BNL-81726-2008-CP

BROOKHFEAVEN

NATIONAL LABORATORY

Body composition to climate change studies — the many facets of
neutron induced prompt gamma-ray analysis

S. Mitra

Submitted to the Nuclear and Radiochemistry Symposium (NUCAR 2009)
Mumbai, India
January 7-10, 2009

Environmental Sciences Department/Environmental Research & Technology Division

Brookhaven National Laboratory
P.O. Box 5000
Upton, NY 11973-5000
www.bnl.gov

Managed by
Brookhaven Science Associates, LLC
for the United States Department of Energy under
Contract No. DE-AC02-98CH10886

Notice: This manuscript has been authored by employees of Brookhaven Science Associates, LLC under Contract No.
DE-AC02-98CH10886 with the U.S. Department of Energy. The publisher by accepting the manuscript for publication
acknowledges that the United States Government retains a non-exclusive, paid-up, irrevocable, world-wide license to
publish or reproduce the published form of this manuscript, or allow others to do so, for United States Government
purposes.



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any
agency thereof, nor any of their employees, nor any of their contractors,
subcontractors, or their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or any
third party’s use or the results of such use of any information, apparatus, product,
or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service
by trade name, trademark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof or its contractors or subcontractors.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.



Body composition to climate change studies - the many facets of neutron
induced prompt gamma-ray analysis

S. Mitra

Environmental Sciences Department, Environmental Research and Technology Division, Brookhaven National Laboratory,
Upton, NY 11973, U.S.A.

Abstract

In-vivo body composition analysis of humans and animals and in-situ analysis of soil using fast neutron inelastic
scattering and thermal neutron capture induced prompt-gamma rays have been described. By measuring carbon (C),
nitrogen (N) and oxygen (O), protein, fat and water are determined. C determination in soil has become important

for understanding below ground carbon sequestration process in the light of climate change studies.

Various

neutron sources ranging from radio isotopic to compact 14 MeV neutron generators employing the associated
particle neutron time-of-flight technique or micro-second pulsing were implemented. Gamma spectroscopy using
recently developed digital multi-channel analyzers has also been described.

Introduction

Among the various neutron activation analysis (NAA)
methods, the prompt gamma-ray analysis (PGNAA)
technique has found wide applications outside of a nuclear
reactor facility. Applications in petroleum and coal well-
logging, elemental and pollutant concentration monitoring
in environmental bodies, sea bed mineral surveys and
planetary surface explorations have been reviewed earlier
[1]. Interestingly, the detection and quantification of only
three elements, carbon (C), oxygen (O) and nitrogen (N)
has assumed great importance in recent times particularly
after the Air India disaster in 1985. The PGNAA technique
has since been actively pursued for over two decades for
the non-intrusive inspection of concealed explosives,
contraband and illicit drugs in objects ranging from small
airline bags to large shipping containers. The methodology
rests on the principal that explosives (TNT, RDX, C-4 etc)
and contraband can be distinguished from each other and
from innocuous materials by analyzing the quantities and
ratios of C, O and N in the material [2-4]. The author of the
present article has been involved with the development of
PGNAA facilities for the clinical and biological
applications that follow from an in-vivo analysis of C, O
and N in a living body. At present there are only seven in-
vivo NAA (IVNAA) facilities around the world built by
individual research groups and studies with such systems
are thus not widely known. Some of the salient features of
the work done over several years while at the University
Departments of Surgery and Physics at Auckland, New
Zealand will be described here together with recent work at
Brookhaven National Laboratory (BNL), USA, to
determine C in soil, in-situ. Subsequent sections below
highlight the objectives of different studies and the
application of PGNAA to these studies.

Elemental Analysis and Body Composition

For well over a century scientists have applied many
techniques in attempts to delineate body mass into its

constituent components. The reward has been the
advancement of knowledge of growth, ageing and disease
processes. Chemical analysis of cadavers has shown the
human body to be a very complex mixture of many
components. The problem for scientists has been to
measure body composition in vivo, in order that disease
processes can be followed and patient management
regimens evaluated.

It is now generally agreed that for adequate nutritional
assessment a four-compartment model is required [5]. This
model is considered to consist of protein, fat, water and
minerals. In general the relationships between elemental
composition or atomic composition (amounts of C, O, N, H
and Ca) and the molecular structure of tissues (water,
protein, fat and bone mineral remain relatively fixed in
both health and disease. Consequently, the reconstruction
of body composition from the elemental level is possible
and application of in-vivo NAA to determine the chemical
profile has potential to replace the wet chemistry assays.
The schematic of the four compartment model is shown in
Fig 1.
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Fig 1: Given the fixed stoichiometric proportions of C, N
and O in protein, fat and water [6], the molecular
composition of the body can be derived from an analysis of
these three elements.



Reconstruction of Body Mass

Assuming the four compartment model described
above, the body mass can be reconstructed at a molecular
level from the stoichiometric proportions of total body
carbon (TBC), total body nitrogen (TBN) and total body
oxygen (TBO) present in total body fat (TBF), total body
protein (TBP), total body water (TBW) and total body
minerals (TBMN). The fractional contents of C, N and O in
the compartments are as follows [6]:

TBC =0.77TBF + 0.53TBP + 0.0098TBMN 1)
TBO =0.889TBW + 0.11TBF + 0.23TBP + 0.4TBMN (2)
TBN =0.16TBP (3)
Using equations (1)-(3)

TBF =1.298TBC-4.298TBN-0.013TBMN 4)
TBW =1.125TB0O-0.161TBC-1.089TBN-0.448TBMN (5)
TBP =6.25TBN (6)

TBMN is assumed to be ~5% of the total mass [6].
Clinical Body Composition Research

The IVNAA facility at Auckland Hospital is the only
one in the world which is next to surgical wards. It has
been specifically designed to measure TBN (hence protein)
and total body chlorine (TBCI) in patients with major
surgery and critically ill patients receiving respiratory
support and intensive care. Since 90% of body chlorine is
associated with the extracellular compartment, the
measurement of TBCI [7] provides a means of quantifying
the extracellular water (ECW) space. It will suffice to say
that serious illness almost always results in protein loss and
increasing hydration of the fat-free mass. As cellular
protein and water are lost there is an accompanying
expansion of the extracellular fluid. Protein loss also
results in poor wound healing. It is clear that monitoring
the body compartments, evaluating the nutritional
requirements of such patients and the suitability of
particular nutritional regimens in meeting those needs are
critical to the surgeon for management of such patients.

Animal Body Composition Research

New Zealand is a prime exporter of meat and
considerable research is undertaken to gain a greater
understanding of growth leading to superior animals and
new high value animal products. Of particular interest has
been the study of processes that contribute to growth of
muscle mass and hence lean meat. Since growth is a
dynamic and complex process a need for a nondestructive
analysis of animal body composition in terms of protein,
fat and water led to the development of a PGNAA based
technique.

In-situ Soil Carbon Analysis

The beginning of the industrial age about 250 years
ago, a time when the burning of fossil fuels such as wood,

coal, oil and gas and conversion of forested land for
agricultural use began to increase, initiated an increase in
the concentration of CO, in the atmosphere. It has
increased from an average of 280 ppm in the pre-industrial
era to a global average of 384 ppm in 2007[8]. Thus, there
is growing international concern that the increase in CO,
and other greenhouse gases released into the atmosphere is
significantly altering the global climate and environment.
As a result there is a concentrated effort in the United
States and internationally to curb the increase in
atmospheric CO, concentration.

Enhancing the natural capacity of terrestrial ecosystems
to sequester carbon is fast becoming a popular carbon
management strategy. Answers to crucial questions about
soil C dynamics particularly regarding stability of C
sequestered, duration of C sequestration and response of
sequestered soil C to disturbance are being vigorously
pursued.

Rapid, cheap and efficient methods for measuring soil
C are thus fundamental for improved understanding of
below ground C inventories and the potential gains or
losses of soil C.

BNL has been developing a PGNAA system that can
operate in static or dynamic mode to cover large land areas
for in-situ soil C monitoring.

Basic Principles of PGNAA

The technique of PGNAA is based upon the detection
and measurement of element specific gamma-rays emitted
as a result of fast or thermal neutron interactions in the
interrogated matrix. The products of these interactions may
be excited states of stable nuclides whose characteristic
“prompt” gamma-rays must be measured during the
neutron irradiation because the excited compound nuclei
rapidly (within about 10™%s) return to their ground state. C
and O are determined by inelastic scattering of fast
neutrons whose energy exceeds the threshold (E;) for the
reaction. For ?C(n,n’y) C* , E=4.9 MeV, E, pompi=4.43
MeV and for *°O(n,n’y)"®0*, Et=6.6 MeV, E, pomp=6.13
MeV. Subsequent to inelastic and elastic scattering of fast
neutrons in the sample, they slow down and reach thermal
equilibrium. Once thermalized, radiative capture reactions
of the (n,y) type predominate. The N (n,y)**N*reaction ;
E, pompt = 10.83 MeV, is the reaction of choice for
determining N. However, it will be demonstrated later that
fast neutron inelastic scattering reactions can also be used
to measure N.

The induced activity from any reaction is directly
proportional to the neutron fluence and activation time:

Activity =k X ® x T )
where @ is the neutron fluence, T is the activation time and

k is the system's efficiency which is determined by the
detector type, volume and geometry.



PGNAA Instrumentation

The basic configuration of a PGNAA system consists
of a neutron source, gamma-ray detector and the associated
electronics for recording and storing the gamma-ray
spectrum. The usual choice of neutron source if reactions
with threshold energy (e.g. C and O) are to be utilized is
the 14 MeV, D-T neutron generator. Radionuclide sources
like **®Pu/Be and %2Cf with mean neutron energies of ~4.4
and 2.1 MeV respectively are the most popular choice for
measurements utilizing thermal neutron activation (e.g. N).
For gamma-ray detection Nal(Tl) scintillation crystals
provide superior efficiency compared to semiconductor
detectors and is widely used although much poorer in
resolution.

Technological Challenges

Since prompt gamma-rays need to be detected during
the neutron irradiation a major problem is irradiation of the
detectors themselves. In the case of semiconductor
detectors, dislocations in the crystal lattice are produced
leading to detector damage and loss in resolution of
spectral peaks, while in Nal(Tl) crystals both the sodium
and iodine get activated. The resulting prompt gamma rays
are counted with great efficiency. This increases the
background in the gamma ray spectrum upon which the
characteristic  emissions of target elements are
superimposed. Another source of background and
interference is from all structural materials in the vicinity.
Thus suitable neutron shielding of the detectors and
selection of structural material is necessary.

The PGNAA technique also places considerable
demands upon the spectroscopy system because of the high
counting rates involved. The process of pulse pile-up and
random summing has the effect of increasing the
background in the gamma spectrum further and removal of
events from the full-energy peak in a spectrum. The signal-
to-background ratios decrease and statistical uncertainties
in the determination of any element are increased. The
solution is to add more shielding to the detectors to
decrease the total count rate or employ faster electronics in
the signal processing chain to enhance the pulse processing
capabilities at high count-rates.

With advances in fast electronics over the past few
years, a hew generation of digital multi channel analyzers
(DMCASs) is gradually replacing instruments based on
conventional analog electronics [9]. The DMCAs have
significantly improved pulse throughputs in comparison to
the analog systems and, by using firmware implemented in
field programmable gate arrays (FPGAS), have introduced
greater flexibility in designing noise filters and signal
processing. Further, their higher component density allows
entire spectroscopy systems to become much more
compact, mobile and particularly, field deployable, in
contrast to earlier NIM and CAMAC systems. Some of
these systems have been implemented in the author's recent
work at BNL.

The Auckland Hospital IVNAA System

The system was designed and built in Auckland and has
been in operation since 1982 [10]. Briefly, a subject lies
supine on a scanning couch and is passed at a constant
speed from head to toe through a collimated neutron field
produced bilaterally by two 282 GBq ***Pu/Be neutron
sources (neutron output ~ 10" ns™ per source). The prompt
gamma photons emitted by the subject are detected by two
pairs of 12.5 cm x 15 cm Nal(TI) detectors placed on either
side of the subject. Such a bilateral geometry provides the
most favorable condition for uniformity of activation and
detection. The geometry is shown in Fig 2 and the system
illustrating a patient being scanned is depicted in Fig 3.
The detector outputs are processed by conventional NIM
electronics and the spectrum from each detector is
collected via a multiplexed 4096 channel multi channel
analyzer for 2000s live time.

The primary shielding of the facility comprised
compact lead shielding, borax and water tanks to meet the
loading criteria of 350 kg per square meter on the sixth
floor of the hospital.
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Fig 2: Schematic showing the bilateral irradiation and
detection geometry.

Fig 3: The IVNAA system showing a patient being
scanned.

A typical 36 min thermal neutron capture prompt
gamma-ray spectrum [10] from one detector for a normal



volunteer is shown in Fig 4. The prominent feature of the
spectrum is the intense full-energy peak at 2.22 MeV from
hydrogen (H) in the body. In general, the spectrum is
dominated by peaks from shielding and structural material
like lead (6.86 MeV) and iron (7.64 MeV). Approximately
one third of the neutrons from the **Pu/Be neutron sources
have energy in excess of the 4.8 MeV threshold for
inelastic scattering of neutrons with C, but the small peak
at 4.43 MeV suffers from interference due to the *?C* by-
product of the nuclear reaction within the neutron source,
yielding a 4.43 MeV de-excitation gamma-ray per neutron.
The combined errors of stripping the peak at 4.43 MeV
from a large spectral continuum and deducting the
extraneous carbon signal from the neutron sources render
the measurement of total body carbon too imprecise [11].
The gamma-ray emission from nitrogen at 10.83 MeV is
the highest energy emission from any body element and is
free from interferences from any known captured and
decayed gamma-rays. Nitrogen peaks are shown in the 9.5
to 11 MeV region, corresponding to the single and double
escape peaks at 10.32 and 9.81 MeV respectively along
with the full energy peak at 10.8 MeV. The peak at 6.1
MeV has been used for measuring TBCI to determine the
ECW [12]. However, fast neutron interactions with oxygen
from the subject and surrounding materials result in
interference in this region. Mitra et al. [7] instead used the
8.57 MeV peak from the reaction *CI(n,y)*CI. This peak
is due to a direct transition from the highest excited state of
38CI* and occurs in 2.9% of the de-excitations [13].
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Fig 4: A typical spectrum from one detector for a patient
scan.

Spectral Analysis and Calibration

The linear energy calibration for the in vivo spectrum
was determined from the 2.22 MeV hydrogen and 6.86
MeV lead peaks. Owing to the small number of counts in
the CI region-of-interest (CI ROI, 8.3-8.8° MeV) and
likewise in the nitrogen ROI (N ROI, 9.5-11.0 MeV), peak
stripping from the underlying continuum was not
attempted. Instead, the integral counts, Xgos, OvVer the
respective ROIs were used directly[7] and net counts Xc
and Xy were obtained by subtracting a background, Xyater,
generated in the Cl and N ROIs by irradiating pure water.

This is necessary because the detector response is modified
by the subject, whose size and shape will affect neutron
attenuation and scattering and hence the background
generated by shielding and structural material will be
variable. The background in the N ROI due to the water
sample is shown by a dashed line in Fig. 4. Additional
background contributions to the ClI ROI from scattered
events due to higher energy gamma-rays namely from N
and random summing effects in the N ROI from pile-up
effects were accounted for. Thus the net counts, X¢;, and
Xy Were obtained as:

XCI = X(;]ross'xwater'X nitrogen interference (8)
XN = Xgross'xwater'xpile up 9

As commonly adopted for other NAA calibrations, the
comparator technique is implemented for PGNAA as well.
The spectrum from the detectors measuring the gamma
radiation of an irradiated subject is analyzed into the
separate activities produced from these elements. The
magnitude of each is then compared with those from
anthropomorphic phantoms containing known
physiological amounts of the elements in aqueous solution
[14].

Repeat scans of a 65 kg anthropomorphic phantom
constructed from minced meat yielded the coefficients of
variation, 2.9 % and 10.6 % for protein and chlorine
respectively. The accuracy of the system was determined
by comparing the scan results with chemical analysis of the
meat. Table 1 shows a comparison of the values obtained
by whole body scans with chemical analysis values [14]. It
can be seen that the measured values of protein and
chlorine compare favorably with the chemical analysis
values.

Tablel. Comparison of the scanning technique with
chemical analysis for total protein and total chlorine in a
65 kg minced-meat phantom (mean £ SE)

IVNAA Chemical
Analysis
Total protein 11.07+£0.10 11.44+0.10
(kg) 2.9% (1.4-4.4%)3
Total chlorine 543+18 50.1+1.1
(9) 10.6%(5.1-16.1%)

a Coefficient of variation with 95% confidence levels

Radiation Dose

The radiation dose to a subject for a single scan has
been calculated to be less than 0.3 mSv (QF=10) due to
neutrons and gamma-rays from data provided for
cylindrical phantoms [15]. This was confirmed by a
Studsvik 2202D neutron dose rate meter. The radiation
dose is less than that due to a chest X-ray.



Limitations of the IVNAA Scanner

There are two major limitations:

(1) Since the mean neutron energy of the Pu/Be sources
(~4.5 MeV) is appreciably lower than the reaction
thresholds required for the inelastic scattering reaction with
C and O, direct measurements of TBW and TBF are not
possible.

(2) The requirement of the PGNAA technique for
simultaneous irradiation and detection of gamma-rays from
the subject poses serious background and spectral
interference problems leading to poor signal-to-noise
ratios.

While the first limitation is solved by using 14 MeV
neutrons, the second problem is adequately dealt with by
using the associated particle neutron-time-of-flight
technique. Such a prototype system was built for the
Agricultural Research Laboratory, AgResearch, New
Zealand, primarily to study the body composition of
growing lambs. This will be described in the next section.

The Associated Particle Technique (APT)

The APT is based on using mono-energetic neutrons
produced by accelerating deuterium ions into the tritium
target of a neutron generator. This reaction produces
neutrons and alpha particles of 14.1 and 3.5 MeV,
respectively, which are generated nearly back-to-back
relative to the production site in the tritium target; this
correlation is used to tag a specific fraction of the emitted
neutrons. The neutrons within this cone, defined by the
detection of correlated alpha-particles by a built-in alpha-
detector in the neutron generator, interact with the nuclei of
the interrogated object (often via inelastic scattering
reactions), and emit element-specific prompt gamma- rays.
Gamma detectors, in turn, uncover these rays. Measuring
the time difference between detecting the alpha particles
and the gamma radiation gives the distance traveled by the
neutron before it scattered from a nucleus in the
interrogated object (14 MeV neutrons travel at 5
cm/nanosecond, while gamma rays move at 30
cm/nanosecond). The energy spectrum of the gamma-rays
provides a means for identifying the element that scattered
the neutrons, and the time delay in detecting a particular
gamma-ray  after  detecting the alpha particle
(corresponding to the neutron-time-of-flight) yields the
position along the cone where the reaction occurred. This
information, along with directional data from the position-
sensitive alpha detector enables the investigator to
determine the site of origin of the particular gamma-ray (C,
N, or O) within the interrogated volume. Since the energy
spectra are obtained from alpha-gamma coincidences, the
data-acquisition system does not register gamma-rays that
do not fit into this correlation; thus, it excludes gamma-
rays from the surrounding matter. The signal-to-noise ratio
for measuring the C, N, and O simultaneously improve (~
factor of 1000). Fig 5 is a schematic of the APT.

The AgResearch (New Zealand) APT Scanner

@ 100 keV
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Fig 5: The APT- The alpha particle associated with a 14
MeV neutron produced by the 3H(d,n)*He reaction is
emitted in the opposite direction. Its detection specifies the

neutrons in a given solid angle and by appropriate gating of
the y-detector, y- rays mainly from neutron reactions within
the defined volume of the sample are recorded.

Central to the scanner was a miniature associated
particle, sealed tube, neutron generator (APSTNG)
supplied by Nuclear Diagnostic Systems Inc., USA (know
no longer in existence). A mixture of deuterium and
tritium in the tube was ionized by a Penning ion source,
accelerated by a potential of 95 kV between the ion source
cathode and target and focused to a spot (~1 mm in
diameter) on the target to produce neutrons and alpha
particles. The ion beam current was typically 1 pA to
produce 10° n/s. The tube housed an internal alpha detector
(3.7 cm diameter ZnS screen positioned 4.5 cm from the
target) which was interfaced externally to a single pixel
Hamamatsu R580-15 fast rise time photomultiplier. A 15
cm x 15 cm x 45 cm long Nal(Tl) crystal coupled to two
fast photomultipliers (Hamamatsu R1250), one at each end
was employed for gamma detection. A data acquisition and
recording system comprised of conventional NIM
electronic modules for coincidence spectroscopy, a multi
channel analyzer and a computer for ‘time” and ‘energy’
spectroscopy. The animal or phantom was suspended from
a movable carriage mounted below the neutron generator
and between the gamma detector. A computer interfaced
the data acquisition system to the motorized drive for the
carriage.

Spectral Analysis

The prompt gamma-rays of interest, namely the full
energy peaks from fast-neutron inelastic scattering with C,
N and O are C(4.43 MeV), N(7.03,5.1,5.03 and 4.46 MeV)
and 0(7.12,6.92,6.13 and 4.43 MeV). N has a full energy
peak at 2.22MeV but will suffer from Al (a common



structural material) interference at the same energy.
Consequently only counts from the 4.0 — 7.5 MeV regions
were used where the only elemental interferences are
among C, N and O. To maximize the signal-to-noise ratio,
three ROIs were defined. ROI; was set at 5.35-6.25 MeV,
ROI, was 4.85-7.28 MeV and ROIl; was 4.22-4.68
MeV[16]. A system of three equations for the three
unknowns, namely C, N and O, was obtained as follows:

ROl =aXp + bXN (10)
ROlz: XO + XN (11)
RO|3: CXO + dXN + XC (12)

where Xo and Xy are the number of counts due to oxygen
and nitrogen respectively in ROI,, X¢ the number of counts
due to carbon in ROI;, a the ratio of oxygen counts in
ROI,/ROI,, b the ratio of nitrogen counts in ROI,/ROI,, ¢
the ratio of oxygen counts in ROIs/ROI, and d the ratio of
nitrogen counts in ROIs/ROI,. Solving equations (10)-(12)

Xy = (aROlg'RO|1)/ (a - b) (13)
XO = ROlz- XN (14)
Xc = RO|3 - CXO - dXN (15)

The interference coefficients a, b, ¢, and d were obtained
by irradiating pure N and O in the form of liquid nitrogen
and water respectively. There was no interference above
4.68 MeV. ROI; was peak stripped from the underlying
continuum in the energy range 4.22-4.68 MeV to yield the
net counts. Fig 6 shows a time-gated prompt gamma-ray
spectrum of a phantom obtained with a 25 ns time window.
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Fig 6: A time-gated gamma-ray spectrum showing the
different ROIs used for extracting counts due to N, O and
C [17].

Calibration, Precision and Accuracy

Cylindrical phantoms ranging in mass from 10 to 45 kg
containing physiological amounts of the major body
elements were constructed and scanned past the neutron
beam for ten 1lh periods. [16, 17]. All counts were
normalized to a constant neutron number as calculated
from the alpha counts recorded for the same period. Data
obtained from the calibration scans generated regression

equations, relating the calibration factors CFy, CFo and
CF¢ (counts per kg of element) for N, O and C respectively
to mass, M, of the phantom (M in kg).

The accuracy and precision of the technique was
determined by scanning three phantoms made from ground
sheep meat samples in the weight range 20-40 kg. The
content of protein, fat and water was calculated using
equations 4-6 and were compared against chemical
analysis. Good agreement between the associated particle
technique and chemical analysis results was obtained.
Based on the results, it was concluded that an instrument
comprising the neutron generator and four 15 cm x 15 cm x
45 ¢cm Nal(TI) gamma-ray detectors can be assembled to
determine, in vivo, protein, fat and water in an ~ 40 kg
sample with precisions of 4.4 %, 5.0 % and 2.1 % (CV)
respectively within a 15 min scan. The radiation dose
equivalent delivered due to neutrons would be ~ 30uSv.

Salient Features of the APT

Experiments with the prototype system demonstrated
that with vastly improved signal-to-noise ratios, it was
possible to determine TBC, TBN and TBO using inelastic
neutron scattering reactions. Thus, for the first time,
protein, fat and water could be measured simultaneously
within a single scan. Since the neutron generator is
operated electronically there is no radiation hazard when it
is switched off. Facilities operating such a system would
require minimal shielding. Another type of electronically
operated (D, t) neutron generator but of the pulsed type
being used for in-situ soil C analysis is described below.

PGNAA Using Pulsed 14 MeV Neutrons

The potential of pulsed sources of 14 MeV neutrons is
of interest for measurement of a wider range of elements
during a single run. These measurements are achieved by
time differentiation of the gamma-ray emissions from the
elements into separate spectra according to the type of
nuclear reaction and mode of decay following a burst of
neutrons from a neutron generator (NG). Such temporal
characteristics where the inelastic neutron scattering (INS)
and thermal neutron capture (TNC) events are separated by
thermalization and diffusion times of neutrons in the matrix
have been exploited in the prototype in-situ soil carbon
analyzer built at BNL.

Evolution of a Field Instrument

Early proof-of-concept studies [18] conducted at BNL’s
body composition center demonstrated that the same 14
MeV pulsed activation technique that measured C in
patients could be used to measure C in soil in-situ.
Following this study, the technology was incorporated into
a field deployable instrument. In subsequent sections the
evolutionary stages will be described that reflect
concomitant advances in gamma spectroscopy and their
application.



Methods

A compact, sealed tube, 14 MeV NG (Thermo Electron
Corporation’s MP320 system) is operated in a pulsed mode
with a 10 kHz repetition rate and 25% duty cycle emitting
nominally 10° neutrons/s into a 4= solid angle. The gating
signal from the NG, which is synchronous with the ON and
OFF states of the generator is used for directing a gamma-
ray spectrometer to measure either (1) the gamma-rays
emitted due to INS events when the generator is ON (logic
level HIGH, coincidence gating) or (2) the prompt gamma-
rays from TNC events when the generator is OFF (logic
level LOW, anti-coincidence gating).

First Prototype

The first prototype instrument comprised of the NG, a
single Nal(TI) detector 15.24 cm high and 15.24 c¢cm in
diameter and a Canberra Industries DSA-1000 digital
signal processor (DSP) unit operated by a laptop computer.
The anode output of the detector’s photomultiplier was
coupled to an ORTEC 113 preamplifier whose output was
fed to the DSP. A plastic scintillator system recorded the
neutron output of the NG. Quantitative neutron-induced
gamma-ray  spectroscopy employing NGs entails
monitoring them for possible fluctuations in their output.

Net peak area counts (N) were obtained by using the
trapezoid method. For carbon there are two types of
interferences in its ROl which must be corrected. The first
interference arises from the TNC components in the INS
spectrum from previous neutron bursts and the second
interference is due to nuclear de-excitations of %Si in the
soil matrix. A fraction of the cascades originates at the 6.23
MeV level, generating a 6.23-1.78= 4.45 MeV gamma-ray
that overlaps with the C peak. Details of the spectral
analysis and interference correction procedures are given in
[19] and [20].

The linearity of the system was initially determined for
C with synthetic soils consisting of uniform mixtures of
clean sand with granular C at 0, 2.5, 5 and 10 %(w/w). The
mixtures, each weighing about 1600kg were placed in a
115 by 144 by 45 cm deep pit and C spectra were acquired
with a single detector placed on top of the pit for 30 min.
Since the C signal is proportional to the total number of C
atoms in the interrogated volume, the system could be
calibrated against C density (g C cm™®) by multiplying the
C weight fraction by the soil’s measured bulk density
determined for every C mixture. However, a below ground
C profile is not homogeneous and a more appropriate
concept is to project the volumetric C onto the soil’s
surface (g C cm™®) i.e. the total C contained under the
system’s footprint [20]. Thus the system was calibrated in
terms of C yield against surface C density.

The viability of this system was initially demonstrated
in the field at three sites within BNL. An in-situ calibration
was performed by associating C counts with chemically
determined C in 5 core samples 40 cm long with diameter
5 cm collected from the neutron interrogated spots on the
soil. The resulting calibration line differed from that
obtained for the homogeneous soil. The in-situ calibration

resulted in an increased sensitivity because the soil’s
variable bulk density and C density profile with depth was
taken into account. More specifically, C concentrations
were higher closer to the surface resulting in the increased
efficiency of C activation and gamma-ray detection [20].

Second Prototype

Although implementation of a digital system in the first
prototype improved the count rate processing capabilities
compared to an analog system [9] it suffered from a few
drawbacks. Firstly, the INS spectra (coincidence gating)
and TNC spectra (anticoincidence gating) required separate
data collection runs and secondly, there was no provision
to correctly adjust the count rates and real time extensions
for a given gate state although the counting rates during
and between the neutron bursts differ significantly. Instead
a mean value of the input count rates (ICR) averaged over
the NG’s ON and OFF states was used.

These issues were addressed in the second prototype. A
fast commercial digital MCA (DMCA) with a 40 MHz
sampling frequency was modified for concurrent
acquisition of the INS and TNC spectra during the same
data collection run. Two typical INS and TNC gamma-ray
spectra acquired concurrently with the current system from
the field are shown in Fig 7. The DMCA was programmed
to monitor the incoming and observed count rates and the
resulting real times and dead times separately for each
spectrum [21]. Three large 12.7 cm x 12.7 cm x 15.2 cm®
Nal(TI) detectors replaced the detector of the first
prototype. Their outputs were connected to a summing
current-to-voltage converter interfaced directly to the
DMCA system. Finally, the NG, detectors and the pulse
processing electronics were assembled on a tow able cart
30 cm above the ground.

Beam On Beam Off

Counts per channel (630 s)
Counts per channel (3600 s)

0 2 4 6 8 0 2 4 6 8
Energy (MeV) Energy (MeV)

Fig 7: In-situ gamma-ray spectra of soil from a field,
acquired concurrently by a detector; an INS spectrum
during “Beam On” and a TNC spectrum during “Beam
Off”

Following these improvements, the instrument
underwent further field tests at Duke Forest, Durham,



North Carolina, U.S.A. An in-situ calibration was again
performed using chemical analysis values of soil C from
the measurement sites. Results showed that the linearity of
the C counts with surface concentration was maintained as
was observed with the calibration with synthetic soils in
the laboratory. A detection limit between 0.5 and 1% C by
weight has been obtained [20].

Subsequently, a real time GPS system has been set up
for recording the tracks during a scan mode of operation. In
static mode the GPS recorded the position of a site for easy
location during a re-visit. Furthermore a wireless system
has been implemented so that the instrument can be
monitored remotely. The soil C analyzer operates on 12V
batteries.

With the present system, the net peak areas of the full
energy “inelastic” peaks of silicon, oxygen and carbon
remained linear up to an ICR of 270 kcps [21]. Since the
outputs of the three detectors were summed it translates to
an ICR of ~ 90 kcps per detector.

Very recently, DMCAs have become even more
compact and prices have reduced by almost a factor of
four. Four such DMCAs (each on a 5 cm square printed
circuit board) have now been implemented in the third
prototype which is undergoing testing at the present time.
With DMCAs processing data from each detector
independently, the count rate processing capabilities can be
improved by at least a factor of three.

Third Prototype

A new integrated digital data acquisition system has
replaced the single DMCA system of the second prototype.
This includes a neutron detector specifically designed for
detecting fast neutrons and four compact DMCAS
(Bridgeport Instruments Inc.) coupled to computer
controlled power bases of each detector’s PMT. The
system synchronously processes the detector signals from
the three Nal(Tl) gamma-ray detectors and the neutron
detector with a single Start-Stop function. All detector high
voltages (HV) and pulse processing parameters are loaded
in the software and activated using a previously saved set
of optimized values for each detector.

Summary

The PGNAA technique is a powerful non-destructive,
multi-element analysis tool. Sequential measurements are
thus possible. The higher penetrability of fast neutrons
offers large volume sampling.

More reliable compact sealed tube neutron generators
exploiting the associated particle technique are now
available [22]. This tagged neutron approach not only
allows the background radiation level to be significantly
reduced by wusing spatial and nano-second time
discrimination of events but also offers simultaneous 3D
imaging of elements detected in a matrix. Thus the APT
holds much promise for the future.
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