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Abstract

The associated particle (AP) technique has recently been used with a high-purity germanium γ-ray spectrometer to assess
its capability to improve field identification of recovered chemical warfare (CW) materiel through prompt gamma-ray
neutron activation analysis (PGNAA) measurements. A particularly challenging pair of CW agents commonly found
in recovered munitions are phosgene (CG) and cyanogen chloride (CK), which have two of three elements in common,
i.e. chlorine and carbon, but differ in the third being either oxygen or nitrogen. The detection of both latter elements
is complicated by high oxygen concentration in the field environment which interferes with the small signal produced
from the chemical agents. The matter is further complicated by the precautionary field practice of overpacking recovered
munitions with vermiculite in larger steel multiple round containers (MRCs), which places additional oxygen-rich material
in contact with the munition while further attenuating an already weak signal emitted from the munition center. This
work reports quantitative results from realistic field measurements of CG and CK simulants in mock 4.2-inch (11 cm)
mortar rounds overpacked with vermiculite in a large MRC. Results obtained with the AP technique are compared to
those obtained with the traditional PGNAA approach for both overpacked- and bare-munition measurements. The AP
technique is shown to provide a much more confident discrimination between the two chemicals, particularly for the
more challenging field-relevant overpacked measurements, where a significant gain in sensitivity to all the key elements
(chlorine, carbon, nitrogen and oxygen) is achieved.

Keywords: Active Neutron Interrogation, Associated Particle Technique, Recovered Chemical Warfare Materiel,
Phosgene, Cyanogen Chloride

1. Introduction

During the First World War and the ensuing decades,
the United States military produced, tested, and stock-
piled large quantities of chemical weapons. Prior to the
increasing recognition of environmental, health, and safety5

concerns in the 1960s, expired and obsolete munitions were
often disposed of simply by open pit burning, burial in
trenches, or dumping in the sea (DENIX - DoD Envi-
ronment, Safety and Occupational Health Network and
Information Exchange; National Research Council, 2012).10

Although the vast majority of modern stockpiled chemical
warfare (CW) munitions have been safely destroyed follow-
ing the signing and ratification of the Chemical Weapons
Convention (CWC) (Organisation for the Prohibition of
Chemical Weapons) in the 1990s, with the remaining few15

∗Corresponding author
Email address: brian.bucher@inl.gov (B. Bucher*)

percent expected to finally be destroyed within the next
year or so (Campbell, 2022; Fazili et al., 2022), there are
still large quantities of old CW munitions that will con-
tinue to be recovered from the nearly 250 estimated burial
sites in the U.S. (National Research Council, 2012; Carton20

et al., 2016) for the foreseeable future through various envi-
ronmental remediation, range clearing, or commercial ac-
tivities that may turn up such items. Although the CWC
does not require the recovery of these items, once they
do turn up, the treaty requires that they be declared and25

destroyed. In many cases, these items are uncovered in
areas also containing non-CW munitions and are heavily
damaged following years of exposure to the elements mak-
ing it impossible to identify their contents based on any
markings that may have originally been imprinted on their30

surfaces during production. Therefore any suspect items
containing a liquid fill must be assessed to determine if
CW agent is present prior to disposal.

Given the potential lethality of CW agents, safety con-
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cerns have required the development of nondestructive anal-35

ysis methods for field-recovered munitions. In particular,
neutron activation analysis of prompt γ rays (PGNAA)
can readily identify the fill chemicals within a munition.
A typical PGNAA device is the portable isotopic neutron
spectroscopy (PINS) system (U.S. Army Chemical Mate-40

rials Activity, c; Idaho National Laboratory). PINS has
been used for over three decades to identify a wide variety
of suspect CW munitions (Caffrey et al., 1992).

A standard PINS system uses a 252Cf spontaneous fis-
sion source to irradiate items with neutrons, however most45

of those neutrons are not energetic enough to excite carbon
and oxygen which are important for identifying conven-
tional explosives along with certain CW agents. To help
overcome this lack of sensitivity, a PINS system utilizing
a deuterium-tritium (DT) neutron generator has been de-50

veloped which produces 14-MeV neutrons that can easily
excite carbon and oxygen nuclei through inelastic scatter-
ing and, thus, induce their characteristic γ ray emission.
However the highly-penetrating fast neutrons also inter-
act in the surrounding environment where these same ele-55

ments are often more abundant, causing an intense back-
ground that can overwhelm the signal produced by the test
item itself. Moreover, the high background can also hide
low-intensity lines such as those produced from nitrogen,
which are also key to identifying explosives and various60

CW agents along with any other energetics that may be
present in the munition components (National Research
Council, 2012; Caffrey et al., 1992; Bucher et al., 2022).

One particular situation where this high background
and corresponding lack of sensitivity becomes an issue is in65

the discrimination of cyanogen chloride (NATO code CK,
chemical formula CNCl) from carbonyl dichloride (code
CG, formula COCl2, more commonly known as phosgene).
Each is listed as a Schedule 3 chemical under the CWC
(Organisation for the Prohibition of Chemical Weapons);70

both have important industrial purposes but also were
heavily produced and stockpiled as chemical weapons by
the U.S. military through the years (DENIX - DoD En-
vironment, Safety and Occupational Health Network and
Information Exchange; National Research Council, 2012).75

Following the development of nerve agents and, not to
mention, nuclear weapons in the post-World War II years,
they largely became obsolete and were replaced. Con-
sequently, both are commonly encountered in recovered
chemical munitions. As discussed by Bucher et al. (2022)80

and elucidated in the present manuscript, these two agents
look nearly identical in a traditional PGNAA measure-
ment with a standard DT generator-based PINS system,
largely due to high oxygen backgrounds.

It is important to be able to distinguish the two for a85

couple of reasons. First, CK can become explosively un-
stable over time due to polymerization (Compton, 1987),
and therefore requires extra care when handling. The
other main reason is related to the safe monitoring of the
neutralization and destruction procedures carried out us-90

ing the Explosive Destructive System (EDS) (U.S. Army

Chemical Materials Activity, a), which is the most com-
mon method utilized for recovered CW munition disposal.
Although both CK and CG are typically neutralized using
an aqueous NaOH reagent, the resulting reaction products95

will differ depending on which agent is being neutralized,
and a misidentification could result in an erroneous assess-
ment of the neutralization process potentially causing an
unsafe situation. Furthermore, the neutralization of CG
with NaOH has a number of drawbacks, and other pos-100

sible reagents are currently being examined (Carlson and
Crocker, 2021) which may result in different treatments
for the two agents altogether. Thus an improved discrim-
inability is necessary.

Recently, the associated particle (AP) technique was105

tested with a PINS-like high-resolution germanium-based
PGNAA system to determine if any improvements in sen-
sitivity and discriminability could be achieved with the
strong background suppressibility inherent to this method
(Bucher et al., 2022). A variety of simulated CW agents110

in thick, steel mock munition containers were tested, all
yielding promising results. In particular, a comparison
between CK and CG simulants revealed a critical advan-
tage of the AP technique in its ability to completely re-
move background oxygen from the otherwise oxygen-free115

CK spectrum, enabling the detection of its weak nitrogen
signal and thus allowing the two agents to be easily dis-
tinguished.

In actual field scenarios, however, the situation is a bit
more challenging, because recovered munitions are typi-120

cally overpacked with vermiculite in Multiple Round Con-
tainers (MRCs) for safe handling and transport and to
prevent potential exposure to personnel or the environ-
ment in case of leaks (National Research Council, 2012;
U.S. Army Chemical Materials Activity, b). Vermiculite125

is a low-density material composed mainly of various ox-
ides of Al, Mg, Si, and Fe (Papadopoulos et al., 2008).
The MRCs come in a range of sizes and are constructed
of thick stainless steel and DOT-certified for transport on
public roads enabling relocation to more safe and secure130

premises if needed. There are a number of negative ef-
fects that overpacking has on the PGNAA measurements:
namely increased attenuation of characteristic γ rays pro-
duced from the chemical munition fill, a higher flux of
characteristic Fe and Compton background γ rays due to135

neutron interactions inside the MRC, and additional neu-
tron scatter into the germanium detector and surrounding
shield materials which contribute further to the observed
background signal.

The purpose of this work was to provide a quantita-140

tive examination of the effect of overpacking in a MRC on
the detectability and discriminability of CK and CG simu-
lants contained in mock 4.2-inch (11 cm) mortar shells and
to assess any overall improvements achieved with the AP
technique. The following sections provide a more complete145

analysis and set of results for the bare munition measure-
ments first presented by Bucher et al. (2022) along with
analogous, follow-up measurements of those same simu-
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lants and mock munitions overpacked with vermiculite in a
MRC. Results obtained utilizing the AP method (i.e. neu-150

tron tagging by α-coincidence gating) are compared with
those obtained using the traditional PGNAA method (no
coincidence gating). Additional results related to detector
timing and α pulse height analyses are also presented.

2. Experimental Setup155

The measurements were conducted at the Idaho Na-
tional Laboratory (INL) PINS facility which contains a
large experimental vault constructed of concrete and equipped
with a safety interlock system that is well-suited for PG-
NAA experiments using fast neutrons (Chichester et al.,160

2009). A Thermo Scientific model API-120 DT neutron
generator (Chichester et al., 2005) was arranged in the
center of the vault, held horizontally 36 cm above the floor
on steel jack stands. An Ortec GMX series PopTop liquid
nitrogen cooled high-purity germanium (HPGe) detector165

of 43% relative efficiency was centered in the same hori-
zontal plane parallel to the floor, suspended by a small,
steel cart. The API-120 included a thin, YAP(Ce) scin-
tillator coupled to a sapphire viewport used to detect the
associated α particles created with each neutron generated170

inside the device. The scintillation pulses were converted
to electronic pulses by a Hamamatsu R580 photomultiplier
tube (PMT), which was coupled to the sapphire viewport
with optical silicon grease. Both the HPGe and PMT out-
puts were fed into a XIA Pixie-4e digital pulse proces-175

sor data acquisition system which provided event-by-event
time stamps and pulse heights for HPGe singles and YAP-
coincidences (see Bucher et al. (2022) for details).

The API-120 was operated at 85 kV acceleration po-
tential with 50 µA of beam current providing a neutron180

output of 107 n/s. A shadow shield consisting of a 10-cm
thick block of polyethylene and 7.6 cm block of tungsten
were placed between the neutron generator and HPGe to
protect the latter from direct neutron bombardment. A
1.4-cm thick bismuth collimator was also placed around185

the HPGe to shield γ rays originating from the surround-
ing environment. The CW simulants and their containers
were placed in front of the neutron generator and HPGe
detector, forming a rough 90◦ angle between the two, as
shown in Fig. 1 and described by Bucher et al. (2022).190

Two separate configurations were studied for each of
the two simulants investigated. The first configuration had
the simulants contained within mock 4.2-inch (11 cm) steel
mortar casings situated on an aluminum lab jack (Fig. 1
left side, see also Bucher et al. (2022)). The other con-195

figuration had the lab jack removed and the mock mortar
shells overpacked with vermiculite in a large MRC (right
side of Fig. 1). The elemental compositions of the two
simulants used are shown in Table 1 and compared to
their corresponding real CW agents. The CG simulant200

was 2.4 kg consisting of 80% (by mass) hexachloroethane
(C2Cl6) and 20% silicon dioxide (SiO2), while the CK sim-
ulant was 2.6 kg of 100% cyanuric chloride (C3Cl3N3). Be-

Figure 1: Experimental configurations for the bare (left) and over-
packed (right) munition measurements.

Table 1: Elemental mass fractions of CK (CNCl) and CG (COCl2)
and their simulants used in the present measurements. The CK
simulant was C3Cl3N3 while the CG simulant was C2Cl6+SiO2 (see
text). Note the addition of Si in the CG simulant is not present in
the real agent.

Element CK CK sim. CG CG sim.
C 19.5% 19.5% 12.1% 8.1%
N 22.8% 22.8%
O 16.2% 10.7%
Cl 57.7% 57.7% 71.7% 71.9%
Si 9.3%

cause of multiple hazards associated with the latter, espe-
cially the high toxicity by inhalation (National Center for205

Biotechnology Information), that simulant was enclosed
in its own unique mock mortar shell which was welded
shut and had slightly different dimensions than the one
used for the CG simulant as described by Bucher et al.
(2022). A comparison of the two is shown in Fig. 2. The210

CK simulant shell was somewhat smaller having a height
of 31.75 cm and inner diameter of 10.2 cm with 4.1 mm
thickness, compared to that used for the CG simulant,
which had a height of 35.6 cm, diameter of 11.4 cm, and
thickness of 6.4 mm.215

The MRC used for the overpacked measurements was
larger than the ones typically used for 4.2-inch (11 cm)
mortar shells found in the field. It had a height of 107 cm
and inner diameter of 23 cm, which is a size more com-
monly used for 155-mm projectiles, whereas 4.2-inch (11 cm)220

mortar shells are normally overpacked in smaller MRCs
having a height of 69 cm and diameter 18 cm (National
Research Council, 2012; U.S. Army Chemical Materials
Activity, b). This resulted in substantially more vermi-
culite included in the laboratory measurements compared225

to what would be assayed in the field. For example, the
CK simulant container used in the present measurement
had a 10.9 cm outer diameter which meant a 6.1-cm thick
layer of vermiculite surrounded it in the overpacked MRC,
whereas the analogous field measurement would normally230

only have a 3.6-cm thick layer of vermiculite. Therefore
the measurements reported here can be considered a worst-
case scenario as far as the vermiculite contribution to the
spectra is concerned. Figure 3 shows one of the mock
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Figure 2: Mock 4.2-inch mortar casings used to contain the CK (left
most) and CG (right most) simulants. Identical empty containers
(center) were also used in the overpacked measurements to examine
the spectral component arising from the vermiculite and munition
casing (see text for details).

munitions placed inside the MRC and overpacked with235

vermiculite for laboratory measurements. For each over-
packed measurement, the bottom of the MRC was filled
with vermiculite to a height such that the center of the
container was positioned in the horizontal plane of the
neutron generator and HPGe detector. Then the remain-240

ing space around and above the mock munitions was filled
with vermiculite as shown in the bottom photo of Fig. 3.

Both simulants were assayed in each of the two con-
figurations for 1 hour at a time which was equivalent to
approximately 3000 live seconds, standard for most PINS245

measurements performed in the field. Additionally, back-
ground measurements of 20-minutes duration (∼1000 live
seconds) were recorded for both configurations, also stan-
dard for PINS field assessments. The specific live/dead
times are shown if Table 2. Note the slightly higher dead250

times observed in the measurements of CG are due to the
higher mass containers compared to those used in the mea-
surements of CK. When assaying an overpacked munition
in the field, the background is normally recorded with the
entire MRC absent. The same was done in the present255

experiment. However, additional 20-minute background
measurements were also recorded, including one with an
empty MRC and one with an empty mortar shell for each
simulant (Fig. 2) overpacked with vermiculite, as shown
in Fig. 3. In this way, the various individual spectral con-260

tributions could be studied and compared with the results
recorded with the CW simulants present. Of particular
interest are the individual carbon and oxygen components
measured, especially those due to the vermiculite.

3. Analysis265

The Pixie-4e pulse processing unit that was used to ac-
quire data had a 14-bit digitizing ADC with a 500-MHz

Figure 3: The mock munition is placed on top of a layer of vermiculite
and centered within the MRC (upper photo) with the remaining
space then filled in with more vermiculite several cm above the top
of the munition (lower photo).

Table 2: Various measurements recorded with their total count
times (in seconds) and corresponding live and dead times as deter-
mined by the Pixie-4e pulse processing unit.

Meas. Config. Count Time Live Time Dead Time
Bare Background 1200 1067 11.1%
Bare CK 3600 3112 13.6%
Bare CG 3600 3061 15.0%
Overpacked Bkgd 1200 1074 10.5%
Empty MRC 1200 1021 14.9%
Ovpk Empty CK 1200 1001 16.6%
Overpacked CK 3600 2983 17.1%
Ovpk Empty CG 1200 995 17.1%
Overpacked CG 3600 2920 18.9%
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sampling rate and was configured for list mode runs as de-
scribed by Bucher et al. (2022). In this mode, the outputs
from the YAP PMT and preamplifier of the HPGe detec-270

tor are each fed directly into separate input channels of the
digitizer. All HPGe events passing the threshold and pulse
pileup inspections were recorded, which consisted of 64k-
channel resolution pulse heights and nanosecond-precision
time stamps (XIA). YAP events, on the other hand, were275

only recorded if they occurred in coincidence with a HPGe
event within a 600-ns window. The data were sorted offline
and analyzed using the ROOT data analysis framework
(Brun and Rademakers, 1997).

The inset of Fig. 4 shows the YAP-HPGe time spec-280

trum recorded for the bare-munition CK simulant. A
large, true-coincidence time peak is observed at ∆T=0 sit-
ting on top of a flat, uncorrelated background comprised of
random coincidence events. HPGe spectra corresponding
to various slices of the true-coincidence time spectrum are285

shown in the top portion of Fig. 4. In each spectrum, the
random events have been subtracted out using the coinci-
dence gate between −300 ns and −100 ns (gray box) and
normalizing to match the width of each true-coincidence
gate. The low-energy regions of the HPGe spectra are290

expanded at the bottom of Fig. 4.
It is apparent from Fig. 4 that the vast majority of

prompt γ rays with energies greater than ∼1 MeV are
recorded within the first 40 ns on the rising edge of the
true-coincidence time peak. Later slices along the falling295

edge of the time peak consist of lower and lower-energy
γ rays. This is suggestive of an amplitude walk effect
present in the Pixie-4e leading edge time pick-off method
(XIA; Knoll, 1979); the effect becoming increasingly dra-
matic as pulse heights decrease towards the threshold set-300

ting. Indeed, this is confirmed by the HPGe time response
curve shown in Fig. 5. The response curve was gener-
ated by gating on fine slices of the Compton continuum in
the HPGe coincidence spectrum recorded from the bare-
munition CK measurement, taking care to avoid any pho-305

topeaks. The time projections of each Compton slice rela-
tive to their coincident YAP α events show individual cor-
related time peaks (see inset of Fig. 5) whose centroids and
widths vary with energy. A Gaussian function was used
to fit each time peak and extract the individual centroids310

and widths plotted in Fig.5. The measured time response
is fairly uniform down to a few hundred keV where the am-
plitude walk and time resolutions began to rapidly worsen
with lower energies.

Interestingly, a similar timing analysis of the individ-315

ual photopeaks reveals a range of time-delays relative to
the Compton continuum, typically falling between ±5 ns,
which appears to be correlated with the element respon-
sible and the threshold energy required to induce that
particular photopeak. This is not so surprising since one320

might expect γ rays arising from the fastest neutrons in-
teracting with elements nearest the neutron generator to
arrive earliest, while down-scattered neutrons interacting
with materials further away should arrive later. For exam-

ple, lines arising from (n,2n) reactions tend to arrive a few325

ns earlier than Compton events of the same γ-ray energy
while many (n,n′) lines arrive at the same time or later
than their underlying Compton events. Bismuth γ rays,
which are induced by neutrons scattered into the HPGe
collimator, arrive later than their counterparts induced in330

the steel munition casing or chemical simulant. The time
shifts of photopeaks are relatively small compared to the
overall resolution and energy-dependent time walk (Fig. 5)
and can generally be neglected when choosing the coinci-
dence time gate, provided the latter is sufficiently wide.335

As an example, the timing analysis of the strong Cl
line at 2128 keV is shown at the bottom right of Fig. 5.
The time distribution of the Compton events has been
subtracted out leaving a time peak with a centroid at
−11.7(3) ns which is 2.5(5) ns earlier than the Compton340

itself. The 2128-keV peak arises from the 35Cl(n,d1) re-
action and requires an incident neutron energy (En) of
at least 6.5 MeV. For comparison the 788-keV 37Cl(n,2n1)
line (En>11.4 MeV) and the 1763-keV 35Cl(n,n′2) (En>1.8 MeV)
have relative centroid shifts of −5.4(13) ns and −0.2(7) ns,345

respectively. The 896-keV 209Bi(n,n′1) line (En>0.9 MeV)
had the longest delay of those examined with a relative
shift of +7.8(12) ns. A more detailed analysis of the tim-
ing properties of characteristic γ rays may be of interest
for future investigations, but is beyond the scope of the350

present study.
It should also be possible to improve the timing resolu-

tion of the system through the use of a fast constant frac-
tion discrimination algorithm on the fully digitized wave-
forms, available as an add-on to the Pixie-4e pulse process-355

ing firmware. This would, furthermore, reduce the large
amplitude walk observed, which is an artifact of the lead-
ing edge timing method used in the system’s standard
pulse processing firmware. Other minor improvements
might also be achieved using a faster energy filter range on360

the Pixie-4e, which would improve the YAP energy reso-
lution, as discussed by Bucher et al. (2022), and allow for
an energy-walk correction in that detector if needed. An
improved YAP energy resolution would also benefit the
α pulse height analysis presented later in this section.365

As far as the analysis and comparison between the
CK and CG simulants are concerned, the most impor-
tant γ rays are the Cl 2128-keV line, the O 6129-keV line
and its single- and double-escape peaks (SEP/DEP), the
broad 4439-keV C line, and the N 5105-keV line and its370

SEP along with the lower-energy 728-keV N line. Ideally
a single AP coincidence gate could be utilized to analyze
the full range of relevant γ rays. This was attempted first
using a 72-ns wide gate starting at −32 ns in the YAP-
HPGe time spectrum, however it was found that such a375

wide gate resulted in an unnecessary loss in precision due
to the larger number of random coincidences that need to
be subtracted out. This was particularly evident in the
overpacked measurements which had higher event rates
due to the much larger mass of material in front of the de-380

tector, with weak peaks like those from nitrogen typically

5



Energy [keV]
0 200 400 600 800 1000 1200 1400 1600 1800 2000

C
ou

nt
s/

ke
V

1

10

210

310

410
0 2000 4000 6000 8000 10000

C
ou

nt
s/

ke
V

1

10

210

310

410

2
5

9
8

 5
6
Fe

HPGe [ns]−T YAPΔ
300− 200− 100− 0 100 200 300

C
ou

nt
s/

8n
s

60
80

100
120
140
160
180
200
220

310×

5
1

0
5

 1
4
N

4
4

3
9

 1
2
C

3
1

0
3

 3
7
C

l
3

1
6

3
 3

5
C

l
▬ 32ns<ΔT<8ns
▬ 8ns<ΔT<48ns
▬ 48ns<ΔT<88ns
▬ 88ns<ΔT<168ns

Bare-Munition CK

1
2

6
 5

6
Fe

2
1

2
 5

6
Fe

4
1

1
 5

6
Fe

5
1

1

5
9

6
 7

4
G

e

8
4

7
 5

6
Fe

9
3

1
 5

6
Fe

1
0

3
8

 5
6
Fe

1
2

3
8

 5
6
Fe

1
3

0
3

 5
6
Fe

1
4

0
8

 5
6
Fe

1
6

0
9

 2
0

9
B

i
1

6
7

1
 5

6
Fe

1
8

1
1

 5
6
Fe

1
7

6
3

 3
5
C

l

1
9

1
1

 3
5
C

l

2
1

2
8

 3
5
C

l

Figure 4: HPGe time-correlated AP-coincidence spectra recorded from the bare-munition CK simulant are shown in chronological increments
from earliest (purple) to latest (orange). The inset shows the corresponding gate on the time spectrum for each HPGe coincidence spectrum.
The random (uncorrelated) component of each is subtracted out using the gate between −100 ns and −300 ns (gray). The low-energy portions
of the spectra have been expanded in the bottom half of the figure for ease of viewing the many γ-ray lines present there.
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Figure 5: Centroids of correlated time peaks of the Compton con-
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bottom left shows the FWHM as a function of Compton energy. The
bottom right shows the time projection of the Cl 2128-keV photo-
peak after subtraction of the underlying Compton compared to that
of the latter along with their corresponding Gaussian fits.

suffering a 20% relative loss in precision of their quanti-
fied intensities. It was found that better results could be
achieved simply by analyzing the low-energy 728-keV N
peak using a separate AP-coincidence gate from the other385

higher-energy lines. The latter were analyzed using a 40-
ns wide gate starting at −32 ns in the time spectrum while
the former used a 48 ns wide gate starting at −16 ns. The
high-energy time gate was optimized for γ rays with ener-
gies in the 2–3 MeV range, however good results were also390

achieved for the higher-energy γ-ray lines near 6 MeV,
where shifting the time window to slightly earlier times
did not significantly improve the precision of the latter.

Analysis of the 728-keV line, on the other hand, highly
benefited from having its own, optimized coincidence gate395

due to the overall low emission intensity of that line, es-
pecially in the overpacked measurements where there was
increased attenuation as well as higher background from
greater neutron scatter and Compton events in the HPGe.
Fig. 6 highlights the enhancement of this peak from the400

targeted AP-coincidence gate in both bare and overpacked
CK measurements relative to the traditional, ungated spec-
tra. Note that it is not even possible to observe the 728-
keV line in the overpacked measurement without the aid
of the AP coincidence requirement. These results are dis-405

cussed along with the other γ-ray lines of interest in Sec-
tion 4. It may be worth mentioning, however, the subset
of other possible field-recoverable CW agents whose accu-

rate identification relies on even lower-energy character-
istic γ rays. In particular, those containing arsenic (e.g.410

Lewisite), would almost definitely require their own sepa-
rate targeted AP-gates to overcome the steep energy-walk
response of HPGe in those spectral regions, assuming the
standard leading edge timing discrimination continued to
be employed. This would be alternative to using a single415

excessively wide coincidence gate that would result in a
loss of sensitivity to low-intensity γ rays. The caveat is
that, when assaying an item with unknown chemical fill,
it may be necessary to acquire data in list mode, as was
done in the present study, in order to retain sensitivity420

to both the high-energy and low-energy portions of the
γ-ray spectrum within a single measurement. Otherwise
multiple data acquisition channels incorporating a range
of delays and gate widths may be needed to fully cover
the entire γ-ray spectral region of interest for CW identi-425

fication.
One other matter worth investigating was a potential

reduction in unwanted γ-ray events from the MRC and
vermiculite by utilizing a possible correlation between the
n/α direction and the α signal pulse height. Although the430

R580 PMT that was coupled to the API-120 viewport to
read out the α events from the internal YAP crystal did
not have any position sensitivity, the YAP scintillator it-
self was fabricated with a grid pattern on its surface to
help spatially discretize its light output as described by435

Bucher et al. (2022). With this consideration in mind and
also the fact that the R580 diameter was significantly less
than the YAP viewport diameter (1.5" compared to 1.9",
respectively), various gates on the YAP pulse heights were
examined to determine if any further reduction in γ-ray440

signal arising from regions outside the chemical simulant
could be achieved. This was done for both overpacked
CG and CK simulants. The intensity ratio of the 2128-
keV Cl and 1434-keV Cr lines was analyzed for different
cuts on the YAP pulse height spectrum. The 2128-keV445

Cl peak is the most intense, unique line arising from both
simulants, while the 1434-keV Cr line is present in the
stainless steel comprising the MRC, however not present
in the steel comprising either of the mock munition shells.
Therefore the Cl and Cr signals originate from maximally450

separated regions of the overpacked test items. The results
are shown in Fig. 7. Clearly there is some spatial sensitiv-
ity achieved with this segmented YAP scintillator, however
the separation between components is not enough to iso-
late the simulant signal from that due to the vermiculite.455

One limiting factor in this measurement was the subop-
timal energy filter parameters used to process the YAP
detector pulses, as discussed by Bucher et al. (2022) and
mentioned in the timing discussion earlier, however the re-
sults do indicate substantial separation might be achieved460

in the future with improved filter settings and with the aid
of a position-sensitive YAP detector readout.

The results presented in Section 4, thus, did not employ
any YAP pulse height gates, but used only the optimized
time gates mentioned earlier, with the 728-keV N line anal-465
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ysis utilizing a different gate from the other higher-energy
lines of interest for the AP-coincidence spectra. The un-
gated HPGe spectra are also presented for comparison as
they represent the traditional PGNAA approach. The rel-
evant γ-ray peaks corresponding to the key elements Cl,470

C, N and O were analyzed in each spectrum and inten-
sities extracted based on Gaussian fits or, in the case of
the broad C peak, summation over the peak region with
estimation of the Compton background provided by sum-
mation over a nearby region on the high energy side of475

the peak. The same procedure was carried out for the
relevant peaks in the background spectra, namely those
arising from C and O. The background intensities were
then live-time normalized to the simulant results and sub-
tracted where applicable. Regarding the various key ele-480

ments, note that Cl exists only in the chemical simulants,
while O is in the CG simulant, vermiculite, and concrete
floor, N only detectable in the CK simulant, and C in both
simulants, both steel munition containers, the MRC, and
the polyethylene of the shadow shield. One unfortunate485

complication to the elemental analysis is the interference
between the N 5105-keV line and the O DEP at 5107 keV.
These cannot be resolved even with the superior energy
resolution of a HPGe detector, however it is possible to
detect an increased width of that peak indicating the pres-490

ence of N. Therefore the FWHM and intensity ratios be-
tween the O DEP and 6129-keV full-energy peak (FEP)
are also tabulated, in addition to the individual γ-ray peak
intensities, to look for N in the presence of O. The Cl/C
intensity ratio is also analyzed since it should be sensitive495

to the distinct chemical compositions of CK versus CG,
the latter being a factor of 2 higher in the real CW agents.
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4. Results & Discussion

The results presented in this section are meant to pro-
vide comparisons between the traditional PGNAA and500

AP-coincidence technique in the discrimination of CK-
and CG-filled CW munitions in a realistic field scenario.
As a baseline comparison, results from bare-munition (not
overpacked in a MRC) measurements are presented first,
with a small subset of qualitative results having already505

been reported by Bucher et al. (2022). Then the more
field-relevant overpacked measurements are presented. For
each comparison, a number of recorded spectra are shown:
one set focused on the low-energy Cl regions between 1.6
and 3.2 MeV, and the other set focused on the higher-510

energy CNO region between 3.9 and 6.2 MeV. Side-by-
side comparisons of the traditional (ungated) and AP-
gated CK and CG simulant measurements are provided
with their corresponding background spectra overlayed.
Quantitative results extracted from the analysis of each515

spectrum are provided in tables focusing on the parame-
ters identified in Section 3. Note that the relevant spec-
tra pertaining to the N 728-keV γ-ray line analyses have
already been presented in Section 3, however the quan-
titative results are included in the tables shown in this520

section. Each table compares analyses results from the
CK and CG measurements for either the traditional or
AP approach. Since the traditional approach relies heav-
ily on background measurements and subsequent subtrac-
tions, two separate background measurements are consid-525

ered for the overpacked items: the usual one performed in
the field where nothing is near the generator/detector and
one where an empty MRC is placed in the test position. As
discussed shortly, the latter provides a better representa-
tion of the background present during the assessment of an530

overpacked munition. Moreover, the slight additional bur-
den of adding an empty MRC to the standard background
measurement may be well worth the improved accuracy of
the field assessments, making it a practical consideration
for future implementations. The AP technique, on the535

other hand, generally does not benefit from a background
measurement/subtraction, so this is less of a consideration
as that technique continues to be developed for possible
field use.

4.1. Bare Munition Results540

The relevant portions of the spectra obtained from the
bare munition measurements are shown in Fig. 8. The un-
gated (i.e. no AP-coincidence), traditional PGNAA spec-
tra are shown in dark red with the background spectrum
overlayed in black, while the corresponding AP-coincidence545

gated results are shown underneath each in red with their
respective backgrounds overlayed in gray. The left side of
Fig. 8 shows the lower-energy Cl region recorded for both
the CK simulant (top set) and CG simulant (bottom set).
In both cases, the AP technique does well to increase the550

relative intensities of the various Cl peaks, although the

strongest Cl peaks are still easily identified with the tradi-
tional method, in particular the 2128-keV line. In the un-
gated spectra, the 1763-keV Cl inelastic scatter line is also
evident, although it sits on the shoulder of the much larger555

1779-keV Si peak produced from the concrete floor. As
pointed out by Bucher et al. (2022), this peak is even more
intense in the background spectrum because the absence of
the munition makes for a larger, unobstructed view of the
floor by the detector. In the AP-gated spectrum, on the560

other hand, this background Si is removed, while the AP-
background spectrum itself generally has very few peaks
with only low intensities (Si being weakly present among
them). The situation is a bit different in the CG spectra,
because the employed simulant actually contains a small565

fraction of Si (Table 1). Therefore the Si line is also present
in the AP-gated spectrum while the Cl lines are more in-
tense in both gated and ungated CG spectra relative to
those in the CK spectra due to the higher Cl mass frac-
tion in the former. However the Si peak in the ungated570

background spectrum is still more intense than that in
the ungated CG simulant spectrum despite its additional
presence in the simulant itself. There are also a number of
iron peaks present in the simulant and background spectra
which primarily arise, respectively, from the mock muni-575

tion containers and the steel cart supporting the HPGe
detector.

Since both CK and CG produce strong Cl lines, in or-
der to discriminate between the two, the measurements
must also be sensitive to C, N, and O. The right side of580

Fig. 8 shows the higher-energy CNO region recorded for
each simulant. As discussed by Bucher et al. (2022), the
distinction between the two simulants is clear with the aid
of the AP technique, where background O, like Si, arising
mainly from the concrete floor, is completely removed. In585

the CK (CG) spectrum, this leaves only the C and N (O)
lines from the chemical present, which means the other
agent can be ruled out. As in the Cl region, the AP-gated
background has little to no lines in the CNO region, so no
subtraction is required. The traditional, ungated spectra,590

on the other hand, highlight the difficulty caused by the
high background O and, to a lesser extent, C. In both sim-
ulant measurements, O is strongly present and with even
greater intensity in the background measurement. Again
this is due to the shielding of the detector’s view of the595

ground by the munition itself. Comparing the two simu-
lants, one observes a relatively stronger O intensity in the
CG spectrum, due to the O mass fraction in that simu-
lant, however the net intensity after background subtrac-
tion is still negative in either case (Table 3). Moreover,600

the strong background O DEP completely covers the weak
N line at 5105 keV. It is, however, possible to observe its
SEP at 4594 keV, along with the low-energy 728-keV N
line (upper left of Fig. 6), albeit both with large statis-
tical uncertainties. The only other elemental signature is605

the C intensity which can be used to determine the Cl/C
ratio; the latter should differ by around a factor of two in
the real agents. The quantitative results are provided in
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Figure 8: Bare-munition spectra recorded from the CK (top half) and CG (bottom half) simulants. The low-energy Cl-relevant region
of the spectra are shown on the left side while the higher-energy CNO regions are displayed on the right. For each set, the traditional,
ungated spectra are shown first (dark red) with the background (black) overlayed, while the corresponding AP-gated spectra (red) and their
background (gray) are shown below.
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Table 3 with comparison to those from the AP-gated spec-
tra. With the combination of detecting the two N peaks610

and the measured Cl/C ratio, it may still be possible to
discriminate between the two CW agents with the tradi-
tional method, provided, of course, the bare munitions are
assayed. The difference in measured Cl/C ratios in terms
of 1σ units of uncertainty is 1.76 for the ungated results615

which corresponds to a 92% confidence level, whereas with
the AP method this increases to 4.33σ, or >99.998% con-
fidence (Bevington and Robinson, 2003). Note that the
former is primarily limited by the C precision in CG after
background subtraction (Table 3), having a relatively low620

mass fraction in that simulant. Nevertheless, considering
also the clear identification of N (O) in CK (CG) with
the AP technique, its discriminatory power is far superior
compared to the traditional method, the latter hinging on
fewer measurable parameters with higher uncertainties.625

4.2. Overpacked Munition Results

As discussed earlier, in actual field measurements the
munitions are normally overpacked with vermiculite in a
sufficiently-sized MRC. This adds a number of extra chal-
lenges for the PGNAA assessment even if the AP tech-630

nique is utilized. For one, the vermiculite contributes an
additional O signal, along with those from other light el-
ements like Mg, Al and Si (Papadopoulos et al., 2008),
which cannot be removed by the AP gate unless, perhaps,
a position-sensitive α detector is used, as mentioned in635

Section 3. Additionally, the bulky steel MRC increases
the intensity of Fe lines in the spectra along with the al-
ready high Compton continuum. It also further attenuates
γ rays of interest trying to escape the central chemical fill
of the munition and increases the flux of neutrons scattered640

into the HPGe detector and its collimator. The overall ef-
fect is a loss of intensity of the chemical fill signature while
boosting the intensity of the background resulting in a sig-
nificant degradation of the precision. Furthermore, in the
case of the traditional PGNAA approach, the larger MRCs645

block more of the HPGe detector’s view of the ground thus
further reducing the sensitivity to elements such as O and
Si that are present in concrete and sandy soils resulting in
a large background oversubtraction of those.

The experimental results from the overpacked CK and650

CG measurements are presented in Fig. 9 with correspond-
ing quantitative results provided in Table 4. The same rel-
evant spectral energy regions as shown in Section 4.1 are
again highlighted here, focusing on Cl lines in the lower-
energy portion and C,N, and O in the higher energy por-655

tion (see the right side of Fig. 6 of Section 3 for the spectral
region surrounding the 728-keV N line). In addition to the
usual simulant (red) and background (black/gray) spectra,
results recorded from an empty MRC (blue) and empty
munition canister (identical to each of the ones used with660

the CG and CK simulants, see Fig. 2) overpacked with ver-
miculite (green) are overlayed in Fig. 9. The background-
subtracted spectral analyses results, analogous to the ones
presented in Table 3 of Section 4.1, are given in Table 4

while the measured C and O fractional components in each665

spectrum relative to the full simulant spectra are given in
Table 5. An in-depth discussion of the individual results
is provided in the following subsections, however a few
broad conclusions can be stated up front. First, as with
the bare munition measurements, the superiority of the670

AP technique is clear when comparing the gated and un-
gated spectra. This is especially true in the lower-energy
simulant spectra where all the Cl lines are significantly
enhanced relative to the other lines present. Nevertheless,
the strongest Cl lines are also visible in the ungated spec-675

tra allowing Cl to still be identified and quantified with
the traditional approach. In the higher-energy CNO re-
gion, on the other hand, and not to mention the 728-keV
region shown in Section 3, the advantages of the AP tech-
nique become much more critical for the discrimination680

between the two agents as outlined below.

4.2.1. Ungated Discrimination

In both the CK and CG ungated spectra, the O in-
tensities are less than those observed in the background
spectrum resulting in negative O peak intensities in both685

agents, as seen in the top left quadrant of Table 4, which
is similar to the situation observed for the bare munition
measurements in Section 4.1. The difference in this case,
however, is the large volume of vermiculite contributing an
O signal in both spectra. Although the bigger MRC does690

block a proportionally wider area of the oxygen-containing
concrete floor, that void is filled with the oxygen-rich, al-
beit low-density, vermiculite positioned even closer to the
detector. The measured O fractions relative to the over-
packed simulant spectra are provided in Table 5. These695

results can be compared between simulants along with the
net counts in Table 4. Each are indicative of the extra
O component in the CG simulant that is not present in
the CK one, however they are insufficient to provide any
conclusions about the presence of O in either case. The700

situation can be somewhat improved by using the empty
MRC spectrum for background subtraction. The right side
of Table 4 can be used to compare the quantitative re-
sults obtained with this alternative background subtrac-
tion. Utilizing the empty MRC spectrum for the back-705

ground subtraction, the net O counts in both simulants
become positive with the CG measurement yielding an O
FEP with an intensity greater than 4σ whereas the same
peak in the CK spectrum has an intensity of less than
2σ. Obviously the overpacked blank munition spectra are710

even more ideal background spectra, however such mea-
surements are not feasible in the field and, therefore, have
not been used for subtraction, although the quantitative
results corresponding to those spectra are included in Ta-
ble 5. The latter results indicate that the entire O signal715

in the CK spectrum is due to the vermiculite, as expected,
while the CG spectrum does appear to have a slight excess
of O arising from the chemical simulant itself.

As with the O quantification, the C analysis may also
be improved using the empty MRC spectrum for back-720
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Table 3: Quantitative analysis results from the bare-munition CK and CG simulant measurements are compared. Results from the traditional,
ungated approach are displayed on the left and those from the AP-approach are listed on the right. The ungated results have been background-
subtracted for those peaks appearing in the background spectrum. The O double-escape (DE) to full-energy (FE) peak intensity (I) and
width (W ) ratios are calculated from the simulant spectra prior to background subtraction. Uncertainties for each parameter are listed in
parentheses (1σ).

Bare Munition Results
Ungated Spectra (Bkgd Sub.) AP-gated Spectra (No Bkgd. Sub.)

Parameter CK Sim. CG Sim. Diff. Diff./σ CK Sim. CG Sim. Diff. Diff./σ
Cl 4430(400) 6250(410) 1643(73) 3121(92)
C 3180(590) 1800(580) 1058(82) 582(93)

N 728 950(230) N/A 4.04 319(60) N/A 5.29
N SE 610(160) N/A 3.78 130(33) N/A 3.96

O DE (N FE) 51(190) -140(260) 120(21) 148(44)
O SE -830(220) -300(220) N/A 191(30)
O FE -1170(290) -750(210) N/A 168(25)

O I(DE
FE ) 0.676(32) 0.599(37) 0.077(49) 1.58 N/A 0.88(29)

O W (DE
FE ) 0.872(33) 0.794(30) 0.078(45) 1.74 N/A 2.46(76)

Cl/C 1.39(29) 3.5(11) 2.1(12) 1.76 1.55(14) 5.36(87) 3.81(88) 4.33

Table 4: Quantitative analysis results from the overpacked-munition CK and CG simulant measurements are compared. Results from
the traditional, ungated approach are displayed on the top half and those from the AP-approach are listed on the bottom. Two separate
background subtractions were examined: results using the conventional one where nothing is near the detector/generator are listed on the left
while the right side shows results using the empty MRC spectrum as the background (see text). Peaks that are not present in the background
spectra do no require any subtraction. For the AP-gated results, the only peak affected by the different background measurements is that
arising from C. The O double-escape (DE) to full-energy (FE) peak intensity (I) and width (W ) ratios are calculated from the simulant
spectra prior to background subtraction and are, hence, unaffected by whichever spectrum is used for background. Uncertainties for each
parameter are listed in parentheses (1σ).

Overpacked Munition Results
Parameter CK Sim. CG Sim. Diff. Diff./σ CK Sim. CG Sim. Diff. Diff./σ

Ungated–Normal Bkgd Sub. Ungated Blank MRC Sub.
Cl 3160(390) 4440(450) Same
C 2870(570) 2650(570) 2570(640) 2350(640)

N 728 Too weak N/A Same
N SE 420(110) N/A 3.93 Same

O DE (N FE) -14(270) 92(270) 200(280) 300(280)
O SE -780(300) -290(220) 120(300) 590(220)
O FE -510(290) -74(210) 530(300) 940(220)

O I(DE
FE ) 0.635(45) 0.608(38) 0.026(58) 0.45 Same

O W (DE
FE ) 0.869(35) 0.830(34) 0.039(49) 0.80 Same

Cl/C 1.10(26) 1.67(40) 0.57(47) 1.21 1.23(34) 1.89(54) 0.66(64) 1.02
AP-gated–No Bkgd Sub. AP-gated Blank MRC Sub.

Cl 1159(70) 1839(80) Same
C 1120(100) 800(100) 840(150) 530(150)

N 728 335(93) N/A 3.60 Same
N SE 150(38) N/A 3.95 Same

O DE (N FE) 261(42) 186(30) Same
O SE 150(29) 353(34) Same
O FE 190(28) 319(34) Same

O I(DE
FE ) 1.37(30) 0.58(11) 0.79(32) 2.45 Same

O W (DE
FE ) 1.72(39) 0.84(19) 0.88(43) 2.05 Same

Cl/C 1.04(11) 2.30(31) 1.26(33) 3.79 1.38(26) 3.46(99) 2.1(10) 2.04
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Figure 9: Overpacked-munition spectra recorded from the CK (top half) and CG (bottom half) simulants. The low-energy Cl-relevant region
of the spectra are shown on the left side while the higher-energy CNO regions are displayed on the right. For each set, the traditional,
ungated spectra are shown first (dark red) with the background (black) overlayed, while the corresponding AP-gated spectra (red) and their
background (gray) are shown below. Also included for each set of spectra are onces recorded from an empty MRC (blue) and an empty mock
munition case, identical to the one used with each simulant, overpacked with vermiculite in the MRC (green).
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Table 5: Carbon and oxygen peak intensity ratios of each spectrum relative to the overpacked CK (left) and CG (right) simulant spectra
are listed with uncertainties given in parentheses (1σ). Results for the ungated spectra are shown in the top half while the AP-gated results
are shown on the bottom.

Peak Bkgd/CK MRC/CK Blank/CK Bkgd/CG MRC/CG Blank/CG
Ungated

O DEP 1.00(7) 0.95(7) 1.00(8) 0.98(7) 0.92(7) 0.85(7)
O SEP 1.14(6) 0.98(5) 1.08(6) 1.05(4) 0.90(4) 0.97(4)
O FEP 1.09(5) 0.91(5) 1.03(5) 1.01(3) 0.85(3) 0.91(3)
C 0.64(6) 0.68(7) 0.85(7) 0.66(7) 0.70(8) 0.90(7)

AP-gated
O DEP N/A N/A 0.43(15)* N/A N/A 0.37(11)*
O SEP N/A N/A 1.01(32) N/A N/A 0.67(15)
O FEP N/A N/A 0.99(35) N/A N/A 0.36(11)
C N/A 0.25(10) 0.29(14) N/A 0.34(14) 0.47(19)
* O DEP not observed in blank munition spectra; intensity estimated from FEP (see text)

ground subtraction. Table 5 shows perhaps a small C
contribution from the stainless steel body of the MRC,
however a larger contribution comes from the munition
body. The latter probably contains a similar fraction of C,
but also has the bulk of its material positioned closer to725

the detector, on average, and certainly results in increased
neutron reflection into the carbon-rich polyethylene shield
block between the detector and generator. In either case,
this C contribution cannot be subtracted out of the field
measurements, however, using the empty MRC spectrum730

for background subtraction, a lower net C intensity is ob-
tained in Table 4. This in turn leads to a greater absolute
separation in Cl/C ratios between the CK and CG mea-
surements, yet the larger separation is offset by an overall
increase in uncertainty, due to the larger relative uncer-735

tainty in C intensity obtained using the MRC subtraction
(the Cl analysis is unaffected since it is not present in ei-
ther background spectrum). This effectively degrades the
discriminability potential of the Cl/C ratio since the rela-
tive separation is reduced to 1.0σ compared to the original740

1.2σ. Regardless of which background subtraction is used,
however, the separation is not enough to discriminate be-
tween the two agents.

Then the only remaining parameters that can be used
to discriminate the two agents must come from the N anal-745

ysis. As with the bare munition measurements, the N FEP
at 5105 keV is covered by the O DEP. With this interfer-
ence, the only possible indications of N presence would
show up as increased O DEP/FEP intensity and width ra-
tios. Unfortunately, considering the experimental uncer-750

tainties of each parameter listed in Table 4, it is not possi-
ble to identify the N component in the O DEP of the CK
spectrum. Moreover, the 728-keV N line, which was visible
in the ungated bare munition spectrum, is too weak to ob-
serve in the overpacked configuration due to the increased755

attenuation and higher background arising in the latter.
That leaves only the N SEP at 4594 keV which is observed
in the CK spectrum with an intensity/uncertainty ratio
of 3.9σ, similar to the bare munition results and appar-
ently less affected by attenuation and higher background760

than the 728-keV line because of its much higher energy.
Although a positive N detection is enough to rule out a
possible CG agent fill, having to rely solely on the obser-
vation of the weak N SEP is not ideal and precludes any
confident discrimination between the two.765

4.2.2. AP-gated Discrimination

Once the AP-coincidence requirement is imposed, the
situation is much improved, although the O signal from
the vermiculite still presents a challenge. In the lower
right AP-gated spectrum of Fig. 9, the O from the CG770

simulant is clearly higher than that due to the vermiculite
(green), while no O is present in either the empty MRC
(blue) or regular background (gray) spectrum. In the CK
simulant measurement (upper right), on the other hand,
the measured O is consistent with that found from the775

vermiculite with the blank munition. Table 5 (lower left)
confirms that the measured O FEP and SEP intensities
are consistent between the CK simulant and blank muni-
tion spectra. In the case of CG, the O intensity is roughly
equally composed of vermiculite and the simulant. In both780

blank munition spectra, the O DEP was not observed due
to its lower intensity relative to the FEP and SEP and also
the low statistics from the shorter run times. Therefore the
O DEP intensity is estimated as IDEP = 0.6 ∗ IFEP which
is based on observations in the various ungated spectra785

as well as the AP-gated CG simulant spectrum (see Ta-
bles 3 & 4). This produces a O DEP blank/simulant ratio
in the CG measurement that is consistent with the O FEP
and SEP ones. The CK simulant, on the other hand, has
an excess of counts in the DEP relative to the FEP and790

SEP which is certainly due to the N FEP at 5105 keV.
Indeed, the corresponding N SEP at 4594 keV is also ob-
served.

As with the bare munition measurements, no back-
ground subtraction is needed for the AP-gated results.795

The raw spectral counts are shown in Table 4. The O FEP
and SEP counts in the CK measurement are due to the
vermiculite while the excess in the DEP is from N. This is
reflected in the DEP/FEP intensity ratio when compared

14



to that observed in the CG measurement. A difference800

of more than 2.4σ is observed between the two agents.
Moreover, unlike in the ungated results, an excess width
is also observed in the O DEP in the CK measurement.
Comparing the DEP/FEP width ratios in the two spectra
results in another difference greater than 2σ. These com-805

bined with the observation of the N SEP as well as the N
728-keV peak (Fig. 6), the latter not visible without the
aid of the AP-coincidence gate, provide added confidence
to the discrimination of CK from CG.

Further discrimination is provided from the C analysis810

and determination of the Cl/C ratios. The bottom line
of Table 4 shows this parameter which provides the great-
est separation between the two agents with 3.8σ differ-
ence, similar to that observed in the bare munition results.
Realizing, as mentioned earlier, that the MRC does con-815

tribute a small fraction of the C intensity, the C signal was
also analyzed by subtracting the component found in the
(AP-gated) empty MRC spectrum. This significantly re-
duced the net C counts, especially in the CG measurement
where C is a smaller mass fraction of that simulant, which820

in turn further widened the absolute Cl/C ratios between
the two simulants. Despite this improvement, however,
the additional uncertainty created from the C background
subtraction actually made the relative difference much less
having only 2σ deviation. Thus the loss in statistical preci-825

sion caused by the relatively small background subtraction
made the situation worse. Therefore it is better to forgo
any background subtraction in the AP results with the
minor trade-off of keeping the systematic effect caused by
the MRC. In practice, this is not very consequential since a830

similar effect is caused by the munition casing itself which
is impossible to account for in actual field measurements.

One other potential systematic effect on the C analysis
to consider might be the O contribution to the 4439-keV
peak through the 16O(n,n′α1) reaction. However, recent835

pure-element spectra measured with a similar AP-based
PGNAA device (Sudac et al., 2020) as well as results re-
ported with a larger scale AP-neutron interrogation sys-
tem (Pino et al., 2021) both indicate this contribution
is small compared to the 6129-keV 16O(n,n′2) reaction.840

Given the relative counts observed between the two lines
in the present measurement, the sizable statistical uncer-
tainties, and the systematic errors already discussed, this
effect appears to be rather insignificant. Despite these few
systematic uncertainties, the overall combination of mea-845

sured Cl/C ratio, O DEP/FEP intensity and width ratios,
and observation of the N 4594-keV and 728-keV lines ob-
tained with the AP technique enables a much more confi-
dent discrimination between overpacked CG- and CK-filled
munitions when compared to the results obtained with the850

traditional, ungated PGNAA approach.

5. Conclusions

This work assessed the discriminatory power of the
background-suppressing associated particle technique for

identifying simulants of CG and CK chemical warfare agents855

contained within mock 4.2-inch (11 cm) mortar shells over-
packed with vermiculite in MRCs. Quantitative results are
compared with those obtained for bare munition measure-
ments, first reported in by Bucher et al. (2022), along with
ones obtained with the traditional, PGNAA approach for860

both configurations. The successful discrimination of the
two agents using the traditional PGNAA approach relies
primarily on the confident detection of the weak N SEP
at 4594 keV from CK, which is strongly dependent on the
amount of agent present in the munition, the degree of865

attenuation from the munition body and employed MRC,
and the height of the Compton continuum produced by
the surrounding materials. The situation may be slightly
improved by using an identical empty MRC in the back-
ground measurement to improve the sensitivity to O that870

would be weakly present in a CG chemical fill.
The AP-technique, on the other hand, had much better

sensitivities to O in the CG simulant as well as N in the CK
simulant, the latter based on its effect on the observed O
DEP/FEP intensity and width ratios when present along875

with a heightened sensitivity to the low-energy 728-keV
line. Moreover, the discriminability also benefited from
increased precision on the Cl/C ratios which was mainly
due to improved C sensitivity and the nonnecessity to per-
form a background subtraction for the spectral analyses.880

Generally speaking, relative uncertainties were improved
by about a factor of two using the AP-technique. This
better precision allowed for a fivefold increase in the num-
ber of statistically-significant (>2σ) discriminating spec-
tral observables between the two simulants as compared885

to the traditional approach which yielded only one. Thus
the discriminatory power of the AP-technique remained
robust for the overpacked measurements.

In these measurements, great care was taken to opti-
mize the timing parameters of the AP coincidence gate890

to limit the number of random background coincidences
requiring subtraction, including the use of a separate tar-
geted gate for the N 728-keV γ-ray analysis. The latter be-
came necessary to overcome a substantial signal pulse time
walk observed in the HPGe detector with decreasing γ-ray895

energy. Although this was easily accomplished through of-
fline sorting of the recorded list mode data, the situation
may become more complicated for performing online field
analyses, particularly in dealing with CW agents that emit
very low-energy γ rays where the HPGe time response is900

extremely sensitive, such as those containing arsenic. Ad-
ditional improvements can likely be made using constant
fraction timing which should largely eliminate the ampli-
tude walk effect and also narrow the timing resolution rel-
ative to that achieved in the present study using leading905

edge timing. This would, in turn, allow for narrower co-
incidence gates which would reduce the number of ran-
dom coincidence events that need to be subtracted, thus
improving the overall precisions that could be achieved,
particularly for the low-intensity peaks like those from ni-910

trogen. Even with suboptimal timing properties, however,
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the good energy resolution achieved with this detector is
considered a favorable trade-off for these types of field mea-
surements, as discussed by Bucher et al. (2022). On the
other hand, the method might be further improved in the915

future through the use of a position-sensitive PMT with
the AP α-detector, which may help to suppress some of
the background from the MRC and vermiculite, as was in-
dicated in the present work by examining α pulse height
gates.920
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