 2 - 20 max. 50 6 - 20 max. 25 

Maximum heat-load on deflectors: 1.5 kW 

The accelerated beam can be transported to eight horizontal and one vertical beam lines. The 
0o-direction channel includes an analyzing magnet of 135o bending angle. The energy spread 
of the non-analyzed particles is 0.3 %. This can be improved up to 0.1 % by the analyzing 
magnet. The analyzed beam can be transported into the three beam lines in Target room IV. 
One of them is used for low (Ibeam  2 A) intensity irradiations with neutrons. Irradiations that 
need higher neutron intensity are done at one of the two non-analyzed beam lines in Target 
room I. 

2. The low intensity irradiation site 

The low intensity irradiation site (Figure 1.) was developed in a collaboration of ATOMKI, 
Institute of Experimental Physics of Debrecen University and Institute of Nuclear Chemistry of 
KFZ Jülich (Germany). The irradiation site is equipped with three charged particle beam 
collimators and a cylindrical target cell with a D2-gas handling system. 
The target cell (internal diam. 40 mm) was made of brass. It is 38.6 mm long and the 
thickness of its wall is 1 mm. The entrance window of the cell is a 5 m thick niobium foil. The 
target can be used either as a source of quasi-monoenergetic d+D neutrons or as source of 
broad spectrum p+Be, d+Be, 3He2+ +Be or +Be neutrons depending on the filling status of 
the cell volume and the selection of the end-cap of the cell. An air jet cools the end-cap and 
the whole target assembly is electrically insulated from the other parts of the beam line to 
enable the measurement of the electric current of the beam impinging on the target. 
The body of both the first and second collimator was made of brass. The electric currents of 
the beam fractions hitting the first and second collimators can be measured separately as 
both collimators are electrically insulated from the other parts of the beam line and they are 
cooled by de-ionized water. The third collimator is in galvanic and heat contact with the air jet 
cooled cell. The covering plates of the collimators are changeable to enable optimal selection 
of their material, their thickness and diameter for the specific mode of application. In the case 
of using deuteron beams the first collimator is covered by tantalum (diam. 8 mm) while the 
second one (diam. 6 mm) and the third one (diam. 4 mm) are covered by 0.4 mm thick 
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tungsten. For protons, 3He2+- and 4He2+ -ions the optimization of the collimators has not been
completed yet. 
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Figure 1. The low 
intensity irradiation
site and the target
cell with the sample
holder in Target 
room IV of the
Cyclotron
Laboratory of
ATOMKI (Debrecen,
Hungary).

Production of d+D neutrons: The cell is filled with D2-gas typically up to 1.8 bar and the beam
stop (end-cap) is a 200 m thick tungsten sheet cooled by an air jet. The target can be used
up to 20 W heat load. 
Production of p+Be, d+Be, 3He2+ +Be or +Be neutrons: In these cases the cell is evacuated
and the end-cap of the cell is a 3 mm thick beryllium disc (diam. 23 mm) embedded in a 
copper ring (diam. 39 mm) and cooled by an air jet. The maximum heat load is 40 W in this
case.
Detailed studies have been done to measure the characteristics of the optimized d+D and
d+Be neutron sources. The obtained neutron spectra and angular distributions and
contribution of the deuteron break-up neutrons as a function of the deuteron energy have
been published in Ref. 2.
In order to extend the measuring capabilities to short lived (T1/2 < 10 min) radioactive products
of neutron induced nuclear reactions, a new measuring room has been separated in the
basement of the Cyclotron Laboratory. A pneumatic rabbit system is under construction to
transfer samples between the neutron target in the low intensity irradiation site and the HPGe
gamma spectrometer in the new measuring room. 

3. The high intensity irradiation site 

The high intensity irradiation site (Figure 2.) was developed by ATOMKI. It is equipped with a
computer controlled vacuum system and an assembly of the beam collimator unit, the electric
insulator block with the embedded secondary electron suppressor electrode and then the
target holder and cooling unit at the end [3] of the beam line. 
The target holder contains a 3 mm thick and 38 mm dia vacuum tight and polished beryllium
disc. A 15 mm dia collimator made of AlMgSi alloy limits the area of the bombarded surface. 
The bombarded surface of the target is cooled by a helium gas flow of ~ 20 l/min at p = 1.5
bar. A 22 m thick Duratherm foil is used to separate the helium gas from the vacuum of the
beam pipe. The backside of the target is cooled by de-ionized water. To ensure laminar flow
of the cooling water, 0.6 mm deep and 2.5 mm wide channels separated by 1 mm thick walls
were milled into the target holder. The maximum heat load of the Be-disc is 900 W. 
This limit comes from the maximum permitted heat load of the deflector electrode of the
cyclotron (1500 W) and the maximum efficiency of beam extraction.Non-analyzed proton and
deuteron beams and thick beryllium target are used for neutron production at the high
intensity irradiation site. Thick target data published by Lone et al. [4] and Brede et al. [5] can 
be used to compare thick target yields and angular distributions of p+Be and d+Be neutrons
at the energies and intensities of beams of the MGC-20E cyclotron (see Table 1).
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Figure 2. The high 
intensity irradiation site in 
Target room I of the 
Cyclotron Laboratory of 
ATOMKI (Debrecen,
Hungary).

4. Available detectors and computer codes 

HPGe and LeGe gamma spectrometers are available for carrying out experiments via
activation methods. For neutron spectrometry the multi-foil activation technique combined
with neutron spectrum unfolding codes (IAEA NMF-90 [6], SULSA1 [7]), a Pulse Height
Response Spectrometer (PHRS) [8], and Bonner-spheres (2”, 3”, 4”, 5”, 8”, 10”, 12”)
equipped with  8 mm x 4 mm 6LiI(Eu) scintillation detector are available. For dosimetry
purposes a dose equivalent rate-meter (BF3 counter embedded in PE moderator), ribbons of 
thermoluminescent detectors (6LiF, 7LiF, natLiF, CaF2:Tm) and ionization chambers are used.
The MCNP [9] and MCNPX [10] transport codes are used with SABRINA [11] and MCNP
VisEd [12] geometry editors.
The twin ionization chamber method is used for estimation of the separate neutron- and 
gamma-doses. The sensitive volumes of both chambers are flushed with their flowing filling 
gas. In radiobiological experiments thimble type ionization chambers with 0.5 cm3 sensitive 
volume are used [13, 14]. The wall of the first chamber is made of Shonka A-150 tissue
equivalent plastic and the filling gas is a tissue equivalent gas mixture. The second chamber
of the pair is a Magnesium-Argon chamber. A second pair of ionization chamber is also
available. This pair was recommended by IAEA for irradiation of seeds. The wall of the first 
chamber is a CH-equivalent plastic and the filling is circulated C2H2-gas. The second chamber
is a Magnesium-Argon chamber again and it has the same geometry than the first one of the
pair.

5. Some characteristic data of p+Be neutrons at around 18 MeV proton energy

Most frequently we produce p+Be neutrons using 18 MeV proton beam to fulfil the intensity
requirements of applications mentioned below. Figure 1 shows data for the spectral yield of
thick target p+Be neutrons measured by different authors at around Eproton = 18 MeV.
Considering the limitations of the above mentioned three neutron spectrometry techniques
available for us we can not resolve the discrepancies between the data published by Lone et
al. [4] and Brede et al. [5]. For estimation of the spectrum-integrated neutron fluence ( ) we
irradiate two stacks of foils of Al, Mg, Ti, Fe, Ni, Zr, In and Au together with the sample (multi-
foil activation method). One of the stacks is put in cadmium capsule with 1 mm wall thickness.
The (En) neutron spectrum is unfolded from saturation activities of products of threshold
reactions. The typical uncertainty of the spectrum-integrated fluence obtained in this way is 
16 %. 
Considering the demands of radiobiology experiments the twin ionization chamber method
was used to map the mixed n-  fields of the intense p+Be neutron source and to measure its 
most important physical dosimetry characteristics (where (E) dE is the spectrum-
integrated fluence of the primary particles.
The hardness parameter of p+Be neutrons was estimated both for Silicon and SiO2. The 
spectrum of p+Be neutrons measured at Eproton = 17.4 MeV proton energy was used in the 

1 It is available in co-operation with the Institute of Experimental Physics of Debrecen University, 

Debrecen, Hungary.
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calculations and data for the relative displacement KERMA in Silicon and SiO2 were taken
from literature [, ]. The result of estimation was p+Be(Si) = 1.1  0.20 for Silicon and 
p+Be(SiO2) = 0.9  0.25 was obtained for SiO2. 

Table 2). The reference position was the point at SSD = 1 m far from the center of the
beryllium target in the direction of the bombarding proton beam (  = 0o direction). For the 
target current to neutron flux conversion factor CI-  = 1.70*106 cm-2s-1 A-1  16 % was
obtained. Additionally Monte Carlo simulations were done with the MCNP-4A code for 
estimating some C -D fluence-to-dose conversion conversion factors. KERMA coefficients
published at the
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Figure 3. Spectral yield of thick target 
p+Be neutrons at around Eproton = 18
MeV.

http://t2.lanl.gov/data/TOTKERMA_neut site were used. The C -D factors were estimated for 
spheres of V = 1 cm3 volume made of different materials. The geometrical centers of the
spheres were at the reference point in uncollimated field in air. C -D(A-150) = 3.17*10-15 Gym2

 21 % was obtained for A-150 tissue equivalent plastic (bio-medical irradiatons) while C -

D(CH) = 2.53*10-15 Gym2  24 % was the result for CH-eqvivalent material (irradiation of
seeds).

The hardness parameter of p+Be neutrons at Eproton = 17.4 MeV proton energy 
Many radiation effects come from the displacement damage induced by energetic primary
neutrons and secondary particles of the cascade developed in the irradiated medium. During
the lifetime of a displacement many of its radiation effects are long lasting or permanent.
Different particles of the same cascade can induce the same type of displacement. The 
number of these displacements is determined by the minimum energy needed for generating
them and by the Non-Ionizing Energy Loss (NIEL) of the primary particle of the cascade.
Thus, finally, the intensity of many types of displacement damage effects are proportional with
the total Kinetic Energy of the displaced Recoils in unit MAss (displacement KERMA, D(E)).
For an external field with a (E) spectrum, the tot total intensity of a specific displacement
damage effect can be calculated by integration for the whole spectrum

tot = P* (E) D(E) dE. 

Here P is a constant that is independent from the type of the primary particle of the cascade.
In practice the effects of different bombarding particles are compared to the same effects of 
En =1 MeV energy neutrons.
The 1 MeV neutron fluence (En = 1 MeV) is introduced in the following way: 

tot = P * (En = 1 MeV) * Dn(1 MeV), 

where
(En = 1 MeV)  (E) [ D (E)/Dn(1 MeV) ] dE. 

For En =1 MeV energy neutrons the displacement KERMA in Silicon is Dn(1 MeV) = 95 
MeVmb and it is Dn(1 MeV) = 92 MeVmb in SiO2.
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The  hardness parameter is defined as 
 (En = 1 MeV) / ,

where (E) dE is the spectrum-integrated fluence of the primary particles. 
The hardness parameter of p+Be neutrons was estimated both for Silicon and SiO2. The 
spectrum of p+Be neutrons measured at Eproton = 17.4 MeV proton energy was used in the 
calculations and data for the relative displacement KERMA in Silicon and SiO2 were taken 
from literature [15, 16]. The result of estimation was p+Be(Si) = 1.1  0.20 for Silicon and 

p+Be(SiO2) = 0.9  0.25 was obtained for SiO2.

Table 2. Some physical dosimetry data of thick target p+Be neutrons at Eproton = 18 MeV for 
A-150 tissue equivalent plastic. 

Uncollimated field in air 
SSD = 1 m 

Collimated 10 x 10 cm2 field 
(experimental collimator [17])

40 x 40 x 40 cm3 water phantom 
5 cm depth; SSD = 1 m 

Target 

Be

Dose rate 
Dneutron

(mGy/min/ A)

Gamma
contribution 
Dg/Dn (%) 

Dose rate 
Dneutron

(mGy/min/ A)

Gamma
contribution 
Dg/Dn (%) 

p(18 MeV) 3.2  0.8 6.5  2.6 2.3  0.6 5.1  2.1 

d(10 MeV) 2.2  0.6 6.0  2.4 1.8  0.5 4.0  1.6 

The hardness parameter of p+Be neutrons at Eproton = 17.4 MeV has been estimated in a 
second way, too, following the procedure described in the ASTM E 1855 - 96 standard. The 
degradation of the hFE gain of bipolar 2N2222 Si-transistors was measured in the p+Be field 
and in the reference field of channel D5 at the research reactor of Institute of Nuclear 
Technology (BUTE, Budapest, Hungary) [18]. Using the Messenger-Spratt equation [19] for 
the gain degradation the p+Be(En= 1 MeV) 1 MeV equivalent flux could be calculated 

p+Be(En= 1 MeV) = [  (1/hFE)p+Be /  (1/hFE)ref ]* ref (En= 1 MeV). 

The result of these measurements was p+Be(Si) = 1.1  0.23 for Silicon which is in good 
agreement with the result of calculations mentioned above. More details of these 
measurements will be published in a future paper [20].

6. Applications of the cyclotron neutron sources of ATOMKI

Numerous research and application projects have been completed or are in progress with the 
participation of many scientists from Hungary and abroad. 
Targetry of D2-gas targets was studied via the activation technique and the PHRS 
spectrometry method. Neutron spectra were measured for different combinations of entrance 
window foils, target pressures, wall materials, beam stops and coverages of the charged 
particle beam collimators. These studies provided detailed information [21, 22, 23] on the ratio 
of the fluxes of the quasi-monoenergetic D(d,n)3He neutrons and neutrons from other sources 
at different irradiation circumstances.   
Cross sections measurements were done for several neutron-induced reactions and 
numerous new data were obtained via the activation technique in the 7-13 MeV neutron 
energy range. Measured data were compared with results of theoretical predictions of the 
SINCROS-II code system and with excitation function data of evaluated libraries. 
Discrepancies could be resolved in many cases [24, 25, 26].
Integral tests of excitation function data of evaluated libraries were performed for numerous 
(n,p) and (n, ) reactions induced on isotopes of Al, Ti, Sc, V, Fe, Co, Ni, Zn, Zr and Mo.  
Spectrum averaged measured cross sections were compared with values calculated using 
library data. The foil activation method and the well-characterized broad thick target spectrum 
of d+Be neutrons were used for physical integration. Discrepancies have been reported in 
[25] for the ENDF/B-VI, IRDF-90, JEF-2, JENDL-3, CENDL-2, BROND and ADL-3 libraries 
and predictions of the SINCROS-II code system. 
Integral tests of evaluated excitation function data sets could be done for the ENDF/B-IV and 
ENDF/B-VI libraries. Well known spectra of Pu-Be, d+D and d+Be sources were modified by 
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slabs of different materials (water, graphite, sand, aluminum, iron and lead). Spectra 
measured behind the slabs by the PHRS method were compared with spectra obtained from 
MCNP simulations. The difference between measurements and results of MCNP simulations 
using the ENDF/B-VI library data were significant in the 1.6 - 14 MeV neutron energy region 
for lead and iron [27, 28, 29].
Biological effects of mixed n-  fields have been studied by us in many cases for p+Be 
neutrons produced by bombarding a thick beryllium target with 18 MeV protons. Biological 
dosimetry studies, measurement of relative biological effectiveness (RBE) and oxygen 
enhancement ratios (OER) have been done for different human and mammalian cells [30,
31]. Effects of radio-sensitizer and radio-protector compounds developed for radiation therapy 
purposes were also studied [32]. Combined effects of infections of bacteria and mixed n-
fields [33] were also investigated in a trial. A few irradiations of seeds (rice, soybean, wheat, 
corn, onion, tomato, pea, bean, etc.) for mutation breeding purposes have also been carried 
out.
Radiation tolerance tests of photonic and electronic devices and particle detectors have been 
in progress at the high intensity irradiation site for almost 10 years. The structures tested were 
developed or selected for operation in radiation environments that have fast neutron 
component. Examples of these kind of harsh environments are the radiation fields around the 
future LHC2 detectors where the neutron activation and the displacement damage can alter 
the operating characteristics of the devices significantly. For many bulk effects the NIEL-
scaling can be applied and, therefore, p+Be neutrons are suitable for irradiation tests. Below 
an overview of some results is given with references where more details can be found. 
- Several irradiation tests of analog and digital integrated circuits have been performed. 

During the tests different products developed for the same operating functions were 
irradiated simultaneously. We studied and compared the alteration of the electronic 
characteristics of the devices produced and packed by different technologies. Possible 
radioactive "hot spots" inside the neutron-activated structures were identified by 
autoradiography. In the vicinity of these sites the delayed risk of radiation damage from 
induced radioactivity can be comparable to the risk from the external radiation 
environment with intense fast neutron component [34, 35, 36].

- Neutron induced displacement damage can lead to increased number of charge traps 
and decreased lifetime of charge carriers in structures of devices used in photonics. We 
observed that the degradation of the light yield of LED light sources [37] and the detection 
characteristics of photon detectors such as PM-tubes [38], CMOS active pixel sensors 
[39] and semitransparent amorphous-silicon photon detectors [40] was very significant in 
the 109 cm-2 – 3x1012 cm-2 neutron fluence range. In the case of a large band gap 
semiconducting particle detector structure made of chemical-vapor-deposited (CVD) 
diamond, the charge collection distance decreased by about 30 % and the distortion of 
the distribution of the charge signal increased significantly with increasing neutron fluence 
in the 1014 cm-2 – 2x1015 cm-2 fluence range [41].

- The gamma component of mixed neutron-gamma fields and recoils displaced by neutrons 
can lead to brake of chemical bonds via ionization effects. In structures used in photonics 
some defects can become color centers that can interact with photons transmitted by the 
device and, additionally, some defects can be radioluminescent, too. Pronounced 
alteration of the wave length dependence of the transparency and transparency loss were 
observed by us in the 1014 cm-2 - 1015 cm-2 fluence range for different types of optical 
fibers [42], optical glasses and optical glues [43].

- In some circumstances the displacement damage can be advantageous. In the case of a 
CVD diamond detector it was observed that the linearity of the voltage-current 
characteristics of the structure was improved after irradiating it with 5x1014 cm-2 neutron 
fluence. For 60Co photons fast and reproducible dynamic dose rate response with 
improved linearity was measured. The sensitivity of the device became better than that of 
standard ionization chambers and it was comparable with standard silicon dosimeters 
and best-quality natural diamond and CVD diamond devices. These experiences suggest 
an interesting new way of producing a potential low-cost on-line dosimeter for 
radiotherapy [44]

Conclusion 

Neutron sources based on the MGC-20E compact isochronous cyclotron of ATOMKI and 
some of their applications have been reviewed. It can be concluded that implementing 

2 LHC is the abbreviation for the future Large Hadron Collider at CERN, Geneva, Switzerland. 
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complex projects in collaborations with participants of different expertise can do better 
exploitation of the opportunities in basic and applied research fields.
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Abstract. Principles and techniques of nuclear methods used to prevent the transportation of 
illicit drugs and explosives as well as to identify the anti-personnel landmines and to 
characterize the fresh and spent nuclear fuels are discussed. Nuclear data needs related to 
improving the active and passive interrogation techniques as well as to calculating the 
differential and integrated reaction rates and the spectral yields of neutrons in bulk samples 
are also given. 

1. Introduction 

There are about 150 different instrumental techniques and methods used for multi-elemental 
analysis of complex samples [1,2]. Considering the physical principles involved in the 
measuring process these techniques can be merged into several groups, e.g. optical, nuclear, 
electrical, chromatography, miscellaneous, and hyphenated (combined instrumental methods) 
[3]. Among these the nuclear methods have kept their leading positions in solving special 
problems especially in the fields of safeguards, security and de-mining, i.e. in the non-
intrusive inspection of nuclear materials, illicit drugs and explosives. Both the active and 
passive inspection techniques require the use mainly of highly penetrating neutrons and 
gamma-rays [4,5,6].  
Passive techniques are used for the observation of radioactive materials resided in a 
container, e.g. for detection of fresh and spent fuels via the measurements of characteristic 
gamma-rays and neutrons from delayed (Dn) or spontaneous fissions (SF). For active 
methods the interrogated object is exposed to neutrons and gamma-rays and the secondary 
radiations are detected.  
The applications of neutrons have the following main advantages: fast and nondestructive, no 
matrix problems especially for fast neutrons, multi-elemental analysis of complex samples by 
activation and nuclear reaction methods, neutron reflection, backscattering, transmission and 
radiography, applicable for small and bulk samples, in situ and on-stream procedures [7,8]. 
Neutrons are produced either by isotope sources such as ~5Ci (~7x106n/s) of Pu-Be, Am-Be, 
a few hundred micrograms (~7x108n/s) of 252Cf or by the low voltage (100-200 kV) 
accelerators via the 2H(d,n)3He (~109n/s) and 3H(d,n)4He (~1011n/s) reactions [9]. Recently, 
much progress has been made in producing a new generation of neutron sources for the 
detection of concealed objects (see e.g. [7,8,10-12]). Furthermore, methods for the 
determination of differential and volume averaged flux density spectra, leakage spectra, 
backscattered spectra, averaged activating fluxes of thermal and epithermal neutrons, as well 
as measured and calculated reaction rates based on different neutron data libraries have 
been improved [6,13-25]. 
In this paper, in addition to the methods based on neutrons and gamma-rays, some other 
techniques currently being developed and used in non-intrusive inspection of concealed 
objects are also illustrated.  
Recently, the IAEA has published a Summary Report [26] on the required nuclear data to 
improve the measuring methods used in some selected applications.  A part of these data 
completed with those related to the subjects of this paper are mentioned in the discussion of 
each method.  

2. METHODS, RESULTS AND CONCLUSIONS 

2.1 Fissile interrogation using neutrons and gamma-rays 
Schemes of Destructive (DAT) and Nondestructive (NDAT) Assay Techniques [27] indicate 
the importance of the detection of neutrons and gamma rays. Details of DAT and NDAT, i.e. 
the active and passive techniques used in nuclear safeguards research are surveyed in Ref. 
[8].  Most of the active methods are based on the measurements of the total yield or the time-
dependence of delayed neutrons which renders the determination of the total amount and the 
relative enrichment of fissionable nuclei possible. Separation of responses of the fissile 
isotopes (e.g. 233U, 235U, 239Pu) from those of the fertile isotopes (e.g. 238U, 232Th) is possible 
by changing the average energy of interrogated neutrons using target shields consisting of 
shells of W, Pb, graphite and polyethylene. The yields of Dn groups depend on the incident 
neutron energy and the type of fissionable materials, therefore, the distinction between 
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uranium and thorium present in fuels or containers is also possible [28]. The relation between
the numbers of delayed neutrons, NDn, and fissionable nuclides in the sample, Nf, using tirr, tc,
tm irradiation, cooling, and measuring times is given by 

)e1(e)e1)(/a(NN miciirri ttt

ii iffDn   (1) 

where ai and i are the relative yield and decay constant of the i-th  group of delayed
neutrons, respectively, f is the fission cross section and  is the neutron flux. A disturbing
effect is the neutron generating impurities, namely that the delayed gamma-rays from fission 
fragments can produce neutrons by the ( ,n) reaction mainly on light elements, e.g. on 2H and 
9Be.  In addition to the fission product neutron precursors (Br, I, As, Kr, Rb, Sb) the 9Li and 
17N isotopes are also produced in ternary fission or in (n, ), (n,p), (t, ) and (t,p) reactions on
light elements, e.g. the 17N in the 17O(n,p)17N reaction (T1/2 = 4.17s). 
Neutrons are emitted from non-irradiated fissile fuel by the SF and induced fission of fissile 
isotopes, e.g. Pu, as well as by ( ,n) reactions on light elements (O, F) present in compounds
(e.g. oxygen in UO2-PuO2 fuel rods ) or as impurities (e.g. B, Be, Li). The neutron background
from ( ,n) reactions can be eliminated by the coincidence technique selecting the correlated
(in  SF 2-3 neutrons are emitted) and uncorrelated counts. IAEA uses a number of coincident-
neutron detector systems for interrogation of non-irradiated fissile fuel [29]. The 238U(n,2n)237U
reaction at 14 MeV permits the determination of enrichment ratio in fresh U fuel elements by 
the measurement of relative intensity of the 208.0 keV and 205.1 keV gamma lines of 237U
and 235U, respectively [30]. 
Spent fuel verification methods based on the detection of neutrons from spontaneous fission
have many difficulties because of the extremely high gamma background. Therefore, the
measuring methods used by IAEA inspectors [29] include the detection of gamma-ray and 
ultraviolet light (Cerenkov radiation) in addition to neutrons. A method based on the track-
etched technique in combination with a 235U converter foil to produce fission fragments by the
SF neutrons renders the measurement of the burn-up values for spent fuels along the active
region possible [8,31]. Mica and Makrofol KG are used as fragment detectors to avoid the
effect of gamma background. A new inspection method based on the use of 6-7 MeV gamma-
rays from the 19F(p, )16O reaction to produce photo-fission and photo-neutron reactions in
fissile and other nuclear materials (2H, 6Li, Be) hidden in containers is under development at
BNL (USA) [32]. 
A comprehensive review was prepared by Smith and Micklich [4] on the nuclear data needs
for both passive and active non-intrusive inspection. A set of data requirements for nuclear
safeguards applications based on Refs. [4,27,32-35] is given as examples: -decay and SF 
half-lives, Nu-bar values and spectral yields of neutrons, P  for the minor actinides;
Maxwellian temperature, T of neutron spectra vs. Z2/A of fissile isotopes both for SF and
neutron induced fissions; P  averaged cross sections for dosimetry reactions; f(E ) and 

,n(E ) data. 
Table I. Typical atom fractions of some substances

C/O C/H C/N
Cocaine 4.25 0.81 17
Morphine 5.67 0.89 19
Heroin 4.20 0.91 21
LSD 20.0 0.80 6.67
Nitroglycerin 0.33 0.60 1
PETN 0.42 0.63 1.25
TNT 1.17 1.40 2.33
Tetryl 0.88 1.40 1.40
Sugar 1.09 0.55
Alcohol 2.00 0.33
Polyethylene 0.5
Silk 2.00 0.62 1.6
Wood 1.83 0.71
Melamine 0.50 0.5

2.2 Thermal neutron reflection methods used for the detection of explosives and illicit
drugs
The major elements H, C, N and O of plastic anti-personnel landmines (APL), explosives and
drugs can be observed mainly by different neutron interactions. As shown in Table 1 the atom
fractions of these elements, in particular the C/O, C/H and C/N ratios, are quite different in 
drugs and explosives as compared to other materials used to hide them. Atom fractions of H 
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in some well known explosives are between 24-35%, which suggest to detect a plastic APL 
via the hydrogen.

Table II. Measured and calculated ratios, D(s) of the equivalent thickness of samples, de(s) to 
polyethylene, de(CH2).

Target D(s)meas D(s)calc

Graphite 11.0 ± 0.5 10.70
CF2 16.6 ± 0.8 16.85
Al 82 ± 3.0 84.14

SiO2 26 ± 2.0 25.40
S 140 ± 4 138.6

KCl 19.4 ± 1.5 17.68
TiH2 3.5 ± 0.6 3.60
Co 46 ± 2 44.0
Fe 22.8 ± 1.5 22.67
Cu 36.2 ± 1.7 36.23
Ni 12.2 ± 1.4 14.70
Zn 69 ± 2.5 70.1
Pb 86 ± 3.0 82.9

Fe+Ni+Cu I 22.73 ± 1.50 22.37
Fe+Ni+Cu II. 23.04 ± 1.50 22.45

Cu+Fe+Al 32.8 ± 1.60 31.84
Al+Zn 71.0 ± 3.0 74.60

A hand-held neutron thermalization detector based on two BF3 counters and a 252Cf source of
105 n/s intensity was used in our experiments [36, 37] for the detection of anomaly in the
reflected neutrons from different samples including dummy landmines (DLM).
The reflection cross section,  of thermal neutrons as a microscopic parameter for the
characterization of reflection property of substances was introduced [20,38] by the following
relation  R = (I-I0)/I0 = CN where I and I0 are the relative number of counts measured with (I) 
and without (I0) a sample while N(atom/cm2) is the surface density of atoms (see Fig. 1). If C
is given in 10–24 cm2 then  is obtained in barn. The  parameter is additive, i.e. mol = i

ni i  where ni is the number of atoms of type i with cross section i in a molecule. On the
basis of the i values the equivalent thickness of different samples to the polyethylene or
hydrogen can also be given (see Table 2). The correlation observed [20] between the ,Z and

EL,Z values for the elements, Z, rendered the verification of data libraries [39] of thermal 
neutron elastic scattering cross sections possible.

Figure 1. (Above) Neutron reflection
arrangement.

Figure 2. (Right) Irradiation arrangements for 
elemental analysis of bulk samples by
thermal (th1, th2) and epithermal (epi) neutron
activations where M and S denote the
moderator and the sample, respectively.
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A neutron-gamma surface gauge used for the measurements of the backscattered neutrons
and gamma-rays from different test objects [25] placed in air and in a sand bed rendered the
study of the environmental effect possible. For the estimation of the interrogated volume the
diffusion lengths, Ld of thermal neutrons were determined for some components of soils [40]. 
Data measured for sand (19.3 cm), zeolite (22.3 cm) and Al (10.6 cm) could be reproduced by
the MCNP-4C code. In order to observe the effect of chemical composition and density of the
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DLMs on the observation of anomaly samples were prepared by adding C3H6N6, NH4NO3 and 
H2O to dry sand. Results indicate the significant role of the moisture content of the soil in the 
detection of anomaly by using the neutron reflection method.  
Nuclear methods used by the IAEA CRP participants for the detection of landmines are 
sensitive to the differences in density, in hydrogen content, and in elemental composition (e.g. 
C, H, N and O) between the landmine and its surroundings.  
Hand-held sensors developed in Cape Town, Padova-Legnaro, Delft and Debrecen for the 
detection of hydrogen were integrated with metal detectors to reduce the false alarms. The 
typical detection depth for plastic APL in soils is about 5-7 cm within ~10 s measuring time 
using a source strength of ~105 n/s. The scanning speed with our twin BF3 based hand-held 
detector is ~1 m2/90 s. Recently, different neutron moderation and attenuation methods have 
been developed and applied for identification of landmines by hydrogen density anomaly 
detection, e.g. HYDAD [41], DIAMINE [42], DUNBLAD [43] and, in addition, the radioisotope-
based concept of multi-indicator has been studied [44].    

2.3 Multi-elemental analysis of thin and bulky samples by thermal and epithermal 
neutron activation 
The thermal neutron activation analysis requires the knowledge of the average activating flux 
present inside an extended sample which is related to the flux perturbation factor, F. A simple 
non-destructive method was developed for the determination of the factor F for thin and bulky 
absorbing samples [18,19] using hydrogenous and graphite moderators. Samples made of Al, 
Fe, graphite, PVC (C2H3Cl), plexi glass (C5H8O2) and -caprolactam were investigated. The 
value of F = G·H = < >/< 0> where < > and < 0> denote the average fluxes with and without 
a sample, respectively, depends on the types of the samples and the moderator (e.g. 
hydrogenous or graphite). Simple exponential relations were obtained [18] between the 
factors perturbation, F, flux depression, H, and self-shielding, G, and the thickness, d of the 
samples, i.e. F = F0 exp( Kd), where K is the attenuation coefficient.  A value of F = 0.31 was 
obtained for PVC of 48 cm3 using a hydrogenous moderator resulting in a high correction in 
the measured activity, <A>, i.e. <A0> = <A>/(< >/< 0>) = <A>/F. Both the thermal and 
epithermal flux distributions of neutrons were determined for bulky samples in the 
arrangements shown in Fig. 2 to deduce the factor F. Some typical flux distributions are 
demonstrated in Fig. 3. For hydrogenous samples covered with Cd sheets a definite 
correlation was found between the average activating flux of thermal neutrons, < th>
originated from the slowing down of epithermal neutrons and the hydrogen contents, NH of the 
samples [45]. This relation < th> = Cexp(kNH) renders the non-intrusive inspection of plastic 
explosives and illicit drugs packed in boxes possible. The advantage of the use of a graphite-
pile as compared to the hydrogenous moderator [18,19] is that samples with ~kg and ~liter 
dimensions can be analyzed. Investigations on the < th>  NH and < epi>  NH functions using 
both graphite and hydrogenous moderators are recommended.  

2.4 Non-intrusive inspection of concealed objects by neutron backscattering 
spectrometry 
H, C, N and O as the major constituents of explosives and drugs can be detected by the 
measurement of the spectra of backscattered (EBS) and transmitted neutrons [21-24] using a 
broad-spectrum source, e.g. 9Be(d,n), Am-Be, Pu-Be. Source-sample-detector geometries 
used in neutron spectrum measurements are shown in Fig. 4. The EBS concept is based on 
the fact that the spectra of elastically backscattered neutrons are affected by the structures 
present in the energy dependence of elastic scattering cross sections, EL(En) of C, N and O. 
The spectral yields of EBS neutrons were measured [21] in the 1.2- 8 MeV interval for a DLM 
and its components by a Pulse Height Response Spectrometer (PHRS) [46]. The measured 
spectral yields were compared with the calculated values using the three-dimensional MCNP-
4B transport code and point-wise cross sections from the ENDF/B-V, ENDF/B-VI, JENDL-3.1 
and BROND-2 data libraries. The EBS method, as can be seen in Fig. 5, renders [22] the 
validation of different neutron data libraries possible. The shift in the peak positions is related 
to the elastic head-on collision at 170o scattering angle. 
Fast neutron scattering analysis (FNSA) was used [47] to determine elemental composition of 
bulk samples (0.2-0.8 kg) composed from one or more of the elements H, C, N, O, Al, S, Fe 
and Pb. From the measurements of scattered neutrons at forward (45o) and backward (150o)
directions the atom fractions of the elements C, N and O as important constituents of 
explosives and illicit drugs could be determined.  
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Figure 3. Activity distributions in bulky
samples produced by thermal (a) and 
epithermal (b) neutrons using hydrogenous
(upper) and graphite (lower) moderators.
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Energy-selective methods using backscattered monoenergetic fast neutrons for humanitarian
de-mining have been described in detail by Drosg [48].  The principle of these methods is
based on the following facts: no backscattered neutrons from 1H beyond 90 degree, i.e. a
shadow is obtained in the intensity if a mine containing hydrogen is present; the angular
dependence of neutron energy for elastic scattering from 1H is well defined; the energy and
intensity of backscattered neutrons depend on the angle and mass as well as on the 
elemental composition of the object to be detected. For example, all kinds of soil contain high
amount of SiO2 and consequently a maximum is present in the transmission of fast neutrons
at 2.35 MeV because of the resonant dip in the neutron cross section of oxygen. The
permeability of soil is the highest for neutrons of energy between 2.3-2.4 MeV, however, a
second maximum appears at around 6.5 MeV caused by the resonances in 16O and natSi.
The opposite trend is present in the spectrum of backscattered neutrons (see Fig. 5). The
non-intrusive inspection of landmines by these methods requires the use of energy-selective
detectors placed at large angles to the incident monoenergetic neutron beams produced in
the 7Li(p,n)7Be and 2H(d,n)3He reactions. This method was verified by experiment and Monte
Carlo calculations using different simulation parameters and data libraries for the elements of 
soil and explosive [48].

2.5 Studies on neutron spectra modified by bulk samples of different compositions
The knowledge of the spectral yield of neutrons as a function of incident energy is 
indispensable for the determination of the reaction rate at a given point of the sample or
averaged over the total interrogated region. The spectra of neutrons from the PuBe, 252Cf,
9Be(d,n), 2H(d,n) and 3H(d,n) sources passing through spherical and slab samples as shown
in Fig. 4 were measured by the PHRS system in the 1.5-15 MeV range. Samples of different
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thickness up to 20 cm with 30x30 cm2 cross section as well as 30 cm diameter sphere were
used in our experiments. On the basis of the flux density spectra, (E) and the excitation
functions of neutron induced reactions, R(En)  both the energy dependence of the relaxation
length,  1/ r as well as the differential, (E) (E) = R(E) and integrated, R = R(E)dE
reaction rates were determined. Special attention was paid to the inelastic scattering process,
(n,n’ ) on 12C, 16O and 28Si isotopes above the threshold. Spectral yield and the calculated
reaction rates using different data libraries are presented in Fig. 6 for a 2H(d,n) neutron
source. The integrated reaction rates as a function of sample thickness, x were determined
for different neutron sources, En and samples, Z, i.e. the R(x,En,Z) function. It was found that 
the R(x,En,Z) data depends exponentially on the sample thickness, x, i.e.

, (2)bx

nn eZExRZExR ),,(),,( 0

where the parameter b is given in Table 3 for different neutron sources and samples. As a 
consequence of this behavior the signal-to-noise ratio and through it the interrogated volume
is determined by the relaxation length,  of neutrons. The macroscopic removal cross section,

r depends on the structure in the T(En) function in the MeV region. Typical values of  at 14
MeV neutron energy are between 22 cm and 8.3 cm obtained for dry sand and Fe samples,
respectively. Investigations led to the conclusion that a thickness of about 3  can be
inspected by the fast neutron transmission spectroscopy [4, 15-17].

Table III. Values of parameter b (* Average energy of neutrons)

Sample 252Cf
 (2 MeV*)

PuBe
 (5 MeV)

TiT
(14 MeV)

C 0.083 0.069 0.054
H2O 0.095 0.072 0.055
SiO2 0.083 0.060 0.046

Investigations on the transmission technique for bulk detection of explosives using 252Cf
neutrons and 3He detector have indicated [24] that the samples containing high amount of N
and O can be distinguished from other objects via the large total cross section, T at
resonance energies. Transmission thickness of the objects varying between 10-15 cm
approached the equivalent thickness of typical luggage.
It should be noted that the interrogating neutron beams are not well collimated, therefore, the
leakage spectra can be affected by the scattered neutrons from the extended samples and so
the effective transmission spectra cannot be reproduced by energy-averaging neutron total 
cross sections. Data for the effective neutron transmission cross sections for realistic
geometries are required [4] in addition to the T(En) function in the 0.5-10 MeV range for H, C,
N, O, Fe, Ni, Cu, Cl, S and other elements found in drugs, explosives, and benign materials.

2.6 Use of pulsed fast and thermal neutron analysis (PFTNA) for the detection of
concealed objects
The high penetrating ability of 14 MeV neutrons and the characteristic gamma rays (2.23,
4.44, 10.8 and 6.13 MeV from H, C, N and O, respectively) renders the multi-elemental
analysis of bulk samples possible. Recently, the prompt gamma interrogation method based
on the distinction between the atomic ratios of the elements present in the contraband and
benign materials (e.g. coffee, sugar, bean, cement) has been developed and improved in
several laboratories [11,49-53]. In our PFTNA measurements [53] 14 MeV neutrons were
produced by a sealed-tube D-T generator of a yield ~108 n/s using 10 s pulse duration with a 
pulsing frequency of 10 kHz. As shown in Fig. 7 the 4.44 and 6.13 MeV gamma rays from the
(n,n’ ) inelastic scattering on 12C and 16O isotopes, respectively, were recorded during the
pulse while the 2.23 MeV line from the H(n, ) reaction between the pulses, i.e. during 90 s.
A systematic investigation was carried out for the optimizations of source-detector shielding
and geometry, role of the type and dimension of the gamma detector, attenuation of neutrons
and gamma rays in bulk samples. Results indicate that the measured gamma yields for H, C
and O exhibit saturation at around 15 cm sample thickness resulting in a limitation in the 
interrogated volume and that the signal-to-noise ratio depends strongly on the source-sample-
detector geometry (see Fig. 8). In such experiments the use of a BGO detector of 3”x3”
dimension and the PELAN [11] geometry are recommended.
The angular distribution of 4.44 MeV gamma rays obtained for the 12C(n,n’ ) reaction in the 
0o-150o interval is anisotropic and symmetrical to 90o which can influence the deduced C/O
atom fraction significantly. The angular yield of prompt gamma rays measured via the 4.44
MeV line could be described by the expression: W( )/W(90o) = 1+ 0.6sin2(2 ). Such a result
is not available for the 6.13 MeV line emitted in the 16O(n,n’ ) reaction because of the lack 
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and discrepant data [54]. For the determination of the C/O ratio with a high precision
investigation on the angular distribution of the 6.13 MeV gamma rays is required.

Figure 4. Setup geometries for neutron
spectrum measurements.

Figure 5. Measured and calculated EBS 
spectra of Pu-Be neutrons for SiO2.

Figure 6. Measured net spectral yield and
calculated reaction rates vs. neutron energy
for a 2H(d,n) source.

Figure 7. Prompt and delayed gamma rays
from a cocaine simulator.

Recently, a gamma ray and neutron
radiography method has been developed [55] 
to provide additional information for a pulsed
fast neutron analysis (PFNA) cargo inspection
system (CIS). PFNA uses a collimated 1 ns 
pulsed beam of ~8.5 MeV neutrons produced
in D+D reaction. The PFNA neutron source
also produces a gamma flash via the 
interaction of deuteron ions with the gas cell
elements. In addition, characteristic gamma
rays are emitted in the interaction of neutrons
with the nuclei of the cargo via the (n, x)
reactions. The transmission of both radiations
through the cargo is measured with an array of
128 plastic scintillators. The gamma (~50ns)
and neutron(~150ns) counting gates are
determined by the gamma flash and PFNA
neutrons. Because of the difference in arrival
time for neutrons and gamma rays to the 
detector plane located 5m from the source
separate images can be made with a
resolution of 3 cm at the cargo center. PFNA
radiography provides gamma ray and neutron
transmission images for contraband (drugs,
explosives, Special Nuclear Material) detection

in cargoes with surface densities of 250g/cm2. The spatial resolution ranges from 20x20x10 
cm3 to 45x45x20cm3 according to the typical contraband sizes.
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A “neutron in, gamma out” method based on a 252Cf (106 n/s) fragment source was developed
for landmine identification by the measurements of response functions for C, N and O in a
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narrow time window 9-16 ns to the neutron emission using NaI(Tl) and BGO gamma 
detectors. Gamma spectra from neutron capture reactions were measured after 70 ns delay 
to the pulse produced by the fission fragments in an ionization chamber [10]. The associated 
particle method (APM) using a sealed tube neutron generator in combination with the alpha 
detector has also been developed for the detection of concealed objects [10].  

2.7 Some other methods used for non-intrusive inspection 
Recently, a novel gamma-ray camera based on Positron Annihilation Compton Scattering 
Imaging (PACSI) has been proposed for non-intrusive detection of buried objects [56] with 
about 1 m2/min scanning speed and 30 sec confirmation time of anomaly. The method is able 
to generate rapid 3D density maps, detection of density variation of a few per cent to a depth 
of 20 cm with a spatial resolution of a few cm using 22Na and 68Ge/68Ga positron sources and 
BaF2 detectors. 
The X- or gamma ray backscattering techniques are used to image the density of the ground 
and through it the detection of anomaly by a portable detector [57].   
A multi-color scintillation detector has been developed to separate the neutron and X-ray 
images by a simple color image processing [58] in the radiography if neutron and X-ray fields 
are present. The method is based on the combination of the currently used Gd2O2S:Tb green 
light scintillator with a new conversion screen Gd2O2S:Eu which emits red light on irradiation 
by thermal neutrons. The method can be used for non-destructive inspection of objects 
composed both of light (water, plastic, etc.) and heavy (metals) elements. 
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Abstract. A large area scanning system using 14 MeV tagged neutrons has been built. The 
associated 4He particles emitted in the D+T reaction are detected in an array of  Parallel Plate 
Avalanche Counters  that defines a scanning plane having about 10 x 100 cm2 area. 
Coincident gamma-rays are detected by 10 BaF2 scintillators. This technique allows a 
significant improvement of the signal to noise ratio  searching for hidden threat materials. The
capability of the system to determine the presence and the position of samples and to perform
an on-line background subtraction is demonstrated. Test with landmines are reported.

1. Introduction

The EXPLODET (EXPLOsive DETection) Collaboration has been working in Italy during the 
last years in the field of application of nuclear techniques to the problem of hidden explosive
detection [1]. The focus of the Collaboration was on the so-called Humanitarian De-mining,
i.e. the post-war de-mining activities in mine affected countries. The search for new
technologies is indeed a mandatory requirement to accomplish the milestones set by the
Ottawa treaty in view of a future mine-free world. 
The Collaboration started in 1998 by studying a sensor, employing 252Cf sources, based on
thermal neutron capture in the nitrogen nuclei contained in common explosives. In 1999 the
activity related to sensors using fast “tagged” neutrons was also funded to run in parallel with
the original work-plan. In this case, a prototype sensor using deuteron beams from
accelerators was designed and commissioned. An activity related to the development of 
portable, tagged neutron generators was also started. Finally in 2000 a project was approved
by the European Union to study a new type of hand-held sensor based on the integration
between a neutron back-scattering system and a Metal Detector. This project, called
DIAMINE, was based on a Consortium integrating research bodies with companies interested
in developing new tools for de-miners.
The results obtained so far have been already in part published [2-6]. In this paper we report
on the use of fast tagged neutron beams in the detection of explosives.
The EXPLODET work-programme ended in 2002. Although the activities in the field of 
Humanitarian De-mining problem will probably continue in the next years using different
funding sources, the techniques developed under the EXPLODET project will be also used for
future initiatives in the field of the detection of threat materials (nuclear, radiological,
chemical), that became a hot issue after September 11, 2001.

Figure 1. Lay-out of the scanning system.

2. The fast neutron sensor

Non-destructive assay by fast neutrons is a well known tool in several fields of application. As 
an example, the detection of hidden explosives [7] is achieved by determining the elemental
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ratio of C, N, O from the inelastic gamma-rays. This technique can be used even to detect 
small quantities of explosive as in anti-personnel landmines  or to inspect unexploded 
ordnance (UXO) [8].
The large area scanning system described in this work was designed specifically to search for 
buried explosives as in the case of landmines.  In our system, a linear array of Parallel Plate 
Avalanche Counters employed as alpha detectors is used to define 10 independent neutron 
beams that are exploring simultaneously 10 pixels on the soil, each of them with a surface of 
about 10 x 10 cm2.  Each pixel is inspected by a BaF2 gamma-ray detector, which is operated 
in coincidence with the alpha particle array. The coincidence between the alpha particles and 
the gamma rays is very effective for background reduction, improving significantly the signal 
to noise ratio. Furthermore, the position of the unknown object is determined by the 
coincidence pattern and the neutron time-of-flight. The use of several independent neutron 
beams and gamma ray detectors makes also possible an on-line background subtraction of 
the gamma ray spectrum due to the underlying material. This task is extremely useful in case 
of buried objects. 
The general lay out of the scanning system is presented in Fig.1. A detailed description of the 
sensor has been already published in refs [3,9]. 

3. Results 

Test runs at LNL were performed using a neutron flux of about 5x106 neutrons/s over 4 . In 
the following, the PPAC pads and the BaF2 gamma-ray detectors will be indicated as n and

n with n=1-10. 
In order to test the apparatus, a block of graphite of about 20x20x10 cm3 volume was 
positioned along the BaF2 array at about 10 cm below the detectors front faces, lying on a 
100x100x70 cm3 soil box. To verify its dimensions at the scanning plane, a single tagged 
neutron beam was selected by setting proper windows on a specific pad and on the 
coincidence time. Then the position of the graphite block was changed in 2 cm steps 
horizontally, along the gamma-ray array, and vertically. The yield of the 4.4 MeV gamma-ray 
from the inelastic neutron scattering on carbon nuclei was reconstructed as a function of the 
sample position producing a distribution that is fully compatible with the expected neutron 
beam size as reconstructed by using  a complete simulation of our system by using Monte 
Carlo methods [9]. 

3.1 Voxel definition 
The position of the sample along the horizontal coordinate can be determined in a coarse way 
looking at the combination between PPAC pad and BaF2 detector that maximize the 
coincidence rate for a given gamma ray. Moreover, the yield of a given gamma-ray in the 
BaF2 array, when reconstructed without selecting a particular PPAC pad, allows precise 
determination of the sample position thanks to the solid angle variation. Typical results for the 
4.4 MeV gamma ray demonstrated the possibility of determining the sample position with an 
uncertainty of about 1 cm. 
The time resolution of the sensor has been obtained by selecting only events in the 4.4 MeV 
peak. The measured overall time resolution for such events is t=3.3+0.1 ns[FWHM]. This 
result contains not only the contribution from the intrinsic time resolution of PPAC and BaF2

detectors, but also the time jitter due to the alpha particles and the one due to the travel time 
of neutrons inside the graphite sample. The latter contribution can be evaluated using a 
Monte Carlo simulation. When corrected for the spread due to the different neutron flight 
paths in the graphite volume, the resolution becomes t=2.3 ns [FWHM], which implies an 
intrinsic  resolution along the neutron flight path l=12cm, which means about z=9 cm in the 
vertical coordinate.  
Within such uncertainty, the time-of-flight information can be used to define the voxel under 
investigation, with a significant improvement on the signal-to-background ratio. It has been 
verified that the selection of the right  coincidence improves the signal-to-background ratio 
in the gamma ray spectrum by about a factor 4 with respect to the coincident gamma ray 
spectrum from the same BaF2 detector but without selection of a specific neutron beam and 
the correct window in coincidence time. 

3.2 Background subtraction 
An interesting feature of our system is the possibility of exploring simultaneously several 
positions along the scanning plane by selecting different pads and to extract information from 
the pattern of the coincident gamma rays. It means that in an plane, the inelastic gamma-
rays from a given object (the landmine) are detected mainly in the coincidence between the 
pad that define the neutron beam irradiating the object and the gamma-ray detector that is 
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subtending the largest solid angle with respect to the investigated object. All other
combinations in the  plane are assumed to be detecting only the background spectrum
(i.e. the soil). Consequently, if the sample is located in the position of the scanning plane
identified by the pair of detectors ( m n), all other detectors ( k j) with m- k > 1 and n- j >
1    can be taken into account in building an average background spectrum so that the 
background subtracted spectrum for the pair ( m, n) can be obtained directly during the 
measurement.

To benchmark this procedure, we used a H3PO4 sample for which the spectrum was obtained
in the usual way, i.e. by irradiating first the sample placed on top of the soil box and than 
measuring the background in a separate sample-out irradiation. In this spectrum, the 
characteristic gamma-ray transitions from oxygen (E=6.13, 3.85 MeV) and phosphor nuclei
(E=2.23 MeV) are visible. Results from the on-line background subtraction are reported in 
Fig.2 for the BaF2 detectors n with n=1-8. The H3PO4 spectrum is clearly obtained in the case
of the detector 4 , which is placed right on top of the sample. Some signal from the sample
are also seen in the neighboring detectors 3,5 , whereas the net spectrum for the detectors
far from the sample ( 1,2,6,7) is slightly negative because the on-line background contains also
the contribution from the H3PO4 gamma yield in the other detectors. The comparison between
the background subtracted spectrum of detector 4 obtained by the standard sample-
in/sample-out measurements and the one from the on-line procedure demonstrates that the 
two methods give equivalent results.
This feature of the present system is clearly extremely important to search in a scanning
mode for samples, as the landmine, embedded in a well defined background, the soil. 

Figure 2. Example of on-line background subtraction in the irradiation of a H3PO4 sample.

3.3 Tests with explosive simulants
Tests with explosive simulants have been performed using a melamine (C3H3N6) sample of
about 2 kg. In this case, the E =4.45 MeV transition from the Carbon nuclei and the E =2.30
MeV transition from the Nitrogen nuclei are clearly seen. We consider as signature of the
presence of the explosive stimulant the yield of the gamma-rays in two energy window
centered at E =2.3 MeV and E =4.4 MeV. The yield in this two energy region is reported in 
Fig.3 as a function of the measuring time in the net spectra corresponding to each  correlated
pairs of  detectors, when the on line background subtraction previously described is 
applied on-line.  It is seen that the presence of the melamine sample is clearly detected, being
the integral of both the carbon and nitrogen signature outside 3  (error bars in the figure).
This signature is, on the contrary, completely absent when the bare soil is irradiated. The
results demonstrate the possibility to identify, in a reasonably short time, the presence of a
relatively small object placed in a particular location over the soil box.
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Figure 3. Example of automated search for explosive in the irradiation of a melamine sample
placed on the soil box. The columns correspond to different tagged beams. Voxels are
defined by setting a proper gate on the measured neutron time-of-flight. The rows correspond
to the counts in the energy gates at E =4.45 MeV from Carbon nuclei (upper row), in the
energy gate at E =2.30 MeV transitions from Nitrogen nuclei (middle row) and to the product
of both counts (lower row).

Figure 4. Gamma ray spectra obtained irradiating PROM-1 and TMA-2 landmines.

3.4 Irradiation of landmines 
More recently, the gamma-ray spectrum from the irradiation of landmines with tagged 14 MeV
neutron beams has been obtained from our system which has been up-graded and is now in
operation at the Institute Ruder Boskovic in Zagreb. As an example, we report in Fig. 10
typical spectra relative to the PROM-1 and TMA-2 mines. The PROM-1 device is an Anti-
Personnel Landmine filled with 0.425 kg of TNT, with an external case made of about 2.5 kg
of iron. In the energy spectrum of Fig.4, some characteristic gamma ray transitions from Fe
nuclei are identified at E =0.85, 1.24  MeV, whereas the gamma rays from carbon and
oxygen nuclei in the TNT are quite weak. On the contrary, those transitions are very strong in
the TMA-2 gamma-ray spectrum. In this case, the TNT charge is much larger (about 5.5 kg)
and the external case is made of plastic.
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Conclusions 

The Associated Particle Technique has been applied in a wide-angle apparatus based on a 
simple and robust PPAC counter and a linear array of fast BaF2 gamma ray detectors. This 
system was defined to inspect a 10 x 100 cm2 scanning area, searching for small objects 
hidden in a background, as in the case of landmines.  
The results reported so far are extremely encouraging. It is indeed possible to detect the 
presence of an “anomaly” in an automated way, by exploiting the use of ten independent 
tagged neutron beams and to define its position. The Associated Particle Technique improves 
also the signal to noise ratio with respect to the traditional fast neutron systems. 
As for the gamma ray spectra obtained from real landmines, the examples reported here 
show that the identification of the explosive device will require a more quantitative analysis of 
the gamma-ray spectrum that will include also a full information about the explosive charge 
and the external case. 
Finally, it is worth mentioning that the possibility of fielding such technology is strongly related 
to the availability of portable electronic neutron sources with embedded Associated Particle 
detectors. A successful development of a prototype of sealed D+T neutron generator with 
associated particle capability has been recently accomplished in a joint effort between our 
group and the EADS-SODERN company [10]. 
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Abstract. Nuclear material can be characterised by Non–Destructive Assay using methods
based on gamma spectroscopy, calorimetry and the neutron correlation technique. A 
combination of such methods allows for an accurate determination of the isotopic vector and
the total Pu-amount, without any prior knowledge of the material under investigation. In 
addition, impurities creating a source of ( ,n) neutrons can be determined. The techniques
can also be used to determine the neutron emission rate of 252Cf(s.f.) neutron sources and
sources based on the ( ,n) reaction. We demonstrate that passive NDA methods are very
useful for the identification and quantification of illicit material. 

1. Introduction

Methods used for Non-Destructive Assay (NDA) of nuclear material can be classified into two
categories. One can group the methods, which are completely based on a calibration 
procedure. For these methods, the interpretation of the experimental response in terms of the
parameter of interest does not require nuclear data. However, one strongly relies on sample
dependent calibration procedures, which necessitate a prior knowledge of the material under
investigation.

The second category includes measurement and data analysis procedures, which are
based on a more methodological approach by identifying the basic metrological parameters of
the measurement process. Such methods result in an absolute determination of the quantity
of interest, avoiding the need of any prior information of the material. In this paper we
concentrate on passive methods, based on gamma spectroscopy, neutron detection and
calorimetry, which do not require sample dependent calibration procedures. The performance
of such methods depends strongly on the quality of the nuclear data used for the data
analysis, as discussed in Ref.1.

2. Passive NDA methods

2.1 Gamma measurements
The relative amount of radioactive nuclides can be determined from gamma measurements
using high resolution Ge-detectors. The ratio of the full-energy net peak areas, resulting from
photons emitted by the different radionuclides, is a direct measure of the relative amounts [2-
5]:
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The number of nuclei and decay constant of the nuclide R are denoted by NR and R. The
emission probability of a photon with energy Em emitted by nuclide R is m,R. The energy
dependent escape probability and detection efficiency are given by T(Em) and (Em), and Cm,R

is the full-energy net peak area per time unit at the energy Em. From a set of net peak areas
corrected for the branching ratio for a given nuclide, an analytical expression for the relative
energy dependence of the product (E)T(E) can be derived
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This technique is used to deduce the isotopic composition of e.g. Plutonium and Uranium
samples without the need of a sample dependent calibration. A detailed performance
assessment of the technique and the available codes for Pu and U-measurements can be
found in Ref. 6. The quality of the available nuclear data, in particular the branching ratios,
introduces a systematic uncertainties of 1-2% [1]. 
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Applying the infinite energy method, proposed by Morel [7], one obtains the total activity of a
radioactive nuclide. The net peak area corrected for the detector efficiency and branching
ratio is expressed as a function of the inverse of the energy. An extrapolation to infinite 
energy (or 1/E  0), with T(E )  1:
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results in the total activity of nuclide R. This method requires a good knowledge of the 
branching ratios and an accurate detection efficiency. From a systematic study in Ref.8 one
concludes that the 241Am activity of ( ,n) neutron sources can be determined without any 
sample dependent calibration to within 20%.
Gamma spectrometry can also be used for the identification of ( ,n) neutron sources and light
elements impurities in -decaying materials [8,9]. Gamma spectra of typical ( ,n) neutron
sources, together with gamma rays used to identify the type of ( ,n) reaction, are reported in
Ref. 8 and 9. In the gamma spectra of almost all ( ,n) neutron sources (e.g. AmLi, AmB and
AmF) one observes the 4438 keV gamma ray, and therefore an evidence of the presence of
Be. The yield of the 4438 keV gamma ray can be used to determine the neutron intensity of a 
AmBe sources [8,10,11] and the contribution of Be( ,n) neutrons in other sources [8]. 

2.2 Neutron measurements
The spontaneous fission rate can be derived from neutron measurements based on the
neutron correlation technique. This is a technique, which has been developed at the JRC
Ispra by Hage and Bondar. Following Hage’s point model [12-15], which includes an
analytical dead time correction [15], one deduces from the measured frequency distribution
three parameters, which can be expressed in terms of the samples neutronic properties,
nuclear data and instrumental parameters. At the JRC Ispra a series of tests were performed
to validate the model. The quality of the analytical dead correction was demonstrated for high
count rate applications (up to 400 kHz) [16].
Application of this technique results in an absolute determination of the neutron emission rate
of 252Cf(s.f.) neutron sources. For measurements of the neutron intensity of ( ,n) sources one 
needs a calibrated detection system, using Monte Carlo simulations or well-characterised
neutron sources [8]. The relative contribution of the correlated count rate to the total count
rate (the so-called R/T-ratio) can be used to quantify the contribution of random neutrons and
the Be-impurity level in PuGa samples [8]. A measurement of the total spontaneous fission
rate (Fs) together with a knowledge of the weight fractions (wk) and the specific spontaneous
fission rates (Fs,k) of 238,240,242Pu, results in an absolute determination of the total Pu mass (m): 

(4).
k

k,sks FwmF

Recently, we demonstrated that the technique can also be applied to determine the quantity 
of 238U in low-enriched uranium samples [17]. The current state of this advanced method is 
limited by uncertainties of the nuclear data, i.e. decay constants and neutron multiplicities [1].

2.3 Calorimetry
The total amount of radioactive decaying nuclei can be obtained with a calorimeter,
measuring the thermal power generated by the radioactive decay [18]. Calorimetry results in a
non-destructive measurement independent of the chemical composition or the presence of
other non-radioactive materials. The total heat output (P) is a function of the total mass (m),
the weight fraction (wk) and specific power (ps,k) of the individual radionuclides:

(5)
k

k,sk pwmP

A series of commercial available calorimeters have been tested at the JRC Ispra. These tests
show that heat outputs between 0.2 – 50 mW can be measured with an overall uncertainty
better than 0.3% [19] and a heat output between 0.05 and 2 W can be determined to within
0.5% [18,20].
Since the specific heat output of 238,239,240,241,242Pu and 241Am are known to within 0.2% [1,21], 
the uncertainty on the Pu-mass deduced from Eq. 5 is completely determined by the 
uncertainty on the isotopic composition. Calorimetry in combination with gamma spectroscopy
also offers the possibility to determine the quantity of 241Am, 239Pu and 238Pu in AmBe or PuBe
neutron sources [8]. A comparison of the specific heat output and specific spontaneous
fission rate of 238,240,242Pu reveals that neutron measurements and calorimetry are
complementary NDA methods for the characterisation of Pu-samples.



91

3. Applications
In Ref. 8 we demonstrate that a combination of the above-mentioned NDA methods can be
used to characterise neutron sources and illicit trafficking material without any prior
knowledge of the material. As an example, we used the gamma spectrum in Fig. 1 and the
R/T-ratio to identify a package of “unknown radi oactive material” as a 239PuBe( ,n) source.
The results of a complete quantitative characterisation from a combination of gamma, heat,
and neutron measurements are summarised in Table 1.
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Figure 1. The gamma spectrum of a package of “unknown radioactive material” taken with a
coaxial detector Ge-detector [Ref. 8]. 

Table 1. The characteristics of a package of “unknown radioactive material”, identified as a 
239PuBe( ,n) neutron source. The data are obtained from a combination of NDA-methods.

239Pu/Pu 95.3 (0.2) wt % 
Pu (gamma) 77 (5) mg 
Pu (calorimetry) 70 (2) mg 
Pu (neutron) 60 (9) mg 
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Landmine detection by neutron methods
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Abstract. The development of the novel nuclear methods in the field of landmine
identification requires a more precise knowledge of microscopic and macroscopic atomic and
nuclear data. In addition, the effect of the weight and density of the explosives on the
observation of the anomaly in a dry sand environment was examined by different dummy
landmines using a hand-held neutron thermalization detector. The concept of the
backscattering spectrometry and its possible use for landmine detection are also discussed.

Introduction

Millions of landmines are buried in a number of countries including the European region.
Among the abandoned anti-personnel landmines (APLs) certain types have a very low mass
(~50g) and contain a little amount of, or no metal. Therefore, these plastic landmines cannot
be detected by the usual metal detectors. During the last decade great efforts were made to
develop neutron based techniques for the detection of hidden explosives and our Institutes
also joined the Coordinated Research Project on The Application of Nuclear Methods to Anti-
personnel Landmines Identification.
The high concentration of hydrogen (24-35%) in plastic explosives renders the application of
neutron reflection, scattering and transmission methods possible.

Methods, results and conclusions

A hand-held neutron thermalization detector based on a small (105 n/s) 252Cf source and BF3

counters has been developed (see Fig. 1) for the observation of APLs by the measured
anomaly in the reflected thermal neutrons [1]. The test objects were embedded in dry sand
having a surface of 1x1m2 and a thickness of 0.35 m. Spatial resolution, sensitivity versus 
weight, density, depth and stand-off distance of the objects were determined for the neutron
probe [2].

The spatial resolution is in strong correlation
with the dimensions of the detector and the 
sample. Some typical results are indicated in 
Fig. 2. As it is shown in Fig. 3 the count rates 
decrease exponentially both for the stand-off
distance and the depth. 
The scanning speed of this type of hand-held
detectors with 0.012 m2 sensitive surface is 
1m2/90s.
For the investigation of the effect of the 
chemical composition and density [3,4] of the
DLMs on the observation of anomaly in the 
reflected thermal neutrons, disk-shaped
samples of 7 cm diameter and 5 cm height
were prepared by adding C3H6N6, NH4NO3

and H2O to the dry sand in such an amount
that their concentrations were in the (0 – 1) 

g/cm3 interval. These samples were placed in a sand bed at 0, 2 and 4 cm depths from the
surface in order to detect the difference in the reflected thermal neutrons. Considering 10%
excess counts above the background caused by the dry sand environment a value of 4g
hydrogen was found as a detection limit. The excess count for water is 4 times higher than for
TNT type explosives placed at 4 cm depth which indicates the significant role of the moisture 
content of the soil in the detection of anomaly by the neutron reflection method. As shown in
Fig. 4 the yield of reflected neutrons as a function of density of the object can be
approximated by a second order polynomial at each depth. However, the density dependence
of the neutron yield decreases significantly when increasing the depth of the object in the soil.
The effect of the moisture content is demonstrated in Fig. 5. 

n
X  STAND OFF

X   DEPTH

OBJECT

Cd

BF3
NEUTRON

SOURCE

Figure 1. Geometrical arrangement of the 
hand-held detector
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A neutron-gamma surface gauge [5] was also studied for the detection of the reflected
neutrons and backscattered gamma-rays. It was found that the objects of high H content can
be observed while the intensity of the scattered gamma-rays is influenced significantly by the
environing substances and the source-sample-detector geometry. For the detection of H the
surface-gauge containing a moderator is less sensitive than the hand-held detector because
of its large background.
One of the most important parameters for the characterization of the neutron field in a soil
environment is the diffusion length, Ld of thermal neutrons. These data were measured for the
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first time in the case of sand (19.3 cm), zeolite (22.3 cm) and aluminum (10.6 cm). The 
measured and the MCNP-4C calculated values [3] agree well and indicate the strong effect of 
the geometry on the results. 
The use of a Pulse Height Response Spectrometer (PHRS) renders the measurements of the 
spectral yields of elastically backscattered (EBS) neutrons possible [6]. This method is 

ell as the peak-to-valley ratios render the determination of the major 
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promising for the detection of elements H, C, N and O as the major constituents of the 
explosives. The concept of the backscattering spectrometry is based on the fact that the 
spectra of EBS neutrons are affected by the structures present in the energy dependence of 
elastic scattering cross sections. The broad spectrum of Pu-Be neutrons covers a large 
interval (1.2-8 MeV) of the elastic scattering cross sections function. A PHRS based on a 5x5 
cm cylindrical NE213 liquid scintillator completed with neutron/gamma pulse shape 
discrimination was used for the spectrum measurements. The pulse height distribution of 
recoil protons was analyzed by a modified UnfSpec unfolding program [7] in order to obtain 
the neutron spectrum. The spectral yields of Pu-Be neutrons were measured for the DLM and 
its components (graphite, water, high-density polyethylene(HDPE), melamine(C3H6N6),
NH4NO3, SiO2, Al, Fe, Pb) placed on the surface of a dry sand bed. Some typical spectra are 
demonstrated in Fig. 6. 
Parameters like the peak positions, the ratios of the integrated yields in the 1.8-3.5 and the 
3.5-4.5 MeV ranges as w
elements possible [8,9] even in the case of complex samples. 

Acknowledgements 
This work was supported in part by the Hungarian Research
D35480), the János B
IRMM/ST/2001-248”14-CCR 478519). 

References 
[1] Csikai, J., Dóczi, R., Király, B., 

Proceeding
Dresden, Germany, 2002. 

Király, B., Csikai, J., Location and identification of concealed objects using neutrons, Proc. 
7th.  Int. Conf.  on  Applicat
p. 1-5. 
Dóczi, R., Király, B., Penev, I.I., Jordanova, J., Csikai, J., Detection of anti-personnel 
landmin
Abstracts Book, p. 279.   
irály, B., Sanami, T., Dóczi, R., Csikai, J., Detection of explosives and illicit drugs using 

neutrons, IRRMA-V Int. Conf., Bologna, Italy, 
Nucl. Instr, and Methods A (in press). 
sikai, J., Buczkó, Cs.M., The concept of the reflection cross section of thermal neutrons. 

Applied Radiation and Isotopes 50, 48
[6] Csikai, J., ElAgib, I., 1999. Bulk media assay using backscattered Pu-Be neutrons, Nucl. 

Instr. and Methods A 432, 410-414. 
[7] Oláh L., Scintillator based neutron spectrometer and its applications, Ph.D. Thesis, 

University of Debrecen, Debrecen, H
[8] Király, B., Oláh, L., Csikai J., Neutron-based techniques for detection of explosives and 

drugs, Radiation Physics and Chemistry 61, 781-784, 2001. 
[9] Csikai, J., Király, B., Dóczi, R., Application of neutrons to plastic landmines detection, 2nd

RCM on Nuclear Demining Techniques, St. Petersburg
IAEA/PS/RC-799-2, p. 46-54.



96

Neutrons as tools in safeguards and combating illicit 
trafficking of nuclear material 

T. Biro and L. Lakosi 
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Abstract. A short overview is given on neutron measurements used in nuclear safeguards
and the detection of illicit trafficking. New challenges posed by advanced fuel cycle,
environmental monitoring, forensic analysis, geological disposal and CTBT are discussed.
Instrumentation used in combating nuclear terrorism is reviewed paying special attention to
nuclear data needs and interpretation of measurement data. Hungarian R&D efforts, such as
measurement of Pu-Be neutron sources, application of PGAA and electron accelerators,
detection of nuclear material masked by other radioactive sources, are presented.

Neutrons in Safeguards

Verification of Nuclear Material (traditional Safeguards)
The primary task of international safeguards (SG) of nuclear material (NM), as set by the 
Non-Proliferation Treaty, is the physical verification of NM declared, i.e. the detection of the
presence/absence/quantity of NM. 
Nuclear material – in contrast to most other material – emits neutrons or when bombarded by
neutrons undergoes fission and emits secondary neutrons and  rays. Instruments of 
safeguards inspectors detect these  rays and/or neutrons. Since NM exists in various
physical and chemical forms, a large variety of instruments are used. Simple neutron
detectors can confirm the presence of neutrons e.g. on the surface of a shipping cask,
sophisticated coincidence or multiplicity counters can measure the quantity of NM in various
chemical (metal, oxide, fluoride, etc.) and physical (plates, rods, powder, liquid) forms or even
in waste. It is recognised therefore that neutrons play an essential role in safeguards.

Nuclear and neutron data needs 
It is generally accepted that nuclear and neutron data available are “more than adequate” for 
use in traditional safeguards. [1,2] However, in special cases improvement of data quality has 
been requested.
It is difficult to assess future needs. Strengthening of safeguards, new technologies and other
areas linked or similar to SG will certainly use neutrons in different ways, but to what extent
the existing data will satisfy new needs cannot be answered until these technologies become
fully available. Potential new areas:

advanced fuel cycles
environmental monitoring

 geological disposal
 forensic analysis
 CTBT
As an example, the final disposal of nuclear waste will require precise methods to verify the 
amount and composition of the conditioned waste entering geological repositories and
powerful methods to confirm the presence of the waste for many thousand years. Neutrons
may be used for quantitative assay of NM, geophysical logging (detect tunnelling), neutron
fingerprinting of shielded casks, and for other purposes not yet foreseen.

Illicit trafficking 
In combating nuclear terrorism, the primary task is to detect smuggled radioactive material at
border crossing points, airports, seaports or elsewhere. The material may be masked by other
(legal) radioactive shipments or concealed by shielding (container or surrounding metal
scrap). In most cases, passive -ray monitors are used to detect radioactive material.
However, more and more instruments are equipped with passive neutron detectors as well to
detect (spontaneous) fissionable material.  Active interrogation methods are under
development and will significantly improve detection capabilities.

Detection of radioactive (nuclear) material
hand held instruments passive  and neutron 
fixed instruments (gates) passive  and neutron 
special (e.g. mobile units) active neutron or  (X)
Common items to be searched include parcels, luggage, containers, and vehicles.

Forensic analysis
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When the smuggled material is seized, the next task is to find out its origin. Accurate isotopic
and elemental analysis has to be performed to characterise the material. The basic technique
is mass spectrometry complemented by neutron activation analysis.

Selected R & D activities in Hungary

In order to assist IAEA and domestic safeguards activities and to provide technical service in
response to illicit trafficking of nuclear material, Hungarian research institutes carried out 
investigations and developed relevant techniques used in these areas.

Safeguards
As a fundamental technique for the verification of fresh and spent fuel assemblies used in 
Hungarian nuclear facilities (WWER-440 and WWRS)  spectrometric methods have been
developed at the IISC [3,10]. 
Small size neutron detectors (track, activation, bubble) in combination with  sensitive Si
diodes have been applied to identify NM and to measure radial and axial distribu-tion of 
burnup within the assemblies [4].
At the Nuclear Techniques Institute of the Technical University, Budapest, a novel 
method, passive  tomography has been developed. The realisation of a prototype is ongoing
at STUK, Helsinki, in a joint project.
At the IISC a new method for the quantitative measurement of the plutonium content of Pu-Be
neutron sources was developed using  spectrometry and neutron coincidence counting. The
reason for this work was that in the certificates of Soviet-made Pu-Be sources the Pu mass
(or activity) were not declared; only neutron yields were given. The missing information is 
relevant for safeguards, physical protection, and material management purposes. Details are
given below. [5] 

Material properties
Safeguards equipment is often used in high intensity radiation fields or remains exposed to 
radiation for extended periods, as a consequence of which the equipment may fail. Typical 
radiation effects include damage to digital electronics and the degradation of performance of 
other electronic components and fibre optic cables. Using the various  and neutron 
irradiation facilities available in Budapest, the radiation tolerance/susceptibility of several 
items has been studied at the IISC. Similar studies were carried out at ATOMKI, Debrecen,
on instruments and components used in particle accelerators at CERN. [6] 

Illicit trafficking 
The role of the IISC is twofold. First, a team of researchers has to identify and estimate the 
quantity of seized nuclear material on the spot (e.g. at a border crossing) using portable
equipment. Second, the material shipped to the IISC should be characterised by more precise
 spectrometric and neutron counting techniques and other powerful forensic analytical

methods, such as high-resolution mass spectrometry, scanning electron microscope, etc. [7]. 
At the IISC, using cold neutrons in PGAA offers a unique possibility to detect shielded NM
and to analyse the isotopic and elemental composition of the NM and the matrix [8,9].
 NDA  spectrometry
   neutron coincidence (Pu-Be)

,n interrogation (LINAC)
DA HR-ICP-MS (implementation in progress)
DA-NDA PGAA 

The above methods are complementary and validate each other 

Detection and analysis of uranium by PGAA
Using the cold neutron beam at the research reactor of the Budapest Neutron Center, the 
detection and isotopic analysis of uranium have been investigated. High-energy prompt
gamma-rays generated in neutron induced fission events offer a unique possibility to detect 
fissionable nuclides placed into shielding or masked by other radioactive substances. The 
basic nuclear data (cross sections and  energies) determining the measurement process and
setting limitations are shown in Table 1.

Table 1. Nuclear data pertaining to PGAA
cross-section -energy

238U n-capture     2.68 barn 4060 keV
235U n-capture   99   barn 6395 keV
235U fission 583      barn 4135 keV (90Rb)
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The relatively low n-capture cross-section of 238U sets 
an upper limit for the measurable enrichment at about
70 % (see Fig. 1).
By re-measuring partial neutron cross-sections the
uncertainty was reduced to 1 %. For  1 g U samples
the enrichment could be determined in the 0.05 - 70 %
range
(1-10 h measurement time) at the present status of the
measurement technique.
PGAA can detect fissionable material inside packages,
containers, scrap, waste, etc. without opening them

due to the penetrating feature of neutrons and the low absorption of high-energy prompt -
rays.Révay and co-workers investigated this possibility and found that 0.1 g U3O8 (E=95 %) or
1 g uranyl-acetate (E=0.71%) can be detected in a lead container of 1 cm wall thickness (3 
hours).
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It is noted that lead (as a usual shielding material) has
a relatively small n-capture cross-section of 0.1547
barn resulting in a low background. The feasibility of 

measuring the enrichment of uranium inside a lead container is based on the energy 
dependence of detector efficiencies over 2 MeV as shown in Fig. 2.

Figure 1.
235U/ 238U calibration curve

Pu content of
239

Pu-Be neutron sources
A large number of Pu-Be neutron sources were
imported to Hungary from the Soviet Union during
the period 1960 – 1985. Most of them are unused,
temporarily stored at the Institute of Isotope and
Surface Chemistry (IISC), Budapest. The original
certificates stated the neutron yield for each
source but Pu content was not declared. The 
neutron yield ranged from 104 to 107 neutron/s,
corresponding to estimated quantities of 0.1-178 g
as calculated from the neutron yield assuming
pure 239Pu content. These figures are entered into
the books as nominal mass values.
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A neutron coincidence counting method combined
with -spectrometry was developed to determine

isotopic composition and to measure Pu content of 239Pu-Be sources in order to correct
accountancy and determine Pu content of seized, found or not documented sources.

Figure 2. Energy dependence of 
detector efficiencies at different lead

Neutron production in Pu-Be sources
The main source of neutrons is the
9Be( ,n)12C reaction followed by n-induced
fission in the odd isotopes of Pu. Other
secondary reactions, such as 9Be(n,2n)8Be,
produce neutrons which play an important
role in the method developed. Neutrons from
spontaneous fission of even Pu isotopes can
be neglected.
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NDA methods used to measure Pu in PU-
Be sources
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Determination of Pu-content

As a first step, the isotopic composition was determined by -spectrometry. It was found that
the sources measured reflected different burnup (BU) values. Using this information and
measuring the neutron yield (determined from the total neutron counts) the amount of
individual Pu isotopes was calculated:
MPu = N /  fi gi

with N: neutron yield, fi : weight fraction of the ith isotope, gi : specific n-yield of the ith isotope.
Adopted specific n-yields for individual Pu-isotopes (normalized to 239Pu):
238Pu:     2.28*107 n/s g 
239Pu:     6.2*104 n/s g   (shipper’s value)
240Pu:     2.27*105 n/s g 
241Pu, 242Pu:  ~103 (negligible)
241Am:   4.56*106 n/s g 
The equipment used was a passive well counter made of polyethylene lined with Cd,
containing 9 He-3 detectors connected to a JSR-11 shift register via home made
preamplifiers.

Alternative approach

In this case, total and coincidence neutrons were measured only; no -spectrometry had to be
performed. An established correlation between the Pu content and the R/T was used as an
empirical calibration curve. (R = real coincidence count rate,
T = measured total count rate) 

Summary of Pu measurement
1. Isotopic composition is provided by HRGS, without heavy damage of Ge detector
2. By combining isotopic composition with gross neutron counting, the Pu content can be 
determined
3. Coincidences are practically due to self-multiplication, i. e. to neutron-induced fission of the 
odd isotopes. Correlation between Pu content and R/T offers a calibration possibility, without 
the use of -spectrometry
4. The measured (“true”) Pu content of Pu-Be sources is systematically (for high BU Pu 
substantially) lower than  “nominal” data recorded and to be accounted for 
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The NPI Cyclotron-based Fast Neutron Source: 
Test of Flux Density by the Activation Foil Technique 

E. Šime ková, P. Bém, V. Burjan, M. Götz,  M. Honusek, V. Kroha, J. Novák   

Nuclear Physics Institute AS CR, 250 68 ež , CR 

Abstract For integral tests of ITER- and IFMIF-related neutronic calculations, the high-power 
cyclotron-based white neutron source was designed at the NPI cyclotron employing the 
proton-induced deuteron break-up reaction. The primary spectra of produced neutron field 
were measured by the scintillator-detector technique. For the neutron activation tasks, these 
data are not sufficient to determine the spectral flux at actual position of irradiated samples.  
In present work, the simple approach is used to calculate the averaging effect of sample and 
target dimensions on the flux density at sample positions. To test the calculated data, the 
dosimetry foils (Al)  were irradiated at different positions with respect to the source target and 
investigated by the -spectrometry with calibrated HPGe detector. Results are discussed with 
respect to possible experimental calibration of neutron flux density at sample positions.

Introduction

The neutron source reaction d(40 MeV)+Li of projected International Fusion Material 
Irradiation Facility (IFMIF) produces a white spectrum with mean energy of 14 MeV and high 
energy tail up to 35 MeV (50 MeV at substantially lower intensity). Therefore, the radiation 
effects on IFMIF materials are to be investigated at relevant neutron energies.
To simulate the IFMIF neutron spectrum employing the NPI cyclotron-based Fast Neutron 
Facility (FNF), the p(37 MeV)+D reaction has been selected as the most suitable candidate. 
Due to targetry considerations (heat dissipation of 800 W beam power), flowing heavy water 
instead of D-gas was preferred as target medium. The first-time measured neutrons from the 
reaction D2O(p,xn) were investigated employing proton beam of the variable-energy cyclotron 
U-120M. The liquid scintillator-detector technique (BC-501) and two-dimensional n-
discrimination hardware together with multiparameter data-acquisition system have been 
used in the experiment. Resulting neutron spectra at 24 MeV proton energy are shown in 
Figure 1 (left side).  For 37 MeV protons (right side of Figure 1), the neutron spectrum 
extends up to 35 MeV with the mean neutron energy n = 13.9 MeV. Both observables well 
simulate dominant spectral data of the IFMIF neutron field. For proton beam current of 20 µA, 
the zero-degree neutron yield Yn = 8.8 1011 n/sr/s  provides suitable tool for a wide class of 
integral benchmark experiments relevant to the IFMIF dosimetry and the neutronic 
calculations [1]. 
The data of spectral observables of neutron yield from p+D2O reaction were measured in the 
point-like geometry of experiment (long detector-to-target distance). In order to translate 
measured data to the vicinity of the target (to the location of irradiated samples), an averaging 
of relevant observables over the target and sample dimensions have to be carried out. In 
such kind of task, the incomplete set of observables experimental data and also the gaps in 
theoretical approach make the solution difficult. Recently, the multifoil activation technique 
was utilized [4] to determine the “in-foil” neutron spectra for the d-Be and d-Li neutron source 
of FZ Karlsruhe cyclotron [4]. In these experiments, the unknown “in-foil” spectra were 
determined employing measured reaction rates from selected dosimetry reactions for an 
adjustment of the guess - “point-like-geometry” - spectra (measured at large distance by 
relevant scintilator techniques). In present work, an attempt was undertaken to evaluate the 
condition for testing this adjustment procedure experimentally. 

Calculation of Target/Sample-Size Effect

With this aim, the numerical calculations of both the flux density and mean energy of neutron 
spectra was performed for the source reaction p(37MeV) + D2O. Due to insufficient set and 
range of measured data, a roughly simplified simulation for the energy and angular 
dependence of both observables was done utilizing similarity of characteristics for deuteron 
break-up reactions [2]. Results of numerical calculation are shown in Figure 2. Here, the 
dependency of flux densities  along the sample radius on the target-to-sample distance x is 
given (the x = 0 value was selected at 17 mm distance from the input foil of D2O target). As 
can be seen, the flux density n changes by the factor of 5 along the sample radius at sample 
located nearby the target (x = 5 mm). However, the n only slightly deviates from point-like 
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geometry value for distances above about 80 mm. Similar behavior was determined also for 
the mean neutron energy (not shown), which slope down from 13.5 to 10.2 MeV along
sample radius (from 0 to10 mm) for 5 mm distance, while above about 80 mm the calculated
value 13.9 MeV corresponds to mean energy of the  “point-like-geometry” spectrum. 
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Figure 1. The angular distribution of integral yield and mean neutron energy (both 
observables in imbedded picture) and the spectral yield of neutrons from the D2O(p,xn)
reaction at 24 MeV incident proton energy (left) and at 37 MeV  (right) . Here, the activation 
cross section for the 27Al(n, )24Na*( ) reaction is given as well for a comparison (see text).

Experiment

The Al dosimetry foils were selected for testing the dependency of flux density at different 
distances from the source target. In Figure 1 (right), an activation function of the known 
27Al(n, )24Na( ) reaction cross section is given together with the neutron spectrum of initial
D2O(p,xn) reaction. A suitable overlap preserves nearly constant efficiency of Al monitor with 
respect to expected slowing down of the mean energy of spectrum due to averaging effects 
(see above). The activation foils were located in the sample holder at different distances from 
D2O target (see Figure 3) and irradiated by 37 MeV proton beam for different time periods 
ranged from 30 to 600 min. The beam current was digitized and registered by PC to obtain 
the total charge and the irradiation behaviour function in each exposition as well. Induced 
radioactivity of the samples were measured with calibrated high-purity germanium detectors. 
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ordinate x indicates the target-to-
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Results and Conclusions 

Resulting reaction rates in form of specific activities As(Bq/kg cm2 µC) were normalized to 
calculated  neutron flux density n(n/µC cm2) for the foil dimension of d = 18 mm at the 
distance of x = 78 mm. In the Figure 4, normalized flux density data are compared to curves 
calculated for two foil dimension (d = 10 and 20 mm). In the same Figure, the neutron flux
density is given as determined for 5x5 mm sample dimension for FZ Karlsruhe d(40MeV)+Li
source at similar target-geometry disposition [2]. For this datum, the factor k = 
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Yn(pD2O)/Yn(dLi) = 0.11 was employed, which corresponds to the ratio of integral neutron 
yields for nearby incident energies
The agreement of calculations with experimental data is good, if the simplified model used is
taken into account. Of course, the Monte-Carlo modeling (being in progress at FZ Karlsruhe
for present p+D2O source) should lied to more reliably calculated picture. The only qualitative 
agreement of Karlsruhe experiment with present calculations indicates different angular 
shape of d+Li neutron yield compared to present model.
We can conclude, that some minimal target-to-sample distance could be determined for
which the “point-like-geometry” approach to spectral characteristics is correct at 
predetermined accuracy. The irradiation of dosimetry-foil set at such distance could provide 
the experimental calibration tool which could reduce the accuracy limits coming usually from 
not precise knowledge of the activation cross sections in relevant deconvolution procedures. 
The high power of present source seems to be suitable for reaching well calibrated neutron
field for activation experiments. 

Figure 3. NPI FNF, the target station 
for activation experiments: (1) 
cyclotron, (2) beam guide and
vacuum system, (3) beam-diagnostic
hardware, (4) quadrupole lenses, (5)
beam-guide support, (6) target
chamber of heavy-water flow, (7)
holder for irradiated samples (sub-
miniature fission chambers in actual
positions).
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Optimisation Study of the GELINA Neutron Target 
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Abstract. Neutronics calculations of the present GELINA target were performed, in which for 
the first time the various quantities of interest were simulated using coupled electron-photon-
neutron steady-state and transient MCNP4C3 calculations. In order to carry out such 
simulations we used the capability of the MCNP4C3 code to deal with the photonuclear 
physics. Here we present results of the absolute flux simulations, which were compared with 
measured direct and moderated neutron spectra at specific flight paths and distances. 
Further, the resolution functions of the present target were simulated, and compared with 
those presently used. These comparisons served to validate our approach and used 
simulation techniques. 

Introduction 

The Geel Electron Linear Accelerator (GELINA) facility [1] is a powerful white spectrum 
neutron source designed for high-resolution neutron cross section measurements. A pulsed 
beam of electrons with energies up to 140 MeV produces bremsstrahlung in a target of 
depleted uranium, which in turn, by photonuclear and photofission reactions, produces 
neutrons. The energy of the neutrons reaching detector is determined using time-of-flight 
method.
The main challenge of the project is to reduce the time spread of neutrons of given energy 
without compromising the neutron yield. This would improve further the neutron energy-
resolution of the GELINA facility. The project comprises two parts: a) the neutronics part 
where the neutron production is of interest b) the heat transfer part where the safe heat 
removal from the target is the main objective. The second part becomes equally important 
when one realizes that GELINA is capable of producing an electron beam with an average 
power of 10 kW, and therefore there is a high power density existing in the target materials 
during the operation of the facility. Further, the heat transfer problem should be treated in 
close relation with the neutronics calculations, since the presence of a coolant as an 
additional material can significantly affect both the neutron production and the resolution 
functions of the new target design. 
During a previous investigation steady-state and transient MCNP4C3 [2] calculations of the 
existing target were determined, in which the neutron yield, the energy spectra, and the 
neutron time spread were evaluated [3]. Here we present the MCNP4C3 calculations 
compared with measurements of the absolute neutron flux: one measurement was done at an 
angle of 81  at a distance of 60 m, another measurement was carried out at an angle of 90 ,
and a distance of 200 m. Further, the resolution function calculations for the moderated 
neutron spectrum were made for various flight-path angles. Finally, the comparison of the 
resolution functions was carried out with the earlier calculations made by Coceva et al. [4]. 
This investigation served to validate the MCNP4C3 geometrical modeling of the present 
target as well as the simulation techniques used. 

The MCNP4C3 modeling 

MCNP4C3 is well established for coupled electron-photon-neutron transport. For the 
photonuclear physics available in this code we used photonuclear data libraries LA150u [5] 
and LA-UR-02-124 [6]. 
Two special variance reduction techniques were used. The first, called DXTRAN [2], was 
needed for the flux simulations of the moderated neutron spectrum in order to investigate a 
flux profile over the active area of the detector. The simpler second technique, called point 
detector [2], was applied for the unmoderated neutron spectrum. The point detector technique 
is in principle the same technique as DXTRAN, if the radius of the DXTRAN sphere is zero. 

Absolute flux comparison for the moderated neutron spectrum 

The measurement was performed at a neutron flight-path with an angle of 81  with respect to 
the electron beam, and at a distance of 60 m. The absolute neutron flux was measured with 
an ionisation chamber with 6 boron layers having a total thickness of 210 g/cm2. A lead bar 
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placed between the rotary target and the flight-path absorbed the direct neutrons coming from 
the target. 
The measured neutron flux spectrum is reproduced within 20 %, and is in good agreement
with our MCNP4C3 simulations (Fig. 1). Various uncertainties influence the measurement and
the simulation. Mainly these are the inaccuracy of the photonuclear data [7], the variation of
the GELINA beam parameters, and the measuring techniques. The slope of the spectrum is
very well described, which indicates the high accuracy of the moderation process modeling.
For the water moderator in the thermal energy range, the S( , ) and the free gas models
were used, which take into account the thermal motion of the atoms. Moreover, the S( , )
model takes into account the effects of chemical bindings for interactions with neutrons of
energies below 4 eV. The comparison of the results shows that the MCNP4C3 calculation of
the thermal peak of the neutron spectrum is in a better agreement with the measurement if
the S( , ) model is used. In the energy region from 0.5 eV up to 4 eV the free gas model
shows slightly better agreement with the measured data.
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Absolute flux comparison for the direct neutron spectrum

The measurement was carried out at a neutron flight-path with an angle of 90 with respect to 
the electron beam. The detector was positioned 200 m away from the target. The neutron flux
was measured with a U-235 fission chamber containing 8 deposits with a total thickness of
3.07 mg/cm2. The moderated neutrons were shielded in this case.
Fig. 2 shows an agreement within 20% of the neutron spectra in the energy range up to 5
MeV. Above this energy, a higher discrepancy between the neutron spectra is apparent. This
is probably caused by an inaccuracy of the ( ,xn) emission spectrum in the photonuclear data 
library for 238U, which is used by the MCNP4C3 code. Another parameter, that could explain
these deviations, is the material composition and the homogeneity of the boron filter serving
to eliminate the overlap neutrons. The inaccurate knowledge of these parameters could
influence significantly the shape of the neutron spectrum, as these parameters were 
implemented in our simulations too. 

Resolution functions at angle 81  of the moderated neutron spectrum

Neutrons produced by GELINA of a certain energy have a distribution in time due to
scattering in the target and moderator. This distribution, called the resolution function [4], 
broadens the natural width of the neutron resonance in the experiment together with the
Doppler effect, the detector response, the electronics and the electron-gamma shower. A 
convenient way to view the RF is to transform the time into the so-called delay distance,
which is an effective prolongation or contraction of the flight-path length. This has practical
advantages since in this representation the RF does not depend strongly on energy leading to 
the efficient use of bins in a Monte Carlo method. The neutron time/energy structure at any 
detector location can be completely reconstructed using the RFs. Therefore knowledge of the
RFs is essential to obtain the “real” shape of the resonances from measured data.
The neutrons originating directly from the target were shielded in order to obtain the
moderated neutrons. The electron pulse of 1 ns with the energy of 70-140 MeV was applied.
The neutron energy range was subdivided into intervals from 1 eV up to 3 MeV, in which the
resolution functions are very similar owing to the use of the delay distance.
The resolution functions are in very good agreement with those which are presently used and
were introduced by Coceva et al. [4], see Fig. 3. We used the logarithmic scale in order to
emphasise otherwise small discrepancies in the tail of the resolution functions, this effect
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increases for the high neutron energies. Still, mainly the resolution functions for lower
energies are of the interest, since the direct neutron spectrum was shielded in the simulation.
All results of these simulations have relative errors below 5 %, which is a reasonable limit for 
use of the point detector in the MCNP4C3 code.

-5 0 5 10 15
10-4

10-3

10-2

10-1

100

P
ro

b
a

b
ili

ty
 D

en
si

ty
 F

u
n

ct
io

n
 (

cm
-1
)

Delay Distance (cm)

MCNP4C3 1-10eV
Coceva

-5 0 5 10 15
10-4

10-3

10-2

10-1

100

P
ro

b
a

bi
lit

y 
D

e
ns

ity
 F

un
ct

io
n 

(c
m

-1
)

Delay Distance (cm)

  MCNP4C3 0.1-1keV
  Coceva

-5 0 5 10 15
10

-4

10-3

10-2

10-1

100

P
ro

b
a
b

ili
ty

D
e
n

si
ty

 F
u
n
ct

io
n
 (

cm
-1
)

Delay Distance (cm)

MCNP4C3 3-10keV
Coceva

-5 0 5 10 15 20
10-4

10-3

10-2

10-1

100

P
ro

ba
b

ili
ty

 D
en

si
ty

 F
u

nc
tio

n
 (

cm
-1
)

Delay Distance (cm)

  MCNP4C3 30-100keV
  Coceva

Figure 3. Resolution functions of the GELINA target in the flight-path 81

Conclusions

The GELINA white spectrum neutron source has been modelled using the coupled electron-
photon-neutron MCNP4C3 code. Both steady-state and transient calculations have been
performed. New photonuclear data libraries have been added to the MCNP4C3 code in order
to improve the quality of the simulation results. The neutron flux measurements at different
flight-paths were compared with the MCNP4C3 steady-state simulations. The results show a
good agreement within uncertainties related to the measurement parameters, the MCNP4C3
geometry and material composition, and the accuracy of the photonuclear data. Further, the
time-dependent calculations were carried out using the moderated neutron spectrum in order
to obtain the resolution functions of the present GELINA target. The comparison with those
from Coceva shows a high accuracy of the resolution functions presently used at IRMM to
process measurement data. Our simulations introduced here, as well as our previous
investigation [3] show that the MCNP4C3 code together with the new photonuclear data
libraries are well-suited for the neutronics part of the GELINA target optimisation study. 

References
[1] A. Benussan, J.M. Salome, “Gelina: a modern accelerator for high-resolution neutron time 

of flight experiments,” Nucl. Inst. Meth., 155, pp.11–23 (1978).
[2] J. F. Briesmeister, ed., "MCNP - A General Monte Carlo N-Particle Transport Code,

Version 4C," LA-13709-M, LANL, Los Alamos, USA, April 2000.
[3] M. Flaska et al., “Study of properties of the GELINA neutron target,” Proceedings of The

Nucl. Mathematic. And Comput. Sciences, A Century In Review – A Century Anew,
Gatlinburg, Tennessee, USA (2003).

[4] C. Coceva, A. Magnani, “Resolution Rotary Target”, Internal report GE/R/ND/06/96, EC-
JRC-IRMM, Geel, Belgium (1996).

[5] M. C. White, “Release of the LA150U Photonuclear Data Library,” X-5:MCW-00-87(U),
LANL, Los Alamos, USA, (2000).

[6] IAEA-TECDOC-1178, Handbook on photonuclear data for applications: Cross sections
and spectra, Vienna, Austria, October 2000.

[7] S. S. Dietrich, B. L. Berman, “Atlas of photoneutron cross sections obtained with 
monoenergetic photons,” Atomic Data and Nuclear Data Tables, 38, p.199-338, (1988).



106

Some applications of neutrons in biology and medicine 

S. M. Qaim 

Institut für Nuklearchemie, Forschungszentrum Jülich GmbH, D-52425 Jülich, Germany 

Abstract. Neutrons find application in several areas of biology and medicine, e.g. elemental 
and structural analysis of biological materials and biomolecules, radiation therapy, 
radionuclide production for diagnosis and therapy, etc. A brief review of some of the important 
applications is given. It is anticipated that in the future both reactor and accelerator based 
neutrons will remain in demand. 

Introduction  

Neutrons find application in several areas of biology and medicine, the major deciding factors 
being their energy, spectrum and flux. In general the applications can be divided into three 
groups:  

- analytical applications 
- radiation therapy  
- radionuclide production 

In this article a brief survey of those applications is given. 

Analytical applications 

The analytical applications include elemental analysis of biological materials and structural 
analysis of biomolecules using slow neutron beams. We consider the two areas in some 
detail.

Elemental analysis 

Extensive analytical work has been done via the activation technique, which makes use of 
neutrons, charged particles or photons. The latter two methods are, however, limited in 
scope, most of the analytical work being done using neutrons. This is due to high penetrability 
and activation capability of the neutrons. Both slow and fast neutrons are useful in activation 
analysis, with their respective areas of application. Slow neutrons (especially thermal 
neutrons) generally induce the (n, ) reaction whose cross section is relatively high for the 
medium and heavy mass nuclei. Fast neutrons, on the other hand, induce (n,p) and (n, )
reactions, especially in the light mass region. Since the available fluxes of slow neutrons (e.g. 
in a nuclear reactor) are much higher than those of fast neutrons (e.g. from a dt or dd 
generator), the slow (thermal) neutron activation analysis is used much more frequently than 
the fast neutron activation analysis. In fact the latter is used only in special cases for detecting 
light mass elements. The best example of the fast neutron activation analysis is the analysis 
of oxygen in biological materials via the 16O(n,p)16N reaction with 14 MeV neutrons. The 7.1 s 
16N enits two high energy -rays (6.13 and 7.11 MeV) which can be detected without much 
interference from other -rays. 
The thermal neutron activation analysis is generally carried out using a nuclear reactor, 
although some small scale work is also performed using an isotopic fission neutron spectrum 
source (like 252Cf). The analytical work performed can be classified into two groups, namely 
instrumental neutron activation analysis (INAA) and radiochemical neutron activation analysis 
(RNAA). The latter demands more effort since quantitative radiochemical separations are 
involved. On the other hand, the sensitivity achieved is higher. Today RNAA is applied only in 
special cases, e.g. when the investigated product is very weak or when it decays almost 
exclusively via - emission. In general, most of the studies performed make use of the INAA. 
The INAA is applied in one of the following three modes: 
 Conventional -ray spectrometry. The irradiated sample is subjected to  

HPGe or Ge(Li) detector -ray spectrometry and the complex spectrum is  
analysed using a suitable software. Using this technique a large number of elements 
are simultaneously analysed. 

 Cyclic irradiation -ray analysis. Some short-lived activation products with  
half-lives in the range of a few seconds are best characterized via this technique. The 
irradiated sample is transferred rapidly to the detector for counting. Thereafter it is 
transferred back to the irradiation position. This back and forth cycle is repeated 
several times to obtain good counting statistics. The method is applied to the analysis 
of a few specific elements. 

 Prompt -ray analysis. For many elements conventional neutron activation  
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analysis is not applicable or it has very low sensitivity. In those cases prompt -ray 
analysis may be more suitable. A typical case is the analysis of hydrogen. The 
neutron-proton scattering at sub-thermal energies leads to the prompt emission of 
2.223 MeV -ray, which can be easily identified. Very recently, considerable progress 
has been made in the use of this technique [cf. 1]. 

Neutron activation analysis has been finding extensive application in various fields like 
medicine, environmental research, archaeology, geology, etc. In recent years, however, 
several high-sensitivity non-nuclear techniques have also been developed [cf. 2] which pose 
considerable challenge to the neutron activation analysis. For comparison the absolute 
detection limits of some elements via different techniques are given in Table 1. It is evident 
that in a few cases mass spectrometry (MS) has superseded neutron activation analysis 
(NAA). Nonetheless the latter is still superior in many cases. 
As far as application of NAA in medicine is concerned, the technique has been extensively 
used in the analysis of trace elements. In some cases, deficiencies in certain elements found 
in the human body have been correlated to certain diseases.  

Structural analysis 

The structural analysis of aggregates and special molecules can be done via scattering of 
neutrons. Thermal neutrons have wavelengths comparable to the interatomic distances, and 
their energies are on the order of atomic excitations. Neutron spectroscopy therefore allows to 
investigate the interatomic interactions. In those studies, differentiation is possible not only 
between neighbouring elements but also between neighbouring isotopes. The small angle 
neutron scattering (SANS) technique has proved to be very advantageous for the analysis of 
aggregates of materials. 
The chemical structure analysis is possible via neutron diffraction studies. It is known that the 
diffraction of a neutron occurs from the nuclei of atoms and not from the extended electron 
shells. Furthermore, the diffraction probability does not depend strongly on the diffraction 
angle. Neutrons are thus specially suited for localisation of light elements, even in presence of 
heavy elements.  

Table 1. Absolute detection limits of ome elements using different techniques (10s -9g)

Element NAA*
Spectro-

photometry
Mass

spectrometry
AAS

Flame
photometry 

OES

   Ag 0.01 5 0.2 1 3 0.5
   As 0.1 10 0.06 100 100 100
   Au 0.05 5 0.2 5 50
   Br 0.5 10 0.1
   Cl 1 100 0.04
   Co 0.5 3 0.05 2 8 5
   Cu 0.1 2 0.08 0.3 1 0.5
   Dy 0.0001 0.5 300 4
   Eu 0.0005 4000 0.2 100 1
   F 100 50 0.02
   Hg 1 5 0.6 30 100 10

      I 0.5 10 0.1 500
   Ir 0.01 6 0.3 5000
   Mn 0.005 5 0.05 0.5 0.5 0.3
   Sb 0.5 4 0.2 10 30 10
   Se 500 200 0.1 100 600
   U 0.5 300 0.2 200
   V 0.1 10 0.04 100 10 1
   Zn 10 100 0.1 0.3 80 10

*  Using a medium flux nuclear reactor. 

In structural studies both neutron and X-ray diffraction are used. In recent years synchrotron 
radiation is also being increasingly utilized. Through a combination of all those techniques it is 
possible to characterize electron densities in a molecule, and thus the bond character in the 
molecule. This way structures of many complex biomolecules, like proteins, amino acids, etc. 
have been characterized. 

Radiation Therapy 

Radiation therapy involves biological changes under the impact of radiation. The aim is to 
cure malignant tumour through energy deposit at the site of the tumour. Of considerable 
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significance in this regard is therefore the linear energy transfer (LET) to the tissue. The
typical LET values for different radiations used in therapy [cf. 3] are given in Table 2. 
The standard radiation therapy entails photon therapy and involves the use of X-rays, -rays
and high-energy photons. The -rays are generally supplied by a strong radioactive source
like 137Cs or 60Co and high-energy photons are generated using linear electron accelerators.
Neutrons are used in therapy for special treatments, the thermal neutrons, for example, in 
neutron capture therapy, and fast neutrons for treatment of deep-lying tumours. We discuss
these two aspects in some more detail below.
The best use of thermal neutron therapy to date is in the so-called “boron neutron capture
therapy (BNCT)”. This involves introduction of a boron containing chemical compound (e.g.
BSH or para-borono-phenyl-alanine (BPA)) in the organ containing tumour, followed by 
irradiation with slow  neutrons. The nuclear reaction induced 10B(n, )7Li leads to the back-to-
back emission of the charged particles  and 7Li.

 Table 2. Typical LET-values for different radiations*

Radiation     LET  (keV/ m)
Cobalt-60 -rays 2
250 kV X-rays 3
Protons 3

-particles 5
--mesons 10

Carbon ions 15
Neon ions 50
Fast neutrons 75
Argon ions 150
Boron neutron capture 150

  * Taken from [3]. 

Both of these particles lose their energy in the vicinity of the reaction centre and deposit heat
energy in the tissue, which leads to the therapeutic effect. A schematic representation of the
nuclear process is given in Fig. 1. The calculated ranges of recoiling - and 7Li-particles
show, that the combined range amounts to 12 – 13 m, which is similar to mammalian cell
dimensions, and thus ideally suited for the therapeutic application.
Although BNCT has a great therapeutic potential, its use has not been wide spread. The main
reason lies in the chemical properties of boron. It is a toxic element, hence the use has to be
very carefully controlled. Since to date very few organ specific boronated compounds have
been developed, the BNCT has found only limited use, mostly at reactor sites. Accelerator 
based neutron sources have as yet not been used for this type of therapy.
Another type of slow neutron capture therapy under consideration consists of the use of the 
element Gd instead of B. The two nuclear reactions involved, namely 155Gd(n, )156Gd and 
157Gd(n, )158Gd, have very high cross sections of 61000 b and 254000 b, respectively [cf. 4].
The emitted -rays would lead to the therapeutic effect. The problem of organ specificity
mentioned above in the case of B, however, remains for Gd also.

Figure 1. Schematic representation of BNCT. The charged particles emitted in the 
interactions of 10B with thermal neutrons cause the therapeutic effect over a range of about 
13 m.
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Figure 2. Depth dose 
curves for a 66 MeV p(Be)
neutron therapy beam and 
a 200 MeV proton therapy
beam compared with 
conventional radiotherapy
beams (after Ref. [3]).

Fast neutron therapy is performed using a medium-sized cyclotron. In general a     70 MeV
p(Be) spectral neutron source is used, although in some previous studies a 50 MeV d(Be)
source was preferred. Fast neutrons have a high LET-value  (cf. Table 2) due to
neutron-proton scattering as well as due to charged particle emission processes, which
deposit considerable amount of heat energy in the vicinity of their production.
The dose depth profiles of several types of radiation used in therapy are given in Fig. 2. The
advantages of 66 MeV p(Be) neutrons are higher biological efficiency and improved dose 
profile. It should, however, be emphasized that proton therapy, because of the associated
Bragg peak, is superior to neutron therapy. The latter is more useful for irradiation of larger 
areas and, especially, for treatment of deep lying, resistant malignant tumours.

Radionuclide production

Radionuclides are used in modern nuclear medicine both for diagnosis and therapy. Whereas
for the former either -ray emitters or positron emitters are needed, for the latter -particles,
low-energy - particles or Auger electron emitters are required     [cf. 5].
The diagnostic studies are performed today via emission tomography, i.e. by introducing the 
radioisotope in the body and measuring the radioactivity from outside (in-vivo studies). For
this purpose both Single Photon Emission Tomography (SPECT) and Positron Emission
Tomography (PET) are used. The latter is superior, since it is faster and quantitative. 
However, it is also more costly. This is why SPECT is used much more commonly than PET. 
In radioisotope therapy, i.e. internal radiotherapy, the soft but highly ionising -radiation is
brought to the area of malignant tissue either mechanically through seeds or stents
(brachytherapy) or via a
biochemical pathway (endoradiotherapy). The latter is more demanding since the
radiotherapeutical must remain stable during the whole period of action. 
As far as production of radionuclides is concerned, it needs to be emphasized that the 
neutron induced reaction, e.g. in a nuclear reactor, can give rise to both SPECT and 
therapeutic radioisotopes. They, however, do not lead to positron emitters in sufficient
quantities. Hence, a neutron source is not capable of delivering radionuclides for PET studies.
One of the main reactions for production of radionuclides in a nuclear reactor [cf. 6] is the
(n, ) process. A few examples are: 31P(n, )32P, 50Cr(n, )51Cr and 197Au(n, )198Au. In a high flux 
reactor, double neutron capture is also possible, e.g. 186W(n, )187W(n, )188W.
The major drawback of the (n, ) process is that it leads to a product of low specific activity.
This is overcome in a few cases by using the decay product of the formed radionuclide, rather
than the reaction product itself. Three very important examples are:

98Mo(n, )99Mo (T½ = 66.0 h) 99mTc (T½ = 6.0 h) 
124Xe(n, )125Xe (T½ = 16.9 h) 125I (T½ = 59.4 d) 
130Te(n, )131m,gTe (T½ = 25 min; 30.0 h) 131I (T½ = 8.08 d) 
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In fact 99mTc, 125I and 131I are the three most important reactor nuclides: the former finds
application in SPECT, the second in radio immuno essay (RIA) and the last one in thyroid
therapy.
Two other processes, which lead to no-carrier-added products are nuclear fission and (n,
charged particle) reactions. Examples of fission produced radionuclides are 90Sr, 99Mo and 
131I. In particular the 99Mo produced via the fission process is considered to be much superior
to the 99Mo produced via the 98Mo(n, )-process. The demands on the radiochemical
separation of 99Mo from a mixture of fission products are, however, very stringent. The
(n,charged particle) reaction, especially the (n,p) reaction, is generally used, when the two 
other methods described above are not applicable. A few examples are 32Se(n,p)32P and
89Y(n,p)89Sr reactions. The yields of those processes are, however, relatively low.
The production methods of all important radionuclides in a nuclear reactor have been worked
out well [cf. 7] and many of the radionuclides are now commercially available. In fact it is such
a big commercial enterprise that the existence of some nuclear reactors could be justified only
on the basis of radionuclide production.
99mTc

The most commonly used radionuclide in medicine in general and in diagnosis via SPECT in
particular is 99mTc. It decays via IT to 99gTc, emitting a single -ray of 142 keV energy. Due to
a relatively short half-life of 6.0 h and due to the absence of corpuscular radiation, the dose
caused to the patient is minimum, and thus this radionuclide is ideally suited for diagnostic
examinations. It is readily available through a generator system, the parent activity 99Mo (T½ = 
66.0 h) having been previously separated  from the fission products. A typical generator is 
shown in Fig. 3. The fission 99Mo is adsorbed on an Al2O3 column and periodic elution with
normal

Figure 3. A typical
99Mo/99mTc generator 
system. The fission 99Mo
is adsorbed on an Al2O3

column and 99mTc is 
eluted periodically with 
normal saline.

saline leads to the removal of the daughter 99mTc activity, formed during the waiting period, in
the form of Na99mTcO4. The eluted solution is generally led to a capsule containing a chemical
compound. The ensuing chemical reaction leads to a product labelled with 99mTc, which is
suitable for examination of some specific organ. Such a procedure is known as a “kit 
procedure” since the in-situ labelling is effective and does not demand any extra quality
control protocol. The structure of a typical Tc-complex L-HMPAO, known commercially as
Certec®, is shown in Fig. 4. It is  commonly used for blood flow studies. The development of
kits is further enhancing the demand for high-quality 99mTc from suitable generators. It needs
to be pointed out that despite the great progress in PET studies in recent years, in-vivo
scanning using 99mTc-radiopharmaceuticals still constitutes more than 70% of all nuclear
medical diagnostic investigations.

Therapeutic radionuclides

A far as internal radiotherapy is concerned, especially in the case of systemic therapy, most 
commonly purely - particle emitting radionuclides like 32P, 89Sr, 90Y, 186Re, 188Re, etc. are
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used, and all of them are produced using nuclear reactors [cf. 8]. In recent years some 
lanthanide radioisotopes have also been gaining considerable therapeutic significance,
especially because they tend to accumulate in the bone marrow and are thus potentially very 
potent for curing some bone marrow tumours. Yet another very promising -particle emitting 
radionuclide, 225Ac, is obtained via processing of spent fuel. In short most of the therapy 
related radionuclides can be produced only in conjunction with the nuclear industry.

Figure 4. Chemical structure of the 
Tc-complex L-HMPAO, commercially
known as Certec®.

It appears interesting to consider the prospect of producing some therapeutic radionuclides at
future neutron spectral sources. In a simulation study performed using a 14 MeV d(Be)
neutron source it was recently shown [9] that the cross sections for (n,p) reactions on 64,67Zn
and 89Y, leading to the therapeutic radionuclides 64, 67Cu and 89Sr are by a factor of 3 to 5
higher than the cross sections with fission neutrons. Thus it is expected that future ADS-
based neutron sources could be advantageously used for the production of a few therapeutic
radionuclides via the (n,p) process.

Conclusion

Neutrons find application in several areas of biology and medicine, the major deciding factors
being energy and flux. Most of the applications, especially activation analysis and
radionuclide production, demand high fluxes of low-energy neutrons. The (n, ) or fission
produced 99Mo finds application in preparation of 99Mo/99mTc generator systems, which are
widely used in diagnostic nuclear medicine. Fast neutrons are mostly needed for therapy. Use 
of fast neutrons in production of a few therapeutic radionuclides via the (n,p) process appears
to be promising. It is anticipated that both reactor and accelerator based neutron sources will 
remain in demand in the future, too. 
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Abstract. Main results obtained by INAA in some ongoing research projects in Romania are 
presented in this paper. Air pollution was examined in six industrial locations and a 
background site using transplant lichen bioaccumulators, aerosol filters and bulk deposition. 
Environmental impact of a phosphate fertiliser plant was investigated on soil and vegetation 
collected around the plant, as well as workplace air and tap water. Modifications of trace 
element concentrations in four types of tumoral skin tissues were assessed relative to normal 
tissue. INAA was applied at NIPNE in Bucharest, IRI-TU Delft and JINR Dubna. 

Introduction 

This paper presents some applications of Instrumental Neutron Activation Analysis (INAA) at 
nuclear reactors in the ongoing research projects "Air pollution monitoring by sampling 
airborne particulate matter combined with lichen bioaccumulator exposure" [1-2], “Fertilisers 
and Health” [3-7], and “Metals and trace elements in relation to the neoplastic and 
degenerative diseases” [8].  
Air pollution in Romania was examined at six locations with different types of industrial activity 
and a background site with relative clean air by using transplant lichen bioaccumulators (6 
and 12 months exposure), bulk (wet and dry) deposition, and airborne particulate matter 
collection. Environmental impact of a phosphate fertiliser plant was investigated on soil and 
vegetation (tree leaves, potato, carrot, and corn) collected at different distances from the 
plant, as well as workplace air and tap water; the occupational exposure was examined using 
biosubstrates (hair and nails). Modifications of the elemental concentrations in tumoral skin 
samples (four types of disease) were studied by comparison with normal tissue.  
INAA for long half-life radionuclides was carried out at NIPNE Bucharest (TRIGA reactor in 
Pitesti), also at IRI-TU Delft for bulk deposition and 12 months lichen exposure, and JINR 
Dubna for biosubstrates; the elements determined were Ag, As, Au, Ba, Br, Ca, Co, Cr, Cs, 
Fe, Hf, Hg, K, Mo, Na, Ni, Rb, Sb, Se, Sr, Ta, Th, U, W, Zn, Zr, and Rare-Earths (Ce, Eu, Gd, 
La, Lu, Nd, Sc, Sm, Tb, Yb). INAA for short half-life radionuclides was applied at IRI-TU Delft 
on lichens, aerosol filters, bulk deposition and drinking water samples, and at JINR Dubna on 
vegetation surrounding the fertiliser plant, workplace dust and biosubstrates; the elements 
determined were Al, Ca, Cl, Cu, Dy, F, I, Mg, Mn, Ti and V. 
The majority of the induced radionuclides was produced by (n, ) reaction with thermal and 
epithermal neutrons followed by -, or +/EC decays. For Ni determination, the 58Ni (n,p) 58Co 
reaction with fast neutrons was used. 
In addition, X-ray Fluorescence Analysis (XRFA) at the University of Hohenheim in Stuttgart, 
Germany [1, 2] and Politehnica University in Bucharest [5], Inductively Coupled Plasma Mass 
Spectrometry (ICP-MS) at the Norwegian University of Science and Technology [1, 2], and 
Proton Induced X-Ray Emission (PIXE) at NIPNE Bucharest [8] were employed. This 
permitted to extend the number of elements determined (e.g. Ga, Ge, Nb, Pb, Pr, S, Sn and Y 
by XRFA [1, 2, 4, 5], as well as B, Bi, Ga, In, P, Pb, Pr, S, Sn, Tl and Y by ICP-MS [9]) and to 
perform an analytical quality control for the elements determined by different techniques. 

Materials and methods

Sampling
Atmospheric deposition samples 
Transplants of Evernia prunastri and Pseudevernia furfuracea lichens from the Italian Prealps 
were used as heavy metal biomonitors in locations with different types and levels of pollution 
in Romania: Afuma i near Bucharest (agriculture and mixed industry), Baia Mare (non-ferrous 
ore processing), Cop a Mic  (chemicals and non-ferrous industry), Deva (coal-fired power 
plant and cement factory), Fundata (background site in the Carpathian Mountains), Gala i

                                                          
* Corresponding author, e-mail: apantel@ifin.nipne.ro 
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(metallurgical industry) and Oradea (traffic, coal-fired power plants, inorganic dyes, and 
galvanic treatment).  
The lichens were exposed on polyethylene frames, at about 1.5 m above the ground, during 6 
and 12 months. Bulk deposition was collected for 6 and 12 months in polyethylene bottles of 1 
L with funnels of 5-cm upper diameter. Airborne particulate matter (< 10 µ) was sequentially 
collected on filters, during 2 months at every site (15 min every 2 h), in parallel with that at the 
reference station Afuma i.

Fertiliser factory environmental samples 
The TURNU phosphate fertilizer plant is situated on the left side of Danube River, at about 4 
km distance from Turnu Magurele town. The main by-products are NPK fertilisers, Ammonia, 
Nitric acid, Ammonium nitrate, Urea, Sulphuric acid, Phoshoric acid, Sodium fluorosilicate and 
Aluminium sulphate. The raw material represents phosphate rock imported from Algeria, 
Morocco, Tunisia, Jordan, Egypt, and Syria; depending by the type and geographical zone of 
provenance, it may contain rather large quantities of U and Rare Earths [4]. The sulphuric 
acid production is based on oxidation of pyrite (FeS2), using vanadium oxides as conversion 
catalysts. 
Samples collection was performed both inside TURNU factory (technological shops) and its 
surrounding. Surface soil and tree leaves were sampled from semicircular areas around the 
plant, at different distances from it, between 0.5 and 15 km (background area). Potato, carrot 
and corn samples were collected at 0.5-km distance to the plant and from a control area 
(Bucharest 130-km NE). Samples collected from technological shops consisted of air dust 
and drinking tap water. 

Skin samples 
Skin samples of the malign tumors Squamous Cell Carcinoma (SCC), Basal Cell Carcinoma 
(BCC), and Malignant Melanoma (MM), as well as the benign tumor Nevocytic Nevus (NN) 
were investigated (7, 2, 4, and 2 samples, respectively). The patients were 10 males and 10 
females, aged 32-88 years. Controls consisted of skin tissues (5 samples) from patients 
suffering of cutaneous cancer, but from a normal area (histopathological diagnose). 

Sample preparation  
The vegetation samples (tree leaves, potato, carrot and corn) were air dried for about one 
month at room temperature, then ground in an agate mortar. The lichen samples (2-3 g each) 
were dried for 2 days at 35 °C, then milled in an agate mill. The aerosol filters (dust deposition 
of 10-20 mg) were divided in order to be analysed by short and long half-life INAA, as well as 
XRFA and PIXE. 
The soil material (1-2 kg) was air-dried about a month, then ground and mixed several times 
in a porcelain mortar, with stepwise reduction of the sample by quarting. About 30 g of soil 
powder was distributed in a thin layer and dried again in air for more than 2 days, then forced 
through a 100 µ sieve. 
The liquid samples (bulk deposition of 0.2-0.8 L, and drinking water of 1 L each) were first 
concentrated by means of a rotating evaporator (VV2000 Heidolph Co.) and then dried on 
polyethylene foils under light bulbs in a ventilated space. A dry residue of 17-150 mg for bulk 
deposition and 145-330 mg for drinking water was obtained. 
The skin samples were freeze-dried (lyophilised) before analysis. 

Analytical method 
A weight of 100-150 mg of vegetation, soil and dust samples, and of 5-120 mg skin samples 
was used for INAA. For the liquid samples, the dry residues on polyethylene foils were first 
analysed for short half-life radionuclides, then for the long half-life ones, taking into account 
contribution from the plastic support (generally negligible). 
As standards, and also in analytical quality control, reference materials with certified element 
concentrations, such as IAEA-336 (lichen), IAEA-140 (Fucus seaweed), SRM-1515 (apple 
leaves), IAEA-MA/B-3 (fish homogenate), IAEA SD-M-2/TM (marine sediment), IAEA-Soil7, 
and WT-M (sludge from city water treatment, “pb-anal”, Košice, SK), as well as chemical 
compounds of Ni, Se, and Zr were used.  
For INAA in Bucharest, neutron irradiation was performed at TRIGA reactor of the Institute of 
Nuclear Research Pitesti, at a neutron fluence rate 1.5-3·1017 m-2·s-1. Irradiation time of 1-2 h 
for environmental samples, and 20 min for skin samples, counting time of 0.5-2 h after 4 and 
7-d decay time, and 2-24 h after 25-d decay time were chosen. Gamma ray spectrometric 
counting was carried out by means of a HPGe detector (EG&G Ortec) with 2.1 keV resolution 
and 30% relative efficiency.  
For INAA in Delft, a single comparator method using Zn as comparator element and as flux 
monitor was applied. Irradiation time of 20–30 s, decay and measuring time of 4 min were 
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selected to determine short T1/2 radionuclides. To determine long T1/2 radionuclides, 
irradiation time of 2 h, decay time 5 and 21 d, and measuring time of 1 h were used. The 
neutron fluence rate was 1.5·1017 m-2·s-1 and 5.5·1016 m-2·s-1 for short and long irradiation, 
respectively. The spectrometric equipment was based on coaxial and well-type HPGe 
detectors (Canberra). 
For INAA in Dubna, neutron irradiation was carried out at the IBR-2 reactor of JINR. A thermal 
neutron fluence rate of 1.23·1016 m-2·s-1 for short T1/2 radionuclides and epithermal neutron 
fluence rate of 7.5·1016 m-2·s-1 for long T1/2 radionuclides were used. The gamma-ray 
spectrometric systems employed HPGe detectors (Canberra). 

Results and discussion 

Both lichen species used in the air pollution monitoring presented significant enrichments 
(differences to “zero level”), for all the investigated elements after 6 and 12-months exposure, 
except for Br, Ca, K, Mg and Mn accumulated to a smaller degree, and for Na and Rb with no 
accumulation. The highest enrichments were determined for As, Ag, Au, Cd, Co, Cu, Sb, Se, 
and Zn at Cop a Mic , followed by Baia Mare (non-ferrous metal industries). Elements 
originating from metallurgical industry (e.g. Fe, Mn, and Cr), showed a significant 
accumulation at Gala i. The highest accumulation of V, especially emitted from oil burning 
was found at Afuma i (near Bucharest) [1, 2]. 
Figure 1 presents, as an example, the elemental concentrations (µg kg-1) determined by INAA 
in Pseudevernia furfuracea before exposure (“zero level”) and after 12 months exposure at 
the industrial sites Copsa Mica, Deva, and Galati. “Zero level” is a mean concentration value 
for ten sub-samples analysed prior to exposure.  
For most of the elements determined in soils surrounding the TURNU fertiliser plant a 
variation of their concentration with the distance to the plant was observed. Figure 2 illustrates 
the variations of Ag, As, Ca, Co, Cr, Fe, K, Mo, Na, Ni, Sb, Sc, Se, Sr, U and Zn 
concentrations in soil samples collected in the NE direction to the plant, determined by INAA 
(long half-life radionuclides). 
A decrease was observed for Au, As, Br, Ca, Co, Cs, Fe, K, Ni, Rb, Sb, Sc, Sr and Zn, except 
for some relative high values at 10 km (As, Ca, Sb, Sr and Zn) or at 7 km and 15 km (Br). An 
increase was observed for Hf between 0.5 km and 7 km. Rather constant concentrations were 
found for Cr, Mo, Na, Se, U, Zr and Rare Earths (Ce, Eu, La, Lu, Nd, Sm, Tb, and Yb), except 
for some relative high values at distances between 5 and 10 km. No significant variation with 
distance from the plant was evident for Ag, Ba, Gd, Ta, Th and W.  
The elements determined by INAA (long half-life radionuclides) in tumoral and normal 
(control) skin samples were Ag, As, Au, Ba, Br, Ca, Co, Cr, Cs, Eu, Fe, Hf, Hg, K, La, Na, Rb, 
Sb, Sc, Se, Sm, Sr, Th, U, W, Zn, and Zr. In general, their concentrations presented a large 
spread for the same type of samples. 
Figure 3 shows the ratios of the elemental concentrations in tumor relative to the normal skin 
tissue for Squamous Cell Carcinoma (SCC), Basal Cell Carcinoma (BCC), and Melanoma 
(MM) malign diseases, as well as Nevocytic Nevus (NN) benign disease. Higher 
concentrations in tumor compared with the normal tissue could be observed for some 
elements, such as: Ba, Cs, Eu, Hg, K, Rb, Sb, Se and Zn in SCC malign tumor; Ba, Br, Eu 
and Sb in BCC malign tumor; Ag, Eu, Fe, K, Rb, Sb, Se and Zn in MM malign tumor; Ag, Au, 
Ba, Ca, Ce, Co, Cr, Cs, Eu, Fe, Rb, Sb, Sm, Sr, Zn, and Zr in NN benign tumor. No significant 
differences in tumors compared with controls were found for Na, La, and Sc. 

Conclusions 

Both Evernia prunastri and Pseudevernia furfuracea lichens showed significant accumulation 
of Ag, As, Au, Cd, Co, Cr, Cu, Fe, Ni, Sb, Se, V, and Zn, in correlation with the bulk 
atmospheric deposition. The values of the element concentrations in air, relative to a 
reference station, confirmed the pollution patterns shown by the bioaccumulators. The 
interspecies calibration demonstrated a higher accumulating capacity of Cd, As, Co, Zn, Sb 
and Cu in Evernia prunastri, whereas Pseudevernia furfuracea was more suitable in 
accumulating Cr, V, and Fe [1, 2]. 



115

Mn Mo Na Nd Ni Rb Sb Sc Se Sm Sr Ta Tb Th Ti U V W Yb Zn Zr
1E-3
0.01
0.1

1
10

100
1000

mg kg
-1

mg kg
-1

Ag Al As Au Ba Br Ca Cd Ce Cl Co Cr Cs Eu Fe Hf Hg I K La Lu Mg
1E-3
0.01
0.1

1
10

100
1000

10000

 "Zero level"  Copsa Mica  Deva  Galati

 "Zero level"  Copsa Mica  Deva  Galati

Figure 1. Elemental concentrations in Pseudevernia furfuracea before exposure and after 12-
months exposure at Cop a Mic  (non-ferrous industry), Deva (coal-fired power plant and 
cement industry) and Gala i (metallurgic industry).
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Figure 2. Elemental concentrations in surface soil collected at different distances from
TURNU phosphate fertiliser plant (NE direction).
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Figure 3. Ratios of the elemental concentrations in tumor relative to normal skin tissue (SCC
- Squamous Cell Carcinoma, BCC - Basal Cell Carcinoma, MM – Melanoma, NN - Nevocytic
Nevus).

The major impact of the phosphate fertiliser plant to man and his environment was observed
to be via air particulate matter. That is proved by an increase of the trace element contents in
soil up to a considerable distance from the plant, in food crops, as well as in hair and nails of
workers in the plant compared with controls [4-7]. The concentrations of Ag, As, Ba, Co, Cr,
Mo, Ni, Sb, Se, and Zn in soils were found not to exceed the maximum permissible levels 
[10].
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For most elements studied in the skin samples (e.g. Ag, Au, Br, Ca, Ce, Co, Cs, Eu, Fe, K, 
Rb, Sb, Se, Zn and Zr) an enhancement of the concentration in different types of tumors 
compared with the normal tissue was found. These results are in agreement with those 
obtained by PIXE for P, S and K, as well as to a smaller degree for Ca, Fe and Zn in the 
same type of samples [8]. They are only preliminary results obtained for a rather small 
number of samples. 
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The biomonitoring study of environmental pollution by heavy 
metal deposition in Transsilvanian plateau of Romania using
INAA and AAS
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Abstract. This paper presents data for 34 elements in moss samples collected in the 
Transilvanian Plateau of Romania. A biomonitoring system employing the mosses Hypnum 
cupressiforme was used to determine the degree of metal pollution in different parts of this 
areas.The analyses were carried out by ENAA with the exception of Cu, Cd and Pb, which 
were determined by AAS.IAEA certified materials were used to ensure the quality of the 
measurements. Extremely high values were observed for Cu, Zn,As,Cd and Sb in parts of this 
territory affected by local industries. The levels are among the highest observed in most other 
countries of Europe using the moss technique. 

1. Introduction 

The increase of environmental pollution imposes an attentive analysis of polluting agents in 
air, water, soil, etc. which represents the support of life. A comprehensive survey of world- 
wide emissions of toxic metals into the atmosphere shows that the anthropogenic impact on 
the environment is becoming a decisive factor in the global cycle of many elements. The main 
sources of these pollutants in the atmosphere are industrial processes, thermal power 
stations, domestic heating systems and motor vehicles.Studies of atmospheric emissions of 
heavy metals from mining and processing and other industries abundant in Romania have 
been limited to pollution within and in the neighbor of the factories. The high concentration of 
industrial activity in very large enterprises is clustered in a compact geographical region. As a 
result, the environment in the area has reached a state of a deep ecological stress. Five of 
the most heavily polluting industries-metallurgy, chemicals, forest products, machine 
manufacturing, fuels and energy generation affects heavily the environmental quality in 
Romania. For example, some cities as: Copsa Mica, Galati, Resita, Hunedoara, Nadrag, 
Calan, Brasov, Baia Mare and Baia Sprie are on list of Romania cities characterized by the 
highest level of air pollution. Also, a high concentration of industrial activity is clustered within 
a limited geographical region in Transilvanian Plateau. As a result, the environment in this 
area has reached extremely high values for elements such as: Cu, Zn, As, Cd and Sb in parts 
of this territory affected by local metal industries. For exemple, non-ferrous metal processing 
plants pollute the surrounding of Copsa Mica, Zalau and Baia Mare with heavy metals such 
as lead, tin, copper and cadmium, the maximium values of the concentrations exceeding by 
far the permitted norms [1]. 

2. Methods 

The regional distribution of heavy metal deposition is studied by analysis of mosses.The 
methods was first proposed around 1970 by A. Ruhling and G. Tyler [8], University of Lund, 
Sweden, and since then, has been adopted for routine use in about 20 countries of Europe 
(B. Markert , H. Wolterbeek, M.C. Freitas, [5). The Nordic Expert Group for ”Atmospheric 
Heavy Metal Deposition in Northern Europe” is presently co-coordinating this work on the 
European scale. 
A combination of epithermal neutron activation analysis (ENAA) and atomic absorption 
spectrometry (AAS) provides data for concentration of about 42 chemical elements (Al, As, 
Ba, Br, Ca, Cd, Ce, Cl, Co, Cr, Cs, Cu, Dy, Eu, Fe, Hf, In, La, Lu, Mg, Mn, Na, Nd, Ni, Pb, Rb, 
Sb, Sc, Se, Sm, Ta, Th, V, W, Yb, Zn). Not all of the above trace elements are strictly relevant 
as air pollutants, but they come additionally from the multi-element analysis with insignificant 
extra cost, and most of them can be used as air mass tracers. 

2.1 Sampling
Samples of the moss Hypnum cupressiforme were collected during the summer of 1999  
according to guidelines described in detail elsewhere [3]. The sampling sites  were located at 
least 300 m from main roads and populated areas and at least 100 m from smaller roads or 
single houses. From each sampling site, 5 to 10 subsamples were taken within a 50 x 50 m 
area and mixed in the field. The samples were collected with plastic gloves and stored in 
clean plastic bags. Unwashed green parts of moss plants, cleaned and dried at 40 C, were 
taken for analysis. No further homogenization of the samples was performed [5]. 
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2.2 Analysis
Moss samples of about 0.3 g were packed in aluminium cups for long-term irradiation and
samples of about 0.3 g were heat-sealed in polyethylene foil bags for short-term
irradiation.Elements yielding long-lived isotopes were determined using Cd–screened channel
1 (Ch1) (epithermal neutron activation analysis, ENAA) at the IBR-2 reactor in Dubna, Russia.
Samples were irradiated for 5 days, re–packed, and then measured twice after 4–5 and 20
days of decay, respectively. Measurement time varied from 1 to 5 hours. To determine the
short–lived isotopes of Na, Mg, Al, Cl, K, Ca, Mn, I, and Br (80Br), channel 2 (Ch2) was used
(conventional NAA). Samples were irradiated for 5 min and measured twice after 3-5 min of
decay for 5-8 and 20 min, respectively.

Table 1. Characteristics of the irradiation channels
Irradiation site

eVE

scmnth

55.00

,/,10 212

eVE

scmnres

5

212

1055.0

,/,10

eVE

scmnfast

65

212

102510

,/,10

Ch1(Cd-coat) 0.023 3.31 4.32
Ch2 1.23 2.96 4.10

Data processing and element concentration determination was performed on the basis of 
certified reference materials and flux comparators, using software developed in FLNP JINR 
[6]. For long-term irradiation in Ch1, single comparators of Au (1 g) and Zr (10 g) were
used. For short-term irradiation in Ch2 a comparator of Au (10 g) was employed.
Concentrations of elements yielding long–lived isotopes were also determined using certified
reference materials: SDM sediment (International Atomic Energy Agency, Vienna), Montana
Soil (NIST) and moss DK-1, prepared for calibration of laboratories participating in the
corresponding 1990 Nordic survey [7]. Interference from the 56Fe(n,p)56Mn and 54Fe(n,p)51Cr
reactions was estimated at less than 0.1% for the given concentrations of Fe. The high 
density of fast neutrons in the irradiation channels used provided favourable conditions for the
determination of Ni by the 58Ni(n,p)58Co reaction. However, problems with interfering nuclear
reactions are evident in a number of instances, as shown in Table 1.

Table 2. Interference by fast neutron reactions*

Intended reaction Interfering reaction
Level of
Interference/ng **

23Na(n, )24Na
24Mg(n,p)24Na
27Al(n, )24Na

3 x 105

1.5 x10 6
26Mg(n, )Mg27 27Al(n,p)27Mg 9 x10 8

27Al(n, )28Al
28Si(n,p)28Al
31P(n, )28Al

3 x 10 7

9  106

41K(n, )42K
42Ca(n,p)42K
45Sc(n, )42K

†

1.5  106

51V(n, )52V
52Cr(n,p)52V 1 x 10 4

50Cr(n, )51Cr 54Fe(n, )51Cr 4 x 10 5
55Mn(n, )56Mn

56Fe(n,p)56Mn 7 x 10 4
58Fe(n, )59Fe

59Co(n,p)59Fe 2.3 x 10 8
63Cu(n, )64Cu

64Zn(n,p)64Cu 5 x 10 6

*Cr and Fe were determined in Ch 1, all other elements mentioned here in Ch2 (see Table 1).
** As compared with 1 gram of the interfering element.
† Cross section not available.

The elements Cu and Pb were determined in Mining Research and Design Institute, Baia 
Mare, by atomic absorption spectrometry (AAS) after nitric acid decomposition.
The following heavy metal concentration ranges (in g/g) were observed:
As: 0.6-119; Cd: 0.22-55.4; Cr: 2.7-52; Cu:18-2420; Fe: 815-21300; Ni: 0.14-3.9; Pb: 40-
1070; Sb: 0.16-50.9; V: 2.0-25.2;  Zn: 39-2950.
The maximum as well as the median values of these elements are in the order of ten times
higher than what is observed in other industrial parts of Romania as well as in similar areas in
other countries. The population in these areas is most probably at considerable health risk. 

2.3 Quality control
The QC of NAA results was ensured by carrying out simultaneous analysis of the standard
reference material (SRM) Lichen 336 IAEA (International Atomic Energy Agency), and the 
moss reference sample NORD DK-1 used for inter-laboratory calibration in the corresponding
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1990 Nordic survey [16]. For long irradiation the two reference materials were packed 
together with 10-12 samples in each transport container. Certified values and NAA data of 
reference materials are given in Table 4. The quality of the AAS data was checked by 
analysis of moss reference samples at regular intervals [9]. 

Table 3. Certificate and experimental values for the used reference materials
Element DK-1,  (mg/kg) 

(Certified)
DK-1, (mg/kg)  
(Determined) 

L-336, (mg/kg) 
(Certified)

L-336, (mg/kg) 
(Determined) 

Al
Cl
Ca
Sc 
V
Cr
Mn
Fe
Co
Ni
Cu
Zn
As 
Se
Rb
Sr
Zr
Mo
Ag
Cd
Sb
I
Cs
Ba
La
Ce
Sm
Tb
Yb
Hf
Ta
W
Pb
Th
U

810 ± 81 
328 ± 33 
1630 ± 40 
0.16 ± 0.02 
3.8 ± 0.3 
1.7 ± 0.4 
130 ± 10 
550 ± 50 
0.23 ± 0.01 
1.8 ± 0.2 
85 ± 5 
29 ± 2 
0.64± 0.02 
0.43 ± 0.04 
12.8 ± 0.9 
10 ± 0.1 
11 ± 1.2 
0.2 ± 0.02 
0.05 ± 0.004 
0.3 ± 0.02 
0.347 ± 0.02 
3.8 ± 0.3 
0.29 ± 0.02 
12 ± 0.8 
1.22 ± 0.1 
2.92 ± 0.22 
0.231 ± 0.01 
0.0216 ± 0.002 
0.054 ± 0.022 
0.21 ± 0.009 
0.026 ± 0.0036 
0.73 ± 0.21 

0.15 ± 0.0011 
0.192 ± 0.015 

830 ± 84 
328 ± 35 
1604 ± 180 
0.16 ± 0.02 
4.12 ± 0.31 
1.94 ± 0.15 
143 ± 10 
575 ± 53 
0.26 ± 0.01 
1.58 ± 0.33 
87 ± 2.5 
30.8 ± 4.0 
0.64 ± 0.02 
0.43 ± 0.04 
12.9 ± 0.86 
15.1 ± 3.0 
11.0 ± 1.2 
0.21 ± 0.02 
0.05 ± 0.004 
0.3 ± 0.11 
0.347 ± 0.02 
3.8 ± 0.07 
0.285 ± 0.03 
12.5 ± 0.79 
1.22 ± 0.34 
2.92 ± 0.53 
0.231 ± 0.05 
0.0218 ± 0.01 
0.054 ± 0.02 
0.21 ± 0.06 
0.026 ± 0.005 
0.73 ± 0.11 

0.16 ± 0.08 
0.192 ± 0.02 

680 ± 3.4 
1920 ± 10 
2600 ± 13 
0.17 ± 0.011 
1.5 ± 0.44 
1.03 ± 0.08 
64 ± 2.9 
426 ± 0.6 
0.287 ± 0.022 

3.55 ± 0.59 
31.6± 1.42 
0.639 ± 0.067 
0.22 ± 0.011 
1.72 ± 0.07 
9.2 ± 0.046 

0.117 ± 0.0006 
0.073 ± 0.0067 

0.11 ± 0.018 
6.4 ± 0.02 
0.66 ± 0.039 
1.27 ± 0.25 
0.106 ± 0.058 
0.014 ± 0.001 
0.037 ± 0.0018 

4.9 ± 0.96 
0.14 ± 0.0014 

720 ± 65 
1927 ± 288 
2810 ± 324 
0.176 ± 0.014 
1.38 ± 0.19 
1.10 ± 0.17 
69 ± 5.1 
430 ± 8.5 
0.303 ± 0.070 

3.7 ± 0.5 
28.2 ± 2.3 
0.54 ± 0.71 
0.22 ± 0.033 
1.7 ± 0.17 
11.4 ± 0.55 

0.13 ± 0.015 
0.078 ± 0.01 

0.12 ± 0.024 
6.6 ± 0.7 
0.70 ± 0.06 
1.3 ± 0.25 
0.106 ± 0.06 
0.015 ± 0.0006 
0.042 ± 0.0026 

5.0 ± 1.0 
0.14 ± 0.006 

3. Results and discussions 

Results from this study are presented in table 4. Polymetalic mining industries show pollution 
of a vast territory with Fe, Pb, Cr, etc. Non-ferrous metal industries in Copsa Mica, Zalau and 
Baia Mare are responsible for pollution with elements such as Pb, Cu, and Cd. 
In Transilvanian Plateau the concentrations of metals such as As, Cr, Cu, Fe, Mg,  Pb and Zn 
exceed the values from Russia, Poland and Norway; very serious is the fact that As, Cu, Pb 
and Zn show concentrations about ten times greater in Romania. 
The concentrations of Mg and Cr  in Romania, Poland and Norway are comparable and lower 
than in the South Ural Mountains (Russia).The Ni concentration is lower in Transilnanian 
Plateau that in the other areas. 
Chemical and petrochemical industries render the atmosphere and the other environment 
factors impure, due to polluting organic and anorganic matters in: Fagaras, Dej, Tg-Mures, 
Tarnaveni, Copsa Mica, cities. 
For most of the elements, studied region was found to have a level of pollution similar  to that 
of many other European regions and can thus be regarded as a model case. 
In correlation with the data sets obtained until this regional project, the serious air pollution 
situation is likely to be one of the factors responsible for these unfortunate health conditions. 
According to “ Environment protection strategy” of Romania (1996), natality reached its lowest 
rate since the beginning of the century although the child mortality-22.7 per thousand of 
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inhabitants is among the lowest of their kind in Europe. Most of the registered deaths in 
Romania are due to the circulatory system, the neoplasic and respiratory diseases. The 
average life expectancy in Romania is one of the lowest in Europe.  
Altogether, the results from the project will form an excellent basis for Roumanian authorities 
to implement the necessary measures to reduce emissions to environment up to acceptable 
levels. Moreover, the responsible public health authorities will have a significantly improved 
basis for assessing possible risk to the population from previous and current emissions. 
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Cross section measurements for production of some 
therapeutic radionuclides using d(Be)-breakup neutrons
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Abstract. This report describes cross section measurements of (n,p) reactions relevant to the
production of 64Cu, 67Cu and 89Sr in a fast neutron field, generated via break-up of 14 MeV 
deuterons on a thick Be target. Work on the 153Eu(n,p)153Sm reaction is in progress. The
neutron spectrum characterization was done via multiple foil activation and spectrum
unfolding via the iterative code SULSA. The measured integral cross section data have been
compared with values calculated from the spectral neutron distribution and known excitation
functions. It is postulated that at an intense fast spectral neutron source, e.g. a spallation
source, it would be advantageous to use an (n,p) reaction for the production of therapeutic
radionuclides.

1. Introduction

As a powerful tool for pain and tumour treatment, --emitting radionuclides are of unabated
importance [1]. Most of them are produced at nuclear reactors [2], although in recent years 
the use of cyclotrons has also been enhancing [1,3]. In reactor production, most commonly
the (n, ) process is utilized which, however, leads to a product of low specific activity. In a few
cases the (n,p) reaction is also utilized, although its cross section is rather low. In this work
we investigated the formation of 64Cu (T½ = 12.7 h) , 

67Cu (T½ = 61.9 h), 89Sr (T½ = 50.5 d) and
153Sm (T½ = 46.75 h) via the (n,p) reaction on 64Zn, 67Zn, 89Y and 153Eu with 14 MeV d(Be) 
breakup neutrons. The cross sections measured here should provide some information on the
application of spallation neutron sources to the production of  therapeutic radionuclides via
(n,p) reactions. Some results on the formation of 64Cu, 67Cu and 89Sr have already been
reported [4]. Here we discuss more the characterization of the neutron fields and the
validation of the experimental data. 

2. Experimental

2.1 Fast neutron fields
Fast neutron fields were generated via break-up of energetic deuterons on a thick beryllium
target. More detailed work considering this issue has been published earlier [cf 5, 6]. At Jülich 
a 14 MeV d(Be) neutron field was available at the compact cyclotron CV28 and at Debrecen a 
10 MeV d(Be) field at the cyclotron MGC20E. This way fluxes of about 1010 n cm-2 s-1 were
generated. The maximum flux density exists at 3 to 4 MeV neutron energy (Fig. 1). 

0 2 4 6 8 10 12 14 16 18

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09
0 2 4 6 8 10 12 14 16 18

N
e

u
tr

o
n

 f
lu

x
  

[a
rb

. 
u

n
it

s
]

En  [MeV]

Figure 1. Energy
spectrum of 14 
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The neutron spectrum characterization was accomplished by multiple foil activation and
unfolding using an iterative method [cf. 6]. For this purpose the computer code SULSA,
developed at Debrecen [7], was adopted. SULSA is an iterative computer code based on the
generalized least squares method. Unlike older codes SULSA is not reliant on any input
spectra, making it more precise than its precursors. Basic data for the calculation were
achieved by irradiation of different metal foils with neutrons whereby 12 different threshold
reactions were induced (Table 1). 

Table 1. Nuclear reactions and threshold energies in multiple foil activation 
Properties of activation product decay

Nuclear reaction
T1/2 E (keV) I  (%)

Threshold energy
(MeV)

58Ni(n,p)58m+gCo 70.91 d 810.7 99.44 0.4
115In(n,n‘)115mIn 4.48 h 336 45.90 0.4
47Ti(n,p) 47Sc 3.34 d 159 67.90 1.0
54Fe(n,p)54Mn 312.2 d 834.5 99.97 1.5
46Ti(n,p)46m+gSc 83.83 d 889 99.97 1.8
56Fe(n,p)56Mn 2.57 h 846 100 2.8
65Cu(n,p)65Ni 2.52 h     1115 15.40 3.0
27Al(n, )24Na 15.03 h     1369 100 3.2
48Ti(n,p) 48Sc 1.82 d 983 100 3.2
197Au(n,2n)196Au 6.18 d 355.6 87,00 8.0
93Nb(n,2n)92mNb 10.15 d 934 100 8.8
58Ni(n,2n)57Ni 1.50 d 127.2 16.60 12.4

Calculation was accomplished using the cross section data [8] and covariance matrices of 
these reactions and the produced activity. Three Al foils were used to monitor the neutron
attenuation within the stack [9]. The field characterization coincides with the earlier results [6]. 

2.2 Irradiations 
The d(Be) neutron sources installed at the cyclotrons in Debrecen and Jülich are based on a
disk shaped metal Be embedded in a 2 mm thick copper holder cooled with water. An 
adjustable holder in 0° direction allows the irradiation of samples at different distances to the
neutron source. For this work samples of Y2O3, ZnO and Eu2O3 were irradiated at a distance
of 1.2 cm from the Be disk. All target materials were pressed into pellets of about 4 mm 
thickness and were put inside Al capsules for protection. Al and Fe foils were set on both
ends of the sample in order to monitor the neutron flux during each bombardment via the 
27Al(n, )24Na and 56Fe(n,p)56Mn reactions. Irradiation time varied between 2 and 8 hours. 

2.3 Chemical separations
The products 64Cu, 67Cu and 89Sr were radiochemically separated and the details are given
elsewhere [4]. Special care was necessary in the case of 89Sr, because it is a pure - emitter. 
We describe its separation in detail, since it forms a good example of the radiochemical
techniques. An effective way was the selective precipitation as SrSO4 out of 0.1 N EDTA
solution. This separation is based on different stabilities of the Sr+II and Y+III complexes, which
can be manipulated via the pH of the solution (Fig.2). The irradiated pellet was dissolved in 
concentrated HCl and SrCO3 was added as carrier. The acid was evaporated and the residue
dissolved in warm 0.1 N EDTA at pH 12. By slow addition of H2SO4 the pH was changed to
3.5 and SrSO4 started to precipitate. After filtration it was washed and dissolved in 16 M
HNO3. In order to get very clean product, further washing was performed by shaking with TBP 
to remove remaining Y. Strontium was finally precipitated as SrSO4 and thin layers for --
counting were prepared via the sedimentation technique. The separation yield, including the
extraction step, was checked via neutron activation analysis and was about 40 %. The
separation yield in the case of 64Cu and 67Cu was determined radiometrically and was about
86 %. In the case of the 153Eu(n,p)153Sm reaction a chemical separation is, due to the low
cross section and the high background activity caused by 152Eu, absolutely necessary and a
method using cation-exchange chromatography is in development.

2.4 Measurement of radioactivity and calculation of cross section

The radioactivity of the separated samples was determined by -counting or -ray
spectrometry. The -counting was done using a gas flow proportional counter arranged in an 
anticoincidence mode (Berthold). Thin samples of about 11 mm in diameter were prepared
and covered by thin plastic foil for protection. Self-absorption within the sample was below 1
% and was not taken into consideration. The contamination of the pure --emitter 89Sr by the 

--emitters 90Y or 86Rb was checked by absorption measurements. In all measurements at
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least 10000 impulses were counted and decay curves were carefully analysed to determine
the relevant activity at the end of bombardment.
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Figure 2. Stabilities of 
EDTA complexes of
Y3+ and Sr2+ in 
dependence of pH.

The -ray spectrometry was performed using a Ge(Li)-detector (Canberra). All countings were
done with a distance of at least 10 cm between the detector and the sample. For measuring
the annihilation photons of the 64Cu positrons an annihilation chamber made of 2 mm thick 
copper was used to guarantee a small volume in a defined distance for the particles to
annihilate. Half-time corrections were accomplished and the total activity at end of 
bombardment (EOB) was calculated.
From the count rates at EOB the decay rates were obtained by applying corrections for the
efficiency of the detector and the intensity of the radiation counted. The formation cross
section for a given therapeutic radionuclide was then calculated using the well known
activation equation.

3. Results and discussion

3.1 Spectrum averaged cross section data and their validation
The spectrum averaged reaction cross sections determined in this work are given in Table 2.
More details are given in Ref. [4]. 
In order to validate the experimental integral cross sections measured in this work, a
comparison with integrated cross sections, obtained using the neutron spectral distribution
and the known excitation functions, was carried out, as done earlier for reactions on zirconium
[9]. For this purpose the neutron spectral distribution given in Figure 1 was adopted and the
excitation functions were taken from the literature; for the 64Zn(n,p)64Cu reaction from Ref. [8],
for the 67Zn(n,p)67Cu reaction from Ref. [10] and for the 89Y(n,p)89Sr reaction from Ref. [11]. 
The integrated results are given in Table 2. The uncertainty of the calculated values is
dependent on the precision of the multiple foil activation and the uncertainty in the specific
excitation function.
The latter is quite significant for the 89Y(n,p)89Sr reaction, making the deviation between the
integral and integrated data rather large. In the first two cases, however, the agreement is
good, depicting the reliability of the present measurements. The 153Eu(n,p)153Sm excitation
function is only partially known and a calculation of the integrated cross section is not
meaningful. More detailed determination of the excitation function of the latter reaction is
currently under way.

3.2 Production possibilities
A comparison of the present data with the data for fission neutrons [cf. 12, 13] showed [4] that 
the cross section of an (n,p) reaction with 14 MeV d(Be) neutrons is 3 to 5 times higher than
that with the fission neutrons. The implication of this result  on the production of the three 
therapeutic radionuclides 64Cu, 67Cu and 89Sr is a clear preference of faster neutron fields. On
the other hand it should be emphasized that, considering the threshold energies of the three
reactions, only spectral neutrons with average neutron energies above 3 MeV would be 
useful. Thus not only thermal and breeder reactor neutrons but also Linac-based white
neutron sources would not lead to much enhancement of the (n,p) reaction product yield. The
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most realistic, promising and reasonable neutron source deserving consideration for
production of the above mentioned therapeutic radionuclides appears to be a spallation
neutron source. Since the neutron flux of a spallation source is generally expected to be by an 
order of magnitude higher than that of medium flux nuclear reactors used in radionuclide
production, it is estimated that the yields of the three radionuclides under consideration would
be 30 to 50 times higher with a spallation source than in a nuclear reactor.

Table 2. Cross sections of a few (n,p) reactions averaged for a 14 MeV d(Be) spectral
neutron distribution.

Spectrum averaged cross section [mb]

Method
46

Zn(n,p)
64

Cu
67

Zn(n,p)
67

Cu
89

Y(n,p)
89

Sr

Experiment* 132  25 5.13  0.87 0.91  0.20 

Calculation+ 124 5.85 1.36

* Integral measurement
+ Integrated values obtained using known excitation functions [8, 10, 11] and the spectral

neutron distribution.
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Experimental and theoretical cross sections for the formation of 
69

Zn
m,g

 and 
71

Zn
m,g
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neutron induced reactions  
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Abstract. Excitation functions were measured for the reactions 72Ge(n, )69Znm,g,
69Ga(n,p)69Znm,g, 70Zn(n,2n)69Znm,g, 74Ge(n, )71Znm,g and 71Ga(n,p)71Znm,g over the neutron 
energy range of 6.3 to 12.4 MeV. via the activation technique.  
Nuclear model calculations using the codes STAPRE and EMPIRE-II were undertaken to de-
scribe the formation of both isomeric and ground states of the products. The results of the two 
codes were compared. The calculational results on the total (n, ), (n,p) and (n,2n) cross sec-
tions agree fairly well with the experimental data. The experimental isomeric cross-section 
ratios, however, are reproduced only approximately by the calculation.  

Introduction 

Studies of excitation functions of neutron threshold reactions are of considerable importance 
for testing nuclear models as well as for practical applications. Furthermore, isomeric cross-
section ratios are of fundamental interest. A literature survey [1,2] showed that very little or 
incomplete experimental information is available for neutron induced reactions in the energy 
range between 5 and 12 MeV. We chose to study the (n,p) reactions on Ga and the (n, ) re-
actions on Ge, both Ga and Ge being important semiconducting materials. In addition, the 
(n,2n) reaction on 70Zn was also investigated. For all those reactions some data existed in the 
literature [1-16] at energies above 12 , mainly around 14 MeV, but not near the thresholds. 
The only exception was the 70Zn(n,2n)69Znm reaction, where Santry and Butler [17] reported 
data from about 9 MeV till 20 MeV. We performed detailed studies on several reaction 
[16,19], especially on the formation of the isomeric pairs 69Znm,g and 71Znm,g which have an 
similar nuclear structure. The emphasis here is on nuclear model calculations 

Experiment

Cross sections were measured by the activation method. This technique is very suitable for 
investigating low-yield (n,p) and (n, )  reaction products. The details have been described 
over the years in several publications [18-21]. In genera the activation products were identi-
fied via ray spectrometry and counting and the detailed data have already been pub-
lished in Ref. [18,19]. The measurements via ray spectrometry were generally done using 
target elements of natural isotopic composition. In the case of the 70Zn(n,2n)69Znm reaction, 
however, due to the very low abundance of the target isotope (0.6%), an isotopically enriched 
target sample had to be used. As regards counting, the results are generally associated 
with higher uncertainties. We attempted to reduce the uncertainties either through the use of 
highly enriched target isotopes (e.g. 70Zn, 71Ga and 74Ge) or through a radiochemical separa-
tion such as in the case of the 69Ga(n,p)69Zng and 72Ge(n, ) 69Zng reactions.  

Nuclear model calculations 

Cross sections were calculated using the statistical model taking into account the pre-
equlibrium effects. The calculational code STAPRE [22] was applied. This method has been 
used extensively in our work[Refs. 18-21]. The transmission coefficients for neutrons, protons 
and alpha particles were provided by the spherical optical code SCAT-2 [23] using global pa-
rameter sets. For neutron, the optical model parameter set of Ferrer at al [24] and for proton 
that of Perey [25] were used. In the case of alpha particles, a modified set of optical model 
parameters of McFadden at al [26] was used. The energies, spins, parities and branching ra-
tios of discrete levels were selected from the Nuclear Data Sheets [27] In the continuum re-
gion the level density was calculated by the back-shifted formula and the level density pa-
rameter given in Ref. [28]. Another important consideration in calculating the isomeric cross 
sections is the spin distribution of the level density [20,29]. This was characterized by the ratio 
of the effective moment of inertia eff to the rigid-body moment of inertia rig ( = eff / rig) and 
the calculations were performed for =1.0. The transmission coefficients of photons were de-
rived from the gamma-ray strength functions. For the E1 transition the Brink-Axel model with 



127

global parameters was applied, while for the M1, E2, M2, E3 and M3 radiation the Weisskopf
model was used.
The code EMPIRE (2.18) was also used for calculation, and a comparison was done with the
code STAPRE. The particle transmission coefficients were generated via the spherical optical
model using the computer code (SCAT2) using global parameters: for neutron and proton the
recent analysis of Koning and Delaroche [30]; and for alpha particles, McFadden’s [26] and
Avrigeanu’s [31] potentials were used. In the calculation the Multi Step Direct, Multi Step
Compound and Hauser-Feshbach model with width fluctuation correction (HRTW) were used.
For the level densities, the dynamic approach of the EMPIRE-II was used. In this case the
formalism of the super-fluid model (BCS) was applied below the critical excitation energies
and the Fermi gas model above the critical energy.
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Figure 1. Measured and calculated excita-
tion function of the 72Ge(n, )69Znm reaction.
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Figure 2. Measured and calculated excita-
tion function of the 72Ge(n, )69Zng reaction.

Results and discussion

Cross sections and excitation functions
A few example of the excitation functions for the formation of 69Znm and 69Zng in (n, ), (n,p) 
and (n,2n) reactions are given in Figs. 1 to 4. In addition to our own experimental data, the
available literature data, mainly around 14 MeV [3-16], are also shown. The results of nuclear
model calculations performed in the present work are also reproduced in Figs. 1 to 4 for com-
parison. We discuss below some reactions individually in some detail.
In the case of the 72Ge(n, )69Znm reaction (Fig. 1), the transition from the low-energy data to
the higher energy data is relatively smooth, except for the cross section value at 14.7 MeV
given in Ref. [13] and for the constant cross section over the energy range of 14.5 to
16.5 MeV reported in Ref. [15]. In the case of the 72Ge(n, )69Zng reaction (Fig. 2.), the cross
section was measured both with and without a chemical separation.

4 6 8 10 12 14 16 18

0

10

20

30

40

STAPRE

 This work (chemistry,  measurement)

 This work (  measurement)

 Molla & Qaim [14]

Casanova & Sanchez [12]

 Demichelis et al. [9]

 Vinitskaja et al. [5]

 EMPIRE-II

C
ro

ss
 s

ec
ti

o
n

(m
b
)

Neutron energy (MeV)

28 10 12 14 16 18 20 2

0

100

200

300

400

500

600

70
Zn(n,2n)

69
Zn

g

 This work

 STAPRE

 EMPIRE-II

C
ro

ss
 s

ec
ti

o
n

 (
m

b
)

Neutron energy (MeV)

Figure 3. Measured and calculated excitation
function of the 69Ga(n,p)69Znm reaction 

Figure 3. Measured and calculated excitation
function of the 70Zn(n,2n)69Zng reaction

The consistency in results gives added confidence to the techniques used. The 15 MeV data
point [5] is also consistent. Regarding the nuclear model calculations, in Figs. 1 and 2 the re-
sults of STAPRE are given as dashed lines. For the 72Ge(n, )69Znm reaction the agreement
between the EMPIRE and STAPRE is very good (independent of the alpha OMP), while for
the 72Ge(n, )69Zng reaction the EMPIRE gives higher cross sections with Avrigeanu’s alpha
OMP as compared to the McFadden OMP. For the reactions under consideration, the agree-
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ment between experiment and theory is relatively good. The data for the 69Ga(n,p)69Znm reac-
tion (Fig. 3) are also consistent, though the value of [12] at 14 MeV is somewhat high.
The cross section database for the 70Zn(n,2n)69Zng reaction is weak, our data being the first
measurement on this reaction (Fig. 4). The nuclear model calculation reproduces the excita-
tion function for the formation of the ground state with both codes.
Isomeric cross-section ratios
The experimental results on the isomeric cross-section ratios m/( m+ g) for the isomeric pair
69Znm,g in (n, ), (n,p) and (n,2n) reactions are given in Figs. 5a,b,c. The results of the nuclear
model calculations performed in the present work are also given. The experimental isomeric
cross-section ratio for the isomeric pair 69Znm,g in the (n, ) reaction (Fig. 5a) is low at low en-
ergies but increases rapidly with the increasing neutron energy.
A somewhat similar trend is observed in the case of the (n,p) reaction (Fig. 5b), although the 
increase is less marked. In the case of the (n,2n) reaction the increase in the isomeric cross-
section ratio with the energy is very small (Fig. 5c); a definite conclusion, however, is difficult 
since no 14 MeV data exist. 
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Figure 5a. Isomeric cross-
section ratio for the pair
69Znm,g in the 
72Ge(n, )69Znm,g reaction as
a function of the neutron 
energy, based on the pre-
sent and literature data. 

Figure 5b. Isomeric cross-
section ratio for the pair
69Znm,g in the 
69Ga(n,p)69Znm,g reaction as
a function of the neutron 
energy.

Figure 5c. Isomeric cross-
section ratio for the pair
69Znm,g in the 
70Zn(n,2n)69Znm,g reaction as 
a function of the neutron 
energy
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Figure 6. Isomeric cross-section ratio for the 
pair 71Znm,g in the 74Ge(n, )71Znm,g reactio

Figure 7. Isomeric cross-section ratio for the 
pair 71Znm,g in the 71Ga(n,p)71Znm,g reaction.

The model calculations appear to reproduce the shapes of the experimental data reasonably
well, but the magnitudes only within the extreme limits of the reported errors.
The experimental isomeric cross-section ratio for the isomeric pair 71Znm,g in the (n, ) reaction
is given in Fig. 6. The ratio is low at low energies and increases only slowly with the increas-
ing neutron energy. The trend is different in the (n,p) reaction (Fig. 7). The ratio increases rap-
idly with the increasing neutron energy. The results of the model calculations (Figs. 7 and 8)
generally agree with the experimental data; only in the low-energy region, considerable devia-
tion is observed, especially in the case of the (n, ) reaction. The STAPRE and the EMPIRE-II 
give quite similar shape for the isomeric cross section ratio, except for some cases very near
to the threshold. 
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Conclusion 

Experimental and theoretical studies on the isomeric pair 69Znm,g in three nuclear reactions, 
namely 72Ge(n, )69Zn, 69Ga(n,p)69Zn and 70Zn(n,2n)69Znm, and on the pair 71Znm,g in two nu-
clear reactions, namely 74Ge(n, )71Zn and 71Ga(n,p)71Znm,g, showed that the total reaction 
cross section of a particular channel is reproduced fairly well by the model calculations; in the 
case of partial cross section, i.e. isomeric cross section, however, the agreement between 
experiment and theory is only in approximate terms. The calculated isomeric cross-section 
ratio shows better agreement with the experimental data than the individual partial cross sec-
tions.  
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Nuclear data for single-event effects 
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Abstract. The importance of cosmic radiation effects in electronics, on board aircrafts as well
as at sea level, has been highlighted over the last decade. When, e.g., an electronic memory
circuit is exposed to particle radiation, the latter can cause a flip of the memory content in a
bit, which is called a single-event upset (SEU). This induces no hardware damage to the
circuit, but unwanted re-programming of memories, CPUs, etc., can have consequences for 
the reliability, and ultimately also for the safety of the system. Since neutrons have no charge,
they can only interact via violent, nuclear reactions, in which charged particles are created. In 
this paper, the SEU problem is presented from a nuclear physicist’s perspective.
Experimental efforts to improve the nuclear reaction database for silicon are described, as
well as the conclusions about the nuclear physics origin of the effect that can be drawn from 
device testing activities. 

1 Introduction

The importance of cosmic radiation effects in electronics, on board aircrafts as well as at sea
level, has been highlighted over the last decade. When, e.g., an electronic memory circuit is
exposed to particle radiation, the latter can cause a flip of the memory content in a bit, which
is called a single-event upset (SEU). This induces no hardware damage to the circuit, but 
unwanted re-programming of memories, CPUs, etc., can have consequences for the
reliability, and ultimately also for the safety of the system. Such software errors were in fact 
discovered by accident in a portable PC used at an airplane a few years ago, and later the 
effect has been verified under controlled conditions, both in flight measurements1,2, as well as
in the laboratory3-5.
The reason that the errors are referred to as single-event upsets is that they are induced by a
single particle hitting the device (see Figure 1). This is in contrast to radiation damage of
electronics, a phenomenon caused by the integrated dose, which is normally delivered by a 
large quantity of particles.

Figure 1.  Illustration of a single
event in a memory device.

The cosmic ray particles in space
are mainly protons and alpha-
particles, and a small fraction of
heavier atomic nuclei. When
passing the atmosphere, most of
these particles are absorbed, and
some of them create cascades of
secondary particles. At flight 
altitudes, as well as at sea level, 
the cosmic ray flux is dominated
by neutrons and muons. The
latter do not interact strongly with 

nuclei, and therefore neutrons are most important for SEU6-8.
Since neutrons have no charge, they can only interact via violent, nuclear reactions, in which
charged particles are created. If this happens in the silicon substrate of an electronic device,
the free charge created by the ionization of the particle can be large enough to induce an
SEU. Thus, to obtain a full understanding of the SEU problem, knowledge is needed about
both the nuclear interaction of neutrons with silicon and the electrical and dynamical
properties of pn junctions.
In this paper, the SEU problem will be discussed from a nuclear physicist’s perspective. Some 
experimental efforts to improve the nuclear reaction database for silicon, as well as device 
testing activities, will be described, followed by an outlook. 

2 The single-event problem 

It is known that the cosmic-ray flux in space consists to 92% of protons and to 6% of alpha-
particles; the remainder being heavier atomic nuclei. The total particle flux is very large, of the
order of 100,000 m-2·s-1. Most of these particles are absorbed in the atmosphere by atomic
and nuclear interactions with nitrogen and oxygen nuclei of the air, some of which create
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cascades of secondary particles, mainly neutrons and protons, which are created to 
approximately the same amount. At typical aircraft flight altitudes ( 10 km) most of the 
secondary protons have, because of their positive charge, been stopped by atomic 
interactions with the atmosphere. Thereby, the atmospheric radiation environment is 
dominated by neutrons6-8, having a total flux of the order of 10,000 m-2·s-1, and showing a 1/E 
spectrum extending to several GeV of energy. There is also a substantial amount of muons, 
which have a peak energy of about 1 GeV. Since the latter cannot couple to nuclei via the 
strong interaction, the neutrons are the most important for creation of SEUs. At sea level, the 
neutron spectrum looks similar, although the intensity is about a factor of 100 lower. 
Since neutrons have no charge, they cannot deposit their energy in, e.g., silicon by interaction 
with the atomic electrons. The only way of interaction is by violent nuclear reactions, in which 
charged particles, such as protons, alpha-particles or heavier nuclei are created. It is these 
secondary ionizing particles that occasionally induce SEU in semi-conducting devices, by 
generating electron-hole pairs, and thus free charge, during their path in the sensitive volume. 
Thus, knowledge of the nuclear interaction of neutrons with silicon is needed as a first step to 
obtain a full understanding of the SEU problem. This includes the probability (cross section) of 
creating different kinds of particles, as well as their energy and angular distributions. Firm 
experimental information about neutron-induced cross sections is very scarce, and one has 
had to rely heavily on calculations based on nuclear models9. Typically, nuclear spallation 
reaction models, built on intranuclear-cascade processes and compound nuclear reactions 
have been used. Unfortunately, there are very few data to test these models, especially with 
respect to production of particles heavier than alpha-particles, and therefore the precision in 
the results is essentially unknown. More data exist on proton-induced reactions, but since the 
two particles differ both in charge and isospin, the corresponding cross sections can be quite 
different, especially in the range of 10 to a few hundred MeV. At higher energies, these cross 
sections are expected to be more similar. 
What nuclear processes are responsible for inducing SEUs? It is not very well known, but a 
few simple arguments can serve as guidance. For this exercise, we use the parameters of an 
old device, for which this information is now accessible. Although the parameters of modern 
devices differ significantly, the order of magnitude of relevant ratios are the same, and the 
general conclusions about the origin of the effect is not dramatically different. Typically, about 
100 fC of free charge was needed a few years ago to flip a bit. The average energy needed to 
create an electron-hole pair in silicon is 3.6 eV, which results in a minimum deposition of 
about 2 MeV for a SEU to occur. The thickness of the active volume in a memory is typically 2 
µm, and hence an ionization of around 1 MeV/µm is required. This is with most standards a 
very high ionization, which is found only at the lowest energies for a certain particle. 
Therefore, it does not seem likely that SEUs are caused by energy loss of penetrating 
particles. Low-energy nuclear fragments released in nuclear reactions within the chip itself 
appears to be a more probable source. When using sensitivity parameters of a previously 
common memory (SRAM IMS 1601), it is evident that protons have no effect; they simply 
ionize too sparsely. Lithium and heavier ions can play a role, while alpha-particles are on the 
margin. With increasing device densities, smaller geometries and decreasing critical charges, 
the sensitivity to radiation increases, and it is possible that also the full alpha-particle 
spectrum can contribute to SEUs. Thus, detailed knowledge of basic nuclear data might allow 
prediction of new sensitivity effects before they actually appear in commercial technology. 
The atmospheric neutron spectrum has a 1/E intensity distribution, which is typical for 
cascades and spallation reactions. Experimental studies of the cross section for SEU 
induction have revealed that it has a threshold at about 10 MeV, rises almost linearly up to 
about 100 MeV and then it saturates, or increases less rapidly10. When multiplying these 
effects, the SEU rate in a real circuit as a function of neutron energy is obtained, resulting in a 
distribution that peaks around 100 MeV. 
Once the production rates of various charged particles are known, the liberated charge and 
charge density from the stopping of the ion by the atomic electrons can be calculated using 
well-known physics. The second problem area of SEU is the interplay between the released 
charge and the pn-junctions of the circuit. The circuit contains a large number of pn-junctions, 
often in complex geometry, in a scale comparable with the stopping length of the particles. It 
is therefore a complex task to evaluate the electrical effect of the deposited charge. One way 
to cope with this problem is to perform a simulation of the semiconductor, by simulating 
voltages and currents close to the pn-junctions, and their time dependencies, resulting from 
the charge deposition. An important aspect of such simulations is to find if a single particle 
affects several pn-junctions, as multiple correlated events may give rise to more severe 
system errors than single events. 
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The last step in the understanding is how the full circuit, or the system, is affected by the
disturbance at one or several pn-junctions. Here, multiple correlated events may give rise to 
multiple errors, which are much harder to handle by error-correction codes than single errors.
Because of the strong relation between particle track geometry, pn-structure geometry, and
circuit topology, all of the same scale, the full problem may not be easy to separate, leading to 
a very high complexity. One goal of the research should be to see to what extent the various
problems can be separated.

Figure 2. The SEU sensitivity versus incident
neutron energy for some memory devices. The 
upper panel shows the absolute SEU cross
sections. In the lower panel, all devices are
normalized to Cypress, showing that the energy
dependence is similar for all devices, but the 
absolute magnitude differs. The solid line is an
eye-guide showing an average, and the dotted
lines indicate 10 % deviation from the average.
See the text for details.

3 Artificial neutron fields

It is very time-consuming to use the natural flux of cosmic neutrons for testing of SEU effects
in devices. Thus, it is of interest to perform accelerated testing, i.e., using a neutron flux far
larger than the natural one. This can be provided by neutron production using particle
accelerators, where two major types of neutron beams are produced; white or monoenergetic.
Such facilities are also needed to determine various neutron-induced nuclear cross sections
for silicon, as was discussed above, in an efficient and well controlled way. 
White neutron beams refer to beams with a broad range of neutron energies produced
simultaneously. Typically, they are produced by letting a high-energy proton beam hit a thick
(most often stopping) target and large amounts of neutrons of all energies are produced, with
typically a 1/E spectrum. This results in an intense neutron flux, which strongly resembles the 
atmospheric neutron spectrum, so if only the overall sensitivity of a specific device is required
to be investigated, this would be the preferred technique.
If, however, detailed studies of the origin of SEU effects are of interest, white beams have a 
clear disadvantage; they do not allow investigations of the SEU rate versus neutron energy.
As has been demonstrated recently10,11, energy-resolved measurements can provide
essential information, but these studies require another type of neutron beams; mono-
energetic ones.
The concept mono-energetic is a truth with qualification that might need some explanation. 
Truly mono-energetic neutron sources are unavailable above about 20 MeV, because
neutrons have to be produced via nuclear reactions, and therefore multiple neutron emission
is always possible above a certain energy that is sufficient to break the binding of two 
neutrons from the same nucleus. The 7Li(p,n) reaction is the most common production
reaction for mono-energetic neutron beams above 50 MeV energy. At 100 MeV, about 50% of
the neutrons fall within 1 MeV at maximum energy, while the remaining half are distributed
about equally from maximum energy down to zero. Hence, such beams are not strictly mono-
energetic, but this is the closest to mono-energetic conditions nature provides.
Albeit white neutron beams have much a larger total number of neutrons than monoenergetic
ones, the difference is not as profound for SEU studies. The reason is that the intensity of 
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white beams falls dramatically with energy, while it is fairly constant for monoenergetic 
beams, and SEU effects are to a large extent produced by rather high neutron energies. 
As was discussed above, if the focus is on detailed investigations on the mechanisms behind 
the SEU effect, monoenergetic neutron sources have an advantage. An example of such a 
facility is the neutron beam at The Svedberg Laboratory, Uppsala, Sweden, at which the 
examples presented in this article were obtained. For a detailed description of the entire 
facility, see Refs.12,13.

4 Device testing activities 

Groups from universities, as well as from industry, have performed device testing of several 
different devices at various neutron sources over the years. The device manufacturers are 
becoming more aware of the SEU problem, as are the companies within the airplane 
business. Up to now, extensive series of SRAMs and DRAMs have been tested in-beam, as 
well as FIFOs and a few processors. These tests have shown that memory devices, computer 
caches included, are especially susceptible to neutron radiation.  
Typical results of energy-resolved measurements10 at TSL are shown in Figure 2. The data 
presented are for the following memories: Cypress (cy7c199), MHS (HM3-65756), Micron 
(MT5C2568), NEC (D431000) and Toshiba (TC551001), all manufactured with 4-transistor 
CMOS technology. As can be seen, the data for different devices show similar energy 
dependencies, although the absolute magnitude differs. Furthermore, the cross section 
curves seem to saturate, or even decrease slightly, at energies beyond 100 MeV. A similar 
behavior has also been observed in proton measurements14.
These findings are compatible with the discussion in section 2, where the critical charge 
seemed to suggest release of relatively heavy ions as the major source of the SEU effect. 
The energy dependence of neutron-induced heavy ion production reactions strongly 
resembles the SEU data; there is a threshold at about 10 MeV, the cross section rises slowly 
with energy, and a maximum is reached in the 50-200 MeV range (the maximum differs for 
different ions produced). 
The data on SEU effects induced by protons and neutrons look fairly similar at relatively high 
energies (200 MeV and above) while serious discrepancies are present at lower energies. 
Part of these discrepancies has, however, a trivial explanation. The charge of the proton 
results in a lower cross section, simply because of Coulomb repulsion. After having corrected 
for this effect, the discrepancies are small enough (up to a factor 3) to be compatible with 
differences in nuclear parameters like isospin. Thus, proton and neutron data are so similar 
that it makes sense to assume the origin of the SEU effect to be the same for the two, i.e., 
production of ions heavier than alpha particles, but the differences are large enough that 
proton-induced data cannot be used to predict the sensitivity to neutrons if a precision better 
than a factor two is required. Moreover, the atmospheric neutron spectra has its largest 
intensity at low energies (<100MeV) and therefore  discrepancies between neutron and 
proton generated cross sections in this range could have a large effect on the SEU rate. 
What did appear surprising for a while was that the anticipated increased sensitivity (see 
section 2) for SRAMs and DRAMs, when going from 5 V generations to 3.3 and down to 1.8 V 
devices, was not seen. On the contrary, the devices seemed to get more robust. One 
explanation can be that the sensitive volumes were smaller for later generations, thus 
compensating for the increased sensitivity caused by the decreased supply voltage. More 
recent devices, however, do indeed display this expected increase in error rate, not only in 
total error rate, but even per bit of the memory15. It is indeed hard to predict the future for 
coming generations of memories, where lighter particles, like alpha-particles, might come into 
play. To make this forecast one needs to understand the physics and the mechanisms 
involved in the creation of an SEU, involving both nuclear data and device behavior. 
To study the SEU phenomenon in some detail, one needs to perform both measurements and 
simulations. The measurements needed are energy-resolved neutron measurements, 
covering a wide energy range, and possibly supported by some proton measurements. For 
flight altitudes, as well as at sea level, neutron measurements are most needed, while for 
space applications, proton-silicon interactions are more interesting to study. For SEUs caused 
by the atmospheric neutron environment, the energy range from 10 to a few hundred MeV is 
especially interesting. Measurements at mono-energetic facilities obtain more information 
than at white beams, and are therefore preferred for detailed studies of the mechanisms 
behind the SEU phenomenon. Measurements at white neutron sources can then be very 
valuable for an integral check, and to calibrate the absolute SEU rate in a realistic spectrum. 
Moreover, when the SEU mechanism is well known, the higher intensity at a white beam 
makes screening of large series of components feasible.  
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Such a cross-check has in fact been carried out. By folding energy-resolved data from the 20-
180 MeV monoenergetic neutron beam at TSL with a white neutron spectrum, the SEU rates 
measured at TSL have been compared with corresponding data measured at the white 
source of the Weapons Neutron Research Facility (WNR) in Los Alamos. For devices that 
have been studied with both beams, the results are in agreement16.

5 Measurements of neutron-induced cross sections in silicon 

Relying completely on experimental information for assessment of the SEE problem is 
difficult, because of a number of reasons. First, the energy range to be covered is very large. 
Therefore, theory modelling is needed for interpolation in between energies where data are 
available. Second, many of the reactions causing the effect are not accessible to 
experimental determination. Especially, experimental data can be obtained for production of 
one particle type at the time (singles), but coincidence data are unavailable, and will probably 
remain so for a foreseeable future. Thus, the role of experimental data is to guide theory, 
which in turn will be used as input to device simulation codes. 
This in turn means that the data to measure should provide important information for theory 
development. With these constraints, roughly three types of data are important; elastic 
scattering, light-ion production and heavy recoil production. 
Elastic scattering plays a major role in the determination of the optical potentials involved, i.e., 
the effective interaction between a neutron and a nucleus. This information is, in turn, used in 
virtually every cross section calculation with a neutron in the incident or exit channel. Until 
recently, the maximum energy where high-quality neutron elastic scattering data have been 
produced has been 65 MeV. Recently, data at 96 MeV on carbon and lead have been 
published17, and a series of nuclei, including silicon, have been or are planned to be 
measured.
Light-ion production is at present motivated by theory development only, but it might be 
possible that such data can be of direct importance in a not so distant future, i.e., alpha-
production reactions might cause SEEs in future technologies with lower critical charge 
needed for a bit flip. The data situation for light-ion production resembles the elastic scattering 
data situation, in that up to now high-quality data up to about 70 MeV have been available. 
The MEDLEY detector set-up18 at TSL has been designed for production of p, d, t, 3He, and 
data (and possibly also 6Li and 7Li) in the 50-130 MeV range. Recently, silicon data at 96 MeV 
have been obtained that will be provided for improvement of the data bases, and finally for 
use within the SEU community19. Additional experiments at 180 MeV are planned, which 
requires a moderate upgrade of MEDLEY. 
As has been discussed above, the most important nuclear reactions ultimately causing the 
SEE effects in present technologies are probably neutron-induced production of heavy, low-
energy recoils. Direct measurement of such cross sections with a neutron beam on a silicon 
target is in reality impossible with present technology, because these recoils have such low 
energies that an extremely thin target is needed if they should escape it to be able to hit a 
detector, but then the luminosity is so small that reasonable statistics cannot be obtained in a 
reasonable time. This problem can be circumvented if using inverse kinematics. Such an 
experiment is under development at TSL, which is presented by Yuri Murin et al. elsewhere in 
these proceedings, and this is therefore not further elaborated upon here. 

6 Simulations 

As was mentioned, device manufacturers have become more aware of the SEU problem. 
Many, if not all, of the big manufacturers have taken the problem so seriously that they have 
developed their own computer programs to simulate SEU effects in their devices already at 
the design stage. Their complete knowledge of the process parameters make their input data 
to the simulations more accurate. An excellent example is the IBM model SEMM, with a 
complete 3D geometry of the device as input20, a code which is completely parameter free. A 
common model used by non-device manufacturers is the BGR method21. There are many 
different types of BGR programs available today, and they have improved over the years due 
to better data bases and computer programs. 
Here, we will present some very preliminary simulation results from a BGR type of program 
under development at AerotechTelub/Saab22. The program uses stopping power and range 
data from SRIM calculations23, and neutron-silicon cross-section data calculated using the 
GNASH code by Chadwick and Young at LANL24. These cross-section data, which can be 
considered as state-of-the-art today, covers the neutron energy range from 20 to 150 MeV, 
and include all ejectiles from hydrogen up to silicon, including all possible isotopes of each 
element.
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Figure 3. The SEU cross section for a few 
memory devices versus neutron energy. The
line refers to a model calculation of the SEU 
cross section. See the text for details. 

It is striking that this simple calculation translates, more or less directly, the nuclear cross
sections into cross sections for SEU with a surprisingly good agreement. This illustrates the
importance of fundamental nuclear data for a deep understanding of the SEU problem.
The input to the calculations are the line-width and the sensitive thickness of the device.
Typical values for 0.8 m CMOS technology are 2.5 m for the sensitive thickness, yielding a
sensitive volume of about 80 m3, and a threshold for upsets of about 2 MeV. In this
calculation only particles heavier than boron give contributions to the SEU cross-section. The
result of the calculation, scaled by a factor of 0.63 to give a charge collection efficiency (C) 
and volume (V) product of CV=50 m3, is shown in Figure 3, together with the memories
studied experimentally at TSL10. As can be seen, good agreement is obtained with these
rather rough estimates of the input parameters. The simulation does neither include funneling
nor diffusion calculations of free charges. Though, funneling and diffusion are probably
effectively taken care of through the charge collection efficiency factor and the choice of the 
size for the sensitive volume.

7 Outlook 

As has been stated above, a better knowledge of the neutron-induced production cross
sections for a wide range of fragments in silicon is of utmost importance for a better 
understanding of the SEU problem, and for the possibilities to perform reliable simulations of
the SEU sensitivity of new circuits and for optimization of the architecture of such devices.
One important reason for development of precise and reliable simulation tools is the limited
availability of facilities for device tests. At present, less than ten neutron beam facilities with 
relevant performance are available worldwide. Testing is so time-consuming that even if all
facilities in the world were dedicated to SEU testing, only a small fraction of all devices
introduced on the market could be investigated. Therefore, it can be anticipated that 
simulations will become the method of choice for the large bulk of devices, and in-beam
testing will be performed for validation of the simulations. This scenario strongly suggests a
dedicated campaign for cross-section measurements, because this represents the presently
largest uncertainties in the simulation input.
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Abstract. A new experiment is scheduled to run in April 2004 at The Svedberg Laboratory
(TSL) in Uppsala, Sweden. The basic objective is to measure both light and heavy secondary
fragments produced from intermediate energy nucleon-nucleus reactions, by applying inverse
kinematics techniques and exploiting the unique features of the CELSIUS storage ring at TSL.
This project has been largely motivated by two important areas of applications: single event 
effects (SEEs) in microelectronics and proton beam cancer therapy. High-quality data of 
secondary fragments and recoils provide stringent constraints for nuclear reaction models that 
generate critical inputs for realistic SEE simulation models and accurate dosage distribution 
calculations. The scarcity of such essential recoil data has rendered our research proposal
timely. Here we report the results that demonstrate the feasibility of our experimental setups. 

1. Motivation of Present Work: SEE in Microelectronics 

The importance of single event effects in electronics caused by cosmic ray particles is well
known in space programs. Their technology impacts in commercial electronics in terrestrial
applications and in aircrafts, however, has only been recognized in the past 15 years [1-3]. 
SEEs include a variety of radiation effects. Among them, single event upsets (SEUs), or soft
errors, are presently considered the most important effects for the electronics. SEUs provide
the best illustration of the nuclear physics origin of SEE phenomena [4,5]. In an SEU event 
the memory state is flipped when a circuit is exposed to a single particle such as proton or
neutron. This occurs because the radiation particle interacts with the circuit materials via 
nuclear spallation reactions. This nuclear interaction produces secondary fragments such as
He ions and heavy recoils. These nuclear fragments are injected into a sensitive device
region and cause a transient pulse which ends up being collected by a node. Unlike radiation
with large dosage, an SEU event usually does not cause a permanent damage in the circuit.
But it may cause serious reliability and performance problems that must be addressed in
advanced technologies.

Figure 1.  Upsets of advanced
SRAMs: open squares – single-bit
SER; full    squares – system SER;
triangles – voltage vs integration
(courtesy of R. Baumann)
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Figure 1, taken from Ref. 6, shows the trend of single-bit soft error rate (SER) observed for 
typical advanced static random access memory (SRAM) cells. Due to the miniaturization of 
device/circuit elements and decrease of voltage supply – all constrained by well-prescribed 
scaling rules - SER is seen to increase (on a failure per chip basis) in the last three 
generations of SRAMs (0.18 um, 0.13 um, and 0.09 um). Atmospheric neutrons are a major 
particle source of SERs. 
It is easy to underestimate SEE problems because SEE events may seem unlikely. In the 
electronics industry, the reliability of a device is measured in units of FITs; one FIT stands for 
one failure in 109 operating hours of a device. The SER of advanced processors with a few 
Mbit SRAMs may have a typical value of 50,000 FITs [6]. A SER of 50,000 FITs is equivalent 
to about one failure in two years for all-around-the clock operation of the device. This, of 
course, does not impose problems for the cellular phone users.  However, for a system such 
as the mainframe for a communication server, in which hundreds of CPUs may be invoked, 
here system reliability is critical. Indeed, failures of such system caused by intermediate 
energy atmospheric neutrons are expected to appear once in two weeks. It has been 
experimentally measured [7] that from sea level to the altitude of commercial flights (10 km) 
the intensity of the atmospheric neutron flux increases approximately 200-300 times. This 
means that the same system when taken aboard an aircraft will generate soft errors once in 
an hour!

2. Motivation of Present Work: Proton Beam Therapy and Radiobiology 

In Ref. 8 the authors point out that energy deposition in micro-volumes is a key problem 
common to SEU simulation work and dosimetry in proton beam cancer therapy. Conventional 
treatment of proton beam dosimetry is based on the Bragg curve derived from standard 
electronic energy loss calculations. The authors of Ref. 8 simulate thick water targets 
irradiated by medium energy protons. By including nuclear spallation reactions, they are able 
to make quantitative estimates of the secondary radiation energy due to the spallation 
fragments (protons, light ions and heavy recoils). They observe that these contributions are 
not as small as usually believed. Clearly these theoretical findings, which may have 
fundamental implications on dosimetry, must be checked by experiments. 
There are essentially two ways to damage a cancer cell by radiation [9]. Ionising radiation 
create free radicals which are very chemically active and can affect the cell chemistry. 
Standard low-LET1 cancer therapy, using photons and electrons, is based on these 
processes. Unfortunately, such conventional therapy is not very effective for some tumors 
with low oxygen content. For such tumors, high-LET ionizing radiation can break two strands 
of the DNA of the cancer cell beyond repair. In this respect, there are similar features in 
medical and SEE applications.                 

3. Recoil Spectra Measurements 

Heavy recoils are large-LET fragments and they are a major source of secondary radiation. 
However, compared with the lighter secondary fragments like protons and He ions, their 
ranges are much shorter. Their detection is very difficult in conventional experiments using 
proton or neutron beams on stationary targets. This is a major reason why there are so few 
recoil measurements. The experiment of Ref. 10 – 180 MeV protons on aluminum – is an 
exception to this rule. 
Inverse kinematics would be an ideal technique to measure heavy recoils. However, there are 
only a few facilities which are equipped to do these special measurements. Apart from TSL, 
the National Superconducting Cyclotron Laboratory at the Michigan State University (MSU) in 
USA is another place where recoil experiments can be done, but in a lower energy region. 
Ref. 11 reports an MSU recoil experiment of 80A MeV Si on H.  

4. Nuclear Models         

An important motivation of the present project is to generate new data from nucleon-nucleus 
spallation reactions in the intermediate energy region. They are essential for checking nuclear 
models which would be the ultimate tools to simulate theoretical data in situations in which 
there are no experiments. In the following we list the major reaction models or theoretical 
approaches which appear in the literature in recent years, and which are relevant for SEE and 
medical applications. 
Since the mid-1980s, IBM researchers have developed SEU simulation tools for their 
technology developments [1,2,4,5]. A central component of the IBM SEU simulation system is 
                                                
1 LET is Linear Energy Transfer proportional to dE/dx  
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a nuclear database generated by a reaction model NUSPA. This nuclear model is based on a 
simulation framework which combines intranuclear cascade processes and statistical decays
of compound nuclei; the model has been applied over a wide energy range [12].
The GNASH code developed by the Los Alamos National Laboratory researchers [13,14] is 
constantly evaluated and has been popular in radiation physics communities in recent years. 
However the code is limited to reactions of below 150 MeV. 
The Cascade Exciton Model (CEM) combines intranuclear cascade model and exciton model
[15, 16].  In recent years, a Quantum Molecular Dynamics (JQMD) model has been
developed for nuclear reactions [17]. Both CEM and JQMD may overcome some of the 
drawbacks of GNASH. But it remains to be seen how well these models can reproduce
experiments in the future.
To classify the final channels of the reaction capable to create a SEU a simplified picture  is 
often used which neglects charge collection efficiencies, time constants and other related 
effects to electronics or applied condensed state physics (funneling, for example). Here, one 
assumes that SEU occurrence depends only on two parameters of the device i.e. (i) Sensitive
Volume (SV), within which it is taking place with subsequent charge collection on the nodes;
(ii) Critical Energy (Ecrit) which has to be exceeded by the ionizing energy (Edep) deposited
within the SV in order to trigger an upset.
The theory describing the energy loss of slow ions in solids is developed to a great accuracy
and ionization losses of products of nuclear reactions in silicon slab of a device in close
vicinity of the SV can be calculated. Electronic specialists often refer to the value Ecr=1 MeV 
µm-1 as a typical threshold value of energy deposit by the product of reaction generating SEU 
athough in reality this parameter can differ considerably from device to device. Then,
calculations  of ionization losses of heavy ions in thin layers of Si allow one to define an event 
when A>5 recoil nucleus acquires kinetic energy E within the range of 1÷20 MeV as  "a SEU 
hazardous event".  Investigation of reaction channels in which such recoils appear is our
primary goal.

5. TSL Experimental Setups

The layout of such experiment is shown in Figure 2. The experimental setup situated at the
CELSIUS nuclear accelerator and storage facility of The Svedberg Laboratory (Uppsala,
Sweden) consists of four systems for registration of reaction products emitted in collisions of 
100÷470A MeV Si ions with atoms of the internal hydrogen cryogenic cluster-jet target of 
CELSIUS. Secondary particles are registered simultaneously by the Small Angle Detector
(SAD), the Forward Wall Detector (FWD),  the Zero Angle Detector (ZAD), and the Spectator
Tagging Detector (STD).  All detectors, but SAD, are used in experiments at CELSIUS and
described elsewhere [18-23].  SAD plays the key role in our project since it detects the very
products, recoils of Si and its fragments, which in real life are inducing SEE in silicon devices.

Figure 2.  A layout of the 
experiment scheduled for April
2004 at TSL

Small Angle Detector (SAD) detects fragments of the Si ions emitted at angles 0.6o ÷1.1o from 
the intersection point of stored ion beam with the cluster-jet target of CELSIUS. Thus, the



140

unique properties of CELSIUS cooled beam are fully exploited. During the injection-
acceleration cycle the beam occupies the whole volume of CELSIUS vacuum chamber and
only by its end after the beam is cooled it shrinks to 2 mm. To prevent SAD detectors from 
radiation damage they are moved out during the beam injection and moved back to the 
working position only when the beam is finally formed.
SAD constitutes a telescope of two 300 µm Silicon Strip Detectors ( SSDs ) followed by a 8 
mm thick plastic scintillator. The first SDD has circular and the second radial strips total 32 of
each type.  Plastic scintillators are used as triggers of the readout cycle and for timing. The 
position of the particle registered by both detectors simultaneously is derived from the circular
and radial strip numbers. The charge of the fragment is identified by the corresponding SSD 
pulse amplitude.
The Zero Angle Detector (ZAD) is also a telescope of  two SSDs and a plastic scintillator. 
Here we take the advantage of the technique developed at TSL [19] using the quadrant after 
the cluster-jet target of CELSIUS as a magnetic spectrometer. ZAD is positioned at 22757
mm from the target at the focal plane of the spectrometer [20]. As distinct to SAD, strips of
ZAD make up the 32x32 rectangular net. Vertical and horizontal strips of ZAD SSDs are used
to register projectile-fragments, identify their charge  (Z) and determine the position  of the hit
point with respect to the nominal beam centerline. Electronic schemes of SAD and ZAD are
identical.
The  Forward Wall Detector (FWD) [21] is suggested for detection of light (A<5) secondaries
emitted within the polar angle of 3.9o-11.7o in coincidence with the recoil registered by SAD. 
Beam-time estimations based on the results of our computer simulations and expected beam-
target luminosity show that the requested time for accumulating 10K SEU-hazardous events
(FWD–SAD coincidences) is about 30h for five energies of Si ions.

Figure 3.  Amplitude
distribution from scintillator 
detector in position of SAD

The Spectator Tagging Detector (STD) [22] or the CHICSi detector [23] could be used for
tagging spectator-proton emitted within 60o÷120o. It would be interesting to perform selection
of such events in Si+d reaction and confront the results to the similar data for Si+p reaction
and thus evaluate information on Si fragmentation on a quasi-free neutron of deuteron.
Figure 3 shows the results of the feasibility experiment conducted in October 2003 with a
8x10 mm2 8mm-thick plastic scintillator situated at the planned position of SAD. Positions of
the peak amplitudes are proportional to the charge of the products of 200 MeV Si+p reaction
measured with the average current Si ion beam of 50 µA and a thickness of the hydrogen
target around 2· 1014 atoms ·cm-2.

6. Summary

We have done feasibility studies for a new experimental program at TSL, measuring light and 
heavy fragments from intermediate energy nucleon-nucleus reactions. The initial stage of this
program is for SEE applications. But in the near future we plan to use the experimental
technique developed here for the medical application. The second stage of the program
would be the study of reactions with 60÷250 A MeV carbon and oxygen ions on atoms of H,
He and N.
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Neutron cross section measurements at IRMM

A.J.M. Plompen

EC-JRC-IRMM, Retieseweg 111, 2440 Geel, BE

Abstract. The Neutron Physics Unit of IRMM performs a broad spectrum of neutron mea-
surements. Cross section measurements and parameter determinations for neutron-induced
reactions may be performed by time-of-flight measurements at the high-resolution white neutron
source Gelina and at single energies at the Van de Graaff laboratory. At Gelina, neutrons with
energies from thermal to several hundred keV are routinely employed for transmission, capture,
fission and charged particle emission measurements. Several examples will be shown. Here it
will also be shown how the energy range up to 18 MeV may be used for inelastic scattering cross
section measurements. For the Van de Graaff laboratory measurements of cross sections with
the activation technique will be highlighted, as well as work on the 10B(n,α) reaction. Indications
will be given of the developments for the near future.

1. The Joint Research Centre, the Institute for Reference Materials and Measurements
and the Neutron Physics Unit

Commission research activities are concentrated in two Directorate-Generals, DG-Research
(DG-RTD [1]) and DG-Joint Research Centre (DG-JRC [2]). Both DG’s share the same com-
missioner. The first DG is concerned with a common research policy for the European Union
which it implements by supporting research activities with grants that are awarded through com-
petitive calls for proposals [3]. The second DG, the Joint Research Centre, provides a science
base for initiatives of the DG’s of the European Commission in selected key areas. DG-JRC is
also concerned with support to international organisations such as the OECD-NEA, the IAEA-
NDS and the BIPM.
The EC nuclear activities find their origin in the Euratom treaty. Presently, Euratom includes
the nuclear research activities of DG-RTD and DG-JRC and the safeguards activities based in
Luxemburg. The Institute for Reference Materials and Measurements (IRMM [4]) has evolved
from the Central Bureau of Nuclear Measurements (CBNM). Presently, a large part of its activi-
ties concern the production of reference materials for standardisation of measurements and the
testing of measurement methods in non-nuclear applications such as food safety and quality. Nu-
clear activities include isotope measurements and reference sample production for safeguards,
radionuclide metrology and neutron physics. They involve about one third of the IRMM’s activi-
ties.
Since the beginning of Framework Program 6 in 2003, the activities of the Neutron Physics unit at
IRMM are subdivided in two horizontal actions, H4241 ”Neutron data for waste transmutation and
safety of different reactor systems” and H4242 ”Basic research in nuclear physics and neutron
data standards” [5]. A more detailed overview of the activities in these actions will be given below
(see also [6, 8, 9, 7, 10, 11, 12]).
A distinct change in the NP unit’s program for FP6 was brought about by the introduction of the
European Research Area by commissioner Busquin. Besides its involvement in research activi-
ties, emphasis should be put on training, competence building and maintenance of competence
in the nuclear field. In addition, the institute’s neutron sources should be accessible to all inter-
ested parties in EU member states as well as acceding and candidate states. Following the lines
of FP5, the unit’s successful program involving enlargement states is continued in FP6, as is wit-
nessed by several contributions presented elsewhere in this workshop. Collaborative efforts may
sometimes be supported by grants for PHDs (cat. 20) or postdocs (cat. 30) and by Scientific
Visitor or National Expert contracts. Such opportunities are advertised on the IRMM and JRC
websites [4, 2] and consist of calls that are open for both EU member states and acceding and
candidate countries, or that are targeted specifically at acceding and candidate countries only.
Started in FP5 these possibilities have led to positions for four grant holders and ten visiting sci-
entists and national experts from Bulgaria, Hungary, Romania and Slovakia. Thus, visitors from
Enlargement States have filled more than half of the job opportunities that we were able to offer
in this period.

2. The activities of the Neutron Physics unit

Prioritisation of measurement activities of the Neutron Physics unit is on the one hand deter-
mined by the general policies of the Commission in the field of nuclear energy with fission re-
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actors and on the other hand by specific requests that emerge from international organisations
and collaborations. In addition, certain activities derive from the necessity to maintain a science
base. Commission research and development policy in the field of nuclear fission emphasises
waste transmutation and the safety of various reactor concepts.
Action 4241 is concerned with both these issues. It consists of four main topics which are
neutron data measurements for 1) transmutation of waste, 2) accelerator driven systems, 3)
the thorium fuel cycle, and 4) high temperature reactors [5]. Measured data find there way to
applications only after a significant effort of evaluation and validation. Such evaluations require
physics insights from reaction modeling and the expertise of experimentalists to judge the quality
of the available data base of measurements. In addition, careful measurements require well
understood standards. Work in both these areas is the subject of Action 4242 that deals with
measurements and modelling to improve the understanding of the fission process (see Ref.
[6]), modelling of reaction mechanisms (see Refs. [7, 11, 12]), and measurements for the light
element standard reaction cross sections in energy ranges where these are not currently well
determined [14].
The specific measurement program carried out in the actions is the result of a prioritisation effort
that takes place at the level of the EU in the JEFF project, under auspices of the OECD-NEA
databank [14], and through participation in competitive calls of DG-RTD, and at a worldwide level
in the Working Party on Evaluation Cooperation of the OECD-NEA Nuclear Science Committee
[13]. The purpose of the JEFF project is to actively develop a European data file for both fission
and fusion applications by bringing together the users and developers of the data file. Its activi-
ties include data measurements, evaluation and validation against benchmarks. It has recently
published a new version of the library called JEFF-3.0 and is presently determining where this
library requires improvement and for which applications. The Jeff community meets twice per
year at the NEA headquarters in Issy-les-Moulineaux.
Another important source of data needs is the High Priority Request List (HPRL) maintained
by the WPEC. As an OECD effort, the WPEC monitors and follows up on the requests from
the data file projects in Japan, OECD-Europe and the USA with the important aim of avoiding
duplication of efforts. The WPECs activities are in part implemented through subgroups. The
IRMM is involved in the subgroups on activation cross sections and on fission neutron spectra
and multiplicities.
Both the JEFF project and the WPEC maintain close links with the efforts that take place under
auspices of the IAEA-NDS [14]. Specifically, the IRMM Neutron Physics unit takes part in the
CRPs concerning the thorium fuel cycle and neutron standards. Here its recent contacts with
enlargement states play an important role.

3. The IRMM neutron sources

IRMM has two neutron laboratories that are both used and operated by the Neutron Physics
unit. The first is GELINA, the Geel Electron LINear Accelerator laboratory. It has a pulsed white
neutron source that is operated in time-of-flight mode. Here, an unprecedented time-of-flight
resolution is achieved. The second is the Van de Graaff laboratory in which measurements are
performed with quasi mono-energetic neutron fields of energies between several keV and 20
MeV.
At Gelina intense short neutron bursts are produced by a pulsed electron accelerator with high
peak power and burst rates of 40 to 800 Hz. Neutrons with a white spectrum are produced by
(γ,xn) and (γ,F) reactions induced on a rotating uranium target using bremsstrahlung photons.
One electron burst of 10 ns duration consists of a train of 30 packets of electrons with ener-
gies continuously distributed between 70 and 140 MeV. This burst is compressed into a single
packet of less than 1 ns full width at half maximum (fwhm) by a compression magnet for very
high resolution neutron time-of-flight measurements The primary neutron spectrum is typical for
an evaporation spectrum associated with (γ,n) and (γ,2n) reactions and to a lesser extent (γ,F)
reactions. It peaks around 1.2 MeV and drops of exponentially above this energy. Two water
holding moderators above and below the neutron producing target enable high resolution mea-
surements from 1 meV to a few hundred keV. In all, the facility covers the range from 1 meV to
20 MeV allowing a selection of moderated or unmoderated neutrons. A design study is under-
way to explore the possibilities for further improvements. For details of this collaboration with
Delft University of Technology and of the present facility see M. Flaska et al. [9] and references
therein.
At the Van de Graaff laboratory a 7 MV CN Van de Graaff accelerator from High Voltage Engi-
neering produces quasi mono-energetic neutron fields using the reactions 7Li(p,n)7Be, 3H(p,n)3He,
2H(d,n)3He and 3H(d,n)4He with incident energies between 1 and 7 MeV. The neutron energy
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range from a few keV to 20 MeV can be accessed with the exception of the range from 10-14
MeV. The tritium targets are impregnated Ti deposits on Ag backings with Ti layer thicknesses
from 0.2 to 2 mg/cm2 and a 3H to Ti ratio between 1.5 and 1.7. Deuterium targets can be either
similar solid deuterium targets or a deuterium gas cell. Lithium targets are LiF deposits on Ag
backings. Air cooling is used for beam powers up to 50 W. The Van de Graaff neutron labora-
tory is a low scattering facility with a minimum distance between neutron source and shielding
wall/floor of 5.6 m. A high current beamline with currents up to 50 µA uses water cooling and
dedicated additional shielding.
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Figure 1. Capture measurements for 206Pb at Gelina using C6D6 detectors at the 60 m flight
path and the moderated spectrum. The large neutron widths relative to the gamma-widths are
illustrated in the upper left panel. In the upper right panel the decay scheme is presented. The
quality of the Monte Carlo modelling for the detector response and the impact of the sample is
illustrated in the bottom left and bottom right panels, respectively.

4. Examples

4.1 Transmutation.
In collaboration with CEA a series of measurements was performed on long-lived radioactive
nuclides which are candidates for transmutation. These concerned the capture and total cross
section measurements in the resolved and unresolved resonance region at GELINA for the long-
lived fission products 99Tc and 129I and for the important minor actinide 237Np. Additional mea-
surements take place that address the assessment of the radiotoxicity and the hazards of the
treatment of spent fuel in partitioning. Tritium production in ternary fission of Cm isotopes is be-
ing studied with the university of Gent and the production of 14C in nitrogen fuels is being studied
with FZ Jülich. An active involvement in ISTC projects at KRI and Gatchina, St Petersburg focus
fission fragment mass and TKE distribution determinations for neutron induced and spontaneous
fission of 244,248Cm, 252Cf, 235U and 239Pu.
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4.2 Accelerator Driven Systems
The energy range that can be addressed at IRMM ranges from 1 meV to 20 MeV. Neutron
spectra in ADS extend up to the energy of the proton incident on the neutron producing target,
i.e. 1-2 GeV. Nonetheless, 90% of the neutrons emitted from the neutron producing target into
the subcritical core and the surrounding structural components have below 20 MeV. In fact, it
has been shown that even most of the damage and H/He production in structural parts is due
to neutrons below 20 MeV [15]. In addition, important design parameters including those for
radiation damage are not very dependent on the physics of the target, so that many issues can
be handled at our neutron sources or for very radioactive samples at the nTOF facility at CERN
or LANSCE at Los Alamos National Laboratory [16].

Inelastic scattering. It has been shown that the margins on the subcriticality level that result
from inelastic scattering and (n,2n) cross section uncertainties on the lead isotopes and bismuth
are unacceptably large. In recent years we have developed a setup at GELINA using two HPGe
detectors to study gamma-ray production cross sections [17]. The setup was applied to the
study of 58Ni(n,n’γ) and 52Cr(n,n’γ) cross sections. Total and level inelastic cross sections were
deduced. Presently, we have started a program to investigate the isotopes of lead and natural
bismuth with this technique. Further details are presented elsewhere in these proceedings [8].

Capture. Another issue in lead and lead-bismuth cooled and moderated reactors is the trans-
parancy to neutrons. Even if capture cross sections are particularly low, the large quantities of
lead and bismuth in the subcritical core and the reflector zone cause a large number of neutrons
to be lost to capture in lead and bismuth. Recent studies completed at IRMM include the deter-
mination of capture cross sections for 207,208Pb and 209Bi. At present, the capture and total cross
sections of 206Pb are being studied. Complications in these measurements are the large neutron
scattering widths and the small number of gamma-rays emitted in the decay. The large neutron
widths make it essential to use gamma-detectors with an intrinsically low neutron sensitivity. At
IRMM C6D6 scintillators are used to this end. Such detectors have the added advantage of in-
sensitivity to the particular decay pattern of the capturing state. On the other hand this feature is
almost useless for the case of this nucleus. In addition, the very simple decay pattern implies a
very strong sensitivity to the angular distribution of the gamma-rays. This sensitivity is presently
reduced by a gamma-ray detection angle of 125 degree. To gain full control over the efficiency
for detection of a capture event resort is taken to detailed Monte Carlo simulations using the
code MCNP version 4C3. See Fig. 1 for further details.
Besides this work for 206Pb, a project was started to study the branching ratio and its energy
dependence for the 209Bi(n,γ)210m,gBi reaction. These measurements will be carried out for ther-
mal energies at the ILL and the Budapest Neutron Center and for higher energies at GELINA
using HPGe detectors to unambiguously select the final state. The cross section is important
since 210gBi, decays to 210Po, a short lived alpha emitter that is hazardous to operation of Pb/Bi
reactors.

Activation cross section measurements are performed at the Van de Graaff for the determi-
nation of hydrogen and helium production cross sections and cross sections for (n,xn) reactions
with emphasis on the energy range from 14 to 20 MeV where thus far measurements are scarce.
The subject is dealt with elsewhere in these proceedings and additional references are given
there [7].

4.3 The thorium fuel cycle
The thorium cycle has a potential for waste transmutation, efficient destruction of weapons grade
plutonium and energy production with significantly less production of transuranic waste. The
main advantages come from the fact that almost no plutonium, americium and curium is pro-
duced in comparison with the conventional fuel cycle. In addition, for countries like India and
Brasil it is attractive in view of their large resources of ore. Cross section measurements for
main isotopes of this fuel cycle are essential since little attention was paid to these in the past.
Therefore, uncertainties are large and significant gaps exist in the data base, making it difficult to
make reliable estimates in scoping and design calculations. This is also the reason why a CRP
was established for this fuel cycle by the IAEA-NDS, in which IRMM takes an active part [14].

Capture. The large measurement and evaluation effort at IRMM for 232Th capture is elaborated
elsewhere in these proceedings[10, 11, 12]. In the nTOF collaboration we are investigating the
feasibility of additional 236U measurements to be carried out at IRMM in 2004.

Fission. Measurement activities include the fission cross section determination for 233Pa in the
fast energy range at the Van de Graaff and the thermal and resonance region measurements
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Figure 2. Left: Measurements of the 234U(n,f) cross section at Gelina. The inset shows agree-
ment with the thermal point obtained with a dedicated measurement at the ILL. Right: Measure-
ments for the 10B(n,α) cross section in the energy range above 1 MeV.

at GELINA for 234,236U. 233Pa constitutes an important equilibrium fraction in a thorium fuelled
reactor. Its decay to 233U results in a criticality increase over a duration of a few months fol-
lowing reactor shut down. Despite the short half life of 27 days, direct measurements of the
neutron induced fission cross sections were made at the IRMM van de Graaff [18]. The work is
a collaboration with Örebrö university and the Studsvik laboratory.
The measurements of the fission cross section for 234,236U is complicated by the very low sub-
threshold cross sections for these isotopes. This places high demands on sample purity in view
of the very large cross sections for the possible 233,235U contaminants. Measurements for 234U
have demonstratred the feasibility of these measurements (See Fig. 2) and measurements for
236U will be undertaken, shortly. The work is a collaboration with the university of Gent.

4.4 Standard cross sections. Cross section measurements with the exception of total cross
section measurements, typically require normalisation that often involves an accurately known
standard cross section. A well known standard is the 10B(n,α) cross section that is currently
considered a cross section standard below 10 keV. Above this energy several discrepant mea-
surements exist and above 1 MeV the data base is decisively scarce. Recently, one important
source for discrepancies was identified at IRMM by use of the gridded ionisation chamber and
it was demonstrated that such a chamber could be used essentially free of background up to
energies as high as 4.5 MeV using the processing flexibility offered by direct digitisation of the
signals. Figure 2 shows the results obtained at the Van de Graaff laboratory in comparison with
other measurements and evaluations. In the energy range above 100 keV, the kinematics of
the reaction plays a decisive role in the response of ionisation chambers. Forward or backward
mounted deposits with respect to the incident flux lead to distinctly different sensitivities as a
result of the contributions of the α and the associated Li ion that are both made in the forward
direction when they are emitted at angles nearly perpendicular to the normal of the deposit.
Results of these findings are contributed to the standards CRP of IAEA-NDS [14].
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evaluation

N.B. Janeva 

Institute for Nuclear Research and Nuclear Energy, Blvd. Tzarigradsko Shaussee 72, 
1784 Sofia, BG 

Abstract The activity is presented for measurement of basic data for application in nuclear
safety, advanced fuel cycles and waste management strategies like transmutation, accelerator
driven systems and the possible use of Thorium fuel cycle. The precise measurements of
resonance neutron cross sections require careful estimation of the multiple scattering and self-
shielding corrections of the experimental data. The importance of thick sample transmission and
self- indication measurements as source of additional information for energy structure of the cross 
sections is emphasized.
The measurement of basic data is addressed to the application in nuclear safety, advanced fuel
cycles and waste management strategies like transmutation, accelerator driven systems and the
possible use of Thorium fuel cycle. The last can be considered as well in the potential needs of 
nuclear data for Accelerator Driven Systems.

Introduction

The thorium fuel cycle is of great importance for India, which possess one third of world thorium
reserves. This country is an example of extensive use of thorium for power production [1]. 
Thorium is used for power flattening in PHWR's. The 300 MWe Advance Heavy Water Reactor
(AHWR) is foreseen with the fuel: 233U/232Th MOX + 239Pu/232Th MOX. The AHWR Critical facility
is under construction. 233U + 232Th Compact High Temperature Reactor is under design. 30 KWth
233U reactor and Thorium loaded Fast Breeder Test Reactor are already operating.
In the evaluated data libraries upper limit of the unresolved resonance range for 232Th is 50 keV
[1]. This suggests once more that measurement and accurate evaluation of basic data for 232Th
unresolved resonances over this limit are of great importance.
The measurements of 232Th resonance neutron capture cross section are considered further and 
some problems related to data evaluation are discussed. The experiment is done at the pulsed
neutron source (GELINA) of the IRMM [2]. The parameters of individual resonances result from 
R-matrix analysis of the capture yields using available computer codes REFIT [3,4] and SAMMY
[5]. The resonance averaged cross sections and parameters are determined in the unresolved
region.

Slowing down correction in the sample radiator

Precise measurements of resonance neutron capture cross sections require careful estimation of 
the multiple scattering and self-shielding corrections of the experimental data. We developed [6] a 
procedure for calculating the slowing down correction in a flat target of thickness d. The 
absorption intensity is given by the following expression

)E(q)E(q
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Here s are macroscopic cross sections, J(E) is the intensity of neutron beam, W(E)=1-exp[-
(E)d] the first collision probability, and the second term q2 in the sum is connected with the 

second collision due to the slowing down in the target volume with account of the probability of 
non escape from this volume in the slowing down process P(E), 

2

1A

1A
.

For relatively thin targets the slowing down effect is small. The following approximations are
applied [7] - NRA (narrow resonances), FFA (flat flux distribution of the second collision) and 
rational approximation for P(E’). For the unresolved resonances, q2 is resonance averaged and 
the correction became
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We obtained the parameters of rational approximation for P(E): a1=0.09, a2=1.91, b1=0.02,
b2=0.68 and analytical approximation of the function K(h, ), as follows
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Fig. 1  The calculated by the proposed procedure C2, noted as F. 
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The normalisation constant was determined from a resonance shape analysis of the well isolated
and nearly saturated resonances at 21.8 eV and 23.5 eV, with a peak transmission of
respectively 4.7% and 0.9%. The code REFIT_IRMM [3,4], based on the R-matrix theory, is used
to fit experimental data with the normalization constant as a free parameter. The normalisation 
procedure is done using resonance parameters from evaluated data files. The resonance neutron
capture data for 232Th are not known with big precision and there is significant dispersion of the
data from various evaluations. This can be seen on the Fig. 2 for the energy region up to 200 eV.
We calculated the normalization constant for various experimental data sets by using the
parameters from different evaluated data files (Table 1).

Table 1. Dependence of the normalisation constant on nuclear data

The results on the Table 1 show small dispersion of the normalization constant value, when this
constant is obtained by using different data libraries. This confirms the possibility of application
the evaluated resonance parameters for normalization. It can be recommended nevertheless to 
test the normalization against the independent data set like transmission measurements.

Tick sample transmission measurements

The resonance structure of neutron cross-sections can be derived from the data about cross-
section functionals such as transmission e-n  and self-indication. Capture self-indication e-n

ratios are obtained if the fraction of a neutron beam transmitted by a filter sample undergo
capture in a thin “radiator“ sample of the same material placed downstream of the filter sample
and viewed by gamma-ray detectors [8,9]. From “filter in” and “filter out” runs, one obtains the 
capture self-indication ratio for a very thin radiator-sample. The self-indication ratio depends on
the total and radiative capture cross-sections and on their correlated resonance structure. The
accuracy is inherently high like that in transmission measurements since corrections to numerator
and denominator tend to cancel at least partially, flux calibration and capture detector efficiency
cancel exactly [8]. The observed data are more sensitive to the cross-section structure if the
samples are thicker. These are more sensible to the total cross section in minima between
resonances and especially to the resonance wings and offer detailed information about the 
effects of resonance interference. In this way the transmission and self-indication data are
valuable for improving the precision of resonance parameter determination like it is presented in
[10].
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Fig. 2 Comparison of 232Th neutron capture cross section from different
evaluations.

In the unresolved region the comparison of thick sample transmission or self-indication values
computed from evaluated file with resonance averaged measurement of these quantities can be
used for derivation of average resonance parameters – mean level spacing, average partial
widths and potential scattering phases as well. These are very important for modern evaluated
data files, that contain for unresolved region not only average point cross sections but also 
average parameters characterising the resonance structure.
The big practical importance of the transmission and self-indication data can be seen from the
relationship of these with self-shielding factors, that are important constants for neutron transport
calculations. From thick sample measurements can be obtained - measured values of the
resonance averaged cross sections, average transmission e-n  and self-indication e-n

functions at an arbitrary thickness n, as well as the following integrals that are related to self-
shielding factors

0

n 1
dne ,

0

n dne .

The thick sample measurements of neutron capture for 232Th are presented in [9] and the similar 
experiment for the neutron induced fission of 239Pu with the derivation of average resonance
parameters are given in [11]. On the Fig. 3 some experimental results can be seen for thick 
sample transmission and self-indication in fission of 239Pu [11]. The data are averaged in the 
scheme of 26 energy groups for reactor calculations.
We consider capture self-indication measurements for

232
Th at GELINA as a source of

experimental data that would be complementary to the available neutron capture and
transmission data, and can be used for improving the accuracy of resonance parameter
determination. The sensitivity of thick filter data to resonance interference is a good base for the
use and refinement of modern methods for resonance analysis. Considering the significance of 
232Th for thorium-uranium fuel cycle and innovative concepts in nuclear energy a natural
continuation of this work could be capture self-indication measurements for

233
U.
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Fig. 3 Transmission T(n) (solid curves) and fission self-indication Tf(n)
  for 239Pu (dashed curves) in comparison with data from other experiments.
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Abstract.  Excitation functions for neutron induced reactions on isotopes of Co, Ni, Cu, Zr 
and Pb have been studied using activation technique. In total 25 reactions have been 
measured in the energy range of 1 to 20.6 MeV. These included (n,p), (n,np), (n, ), (n,n’ ),
(n,2n), (n,3n) reactions on the above mentioned elements. In addition, new results have been 
obtained for the isomeric cross section ratios of the 58Ni(n,p)58m,gCo, the 60Ni(n,p)60m,gCo and 
.59Co(n,2n)58m,gCo reactions. The radioactive reaction products with half-lives between 6.3 
seconds and 5.3 years have been measured via high resolution -ray-spectrometry and 
Liquid Scintillation Counting, the later in combination with radiochemical separation. Nuclear 
model calculations were performed for most of the investigated reactions using STAPRE-H 
code. In some cases our results are compared with TALYS code calculations. 

A good knowledge of neutron induced reaction cross section data is required for testing 
nuclear models as well as for many practical applications, especially in the field of nuclear 
energy[1]. The cross sections are needed, for example, to estimate the decay heat, activation 
of structural materials, gas production etc. in both present day fission and future fusion 
reactors and Accelerator Driven Systems (ADS). The neutron spectrum in novel nuclear 
technologies extends above the traditional limits for fission reactors. This reflects in generally 
different and more complex radioactivity induced by those neutron fields. Although the energy 
range of interest for ADS extends up to a few GeV, neutrons with energy below 20 MeV play 
a considerable role with regards to hydrogen and helium gas production and the number of 
displacements per atom. The isomeric cross section ratios are of fundamental interest for the 
investigation of the nuclear-spin and structure effects in the formation of isomeric states. The 
survey of the available data pointed out the needs for extensive studies in order to achieve 
better understanding of quantitative formation of isomeric states. 
The irradiations were carried out at the 7 MV Van de Graaff accelerator at IRMM, Geel. Quasi 
mono-energetic neutrons with energies between 13.3 and 20.5 MeV were produced via the 
3H(d,n)4He reaction (Q = 17.59 MeV) using a solid-state Ti/T target (2 mg/cm 2 thick) on a 
silver backing (0.4mm thick) at incident deuterons energies of 1, 2, 3 and 4 MeV. The typical 
beam current on the target was 10 A. The samples, each sandwiched between monitor foils, 
were placed at angles between 0  and 125  relative to the incident deuteron beam and a 
distance of about 2-4 cm between the centre of the target and the front of the sample stack. 
Neutrons in the energy range 1 - 3.4 MeV were produced by a proton beam on a solid-state 
Ti/T target via 3H(p,n)3He reaction (Q = - 0.764 MeV). The energies of the protons were 
between 1.9 and 4.3 MeV. The samples were placed at 0  relative to the proton beam and at 
4 cm distance from the target. Most of the reactions were investigated using a special 
designed low mass setup, consisting of an Al support ring, from wich the samples were 
suspended using small Al rods. This system allows simultaneous irradiation of several 
samples at different angles and thus different neutron energies. For the measurements of 
short-lived reaction cross sections, where the data base is especially poor, a pneumatic 
transport system was used. Since many reaction channels are opened in the investigated 
energy range, high purity isotopically enriched and natural abundance materials were 
employed, in order to avoid interference between different reactions.  
The mean neutron energies and resolutions at each sample for the primary 3H(d,n)4He
neutrons and for the mono-energetic neutrons from 3H(p,n)3He reaction were calculated both 
by the program code EnergySet that is based on the reaction tables and the stopping powers 
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and by the Monte Carlo code TARGET, which simulate the neutron production, transport and 
scattering processes in the target and irradiation geometry. For the correction of the 
background neutron contribution the neutron flux density spectra were determined using 
neutron-spectrum information obtained by time-of-flight method and spectral index method 
that involves various monitor reactions with distinct energy thresholds. 
The neutron fluence rate was determined by the well-known 27Al(n, )24Na reaction cross 
section. Depending on the half-life of the measured reaction in some cases 27Al(n,p)27Mg,
56Fe(n,p)56Mn, and 93Nb(n,2n)92mNb dosimetry reactions were used. The measurements 
involving secondary standards were ultimately referred to the primary 27Al(n, )24Na standard 
reaction cross section. The flux of neutrons in the 1-3.5 MeV energy range was determined by 
the 115In(n,n )115mIn dosimetry reaction. 
Standard -ray spectroscopy was employed for the measurement of the radioactivity. Three 
lead-shielded HPGe detectors were used for the measurement of radioactivity. They were 
connected to personal computer data acquisition systems via separate analog-to-digital 
converters (ADC). The data acquisition was controlled by the S100 software, supplied by 
Canberra. The peak area analysis was done with the PC program GAMMA-W V17.07. The 
58.6 keV photons from 60mCo decay were observed using a planar HPGe detector with 
carbon fiber window. The 204Tl, which is pure -emitter, was measured with the Wallac 
Quantulus 1220 ultra low level Liquid Scintillation Counter after chemical separation from the 
irradiated Pb sample. 
The cross sections were calculated using well known activation formula. The procedure that 
was applied closely follows the method described in Ref. [2]. The count rates were corrected 
for coincidence losses, -ray abundance, -ray self-absorption, efficiency of the detector, and 
for the measurement geometry. 
New measurements of cross sections and isomer ratios are presented for Z=1 reaction on 
the Ni isotopes and for (n,2n) reactions on 58Ni and 59Co. Unique results were obtained for 
58Ni(n,p)58mCo, 60Ni(n,p)60mCo, 61Ni(n,p)61Co, 61Ni(n,p)60mCo, and 62Ni(n,x)61Co reactions. 
Important modifications to the shapes of the excitation curves of the 58Ni(n,p)58Co and 
60Ni(n,p)60Co reactions emerge for the energy range 14-20 MeV, at least in part as a result of 
account of parasitic low-energy neutrons. In particular, the results for the latter reaction and 
63Cu(n, )60m+gCo reaction impact the production of 60Co in materials subject to the hard 
neutron spectra. 
Results of new activation cross section measurements are presented for the following 
neutron-induced reactions: 90Zr(n, )87mSr, 90Zr(n,p)90mY, 91Zr(n,p)91mY, 91Zr(n,x)90mY,
92Zr(n,p)92Y, and 92Zr(n,x)91mY. The use of enriched samples allowed the distinction between 
(n,p) and (n,np+pn+d) contribution to the same activity. The presented reaction cross sections 
have been measured for the first time in the investigated energy range. 
The present measurements for lead add substantially to an otherwise poor database. The 
results on the natPb(n,x)204Tl and 204Pb(n,3n)202mPb reactions are unique, since no data exist 
so far. 
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Fig. 1. Measured reaction cross sections on Ni isotopes compared with measurements by
others and with model calculations.
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Fig. 2. Total and isomeric cross section ratio measurements of the 58Ni(n,p)58m,gCo and 
.59Co(n,2n)58m,gCo reactions and deduced 58Ni(n,p)58mCo and .59Co(n,2n)58mCo reaction cross
sections. 63Cu(n,a)60m+gCo reaction cross section data.
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Fig. 3. Measured reaction cross sections on Pb isotopes compared with measurements by
others, model calculations and evaluated data.
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Fig. 4. Measured reaction cross sections on Zr isotopes compared with measurements by
others and evaluated data.
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Abstract. Several 99Tc(n, )100Tc experiments have been performed to determine absolute
thermal neutron capture cross section of the 99Tc isotope at the Budapest PGAA-NIPS 
Facility. In order to reduce uncertainties on the inferred total thermal-neutron capture cross
section, 99Tc(d,p) and 99Tc(n, ) experiments have also been performed. Analysis of these
experiments may lead better precision of the inferred cross section. Status of this work is
presented.

1. Introduction

Along with the 129I isotope, 99Tc constitutes 95 percent of the long-lived (>500 a) nuclear
waste from pressurised water moderated reactors. Its ability to migrate and the efficient intake 
by living organisms make 99Tc a hazardous radiotoxic material. Furthermore, the extremely
long half-life (2.1 105 a), the low beta-decay endpoint energy (294 keV), and the single weak
(6.5 10-4 %) low-energy  (89.5 keV) -ray [1], which is superimposed on a high
bremsstrahlung background, make the non-destructive assay of 99Tc with passive nuclear
methods difficult.
Fortunately, 99Tc can be transformed by neutron capture into 100Tc, which decays with a 15 s
half-life to stable 100Ru. This is the basis of transmutation of technetium contained in the
nuclear waste [2]. The prompt -radiation produced can in principle be used for assaying
technetium by prompt gamma activation analysis (PGAA). It is, however, not easy to use 
during the transmutation. Thus the off line, neutron activation analysis (NAA) technique has
been applied in the TARC experiment at CERN [2] for controlling the transmutation process.
The calculation of the yield of 100Tc from NAA measurements requires a knowledge of the
absolute gamma decay probabilities, P  of the states of 100Ru which are populated in the
100Tc( -)100Ru beta decay. 
There are two possibilities to find the absolute gamma decay probabilities for different states 
of 100Ru resulting from the 100Tc( -)100Ru beta decay. The first way is to measure the beta
decay yields to the different states of 100Ru, as well as the -  coincidence yields for the -
decays. Such an experiment has been performed recently by Furutaka et al. [3], yielding
values with an approximate uncertainty of 9%. The other way is to measure the neutron
capture cross section of 99Tc and calculate the absolute decay probabilities of 100Ru gamma
rays as a ratio of their partial gamma ray production cross sections and the neutron capture
cross section. Several experiments have already been performed to determine the thermal 
neutron capture cross sections in the past [4]. None of the previously determined neutron
capture cross sections are known to better than 10%. The TARC experimentalists pointed out 
that their yield calculation could not be given with better precision than 14%, mainly due to the
imprecise value of absolute decay probabilities [2]. 
The aim of our work is to improve the precision of the 99Tc thermal neutron capture cross
section. This can then be combined with our recently published accurate measurements of
absolute partial gamma ray production cross sections which have been determined for the 
major -rays from the 99Tc(n, )100Tc capture reaction and from the subsequent beta decay of
15 s 100Tc [5] at the cold neutron PGAA facility of the Budapest Research Reactor [6]. We
have inferred a lower limit to the thermal neutron capture cross section from the sum of partial
gamma ray cross sections leading to the ground state [5]. This value is based on the
assumption that the placements of the ground state transitions are correct. In the present
article we present the status of all our experimental efforts to reduce the uncertainty of the
inferred thermal neutron capture cross section.

2. Experiments on the 
99

Tc nucleus 

# Belgya@alpha0.iki.kfki.hu
* Died 6 January 2004 
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In our first application of the chopped, cold neutron beam, we have studied the decay of 100Tc.
A mass of 0.5 g of radioactive 99Tc powder was packed in an Al capsule and placed in the
cold neutron beam at the PGAA station. The beam was chopped with on/off periods of about
16/11 ms respectively. The separately recorded prompt and decay -ray spectra were
collected at the same time for about 100,000 s. With careful detector efficiency calibration we 
could improve the precision of the -ray branching ratios of 100Tc substantially. A suppression
factor of 300 for the prompt events in the decay spectrum could be achieved with the chopper
(see Fig 1). 
In a subsequent experiment, 0.1135 g of ammonium pertechnetate powder (NH4TcO4

supplied by Oak Ridge National Laboratory, USA) was sealed in a thin Teflon bag. This
sample was placed in the guided cold neutron beam at the PGAA station to determine the
partial -ray cross sections of strong -rays. The hydrogen of the stoichiometric compound
makes an ideal internal comparator, since its capture cross section is large and very
accurately known [7]. The partial cross sections for the known capture -rays that go to the

ground state and for the 539 and 591 keV -rays from the subsequent 100Tc decay were 
determined [5]. To improve the precision of the capture cross section value obtained from
summing partial cross sections of the ground state transitions, high statistics -ray spectra
were accumulated with a larger 0.5 g 99Tc target at the PGAA station. In a two-day
experiment 109 counts were accumulated to obtain good statistics even at high gamma
energy. In our analysis we have found about 1400 transitions in the 28 keV–6.5 MeV range.
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99Tc prompt and 100Tc decay spectra measured at the same
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labels are energies in keV, followed by the identification. No 
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l i

To improve the low energy level scheme we assumed that all of the high-energy gamma rays
are primary and hence that they each define a level. To prove that these states really exist,
high resolution 99Tc(d,p) experiments were performed in co-operation with scientists of the
tandem accelerator facilities of the Technical University of Munich. Two proton spectra were
taken at 30 and 60 degrees with about 6 keV resolution up to about 2 MeV. Figure 2 shows
the region of the 30  (d,p) proton spectrum corresponding to level energies from 172 keV to
521 keV excitation in 100Tc. Almost all of the known levels were identified and we now try to
use this data to extend the level scheme toward the higher energy region.
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Figure 2.
99Tc(d,p)100Tc proton spectrum at 30 . The upper panel shows the 

data plus the overall fit, while the lower panel shows each of the peak used
in the fit.

To clarify the placement of gamma rays we have performed a 99Tc(n, ) coincidence
experiment on a 15 mg Tc-target with a planar HPGe and a small volume HPGe detector. We
used leading edge timing in order to be able to study very low energy gamma transitions. An
example of a gated prompt coincidence spectrum can be seen in figure 3. Many of the 
coincident gamma rays shown there are either inconsistent with the placements in the
adopted decay scheme [8], or are not placed in the decay scheme at all. 

3. Discussion and Results

Several experiments were performed in the past to determine the thermal neutron capture
cross section of 99Tc. These are collected in the EXFOR database. Table 1 summarizes the
values obtained, together with the latest compilation of Mughabghab [7]. As can be seen,
none of them has better accuracy than 10%. The recent evaluation of Mughabghab results in
a value with an uncertainty of 5% [7]. 

Table 1. Thermal neutron capture cross section of 99Tc values obtained from various
experiments.

First author and year Cross section Method

H. Pomerance 1975 19 2 b pile oscillator 
R.B. Tattersall 1960 16 7 b pile oscillator 
N.J. Pattenden 1958 25 2 b transmission
M. Lucas 1977 20 2 b mass spectrometer
V.V. Ovechkin 1973 24 4 b activation
H. Harada 1995 22.9 2.6 b activation
Mughabgab 2003 20 1 evaluation [7]
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99Tc (n, ) prompt-coincidence spectrum. A gate was set on the 299 keV gamma

ray.

In order to improve the accuracy of the non destructive assay of Tc, we first determined the
partial gamma ray cross section of the most intense capture and decay lines coming from the
99Tc(n, ) reactions. The values are summarized in Table 2. 

Table 2. Partial gamma ray cross sections of the most intense gamma rays from the 99Tc(n, )
reactions.

E   (keV) Origin   (b) Sensitivity (cps/mg)

172.1 99Tc(n, )100Tc 16.61 0.15 3.0

223.4 99Tc(n, ) 100Tc 1.472 0.013 0.24

263.5 99Tc(n, ) 100Tc 1.425 0.012 0.21

539.5 100Tc ( )100Ru 1.604 0.014 0.14

590.7 100Tc ( )100Ru 1.296 0.011 0.10

89.5   99Tc ( )100Ru 4.3 10-3

Summing the partial cross sections (not all are listed in Table 2) of the published ground state 
transitions [8] we could deduce a lower limit of 21.21 0.17 b for the thermal capture cross
section of 99Tc, given in Table 3 below. However there is an additional unknown systematic
uncertainty due to mistakes in the published decay scheme. Using the decay probability of 
5.5 0.4 for the 590 keV 100Tc -ray [3] we calculated that the number of 172 keV -decays is
69.5 5.0 for 100 neutron captures, in contrast to the value of 48.8 obtained by Pinston et al.
[8]. The 539- and 590 keV decay probabilities [3] can also be used to infer values of the total
thermal neutron capture cross section of 99Tc, using cap = 539,590/P , with results which are 
also summarized in Table 3. All of these values suggest a higher cross section than the
evaluated value of 20 1 b suggested by Mughabghab [7] (see table 1). 
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Table 3. Inferred total thermal-neutron-capture cross section of 99Tc.

Method Basis cap (b) Comment

100Tc ( 100Ru 539 24.7 2.3 with P  from Ref. [3]

591 23.9 1.8

Average 24.3 2.2 unweighted average 

99Tc(n, )100Tc  g.s. 21.21 0.17 lower limit 

To improve and justify the value of the lower limit given in Table 3 we have initiated detailed
studies of the low energy decay scheme of 100Tc so as to find all the significant gamma
transitions to the ground state. This includes the 99Tc(d,p)100Tc reaction study to locate the 
levels, and the 99Tc(n, ) coincidence study to place the gamma rays correctly on the level
scheme. The preliminary results suggest that there is still much work to be done on the low-
lying levels of the decay scheme. The most striking finding to-date is that we found several
gamma-rays whose coincidence relations are inconsistent with the currently available decay
scheme [8]. 
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Abstract. The 232Th capture and total cross section are of primary importance for innovative
reactor systems based on the Th–U fuel cycle. To improve the quality of the data, we
measured at GELINA the 232Th capture and total cross section in the resolved and unresolved
resonance region, for neutron energies between 1 eV and 150 keV. A simultaneous analysis
of the capture and transmission data in the resolved resonance region results in improved
resonance parameters. In the unresolved resonance region the resonance averaged cross
sections, moments, self-shielding and transmission factors are analysed by the statistical
model, developed at INRNE. Average resonance parameters, derived for the energy region
up to the threshold of the first inelastic channel are compared with the data obtained by the
FITACS code.

1.
232

Th Neutron cross section measurements in the resolved resonance region

1.1 Transmission measurements
The transmission measurements were performed at a 50m-flight path. The neutrons are
detected with a 0.25  thick lithium glass (NE912) placed in an Al sphere and viewed by a 5
EMI KQB ph oto multiplier orthogonal to the neutron beam axis. The injection of a stabilised
light pulse in the detector during the measurements provided an efficient tool to control to
better than 1% the gain of the entire electronics. The experimental set-up includes a sample-
changer, placed at 23m from the neutron source, which is controlled by the acquisition
system. The determination of the flight path length was based on the 6.673 eV resonance of 
238U.

Figure 1. A result of a resonance
shape analysis on the 232Th
transmission data of the two low
energy s-wave resonances at 21.8 and
23.5 eV. 

A simultaneous Resonance Shape
Analysis (RSA) of the data using the
REFIT_IRM M code [1] results in the
resonance parameters from 0 to 4
keV. In Figure 1 we show the result of 
a RSA for the resonances at 21.8 and 
23.5 eV. The resulting resonance
parameters are important for the 
energy calibration and normalisation of
the capture measurements in both the

resolved (RRR) and unresolved resonance region (URR).

1.2 Capture measurements
The capture measurements were performed at a 60m-flight path. The sample consisted of a
metallic natural thorium disc of 8cm diameter and 1.0mm thickness, corresponding to 3.176 
10-3 at/b. The neutron flux was measured with an ionisation chamber loaded with three back-
to-back layers of about 40 g/cm2 10B. The gamma rays, originated from the 232Th(n, )
reaction, were detected by four C6D6-based liquid scintillators (NE230) placed perpendicular
to the neutron beam. Each scintillator is coupled through a boron-free quartz window to an
EMI9823-KQB photomultiplier. The pulse height weighting technique is used to derive the
capture yield [2].

1.2.1 Capture data reduction, calibration and normalisation
After the correction for background and dead time, the ratio of the amplitude weighted count
rate of the C6D6 detectors and the response of the neutron flux detectors is calculated. The
so-called capture yield is obtained by multiplying this ratio with the 10B(n, ) cross-section.
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This capture yield, Yc (E), represents the number of capture events per incident neutron on 
the sample, and can be expressed as a function of the capture, (E), and total cross-section,

t (E):

t

EN
c

n

c teNEYN
C

)1()( )(
 (1) 

with Cc the observed amplitude weighted count rate, n the neutron flux, N the normalisation
factor and  the multiple scattering correction factor.
The normalisation factor N was obtained from an analysis of the well-isolated and saturated
resonances at 23.5 eV
A resonance shape analysis of the resonance at 59.45 eV was used to determine the
effective flight path length and the effective temperature for the description of the Doppler
effect. We confirmed the effective temperature on the non-saturated well-defined resonance
at 129.12 eV in order to describe the Doppler contribution to the resonance shapes. The time
offset, deduced from a RSA in the keV region, agreed with the value defined by the gamma-
flash position. We also verified the normalisation constant by fixing the resonance parameters
at 59.45 eV to the values deduced from the transmission measurements.

1.2.2 Resonance analysis in resolved resonance region
We use the code REFIT, based on the multi-level R-matrix theory, to parameterise the
capture and transmission data. The description of the Doppler effect is based on a free-gas
model with an effective temperature [3], and in the latest version REFIT_I RMM [4] the 
resolution function results from Monte Carlo simulations performed by Coceva [5].
To perform a RSA of our capture measurements we use as the start values for the resonance
parameters the results obtained from the analysis of the transmission measurements.
In Table 1 the values in meV of the neutron width n, the radiation width , and the resulting
capture area A :

n

ngA (2)

are reported for the first eight low-energy s-wave resonances. The results from the capture
measurements are compared with the data from transmission measurements and the 
experimental data of Olsen et al. [6]. Table 1 reveal that the data sets are in good agreement.
A final evaluation and comparison with existing data can only be done after an analysis of the
complete set of capture and transmission data. 

Olsen ORELA [6] Transmission
GELINA

Capture GELINA

E [eV] n

[meV] [meV]
A

[meV]
n

[meV] [meV]
A

[meV]
n

[meV] [meV]
A

[meV]

21.81 2.08 25.3 1.92 1.98 26.9 1.84 1.93 (0.09) 26.9 1.80 (0.08)
23.46 3.82 26.9 3.35 3.56 28.5 3.16 3.71 (0.01) 28.5 3.28 (0.02)
69.23 43.20 24.1 15.47 41.38 23.0 14.78 41.38 23.55 (0.11) 15.01 (0.05)

113.03 12.86 26.1 8.62 12.31 23.5 8.08 12.29 (0.49) 25.38 (1.23) 8.28 (0.30)
120.87 22.10 24.4 11.60 21.39 24.0 11.31 19.18 (0.88) 24.21 (1.43) 10.70 (0.80)
129.19 3.33 27.5 2.97 3.19 19.2 2.74 3.26 (0.12) 22.41 (3.27) 2.84 (0.25)
170.39 60.54 25.3 17.84 58.41 25.3 17.65 58.41 25.3 17.65
192.72 16.35 25.8 10.01 15.32 21.5 8.95 15.32 21.5 8.95
199.40 9.98 22.9 6.95 9.56 24.4 6.87 9.71 (0.18) 24.4 6.95 (0.03)

Table 1. Resonance parameters for first eight 232Th s-wave resonances

2.
232

Th neutron cross section measurements in the unresolved resonance region

The measurements were performed at a 14.37m flight-path using a similar set-up as for the
Resolved Resonance Region. The sample consisted of a metallic natural thorium disc of 8cm
diameter and 0.5 mm thickness, corresponding to 1.588 10-3 at/b.
The background for the capture measurements consists of a time independent and time
dependent component. The former, mainly produced by the radioactive decay of the sample,
was deduced from measurements with a closed beam. The latter was measured by replacing
the thorium sample with a 0.5mm thick 208Pb sample of the same size. Such a lead sample
has practically the same scattering probability as the thorium sample and has a negligible
capture yield. Therefore, the 208Pb run provides a good estimate of both the so-called “open
beam” background and of the contribution due to scattered neutrons.
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2.1 Data reductions and corrections 
The capture yield was calculated as described in section 1.2.1 and the normalisation was 
deduced from an analysis of the nearly saturated resonance at 23.5 eV. To obtain the 
average capture cross section from the experimental capture yield, the yield has to be 
corrected for the self-shielding and multiple scattering effects. We calculated the total 
correction factor with the SESH code, developed by F. Froehner [7], and the MCNP code [8]. 
The results in Table 2 show that the self-shielding and multiple scattering corrections 
deduced with MCNP are systematically larger than the correction factor obtained with SESH. 
We used the results from SESH to correct the experimental capture data. 

E / keV SESH MCNP

4-6 0.9944 1.0410

6-8 0.9885 1.0403

8-10 1.0029 1.0400

10-15 0.9959 1.0390

15-20 1.0057 1.0370

20-30 1.0103 1.0362

30-40 1.0123 1.0360

Table 2. Self-shielding and multiple-scattering corrections. 

2.2 Average resonance parameters and average cross sections 
The corrected average capture cross section is shown in Figure 3 and compared with the 
experimental data of Wisshak et al. [9], Kobayashi et al. [10], and Macklin et al. [11], and the 
evaluated data in ENDF B-VI. We do not confirm the large discrepancies at lower energies 
reported by Wisshak et al. [9]. Within a systematic discrepancy of about 10% our data agree 
in the 5 – 150 keV region with the data obtained at ORELA by Macklin et al. [11] and the data 
reported by Kobayashi et al. [10]. Our capture cross section =590 (10) mb at 23 keV is also 
in perfect agreement with the capture cross section = 606 (19) mb of Baldwin and Knoll 
[12]. The data of Kobayashi et al have been normalised to the capture cross section =540 
(10) mb at 23 keV determined by Yamamuro et al. [13]. A re-normalisation of the Kobayashi 
data results in a perfect agreement with our data. 
We used the SAMMY code [14] to evalua te the average resonance parameters of 232Th in the 
unresolved resonance region. For the analysis of the data in the URR, SAMMY uses Fritz 
Fröhner’s code FITACS. This code is based on  the Hauser-Feshbach-Moldauer statistical 
reaction theory with width- fluctuations. The adjustable parameters are the neutron strength 
functions S , distant-level parameters R  and average radiation widths (at E=0) < >, whose 
energy dependence is specified via the giant dipole model. For the J-dependence of the 
mean level spacing the Bethe formula is used, while the energy dependence is calculated 
with the Gilbert-Cameron composite formula. The input values of the average resonance 
parameters can be obtained from the statistical analysis of the resonance parameters in the 
resolved resonance region or from optical model calculations. 

S  x 10-4 R < > / (meV) <D > / (eV) 

 = 0 1.1261 (0.0005) - 0.140 (0.002) 21.2 18.4

 = 1 2.3220 (0.0006) - 0.140 21.2

 = 2 3.3941 (0.0027) - 0.140 21.2

Table 3. Average resonance parameters for 232Th in the energy interval [4-40] keV deduced 
with the SAMMY/FITACS code 

In our analysis we used as input data the resonance parameters taken from the JENDL library 
and the neutron strength functions S  and the distant level parameter R , as adjustable 
parameters. 
A fit of the average capture data is presented in Figure 2. The corresponding average 
parameters are given in Table 3.
Averaged resonance parameters for 232Th in the URR were also deduced from the average 
capture data together with the self-indication data of Kobayashi et al. [10], using the 
characteristic function model (HARFOR code) [15]. The MINUIT code [16] was used for the 
fitting procedures and uncertainty analysis. The results of this analysis are reported in [17]. 
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A final evaluation of the average resonance parameters, extending the URR up to 150 keV is
in progress. For such an analysis the characteristic function model has to be expanded by
including the inelastic scattering interaction.
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Figure 2. The fit of the average
capture data (SAMMY/FITACS).

Conclusions

In the 232Th RRR the experimental transmission and capture data, obtained at GELINA’s 50m
and 60m flight paths respectively have been measured. Preliminary results for the neutron 
and capture widths of the first eight s-wave resonances have been obtained from a resonance
shape analysis with the R-matrix theory code REFIT_IRMM.  The results are in good
agreement with the data reported in the literature [4,5]. A simultaneous analysis of the
available capture and transmission data for the whole 232Th resonance region up to 4 keV is
in progress.
In the URR the experimental capture data, obtained at GELINA’s 15m flight path, are
corrected for self-shielding and multiple scattering effects. In the energy interval under the
threshold of the first inelastic channel the SESH code is applied. Using the corrected capture 
data, an evaluation of the average resonance parameters is obtained by the SAMMY/FITACS 
code. This results in the reevaluation of s- and p-wave neutron strength functions and an
improved set of capture and total cross sections.
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Abstract. The powerful white neutron spectrum from Gelina is used for the investigation of γ-ray
production cross-sections in the reaction 52Cr(n,nγ)52Cr. The γ-rays from the inelastic process
are detected with two large volume HPGe detectors placed at 110o and 150o with respect to
the beam direction. The neutron flux has been measured with a 235U fission chamber. The
efficiencies of HPGe detectors were measured with standard calibration sources and corrected
using MCNP simulations. For the main transitions the inelastic cross-section is given with an
energy resolution ranging from 1.12 keV at 1 MeV to 35.7 keV at 10 MeV, the overall statistical
error being less than 5%. Based on the known 52Cr level scheme, the level and total inelastic
cross sections have been obtained up to 3.77 MeV excitation energy.

1. Introduction

The interest in the inelastic scattering cross-sections of neutrons on 52Cr is justified by the pres-
ence of this isotope in the stainless steels used as structural materials in the design of the new
generation of nuclear reactors. Accelerating Driven System (ADS) and fast reactors are two ex-
ample. In the case of 52Cr the inelastic scattering process contributes with about 30% to the total
neutron cross-section and so a better precision on this quantity will reflect in a better simulation
of the neutron transport in nuclear reactors.
The experiment was performed at the Geel Electron LINear Accelerator (GELINA). The setup
uses HPGe detectors and time-of-flight technique to determine the gamma-production cross-
sections with a unprecedented neutron energy resolution from 1.12 keV at 1 MeV up to 35.7 keV
at 10 MeV for the main transitions. To achieve this resolution, the combination of a 200 m flight
path length, a beam repetition rate of 800 Hz and a time resolution of HPGe detectors of 8 ns
was used.
This paper contains a short description of the used n,n’γ technique and of the experimental
setup. The obtained results will be compared with existed experimental and with Talys code
calculations using the default parameters.

2. Experimental technique

The reaction rates in the inelastic neutron scattering are measured mainly by means of two
techniques called n,n′ and respectively n,n′γ . While in the first method the outgoing neutrons
are detected, in the second one the gamma rays emitted by the excited residual nucleus are
detected. In this experiment the second method was applied for the 52Cr nucleus. The primary
measured quantities are the gamma production cross-sections in the reaction 52Cr(n,n′γ)52Cr.
As a neutron source GELINA was used, which has a white neutron spectrum with a maximum
around 2 MeV (see fig 1). Above this energy the neutron flux decreases approximately expo-
nentially up to about 20 MeV. The gamma production cross-sections are measured with a high
neutron energy resolution from the inelastic threshold up to about 18 MeV. At energies greater
than about 5 MeV because of the decrease of the neutron flux and depending also by the inten-
sity of the gamma transition some of the gamma production cross-sections may be measured
with a poorer energy resolution.
From the gamma production cross-sections, based on the known level scheme of the studied
nucleus, the total inelastic and level cross-sections can be constructed (see also [4]). These
quantities can be obtained up to a certain incident neutron energy, around 4 MeV, which depends
mainly by the energy of the last observed excited level and by how well the level scheme is
known. To the total inelastic cross-section contribute only the gamma production cross-sections
of the transitions which decay directly to the ground state. The appropriate decay factor must be
taken into account. Even if in this way the total inelastic cross-section may be constructed up to
where the gamma production cross-sections are measured, above the energy of the last excited
level, the obtained values can be considered only as a lower limit. This because the contribution
from the unobserved levels (transitions) is neglected. For the nuclei in which the excited states
decay mainly through the other excited states this lower limit is a good approximation for the total
inelastic cross-section.
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Figure 1. Left, the arrangement of detectors in the experimental cabin at the 200 m flight path.
Right, the neutron fluence measured with the 235U fission chamber. The energy bins correspond
to 8 ns time-of-flight bins.

This is not the case for the level cross-sections. To construct the level cross-section of a given
excited state, from the gamma production cross-section of the transitions which decay from
this level must be subtracted the contribution of all states which decay to this level. So these
quantities are valid only up to the incident energy equal with the energy of the last observed
excited level. This procedure to construct the total inelastic and level cross-sections is very
sensitive to the accuracy of the data from the level scheme and it requires that at least one
transition is observed from each level.

2. Experimental technique

The gamma rays from the reaction 52Cr(n,n′γ)52Cr were detected with two large volume High
Purity Germanium detectors (HPGe) with a resolution of about 2.4 keV at 1.33 MeV, placed
backward at 150◦ and 110◦ with respect to the beam direction (see figure 1). The reason for
choosing such angles was first to minimise the effect of the angular γ-ray distribution to the
integral cross-sections and second, at backward directions, the detected intensity of scattered
gamma flash from the GELINA target is smaller than at forward directions. The HPGe detectors
have 75.9% and 48.6% relative efficiency at 1.33 MeV.
The sample consisted in a powder of Cr2O3 pressed in a thin, cylindrical Al can. The total mass
of powder was 146.166g, with 100.0068g of 52Cr. The sample was placed at 198.558 m flight
path length, the axis of the cylinder being parallel to the beam direction.
The neutron fluence was measured with a multilayer 235U fission chamber placed about 1.3 m
downstream to the beam direction. The chamber has 5 thin vacuum evaporated layers, 3 of
them two-sided and 2 one-sided. The total mass of 235U deposits was 3.066(6) mg. The fission
chamber recorded simultaneously with the HPGe detectors. Conventional electronics was used
for both HPGe detectors and fission chamber. The Constant Fraction Discriminators (CFD) of
the HPGe detectors were set to Slow Rise Time Rejection function in order to obtain a time
resolution of about 4ns and no spurious tail due to the pulses with slow rise time. Using this
function of the CFD a loss in detection efficiency appears. The decrease in efficiency is γ-ray
energy dependent and becomes more important at low energies. A typical problem in the time-
of-flight measurements at accelerators is the gamma flash which can be detected in coincidence
with a neutron induce event an create pile-ups. To avoid the recording of pile-ups an inhibit signal
was created in order to reject any gamma flash induce event. This signal blocks the acquisition
for that neutron burst and the possible neutron induced event from that cycle is lost. The inhibit
signals represent about 25% from the total number of events.
The fast neutron beam was collimated immediately after GELINA target, than at 100 m flight
path length and at 200 m station, before the fission chamber. The collimators used in the vicinity
of GELINA target select the prompt neutron spectrum, the moderated spectrum being shielded
(see also [4]). The collimators at 200 m station give a neutron beam of 3 cm diameter. Placing
both fission chamber and HPGe detectors after the last collimators and while the diameter of
235U deposit and the diameter of chromium sample were grater than the beam diameter, the
same effective area for the fission chamber and for the sample was assured.

3. Data processing and results

The time-of-flight histograms for both fission chamber and HPGe detectors were calibrated using
as reference the position of the gamma flash. A correction for the difference of about 1.3 m
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Figure 2. Left, the differential gamma-production cross-sections for the two detection angles. To
guide the eye the curves were smoothed with a moving average. Right, the gamma production
cross-section for the main transition (1434 keV) with the full neutron energy resolution.

between positions of the fission chamber and the position of the chromium sample was applied.
The time-of-flight spectrum from the fission chamber was normalised to the evaluated values
of the 235U fission cross-section to calculate the neutron fluence (figure 1). The efficiencies of
the HPGe detectors were measured with standard 152Eu calibration source which can be easily
considered as point-like source. Corrections for extended volume source and self-attenuation of
the γ-rays were done by means of MCNP simulations.
The differential gamma production cross-sections were calculated with the following relation

dσ(θ i)
dΩ

=
1

4π
YGei

YFC

εFcσU

εGei

tU
tCr

MCr

MU
,

where Y denotes the detector yield, ε the efficiency, i = 1,2 the HPGe detector number and t the
thickness of the Cr sample and of the 235U deposits. σU stands for 235U fission cross-section and
M for the molar mass.
An example of differential gamma production cross-section for the main transition is given in
figure 2 for the two detection angles.
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Figure 3. The smoothed curves for gamma production cross-section for the main transition
(1434 keV) compared with other data [3]. left: full energy range and right: a zoom in the region
1.4 MeV-4.5 MeV.
The integral gamma production cross-section was calculated trough a Gauss quadrature. As-
suming that the gamma production cross-section at a given angle θi may be written as

dσ(θ i)
dΩ

= ∑
n=0

a2nP2n(cosθ) ≈ a0P0(cosθ)+a2P2(cosθ)+a4P4(cosθ)...,

then the integral gamma production cross-section may be calculated as

σ ≈ 2π[w1
dσ(θ1)

dΩ
+w2

dσ(θ2)
dΩ

], where

w1 = 0.6958 f or θ1 = 150o or 30o and w2 = 1.3042 f or θ2 = 110o or 70o. This angles are the roots of
the fourth order Legendre polynomial, P4(cosθ). This approximation is exact up to the order 6 of
the Legendre polynomial, the error beeing in the contribution of the 8th order polynomial, which
any way is small for most of the transitions. All gamma production cross-sections were corrected
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Figure 4. The smoothed curves gamma production cross-section for the transitions. Left,
935 keV (L2→L1) and right, 1333 keV (L4→L2).

also for neutron attenuation and multiple scattering in the chromium sample and surrounding Al
can. Such correction was done with MCNP simulations. The gamma production cross-sections
for main transition, with full neutron energy resolution is shown in figure 2, for neutrons from
inelastic threshold up to 3 MeV. In figures 3 and 4 are given the results for the main transitions
as a comparison with existing experimental data and with default Talys code calculations. While
the comparison with Voss [1] results shows almost the same behaviour for the full energy range,
the difference in the amplitudes in not negligible. But more recently works as Karatzas [2] and
Lashuk are closer to our results. Based on the gamma production cross-sections the total in-
elastic cross-section was constructed, as described above. From figure 5 can be seen that the
results are in a good agreement with existing experimental data and also with the evaluated data.
From the agreement with Talys calculations even at energies above 4 MeV it can be understand
that the used approximation to construct the total inelastic cross-section works in 52Cr case. The
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Figure 5. Left, the total neutron inelastic cross-section for 52Cr from threshold up to about
18 MeV and, right, its corresponding relative error.

dependence of relative error for the total inelastic cross-sections by the neutron energy is shown
in figure 5. The large errors immediately above the inelastic threshold and at high energies are
due to the poor statistics, while in these regions the reaction rates are smaller.

Conclusions

The new experimental setup developed at GELINA facility for the inelastic cross-section mea-
surement was used for the nucleus of 52Cr. The gamma production cross-sections for 12 tran-
sitions of 52Cr were measured with a high neutron energy resolution from inelastic threshold
up about 18 MeV. Only few examples were shown here. For the strongest transitions the ob-
tained resolution was 1.12 keV at 1MeV up to 35.5 keV at 10 MeV. A poorer resolution was used
for wicker transitions in order to keep the statistical errors in a reasonable limit. At least one
transition from each energy level of 52Cr was observed up to 3.77 MeV excitation energy. This
permitted to construct the total inelastic and level cross-sections up to this excitation energy.
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