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Preface

f I Yhe Portable Isotopic Neutron Spectroscopy—PINS,
for short—system identifies the chemicals inside
munitions and containers without opening them, a

decided safety advantage if the fill chemical is a hazardous

substance like a chemical warfare agent or an expiosive.

The U.S. military has used PINS for nearly two decades

for treaty verification, counter-terrorism, and identification

of range-recovered items. In the latter case, many range-

recovered munitions have lost their descriptive markings

due to corrosion, especialiy those buried at the time of

World War L.

PINS chemical identification is performed by a type of
ncutron activation analysis (NAA), known as prompt
gamma-ray ncutron activation analysis (PGNAA). As its
name suggests, PGNAA is a neutron-in, gamma-ray-out
analysis technique: neutrons from a small radicactive source
or an electrical neutron generator irradiate the object under
test, and interact with the nuclei of the chemical elements
within the object, prometing some of those nuclei to an
excited state. In turn, the nuclei de-excite promptiy by
cmission of gamma rays. Many of the gamma rays escape
the container or munition, to be measured by a gamma-ray
spectrometer. Analysis of the resulting gamma-ray energy-
intensity pattern, or spectrum, identifies the chemical

elements within the object under test,

The Guide is divided into two parts. The three chapters
that constitute Part I cover the science and technology of
PINS. Neutron activation analysis is the focus of Chapter
1. Chapter 2 explores PINS hardware, software, and related
operational issues. Gamma-ray spectral analysis basics are

introduced in Chapter 3.

The six chapters of Part II cover the identification of PINS
spectra in detail. Like the PINS decision tree logic, these
chapters are organized by chemical element: phosphorus-
based chemicals, chlorine-based chemicals, ete. These
descriptions of hazardous, toxic, and/or explosive chemicals
are followed by a chapter on the identification of the inert
chemicals, e.g sand, used to fill practice munitions.

The Guide concludes with two appendices. The first, on
hazardous industrial chemicals, could be another 100-page
document in its own right, but it is limited to four exampies

of PINS identification. The second provides a table of

gamma-ray cnergics relevant to PINS measurements.”

The PINS Spectrum Identification Guide is intended as a
reference for technical professionals responsibie for the
interpretation of PINS gamma-ray spectra. Even though
PINS spectrum analysis algorithms have improved
significantly over the years, there is still no substitute for
expert review of PINS spectra, given the consequences of
nlisidentifying munitions filled with chemical warfare agents
or explosives.

The Guide presents the way PINS spectra are interpreted at

Idaho National Laboratory. May it prove helpful to anyone

who must stare at a computer display and ask, “What is this
PINS spectrum trying to tell me?”

— Gus Caffrey
Idabo Ealls, ID and Seabrook, NH
March 2012
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Glossary

AKA
barn

BR-2

CZHZ
CA
Cf-252
CG

Channel

CK
Cl
CN

CNB
CNS

CWC
DA
EOD
Vv

B 2
FM
ES

FWHM
GA

(Gaussian

GB

H
HC
HD
HE
HF

also known as
-24 3
10" square centimeter

blister agent; phenyldichloroarsine and

diphenylchloroarsine mixture

acetylene gas

bromobenzyl cyanide riot control agent
californium-252

phosgene choking agent

SPCCU'LHH array ClCHlCIlt or histogram memory

address
cyanogen chloride
chlorine gas

riot control agent chloroacctophenone, also
known as “Mace”

riot COI’IU’Ol ElgCIlt; Cl’llOI‘O&CCtOPhCHOHC, carbon
tetraehloride, ancl bCHZﬁHﬁ mixture

riot control agent, ehloroacetophenone,
chloropicrin, and chloroform mixture

Chemical Weapons Convention
diphenylehoroarsine vomiting agent
explosive ordnance disposal

electron velt

fluorine gas

titanium tetrachloride screening smoke

screening smoke; chlorosulfonic acid and sulfur
trioxide mixture

full-width at half-maximum
nonpersistent nerve agent; tabun

bell-shaped curve used to fit gamma-ray peaks
by the PINS+ software

nonpersistent nerve agent; sarin

sulfur mustard blister agent
hexachlorocthane-based screening smoke
distilled sulfur mustard blister agent
high explosive

hydrogen fluoride gas

HN-3
HPGe
INL
Kelvin( K)

keV

K]

kV

L

MCA
MeV
mustard
NATO
NAA

(n, )

(n, )
(n,n'y)

PD
PGNAA
pile-up
PINS
PINS+

POP
SA

W/AF
WL

WP

wi-%

nitrogen mustard-3 blister agent
high purity germanium
Idaho National Laboratory

temperature above absolute ZCro,

0K=-273°C = -460°F

kilo-electron-voly 1,000 electron volts
stannic chloride screening smoke

kilovolt 1,000 volts

lewisite

multichannel analyzer

mega-clectron-voly; 1,000 kilo-clectron-volts
sulfur mustard blister agent

North Atlantic Treatry Organization
neutron activation analysis

neutron capture reaction producing an alpha
particle

neutron eapture reaction PdellClI’lg 4 gamina
ray

inelastic neutron scattering reaction, producing
a gamma ray

phenyldiehloroarsine blister agent

prompt gamma-ray neutron activation analysis
distortion of a spectrum at high counting rates
Portable Isotopic Neutron Spectroscopy

data acquisition and analysis computer program

used with PINS systems

plaster-of-Paris

arsine blood agent; arsenic trihydride

test statistic for peak detection confidence level

persistent nerve agent; O-cthyl-S-(2-
dissopropylaminethyl) methyl phosphonate

water/antifreeze mixture

winter mustard; sulfur mustard and
phenyldichloroarsine mixture

white phosphorus screening smoke

elemental concentration in %, by Weight
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Chapter1
Neutron Activa

tion Analysis

bsent electrical charge, neutrons penetrate the

*Coulomb barrier” surrounding an atomic nucleus

with ease. In a collision with a nucleus, a neutron
can excite it or transform it, and in either instance the
target nucleus will usually emit radiation. If the radiation
is measured, the target nucleus often can be identified, as
neutron-induced radiations are often characteristic of the
emitting isotope. For exarnple, only the isotope nitrogen-lS
emits a 10.8-MeV gamma ray.[1] Since isotopes correspond
to speciﬁc chemical elements, one can perforrn elemental
chemical analyses with neutrons, nondestructively.

This chapter describes neutron activation analysis, neutron
interactions in materials, and the interactions of neutron-

induced gamma rays.

Delayed vs. Prompt Neutron Activation Analysis

Neutron activation is commonly performed inside nuclear
reactors. Lhe object under test can be irradiated with fluxes
exceeding 1010 neutrons/crnz-sec, and impurities detected

at parts-per-million levels. After the irradiation period, the
object is moved to be counted by a detecter in a shielded
location, far away from the reactor. Because the measured
radiation is delayed by its beta-decay half-life, this method is
called delayed neutron activation analysis.

Of course, operators of nuclear reactors do not welcome

the introduction of munitions to their facilities, especially
suspect chemical warfare munitions. Another nondestructive
analysis technique, promipt neutron activation analysis
permits iz situ examination of munitions. In the prompt
method, the neutron-induced radiation is measured
concurrently with neutron bombardment. PINS measures
the gaImima rays produced during neutron irradiation of

an object, and this technique is called prompt gamma-ray
neutron activation analysis, or PGNAA for short.

Neutron Production

For portability and safety, PINS systems operate with a
much lower neutron flux than nuclear reactors, about 10°
neutrons/cm®-sec. PINS neutrons are emitted by cither
radioisotopes or fusion reactions in electrical neutron
generators. The advantages and shortcomings of cach type of
neutron source are discussed in the next two sections.

Radioisotopic Neutron Sources

The man-made elements beyond uranium in the periodic
table grow increasingly unstable as a function of atomic
Weight. Most of these elements decay via alpha-particle
emission, but a few also decay via spontaneous fission.

The isotope californium-252 decays about 10% of the time
by spontancous fission, and cach fission produces four
ncutrons, on average. Because of its 2.65-year half-life,
californium-252 has a high specific activity: 1 microgram of
this isotope emits 2 million neutrons per second. Securely
packaged in a stainless-steel capsule, californium-252 is a
convenient neutren seurce for a variety of nondestructive
evaluation instruments, including PINS.[1]

Other radioisotopic SOUTCES LISE an alpha—ernitting substance
mixed with berylliurn pOWder. The most commeon of these
sources uses americium-241 as the alpha—particle emitter,
but plutonium-239 and radium-226 are also used. These

sources produce neutrons from an “(¢, n)” reaction:

12
o + 'Be—"C + n.

Chapter 1 Neutron Activaton Analysis 1



Californium-252 (Cf-252) produces a Maxwellian neutron

cnergy SPCCH’LII’H ofthe fOI'I’H

Z—g = NJE exp(QE/ T},

where E is the neutron energy and T, the most frequent
neutron energy, is the temperature of the spectrum.[2]
The californium-252 neutron energy spectrum is shown in

Figure 1-1.

Neutron Generators

Some future PINS systems will employ electrical neutron
generators. These devices accelerate a hydrogen isotope
into a hydrogen isotope-implanted target, causing a fusion
reaction. If the cellision is between two deuterium (ZH)
nuclei, the DDﬁﬂian reaction that produccs neutrons is

2 2
H+H—>3He+n,

and the outgeing neutron energy is 2.5 MeV. If the collision

dN/dE

] ] ]
0 2 4 6 8 10

Neutron Energy, MeV

F."gure T-1: CF-252 neutron energy spectrum. The spectrum tempera-
ture T=1.42 MeV, and the mean energy £= 2.13 MeV.

involves a deuteron (ZH) and a triton (3H), the DT fusion
redction

M a0 == e s n

produces a 14.1-MeV neutron. The neutron encrgy spectra
of a californium-252 radioisotopic source and two types of

neutron generators arc COHIP&I'Cd in Figqu 1-2.

Neutron Interactions

Neutrons rarely interact with atomic electrons, and

hence neutron-based chemical assay methods provide no
information on molecular bonds. As noted above, neutrens
do interact with atomic nuclei, and they do so via elastic

scattering, inelastic scattering, and capture reactions.

Elastic Scattering

Elastic scattering is a process of bouncing a neutron off an
atomic nucleus; the target nucleus is neither excited nor
transformed. The net effects of elastic scattering are neutron

redirection and neutron energy loss.

n DD reaction DT reaction
2\
2 N
@
- -
=
c
5]
=
?
= Cf-252
L fission
F source
| | | | | | |
2 4 6 8 10 12 14 16

Neutron Energy, MeV

Figure 1-2: Comparison of neutron energy spectra from Cf-252, DD,
and DT neutron generators.
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Let the incident neutron energy be denoted E., the target
nucleus atomic Weight A, and the recoil energy of the target
nucleus be Ey. As Knoll shows in his text [3], the maximum

fractional energy transfer in neutron elastic scattering is

E, 44

E  (1+4).

n

The maximum energy transfer falls dramaticaiiy with

increasing atomic Weight, as shown in Figure 1-3.

Neutrons lose at most a few percent of their kinetic energy
when scattering from heavy nuclei, say lead or tungsten. The
neutron is sinlpiy redirected, like a rubber ball striking a
concrete wall.

Neutron scattering kinematics are quite different for iight
nuclei. When the target nucleus is a proten, the atomic
weight A = 1, and the encrgy loss can be total. On average, a
neutron loses half of its kinetic energy in cach collision with
a proton, [4] the nucleus of ordinary hydrogen-1 (IH)

Ten elastic collisions with protons will reduce a neutron’s
kinetic energy by a factor of gt 1,024, and twenty
collisions will reduce the neutron’s kinetic energy by a

factor of 220 = 1 million. The siowing of neutrons by elastic
scattering is called moderation, and it is an important
parameter in nuclear reactor design. The abundance of
hydrogen in water makes it a good neutron moderator. In
PINS instruments, hydrogen-bearing polyethylenc is used to

nloderate neutrons.

0.8

0.6

maximum recoil energy fraction

0.2+

0.0 | |
50 100 150 200 250

recoil nucleus atomic weight, A

Figure 1-3: Maximum energy transfer in elastic scattering vs. recoil
nucleus atomic weight.

Inelastic Scattering

Inelastic scattering is also a process of bouncing a neutron
off a nucleus, but in this case the struck nucleus is promoted
to an excited state. Usuaiiy the nucleus quickiy de-excites

to its ground state by gamma-ray emission. As an exampie,
neutron inelastic scattering on silicon proceeds by this series

of events:
28 28¢. 28
n+ S8 —= n + “8i* = 7Si (ground state) + .

Here the * character indicates an excited state of the silicon
nucleus. At the end of the process, when the silicon nucleus
has emitted a 1779-keV gamma ray and returned to its
ground state, it is essentiaiiy unchanged. The neutron loses
energy and is redirected. Inelastic scattering from silicon is
energeticaiiy forbidden unless the initial neutron energy is at
least 1779 keV. Hence low-energy neutrons cannot scatter
ineiasticaiiy; they can oniy interact with nuclei by elastic

seattering or neutron capture.

The first excited states of carbon-12 and oxygen-16 nuclei
arc at 4.4 and 6.1 McV respectively. The fraction of
neutrons exceeding 4 MeV emitted by C{-252 is too low to

effectiveiy excite either nucleus via inelastic scattering,

The inelastic scattering gamma-ray table of Demidov et al.
covers most of the periodic table.[5]

Neutron Capture

Neutron capture is a process where a neutron binds to an
atomic nucleus and transforms it, increasing its atomic
Weight by 1. The transformed nucleus will be in a highiy
excited state due to the neutron binding ENETgy, typicaiiy
several MeV or more. The simplest neutron capture reaction

is with hydrogen:
n + IH == 2H + v

In this reaction the neutron (n) and the proton (IH) bind

to form a deuteron (ZH) The deuteron’s binding energy is
released in the form of a 2.2-McV gamma ray.[6] Detailed
tables of capture gamma rays for most of the elements in the
periodic table are available. [7]

Nuclear fission is a speciai type of neutron caprure, In fission,
the added neutron binding energy is sufficient to cause an
unstable isotope like uranium-235 to break apart or fission.

Chapter 1 Neutron Activation Analysis 3



Neutron Cross Sections

The likelihood of a subatomic particle interacting with a
nucleus is measured by the reaction cross section. imagine
a thin circular piate of a substance of atemic Weight A and
mass m, in grams, at a distance d cm. from an isotropic
neutron source emitting q neutrons per second. Using the

inverse-squarc law, the neutron flux at the plate will be
b = g/ (4nd?).

. g 2
Flux is usuaiiy expressed in neutrons per cm”-sec. The
neutron reaction rate in the piate is

R = ¢(m/ANo,

and it has the dimension of reactions per second, where No
is Avogadro’s number and o is the reaction cross section.
Since the ratio m/A is dimensionless, and so is Avogadro’s
number, the dimension of ¢ must be area, to cancel the area
4rd” in the denominator of the neutron flux ¢. Because
atomic nuclei have extremeiy small areas in metric units,
cross sections are usually stated in barns, where

-24 2
cm .

1 barn= 10

Some exceptionally stable nuclel have “closed shells”, akin
to the closed electron shells of the noble gases, and these
nuclei have small neutron capture cross sections. Notably,
carbon-12 and oxygen-16 cannot be identified by caprure
gamma rays using a PINS Cf-252 neutron source.

B
T IIII|1|'|

0 1/v region

Cross Section Energy Dependence

The neutron capture cross section for the element silver

is shown in Figure 1-4.[8] The cross scction is maximal at
low energies, where a neutren is in thermal equilibrium
with its surroundings; at room temperature thermal

cnergy corresponds to 1/40 ¢V. The cross section falls with
increasing neutron energy, until the “resonance region”, and
then above 5 keV it falls monotonicaiiy.

This type of energy dependenee is typicai of most nuclei,
even fissionable nuclei, and it expiains Why neutrons are
moderated in nuclear reactors: to take advantage of the

iarger ﬁSSiOH cross sections Of neutrons at thermai CI’ICI‘giCS.

Cross Section Variation by Chemical Element

The thermal energy neutron cross sections of the clements
are shown in Figure 1-4.[9] Note that these cross sections
vary by as much as six orders of magnitude. Importantly for
PINS, the chlorine capture cross section is 33 barns, while
for nitrogen it is only 0.08 barns.

107Ag (nr Y)

: ENDF/B-VIL1
resonance region

=
IIII|T|1| IIIInTll IIIInTll TTTIT

neutron capture cross section, barns
=
TTTTTI

oy
=]
[

T III"T'l

=
°|
[

T T T

I
I
I thermal energy at 20°C
I
I
|

th
A
[

10° 10 10° 10 10 10

10 10" 10° 10" 10° 10° 10

neutron energy, eV

Figure 1-4: Neutron capture cross section vs. energy for 0, Ag.
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feutron Transmission through Materials a substance having a large capture cross section for slow

. . 8 L neutrons, a so-called poison, neutrons can be shielded quite
Atoms, while quite small—about 10 ¢m in diameter—are . . . .

) . effectively. Neutron poisons include boron, cadmium, and
a factor of 10,000 larger than atomic nuclei. The nucleus

is roughly 10" cm in size. An atom’s size is really the size i
of its electron cloud. Since neutrons rarely interact with
clectrons, they pass through matter easily; and their path
is interrupted only when the much smaller nucleus is
encountered.
The best neutron shielding materials contain light
nuclei, such as hydrogen and carbon. As we've seen, the
heavy‘ elements redirect neutrons without slowing them.
Light materials do slow neutrons, and if a hydrogenous
moderator like polyethylene, water, or wax is mixed with
cross section key: | ¢ <102 102%<0 <1 1<o <107 10%<0 <10*
1 2
H He
0333 80 —Fatomic number 42107
3 4 5 6 7 8 9 10
Li | Be clement——H g B|C|N|O|F|Ne
753 10.0088 384 « bueraes sodiion (barns) 767 |0.0035 | 0.079 [1.910%]0.0096 | 0.039
11 12 13 14 15 16 17 8
Na | Mg Al |si| P | s |d|Ar
0.53 | 0.067 0231 | 0172 | 0172 | 0534 331 0.675
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 24 35 36
K | Ca Sc | Ti|V |Cr Mn|Fe Co| Ni |Cu|Zn |Ga |Ge | As | Se | Br | Kr
2.06 0.431 27.2 6.08 5.08 3.07 13.4 2.56 37.2 4.39 3.79 1.20 2.90 2.30 4.23 12.0 6.39 258
37 38 39 | 40 | @ 4 | 4 44 | 45 | 46 47 48 | 40 50 51 52 53 54
Rb | Sr Y |Zr [Nb |[Mo |Tc |Ru|Rh |Pd |Ag |Cd |In [Sn |Sb |[Te | | |Xe
0.38 1.30 1.28 0.19 1.15 251 20 275 | 145.0 6.9 633 2522 273 0.54 513 1.6 6.20 24
55 | s |, |7z BB 2 | A | 75| %6 W 73 79 80 | 81 g2 | 83 84 | 85 86
Cs|Ba| ~ |Lu|Hf [Ta |W |Re |[Os Ir | Pt |Au|[Hg | Tl |Pb| Bi | Po| At |Rn
39.3 1.18 76.6 119 206 1839 | 91.5 16 425 10.3 98.65 384 344 | 0154 | 0.034 0.03 7 Q.72
87 | 88 |0 | 103 | 104 | 105 | 106 | 107 | 108 | 109 | 110 | 111 | 112
Fr |Ra | = | Lr |[Rf |[Db|Sg |Lr |Hs Mt | Ds | Rg | Cn
7 12.8 ? 7 ? ? ? ? ? 7 7 7
57 58 59 60 | 62 a3 65 66 67 68 69 70
Hlanthonides | 13 | Ce | Pr | Nd {Pm | Sm | Eu Tb | Dy |Ho | Er |Tm | Yb
908 | 0.635]| 11.5 49.5 | 1684 | 5621 | 4560 233 944 64.7 156.8 105 349
89 90 91 92 93 94 95 96 97 98 99 100 101 102
Tactinides | Ac | Th | Pa | U [Np [ Pu /Am|Cm | Bk | Cf | Es |[Fm | Md | No
890 735 | 200.6 | 3.374 180 |1017.3| 587 £0 710 2900 160 5800 7 7

Figure 1-5: Thermal neutron capture cross sections of the elements.
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Gamma-Ray Interactions in Matter Photoelectric effect

(Gamma rays, since they are clectrically neutral, arc also a A gamma-ray can be totally absorbed by an atom. To

very penetrating form of radiation. Gamma rays interact CONsCrve energy, the gamma-ray energy is given to an

with materials by the three processes described below. atomic electron, and the electron is cjectcd from the atom.
The energy dependencies of these processes are shown in The photoclectric effect produces the photopeaks (“peaks”,
Figure 1-6.[10] for short) in gamma-ray spectra, like the three natural

background radioisotopic peaks shown in Figure 1-7.

100

T ||||||||._|'E_I‘|'|'I'IT|
® @0
L ]

10 8 pp -
) B g a ™
c e g 2 0 0 o oopobod
o] ® g 0@
< ’ o’ . .:..'.0
1
= = ® &
o] E [
g C ®
o .
o - [ ]
%3]
®

v ®
o E @ photoelectric e @
o i L3

r ® Compton ®

@ pair production @
001 & s . ® ®

F O total cross section ™

E [ ]

i ®e

1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 ’..._
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Figure 1-6: Gamma-ray interaction cross sections vs. energy.
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(ompton effect

Compton scattering transfers part of the gamma-ray energy
to an clectron. The scattered gamma-ray encrgy is lower,

as required by energy and momentum conservation. As
dcpicted in Figure 1-8, the scattered gamima-ray photon
can escape the detector, producing an event where less than
the full energy of the incident gamma ray is measured by
the detector. In effect, some of the gamma ray energy has

lcaked out Of thC spectrornctcr.

The amount of encrgy transferred to the clectron is de-
pendent on the angle between the incident and scattered
gamma rays. Because of the variable energy transferred to
the electron, Compton scattering produces not a peak, buta
continuum in a gamma-ray spectrum, also shown in Figure
1-7. The abrupt change in the continuum ar the right of the
figure is known as a Compton edge, and it corresponds o
the maximum transfer of energy to the Compton electron,
when the scattering angle is 180°.

Pair production

Pair production is the creation of an electron and its
antiparticle, the positron, as a gamma ray passes near an
atomic nucleus, as shown in Figure 1-9. The gamma ray is
converted into an clectron-positron pair. Pair production
is forbidden by encrgy conservation unless the gamma-ray
energy exceeds 1.022 MeV, or twice the electron rest-mass

cnergy.

Also depicted in Figure 1-9, the positron then encounters
another electron, and these antiparticles rnutually annihilate,
producing two 511-keV gamima rays, corresponding to the
two clectron rest masses that were converted into cnergy.
One of the annihilation gAImIma rays escapes the detector
creating a single-escape event where the spectrometer
measures the incident energy E -511 keV. Counts from
single—escape events produce a single-escape peak in the
gAMInNa-ray Spectrim,

incident photon, E
- T

Compton electron, E,

Ge crystaI\

scattered photon, E'Y = EY— E,

Figure 1-8: Schematic Compton scattering event.

r

incident photon, E,_
—

AVAVAVAVAVAVAVAVA!

N
Ge crystal

E =5M keV

E =51 keV

Figure 1-9: Pair production, followed by positron annihilation in the detector crystal.
One of the 5171-keV annihilation gamma rays escapes the detector, causing a single-escape event.
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Double-escape events are also possible, where both
annihilation gamma rays leave the detector crystal without
interacting, and these events produce pcaks at Ein =

1022 keV. Sometimes both annihilation gamma rays are
contained in the crystal, and the spectrometer records a full
energy event, placing a count in the peak at E, . Figure 1-10
displays the full-encrgy, single-escape, and double-escape
peaks for a pair of iron gamma rays ncar 6 McV.

Gamma-ray transmission through materials

Gamma rays interact primarily with atomic electrons, and
the more electrons an atom has, the more iikciy gamma
rays will interact with the atom. In fact, the photocicctric
effect cross section for gamma rays scales as an absorber
material’s number of electrons 7 raised to the fourth power.
Accordingly, low-7, chemical elements, that is, those at

the bcginning of the pcriodic table like carbon, are poor
shiciding for gAImIma rays. The high-Z, high-dcnsity metals
like bismuth, lead, and tungsten are much better choices for

gamma-ray shiciding.

o
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Y 600 -
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Figure 1-10: Two sets of iron full energy, single-escape, and double-escape peaks. Note the spacing between each set of peaks is equal to the
electron rest-mass energy, 511 keV. Also note that single-escape and double-escape peaks are labeled with single () and double () prime

characters, respectively.

8  PINS Spectrum Identification Guide



References

1.

R.C. Martin, ].B. Knauer, and PA. Balo, “Production,
Distribution, and Applications of Californium-252
Neutron Sources”, Proceedings of the 4th Topical Meeting
on Industrial Radiation and Radioisotope Measurement
Applications IRRMA ’99), Raleigh, North Carolina,
October 1999. This paper is available on the web at
www,ornl.gov/ ~webworks/cpr/pres/102606.pdf

J. Grundl and C.M. Eisenhauer, “Fission Spectrum
Neutrons for Cross Section Validation and Neutron
Flux Transfer”, Proceedings of the Conference on Nuclear
Cross Sections and lechnology, National Burcau of
Standards special publication NBS-425 (1975) pages
250-253. A. Smith, P Guenther, R. Sjoblom, Nuclear
Instruments and Methods 140 (1977) pages 397-400.

G.EK noll, Radiation Detection and Measuvement, Third
Edition (New York: John Wiley & Sons, 2000) pages
553-554.

Knoll, page 555.

AM. Demidov, ct al., Atlas of Gamma-Ray Spectra from
Inelastic Scattering of Reactor Fast Newtrons (Moscow:
Atomizdat, 1978)

The binding energy of the deuteron is an important
physical constant. It is used to measure the strength

of the attractive force between nucleons, and also to
determine the neutron rest mass. For these reasons, Reg
Greenwood of Idaho National Laboratory and Bob
Chrien of Brookhaven National Laboratory measured
this gamma-ray energy to 8-ppm accuracy: 2223.247

+ 0.017 keV. R.C. Greenwood and R.E. Chrien,
“Neutron Mass: Measurement of the 1H(n,){)zH Y ray
and the revised values for selected neutron binding

cnergies,” Physical Review C21 (1980) pages 498-502.

10.

M.A. Loan, R.A. Leavitt, and D.A. Harrison, “Prompt
Gamma Rays from Thermal-Neutron Capture,” Atomic
Data and Nuclear Data Tables 26 (1981) page 528.
G.L. Molnar, Handbook of Prompt Gamma Activation
Analysis (Dordrecht, The Netherlands: Kluwer
Academic Publishers, 2004). National Nuclear Data
Center, Brookhaven National Laboratory “CapGam”

WﬁbSitC: WWWIWL IlIldC.bI’li. gov/capgam/

Hvaluated Nuclear Data File/B-VIIL.1 (December,
2011), National Nuclear Data Center, Brookhaven
National Laboratory, available at this web site:
http://www.nnde.bnl.gov/exfor/endf00.jsp

International Atomic Encrgy Agency Prompt
Gamma-Ray Neutron Activation Analysis website:
WWW-nds.iaea.org/ pgaa/ pgaa7/ index.html

National Institute of Standards and Technology
XCOM Photon Cross Sections Database website:

WWW.nist.gov." pmi/ data/xcom/index.cfm

Chapter 1 Neutron Activation Analysis

9



10 PINS Spectrum Identification Guide



Chapter 2 Field Neutron
Activation Analysis with PINS

s a portable neutron activation analysis system
Aﬁor field use, PINS employs reasonably compact
quipment in a configuration that can be assembled
quickly and in a reproducible geometry. The software for
control, acquisition, and analysis is highly automated to

allow users to operate PINS with confidence and ease.

PINS Equipment

The PINS equipment set includes a neutron source, the
gamma-ray spectrometer and its readout electronics, the
moderator/shadow-shield assembly, and the equipment
stand. A PINS equipment set plus its three footlocker-sized
shipping containers are shown in Figure 2-1.

Figure 2-1: PINS equipment set.

Californium-252 Neutron Source

The construction of the californium-252 (C£-252) source is
shown in Figure 2-2. Physically, the source is a californium-
palladium cermet alloy, welded inside double stainless-

steel capsules. The source is certified Special Form by the
U.S. Department of Transportation, and this certification
simplifies its shipment by common carriers like FedEx.

~<— Lanyard

N

Inner capsule

i Outer capsule

Palladium wire
alloyed with
californium-252

Figure 2-2: Cutaway view
of a Cf-252 neutron source.
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Source/Moderator/Shadow-Shield Assembly
The PINS Cf-252 source is placed in a slot in the

polyethylene moderator block. Fast neutrons from the
source direetly irradiate the objeet under test. Fast neutrons
that are emitted by the source in the direction away from
the object under test will scatter and slow in the moderator,
and some of the moderated neutrons will then diffuse to the
objeet under test, as shown in Figure 2-3.

The tungsten shadow shield prevents gamima radiation
from reaching the detector from the Cf-252 source and

the moderator block. The bismuth cellimator reduces
background gamma rays from reaching the detecter; many
of these gamma-rays are produced by neutren interactions
in the ground at the measurement site. The combined effect
of these shiclding materials is improvement of the PINS

spectrum signal—to—noise ratio,

The PINS equipment stand aligns the detector with
the source, moderator, and shadow shield. The stand is

equipped with both fixed and adjustable legs, to help

munition
under test

Cf-252
neutron

&,
R - 32 nucleus
E

Nt
s .
I
\\ i gamma
polyethylene | Iays

moderator block S
tungsten
.sha_dow shield

=

!

Ge
detector
bismuth crystal
detector
collimator

Figure 2-3: The PINS moderator block and shadow shield aligned
with the gamma-ray detector.

match the HPGe detector centerline to the height of the fill

chemical center-of-mass within the objeet under test.

HPGe Gamma-Ray Spectrometer

The standard PINS gamma-ray spectrometer is a liquid
nitrogen cooled #-type high-purity germanium (HPGe)
detector of 40% relative efficiency. The detector cryostat is
vacuum-insulated to minimize liquid nitrogen consumption,
and its 1.2-liter liquid nitrogen dewar is sufficient to cool
the detector for 18-24 hours. The detector also includes an
integral high voltage power supply. An interlock disables

the high voltage if the detector temperature exceeds its 120
Kelvin (-243°F) sctpoint, to protect the detector and its

electronics if it runs out ofliquid nitrogen.

A gamma-ray interaction in the detector Crystal creates
mobile electron-hole pairs, and these charges are swept to
the detector electrodes by a strong clectric field across the
crystal. The amount of charge in a 50-nanosecond-wide
pulse is directly proportional to gamma-ray energy. The
detector preamp converts the charge pulse to a voltage pulse,
and anlpliﬁes it for transmission through a cable to the
multichannel analyzer.

Multichannel Analyzer and Notebook Computer

The multichannel analyzer, or MCA for shorr, is in effect a
very high-speed voltmeter. The voltage of a pulse from the
detector is directly proportional to gamma-ray energy. For
example if a 1.0-MeV gamma ray produces a 1.0-volt pulse,
a 2.0-MeV gamma ray will produce a 2.0 volt pulsc, and a
10.0-MeV gamma-ray will produce a 10.0-volt pulse. Hence
the problem of measuring gamma-ray energies is reduced to
the problem of measuring pulse voltages. The MCA analog-
to-digital converter (ADC) circuit measures the pulse voltage

to a precision of one part in 8,192, in just 5 microseconds.

The ADC passes its pulse voltage measurement to a
histogram memory, in the form of a 13-bit binary number,
that is, a number between decimal 0 and decimal 8,191. If
the full-scale Voltage is 10.0 volts, a 10 volt pulse would be
assigned the value 8191. A 5.0-volt half-scale pulse would be
measured by the value 4,095—half of 8191 after rounding.
The histogram memory would then increment the number
of counts in memory address 4,095 by one. Fach histogram
memory address is termed a “channel”, hence the name
“multichannel analyzer”.

The spectrum is written in the MCA histogram memory by
the ADC, and the spectrum can be readout by an attached
computer for display, analysis, and storage.
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PINS Software

A notebook computer functions as the PINS control panel,
and INLs PINS+ software controls both data acquisition
and data analysis. During data acquisition, data analysis
runs concurrently.

Controf and Data Acquisition Software

INLs PINS+ computer program controls the instrument
startup, data collecton, and shutdown. Inswrumentstartup
and shutdown are carried out through a simple checklist.
The PINS+ control screen is shown in Figure 2-4. The
principal controls are the Start, Stop and Clear buttons,
plus the Counting Time Preset buttons. Note the status
information on the left side of the control panel, including
the assay real time, live time, fractional dead time, detector
high voltage, and detector temperature.

chemical fill
identification

start/stop switch

P PINSplus
File Miew Options Help

Analysis Software

PINS+ also contains software to analyze spectra and
determine the chemical fill of an item. This software
operates in two modes. During data acquisition, the data
analysis programs executes about once every ten seconds,
updating the fill-identification box on the control panel
shown in Figure 2-4. During data replay, it analyzes spectra
in the file browser as clicked by the user, or automatically,
if the user selects the Analyze All menu item of the
Analyze menu.

PINS spectrum analysis will be discussed in detail in

Chapters 3 and 4.

key element identification

5 i=][E
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Figure 2-4: PINS+ control screen.
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Operational Issues

To collect a good-quality PINS spectrum that is casy to
interpret, the measurement must be conducted with care.
Some of the PINS operational issucs are discussed in the
next few sections.

Background from the Environment

The PINS Cf-252 source emits neutrons isotropically, and
the neutrons that miss the object-under-test can interact with
chemical elements in the ground or a nearby building wall.
As examples, PINS spectra recorded on a Dugway Proving
Ground salt flat will display moderate chlorine peaks, no
martter the actual fill chemical, from neutron interactions in
the salt; PINS spectra of projectiles resting on sand bags will
feature very strong silicon peaks; and munitions assayed atop
of shipping pallets will have atypicaﬂy strong hydrogen peaks

from the moisture in wood.

It is not always possible to sct up PINS in an arca free of
chemicals, and most PINS assays measure the presence

of hydrogen and silicon in soil or concrete. Hence PINS
operators must record a background spectrum with nothing
in front of the detector for 1,000 seconds prior to assaying
a container or munition. The PINS+ software automatically
subtracts the background, element by clement, from the

SPCCU‘LII’H measured ﬁ“OI’H a SllSPﬁCt ObjCCt.

Fe 5920

$5421

P12_04May05_180.chn

Background from the Object-Under-Test

An M121 155-mm artillery projectile has a fill weight of
approximately 10 pounds, and the forged steel projectile
weighs 80 pounds empty. The most prominent features in
most PINS spectra from steel projectiles are the iron capture
and inelastic gamma-ray peaks, and these peaks constitute

a background of their own. The energy resolution of the
PINS HPGe detector allows one to distinguish gamma rays
from the chemical fill from the projectile’s iron gamma rays.
Figure 2-5 shows a nerve agent sulfur gamma-ray peak amid
two iron gamma-ray peaks; the cleanly resolved 5421-keV
sulfur peak and the 5409-keV iron single-escape peak are
scparated in energy by just 0.22%. The PINS+ software uses
the numerous iron gamma-ray peaks in PINS spectra to

automatically calibrate the instrument’s energy scale.

VX

Fe 6018"

5380 5400 5420 5440 5460

5480 5500 5520 5540 5560

gamma-ray energy (keV)

Figuire 2-5: The VX 5421-keV sulfur peak and neighboring iron peaks.
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Energy Resolution

As mentioned above, detector energy resolution is
important to distinguish gamma-ray peaks cioseiy spaced
in energy. It’s also important for the identification of weak
pcaks sittingon a iarge background, as seen in Figure 2-6.

Energy resolution can be compromised by several factors,
inciuding electrical noise, excessive counting rates, detector
moisture, and thermal effects. Whenever possible, avoid
connecting a PINS system to a circuit powering electric
motors or other devices that create electrical noise. The
detector is not waterproof, and if a detector must be

operated in inclement weather, protect it inside a piastic bag.

The detector takes 4-6 hours to cool dewn from reom
temperature to operating temperature. However, when a
detector first reaches operating temperature, it continues to
cool, and its output is not reaiiy stable until its termperature
becomes constant. It’s best to allow a detector to cool
ovcmight prior to use, to avoid reselution loss due to
temperature instabiiity.
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Figure 2-6: Resolution effects on peak amplitudes. The net peak area is the same for all three peaks, but the peak full widths at

half-maximum (FWHM) are either 1, 2 or 3 channels.
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Operating a detector at very high counting rates can also hurt  Futher Information for Operating the PINS Instrument

cnergy I'CSOlthiOIl. A.S thC count rate increases, 80 dOCS pu[se

pz’[e—up, and the energy resolution is reduced. Pulse pile-up This brlefchapter L8 smlply an overview; and it is no

substitute for the detailed operating instructions found in

the PINS User’s Manual. [2]

occurs when one pulse rides up on the tail of an carlier pulse,
as shown in Figure 2-7.[1] The instrument’s fractional dead
time is proportional to its counting rate, and by keeping the

dead time less than 35%, pile-up cffects can be minimized. References
1. After Figure 1 in K. Taguchi et al., "An analytical model
Assay Duration of the effects ofpulse pileup on the energy spectrum

I’CCOI’dCd by cnergy I'ﬁSOlVCd PhOtOI’l COllI’ltiIlg X-ray

varies from 100 seconds for some types of smoke chemicals to detectors,” Medical Physics 37 (2010) page 3958.
over 1,000 for explosives like TNT. Since the fill chemical is 2. A.L. Siedenstrang ct al., PINS Chemical Assay System
initially unknown, the operator usually sets up PINS to count User’s Manual version 4.7, Idaho National Laboratory
for at least 1,000 seconds, and commonly for 3,000 seconds. Report INL/EXT-08-15141 (May 2009).

The counting interval needed to identify a given chemical

observed pile-up pulse

true pulse

volts

true pulses

time

Figure 2-7: pulse pile-up effect. This effect is most pronounced at high counting rates.
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t the beginning of the twentieth century, atomic
Aspectra WEre an unexplaineci problem. Why did
ercury placecl in an electric arc produce green light,
when sodium produced yellow light? Why don't excited
atoms produce the entire rainbow of colors? Each chemical
element seemed to have its own set of characteristic optical

spectral lines or peaks, at reproducible Wavelengths. Classical

thCOI‘y COllld not explain any Of these phenomena.

In 1913, Neils Bohr provided the answer. The energy levels
of electrons bound to an atomic nucleus are restricted or
“quantized”, that is, only certain energy levels are permitted
by what's now known as quantum mechanics.[1] The
energies of the emirtted light are limited to differences
between the quantized encrgy levels. Bohr's Nobel Prize-
winning paper only addressed the atomic levels of hydrogen
atoms, but his insights turned out to be applicable to atoms,
molecules, and atomic nuclei. Today, the characteristic

cnergy lCVClS Ol: atomic IlllClCi arc WCll l(l’lOWI’l.

JT[ |evel
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n En
oo 0.00
4 -0.85 0+ 7.66
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2 — 340
2 ———— A
i — 1351 O+ 0.00
Hydrogen Atomic Carbon-12 Nuclear
Energy Levels (eV) Energy Levels (MeV)

Figure 3-1: Atomic and nuclear energy levels.

Figure 3-1 compares the hydrogen atomic energy levels with
those of carbon-12 nuclei; both are clearly quantized. Note
the nuclear energy levels are spaced about one million times
farther apart than atomic levels. Transitions between nuclear
levels fall not in the optical, but in the gamma-ray portion

Of tl’lC ClCCtl’OHlagl’lCtiC SPCCU'LIHI.

When a neutron is captured by a nitrogen-14 nucleus, a
highly excited nitrogen-15 (ISN) nucleus is produced, and
this nucleus de-excites rapidly[2] by gamma-ray emission.
The energy levels and gamma-ray transitions of YN are
shown in Figure 3-2. The 10829-keV gamma ray indicated
by the blue arrow in the figure is used in PINS spectral
analysis to iclentify the presence of nitrogen in the object

LlI’ldCI~ test.

This chapter will examine the fundamentals of gamma-ray
spectroscopy. These principles will be applied to the chemicals
commonly identified by PINS in the following chapters.
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Figure 3-2: Nitrogen-15 nuclear energy levels.
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Gamma-Ray Peak Evaluation

The analysis of PINS gamma-ray spectra begins with the

analysis Of‘ the gamma-ray peaks.

Peak Energy and Chemical Identification

Figure 3-3 shows the 661.7-keV cesium-137 gamma-ray
peak atop a background continuum. For an isolated peak, as
in the figure, the centroid x_can be computed by summing;

%, = 2y Zylx),

where x is a channel number, yx) is the number of counts
in channel x, and the summations are carried out over the
channels in the peak. The centroid will not always coincide
with the peak channel with the most counts, but it will not

bC far AWdy.

OHCC d SPCCU'LIHI has bCCl'l cnergy calibrated, thC CCI’IU’Oid
cnergy Ec may bC COI’HPHth ﬁ’OI’H thﬁ cnergy equation,

2
E=a+bx + o]

The peak centroid and full width at half-maximum
(FWHM) were determined in Figure 3-3a by summing
methods.

The peak centroid energy identifies the isotope, and hence
the chemical element, that emitted the gamma ray. In

the literature, there are tables of gamma-ray energies for
radionuclides, [3] capture gamma rays,[4] and inelastic
scattering gamma rays.[5] A table of gamma-ray energics
for PINS spectra can be found in Appendix B starting on
page 107.

PINS+ identifics the energies of capture and inclastic
gamma-ray peaks dircctly. The user simply places the cursor
on a peak and reads out the peak energy at the bottom

left of the control window. If the peak energy is in the

PINS gamma-ray library, the emitting chemical clement is
identified as well.

‘Lcentroid: 661.5 keV

‘2 —»| J«— width: 4 channels
3
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Figure 3-3: Cs-137 gamma-ray peak. a. peak centroid and width de-
fermined by summing methods. b. peak area determined by summing
methods. c. peak centroid, width, and area determined by non-finear

least-squares fit.

18 PINS Spectrum Identification Guide



Energy Calibration

The energy equation converts spectrum channel numbers
to energies. In the example above, the energy equation
is quadratic, to correct fora slight nonlincarity in the
spectrometer electronics. A linear relation often suffices,
although PINS+ uses a quadratic equation. The energy
equation is determined by ﬁtting acurve to a plot of
gamma-ray energies vs. gamma-ray centroid channels, as
shown in Figure 3-4.

PINS+ automatically calibrates the spectrum energy scale.
When collecting a new spectrum, calibration frequently
requires 60-100 seconds, until a sufficient number of
calibration peaks has been found by the peak search
algorithm. When the number of calibration peaks is ten or
greater, the PINS+ energy calibration is usually excellent.

Peak Area and Background

The gamma-ray peak of Figure 3-3ais displayed again in
Figure 3-3b. Next to its energy, a peak’s most important
atcribute is its area in counts. Unlike the peaks in mass
spectrometers, gamma-ray peaks ride on a continuum
background, and this background must be subtracted from
the gross peak arca to determine the true, or net peak area.

The simplest method of determining peak areas is summing.
[6] The gross peak arca & is the sum of counts per channel
from one side of the peak to the other, and its uncertainty,
since gamma-ray counting obeys Poisson statistics, is

o, <G

T0x10° =

energy (keV)

| | | |
0
0 2000 4000 6000 2000

peak centroid channel

Figure 3-4: Least-squares fit of gamma-ray energies to gamma-ray
peak centroids.

The continuum background B is estimated from the
channels to the left and right of the peak, and its uncertainty
is

o, =¥B.

The net peak area is N = G — B, and its uncertainty is

0, =Vo',+ 0, =VG+ B =VN+B+B =YN + 2B.

Note that the background uncertainty is especially import
for small peaks where V < B.

Peatk Fitting vs. Peak Summing

As noted above, peak centroids and peak areas can be found
by summing methods. Another approach to gamma-ray
peak parameter determinarion is peak ﬁtting. Figure 3-3c
displays a nonlinear least-squares fit of a Gaussian function
to the gamma-ray peak of Figure 3-3a. A line segment

was also fit to the continuum background. Peak fitting
determines the centroid, net peak arca, and the related

uncertainties in one operation. [7]

While summing methods are quite accurate for isolated
peaks, the analysis of closely-spaced overlapping peaks
requires nonlinear least-squares peak fitting, A fit of
multiple gamma-ray peaks from the hydrogen region of a
PINS spectrum is shown in Figure 3-5.
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Figure 3-5: Four-Gaussian peak fit to the hydrogen region of a PINS
FS smoke spectrum.
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PINS+ uses nonlinear least-squares peak fitting methods
whenever possible. The usual exceptions are peaks of
irregular shape like the boron-10 peak at 477 keV, and the

relatively weak nitrogen peaksat 10.3 and 10.8 McV. In
PINS+, the latter three peaks are measured by summing,

Detection Confidence

A visible spectral bump at the energy of a known gamma
ray suggests the presence of the related chemical element;
however the bump can be either a fluctuation in the
continuum background or a real effect. A more quantitative
approach is to compute the ratio #* of the net peak arca to
the net peak area uncertainty. From the statistical properties
of the cumulative normal probability distribution, [8] one
can compute the peak detection confidence level vs. #*, and
this relation is displayed in Figure 3-6. PINS+ uses this
concept to determine the detection confidence level for cach

gamina-ray peak ofinterest.

Identification of Chemicals

A few of the munitions and containers assayed with PINS
contain a single chemical element, but usually, multiple
chemical elements must be evaluared to determine the fill of
the objcct—undcr—tcst.

1.0 |

08

06

04

detection confidence level

02

0.0 | ] ] ] |

test statisitic, t*

Figure 3-6: peak detection confidence vs. the t* statistic.

Key vs. Common Chemical Elements

Selected chemical elements, like phosphorus, are

considered key elements in PINS analysis. These

elements, singly or in combination, are used in the PINS

identification logic to determine munition fill chemicals.

The PINS key elements and the fill chemicals they identify
are listed in Table 3-1.

Table 3-1: PINS key elements

Element Found in

arsenic blood agent arsine, blister agent lewisite

boron water/antifrecze practice fills

bromine riot agent CA

calcium decon bleach, plaster of Paris (POP)
practice fill

chlorine blister agents, smoke fills, riot agents

hydrogen nerve agents, blister agents, riot agents,
explosives, water/AF and POP practice
fills

nitrogen explosives, VX nerve agent

phosphorus nerve agents, WP smoke

silicon sand practice fills

sodium decon bleach, table salt

sulfur VX nerve agent, mustard agent,
FS smoke, POP

tin K] smoke

titanium FM smoke

zing HC smoke

Table 3-2: PINS common chemical elements

Element Gamma-ray energies (keV)

aluminum 1014.4

bismuth 1609.0

carbon 4438.9

germanium 198.8

indium 416.9, 818.6, 1097.2, 1293.5, 2112.2
iron 846.8, 1238.3, 7631.13, 7645.45
tungsten 228.8
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Many chemical warfare agents are organic chemicals, that

is, they contain the chemical element carbon. Carbon s also
found in most military explosives, and it is present in inert
substances like polyethylenc as well. Henee carbon gamma
rays are not used by PINS to identify munition fill chemicals,
and carbon is considered a common element, as opposed to a
key clement. Table 3-2 lists the PINS common clements.

Other common elements include aluminum, bismuth,
germanium, indium, and tungsten. These materials are found
in the PINS HPGe detector and its stand and moderator/
shadow shield assembly. Stray neutrons from the Cf-252
source produce a constant gamma-ray background from
these elements, and their background level is minimized by
the design of the detector collimator and shadow shield.

To view a PINS key element gamma-ray peak, simply
click one of the display buttons labeled by the element’s
chemical symbol. If the key clement has more than one

prominent gamma-ray peak, ciicking the button again

12662233
N/

Low or none

i P also?
iers
OZOT

10318+ 10829

moves the cursor to another peak. Ciicking the button
again will either move to a third peak or return to the
originai pcak of the selected element.

Decision-Tree Methods
Originally PINS used a decision-tree method to identify

ill chemicals, and a recent PINS decision tree is shown in

Figure 3-7.

Basically, the decision tree requires a yes/no decision at
cach node as one traces a path to the fill. For example,

if phosphorus peaks are not observed at 1266 and 2233
keV, but the chlorine doublet peaks are scen at 1951 and
1959 keV, and a titanium peak is observed at 983 keV, the
fill chemical is titanium tetrachloride, FM smoke, as the
colored path in Figure 3-7 suggests.

Note also in Figure 3-7 that detection or non-detection of
chlorine cuts the number of fill possibiiities in half

Yes High Si/H Ratio

Water/
Antifreeze

983 - 1382 265 279 997 - 1039 6129 %
N N
Yes Yes Yes Yes
Yes Yes
Low S
S/Cl | higha
ratio

i

Figure 3-7: PINS decision tree.

High &
Low Cl

No
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Elemental ratio methods

As the PINS decision tree was expanded to include
additional chemicals, its yes/no nature reached its limits.
Consider mustard agent (agent HD) and FS smoke. Both
chemicals contain three PINS key clements: chlorine,
hydrogen, and sulfur. It is not possible to differentiate
between them based simply on the presence or absence of
key clements.

Rﬁcently, ratio analysis methods have been added to the
PINS chemical identification logic. Figure 3-8 compares
the chlorine, hydrogen, and sulfur peaks between mustard

Fe 1811

Fe 1725
1763
Si1779

P41_05Mar06_03.chn

-
Ln
&
-
W
L
&
-
=]

Fe 1725
Fe 1811

Si 1779

230
Fe 2273

11763

agent and FS smoke. Note that for FS, the 1959-keV
chlorine peak is approximately the same size as the 2230-
keV sulfur peak, while for agent HD the 1959-keV chlorine
peak is approximate twelve times larger than the sulfur
peak. The chlorine-to-sulfur ratio computed from the arcas
of the 1959- and 2230-keV peaks is a reliable method for

distinguishing mustard agent from FS smoke.

The PINS+ uses a mixture of decision-tree and elemental-
ratio considerations to identify fill chemicals, as will be

explained in the following chapters.

F5

Fe 2113
H2223
S 2230

mustard

H 2223

1700 1800 1900

2100 2200 2300

gamma-ray energy (keV)

Figure 3-8: Comparison of the FS and mustard hydrogen spectral regions.
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J’?s”::’ F A
PINS Spectr s Overview

vy

alysis

dentification of the chemical fill of an item assayed with
IPINS rests on correct interpretation of the gamma-ray

spectrum produced during neutron bombardment. The
first step in PINS spectrum analysis is calibration of the
spectrum energy scale, and this is performed automatically
by the PINS+ software using gamma rays common to most
PINS spectra, c.g. gamma rays from aluminum, bismuth,
germanium, iron, hydrogen, and silicon. The next step is to
identify and quantify the gamma rays of PINS key elements.
Each clement is identified by the energy of one or more
gamma-ray peaks. The arca of cach key-clement gamma-
ray peak is directly proportional to the concentration of
that element inside the item under test. The third step is to
identify the fill chemical based on the presence and absence
of the key elements, and their relative concentrations.

Spectrum ID Chapter Organization

The computer-based analysis of PINS spectra uses decision-
tree logic, and it is convenient to arrange the spectrum
identification chapters in a similar fashion. Accordingly,
these chapters are organized by chemical element, like the
trunk of the PINS decision tree shown in Figure 4-1.

Phosphorus-based chemicals, perhaps the most dangerous of
all discussed in this Guide, come first; and they are followed
by arsenic-based chemicals, chlorine-based chemicals, a
bromine-based chemical, nitrogen-based explosives, and
common practice-munition fills, like sand. In addition, the
Guide includes an appendix on the identification of selected
toxic industrial chemicals.

yes nerve agents and

WP smoke

—if—
]
(@]

arsenic-based
chemicals

yes

no
]

no

:

chlorine-based
chemicals

chemical

yes

explosives

[
[
=
[
[

practice-fill
chemicals

J
J
J
J
J

unknown chemical

Figure 4-1: PINS decision tree trunk.

Chapter 4 PINS Spectrum Analysis Overview 25



Decision Tree Branches

Each chapter focuses on the chemicals identified by a
speciﬁc decision tree branch. The opening pages of each
chapter discuss the identification logic for all of the
chemicals in the branch, and these pages are followed by

spectrum identification sheets for each chemical.

yes @ yes

lno ino
other
chemicals

Figure 4-2: PINS phosphorus-based chemicals decision-tree branch.

-
' ~
F 4
1
1
‘\
"-..-’,

chemical riot
warfare agent fill
agent

Figure 4-3: Fill-chemical type color key.

no
lyes { yes |

The identification logic is similar to a computer flow

chart, with the fill chemicals identified in circles, as shown
in Figure 4-2. If PINS+ is programmed to identify the
chemical automatically, as is the case for nerve agent GB,
nerve agent VX, and WP smoke, the circles are continuous.
If a chemical is not automatically identified by PINS+, the
circle is dashed, like nerve agent GA. Fill chemical types
are identified in each decision-tree branch using the colors

shown in Figure 4-3.

,’ oy
/ \\
f 1
tGA
i 7
\\ I,

o

practice explosive

nerve agents

N

industrial chemical
chemical notauto-
identified
by PINS+

smoke
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Spectrum Identification Sheets For those chemicals that might be confused with a related
chemical substance, a second page contrasts the spectral

Hach. chemical &5 described by a ane- or owo-page Spectum. g used to distinguish them. An example comparison

Identification Sheet. The first page of each ID sheet

: . ) T age for mustard agent and FS smoke is shown in
describes the chemical and its spectral identification features, bag -

Figure 4-5.
and an example for mustard agent is shown in Figure 4-4.
PINS key elements \
chemical name ® Sulfur Mustard Blister Agent (S, H
8 mustard
o]
2
identifying s
spectral region T
o PR e o
w E = T
ts
- =3 )
(v} ﬁ E
0 e
P12_04May05_60.chn
1700 1800 1900 2000 2100 2200 2300
gamma-ray energy (keV)
Key spectral features Caveats
« Strong chlorine doublet peaks at 1951- and 1959-keV « The hydrogen peak amplitude is normally smaller than
- Moderate hydrogen peak at 2223-keV the chlorine doublet peaks, as in the figure above, but

it may appear bigger, depending on the background

+ Weak sulfur peak at 2230-keV tgadseger leeall

+ The 1959-keV chlorine peak will appear about ten

fivesbigaerthantheaase ke sulfrpeik, + Two mustard agent variants, H (also called HS) and

HD, differ principally by the impurities they contain.

identiﬁcation advice 1 Spectrum ID Tips - Agent HT is a mixture of agent HD, 60% and

+ The chlorine and hydrogen peaks will be evident in agent T, 40%.
30 seconds. - Agent T, bis{2(2-chloroethylthio)ethyl} ether, is a

+ The sulfur peak may take 300-500 seconds to appear. chlorine-sulfur compound related to HD.

« The sulfur peak will be roughly a factor of ten smaller + Since agents H, HD, and HT have similar elemental
than the 1959-keV chlorine peak. ratios, PINS does not distinguish between them.

+ Note the comparison of mustard and FS smoke spectra + This spectrum was measured from a 4.2-inch mortar

| on the next page. projectile

Chemical name: bis (2-chloroethyl) sulfide Chemical type: blister agent
detailed chemical Chemical formula: C,H,Cl,S (WCschedule: 1
—0 Key elements: C| 44.7 wt-%, H 5.0 wt-%, S 20.1 wt-% AKA: mustard gas, das Lost, Yperite

I nformatlon Key element ratio: (Cl 1959)/(5 2230)=12+4

NATO Symbols: H or HS, HD

Chapter 7 Chlorine-Based Chemicals 67

Figure 4-4: Spectrum ID Sheet for Sulfur Mustard Agent, Page 1.
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The y axes have been omitted in the spectrum ID sheets,
because the heights of the gamma-ray peaks vary with assay

Table 4-1 Gamma-Ray Peak Intensity Scale

oo o Description Intensity, counts/1,000 seconds

geometry, californium-252 source strength, counting time,

container-wall thickness, and detector efficiency. Instead, Vvery strong > 10,000

the peaks are characterized by intensity, that is, counts per strong > 1,000

1000 seconds, using the descriptive scale of Table 4-1. Please  moderate > 100

note that in the multi-region spectral graphs, the y-axis scale 1 > 10

may vary by region, for clarity. very weak o1

PINS key elements \
chemical name ——@ Sulfur Mustard Blister Agent, continued \ C,HS

@ mustard
g

spectral comparison

=
—
0
—

@
w

P21_09May05_90.chn

FS

1700 1800 1900
gamma-ray energy (keV)

2000 2100 2200 2300

Spectral comparison

+ The mustard agent CI/S ratio is rarely less than 8 or more

PINS spectra of mustard agent (red curve) and FS smoke than 16.
Spectral (blue curve) are compared in the figure above. Both PINS + The FS smoke CI/S ratio is usually about 1.0, and it almost
spectra were recorded from 4.2-inch mortar projectiles. never exceeds 2.

distinguishing —-

Distinguishing features
features

Chemical name: bis (2-chloroethyl) sulfide

detailed chemical Chemical formula: C,H,Cl,S

—1+—@ Keyelements: Cl 44.7 wt-%, H 5.0 wt-%, $ 20.1 wt-%

information Key element ratio: (Cl 1959)/(5 2230)= 124
NATO Symbols: H or HS, HD

+ The FS smoke hydrogen peak is mainly background, and
it can appear smaller than the 2230-keV sulfur peak.

« Ifthe 2230-keV sulfur peak is quickly and easily
identified, the likely fill is FS smoke, not mustard agent.

« In the spectra above, the mustard agent chlorine 1959-keV
to sulfur 2230-keV (CI/S) peak area ratio is 12.9, while the
FS smoke CI/S ratio is almost a factor of twenty lower, 0.7.

Chemical type: blister agent
(WCschedule: 1
AKA: mustard gas, das Lost, Yperite

68 PINS Spectrum Identification Guide

Figure 4-5: Spectrum ID Sheet for Sulfur Mustard Agent, Page 2.
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Chapter5

Phosphorus- Based Chemicals
|

Nerve agents

All nerve agents are organophosphorus compounds,[1]

and PINS can readily detect the presence of phosphorus

in chemical warfare munitions filled with these chemicals.
PINS has been used routinely to identify nerve agents GB
and VX, and it identifies both automatically. Another nerve
agent, GA, discussed below, soon will be added to the list of
chemicals identified by PINS+.

White Phosphorus
White phosphorus (WP) is a common fill of conventional

munitions, and is used for incendiary and screening—smoke
cffects. Chemically, it is 100% phosphorus, and it is onc of
the chemicals that is casily and quickly identified by PINS

Nerve Agent GA

Occasionally PINS has assessed German projectiles filled
with nerve agent GA.[2] The GA key clements are similar

to those in GB, except that GA contains 17.3 weight-%
nitrogen, and GB contains no nitrogen. However, all of the
GA projectiles examined with PINS feature strong chlorine
peaks in their spectra, from chlorobenzene added o the
agent as a stabilizer. The chlorobenzene concentration in GA
manufactured during World War IT in Germany is said to be
5-20 weight-%.[3]

yes yes no no
—_— — —_
J’no lno lyes ‘l:yes ‘
” -h.\
chemicals \ J
\o,__,f

smoke

Spectral ldentifications

The algorithm for phosphorus-based chemical identification
is shown in Figure Bl Spectra with phosphorus oniy, that
is, little or no hydrogen, are produced by white phosphorus-
filled munitions.

Nerve agent spectra are all characterized by strong hydrogen
peaks, with the ratio of the 2223-keV hydrogen peak net
arca to that of the 1266-keV phosphorus peak net arca
exceeding 50 or more. Hence it is very casy to distinguish
nerve agents from white phosphorus, based on H/P ratios.

The individual nerve agents are identified by the presence

or absence of other chemical elements. GB spectra feature
strong hydrogen and weak phosphorus peaks. VX spectra
include strong hydrogen and weak phosphorus peaks, plusa
moderate sulfur peak at 5420 keV. GA spectra are similar to
GB spectra, except that they include strong chlorine peaks at
1165, 1951, and 1959 keV.

nerve agents

Figure 5-1. Phosphorus-based chemicals branch of the PINS decision tree.
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White Phosphorus

P 1266

Fe 1238

S,

pc040614.CHN

WP

P 2233

H 2223
Fe 2273

1150 1200 1250 1300

Key spectral features

« Strong phosphorus peak at 1266 keV

+ Moderate phosphorus peak at 2233 keV

+ Weak or moderate hydrogen peak at 2223 keV

Spectrum ID Tips

+ The 1266-keV phosphorus peak is very strong, and
normally it can be seen in 30 seconds, to the right of the
1238-keV iron peak, and it may even obscure the small
1261-keV iron peak.

+ The 2233-keV phosphorus peak, just to the right of the
2223-keV hydrogen peak, is always seen in WP spectra.
If this phosphorus peak is not observed, the fill is likely a
nerve agent.

2150 2200 2250 2300

gamma-ray energy (keV)

Caveats

+ The true WP hydregen-to-phosphorus ratio is, of course,
zero. The measured H/P ratio may be non-zero, due to
incomplete hydrogen background subtraction, but it
should be less than 0.25.

+ If the background is high, the hydrogen peak may
appear bigger than the 2233-keV phosphorus peak.

+ This spectrum was measured from a 4.2 inch mortar
projectile.

Chemical names: white phosphorus
Chemical formula: P,

Key elements: phosphorus, 100 wt-%

Key element ratio: (H 2223)/(P 1266) < 0.25

NATO Symbol: WP

Chemical type: incendiary, screening smoke
WCschedule: n/a
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White Phosphorus, continued P
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Spectral comparison + No phosphorus peak is observed at 2233 keV in the GB
The phosphorus and hydrogen spectral regions of GB spectrum, but a moderate phosphorus peak is observed
in the WP spectrum.

nerve agent (blue curve) and white phosphorus (red) are
compared in the figure above. The GB PINS spectrum was « A strong hydrogen peak is seen in the GB spectrum at
measured from a 155-mm artillery projectile, and the WP 2223 keV.

spectrum from a 4.2-inch mortar projectile. + The hydrogen peak in a WP spectrum is weak-to-

Distinguishing features moderate, and it is entirely due to background.

+ If the 2233-keV phosphorus peak is quickly and easily

+ A weak-to-moderate phosphorus peak is observed in ) ) - )
identified, the likely fill is WP smoke, not a nerve agent,

the GB spectrum at 1266 keV, while the WP peak at this
energy is strong.

Chemical names: white phosphorus NATO Symbol: WP
Chemical formula: P, Chemical type: incendiary, screening smoke
Key elements: phosphorus, 100 wt-% (W schedule: n/a

Key element ratio: (H 2223)/(P 1266) < 0.25
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GB Nerve Agent PH
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Key spectral features Caveats
+ Moderate phosphorus peak at 1266 keV + GB contains no sulfur. If sulfur is detected in addition to
. Strong hydrogen peak at 2223 keV phosphorus and hydrogen, the fill is VX.

+ The 2233-keV phosphorus peak is rarely observed in

Spectrum ID Tips GB spectra.

» The 1266—keV‘ phgsphorus Peak Ehot Ver/Eiong, + If a moderate or strong peak is evident at 2233 keV,
but normally it will be seen in 100-300 seconds, to the ” :
the likely fill is WP smoke.

immediate right of the 1261-keV iron peak. . .
+ Weak chlorine peaks at 1951 and 1959 may be seen in

+ The hydrogen peak is at least a factor of four stronger GB spectra dueto impurities.

than the 1266-keV phosphorus peak.

+ In spectra from steel containers and projectiles, the 1266-
keV phosphorus peak is about a factor of five smaller
than the nearby 1238-keV iron peak.

+ Chlorine peaks, in GB, if any, will be a factor of 50 smaller
than the hydrogen peak.

+ This spectrum was measured from a 155-mm artillery
projectile.

Chemical name: isopropyl methylphosphonofluoridate NATO Symbol: GB

Chemical formula: C,H, FO,P Chemical type: nerve agent
Key elements: phosphorus, 22 wt-%, hydrogen 7.1 wt-% CW(schedule: 1

Key element ratio: (H 2223)/(P 1266) > 20 AKA: sarin
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GB Nerve Agent, continued PH

GB
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Spectral comparison + No phosphorus peak is observed at 2233 keV in the GB
The phosphorus and hydrogen spectral regions of GB spectrum, but a moderate phosphorus peak is observed
in the WP spectrum.

nerve agent (red curve) and white phosphorus (blue) are
compared in the figure above. The GB PINS spectrum was + A strong hydrogen peak is seen in the GB spectrum at
measured from a 155-mm artillery projectile, and the WP 2223 keV.

spectrum from a 4.2-inch mortar projectile. + The hydrogen peak in a WP spectrum is weak-to-

Distinguishing features moderate, and it is entirely due to background.

+ If the 2233-keV phosphorus peak is quickly and easily

+ A weak-to-moderate phosphorus peak is observed in ) ) - )
identified, the likely fill is WP smoke, not a nerve agent,

the GB spectrum at 1266 keV, while the WP peak at this
energy is strong.

Chemical name: isopropyl methylphosphonoflucridate NATO Symbol: GB

Chemical formula: C,H, FO,P Chemical type: nerve agent
Key elements: phosphorus, 22 wt-%, hydrogen 7.1 wt-% (WCschedule: 1

Key element ratio: (H 2223)/(P 1266) > 20 AKA: sarin
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VX Nerve Agent PHS

VX

Fe 1238
Fe 5920
Fe 6018’

Fe 1261
S 5421

P 1266

P12_04May05_180.chn III

1150 1200 1250 1300 5400 5450 5500 5550

gamma-ray energy (keV)

Key spectral features Caveats

+ Weak or moderate phosphorus peak at 1266 keV + If the detector resolution is < 80%, it may take cver

- Strong or very strong hydrogen peak at 2223 keV 1,000 seconds to observe the VX 1266-keV
phosphorus peak.

+ Moderate sulfur peak at 5420 keV

+ The hydrogen/phosphorus peak ratio will be
50 or greater.

« This spectrum was measured from a 155-mm artillery
projectile.

Spectrum ID Tips
+ The 5420-keV sulfur peak will be observed before the
1266-keV phosphorus peak.

« TheVX 1266-keV phosphorus peak is not very strong,
and normally it will be seen in 200-600 seconds, to the
immediate right of the 1261-keV iron peak.

+ The 2230-keV sulfur peak and the 2233-keV phosphorus
peak are not observed in VX spectra.

Chemical name : O-ethyl-5-(2-diisopropylaminoethyl) NATO Symbol: VX
methyl phosphonothiolate Chemical type: nerve agent
Chemical formula: C, H,.NO,PS (Wschedule: 1

Key elements: P 11.6 wt-%, hydrogen 9.7 wt-%, S 12.0 wt-%
Key element ratios: (H 2223)/(P 1266) >50, P/S=1.1+0.7
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VX Nerve Agent, continued PH,S

VX

Fe 1238
Fe 5920’
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Fe 1261
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Spectral comparison - Both agents have a weak-to-moderate 1266-keV
The phosphorus and sulfur spectral regions of VX (red phosphorus peakin their spectra.

curve) and GB (blue) nerve agents are compared in the + The VX phosphorus peak is usually weaker than the
figure above. Both PINS spectra were measured from 155- GB phosphorus peak, and it takes longer to identify.

mm artillery projectiles.

Distinguishing features

+ The sulfur peak at 5420 keV distinguishes VX from GB.
GB contains no sulfur.

Chemical name : O-ethyl-5-(2-diisopropylaminoethyl) NATO Symbol: VX
methyl phosphonothiolate Chemical type: nerve agent
Chemical formula: C ,H,.NO,PS (WCsdhedule: 1

Key elements: P 11.6 wt-%, hydrogen 9.7 wt-%, S 12.0 wt-%
Key element ratios: (H 2223)/(P 1266) > 50, P/S=1.1+£0.7
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GA Nerve Agent PHC,N
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Key spectral features Caveats
+ Moderate phosphorus peak at 1266 keV + Pure GA contains no chlorine — it must be distinguished
« Strong chlorine peaks at 1951 and 1959 keV from GB by detection of nitrogen.

+ During WW II, Germany added 20 wt-% chlorobenzene

+ Strong hydrogen peak at 2223 keV
to GA as a stabilizer.

+ Weak nitrogen peaks at 10318 and 10829 keV
+ This spectrum was measured from a World War ll-era

Spectrum ID Tips German 105-mm artillery projectile.

» The chlorine and hydrogen peaks will appear in 30 . PINS spectra have been measured from less than five
seconds. GA-filled projectiles.

+ The 1266-keV phosphorus peak will appear in 200-300
seconds.

+ It may take over 2,000 seconds to observe one of the
nitrogen peaks.

+ The 2233-keV P peak, just to the right of the 2223-keV H
peak, is rarely observed in GA spectra.

|
Chemical name: ethyl N, N-dimethylphosphoroamidocyanidate NATO Symbol: GA

Chemical formula: C.H,,N,0,P Chemical type: nerve agent
Key elements: P 19.1 wt-%, H 6.8 wt-%, N 17.3 wt-%, C1 6.2 wt-% (WCschedule: 1
Key element ratios: (H 2223)/(P 1266) =11.2+ 2.1 AKA: tabun

(C11959)/(P 1266) =2.6 £0.25
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GA Nerve Agent, continued P,H,N,Cl
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Spectral comparison + A strong hydrogen peak is seen in both GA and GB

The phosphorus and hydrogen spectral regions of GA spectra at 2223 keV.

nerve agent (red curve) and GB nerve agent (blue) are + Strong chlorine peaks at 1951 and 1959 keV are observed
compared in the figure above. The GA PINS spectrum was in GA spectra, from the chlorobenzene stabilizer added
measured from a 105-mm projectile, and the GB spectrum to this agent.

from a 155-mm artillery projectile, - Chlorine peaks from an impurity are weak or absent in

Distinguishing features GB spectra.

+ Both agents produce weak-to-moderate phosphorus
peaks at 1266 keV.

=
Chemical name: ethyl N, N-dimethylphosphoroamidocyanidate Chemical type: nerve agent
Chemical formula: C.H,,N,O,P (WCsdhedule: 1
Key elements: P 19.1 wt-%, H 6.8 wt-%, N 17.3 wt-%, Cl 6.2 wt-% AKA: tabun
Key element ratios: (H 2223)/(P 1266)=11.2 £ 2.1
(CI1959)/(P 1266) = 2.6 £0.25
NATO Symbol: GA
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Chapter6

Arsenica

St

Il arsenical chemicals are poisonous substances.[1]
The arsenical compound frcqucntly mentioned in
etective stories is arsenic trioxide. In this chapter,

the discussion will be confined to five arsenical compounds of
potcntial use in chemical warfare.

Blood Agent Arsine

Arsine is World War I-cra blood agent,[2] and this toxic
compressed gas destroys red blood cells. Arsine has found
present-day use in the semiconductor industry. Unlike the
other arsenical compounds of this chapter, arsinc—AsHS—
contains no chlorine.

Arsenic Trichloride
Arsenic trichleride, AsClg, is an industrial chemical,[3] and a

chemical warfare agent precursor.[4]

yes no
< —
ino lyes
Cl-based
) <1
chemicals —_—

¢>1

agent
precursor

Figure 6-1: Arsenicalbranch of the PINS decision tree.

Arsenical Blister Agents
Lewisite is a blister agent developed during World War .[5]

Agent Blue Ring-2 was manufactured in Germany
during World War I1, and its principal components are
blister agent phenyldichloroarsine and vomiting agent
diphenyldichloroarsine. [6]

Winterlést (WL) or winter mustard was also manufactured
in Germany during World War II, by adding 40-50%
phenyldichloroarsine blister agent to 60-50% mustard blister
agent. The addition of an arsenical to mustard can lower its

freezing point from 14°C (57°F) to below -25°C (-13°F).[7]

Spectral Identifications

The algorithm for distinguishing between these arsenical
compounds is shown in Figure 6-1. Spectra with arsenic and
hydrogen only are produced by munitions containing arsine,

agent SA.

blood
agent

blister
agents

OO0 ®
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The other four arsenicals contain chlorine. Arsenic
trichloride contains no hydrogen, and hence the ratio of its
1763-keV chlorine inelastic peak to 1959 chlorine capture
peak should be 1.0 or greater. This ratio is abbreviated

“Cl i/c ratio” in the Figure. The other three arsenicals contain
hydrogen, and their chlorine inelastic-to-capture ratios should
all be less than one.

Lewisite (L) can be recognized by a high ratio, about 7, of
the 279-keV arsenic inelastic peak to the 1959-keV chlorine
capture peak. The As/Cl peak ratio is approximately 3.5 for
agent blue ring 2 (BR2), and the ratio is about 1.7 for winter
mustard. Also, a weak sulfur peak is observed at 2231 keV in

winter mustard spectra.

References
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Arsine As, H
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Key spectral features Caveats
« Moderate or strong arsenic peaks at 265 and 279 keV + The (Cl1 1959)/(H 2223) peak area ratio may vary,
. Moderate hydrogen peak at 2223 keV depending on background subtraction effects.

« This spectrum was measured from a 75-mm
artillery projectile.

Spectrum ID Tips

« Arsenic peaks are seen at 265 and 279 keV, above a

; ‘ + PINS spectra have been measured from only a
slanting Compton continuum,

handful of SA-filled projectiles.
+ The arsenic peaks may be subtle, especially with a small

munition like the 75-mm projectile assayed in the figure
above.

+ The PINS software may report zero hydrogen if the
background is over-subtracted.

« If arsenic is detected, but chlorine peaks are not
observed, classify the fill chemical as SA.

Chemical name: arsine Chemical type: blood agent
Chemical formula: AsH, (Wschedule: n/a
Key elements: arsenic 96.1 wt-%, hydrogen 3.9 wt-% AKA: arsenictrihydride

Key element ratio: (As279)/(H2223)=1.0£0.3
NATO Symbol: SA
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Arsine, continued As, H
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Spectral comparison Distinguishing features

The arsenic and chlorine-hydrogen spectral regions of - Moderate-to-strong arsenic peaks are observed in both
SA blood agent (red curve) and L blister agent (blue) are the SA and L spectra at 265 and 279 keV,

compared in the figure above. The SA PINS spectrum was - Strong chlorine peaks are seen in the L spectrum at 1763,
measured from a 75-mm artillery projectile, and the L 1951, and 1959 keV.

spectrum from a 4.2-inch mortar projectile. . .
P pro) + No chlorine peaks are observed in the SA spectrum.

Chemical name: arsine Chemical type: blood agent
Chemical formula: AsH, (WCsdchedule: n/a
Key elements: arsenic 96.1 wt-%, hydrogen 3.9 wt-% AKA: arsenic trihydride

Key element ratio: (As 279)/(H 2223)=1.0£0.3
NATO Symbol: A
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ArsenicTrichloride As, Cl

. i arsenic trichloride
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Key spectral features Caveats
+ Strong or very strong As peaks at 265 and 279 keV + The key element ratios below were calculated after
- Moderate or strong chlorine peaks at 1763, 1951, and background subtraction.
1959 keV + This spectrum was measured from a laboratory simulant.

+ No PINS spectra have been measured from arsenic
trichloride-filled containers or munitions.

Spectrum ID Tips

+ Arsenic peaks are seen at 265 and 279 keV, above a
slanting Compton continuum.

+ Arsenic trichloride contains no hydrogen, and its chlorine
inelastic-to-capture {1763/1959) ratio is over 1.0

Chemical name: arsenic trichloride NATO Symbol: n/a

Chemical formula: AsCl, Chemical type: agent precursor

Key elements: arsenic 41.3 wt-%, chlorine 58.7wt-% (WCschedule: 2B

Key element ratios: (As 279)/(C11959)=9.3+1.2 AKA: butter of arsenic
(C11763)/(C1 1959)=1.2£0.2 fuming liquid arsenic
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Arsenic Trichloride, continued As, Cl

arsenic trichloride
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Spectral comparison - The arsenic-to-chlorine (279/1959) peak ratio is about
6.5 for L, and about 9 for AsCl,.

Arsenic trichloride simulant (red curve) and L blister agent
(blue) PINS spectra are compared in the figure above. Both - The chlorine inelastic-to-capture (1763/1959) peak
spectra were measured from 4.2-inch mortar projectiles. ratio is less than 1 for L, but greater than 1 for arsenic

i trichloride.
Distinguishing features

+ Strong-to-very strong arsenic peaks are observed in both
the arsenic trichloride and L spectra at 265 and 279 keV.

+ Strong chlorine peaks are seen in both the arsenic
trichloride and L spectra at 1763, 1951, and 1959 keV,

Chemical name: arsenic trichloride NATO Symbeol: n/a

Chemical formula: AsCl, Chemical type: agent precursor

Key elements: arsenic 41.3 wt-%, chlorine 58.7wt-% (WCschedule: 2B

Key element ratios: (As 279)/(C11959)=9.3+1.2 AKA: butter of arsenic
(C11763)/(C1 1959)=1.2+0.2 fuming liquid arsenic
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Blue Ring-2 Blister and Vomiting Agent As,Cl, H
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Key spectral features Caveats
+ Strong or very strong As peaks at 265 and 279 keV + The (C11959)/(H 2223) ratic may vary, depending cn
+ Moderate or strong chlorine peaks at 517, 1763, 1951, background subtraction effects.

and 1959 keV
+ Moderate or strong hydrogen peak at 2223 keV

Spectrum ID Tips

+ Arsenic peaks are seen at 265 and 279 keV, above a
slanting Compton continuum,

+ The 279-keV arsenic peak is approximately equal to the
517-keV chlorine peak, and it is 3.5 times as strong as the
1959-keV chlorine peak.

+ The 1959-keV chlorine peak is about twice as strong as
the 2223-keV hydrogen peak.

Chemical names: phenyldichloroarsine (PD}, 27% NATO Symbol: DA-PD

diphenylchloroarsine (DA), 59% Chemical type: blister agent, vomiting agent
Chemical formula: PD, C H AsCl, DA, C,,H, AsCl (WCschedule: 1
Key elements: As33.2 wt-%, (1 17.1 wt-%, H3.3 wt-% AKA: DA-PD, BR-2

Key element ratio: (As 279)/(C11959) =3.5£0.5
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Blue Ring-2 Blister and Vomiting Agent, continued As,Cl, H
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Spectral comparison Distinguishing features

The arsenic and chlorine-hydrogen spectral regions of + A weak sulfur peak is seen in WL at 2230 keV, but not
agent blue ring-2 (red curve) and WL blister agent (blue) in BR2.

are compared in the figure above. Both PINS spectra were For WL, the intensity of the 279-keV As peak is roughly
measured from simulant chemicals produced at Idaho half that of the 517-keV chlorine peak, but for BR2, the
National Laboratory. arsenic peak is approximately equal in intensity to the

chlorine peak.

Chemical names: phenyldichloroarsine {PD), 27% NATO Symbol: DA-PD

diphenylchloroarsine (DA), 59% Chemical type: blister agent, vomiting agent
Chemical formula: PD, C.H AsCl, DA, C,H, AsCl (WCsdhedule: 1
Key elements: As33.2 wt-%, (1 17.1 wt-%, H 3.3 wt-% AKA: DA-PD, BR-2

Key element ratio: (As 279)/(C11959)=35+05
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Lewisite Blister Agent

As,Cl,H

Key spectral features

+ Strong or very strong As peaks at 265 and 279 keV

« Moderate or strong chlorine peaks at 1763, 1951, and
1959 keV

Spectrum ID Tips

+ Arsenic peaks are seen at 265 and 279 keV, above a
slanting Compton continuum.

+ Lewisite contains 1% hydrogen, and its chlorine inelastic-
to-capture ratio is about 0.9.

« The lewisite (As 279)/(Cl 1959) ratio is approximately 6.5.
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Caveats

+ The L hydrogen peakintensity is often zero, due to
background over-subtraction.

+ This spectrum was measured from a 4.2 inch
mortar projectile.

+ PINS spectra have been measured from less than a
dozen L-filled containers and munitions.

Chemical names: dichloro(2-chlorovinylarsine

Chemical formula: CH,AsCl,

Key elements: As 36.1 wt-9%, Cl51.3 wt-%, H 1.0 wt-%

Key element ratios: (As 279)/(C11959)=65+1.5
(C11973)/(C1 1959)=09+0.3

NATO Symbol: L

Chemical type: blister agent
(W{schedule: 1

AKA: lewisite
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Lewisite Blister Agent, continued As,Cl, H
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Spectral comparison Distinguishing features

The arsenic and chlorine-hydrogen spectral regions of + Moderate-to-strong arsenic peaks are observed in both
SA blood agent (blue curve) and L blister agent (red) are the SA and L spectra at 265 and 279 keV.

compared in the figure above. The SA PINS spectrum was

« Strong chlorine peaks are seen in the L spectrum at
measured from a 75-mm artillery projectile, and the L 1763, 1951, and 1959 keV,

trum fi 4.2-inch t jectile. ; ;
REEETIEIR SR NEN IMAner Prossetis + No chlorine peaks are observed in the SA spectrum.

Chemical names: dichloro(2-chlorovinyljarsine NATO Symbol: L

Chemical formula: CH,AsCl, Chemical type: blister agent
Key elements: As 36.1 wt-%, CI51.3 wt-%, H 1.0 wt-% (WCschedule: 1

Key element ratios: (As 279)/(C11959)=6.5% 1.5 AKA: lewisite

({C11973)/(C1 1959)=0.2+0.3
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Winterlost Blister Agent As,CLH,S
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Key spectral features Caveats

+ Strong or very strong As peaks at 265 and 279 keV + The (C11959)/(H 2223) peak area ratic may vary,

- Moderate or strong chlorine peaks at 1763, 1951, and depending on background subtraction effects.
1959 keV

+ Moderate or strong hydrogen peak at 2223 keV
+ Weak sulfur peak at 2230 keV

Spectrum ID Tips

+ Arsenic peaks are seen at 265 and 279 keV, above a
slanting Compton continuum,

+ The 279-keV arsenic peak area is roughly half that of
the 517-keV chlorine peak area, and it is about 1.7 times
stronger than the 1959-keV chlorine peak.

+ A weak or moderate sulfur peak will be observed at
2230 keV.

Chemical name: Winterlost {winter mustard) NATO Symbol: n/a

Chemical mixture: H, his (2-chloroethyl) sulfide, 50% Chemical type: blister agent
PD, phenyldichloroarsine, 50% (WCschedule: 1

Key elements: As 20.0 wt-%, (131.7, H3.9 wt-%, S 10.1 wt-% AKA: winter mustard, H-PD, WL

Key element ratio: {As 279)/(C11959)=1.7 £ 0.1
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Winterlost Blister Agent, continued

As,Cl,H, S
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Spectral comparison

The arsenic and chlorine-hydrogen spectral regions of WL
blister agent (red curve) and agent blue ring-2 (blue curve)
are compared in the figure above. Both PINS spectra were
measured from simulant chemicals produced at Idaho
National Laboratory.
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Distinguishing features

+ A weak sulfur peak is seen in WL at 2230 keV, but not
in BR2.

+ For WL, the intensity of the 279-keV As peak is roughly
half that of the 517-keV chlorine peak, but for BR2, the
arsenic peak is approximately equal in intensity to the
chlorine peak.

Chemical name: Winterlost (winter mustard)
Chemical mixture: H, bis (2-chloroethyl) sulfide, 50%
PD, phenyldichloroarsine, 50%
Key elements: As 20.0 wt-%, (131.7, H3.9 wt-%, 5 10.1 wt-%
Key element ratio: (As 279)/(C11959) =1.7 £0.1

MATO Symbol: n/a

Chemical type: blister agent
(WCschedule: 1

AKA: winter mustard, H-PD, WL
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Chapter?7

Chlorine-Based Chemicals
A

Smoke Chemicals

The use of obscuringjr smoke is probably as old as organized
warfare. Smoke chemicals are used to adjust artillery fire

and to obscure movement on the bartlefield. Several smoke
chemicals are based on chlorine: FM, FS, HC, and KJ. All
arc fast and casy to identify with PINS. Typically the chlorine
peaks become evident in the spectrum first, but within a
minute, the other key element peaks can usually be seen.

Two smoke chemicals are binary chlorine cornpounds.
FM smoke is titanium tetrachloride, and K] smoke is tin
tetrachleride.[1]

HC smoke is a mixture of aluminum powder, zinc oxide,

and hexachlorocthane.

FS, the fourth chlorine-based smoke chemical, is a mixture
of sulfur triexide dissolved in chlorosulfonic acid.[2]

Blister Agents

Two blister agents are chlorine based: sulfur mustard, agent
H.[3] and nitrogen mustard, agent HN.[4] As the names
suggest, sulfur mustard contains sulfur, but no nitrogen, and
nitrogen mustard contains nitrogen but no sulfur. In this
Guide, the word “mustard” without qualification refers to

sulfur mustard.

Blood Agent

Agent CK, a chlorine-base cyanide, poisons by interfering
with oxygen transfer in the blood stream.[5]

Riot Agents
The riot agents CNB and CNS are based on the tear-

producing chemical chloroacetophenone,[6] or more
commonly, Mace. The NATO designation of Mace is “CN”.
CNB is agent CN dissolved in a mixture of carbon tet and
benzene. CNS is agent CN and chloropicrin (agent PS)
dissolved in chloroform.[7]

Choking Agent

Phosgene, agent CG, when inhaled reacts with moisture in
the lungs o produce hydrochloric acid. The acid in turn

dcstroys lung tissue and produces pulrnonary edema.[8]

Spectrum Identification

Figure 7-1 illustrates the spectrum identification logic for
smoke chemicals and mustard blister agent. The smoke
chemicals KJ, FM, and HC are uniquely identified by the
observation of chlorine gamma-ray peaks plus the gamma-

ray peaks of tin, titanium, or zinc respccrively.

The elements chlorine and sulfur are common to both FS
smoke and mustard agent. However the two chemicals can
be easily distinguished by the CI/S ratio, that is, the ratio
of the chlorine 1959-keV peak arca to the sulfur 2230-keV
peak arca. If the two peaks are approximately equal in arca
(Cl/S = 1), the fill chemical is FS. If the chlorine peak is
about twelve times bigger than the sulfur peak (CI/S = 12),
the fill chemical is mustard agent.

The identification logic for the remaining chlorine based
chemicals identified by PINS is shown in Figure 7-2. If

nitrogen is detected in addition to chlorine, there are two
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nitrogen-based
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=12 blister
agent

Figure 7-1: PINS identification logic for smoke chemicals and suffur
mustard agent.
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possible fills, HN and CK. CK contains no hydrogen, while
HN produces a strong hydrogen peak.

The remaining chlorine-based chemicals are identified on
the basis of the chlorine inelastic-to-capture (Cl i/c) ratio,
that is the ratio of the Cl 1763-keV peak arca to that of
the C1 1959-keV peak arca. In chemicals that contain no
hydrogen, inclastic neutron scattering is enhanced, while
neutron capture is reduced, producing a large inelastic-
to-capture ratio in chlorinated chemicals. The opposite is
true in chemicals that contain a lot of hydrogen, and hence
the inelastic ratio is a sensitive measure of the presence of
hydrogen in chlorinated chemicals. CG typically has an
inelastic ratio over 1.0, CNS a ratio of about 0.4, and the
CNB ratio is approximately 0.1.

blister
agent

no no

blood
agent

choking
agent

Y

riot
agents

Y

&
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Figure 7-2: PINS identification logic for the chlorine-based chemicals
CG, CK, CNB, CNS, and HN. The abbreviation “Cli/c ratio” stands for
‘thlorine inelastic-to-capture ratio”
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Phosgene Choking Agent Cl
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Cl1763
Si 1779
Fe 1811

Fe 1725
=
ra 1959CI 1951

Mww

P21_04May05_180.chn

H 2223
%Fe 2273

1700 1800 1900 2000 2100 2200 2300
gamma-ray energy (keV)

Key spectral features Caveats

+ Moderate or strong chlorine peaks at 1763, 1951, + The indicated hydrogen signal may be non-zero due to
and 1959 keV background under-subtraction.

+ Only background-level hydrogen peak + Besure to continue the assay for at least 1,000 seconds,

. to rule out other possible chlorine-based chemicals.
Spectrum ID Tips

+ This spectrum was measured from a 4.2-inch mortar
projectile containing diphosgene. The diphosgene (DP)
elemental concentrations are identical to those of CG.

+ Chlorine peaks will be evident in the PINS spectrum
within 100 seconds or less.

+ The 1763-keV Cl inelastic peak is equal to or stronger
than the 1959-keV Cl capture peak.

+ The 2223-keV hydrogen peak is entirely due to
background.

+ PINS spectra have been measured from less than a
dozen CG-filled containers and munitions.

Chemical name: phosgene NATO Symbol: CG

Chemical formula: COCl, Chemical type: choking agent
Key elements: chlorine 71.7 wt-% (WCschedule: 3

Key element ratios: (Cl 1763)/(Cl 1959) = 0.93 +£0.04 AKA: carbonyl chloride
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Phosgene Choking Agent, continued d
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Spectral comparison Distinguishing features

The figure above compares diphosgene, itself a choking + Strong chlorine peaks are seen in both the CG and CNS
agent and an accurate simulant for CG, (red curve) and CNS spectra at 1763, 1951, and 1959 keV.

riot agent (blue). Both spectra were measured from 4.2- - The chlorine inelastic-to-capture (Cl 1763/Cl 1959) peak
inch mortar projectiles. ratio is about 1.0 for CG, but about 0.4 for CNS.

Chemical name: phosgene NATO Symbol: CG

Chemical formula: COCl, Chemical type: choking agent
Key elements: chlorine 71.7 wt-% (WCschedule: 3

Key element ratios: (Cl 1763)/(Cl 1959) =0.93 £0.04 AKA: carbonyl chloride
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CNB Riot Agent

Cl, H

Key spectral features

+ Moderate or strong chlorine peaks at 1763, 1951, and
1959 keV

+ Moderate to strong hydrogen peak at 2223 keV

Spectrum ID Tips

+ Chlorine peaks will be evident in the PINS spectrum
within 100 seconds or less.

+ The 1763-keV Cl inelastic peak area is almost a factor of
ten smaller than the 1959-keV Cl capture peak.
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Caveats

+ Background over- or under-subtraction may render the
hydrogen peak area inaccurate.

- This agent is best identified by the absence of other key
elements, and by its characteristic chlorine inelastic-to-
capture ratio.

+ This spectrum was measured from a 4.2-inch mortar
projectile.

+ PINS spectra have been measured from less than a
dozen CNB-filled munitions.

Chemical mixture: chloroacetophenone, carbon tetrachloride, and
benzene

Chemical formulae: C,H.CIO 10 wt-% , CCl, 45 wt.-%, CH, 45 wt.-%

Key elements: chlorine 43.8 wt-%, hydrogen 3.9 wt-%

Key element ratios: (Cl 1763)/(Cl 1959) =0.13 +£0.02
NATO Symbol: CNB

Chemical type: riot agent

(W(schedule: n/a
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CNB Riot Agent, continued C,H
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Spectral comparison Distinguishing features

The figure above compares agents CNB (red curve) and + The 2223-keV hydrogen peakis larger for CNB than for

diphosgene (blue). Diphosgene, itself a choking agent, is (G; the CG hydrogen peak is entirely due to background.

an accurate simulant for CG. Both spectra were measured . The chlorine inelastic-to-capture (Cl 1763/Cl 1959) peak

from 4.2-inch mortar projectiles. ratio is greater than 1.0 for CG, but the ratio is about 0.15
for CNB.

Chemical mixture: chloroacetophenone, carbon tetrachloride, and  Key element ratios: (Cl 1753)/(Cl 1959) =0.13 £0.02

benzene NATO Symbol: CNB
Chemical formulae: C,H.CIO 10 wt. 9%, CCl, 45 wt.-%, C.H, 45 wt-% Chemical type: riot agent
Key elements: chlorine 43.8 wt-%, hydrogen 3.9 wt-% (W(schedule: n/a
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CNS Riot Agent

Cl, H
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Key spectral features

+ Moderate or strong chlorine peaks at 1763, 1951, and
1959 keV

+ Moderate hydrogen peak at 2223 keV

Spectrum ID Tips

+ Chlorine peaks will be evident in the PINS spectrum
within 100 seconds or less.

+ The 1763-keV Cl inelastic peak is smaller than the 1959-

keV Cl capture peak by a factor of two.

2100 2200 2300

gamma-ray energy (keV)

Caveats

+ Background over- or under-subtraction may render the

hydrogen peak area inaccurate.

- This agent is best identified by the absence of other key

elements, and by its characteristic chlorine inelastic-to-
capture ratio.

+ This spectrum was measured from a 4.2-inch mortar

projectile

+ PINS spectra have been measured from less than a

dozen CNS-filled munitions.

Chemical mixture; chloroacetophenone, chloropicrin,
and chloroform
Chemical formulae: CH.CIO 24 wt.-%, CNO,Cl, 38 wt.-%,
CHC, 38 wt.-%
Key elements: chlorine 64.5 wt-%, hydrogen 1.4 wt-%

Key element ratios: (Cl 1763)/(Cl 1959) =0.39 £0.06
NATO Symbol: CNS

Chemical type: riot agent

(WCschedule: 3
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CNS Riot Agent, continued C,H

CNS

Fe 1811
I 1959C| 1951

=}
n B
P~ P~
— —
) =
e W

223

P21_07Nov07 _120.chn

P21_04May05_180.chn W

H2
Fe 2273

Fe 1811

Cl1763
Si1779
cl1951
)
o

cl1959
H 2223

Fe 1725

%Fe 2273

1700 1800 1900 2000 2100 2200 2300
gamma-ray energy (keV)

Spectral comparison Distinguishing features

The figure above compares agents CNS (red curve) and + The 2223-keV hydrogen peakis larger for CNS than for

diphosgene (blue). Diphosgene, itself a choking agent, is (G; the CG hydrogen peak is entirely due to background.

an accurate simulant for CG. Both spectra were measured . The chlorine inelastic-to-capture (Cl 1763/Cl 1959) peak

from 4.2-inch mortar projectiles. ratio is greater than 1.0 for CG, but the ratio is about 0.4
for CNS.

Chemical mixture: chloroacetophenone, chloropicrin, Key element ratios: (Cl 1763)/(Cl 1959) =0.39 + 0.06
and chloroform NATO Symbol: CNS
Chemical formulae: C.H.CIO 24 wt.-%, CNO,Cl, 38 wt.-%, Chemical type: riot agent
CHCI, 38 wt.-% (W(schedule: 3

Key elements: chlorine 64.5 wt-%, hydrogen 1.4 wt-%
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KJ Smoke (, Sn
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Key spectral features Caveats

+ Moderate or strong chlorine peaks at 1164, 1763, 1951, + The hydrogen peak area can be non-zero if the
and 1959 keV background is under-subtracted.

+ Moderate or strong tin peaks at 1171, 1230 and 1294 keV - This spectrum was measured from a 4.2 inch mortar

. projectile replica containing simulated KJ smoke,
Spectrum ID Tips

+ No PINS spectra have been measured from containers

+ Chlorine peaks will be evident in the PINS spectrum or munitions filled with pure KI smoke.

within 100 seconds or less, and so will the tin peaks. - o )
+ A handful of muniticns containing a mixture of

KJ and a chemical warfare agent have been assayed
with PINS.

+ The 2223-keV hydrogen peak is entirely due to
background.

|
Chemical name: stannic chloride (W{schedule: n/a

Chemical formula: SnCl, AKA: tin tetrachloride, fuming spirit of Libavius

Key elements: chlorine 54.4 wt-%, tin 45.6 wt-%

NATO Symbol: KJ

Chemical type: smoke
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KJ Smoke, continued Cl, Sn

P30_08Jul11_210.chn

0
N
o : FM
€ e
o
= Ln
- 0
<t -
S -
= ¥ &
< =
]
-
0
w =
=
=
P21_05May05_180.chn
1000 1100 1200 1300 1400

gamma-ray energy (keV)

Spectral comparison Distinguishing features
The figure above compares simulated KJ smoke (red + KJ contains tin but no titanium.
curve) and actual FM smoke (blue). The KJ spectrum was . EM contains titanium but no tin.

measured from a 4.2-inch mortar projectile replica, and the
FM spectrum from a Livens projector shell.

= =
Chemical name: stannic chloride (WCschedule: n/a

Chemical formula: SnCl, AKA: tintetrachloride, fuming spirit of Libavius

Key elements: chlorine 54.4 wt-%, tin 45.6 wt-%

NATO Symbol: K!

Chemical type: smoke
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FM Smoke Cl, Ti
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Key spectral features Caveats

+ Moderate or strong chlorine peaks at 1164, 1763, 1951, + The hydrogen peak area can be non-zero if the
and 1959 keV background is under-subtracted.

+ Moderate or strong titanium peaks at 983, and 1381 ke - This spectrum was measured from a Livens

. projector shell,
Spectrum ID Tips

+ PINS spectra have been measured from less than a

+ Chlorine peaks will be evident in the PINS spectrum dizen Biv-Bllsd miitione

within 100 seconds or less, and so will the titanium
peaks.

+ The 983-keV titanium peak is the strongest and clearest
indicator of that element’s presence,

+ The moderate 2223-keV hydrogen peak is entirely due to
background.

_________________________________________________________________________________________________________________________|
Chemical name: titanium tetrachloride (WCschedule: n/a

Chemical formula: TiCl,

Key elements: chlorine 74.7 wt-%, titanium 25.3 wt-%

NATO Symbel: FM

Chemical type: smoke
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FM Smoke, continued CLTi
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Spectral comparison Distinguishing features

The figure above compares FM smoke (red curve) and + HC contains zinc but not titanium; FM contains titanium
HC smoke (blue). The HC spectrum was measured from but not zinc.

a smoke pot, and the FM spectrum from a Livens - Look for the 983-keV peak to identify titanium, and
projector shell. hence FM smoke.

+ The 1077-keV peak identifies zinc and hence HC smoke.

=
Chemical name: titanium tetrachloride (W(schedule: n/a

Chemical formula: TiCl,

Key elements: chlorine 74.7 wt-%, titanium 25.3 wt-%

NATO Symbol: FM

Chemical type: smoke
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HC Smoke (,Zn
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Key spectral features « The moderate 2223-keV hydrogen peak is entirely due to

. Moderate or strong chlorine peaks at 1164, 1763, 1951, background.
and 1959 keV

+ Moderate or strong zinc peaks at 991, 1039, and 1077
keV

Caveats

+ The hydrogen peak area can be non-zero if the
background is under-subtracted.

Spectrum ID Tips + This spectrum was measured from a smoke pot.

+ Chlorine peaks will be evident in the PINS spectrum
within 100 seconds or less, and so will the zinc peaks.

+ The 1077-keV peak is not the strongest zinc peak, but it is
probably the best zinc indicator.

+ The 991- and 1039-keV peaks often appear weakly as
background from other elements.

« If all three peaks are evident with area ratios of
approximately 3:2:1, zinc has been detected.

=ese=e=e=e=e=e
Chemical name: mixture of aluminum grains, zinc oxide, Chemical type: smoke

and hexachloroethane (WCschedule: n/a

Chemical formula: Al, 6.7 wt-%; Zn0, 46.7 wt-%; C.Cl, 46.7 wt.-%

Key elements: chlorine 41.9 wt-%, zinc 37.5 wt-%

NATO Symbol: HC
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HC Smoke, continued Cl, Zn
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Spectral comparison Distinguishing features

The figure above compares FM smoke (blue curve) and HC ~ + HC contains zinc but not titanium; FM contains titanium
smoke (red). The HC spectrum was measured from a smoke but not zinc.

pot, and the FM spectrum from a Livens projector shell. . Look for the 983-keV peak to identify titanium, and
hence FM smoke.

+ The 1077-keV peak identifies zinc and hence HC smoke.

I —
Chemical name: mixture of aluminum grains, zinc oxide, Chemical type: smoke

and hexachloroethane (WCschedule: n/a

Chemical formula: Al, 6.7 wt-%; ZnQ, 46.7 wt-9%; C.Cl,, 46.7 wt.-%

Key elements: chlorine 41.9 wt-%, zinc 37.5 wt-%

NATO Symbol: HC
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FS Smoke CLH,S
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Key spectral features Caveats

+ Moderate chlorine doublet peaks at 1951- and 1959-keV -« If the sulfur peak is easy to find, and it appears quickly,
. Moderate or weak hydrogen peak at 2223-keV the fill is likely FS. Check the Cl 1959/S 2223 ratio to
make sure. If the sulfur peak is harder to find, and it

+ Moderate sulfur peak at 2230-keV takes hundreds of seconds to appear, the fill is probably
+ The 1959-keV chlorine and 2230-keV sulfur peak areas mustard agent.

will be nearly equal . + Hydrogen may not be detected if the hydrogen

Spectrum ID Tips background is over-subtracted.
- The chlorine and sulfur peaks will be evident in 30-60 + This spectrum was measured from a 4.2-inch mortar
seconds. projectile.

« The sulfur peak will be roughly equal in size to the
1959-keV chlorine peak, the smaller peak on the right
member of the chlorine doublet.

« Often, the hydrogen peak is smaller than the 2230-keV
sulfur peak, as in the spectrum above, but it can be
bigger than the sulfur peak, due to a higher background.

Chemical name: sulfur trioxide disselved in chlorosulfonic acid Key elements: chlorine 13.7 wt-%, hydrogen 0.4 wt-%,
Chemical formulae: SO, 55 wt-%; CISO;H, 45 wt-% sulfur 34.4 wt-%
Chemical type: screening smoke Key element ratio: (C11959)/(S2230)=15%1.0

(W(schedule: n/a
NATO Symbol: FS
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FS Smoke, continued
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Spectral comparison

The chlorine-hydrogen spectral regions of FS smoke (red
curve) and mustard agent (blue curve) are compared in the
figure above. Both PINS spectra were measured from 4.2-
inch mortar projectiles.

Distinguishing features

+ In the spectra above, the mustard agent chlorine 1959-keV
to sulfur 2230-keV (CI/S) peak area ratio is 12.9, while the
FS smoke CI/S ratio is almost a factor of twenty lower, 0.7.

1700 1800 1200 2000

2100 2200 2300

gamma-ray energy (keV)

The mustard agent CI/S ratio is rarely less than 8 or more
than 16.

The FS smoke CI/S ratio is usually about 1.0, and it almost
hever exceeds 2.5.

The FS smoke hydrogen peak is mostly dueto
hackground. It is larger than the 2230-keV sulfur peakin
the spectrum above, but it sometimes appears smaller,
as seen in the spectrum on the previous page.

« If the 2230-keV sulfur peak is quickly and easily

identified, the likely fill is FS smoke, not mustard agent.

Chemical name: sulfur trioxide dissolved in chlorosulfonic acid
Chemical formulae: SO, 55 wt-9%; CISO,H, 45 wt-%

Chemical type: screening smoke

(WCschedule: n/a

NATO Symbol: FS

Key elements: chlorine 13.7 wt-%, hydrogen 0.4 wt-%,

sulfur 34.4 wt-%

Key element ratio: (Cl 1959)/(52230)=15+1.0
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Sulfur Mustard Blister Agent
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Key spectral features

« Strong chlorine doublet peaks at 1951- and 1959-keV
+ Moderate hydrogen peak at 2223-keV

+ Weak sulfur peak at 2230-keV

+ The 1959-keV chlorine peak will appear about ten
times bigger than the 2230-keV sulfur peak.

Spectrum ID Tips

+ The chlorine and hydrogen peaks will be evident in
30 seconds.

« The sulfur peak may take 300-500 seconds to appear.

+ The sulfur peak will be roughly a factor of ten smaller
than the 1959-keV chlorine peak.

+ Note the comparison of mustard and FS smoke spectra
on the next page.

2100 2200 2300

gamma-ray energy (keV)

Caveats

+ The hydrogen peak amplitude is normally smaller than

the chlorine doublet peaks, as in the figure above, but
it may appear bigger, depending on the background
hydrogen level.

+ Two mustard agent variants, H (also called HS) and

HD, differ principally by the impurities they contain.

+ Agent HT is a mixture of agent HD, 60% and

agent T, 40%.

+ Agent T, bis{2(2-chloroethylthic)ethyl} ether, is a

chlorine-sulfur compound related to HD.

+ Since agents H, HD, and HT have similar elemental

ratios, PINS does not distinguish between them.

+ This spectrum was measured from a 4.2-inch mortar

projectile

Chemical name: bis (2-chloroethyl) sulfide
Chemical formula: C,H,Cl,S

Key elements: Cl 44.7 wt-%, H 5.0 wt-%, S 20.1 wt-%
Key element ratio: (Cl 1959)/(5 2230) =12+ 4

NATO Symbols: H or HS, HD

Chemical type: blister agent
(WCschedule: 1
AKA: mustard gas, das Lést, Yperite
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Sulfur Mustard Blister Agent, continued CLH,S
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Spectral comparison + The mustard agent CI/S ratio is rarely less than 8 or more
PINS spectra of mustard agent (red curve) and FS smoke than 16.

(blue curve) are compared in the figure above. Both PINS « The FS smoke CI/S ratio is usually about 1.0, and it almost
spectra were recorded from 4.2-inch mortar projectiles. never exceeds 2.

+ The FS smoke hydrogen peak is mainly background, and

Distinguishing features _
it can appear smaller than the 2230-keV sulfur peak.

+ In the spectra above, the mustard agent chlorine 1959-keV
to sulfur 2230-keV (CI/S) peak area ratio is 12.9, while the
FS smoke CI/S ratio is almost a factor of twenty lower, 0.7.

+ If the 2230-keV sulfur peak is quickly and easily
identified, the likely fill is FS smoke, not mustard agent.

Chemical name: bis (2-chloroethyl) sulfide Chemical type: blister agent
Chemical formula: C,H,ClS (WCschedule: 1
Key elements: Cl 44.7 wt-%, H 5.0 wt-%, § 20.1 wt-% AKA: mustard gas, das Lost, Ypetite

Key element ratio: (Cl 1959)/(S2230)=12+4
NATO Symbols: H or HS, HD
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(KBlood Agent

Cl, N

Key spectral features

+ Moderate or strong chlorine peaks at 1763, 1951, and
1959 keV

+ Weak nitrogen peaks at 10318, 10829 keV
+ Only background-level hydrogen peak

Spectrum ID Tips

+ Chlorine peaks will be evident in the PINS spectrum
within 100 seconds or less.

+ The 1763-keV Cl inelastic peak is approximately equal to
the 1959-keV Cl capture peak.

+ The 2223-keV hydrogen peak is entirely due to
background.

« Weak nitrogen peaks are also observed, typically after
1,000 seconds of counting.
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Caveats

+ The indicated hydrogen signal may be non-zero due to

background under-subtraction.

+ Besure to continue the assay for at least 1,000 seconds,

to identify the presence of nitrogen.

+ CK may contain sodium pyrophosphate at the 5% level,

to stabilize the agent against a potentially explosive
polymerization reaction. PINS may detect phosphorus in
this instance, in addition to chlorine and nitrogen.

+ This spectrum was measured from simulated CKin a

4.2-inch mortar projectile replica.

+ No PINS spectra have been measured from containers

or munitions filled with agent CK,

Chemical name: cyanogen chloride

Chemical formula: CNCI

Key elements: chlorine 22.8 wt-%, nitrogen 5.0 wt-%
Key element ratios: (Cl 1763)/(Cl 1959)=1.0+0.3

NATO Symbol: CK
Chemical type: blood agent
(W(schedule: 3
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CK Blood Agent, continued (N
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Spectral comparison Distinguishing features

The figure above compares simulated CK (red curve) and + The chlorine inelastic-to-capture (Cl 1763/Cl 1959) peak
HN-3 (blue). The CK spectrum was measured from a ratio is approximately 1.0 for CK, but the ratio is less than
4.2-inch mortar projectile replica, and the HN-3 spectrum 0.1 for HN-3.

from a German Traktor rocket.

Chemical name: cyanogen chloride NATO Symbol: CK
Chemical formula: CNCI Chemical type: blood agent
Key elements: chlorine 22.8 wt-%, nitrogen 5.0 wt-% (WCschedule: 3

Key element ratios: (Cl 1763)/(C1 1959)=1.0£0.3
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Nitrogen Mustard-3 Blister Agent CIL,N,H
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Key spectral features Caveats

+ Moderate or strong chlorine peaks at 1164, 1763, 1951, + Besure to continue the assay for at least 1,000 seconds,
and 1959 keV to identify the presence of nitrogen.

+ Weak nitrogen peaks at 10318, 10829 keV + The chemical formula below is for the nitrogen

mustard-3 variant, but the nitrogen mustard-1 and

+ Strong hydrogen peak
nitrogen mustard-2 variants are similar. Nitrogen

Spectrum ID Tips mustard-3 is the most stable of the three variants, and it

- Chlorine peaks will be evident in the PINS spectrum is one of the chemical fills of World War Il German Traktor
within 100 seconds or less. rockets.

. The 1763-keV Cl inelastic peak is weaker than the + The spectrum was measured from a German Traktor
1959-keV Cl capture peak. rocket.

+ The 2223-keV hydrogen peak is strong, but the chlorine
peaks at 1951 and 1959 keV will be three times as strong.

+ Weak nitrogen peaks will be observed in 1,000 seconds
or S0,

Chemical name: 2, 2; 2"Trichlorotriethylamine NATO Symbol: HN-3
Chemical formula: CH,,CI;N Chemical type: blister agent
Key elements: chlorine 22.8 wt-%, nitrogen 5.0 wt-% (WCschedule: 1

Key element ratios: (Cl 1959)/(H2223)=35+0.4 AKA: nitrogen mustard - 3

(C11763)/(C1 1959)=0.16 +£0.15
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Nitrogen Mustard-3 Blister Agent, continued C,N,H
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Spectral comparison Distinguishing features

The figure above compares simulated CK (blue curve) and ~ « The chlorine inelastic-to-capture (Cl 1763/Cl 1959) peak
HN-3 {red). The CK spectrum was measured from a 4.2-inch ratio is greater than 1.0 for CK, but the ratio is less than
mortar projectile replica, and the HN-3 spectrum from a 0.2 for HN-3.

German Traktor rocket.

Chemical name: 2, 2; 2"-Trichlorotriethylamine NATO Symbol: HN-3
Chemical formula: CH,,CI.N Chemical type: blister agent
Key elements: chlorine 22.8 wt-%, nitrogen 5.0 wt-% (WCschedule: 1

Key element ratios: (Cl 1959)/(H 2223)=3.5+0.4 AKA: nitrogen mustard - 3

{C11763)/(C1 1959) =0.16 £ 0.15
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Chapter 8:

Bromine-Based Chemical Identification
= 4

While there are multiple toxic bromine compounds, just References
one—bromobenzyl cyanide—has been militarized by the

United States. Bromobenzyl cyanide is called agent CA for L. James A.E Compton, Military Chemical and Biological

Agents (Caldwell, NJ: The Telford Press, 1987)
pages 209 to 214. Military Chemistry and Chemical
Compounds, U.S. Army Ficld Manual 3-9, October
1975, pages 3-23 and 3-24.

Riot Agent (A 2. AM. Prentiss, Chemicals in Wir (New York:

Agent CA is onc of the most powerful tear-producing McGraw-Hill, 1937) page 144.
agents. [2] In addition to bromine, agent CA contains the

short. This tear-producing agent was used during World
War I, but it was replaced in the 1920s by riot agents based
on chloroacetophenone, agent CN.[1]

PINS key elements hydrogen and nitrogen.

Spectral Identification

As shown in Figure 8-1, identification of agent CA requires
detection of bromine, hydrogen, and nitrogen gamma-ray
peaks. The strongest bromine gamma ray is the peak at

276 keV.
yes yes ;
‘ riot agent

no no
other

Figure 8-1: Bromine chemical identification branch of the PINS
decision tree.
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CA Riot Agent Br,N, H
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Key spectral features Caveats

+ Moderate or strong bromine peaks at 217, 245, 261, and + A 3,000 second counting interval may be necessary to
276 keV observe the nitrogen peak(s) from a small munition like

- Moderate or strong hydrogen peak at 2223 keV a 75>-mm artillery projectile.

. Weak nitrogen peak(s) at 10318 and/or 10829 keV + This spectrum was measured from a 4.2 inch mortar
projectile replica containing simulated agent CA.

Spectrum ID Tips + No PINS spectra have been measured from agent

+ Bromine peaks will be evident in the PINS spectrum CA-filled containers or munitions.
within 100 seconds or less, and so will the hydrogen
peak.

« The nitrogen peak{s) may take over 1,000 seconds to
become visible.

Chemical name: bromobenzyl cyanide Chemical type: rict agent
Chemical formula: C;H.BrN (Wschedule: n/a
Key elements: hydrogen 3.0 wt.-%, bromine 40.8 wt.-%, AKA: BBC camite

nitrogen 7 wt.-%
NATO Symbol: CA
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Chapter9:
Nitrogen-Based Chemical Identification

Explosive Identification
'The nitrogen-based chemicals identified by PINS are

expiosives. Military explosives contain the elements carbon,
hydrogen, nitrogen, and OXygen. Table 9-1 dispiays the

clemental composition of several common miiitary expiosives.

Table 9-1: Elemental Composition of Explosives, in Weight-%.

Explosive Formula* carbon hydrogen nitrogen oxygen
Comp. B RDX 60%, TNT 40% 24.5 25 30.4 42.8
C-4 RDX 90%, PIB** 10% 252 3.9 34.1 38.9
HMX CHN,O, 16.2 2.7 38.7 43.2
PETN CH MO, 19.0 2.5 17.7 60.8
RDX C,HN O, 16.2 2.7 37.8 43.2
TNT CHLN O 37.0 2.2 18.5 42.3

*Chemical formulae from reference 1.
“*polyisobutylene (PIB), C H, [2].

However, the PINS Cf-252 source dees not excite carbon The nitrogen peaks cannot be fit with Gaussians, as they
or OXygen very well, as discussed in Chapter 1. Henee the contain too few counts for a reasonable counting time.
PINS explosive identification logic reduces to detection of Hence, PINS nitrogen peaks arc analyzed using the

the key elements nitrogen and hydrogen, as shown in Figure  summing methods described below.

9-1. As noted in previous chapters, hydrogen gamma-ray

detection is performed by simpiy ﬁtting a Gaussian to the

peak at 2223 keV and evaluating its arca and uncertainty.

Nitrogen gamma-ray peak analysis, the principal topic of

this chapter, is much more challenging, and yet it defines

the critical path for PINS explosive identification.

Nitrogen Gamma-Ray Peak Analysis
The PINS nitrogen peaks are rather weak in intensity, for yeis yesi
three reasons: the nitrogen thermal capture cross section is just
80 millibarns, the branching ratio for the N 10829-keV peak
l no

is low, 0.14, and the HPGe detector’s efficiency is an order

of magnitude lower at 10 MeV than at 2 MeV. Two nitrogen
spectral lines are of interest, at 10318 keV and 10829 keV. .
'The higher energy peak is produced by the neutron capture pra ctice-fill
seaction TN & s NF =N 5 v, while the lower energy chemicals

peak is the corresponding singie-escape peak. Portunateiy, the

backgro und is rather low in this spectrai region.

Figure 9-1. PINS Explosive dentification Logic.
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The test for nitrogen detection is based on the following
characteristics of typical PINS spectra in the high-energy,

nitrogen gamma-ray region:

*  The background count is essentially constant across
the region containing possible nitrogen peaks, and the
expected number of background counts per channel
is small. (In fact there will be many channels with no
background counts recorded.)

e For the purpose of nitrogen detection, counts in the
9-channel regions centered at 10318 keV and 10829
keV are considered to be possible nitrogen peak
counts. Counts in 40-channel regions to cither side of
the 9-channel peak regions are used to represent the
background. Between cach 9-channel peak region and
40-channel background region is a 9-channel “buffer”
region, that is not used in the calculations. The buffer
regions account for the possibility of the peak regions
not being well-centered at the 10318 keV and 10829
keV energies due to energy calibration errors. The
summing regions for the 10318 keV nitrogen single-
cscape peak arc shown in Figure 9-2 below.

*  If there is no nitrogen present in the sample under test,
then the only counts that occur in the nitrogen peak
channels will be background counts and they will occur
with the same probability (i.c., at the same rate) as
counts in the background channels.

10p

nitrogen peak summing region —
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e When nitrogen is present in the sarnple, there are
additional counts above background in the 10318 keV
and 10829 keV regions.

The presence or absence of nitrogen in the unknown fill is
ascertained by the degree to which the actual distributicn
of counts in the peak and background regions differs from a
uniform distribution. This is determined (for the 10318 keV
and 10829 keV peak regions separately) in the following way.

Consider thar £ counts are obrained in the 9-channel peak
region, while a toral of # counts are obrained for the two
40-channel background regions. Because the background

in these regions is uniform, the number of background
counts B in the peak region is estimated to be B = (%/80)x9.
Thus the number of net counts A in the peak region duc to
nitrogen gamma-rays is A = & - B. The metric #* = A%, can
be interpreted as the net nitrogen peak arca divided by the
“peak uncertainty”. Note that the value # = 0 occurs when £
= B (clearly no nitrogen) and when £ < B (any negative valuc
of #* is set to zero), while the value #* = 1 is “suggestive” of
the presence of nitrogen. This latter statement is borne out
by our examinations of spectra from known HE fills.

Due to the typically small number of counts in the nitrogen
peak regions, it is important to account for the background
due to the liquid nitrogen used to cool the germanium
detector. We experimentally determined this contributien
to be approximately 1.15 counts/1000 livetime seconds for

HE simulant, 600 seconds
p10_29Jun11_240.chn

upper
backgreund
summing region

LI Il lllJ

7400

7450

7500

channel

Figure 9-2. Summing regions for the nitrogen single-escape peak.
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the 10518 keV peak, and approximately 0.95 counts/ 1000
live seconds for the 10829 keV peak. The fractional count
& (linear in livetime) due to this nitrogen background is

accommodated by a slightly altered metric
# = (h—B— btk +

An extended comment on our formulation of #: The
accumulation of counts in the 9-channel peak region isa
Poisson [3] process, since counts occur continuously and
independently of one another. Thus, if the interrogation ofa
fill for a set time period was repeated many times, a Poisson
distribution (for that set time period) would be created,
with a mean count k and variance K for the 9-channel

peak region. Since we typically interrogate a fall only once,
we assume £ = K, so /e“z is the standard deviation (or
uncertainty, in units of counts) associated with the number
of counts £ Thus #* is the ratio of the number of possible
nitrogen counts (duc to the fill) in the peak region, to the
number of “uncertain” counts in the peak region. This ratio
should be greater than one in order to believe that nitrogen
has been detected.

Figure 9-3 shows the portion of the spectrum (for a nitrogen-
containing simulant fill interrogated for 600 seconds) near
the 10318 keV single escape peak, with the 9-channel peak
region and the two 40-channel background summing regions
indicared. In this case the peak contains £ =19 gross counts.
Since the two background regions contain 7z = 14 + 8 = 22
counts, the background in the peak summing region £ =
(22/80)x9 = 2.47 counts. The liquid nitrogen background

& = 1.15E-3 countsfsec * 600 seconds = 0.69 counts. Thus
the net peak arca A = 19 — 2.47 — 0.69 = 15.84 counts and
the ratio 2 15.84/sqre(19 + 0.69) = 3.57. A similar
calculation for the nitrogen 10829-keV full energy peak
finds r*mm = 1.48, and adding #*values for both peaks,

* * ok
Prosis t Fros20 = Floum = 5.05.

Nitrogen Identification

Thﬁ measurc Of COHﬁdCI’lCﬁ that the unknown ﬁll contains

nitrogen is given by the value of the “signature function”

Py= 0t < L where B = e
= H H#

=fif1<t’ =2

g i F¥

=1,ift*,,, > 2.and

f =0.5-05cosm{t* . - 1)/(2-T)1.

Values P = 1 and 0 indicate that the fill surely does, and
surely does not, contain nitrogen; intermediate values
indicate more or less confidence that the fill contains

nitrogen.

The decision to use the sum fklosls + fkloszg is purely
empirical: we find that the individual values fkloals and
r*10829 calculated for a known HE spectrum are rarely both
large, and often one of the two is quite small. Similarly, the
critical sum values 1 and 2 in the signature function above,
while having a logical basis, were arrived at by interrogation
of HE fills and simulants in many different types of

containers and projectiles ranging from 75-mm to 135-mm.

Figure 9-3 below displays the evolution of the nitrogen

region of an explosive simulant. As more nitrogen counts

accumulate in the peak regions during the interrogatien, the
. % .

correspondmg om values increase.

600 sec t*sum= 505

N 10318

N 10829

1
|
400sec t* =364
1
|
1

counts per channel

200 sec t*Sum =263

0 1 IlIIII Illl [

1,000 second backgrourid
t =044

7300 7400 7500 7600 7700 7800
channel

Figure 9-3. PINS spectrum nitrogen region for a background spec-
trum, and explosive simufant chemical spectra measured for 200, 400,
and 600 seconds. For the background spectrum, the t*,,, = 0.44, and
hence the nitrogen detection confidence fevel P, is 0. For the other
three spectra, %, > 2 in alf cases, and the detection confidence level
P, =1.0.
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In Figure 9-4 below, the signature function Py ls compared

with the Poisson cumulative probability distribution for 2.4

baekground COLLITS. ThC wo functions, WhllC thCY I'CPI'CSCIH

different approaches to assessing the likelihood that the fill

contains nitrogen, produce very similar curves.

Explosive dentification

For explosive identification, the PINS software requires

detection of hydrogen with # = 3.0 or greater, and detection

Of I’lltl‘OgCI’l, as mdlcated by thﬁ 51gnature ValllCS t 10318

and " gg29 SUMming to 1.8 or greater and producing a
confidence level Py = 0.9.

08—

06—

Poisson

0.4

0.2

0.0

= e e e = s

Figure 9-4. Comparison of the Poisson cumulative distribution function with the PINS P,, function.
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Explosives N,H
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Key spectral features Caveats
+ Weak nitrogen peak(s) at 10318 and/or 10829 keV + The nitrogen double-escape peak at 9807 keV is
. Moderate or strong hydrogen peak at 2223 keV only observed from large explosive objects, like
the Composition B-filled 155-mm artillery shell that

Spectrum ID Tips produced the spectrum above.
- It may take 1,000 to 3,000 seconds for a detectable - Smaller explosive objects, e.g. 75-mm artillery shells, may

nitregen peak to appear in the PINS spectrum of an take 3,000 seconds to identify.

explasive: + PINS is not sufficiently sensitive to nitrogen to reliably
+ Hydrogen will be evident in 100 seconds. identify the explosive burster in chemical and smoke
+ Because the nitrogen concentration varies among munitions.

explosives, the identification time varies too. - The spectrum was measured from a 155-mm artillery
+ The nitrogen single-escape peak at 10318 is usually the projectile.

strongest of the nitrogen peaks.

Explosive chemical example: trinitrotoluene Chemical type: explosive
Chemical formula: C;HN,O, (Wschedule: n/a
Key elements: hydrogen 2.2 wt-%, nitrogen 18.5 wt-% AKA: TNT

NATO Symbol: HE
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Chapter 10
Practice Munition Fills: Boron,
Calcium, Silicon, and Sodium-Based Chemicals

Practice Fills l
For €Conomy and safety, military practice munitions are
often filled with inert substances. Concrete, plaster-of—

; ; ; es es
Paris, and sand are frequent practice fills. For chemical y - y
warfare munition practice fills, a water/antifreeze mixture is
common, and decontamination bleach is sometimes used.

Spectrum Identification l no

The practice fill chemicals are based on boron, calcium,
silicon, and sodium, and the practice—ﬁll identification logic yes yes
is based on the same chemical elements, as shown in )
Figure 10-1.
l no

Boron and hydrogen are the key clements for identification

of water/antifreeze (W/AF) mixtures. Modern auromorive
antifreeze is mainly ethylene glycol, and itis usuaﬂy mixed
with an equal amount of water. Under neutron bombardment, yes yes
—_—

bOth ethylene leCOI and water PI’OdllCﬁ StI‘OI’lg hYdI'OgCH — B IeaCh

gamina rays. BOI’OH, in the fOI’I’H ofsodium tetraborate

decahydrate, is added to antifreeze as a corrosion inhibitor.[1]
. no
Even a small concentration of boron produces a large gamma l

ray peak at 477 keV, because boron-10 has a remarkably large

thermal neutron capture cross section, 3837 barns.[2]

Calcium can indicate three practice fills. If sulfur and —
hydrogen are also present, the practice fill is plaster-of-
Paris (POP), calcium sulfate dihydrate.[3] Alternatively, if
chlorine is present, the fill is calcium-hypochlorite bleach, a
type of decon bleach.[4] Calcium is also found in concrete.

e
-]
@]

Sodium hypochlorite is another type of decon bleach.[5]

Chlorox bleach is a commercial example.

Silicon alone indicates a sand practice fill. Sand is largely
silicon dioxide.[6] Silicen in combination with calcium and
hydrogen identifies a concrete practice fill.[7] Figure 10-1: PINS decision tree branch for practice-fill chemicals.
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Water — Antifreeze B,H
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ete”

Ge 326
H2223

Fe 352
——*BA478

Fe 1725
511779

gGe 500
r
Fe 2273

Fe 1811

P7_08Feb07_03.chn

300 400 500 1700 1800 1200 2000 2100 2200 2300
gamma-ray energy (keV)

Key spectral features Caveats

+ Strong or very strong boron peak at 478 keV + Boron in the neutron shielding of the PINS Cf-252 source
. Strong or very strong hydrogen peak at 2223 keV shipping bucket can induce a false positive for boron in
spectra from the item under test.

Spectrum D Tips + Keep the shipping bucket at least 10 feet away from the

+ The boron peak is Doppler-broadened. PINS system during assays.

+ The spectrum was measured from a 4.2-inch mortar
projectile replica.

|
Chemical names: water, ethylene glycol, sodium tetraborate Chemical type: practice fill
decahydrate (WCschedule: n/a
Chemical mixture: Na,B,0,-H,0
Key elements: boron 0.7 wt-2%, hydrogen 10.3 wt-%, sodium 0.2 wt-%
NATO Symbol: n/a
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Concrete Ca, Si, H
=i
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Key spectral features Caveats
+ Moderate or strong calcium peak at 1942 keV + Calcium, hydrogen, and silicon peaks commonly appear
. Strong silicon peak at 1779 keV as background peaks in PINS spectra. Be sure to measure

and subtract background before concluding a munition

+ Moderate or strong hydrogen peak at 2223 keV i< filled with concrete.

Spectrum ID Tips - The spectrum was measured from a 4.2-inch mortar
- The 1779-keV silicon peak will be stronger than the projectile.
calcium or hydrogen peak. + PINS spectra have been measured from less than a

dozen concrete-filled munitions.

Chemical name: concrete Chemical type: practice fill
Chemical formula: mixture of Portland cement, crushed rock, sand,  (W{schedule: n/a
and water, AKA: Portland concrete

Key elements: calcium, hydrogen, silicon
NATO Symbol: n/a
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Concrete, continued Ca, Si, H
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Spectral comparison Distinguishing features
The figure above compares PINS spectra of concrete + POP contains sulfur, but not silicon.
(red curve) and plaster-of-Paris (blue). The concrete PINS . Concrete contains silicon, but not sulfur.

spectrum was measured from a 4.2-inch mortar projectile,
and the plaster-of-Paris (POP) spectrum was measured
from a 1,000 pound aerial bomb.

Chemical name: concrete Chemical type: practice fill
Chemical formula: mixture of Portland cement, crushed rock, sand, (WCschedule: n/a
and water. AKA: Portland concrete

Key elements: calcium, hydrogen, silicon
NATO Symbol: n/a
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Plaster-of-Paris (a,S, H
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Key spectral features Caveats

+ Moderate or strong calcium peak at 1942 keV + Calcium and hydrogen peaks commonly appear as
background peaks in PINS spectra. Be sure to measure
and subtract background before concluding a munition

is filled with plaster-of-Paris.

+ Strong hydrogen peak at 2223 keV
+ Moderate sulfur peak at 5420 keV

Spectrum ID Tips - EOD soldiers sometimes apply a plaster-of-Paris (POP)

+ A weak or moderate sulfur peak may alsc be observed at
2379 keV.

+ It's often easier to see the calcium, hydrogen, and
2379-keV sulfur peak if the spectrum is viewed with a
logarithmic vertical scale.

+ The 2223-keV hydrogen peak will be larger than the
1942-keV calcium peak or the 2379-keV sulfur peak.

bandage to a recovered munition as a render-safe
measure, PINS is not sensitive to the small amount of
POP in these bandages.

+ The spectrum was measured from a 1,000-pound

Navy aerial practice bomb.

+ PINS spectra have been measured from less than

twenty POP-filled munitions.

|
Chemical name: calcium sulfate dihydrate Chemical type: practice fill
Chemical formula: CaS0,-2H,0 (Wschedule: n/a
Key elements: calcium 32.3 wt-%, hydrogen 3.2 wt-%, AKA: plaster-of-Paris, POP
sulfur 25.8 wt-%
NATO Symbol: n/a
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Plaster-of-Paris, continued Ca,S, H
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Spectral comparison Distinguishing features
The figure above compares PINS spectra of concrete + POP contains sulfur, but not silicon.
(blue curve) and plaster-of-Paris (red). The concrete PINS . Concrete contains silicon, but not sulfur.

spectrum was measured from a 4.2-inch mortar projectile,
and the plaster-of-Paris (POP) spectrum was measured
from a 1,000 pound aerial bomb.

Chemical name: calcium sulfate dihydrate Chemical type: practice fill
Chemical formula: CasSQ,-2H,0 CWCschedule: n/a
Key elements: calcium 32.3 wt-%, hydrogen 3.2 wt-%, AKA: plaster-of-Paris, POP

sulfur 25.8 wt-%
NATO Symbol: n/a
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Calcium Decontamination Bleach Ca, (LLH

calcium bleach
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Key spectral features Caveats

+ Weak or moderate calcium peak at 1942 keV + The chlorine-to-hydrogen ratio for decon bleach is

. Moderate or strong chlorine peaks at 1165, 1951, and variable, depending on dilution, but always less than 0.5.
1959 keV + If the chlorine-to-hydrogen ratio > 1.0, the fill chemical

- Strong or very strong hydrogen peak at 2223 keV is likely a chemical warfare agent.

+ “Super tropical bleach” (STB) is another type of calcium-

Spectrum ID Tips based decon bleach.

+ The chlorine-to-hydrogen ratio, (Cl 1959/H 2223), is less

+ The spectrum was measured from a 4.2-inch mortar
than 0.5.

projectile replica.

+ PINS spectra have been measured from less than a
handful of munitions filled with calcium decon bleach.

Chemical name: calcium hypochlorite dissolved in water Chemical type: practice fill
Chemical mixture: Ca0,Cl, 5%, H,0 95% (Wschedule: n/a
Key elements: chlorine 2.5 wt-%, hydrogen 10.6 wt-%, AKA: HTH bleach

calcium 1.4 wt-%
NATO Symbol: n/a
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Calcium Decontamination Bleach, continued Ca,C,H
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Spectral comparison Distinguishing features

The figure above compares PINS spectra of calcium + Sodium bleach contains sodium, chlorine, and hydrogen.
hypochlorite bleach (red curve) and sodium hypochlorite . Calcium bleach contains calcium, chlorine, and

bleach (blue). Both spectra were measured from 4.2-inch hydrogen.

[OEILEY prgeEtiles: - A weak or moderate 440-keV sodium peak can often be

observed in sodium bleach spectra.

- A weak 1942-keV calcium peak may be observed in
calcium bleach spectra.

Chemical name: calcium hypochlorite dissolved in water Chemical type: practice fill
Chemical mixture: Ca0,Cl, 5%, H,0 95% CWCschedule: n/a
Key elements: chlorine 2.5 wt-%, hydrogen 10.6 wt-%, AKA: HTH bleach

calcium 1.4 wt-%
NATO Symbol: n/a
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Sodium Decontamination Bleach Na,Cl, H
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Key spectral features Caveats

« Weak or moderate sedium peak at 472 keV + The chlorine-to-hydrogen ratio for sodium decon

. Moderate or strong chlorine peaks at 1165, 1951, and bleach is variable, depending on dilution, but always
1959 keV less than 0.5.

. Strong or very strong hydrogen peak at 2223 keV « If the chlorine-to-hydrogen ratio > 1.0, the fill is likely a

chemical warfare agent.

Spectrum ID Tips + The spectrum was measured from a 4.2-inch mortar

+ The chlorine-to-hydrogen ratio, (Cl 1959/H 2223), projectile replica.
is less than 0.5.

Chemical name: sodium hypochlorite dissolved in water Chemical type: practice fill
Chemical mixture: NaOCl 5%, H,0 95% (Wschedule: n/a
Key elements: chlorine 2.4 wt-%, hydrogen 10.6 wt-%, AKA: Chloroy, sodium decon bleach

sodium 1.2 wt-%
NATO Symbol: n/a
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Sodium Decontamination Bleach, continued Na, Cl, H
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Spectral comparison Distinguishing features

The figure above compares PINS spectra of calcium + Sodium bleach contains sodium, chlorine, and hydrogen.
hypochlorite bleach (blue curve) and sodium hypochlorite | calcium bleach contains calcium, chlorine, and

bleach (red). Both spectra were measured from 4.2-inch hydrogen.

[OEILEY prgeEtiles: - A weak or moderate 440-keV sodium peak can often be

observed in sodium bleach spectra.

- A weak 1942-keV calcium peak may be observed in
calcium bleach spectra

Chemical name: sodium hypochlorite dissolved in water Chemical type: practice fill
Chemical mixture: NaOCl 5%, H,0 95% CWCschedule: n/a
Key elements: chlorine 2.4 wt-%, hydrogen 10.6 wt-%, AKA: Chlorox, sodium decon bleach

sodium 1.2 wt-%
NATO Symbol: n/a
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Sand Si
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Key spectral features Caveats
+ Strong or very strong silicon peak at 1779 keV + Silicon and hydrogen peaks commonly appear as
. Moderate silicon peak at 3539 keV background peaks in PINS spectra. Be sure to measure
and subtract background before concluding a munition
Spectrum ID Tips is filled with sand.
« The sand silicon peak will be at least a factor of two + The spectrum was measured from a 4.2-inch mortar
larger than the 2223-keV hydrogen peak. projectile replica.

Chemical name: silicon dioxide Chemical type: practice fill
Chemical formula: SiO, (Wschedule: n/a
Key elements: silicon 46.7 wt-% AKA: silica

NATO Symbol: n/a
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Sand, continued Si
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Spectral comparison Distinguishing features

The figure above compares PINS spectra of sand (red + Sand contains only silicon and oxygen.

curve) and concrete (blue). Both the concreteandthesand | conerete contains calcium, silicon, hydrogen and
spectra were measured from 4.2-inch mortar projectiles. oxygen.

- Concrete may contain other elements as well, for
example aluminum, depending on the content of the
crushed stone or aggregate added to the mix.

Chemical name: silicon dioxide Chemical type: practice fill
Chemical formula: SiO, (WCsdchedule: n/a
Key elements: silicon 46.7 wt-% AKA: silica

NATO Symbol: n/a
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Appendix A
Hazardous Industrial Chemicals

In addition to chemical warfare agents and explosives,
industrial chemicals also can be identified nondestructively
by PINS. For brevity, this chapter is limited to just four

examples of hazardous industrial chemicals.

Three of the industrial chemicals discussed below are
compressed gases, and one is a densc liquid. The gases would
be found in compressed gas cylinders, of course, and the
liquid in cither a glass or metal container. PINS has been
used to identify these and other industrial chemicals found
in unlabeled containers. Figure A-1 presents the chemical
identification logic limited to the four industrial chemicals,

plus d related COHIPI'CSSCCl g4as.

Acetylene Identification

If silicon is detected from a cornpressed-gas cylinder along
with calcium plus a strong or very strong hydrogen peak, the
cylinder contains the welding gas acetylene, C,H.,.[1]

Why the silicon and calcium? Acetylene cannot be safely
stored by sirnply compressing it; it tends to explode at
pressures above 15 psi. Acetylene can be safely stored in
acctone-filled porous ceramic media. Fach volume of
acetone can hold 300 volumes of dissolved acetylene at 12
atmospheres.[2] The calcium and silicon gamma rays are
produced in the ceramic material, and the hydrogen gamma

rays in thﬁ acetone aIld acetylene.

Silicon is indicated in PINS spectra by gamma rays at 1779
and 3539 keV. The 1779-keV inclastic silicon peak is scen
in almost all PINS spectra as a background artifact, and
hence silicon should always be evaluated using background
subtraction. Hydrogen is also a common PINS background
element, and the 2223-keV hydrogen peak should always be
background-subtracted.

Chlorine Identification

Chlorine gas, the first chemical warfare agent used in
World War I,[3] is now widely used for water purification.
[4] As discussed in previous chapters, chlorine produces a
rich set of gamma-ray peaks under neutron bombardment,
including peaks at 1165, 1763, 1951, and 1959 keV.

In PINS assays of pure chlorine gas (Cl,), the chlorine
inelastic—to-capture peak ratio will be approximately 1.0,
and no other chemical elements will be detected, save iron

fI’OI’H thﬁ steel compressed—gas cylinder.
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Figure A-1: PINS decision-tree branch for hazardous industrial
chemicals.

Hydrogen Fluoride Identification

Fluorine produces inelastic gamma rays at 197/, 1236, 1348,
and 1357 keV. Alas, the first two gamma ray encrgies are
nearly coincident with a strong germanium peak at 198
keV and a strong iron peak at 1238 keV. Hence fluorine is
best identified by from its peak complex at 1348-1357-keV
doublet. Absent other PINS key clements, the fluorine
compound in the cylinder is gaseous fluorine, F,.[5] If

hydrogen is also detected, the cylinder contains hydrogen
fluoride, HE[6]
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Mercury ldentification

Neutrons interact with mercury nuclei to produce gamma
rays at 368, 439, 1694, and 5966 keV. Absent other PINS

kCY ClCHlCIlt gamima rays in thC SPCCU'LIHI, thC container

holds elemental mercury.[/]
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Acetylene

Ca, Si, H

Key spectral features

+ Strong or very strong hydrogen peak at 2223 keV
+ Moderate or strong calcium peak at 1942 keV

+ Strong silicon peak at 1779 keV

Spectrum ID Tips

+ Acetylene is stored by dissolving it at pressure in
acetone; in turn, the acetone is stored in porous ceramic
material containing calcium and silicon.

+ No other compressed gasis stored in a similar manner.
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Caveats

+ Make sure to count and subtract a background spectrum
when analyzing a potential acetylene cylinder.

+ This spectrum was measured from a compressed-gas
cylinder.

Chemical name: acetylene

Chemical formula: CH,

Key elements: calcium, silicon, hydrogen
NATO Symbol: n/a

Chemical type: welding gas
(WCschedule: n/a
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Chlorine l
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Key spectral features Caveats

+ Strong or very strong chlorine peaks at 1165, 1763, 1951,  + The PINS phosgene spectrum is nearly identical to the
and 1959 keV chlorine gas spectrum.

+ The chlorine inelastic-to-capture peak ratio, Cl 1763/Cl + This spectrum was measured from a compressed-gas
1959, will be about 1.0, cylinder

Spectrum ID Tips
+ The hydrogen peak is entirely due to background.

A
Chemical name: chlorine Chemical type: industrial gas

Chemical formula: Cl, (Wschedule: n/a

Key elements: chlorine, 100 wt-%

NATO Symbol: n/a
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Hydrogen Fluoride FH
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Key spectral features Caveats
+ Moderate fluorine peaks at 1348, 1352 keV + A hydrogen peak is commonly seen in PINS background
. Moderate to strong hydrogen peak at 2223 keV spectra. Be sure to measure and subtract a background

spectrum when analyzing a potential HF cylinder.

Spectrum D Tips « If the hydrogen peak area after background subtraction

+ The 1348-1352-keV fluorine doublet may not be is near zero, the likely fill is F, gas.

resolved. ;
+ This spectrum was measured from a compressed-gas

cylinder.

Chemical name: hydrogen fluoride NATO Symbol: n/a
Chemical formula: HF Chemical type: industrial chemical
Key elements: fluorine 94.9 wt.-%, hydrogen 5.1 wt.-% (WCschedule: n/a
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Mercury Hg
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Key spectral features Caveats

+ Moderate or strong mercury peaks at 368, 439, 520, 1694, -+ The 368-keV peak is the most-intense mercury peak.

5966 keV « This spectrum was measured from a polyethylene

Spectrum ID Tips reagent bottle containing 240 grams of mercuric oxide.

+ The hydrogen peak is entirely due to background.

_________________________________________________________________________________________________________________________|
Chemical name: mercury (WCschedule: n/a

Chemical formula: Hg AKA: quicksilver

Key elements: mercury 100 wt-%

NATO Symbol: n/a

Chemical type: industrial chemical
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Appendix B
Gamma Ray Energy Table

Branching
Energy Element Reaction Ratio®* Ref.  Comments
198.4 germanium**  (n,y) 100 3 Ge-71 coincidence sum peak
217.3 bromine (n, n'y) 47.5 2
245.7 bromine (n,y) 11.4 4
260.9 bromine (n, n'y) 40 2
264.7 arsenic (n, n'y) 67 2
275.9 bromine (n, n'y) 100 )
279.5 arsenic (n, n'y) 100 2
326.3 germanium (n,y) 5.0 4
352.2 iron (n,y) 11.7 4
368.1 mereury (n,y) 81.3 4
439.2 mercury (n, n'y) 100 2
440.0 sodium (n, n'y) 100 2
472.2 sodium (n,y) 59.8 3,4
477.6 boron 1OB(n, Ot)?Li — 4 Doppler-broadened peak
500.2 germanium (n,y) 3.6 4
511.0 ete— annihilation 100 1
516.7 chlorine (n,y) 18.5 4
520.3 mereury (n, n'%) 31 2
537.4 lead (n, n) 32 2
562.9 germanium (n,n'y) 20 2
595.9 germanium (n, n'y) 100 2
661.7 cesium-137 B decay 85.2 1
689.6 germanium (n, n'y) — 3
788.4 chlorine (n,y) 15 4
803.0 lead (n, n'y) 100 2
846.8 iron (n, n'y) 100 2
896.2 bismuth (n, n'y) 100 2
935.6 chromium (n, n) 8.4 2
983.5 titanium (n, n'%) 100 2
991.6 zZine (n, n) 100 2.5
1014.4 aluminum (n,n'y) 100 2
1039.2 zinc (n, n'y) 57 2 also Ge 1039.5 (n, n'y) peak, 32%
1077.4 zinc (n, n'y) 34 2 also Zn (n, y) peak, 18.9%
1097.0 indium (n,y) 11.9 4
1164.7 chlorine (n,y) 100 4
1171.3 tin (n, n'y) 100 2
1173.2 cobalt-60 B decay 100 1 also Ni (n, n"y) peak, 13%

Appendix B Gamma Ray Energy Table 107



Branching

Energy Element Reaction Ratio®* Ref.  (omments

1219.5 chlorine {(n, n'y) 77.5 9

1229.7 tin (n, n'y) 82 2

1238.3 iron {(n, n'y) 10.5 g

1260.6 iron {(n, y) 2.6 4

1266.1 phosphorus {n, n'y) 100 7

1267.2 potassium {(n, n'y) 52 2

1293.4 indinm (n, ) 17.6 4

1332.5 cobalt-60 p decay 100 1 also Ni (n, n'y) peak, 60%
1548.0 fluorine {n, n'y) 453 2

1356.5 fluorine {n, n'y) 100 2

1381.5 titanium (n, ¥) 69.1 4

1408.2 iron {(n, n'y) 35 g

1434.2 chromium (n, n'y) 100 2

1454.3 nickel {(n, n'y) 100 g

1460.8 potassium-40 EC 10.7 1 EC = clectron capture
1609.0 bismuth (n, n'y) 66 7

1612.7 iron {(n, y) 6.0 4

1634.6 nitrogen {n, n'y) 67 7 seen only in DT-excited spectra
1693.9 mereury (n,v) 14.1 2

1725.1 iron (n, y) 8.0 2

1763.3 chlorine {n, n'y) 100 2

1778.8 silicon {n, n'y) 100 2

1810.5 iron {n, n'y) 6.9 2

1942.0 calcinum (n, y) 725 4

1950.9 chlorine (n, y) 21.7 4

1959.1 chlorine (n, v) 14.6 4

2094.6 iron {n, n'y) 1.1 7

2112.9 iron {(n, n'y) 3.2 2

2211.8 aluminum {n, n'y) 52 2 Doppler broadened
2223.3 hydrogen {n, y) 100 4

2230.2 sulfur {n, n'y) 100 2

2233.4 phosphorus {n, n'y) 29 2

22753 iron {n, n'y) 2.0 2

2379.7 sulfur (n, y) 44.5 4

2614.5 thallium-208 f decay 99.8 2.3 also Pb (n, n'y) peak, 66%
2721.3 iron {(n, V) 1.7 4

2813.8 potassium {(n, n'y) 100 2

2863.9 chlorine {(n, V) 6.9 4

3061.7 chlorine {n, y) 3.9 4

3267.4 iron (n, y) 1.5 4
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Branching

Energy Element Reaction Ratio®* Ref.  Comments

3414.2 iron (n,y) 1.2 4

3436.6 iron (n,y) 1.8 4

3539.1 silicon (n,y) 68.0 4

3900.3 phosphorus (n,y) 16.0 4

4218.3 iron (n,y) 4.3 4

4934 .4 silicen (n,y) 62.7 4

5269.2 nitrogen (n,y) 29.7 4

5409 .3 iron (n,y) — 4 Fe 5920 single-escape peak
5420.5 sulfur (n,y) 59.1 4

5507.5 iron (n,y) — 4 Fe 6018 single-escape peak
5715.3 chlorine (n,y) 5.5 4

5920.3 iron (n,y) 9.0 4

5966.2 mereury (n,y) 13.9 4

6018.5 iron (n,y) 9.0 4

6110.9 chlorine (n,y) 20.0 4

6129.3 oxygen (n, n'y) 100 2

6419.9 calcium (n,y) 38

6785.3 phosphorus (n,y) 13.0 4

7413.8 chlorine (n,7) 10.4 4

7631.1 iron (n, ) 28.5 4

7645.5 iron (n,y) 24.1 4

7723.9 aluminum (n,y) 27.4 4

7790.2 chlorine (n,y) 8.6 4

9298 .4 iron (n,y) 4.1 4

9807.2 nitrogen (n,y) — 4 N 10829 double-escape peak
10196.2 germanium (n,y) —_ 3,4 Ge-74 coincidence sum peak
10318.2 nitrogen (n,y) — N 10829 single-escape peak
10829.2 nitrogen (n,y) 14.1 4

*¥The branching ratio is the number of gamma rays of a given energy emitted per 100 decays of a nucleus. For capture and radionuclide
gamma rays, the stated branching ratios are absolute. For inelastic scattering gamma rays, the branching ratios have been normalized to the

strongest peak.

*## The strongest capture and inelastic gamma rays for each element are denofed in bold fype.
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Acetylene, 97, 99
Agent precursor, See Arsenic trichloride
Antifreeze, 83-85
Arsenicals, 39-30
arsenic trichloride, 39, 43-44
arsine, 39, 41-42
blue ring-2, agent, 39, 45-46
lewisite, 39, 47-48
winter mustard, 39, 49-50
Arsenic trichloride, 39, 43-44
Arsenic trihydride, See Arsine
Arsine, 39, 41-42
Atkins, PW., 84
Bale, PA., 9
BBC, See CA riot agent
Beal, R.E., 84
Bis (2-chlorocthyl) sulfide, See Mustard agent
Bleach, decontamination, 83, 91-94
calcium, 91-92
sodium, 93-94
Blister agents
blue ring-2, 39, 45-46
lewisite, 39, 47-48
mustard, 22, 39, 67-68
nitrogen mustard-3, 71-72
winter mustard, 39, 49-50
Blue Ring-2, agent, 39, 45-46
Boron, 5, 20, 85
BR-2, See Blue Ring-2
Braker, W., 98
Branching ratio, 109
Bromine, 73
Bromine-based chemical, 73-75
Bromobenzyleyanide, See CA riot agent
C-4 plastic explosive, 77
CA riot agent, 73, 75
Cadmium, 3
Calcium decontamination bleach, 91-92
Calcium hypochlorite, See Calcium decontamination bleach
Calcium sulfate dehydrate, See Plaster-of-Paris
Californium-252, 11
Camirte, See CA riot agent
Carbonyl chloride, See Phosgene

CE-252, 12,
CG, See Phosgene
Chlorine (gas), 101
Chlorine-based chemicals, 51-72, 101
CG, 21, 53-54
chlorine gas, 101
CK, 21, 52, 69-70
CNB, 52, 55-56
CNS, 52, 54, 57-58
FM, 51, 61-62
ES, 51, 65-66
HC, 51, 63-64
KJ. 51, 59-60
mustard agent, 67-68
nitrogen mustard-3, 71-72
Chlerosulfonic acid, 51, 65-66
Clorox, See sodium decontamination bleach
Chrien, R.E., 9
CK blood agent, 69-70
Clifc ratio, 39, 40, 52
CNB riot agent, 51-52, 55-56
CNS riot agent, 57-58
Compron, J.A.E, 30, 40, 52,73, 98
Composition B high explosive, 77
Concrete, 8/-88
Cyanogen chloride, See CK blood agent
DA-PD blister agent, See Blue Ring-2
Darnall, C.R., 98
DD fusion reaction, 2
Debertin, K., 23, 110
Decision tree,
arsenical chemicals branch, 39
bromine-based chemical branch, 73
chlorine-based chemicals branch, 51
industrial chemicals, 97
methods, 21-22, 25-26
nitrogen-based chemicals branch, 77
phosphorus-based chemicals branch, 29
practice-fill chemicals, 83
Delayed neutron activation analysis, 1
Demidov, AM., 9, 23, 110
Dichloro (2-chlorovinyl) arsine, See Lewisite

Divadecnam, M., 84
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Double-escape event, 8
DT fusion reaction, 2
Eisenhauer, C.M., §
Emsley, ., 40, 84
Energies, gamma-ray, 107-110
Enslow, L.H., 98
Erdtmann, G., 23
Ethyl N,N-dimethylphosphoroamidocyanidate, See GA
Explosives identification, 77-81
E,, See Fluorine gas
Firestone, R.B., 110
Fluorine gas, 97, 103
FM smoke, 51, 61-62
Forrest, L., 30
FS smoke, 22, 51, 65-66
Full energy cvent, 8
GA nerve agent, 37-38
Gadolinium, 5
Gamma-ray
detector, 12
cnergy table, 107-110
interactions
Compron scattering, 7
pair production, 7-8
photoelectric, 6
spectra, See individual spectrum 1D sheets
spectrum analysis, 17-24
GB nerve agent, 33-34
Gilmore, G., 23
Greenwood, R.C., 9
Grundl, J., 9
H, See Mustard agent
H-PD, See Winter mustard agent
Harris, R., 23
Harrison, DAL, 9, 23, 110
Hazardous industrial chemicals, 97-105
acetylene, 99
chlorine, 101
hydrogen fluoride, 103
mercury, 105
HC smoke, 21, 51, 63-64
HD, See mustard agent
Helmer, R.G., 23, 110
HE See Hydrogen fluoride
Hg, See mercury
High explosives, 77-81
Hill, C., 23

HN-3, See Nitrogen mustard-3
Holden, N.E., 84
Holte, L., 40
HS, See Mustard agent
HT, See Mustard agent
HTH bleach, See Calcium decontaminartion bleach
Hydrogen, 73
Hydrogen fluoride gas, 103
Identification logic, spectrum, 25-28
See also Decision tree
Incendiary chemical, See WP
Industrial chemicals, See Hazardous industrial chemicals
Isopropyl methylphosphonofluoridate, See GB
Jeffrey, A. 23
Jordan, C.B., 84
K] smoke, 51, 59-60
Knauer, J.B., 9
Knoll, Glenn E, 9, 80
Kéhler, J., 80
L, See Lewisite
Leavit, RA., 9, 23, 110
Lederman, L., 23
Lewisite, 47-48
Lone, MA., 9, 23, 110
Lést, See mustard agent
Martin, R.C., 9
Merecury, 105
Meyer. R., 80
Molnar, G.L., 9, 23
Mossman, A.L., 98
Mughabghab, S.E., 84
Mustard agent, 22, 51, 67-68
Mustard gas, See Mustard agent
Nerve gas, See GA, GB, VX nerve agents
Neutron activation analysis
delayed, 1
prompt gamma ray, 1-9
Neutron cross sections, 4
Neutron generators, 2
Neutron interactions
elastic scattering, 2-3
inclastic scattering 3
neutron capture, 3-5
Nitrogen, 23, 73
based chemicals, 77-81
gamma-ray peak analysis, 78-80

in explosives, 81
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Nitrogen mustard, 51
Nitrogen mustard-3, 71-72
Nuclear energy levels, 17
O-cthyl-S-(2-diisopropylaminocthyl) methyl
phosphonothiolate, See VX
O'Neil, M.]., 40, 80, 84, 98
Operational issues
background gamma rays, 14
control screen, 13
energy resolution, 15-16
Peak
area, 19
detection, 19, 78-80
energy, 18-19
fitting, 18-19
summing, 18-19
PETN high explosive, 77
PGAA, See Neutron activation analysis
PGNAA, See Neutron activation analysis
Phosgene, 53-54
Phosphorus—based chemicals, 29-38
GA, 37-38
GB, 21, 33-34
VX, 21, 35-36
WP 21,31-32
PINS equipment
counting geometry, 12
HPGe detecter, 12
moderator/shadow-shicld assembly, 12
multichannel analyzer, 12
neutron source, Cf-252, 1-2, 11
notebook computer, 12-13
PINS software
data acquisition, 13
data analysis, 13, 18-22, 77-80
Plaster-of-Paris, 89-90
Polyisobutylene, 77
POP, See Plaster-of-Paris
Portland concrete, See Concrete
Practice-fill chemicals, 83-96
calcium decontamination bleach, 91-92
concrete, 8/-88
plaster-of-Paris, 8§9-90
sand, 95-96
sodium decontamination bleach, 93-94

water/antifreeze, 85-86

Prentiss, A.M., 52, 73, 98

Prompt neutron activation analysis, 1
Pulse pile-up, 16
Quicksilver, See mercury
Radioisotopic neutron sources, 1-2
RDX high explosive, 77
Reaction cross section, 4
Riot control agents
CA, 73,75
CNB, 51, 55-56
CNS, 51, 57-58
Ross, .M., 80
SA, See Arsine
Sand, 95-96
Sarin, See GB nerve agent
Siedenstrang, A.L., 16
Silica, See sand
Silicon dioxide, See sand
Single-escape event, 7
Sodium decontamination bleach, 93-94
Sodium hypochlorite, See Sodium decontamination bleach
Soyka, W., 23
Spectrum analysis
decision tree, 21, 25
detection confidence, 20, 78-80
fundamentals, 17-20, 25-28
identification sheet description, 27-28
See also Spectrum identification sheets
Spectrum identification sheets
bleach, decontamination
calcium, 91-
sodium, 93-
blue ring-2, agent, 39, 45-46
CA, 73,75
CG, 53-54, 57
chlorine gas, 101
CK, 51, 69-70
CNB, 51, 55-56
CNS, 51, 57-58
concrete, 87-88
FM, 51, 61-62
ES, 51, 65-66
GA, 37-38
GB, 33-39
HC, 51, 63-64
high explosives, 81
hydrogen fluoride gas, 103
lewisite, 45-46
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mercury, 105
mustard, 67-68
nitrogen mustard-3, 71-72
plaster-of-Paris, 89-90
sand, 95-96
VX, 35-36
water/antifreeze, 83, 85
winter mustard, 39, 49-50
WP, 31-32

Stannic chloride, See K]

Sulfur mustard, See Mustard agent

Summing, 19

t*, 78-80
Tabun, See GA nerve agent
Taguchi, K., 16

Tayler, J.R., 23, 80

Thermal neutron capture cross sections of the elements, 5
Tin tetrachloride, See KJ

Titanium tetrachloride, See FM

TNT, 77

Tucker, ].B., 30

U.S. Army Field Manual 3-9 (1975), 52, 73
U.S. Army Field Manual 3-11.9, 30, 40, 52, /3
VX nerve agent, 35-36

Water-antifreeze mixture, 85

White phosphorus smoke, 31-32

Winter mustard agent, 39, 49-50

Winterlsst, See Winter mustard agent

WL, See Winter mustard agent

Wolman, A., 98

WP, See White phosphorus

Yperite, See Mustard agent

Zellerman, RA., 40
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