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Summary
The Department of Reactor Physics at Chalmers University of Technology plans to
start-up a research program in nuclear safeguards and nuclear material management.
The program is aimed at utilizing the experimental facilities as well as the experience in
reactor physics, criticality safety, signal processing and unfolding, and experimental
nuclear techniques, in tackling problems in non-destructive assay (NDA) of nuclear
materials.

For the introductory part of this program, support has been received from the Swedish
Nuclear Power Inspectorate to host Dr. Senada Avdic, University of Tuzla, Bosnia, as a
post-doc for three months to participate in the preparatory program. Dr. Avdic has been
at our Department between 1 October and 31 December 2003. In particular, pilot
measurements were planned with two newly acquired 252Cf detectors that are in the
process of being transported from JNC, Japan. The detectors have, however, only
arrived at the end of December, due to the slowness of the Japanese processing of the
export.

Hence the preparations were focussed on a survey of existing active non-destructive
assay methods and preparations of their application in the experimental and
theoretical/calculational research of our Department. The methods surveyed comprise

the use of a 252Cf source in active NDA measurements;
- planning of an experiment with the existing equipments of the Department;

time correlation measurements with a 252Cf source and/or a 252Cf detector;
- Monte Carlo simulations of the time correlations between gammas and neutrons

from a measurement with a 252Cf detector: the MCNP-PoliMi code;
- Identification of fissile material (enrichment/mass) with 252Cf measurements;
- the use of various unfolding techniques (artificial neural networks) for

identifying nuclear parameters;
use of neutron activation analysis with a neutron generator for determination of
distribution of material in an unknown sample;
determination of fissile material content by measurements of delayed neutrons.

During her stay, Dr. Avdic has also made a visit to Studsvik and discussed the
possibilities of performing experiments with fuel pellets and with fresh and spent fuel.

The above items are described in more detail in the body of the report.

We have also taken concrete contacts with some other groups in this field. Our most
important contact is Dr. Sara Pozzi, who is currently working at Oak Ridge, where the
same synergetic advantages between criticality safety, reactivity monitoring and NDA
methods with both 252Cf and neutron generator measurements has been achieved as the
one we plan to do. Dr. Pozzi is also one of the authors of the MCNP-PoliMi code. She
has attended several neutron noise diagnostic conferences in the past. She is also the
editor of the Newsletter of the Institution of the Nuclear Material Management.

By the preparations made during Dr. Avdic's visit, and in possession of the a 252Cf-
detectors, it will be very straightforward to start the experimental and theoretical work
in the second stage, when we expect to host Dr. Yasunori Kitamura from Nagoya,
Japan, for four months in 2004.



Sammanfattning
Avdelningen for reaktorfysik vid Chalmers tekniska hogskola planerar att starta ett
forskningsprogram inom karnsakerhet och karnbranslehantering. Programmet syftar till
att anvanda bade den experimentella utrustningen och erfarenheten inom reaktorfysik,
kriticitetssakerhet, signalbehandling och invertering (unfolding) och experimentella
metoder for att ta itu med problem inom ickeforstorande analys (non-destructive assay -
NDA) av karnbransle.

For den inledande fasen av programmet har vi fatt stod fran SKI for att avlona Dr.
Senada Avdic, Universitetet i Tuzla, Bosnien, som post-doc under tre manader for att
delta i forberedelser for programmet. Senada har varit pa avdelningen mellan 1 oktober
och 31 december 2003. Forsdksstudier planerades med tva nyligen bestallda Cf-252
detektorer fran JNC, Japan. Detektorerna anlande dock inte forran i slutet av december
pa grund av langsamhet pa den japanska sidan.

Darfor fokuserades forberedelserna istallet pa en undersokning av existerande aktiva
ickeforstorande analysmetoder samt forberedelser for hur de skulle kunna anvandas i
den experimentella och teoretiska forskningen pa var avdelning. Metoderna som
undersoktes var:

- Anvandning av Cf-252 i en aktiv NDA matning;
- Planering av ett experiment med den existerande utrustningen pa avdelningen;
- Tidskorrelationsmatningar med en Cf-252 kalla och/eller en Cf-252 detektor;
- Monte Carlo simuleringar av tidskorrelationen mellan gamma och neutroner fran

matning med Cf-252 detektor: MCNP-PoliMi koden;
- Identifiering av fissilt material (anrikning/massa) med Cf-252 matningar;
- Anvandning av olika inverteringsmetoder (artificiella neurala natverk) for

parameterbestamning;
Anvandning av neutronaktiveringsanalys med en neutrongenerator for att
bestamma fordelningen av material i ett okant prov;

- Bestamning av mangden fissilt material genom matning av fordrojda neutroner.

Under sin vistelse gjorde Dr. Avdic ett besok pa Studsvik och diskuterade mqjlig-
heterna att utfora experiment med branslepellets och med farskt och anvant bransle.

Ovanstaende har beskrivits mer i detalj inne i rapporten.

Vi har ocksa kontaktat nagra andra forskargrupper inom detta omrade. Var viktigaste
kontakt ar Dr. Sara Pozzi, som for narvarande arbetar vid Oak Ridge. Dar finns samma
synergetiska fordelar mellan kriticitetssakerhet, reaktivitetsovervakning och NDA-
metoder med bade Cf-252 och neutrongeneratormatningar som pa var avdelning. Dr.
Pozzi ar ocksa en av forfattarna till MCNP-PoliMi-koden. Hon har deltagit i flera
konferenser inom neutronbrusdiagnostik. Hon ar aven utgivare av Newsletter of the
Institution of the Nuclear Material Management.

Genom forberedelserna som gjordes under Dr. Avdics besok och genom innehavet av
en Cf-252 detektor kommer det att bli mycket latt att komma igang med det
experimentella och teoretiska arbetet i den andra fasen av forskningsprogrammet
eftersom vi forvantas fa besok av Dr. Yasunori Kitamura fran Nagoya, Japan, under
fyra manader 2004.



1. Introduction
Nondestructive assay (NDA) techniques are applied in all nuclear fuel-cycle facilities
for material accounting, process control, criticality control and perimeter monitoring.
The techniques are based on measurements of radiation induced or emitted
spontaneously from the nuclear material without altering the physical or chemical state
of the nuclear material. NDA has no need for sampling, is much faster and reduces
operator exposure compared to destructive procedure. However, NDA is usually less
accurate than chemical assay.

There are two basic NDA techniques: passive and active, depending on whether they
measure radiation from the spontaneous decay of the nuclear material, or radiation
induced by an external source. The principal NDA techniques are classified as gamma-
ray assay, neutron assay and calorimetry. Gamma-ray and neutron assay techniques are
complementary since they have different sensitivities to density and material type.
Gamma-ray assay techniques are the best suitable for materials with low atomic number
and low density. Gamma-rays following radioactive decay carry energy information that
can identify the nuclides present in the sample. On the other hand, neutrons do not
provide information on the nuclear species present in the sample, but they can penetrate
dense, high-atomic materials with ease. However, source neutrons multiply in a
subcritical chain, and make it possible to discover the presence of fissile material by
correlation methods. In general, the gamma-ray techniques, where applicable, are more
accurate than neutron measurements (Reilly et al., 1991). It has though to be added that
what regards the active methods, the two techniques are interrelated, since gamma-rays
are induced by neutron activation.

2. Time-of-flight and time correlation
measurements
A promising methodology in nuclear safeguards is based on the time correlation
between detections of fast neutrons and gamma rays coming from the spontaneous
fissions of an interrogating source (Mihalczo et al., 2000). This methodology was
originally developed for nuclear criticality safety and reactor physics applications. The
Department of Reactor Physics at Chalmers has experimental possibilities for doing
experiments based on the detection of correlated particles from fission. The preliminary
measurements could be performed by the measurement system composed of two plastic
scintillation detectors, detector electronics and a computer for data acquisition and
display. A schematic representation of the measurement setup is shown in Fig. 1. A
252Cf source is placed in contact with one scintillating detector, and the second detector
is placed at about one meter distance.
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Fig. 1. The experimental setup (Marseguerra et al., 2002)



The time behaviour of the events after 252Cf fission is detected in a fast plastic
scintillator that is sensitive to neutrons and gamma-rays. A schematic diagram of the
experimental apparatus is shown in Fig.2.
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Fig. 2. The experimental apparatus (Pozzi et ah, 2003)

The signal from the anode of each photomultiplier tube (PMT) base is sent to a constant
fraction discriminator (CFD) that provides a timing mark for each incoming pulse above
threshold which is independent of the incoming pulse height. Two high voltage power
supplies are used to power the PMT bases. The CFD output signal having lower rate is
sent to the start of a time-to-amplitude converter (TAC). The second CFD output is
delayed by a fixed amount and sent to the stop of the TAC. The TAC output is an
analog pulse having amplitude proportional to the time interval between the two pulses.
The main system used in time analysis measurements with 252Cf is TAC with a
multichannel analyzer (MCA), which receives and processes the TAC output.

In the next step, a 252Cf source in an ionization chamber with a better efficiency will be
used to define the time of spontaneous fission. The advantage of using 252Cf
source/detector is the better efficiency of detecting the start signal, since the efficiency
of detecting the spontaneous fission of
the fission gamma is much lower.

252,'Cf is close to 100%, whereas the detection of

The time domain equivalent of the correlation between the source and a detector is the
randomly pulsed neutron measurement where the time distribution of single pulses in a
detector after a pulse in the 252Cf source channel is measured. The cross-correlation
function between a detector and the Cf source contains two peaks; the sharp peak at low
time lags is essentially due to the gamma ray contribution, whereas the broad peak at
greater time lags is given by the neutron contribution. Results of measurement and
numerical simulation of source-detector cross-correlation function for source-detector
distance of one m are shown in Fig. 3. The choice of this distance between detectors
represents a compromise between a larger distance, which would reduce the relative
uncertainty of the location of the interaction within the detectors, and a smaller distance,
which would increase the efficiency because of the larger source-detector solid angle.
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Fig. 3. Source-detector cross-correlation function (measurement and
simulation) (Pozzi et al, 2003)

In the calibration phase the fissile material is not considered. In active measurements,
252,where the fissile material is 'stimulated' by the Cf source, neutrons and gamma rays

from the source enter the component with the neutrons inducing fission that produces
additional neutrons and gamma rays. A sketch of the time behaviour of the detected

,252,events after Cf fission in a plastic scintillation detector is given in Fig. 4.
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Fig. 4. A sketch of correlated time-analysis signature with 252Cf(Mihalczo
2000)

et al.,

After the transmitted gamma rays, the scattered gamma rays and the neutrons that travel
directly from the source through the material without collision arrive at the detector.
The neutrons have a time dispersion because of the variation in the energy of neutrons

252,from Cf fission. The next particles to arrive are the scattered neutrons and, finally
both neutrons and gamma rays from induced fission.



The first phase of correlation measurements at the Department of Reactor Physics
includes the preliminary calibration of a safeguard experiment, determination of CFD
threshold of a plastic detector and adjustment of the photomultiplier tube voltages. After

252,-setting experimental parameters, the combined time resolution for detecting the Cf
spontaneous fission in the ionization chamber and the gamma rays in the detector can
also be determined since the dispersion of the transmitted gamma ray peak is only
related to the time response of the detection system.

3. Numerical simulation of time correlations
The standard numerical code MCNP-4C (Briesmeister 2000) cannot completely
successfully simulate correlation measurements. The MCNP-PoliMi code, a modified
version of the MCNP-4C and associated post-processor code (Marseguerra et al., 2001;
2002) were developed to simulate the physics of each particle interaction more
realistically. Fig. 5. shows the MCNP-PoliMi results subdivided into the four
contributions that correspond to the possible pairs of detections in the two scintillators:
neutron-neutron, photon-photon, and neutron-photon. It can be noticed that the
dominating part of the signature is given by photon-photon correlations at short time
delays and photon-neutron correlations at long time delays. This is in agreement with
the greater multiplicity of photons with respect to neutrons in the fission process.

Fig. 5. MCNP-PoliMi simulation showing separate contributions of the four
possible pairs of events (Marseguerra et at, 2002)

It was shown (Fig. 6.) that the simulated time of flight curve is in good agreement with
the experimental result when the parameters to be used in the data analysis are found by
experimental calibration of the detector (Marseguerra et al., 2003). The good agreement
(Fig. 3.) between the experimental results of the preliminary calibration of a safeguard
experiment and the corresponding simulations found in papers by Marseguerra et al.
(2004) and Pozzi et al. (2003) is the first step towards the validation of MCNP-PoliMi,
that could be a useful tool in the analysis of nuclear safeguards measurements. The
validated code will allow the user to model various experiments.
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Fzg. 6. Experimental results and simulation results with guessed parameters and
with parameters by experimental calibration (Marseguerra et al., 2003)

4. Identification of mass and enrichment
The MCNP-PoliMi code could also be used in conjunction with artificial intelligence
(AI) method to determine the mass and enrichment of the fissile samples (Pozzi and
Segovia, 2002). The resulting sets of source-detector correlation functions as a function
of the time delay serve as a data-base for the training of the AI algorithms. From this
data base, a set of features is extracted as a training set for a neural network which can
provide sample mass and enrichment values. The measurement results given in Fig. 7.
show that the neutron peak area decreases with increasing sample mass, which means
that the attenuation of neutrons coming from the
multiplication inside the samples.

252,Cf source prevails over fission
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Fig. 7. Measurement results for 3 uranium oxide samples having enrichment
19.88 wt % 235U and mass 125, 500 and 1751 g (Pozzi and Segovia, 2002)

The cross-correlation function versus the delay time for cylinders of varying enrichment
and fixed mass is shown in Fig. 8. It was shown by (Pozzi and Segovia, 1999) that the
directly transmitted gamma-rays are not very sensitive to the fissile mass since gamma-
ray attenuation is not related to fission. On the other hand, the neutron peak depends
strongly on the enrichment.

10 30 40 50 60

Time lag foltowinq CM52 fission (nsec)

70 90 100

Fig. 8. Source-detector cross-correlation functions for uranium samples of
different enrichments and fixed mass (Pozzi and Segovia, 1999)
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Source-detector cross-correlation functions for uranium samples of different
enrichments and fixed mass, given in Fig. 8. show that above time lags of about 20 ns,
the neutron peak broadens due to an increase of neutrons generated by secondary fission
inside the fissile material.

5. Time correlations, auto- and cross-power
spectra and coherence
In addition to discrete pulse counting and time-of-flight type correlations, the
measurements can also be made in the current mode. In such measurements, just as in
traditional noise analysis methods, power spectra can be calculated by FFT methods.
This procedure is similar to that used in the 2Cf-detector based reactivity measurement
methods, elaborated by J. T. Mihalczo of Oak Ridge. More details are found in the
ORNL Report by Pozzi and Segovia, (1999) which shows that a given set of statistics of
the stochastic neutron-photon coupled field, such as source-detector, detector-detector
cross-correlation functions and multiplicities are measured over a range of known
samples to develop calibration algorithms. In this manner, the attributes of unknown
samples can be inferred by the use of the calibration results.

6. The use of delayed neutrons for the
detection and quantifying fissile material
After irradiation with fast or thermal neutrons, fissile materials emit several types of
delayed neutrons. For the interesting isotopes these can be divided into six groups, with
different half-lives and yields. Since the caracteristics of the delayed neutron groups are
different for the different fissile isotopes, the intensity-time curve of the delayed
neutrons has an individual shape for different fissile isotopes. This principle can be
used for the elaboration of a rapid analysis method which can be used for the
determination of the concentration of different isotopes in a mixture, without chemical
separation (Li et al., 2004).

This method can be applied and tested at our Department, and further developed even
including possible field application. We can perform irradiation by either the stationary
or the portable neutron generator. Samples of uranium, depleted in the 235U content are
available from the laboratory of the Subatomic Physics group. At our stationary neutron
generator, a rabbit system is also available. Detection can be made either by He-3
counters (the standard method) or by BGO detectors. Data acquisition and detection
system is available for further studies of the method.

7. Experience from the Studsvik visit
S. Avdic has discussed the possibilities of doing NDA measurements on fissile material
in Studsvik during her visit. The main conclusions are as follows.

• There is fresh nuclear fuel of different enrichment in the range from depleted to
5 % enriched uranium oxide. The mass of one pellet is about 5 g, which means
that for a measurement with sample of fixed enrichment it is necessary to have

11



10 pellets (the detection limit is approximately 50 g). It is possible to perform
experiments at the Chalmers campus with fresh fuel pellets if the Department of
Reactor Physics has a special licence for possessing fissile material.

Measurement with spent nuclear fuel should be performed in Studsvik, whether
under water, or in hot cell.
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Appendix
In this Appendix we give a brief summary of some of the references that are not
expounded in detail in the text of the report. The content of these papers is nevertheless
interesting for our planned future work. All these papers are listed also in the list of
references.

Accorsi, R., Lanza, R. C , Gasparini, F. and Marseguerra, M., Determination of
a Gamma Source Distribution for Safeguard Purposes by Data Processing with a
Coded Apertur Camera, IMORN 28, Athens, Greece (2000).

The authors of this paper investigate the 2D behaviour of a coded aperture system
designed to image gamma-rays from 239Pu. The goal was to evaluate the potential for
obtaining accurate and reliable estimates of the gamma source distribution inside a
sealed container. Preliminary results indicate the feasibility of this approach.

Chiang, L. G., Marseguerra, M., Oberer, R. B., Pozzi, S. A. and S.Ramoni, S.,
Utilization of Neural Networks and Genetic Algorithms to Determine Energy-
Threshold Calibration Curves in a Safeguard Experiment with Fast Neutrons and
Gammas, IMORN 28, Athens, Greece, (2000).

The artificial intelligence algorithms determine the optimal choice of neutron and
gamma ray thresholds to be used in the Monte Carlo simulation of the detection
process. The neutron threshold energy is experimentally determined using a time-
of-flight technique and the gamma ray threshold is inferred by locating the Compton
edge for various reference gamma sources.

Hawari, A. I., Wehring, B. W., Radulescu, H. R. and Abdurrahman, N. M.,
Feasability of Using a Graphite Slowing-down-time Spectrometer in the
Nondestructive Assay of Nuclear Materials, Nucl.Instr. and Meth. A 422 (1999)
846-851.

A graphite pile was set up as a slowing-down-time spectrometer, and a 14 MeV neutron
generator was used as the source. Measurements were made with and without a Pu
containing sample in the pile. A neutron die-away measurement was made using a He
detector with 0.8 mm ofCd. The results of the measurements were used as a benchmark
for the computational predictions of the MCNP4B code.

Holloway, J. P. and Akkurt, H., An Existence Proof for a Problem in Prompt
Gamma Neutron Activation Analysis, Nuclear Mathematical and Computational
Sciences: A Century in Review, A Century Anew, Gatlinburg, Tennessee, April
6-11, (2003) on CD-ROM.

A fixed point formulation of the problem of composition determination in prompt
gamma neutron activation analysis of large samples is presented. The formulation
includes gammas generated in surrounding non-sample material and the full nonlinear-
in-composition effects of neutron and gamma interaction in the sample and its
surroundings. The formulation relies only on ratios of measured net photopeak areas
and on ratios of computed photopeak areas. The central result of this paper is the proof
of the existence of a solution to the fixed point problem for composition. The result
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requires only very mild conditions on the radiation transport model. Fig. 10. cartoons
the basic conceptual setup.

Neutron Source

7 Detector

Fig. 10. A sketch of the basic prompt gamma analysis measurement
with a large sample (Holloway andAkkurt, 2003)

Lehmann, E. H., Vontobel, P. and Hermann, A., Non-destructive Analysis of
Nuclear Fuel by means of Thermal and Cold Neutrons, Nucl. Instr. and Meth. A
515 (2003)745-759.

The article describes the experimental procedures, detection methods and resulting
information when thermal or cold neutrons are used for non-destructive inspections and
qualitative analysis of fuel elements from nuclear power plants. Due to the high
penetration capability of slow neutrons through natural uranium and different
attenuation properties for the individual uranium isotopes, a high sensitivity in respect
to the enrichment in U-235 exists. Both the structural integrity and the material
distribution inside the pellets can be determined by neutron imaging methods.

Mariani, A., Passard, C , Jallu, F. and Toubon, H., The Help of Simulation
Codes in Designing Waste Assay Systems Using Neutron Measurement
Methods: Application to the Alpha Low Level Waste Assay System
PROMETHEE 6, Nucl. Instr. and Meth. B 211 (2003) 389-400.

The design of a specific nuclear assay system for a dedicated application begins with a
phase of development, which relies on information from the literature or on knowledge
resulting from experience, and on specific experimental verifications. The latter ones
may require experimental devices which can be restricting in terms of deadline, cost
and safety. One way generally chosen to bypass these difficulties is to use simulation
codes to study particular aspects. Parameters such as the dimensions of the assay
system, of the cavity and of the detection blocks and the thicknesses of the nuclear
materials ofneutronic interest have been optimised. Therefore, the number of necessary
experiments was reduced. The PROMETHEE device is a passive-active neutron waste
assay prototype developed for the determination of the fissile mass in 118 1-'European'
drums in the field of alpha-contamined low level radioactive waste. The current
PROMETHEE 6 waste assay system first led to detection limits of less than 0.15 mg and
0.10 mg of effective 239Pu.

16



Mihalczo, J. T., Mattingly, J. K., Neal, J. S. and Mullens, J. A., NMIS plus
Gamma Spectroscopy for Attributes of HEU, PU, HE Detection, Nucl. Instr. and
Meth. B (2003).

This system, which combines NMIS methodology with gamma ray spectrometry, can be
used to measure the following attributes of fissile material : Pu presence, Pu mass,
240/239 ratio, Pu age since reprocessing, Pu metal/non-metal, Pu geometry, U
presence, U mass, U enrichment, U geometry, U metal/non-metal Incorporation of
active gamma ray spectrometry with HPGe will allow detection of high explosives (HE),
chemical agents and, in some cases, drugs.

Alpha
. Detector

DT Neutron
Generator

Power Supplies

Fig. 9. Sketch of a small, portable DT generator (Mihalczo et al., 2003)

252,The " Cf source could be replaced with a small, portable DT neutron (14.1 MeV)
source (Fig. 9). This has a variety of advantages over the 252Cf such as reduction of
correlated background from floor and nearby objects, reduced radiation exposure and
cost effectiveness.

Pozzi, S. A. and Mihalczo, J. T., Monte Carlo Evaluation of the Improvements
in Nuclear Materials Identification System (NMIS) Resulting from a DT
Neutron Generator, ORNL Report No.:Y/LB-16,126, (2002).

This paper evaluates the use of the associated particle sealed tube neutron generator
(APSTNG) as the interrogation source in correlation measurements. The results show
that its use is of particular importance when floor reflections are present. The
simulations by MCNP-POLIMI quantified the sensitivity enhancements and removal of
the effects of nearby materials by substituting the traditional
APSTNG.

252Cf source with the
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