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Abstract-An integrated mobile system for port security is
presented. The system is designed to peform active
investigations, by using the tagged neutron inspection technique,
of suspect dangerous materials as well as passive measurements
of neutrons and gamma rays to search and identify radioactive
and special nuclear materials.

I. INTRODUCTION

In most harbors worldwide inspection systemgichted to
the security of passengers and freight are basdukexh x-ray
portals, radiation portal monitors and handheldiameters.
The SLIMPORT project [1], financed by the Italiani&try
for the Economic Development (MISE), is dedicatedthe
development of an integrated package of tools fogna
complete security system to monitor transport okpes and
merchandise in harbors.

In this framework we are developing a mobilspiection
station (called SMANDRA, the Italian acronym starids
Sistema Mobile per Analisi Non Distruttive e RAdietriche).
The system is conceived as an instrument to perfoom
destructive analysis, usable in conjunction withesent
monitoring devices such as radiation portal mositoe-ray
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scanners and others. The aim of the system isalseand
identify sources of ionizing radiation or identiflangerous
and/or illegal materials inside volumes taggedaspect” by
conventional surveys as X-ray scans. The systemade of
two pieces having a volume less than 0¥amfollows :

a- A passive unit including two gamma-ray detectors
(5"x5” Nal(Tl) and 2"x2" LaBr(Ce)) and two neutron
counters (5"x2” liquid scintillator and 3He
proportional counter for fast/slow neutrons). Timit u
will host batteries, power supplies, front-end
electronics and CPU.

b- An active unit including a portable sealed neutron
generator based on the Tagged Neutron Inspection
System (TNIS) technique.

The first unit can be used in standalone maslea high
efficiency spectroscopic radiometer for the detattiof
ionizing radiation such as gamma-rays, fast andntak
neutrons to search and identify radioactive mdtesawvell as
Special Nuclear Material (SNM). It can be used &l \as
detector package connected to the second unit dtvea
interrogation of voxels inside a load by tagged tr@u
inelastic scattering imaging. SMANDRA will be a nileb
system transported by a non-specialized light Vehi@asily
operated by non-specialized personnel.

The second unit will host in the present piygie a EADS-
SODERN sealed neutron generator with the assogitditle
detector. For practical applications the yield lb& theutron
generator will be fixed to TOneutron/s for limiting the
radiation hazard and the licensing problems.

The SMANDRA system is described in this paper.
Laboratory results obtained so far are also redorte

Il. THE SMANDRA SYSTEM

A view of the passive unit of the SMANDRA syst is
presented in Fig.1 showing the detectors, the femak
electronics and the shadow-bar needed during active
interrogations.

Fig. 1. View of the SMANDRA passive unit, showittge detectors ( liquid
scintillator light blu; Nal(Tl) yellow; LaBr(Ce) 3He+poly assembly
white), the shadow bar (glod) and the VME mini-eréblack) in the bottom.
The shadow bar is made by two sections of ironlead.



The dual use of the SMANDRA (active and passiveounting rate, as obtained from the on-line analpgrformed

interrogations) sets stringent requirements for shistem: a
low background, high efficiency detectors for gamuiuad
neutrons, with the need of discriminating the twamponents
of the radiation in the passive mode use and a bagimt rate
capability detectors to be operated in coincidendth the
associated particle counter hosted in the neuteoegtor.

As far as the gamma-ray detection, photontspswopy is
performed by using both the high resolution LaBj)(@etector
from Saint-Gobain and the high efficiency Nal(T¢jrgillator
from Scionix. The LaBr(Ce) detector offers the mbkite
energy resolution for scintillators but it has mited volume
compared with other scintillation materials andfets from
the internal activity [3]. Such fact sets limits time detection
and identification of weak% sources [4]. Moreover, the
volume limit is particularly important in the activmode when
energetic gamma rays up to 6 MeV from inelastidtation of
oxygen and carbon nuclei need to be detected [ig.Nal(Tl)
scintillator was consequently selected to be usedeaiector
for energetic gamma rays in active investigatioasnall as
high efficiency device in the detection and ideatifion of
weak gamma sources with a simple decay scheme, thigen
energy resolution is not extremely important.

As far as the neutron detectors, He proportional counter
with a polyethylene moderator is a typical choice $uch
systems operated in passive mode [6]. However,dftect
detection of fast neutron both in passive and aatiode is an
important task that justifies the use of the liquidganic
scintillator. In the SMANDRA system, available neut
detectors (an 5" x 2" NE213 detector and an ASPEBIFO1
®He proportional counter) were employed.

An important distinctive fact of the SMANDRA systeis
that both type of measurements (passive and active)
managed by a simple CAEN VME electronic front erdédx
on fast digitizers. The front end make use of atgiype
battery operated VME mini-crate (4 slots) with adge USB
V1718. The mini-crate hosts a HV system (V653
Programmable HV Power Supply (6 Ch., 4 kV, 3 mAM
and a V1720 8 Channel 12bit 250 MS/s Digitizeridasthe
V1720, Digital Pulse Processing (DPP) algorithme a
implemented by using FPGA, providing on-line focleavent
the time stamp, the complete integration of thealiga partial
integration of the signal used for Pulse Shape ridiseation
(DSP) in the liquid scintillator and the possilyilibf storing a
selected part of the digitized signal. The latteatfire is
needed in reconstructing off-line coincidences famdhe time
measurements needed in the active mode.

An intense laboratory work has been completed
characterize the detector performances with the Vikdiat-
end comparing with the ones obtained from conveatio
read-out using NIM electronics, as detailed in thext
sections.

lll. GAMMA RAY DETECTORS

The Nal(Tl) and LaBr(Ce) detectors have
characterized to verify the energy resolution amal stability
as a function of the counting rate. As an exampkereport in
the following results relative to the LaBr(Ce) eetbr. Fig. 2
shows the energy resolution measured as a funciiotine

by DPP up to a rate of 340 kHz. It is importanhate that up
to this high rate value no dead time of the systeam detected
when the feature of storing a selected part of digitized
signal is not used. The results obtained with tig20 card
are better than those previously obtained by ush wit
conventional NIM electronics up to 40 kHz and eith#én
ultimate energy resolution (2.9 % @ 661 keV and @.1@
1330 keV)

This figure is maintained up to a value of 188z. In
increasing further the count rate up to 340 kHz ¢hergy
resolution is degraded to some extend but is Istiler than
the value of 3.5% @661 keV guaranteed by Saint-®oba
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Fig. 2. Energy resolution of the LaBr(Ce) detectmasured as a function of
the count rate when the V1720 card is used. Blewarsg refers to the 662
keV transition in="Cs. Yellow triangles and red diamond refer to tti7 and
1.33 MeV transitions ii°Co.

However, as evidenced in Fig.3, in incregdime count
rate, an impressive positive shift of the peaksegaly seen by
using the NIM cards) is detected, making the energy
calibration strongly rate-dependent. The origiriti$ effect is
§urrently under investigation.
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Fig. 3. Peak shift (in %) of the LaBr(Ce) deteatweasured as a function of
the count rate when the V1720 card is used. Blewarsg refers to the 662
keV transition in="Cs. Yellow triangles and red diamond refer to tti7 Jand
1.33 MeV transitions ii°Co.



Finally, a saturation effect has been also evidénteat
reflects in a non linearity of the calibration agthenergy. As
a summary of the capability (and problems) of tlaBi(Ce)
detector, we present in Fig.4 the energy spectaken with a
cocktail source?t’Am,**'Cs,#*Na, ®°Co, AmBe) at the rate of
340 kHz. The spectrum was re-calibrated with thve émergy
sources to take into account the rate induced. dhdtvever,
the 4.4 MeV transition produced by the AmBe soland the

sum peaks of th#Na and®®Co sources appear at a slightly

lower energy than expected because of the sataratio
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Fig. 4. Gamma ray spectrum taken at 340 kHz hyguaicocktail source. For
details see the text.

In summary, the LaBr(Ce) detector tested is Work with
the V1720 read out shows very good characterisfice® very
high rates. Some evidenced rate-dependent effaststhe
positive shift and non-linearity at high energy,ll céor
corrections that will be implemented and managedhia
SMANDRA information system.

IV. NEUTRON DETECTOR

The neutron-gamma discrimination is also penfdt on
line by the FPGA which provided both the total grigtion of
the liquid scintillator signal (total light) anddhntegration of
the prompt part of the distribution (prompt lighfjhe ratio
between the delayed light (obtained by differeneéwieen
total and prompt ones) and the total light is usegerform
on-line the Pulse Shape Discrimination as a funct the
total light. Typical plot of &°°Cf source obtained with the 5”
x 2" NE213 detector used in SMANDRA is reportadFig.
5.

Results reported in Fig. 5 demonstrate tyeability of
the V1720 card of performing on-line PSD. Measuneisie
have been performed up to a rate of 40 kHz, withrtutron
sources available in our laboratory. The Figurddefit [7]

Fig. 5. On-line neutron gamma discrimination af¢ai with the NE213

liquid scintillator in case of a 252Cf source.

V. BUILDING COINCIDENCES

In active interrogation the associated particleedetr signal
is also processed in the V1720 card. The alphaicjest
emitted in the’H(*H,"He)n neutron source reaction are indeed
detected in a fast YAP(Ce) scintillation detectonbedded
inside the neutron generator, coupled to an externa
HAMAMATSU R1450 PMT. In the laboratory tests
performed so far for active interrogations, the oakxed
particle detector cover a fraction of solid angfeabout 1 x
10° so that a rate of 10 kHz is expected in the ojmeraif the
neutron generator at a total flux of"1@eutron/s. As already
mentioned, the limit in the flux is imposed by th#owed
neutron dose in the laboratory. In the above camdithe spot
of the tagged neutron beam at the object positias leen
measured to be about 15 cm [FWHM].

In the active mode operations we stored directlyeaént
singles processed by the V1720 card running apigal/total
rate of about 50 kHz. Test have been performed/witout
writing the interesting part of the digitized sigmaOff-line
software analyzes the event files reconstructinge
coincidence events and the time correlation betvaetactors.
The time resolution depends on the way of handifireggdata.
In the simple analysis using simply the time stamgftects
the intrinsic limit of the V1720 due to the 4 nsdtti of each
digitalization bin. In a more complex analysis gsithe
digitized signals, the time interval from the stime of the
digitalization and a given fraction of the frontrpaf the
signal is determined for each detector, correctiog the
amplitude effect in the extraction of the time.isTlsecond
type of analysis allows to obtain a time resolutionthe
correlation between detectors that is better themnimtrinsic
limit of the V1720 but requires to handle an heeuata

shown in the upper panel of Fig.5 appears to be ndt€am.

particularly good because of the aging of the detec

components. Much better results have been indetiheld by
using a new EJ301 scintillation cell coupled toeavriPMT.
However the NE213 detector currently included

SMANDRA is sufficient for the tasks of the system.

Preliminary results obtained in laboratory testsngs
gamma-gamma coincidences with®#la source and a fast
plastic as trigger detectors are as follows, whea lbwer

ir{hreshold discrimination is set at about 500 keV:



1) for the LaBr(Ce) scintillator the overall measdirtime PD=90%) at a selected confidence level (normaltyasethe
resolution is &t=1.15 ns [FWHM] to be compared with value CL=95%). Both parameters can be changed by th
dt=0.90-0.65 ns [FWHM] measured in the same experiale operator in the CF. The acquisition of the selegad of the
condition but using NIM Constant Fraction Discrimiaors digitalized signal (SCOPES) is also activated facredetector
with different delays; in the CF. After selecting a give measurement tirfnes
2) for the Nal(Tl) detector the overall measuredheti acquisition can be started (ACQ start). The grajphterface
resolution isdt=5.4 ns [FWHM] to be compared wiit=4.2- Ppresents a selection of the digitalized signal (BES) or the
3.5 ns [FWHM] measured with NIM cards. energy spectra (SPECTRA) for a given SMANDRA daiect
The time resolution obtained with the V1720dcdy A 2-dimensional plot is also available on-line terify the
extracting the time coincidence with a simple atpon Neutron-gamma discrimination in the NE213 liquid
correcting only for the signal amplitude seems eortot as Scintillator. -
good as the one achieved by using NIM CFTD with During the acquisition, the system contrpmtﬁh\e r_1umber
compensation for amplitude and rise time. We aiié stmc the acquweq gamma rays and neutrons is noieeding the
working to implement such corrections in our sofva threshold defined during the background measuresnent

However, it has to be noted that the time resotutitready printing a written alarm to the operator that alt the

obtainedlwith simple algorithms is enough for thesent presence of gamma rays and/or neutrons exceediag th
L pie alg . gn e ambient background.

application: a 5 ns time resolution reflects in @h&5 cm

. . After the end of a given measurement (in autarane
dep:h forbthe inspected voxel by using the 14 MeJged ge|ected mode or pushing the ACQ stop button)dtita can
neutrons beam.

be saved on disk for further analysis.
The described IS can be defined as an “expert user
VI. INFORMATION SYSTEM interface”. A more simple user interface is in pess with a
The SMANDRA inspection tool is handled by ancompletely automated analysis system.
information system (IS) operated normally under UK The
first task of the IS is the slow control of the VMfards by VIl. DETECTIONAND IDENTIFICATION OF
using dedicated CAEN libraries. All parameters ariten in RADIACTIVE SOURCES

a configuration file (CF) that can be edited aritarged on the Laboratory tests have been completed to vetifg
hardware by the button VME RESET in the controeifdce possibility of detecting the presence of a radivactaterial

shown in Fig.6. (gamma ray or neutron sources) and identifying tifpe of
i source. As a guidance, theC 62327'standard for hand-held
- slimport BIEIE] . . g .
— m— instruments for the Detection and Identification of

§2;n Radionuclides [8] has been considered. A 3 s tia® leen
selected to verify that the presence of alarmiénNal(Tl) for
the gamma rays whereas 10 s cycle is used forareutr
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The VME cards status and the values for tilecHannels
with the measurgd board temperatures are fepom]edh Fig. 7. Example of identification of a 400 kB¥ o source placed at 270 cm
bottom of the interface. Automated operations atg0 a from SMANDRA in 1 minute measurement. For detaie the text.
performed both for the energy calibration of thengaa ray
detectors (CALIBRATE) and the determination of #rebient In case of the gamma ray, SMANDRA detects aMBY
background for all detectors (BACKGROUND). The60Co at 270 cm from the front face of the dete¢tath an
BACKGROUND button define the acquisition of theequivalent dose of 20 nSv/h) and 0.4 MBdm at 80 cm
corresponding energy spectrum for each SMANDRAatete from the front face of the detector (with an eqléwa dose of
as well as the automated estimate of the threshallses for 2.5 nSv/h) with a PD=90% at CF=95%. This result tezabe
the definition of an alarm for gamma rays and rengr compared with the IEC62372 requirement of detectar a
corresponding to a given probability of detectiotorfmally source that produce 500 nSv/h at the front fadb@tletector.



After the alarm, the identification of the gammause

requires 1 minute measurement. The acquired ganmawya r
spectrum is processed by the SMANDRA software tha

subtracts the continuous part of the distributisdencing
only the peaks that are automatically fitted witlauSsian
function. This analysis produces the report witle titata
relative to the peak structures that are used ¢émtify the
source. As an example, we report in Fig.7 the gssed 1
minute spectrum for &°Co source placed at 270 cm from
SMANDRA, evidencing clearly the 1.17 and 1.33 Med&gs.

In case of neutrons, SMANDRA, after a propeergy
windowing, detects in 10 s &°Cf source placed at 140 cm
from the detector surface with PD>90%
demonstrating a sensitivity about 60 times larg@renthan
required by the IEC62372.

IX. DETECTIONAND IDENTIFICATION OFSPECIAL
NUCLEARMATERIAL

A campaign dedicated to the detection of Epeéduclear
Material (SNM) has been completed at the PERLA fatmwy
of the Joint Research Center of the European Cosionisn
Ispra. Several Pu and U samples having differeritkement
and weight have been studied with SMANDRA. We répol
here only few examples of the measurements.

Gamma rays spectra from standard 6 g Pu sanvlé
enrichment irf**Pu in the range 61-95% have been studied. |
this case the superior energy resolution of the r(@&)
scintillator is needed to disentangle the compleecta [9].
Typical results for a 61% enrichment source aresqmted in
Fig.8 where the upper panel reports the raw (ubckd)
spectrum for a 5 minute acquisition when the deteased in
front of SMANDRA is about 500 nSv/h after a 6 mm Fe
absorber. At high energy is present the structwe t the
internal activation of the LaBr(Ce) scintillator 440-1470
keV [3]). The analysis software produces autombyicthe
calibrated spectrum in the middle panel, where thé/peak
structures survives. The final step is the suktiacbf the
ambient background, that produces the spectrurharidwer
panel. Few gamma ray transitions are visible ii; shectrum:
the lines at 373, 414 and 451 keV from {fBu and those at
208, 662 and 772 keV from tH&'Am. Such transitions are
also evidenced in the spectra measured with Pu lsawifh
different enrichment but with ratios that are adion of the
isotopic composition of the sample. Gamma ray digea
have been also studied in larger samples up totdiy@ug. At
the same time, SMANDRA is also collecting the nentr
signal from the samples. Typical results are reggbit Fig.9
in term of counts per unit mass of the sample @3He-poly
assembly versus thé®Pu enrichment of the sample. In this
plot the small 6 g samples are indicated as CBNMreds
ENEAOL1 indicates the largest one. Results from lautated
neutron emission for the CBNM samples are alsortedo
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X. ACTIVE INTERROGATIONS carbon nuclei are easily detected both in the Npléhd
The complete SMANDRA system including the pessi L@Br(Ce) detectors. The analysis of the gamma aadron
detector unit as well as the box containing thetmeu SPECtra measured in active interrogations is agESs.
generator is shown in Fig. 10. The EADS SODERN TPA1
neutron generator has been employed in the labgrégsts XI. SUMMARY AND CONCLUSIONS
with a neutron flux limit of 10 neutron/s. The associated

alpha particles are detected with the YAP(Ce) #latur The mobile SMANDRA inspection system has btssted
embedded in the neutron generator with an external laboratory conditions for the two distinctiveska: as a high
HAMAMATSU R1450 PMT. sensitivity passive spectroscopic system and asnaplete

inspection system using tagged neutrons.

Results obtained are now under analysis taaioba
complete mapping of the system performance in \aéwhe
final field testing planned for the next fall.
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The sample was positioned at about 30 cm froenfitont
face of the detector unit. In such position thegtahneutron
beam have a diameter of about 15 cm. Several clésraad
Uranium samples have been bombarded. Typical mieasur
times for chemical samples are about 15 minutes.aAs
example, we report in Fig.11 the gamma ray spentasured
in coincidence with the associated particles of kg 3ample
of graphite powder. The 4.4 MeV gamma rays from the



