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ABSTRACT

The constant concerns in global nuclear safety, aimed at deterring and combating the illicit
trafficking of Material Out of Regulatory Control (MORC) and its possible use in criminal acts has
raised the necessity of new detection solutions with higher efficiency and resolution to provide a
high level of accuracy in the report to the authorities. Today’s radioactive isotope identifiers
perform gamma spectroscopy identification and, sometimes, neutron counting. This paper presents
the results of measurements performed in real-scenario conditions with a new type of portable
radioactive isotope identifier for the detection and identification of both gamma and neutron
sources. Its singular features are: 1) the capability to identify sources through the detection of
neutrons, discriminating spontaneous fission sources (Cf-252), a-n sources (Am/Be, Am/Li) and
nuclear material containing mix of isotopes of plutonium or uranium 2) the capability to make cross
correlation between gamma and neutron measurements to achieve a higher level of accuracy in the
identification of SNM that emits both neutrons and characteristics gammas. The test results are
compared with international standards. The device exceeds the standards by triggering a neutron
alarm for a 20.000 n/s Cf-252 source at a five times greater distance reported in the ANSI N42.34.

INTRODUCTION

This paper presents the new features of a portable radioactive isotope identifier for the detection and
identification of both gamma and neutron emitting radionuclides, even multiple ones. This new
technology was already introduced the first time in paper [12]. The new features introduced can be
resumed in:

e the capability to identify sources through the detection of neutrons, discriminating
spontaneous fission sources (Cf-252), a-n sources (Am/Be, Am/Li) and nuclear material
containing mix of isotopes of plutonium or uranium (extensive tests results)

o the capability to make cross correlation between gamma and neutron measurements to achieve
a higher level of accuracy in the identification of SNM that emits both neutron and
characteristic gamma lines

Many measurements have been performed in several accredited laboratories with different mix of
SNM sources.

Different measurement conditions were tested at gradually increasing levels of difficulty, adding,
for example: shields, moderators, masking gamma sources and a mix of the above mentioned.



Before reporting the tests setup with their results there is an introduction on the instrument
technology and the implemented algorithm.

DEFINITION OF THE PROBLEM

Nowadays nuclear threats are still an actual problem, as evidenced by several organization such as
the International Atomic Energy Agency (IAEA), INTERPOL and the World Customs Organization
[1, 2, 3, 4]. The risk that nuclear or radioactive materials could be used in a criminal act remains
high and is regarded as a serious threat to international stability and security [5]. For this reason,
international organizations such as the IAEA are pursuing the objective of combating illicit nuclear
trafficking and strengthen nuclear security as reported in its security plan [6]. From 1993 to the 31
December 2018, according to the IAEA Incident and Illicit Trafficking Database (ITDB) 3497
incidents were reported by its participating States. All these incidents were divided into the
following 3 groups:

e 285 incidents that are confirmed, or likely to be connected with trafficking or malicious use
of nuclear and other radioactive material;

e 965 incidents for which there is insufficient information to determine a relation with
trafficking or malicious use;

e 2247 incidents that are not related to trafficking or malicious use.

Since the knowledge to create a nuclear device (whether it is an explosive or a radioactive material
dispersal or radiation-emitting one) is nowadays into public domain, preventing terrorist groups
from accessing sufficient amount of nuclear or radioactive material it is essential to prevent possible
nuclear threats [8, 9, 10]. For this reason, in recent years extensive investment has been earmarked
for the purchase of detection systems aimed to detect and interdict the material out of regulatory
control.

STATE OF THE ART

Given the importance of nuclear and radiological security issues, the market currently offers
different kind of instruments designed to monitor, detect and identify nuclear and radioactive
materials. Among these devices, mobile detection systems (e.g. hand-held or backpack based
instruments) are interesting for their portability and ease of use. Nowadays, standard mobile
detection systems rely on high purity germanium (HPGe) or inorganic crystal scintillators (e.g.
Nal(TI), Csl(Tl) and LaBr3(Ce)) for gamma ray detection and on He-3 tubes or inorganic
scintillators doped with Li- or B-10 for neutron counting.

PSD ALGORITHM FOR SNM IDENTIFICATION

The device used for the tests presented in this paper is equipped with an organic liquid scintillator
with excellent Pulse Shape Discrimination (PSD) proprieties for the simultaneous detection of
gamma rays and neutrons and a mid-high resolution inorganic crystal for gamma spectroscopy
identification. The system here presented makes use of a CAEN DT5790, an advanced digital Multi
Channel Analyzer (MCA) running a Digital Pulse Processing (DPP) firmware in the FPGA. The
PSD firmware performs online fast discrimination of neutrons from gammas, enabling individual
alarms for each kind of particle. The PSD algorithms based on a digital dual gate charge integration
technique able to sustain high counting rates. It performs double integration of both prompt and
total charge, self-triggering, input signal baseline calculation and pedestal subtraction for energy
calculation and pile-up rejection. The anode signals of both detectors are fed directly into the CAEN
DT5790 digitizer (2 x 250 MS/s 12-bit). The DPP-PSD algorithm provides on-line data for each



event like: (a) the time stamp, (b) the total charge integration of the signal, (c) the partial charge
integration of the signal used for PSD and (d) the possibility of storing a selected part of the
digitized signal. The PSD capabilities of the detector are so exploited in real-time to discriminate
gamma from neutrons. The same algorithm has been designed and implemented by CAEN and is
today in use at IAEA safeguard department in the Fast Neutron Collar Monitor for fresh fuel
verification (as described in [13]). This device can detect radioactive source as Special Nuclear
Material (SNM), medical, industrial and Naturally Occurring Radioactive Material (NORM). The
main ability of this instrument is not limited to counting neutrons, but it can also identify the
neutron sources. In addition, it can discriminate between different fission sources (Cf-252) a-n
sources (Am/Be, Am/Li) and nuclear material containing mix of isotopes of plutonium or uranium.
The identification algorithm performs a subtraction of environmental background spectrum from
the one-minute spectrum accumulated during the identification measurement. Then, multiplicity
rate and analysis of energy spectrum of neutrons are performed on the obtained spectrum. Details
on the procedures used by the algorithm cannot be revealed because they are object of a patent and
are intellectual property of CAEN SpA. The measurements characteristics were already introduced
in the [12].
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Figure 1: Neutron source identification algorithm results. x and y axes parameters can’t be
revealed because they are object of a patent. Each dot represents a 1-minute acquisition for the
different sources in different condition: naked source, poly shielded, lead shielded, mixed shielded
or gamma masked. The overlap of the Am-Be sources is resolved with a third parameter of the
algorithm.

NEUTRON SOURCE IDENTIFICATION ALGORITHM

As introduced in [12] the first tests were performed in a laboratory configuration, with the MCA
and the detectors arranged on a desk and with the power supply provided by the domestic plug. The
algorithm was run on a desktop pc with a powerful CPU and dedicated Control Software. The
second step was made to target the engineered final product stronger constraints. the electronics and
the detectors were mounted inside an aluminium box and the apparatus was powered with a
LiFePO4 battery (25 Ah @ 12 V). The computer was replaced with a Single Core Board with ARM
processor which run a revision of the software optimized for lower resource consumption. In this
configuration the system became portable. For the new measurement campaign, object of this paper,
more prototypes with the same arrangement were produced, to test also the reproducibility of the



results. Homeland security ANSI and IEC standards were taken in consideration to understand
where this kind of product can be included. The most suitable ones are:

e |EC 62327 Hand Held instruments for the detection and identification of radionuclides

e |EC 62438, Radiation protection instrumentation - Mobile instrumentation for the
measurement of photon and neutron radiation in the environment

e ANSI 42.34 Hand Held instruments for the detection and identification of radionuclides

e ANSI N42.43, American National Standard Performance Criteria For Mobile And
Transportable Radiation Monitors Used For Homeland Security;

e ANSI N42.53, American National Standard Performance Criteria for Backpack-Based
Radiation-Detection Systems Used for Homeland Security.

In addition, other technical guides are edited by the IAEA:

e |AEA NNS 1: Technical and Functional Specifications for Border Monitoring Equipment;
e |AEA TECDOC 1363: Guidelines for radioelement mapping using gamma ray spectrometry
data.

Considering the European standard, the requirements for gamma and neutron alarm and
identification are:

e Gamma alarm triggered in 1 second for a source moving at a speed of 0.5 m/s producing a
radiation field of 500 nSv/h above the background at the reference point (distance between
reference point and source cannot be less than 1 m).

e Neutron alarm triggered in 2 seconds for a 20.000 neutrons/s Cf-252 source surrounded by 4
cm of High-density polyethylene at 25 cm of distance from the reference point

e 1 minute or less for source identification

MEASUREMENT CAMPAIGNS

Many different tests were performed with the device in the new compact configuration. Most of the
measurements were focused on the neutron source identification (see Figure 1). The identification
measurement was performed using a one-minute acquisition. This is the maximum time allowed by
the standard.

Test Session 1

Two different sources were available at the laboratory and were used in this session. Each source
was composed by a mixture of Plutonium isotopes (such as Pu-242, Pu-241, Pu-240, Pu-239, Pu-
238) and their decay products. The two sources differed in their enrichment level in Pu-239. These
sources were incapsulated in a cylindrical shell of 0.6 cm stainless steel. For security purposes
CAEN SpA is not allowed to share more information on the source composition and amounts. The
neutron yields at the measurement date were:

Table 1. neutron emission rate at session 1

Source name Neutrons/s emission at the test date
Source-1 4,169
Source-2 3,065

Concerning the neutron alarm there are not any specification on the neutron emission for the Pu in
the standard. For this reason the same parameters used for the Cf-252 were kept.



Moreover, There are not specifications or limitation on the parameters for the identification
performed through neutron detection because there is not any instrument that can perform this type
of measurement yet. For the neutron static measurement the standard reference of a Cf-252 source
emitting 20.000 n/s placed at 25 cm has been used. The standard distance (25 cm) has been rescaled
proportionally to the neutron emission rate of the Plutonium source. Considering a neutron emission
that cover the full available solid angle (47) the proportion used is:

20.000 [g] n emission source; [g]
4m x (25 [em])? 47 « (distance ?if[cm])2

Where the n emission source; are the emission rates listed in the previous table and the
distance ™ are the new reference distances scaled on the used sources. The experimental apparatus

i

has been placed in the different laboratories following the indications listed below:

)

e The device and source were placed on a support at least 50 cm above the ground to reduce the
environmental radioactivity contribution to the background and avoid soil reflections of
neutrons.

e The space between sources and device was empty to reduce the reflection of neutrons.

e The space around the measurement region was empty, to reduce the reflection of neutrons.

e The device/source distance for the first measurement was the one calculated with formula (1).
If the identification result was correct the following steps were followed:

o Increase the device/source distance by keeping the same shielding.
o Increase the shielding of the source and the device by keeping the same source distance.
o Increase both.

In the following tables the results of the identification through neutron detection are reported.
There is not a standard or any requirement on the identification of source through the neutron
detection because there is not any instrument that can perform this kind of measurements. The
gamma spectrum identification result is not reported to not confuse the reader. It is worth noting that
gamma measurement performance has been tested in another measurement session and the device
exceeds the standard performance. The results of gamma identification in this case would have only
double confirmed the results of the neutron identification measurement. In some of the reported
measurements the neutron identification algorithm was forced to start manually because the
source/detector distance was too high to trigger the neutron alarm (statistic too low). This fact
shows that the neutron identification algorithm is so performant that it can identify the neutron
source also when the source/detector distance is so big that the counting statistic is not enough to
trigger the alarm.
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Figure 3: experimental setup



Source 1

For source 1 the distance ;if

was 10 cm.

Table 2. test results for the source 1 in different measurement conditions

distance Shielding Identification/trials
(cm)
15 x standard - 150/150
15 x standard Poly 5 cm 14/15
15 x standard Pb5cm 14/15
25 x standard - 30/30

The maximum distance reached was 250 cm. It was 25 times greater than the standard distance.

Source 2
Lf

For source 2 the distance | was 10 cm.

Table 3. test results for the source 2 in different measurement conditions

distance (cm) Shielding Identification/trials
15 x standard - 9/9

15 x standard Poly 5 cm 8/8

15 x standard Pb5cm 6/8

20 x standard - 8/8

25 x standard - 12/15

The maximum distance reached was 250 cm with a success rate of 80% due to the lower neutron flux
respect to source 1. It was 25 times greater than the standard distance.

Test Session 2

The source available at the lab were a Cf-252 source and a Am/Be source. The neutron yields at the
measurement date were:

Table 3. neutron emission rate at session 2

Source name Neutron/s emission at the test date
Cf-252 65,69
AmBe 198,75

The same considerations of the session 1 were applied here.
In the following tables the results of the identification through neutron detection are reported.

Cf-252
For the Cf-252 the distance | was 45.5 cm.

Table 4. test results for the Cf-252 source in different measurement conditions

distance (cm) Shielding Success/trials




standard Pb 5 cm + Poly 6 cm 10/10
2 X standard Poly 10 cm 10/10
4.5 x standard - 15/15

The maximum distance reached was 200 cm. It was 4.5 times greater than the standard distance.

Am/Be _
For the Am/Be the distance | was 80 cm.

Table 5 test results for the Am/Be source in different measurement conditions

distance (cm) Shielding Success/trials
standard - 10/10
standard Pb5cm + Poly 6 cm 15/15
2 x standard - 15/15

The maximum distance reached was 160 cm. It was 2 times greater than the standard distance.
Test Session 3

In this measurement session the same sources of the session 1 were used. In addition, for some
measurements, a Cs-137 source with an activity of 4.5x10° Bq was added for masking purposes.
The goals of this new session of measurements were:

e increase the difficulty of the measurement respect to session 1 by adding masking source or
masking source plus shielding

e Test the first version of the cross-correlation algorithm that allows to double check the
presence of SNM through both the neutron and the gamma measurements.

In the tables below the results of the identification measurement are reported. In the report column
the nuclides coming from the neutron identification algorithm are reported with a *, the nuclides
coming from the gamma peak search algorithm performed on the mid-high resolution scintillator
spectra are reported normally (without the *).

Source 1
For source 1 the distance |

if

was 10 cm.

Table 6 test results for the source 1 in different measurement conditions



N of distance Shielding [cm] Report Triggered

trials [cm] alarm
10 10 - Pu* nand y
Pu 100% CL
15 10 5 Lead Pu* nandy
Pu 100% CL
17 10 5Lead + Pu* n and y
5 Poly Pu 90% CL
10 40 - Pu* nandy
Pu 100% CL
10 40 5 Lead Pu* n and y
Pu 80% CL
10 40 5Lead + Pu* nand y
5 Poly Pu 80% CL
Source 2

rif

For source 2 the distance ;~ was 10 cm.

Table 7 test results for the source 2 in different measurement conditions

N of distance Shielding [cm] Report Triggered
trials (cm) /Exposure alarm
from Cs-137
[nSv/h]
11 50 - Pu* nand y
0 Pu 100% CL
5 25 - Pu* nand vy
452 Pu 90% CL
Cs-137 100% CL
5 25 5 Lead Pu* n
5 25 5 Poly Pu* nand y
473 Cs-137 100% CL
Pu 90% CL
5 10 5 Poly Pu* n
5 10 5Lead +5Poly Pu* n
5 10 5 Lead Pu* nandy
2963 Cs-137 100% CL

Pu 100% CL

From the above tables some considerations can be done:

e Respect to the measurement of the session 1 and 2 the gamma identification results were
reported. In these reports the user can double check the confirmation of the Plutonium
presence:



o the one without the * is obtained through the Pu emission lines identification in the
mid-high resolution scintillator spectrum. The result is here accompanied with the
Confidence Level value expressed in %

o the one with the * comes from the neutron identification algorithm (like in
measurement of section 1 and 2) and the Confidence Level definition is currently
under development.

CONCLUSIONS

The new patented algorithm applied to the neutron/gamma liquid scintillator spectrum allows to
identify the neutron emitting sources such as Cf-252, Am/Be, U and Pu mixtures in different
measurement conditions. This paper shows this capability extensively. Moreover, the measurements
were performed by following the homeland security ANSI and IEC standard constraints. The results
reported in the tables from 2 to 7 clearly show that this new device exceeds the standard requirements.
Most of the tests were focused on the patented neutron identification algorithm. It is worth noting that
there is not any standard with requirements on neutron source identification because there is not any
product on the market with this capability. CAEN staff keep the one-minute identification condition
required for gamma sources identification also for the neutron sources identification. Neutron sources
were placed with the same geometry and emission condition used to test the neutron alarm trigger. The
standard performances were exceeded and the best performances are here resumed for convenience:

e Capability to trigger neutron alarm and identify C{-252 source at a distance 4.5 times greater
than the standard one

e Capability to trigger neutron alarm and identify Am/Be source at a distance 2 times greater
than the standard one

e Capability to trigger neutron alarm and identify a mixture of Pu isotopes source at a distance
25 times greater than the standard one

Moreover, the new powerful and compact electronics allows the use of two different type of
detectors simultaneously while keeping a small form factor. This characteristic enables a new
technology with higher performance for portable radioactive isotope identifier devices which can
include more detectors and perform data fusion analysis. The double detector capability improves
the identification performance of the gamma emitters. A high-resolution inorganic scintillator, such
as LaBrs or CeBrs, has been easily integrated into the system to perform an enhanced gamma
radioisotope identification by characteristic gamma lines recognition. This solution allows for a
simultaneous identification of multiple radionuclides, exceeding therefore the limits of gamma
identification performed with organic liquid scintillator and Compton spectra libraries only. The
added benefit of this solution is the possibility to detect a masked neutron source through the PSD
algorithm performed by the liquid scintillator detector while the inorganic scintillator identifies the
masking gamma emitters. The inorganic scintillator also enhances the neutron source identification
as shown in table 7 where a double confirmation of the Pu presence is provided to the end-user.
This feature fully satisfies the requirement exposed in the introduction of the abstract “/.../ illicit
trafficking of Material Out of Regulatory Control (MORC) and its possible use in criminal acts has
raised the necessity of new detection solutions with higher efficiency and resolution to provide a
high level of accuracy in the report to the authorities”. The tests presented in this paper allowed to
study and develop some upgrades that are currently under implementation and will be the object of
the next publication. One is the definition of a confidence level for the neutron identification
algorithm, as described at the end of the previous session. The confidence level for the
identification is required by the standard and the algorithm definition to evaluate the confidence
level is currently under implementation in the software. In the end a confidence level expressed in
percentage will be shown next to each isotope identified through the neutron algorithm. The SNM



identification algorithm differs from the standard identification method of gamma lines performed
through peak-search. Moreover, further analysis from the results of the neutron source identification
(see Figure 1) is currently under investigation. The R&D group identified the possibility to
distinguish the measurement condition (e.g. masked sources, shielded sources, ecc.) for the neutron
source and want to add this type of information in the identification report.
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