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I. INTRODUCTION

A. History of NDA

When we speak of NDA in the context of nuclear safeguards, we
are generally referring to the use of nuclear radiation to measure
the quantity of fissionable material present in a given sample or
container. NDA techniques have been applied to special nuclear
materials in the U.S., at least to some extent, since the initiation
of the Manhattan project. But it was not until 1967, when the
Office of Safeguards and Material Management was established by the
AEC, that effort was focused on the development of NDA techniques
specifically designed for nuclear safeguards. The Los Alamos
National Laboratory has been involved in this development work since
its inception and is currently the DOE lead laboratory for nuclear
materials measurement and accounting. Other laboratories in the
U.S., including Brookhaven, Hanford, Argonne, Livermore, Idaho, Oak
Ridge, Savannah River, New Brunswick, Mound, and NBS, have also
contributed, as have instrument companies such as Eberline,
Canberra, National Nuclear, and IRT. Significant advances in NDA
technology also continue to be made by organizations in Europe, as
well as in other countries such as the USSR, Canada, and Japan.

B. Uses of NDA

NDA methods are widely used throughout the nuclear fuel cycle
primarily because they are able to measure the material in its
existing form, and they provide rapid assay results. Applications
include:

-- ore location and assay
— process control
-- quality control
-- health and safety
-- criticality
-- material accounting
-- containment
— waste disposal

C. Strengths and Limitations of NDA

During the past few years, NDA techniques have become
established as a fundamental element of nuclear safeguards programs
throughout the world. NDA is particularly well suited for
safeguards applications when:
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It is difficult to obtain a representative sample for
chemical analysis; for example, consider non-uniform
solids, material in sealed containers, spatially
distributed material, or valuable finished products.

There is a need for many repetitive measurements, such as
might be the case for receiving stations, process lines, or
waste streams.

There is a need for timely material accountability; i.e.,
it is desirable to close material balances in a matter of
hours rather than days or weeks.

The arguments in favor of NDA are compelling, but certain
limitations and consequences must also be noted:

Adequate NDA standards are frequently not available in the
particular geometry, material form, and isotopic
composition that would be ideal for instrument
calibration. Consequently, variations in these factors may
complicate instrument calibration and data interpretation
and, in many cases, may limit the accuracy of the assay
result.

Absolute calibration of NDA instruments usually depends in
the final analysis on chemical methods, such as gravimetric
analysis, fixed stoichiometry, titration, and mass
spectrometry.

The large quantity of data made practical through NDA can
be fully utilized only if adequate computer methods are
used for assisting with data analysis and interpretation.

D. Classifications of NDA Methods

Figure 1 shows, in block diagram form, a classification of NDA
techniques into passive and active gamma-ray and neutron methods and
calorimetry. According to Fig. 1, passive NDA methods include all
techniques that derive their primary information from the natural
radioactive decay of the sample, whereas, active NDA methods include
techniques that derive their primary information from the
interaction of an external radiation source with the sample.
Similar classifications have been made by Dragnevf1'2) and by
Smith and Canada.(3)

In Fig. 1, applications are listed for each of the NDA
techniques shown, along with one instrument (in parenthesis) that
makes use of the principle. The information presented in Fig. 1
covers most of the widely used NDA methods, but for the sake of
brevity, is not totally inclusive. In following sections, each of
the techniques shown in Fig. 1 will be discussed, and the advantages
and disadvantages of various NDA methods will be compared for
different types of nuclear materials.
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Pig. l
Classification of nondestructive assay (NDA) techniques
used for the measurement of fissionable materials.

II. PASSIVE GAMMA-RAY METHODS

A. General Information

All isotopes of uranium and plutonium are radioactive and decay
by alpha emission, beta emission, or spontaneous fission. Following
either alpha or beta emission, the nucleus is sometimes left in an
excited energy state, which then decays by the emission of gamma
rays to the ground state. Each isotope has a unique decay scheme,,
and when gamma rays are detected, a determination of gamma-ray
energies provides a way of identifying the specific isotopes present.

Table I lists some of the gamma-ray energies and emission rates
for uranium, plutonium and americium isotopes that are commonly used
for the NDA of these materials.(4) A more complete list of
gamma-ray energies and other properties of heavy element nuclides
can be found in reference 1.
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Fig. 2
Arrangement for
measuring 235y
enrichment- of
UO2 powder in
cans. The
Eberline SAM-II
electronics unit
is used with a
Nal-photomultiplier
detector mounted
verically under
the sample can.

Fig. 3
Characteristic
pulse height
spectrum obtained
with a Nal
detector viewing a
2 3 5U sample.
The curve was
obtained with a
SAM-II by varying
one of the single
channel analyzers.
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TABLE I

URANIUM, PLUTONIUM, AND AMERICIUM
GAMMA-RAY EMISSION RATES

Isotope

2 3 5u
2 3 8u

238Pu

2 3 9Pu

240Pu

241.,Pu
2 4 2Pu
241Am

Half-life
(years)

7.04 x 108

4.47 x 109

87.79

24082

6537

14.35

3.79 x 105

434.1

Activity
Level
(Ci/g)

17.1

0.0621

0.228

103.4

0.0039

3.42

Principal
Gamma Rays

(keV)

185

766

1000

152

766

1000

129

375

413

160

642

148

none

368

662

.7

.4

.1

.8

.4

.1

.3

.0

.7

.4

.3

.6

.6

.4

Emission Rate
(gamma rays/s/g)

4

6

1

8

1

3

3

3

1

7

2

4

.5

.4

.5

.2

.4

.6

.5

.5

.2

.3

.6

.4

X

X

X

X

X

X

X

X

X

X

X

X

10 4

39

103

106

10 5

103

10 5

104

104

104

103

10 6

105

105

B. Scintillation Spectroscopy

1. Enrichment Meter. Figure 2 s.. JWS the Eberline SAM-TI, one of
the simplest and most widely used instruments in nuclear safeguards.
It consists of a Nal detector (typically 1.27 cm thick by 3.81 cm
diameter), a two channel analyzer, and an up-down sealer. A typical
pulse height spectrum obtained with a uranium sample using the SAM-II
is shown in Fig. 3.

The SAM-TI and similar types of instruments built by other
manufacturers are capable of accurately measuring uranium enrichment.
For samples that are thick relative to the penetrating depth of the
186 keV U-235 gamma ray and for fixed detector-sample geometry, the
count rate due to 186 keV gamma rays is proportional to enrichment;
this linear relationship between enrichment and count rate is referred
to as the enrichment meter principle. Calibration of enrichment
meters is accomplished using two or more enrichment standards having
container walls similar or preferably identical to those of the
unknown samples.(5)
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Fig. 4
Holdup of nuclear material in
process lines can be measured
using portable scintillation
detection equipment.
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Fig. 6
Illustration of plutonium
gamma-ray spectra as measured
with a Nal detector (upper
curve) and a Ge(Li) detector
(lower curve), showing the
capability of high resblution
Ge spectroscopy to determine
energies and relative
intensities of individual gamma
lines in complex spectra.

Fig. 5
Scintillation detectors are
used in portal monitors and in
hand-held survey meters. The
portable instrument shown was
developed by Los Alamos Group
Q-2 and manufactured by
National Nuclear Corporation.

Fig. 7
The battery operated 1000
channel pulse height analyzer
developed in H-Division at Los
Alamos has been adapted for use
by the IAEA. Small intrinsic
Ge detectors, such as this 30
cm-3 unit from Princeton Gamma
Tech can be operated in any
position.
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2. Other Applications. Although the enrichment meter is perhaps
the most well known, gamma-ray instruments using sodium iodide and
other scintillation detectors have been used for many other
applications in safeguards, such as assaying low level waste,
monitoring effluents, and estimating the holdup of nuclear material in
processing plants (Fig. 4) . Because they are portable, simple, and
reliable, instruments employing scintillation detectors are also used
as portal monitors and survey meters (Fig. 5).

C. Semiconductor Spectroscopy

1. Methods Using Relative Efficiency Correction. High resolution
gamma-ray spectroscopy (HRGS) using semiconductor detectors, such as
intrinsic Ge and Ge(Li^, provides significantly better energy
resolution than can be achieved using scintillator detectors, as is
demonstrated by the two plutonium gamma-ray spectra shown in Fig. 6.
Energy resolution (FWHM) for high quality coaxial Ge detectors is on
the order of 0.8 keV for 122 keV gamma-rays and 1.7 keV for 1.33 MeV
gamma rays. In the last few years, portable HRGS systems have become
available through the advent of intrinsic Ge detectors (that can be
transported at room temperature) and smaller multichannel analyzers
(Pig. 7 ) .

If one measures the photopeak areas of gamma rays from different
isotopes, it may be possible to determine isotopic ratios using a
technique known as the relative efficiency correction. The relative
efficiency correction factor (Fig. 8) includes effects due to
attenuation in the sample, attenuation in external absorbers, and the
detector sensitivity, all of which vary as a function of gamma-energy
and measurement geometry.

Fig. 8
Relative efficiency
curves taken with a
200 Mm2 x 10 mm-deep
planar Ge detector,
showing dependence on
gamma-ray absorption
in the sample.
Circles are points
from 23»Pu;
triangles are from
2*lpu and
241pu»237u# The

circular points and
triangular points for
each sample are
normalized at 332 keV.
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Fig. 9
Arrangement of Ge detector and
slant collimator pipe for
observing fission product gamma
rays from spent-fuel assemblies
stored underwater. Ion
chambers and fission chambers
are placed in the vertical
pipes.

T
Fig. 11

In the segmented-gamma-scanner,
the sample container is stepped
vertically past the fixed Ge
detector and transmission
source. A separate gamma-ray
absorption correction is made
for each vertical segment.
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Fig. 10
Characteristic gamma-ray
spectrum observed with spent
fuel. From fisson product
isotopic ratios, it is possible
to verify cooling time and
burnup.

Fig. 12
Segmented-gamma-scanner systems
suitable for assaying a variety
of container sizes were
developed at Los Alamos and are
now commercially available.
The transmission source is to
the right of the barrel, and
the Ge detector is to the left
of the barrel.
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Isotopic ratios are calculated from the equation

I1 = Ax (BR)2A2 e2

~2 H <BR>1A1 H

where

I1/I2 = isotopic ratio
Al/A2 = ratio of photo peak areas
BRn = branching ratio for particular gamma ray from isotope n
An = decay constant of isotope n
el/e2 = relative efficiency correction factor for two gamma

rays used in calculation.

The relative efficiency correction factor can be experimentally
determined from the above equation by using gamma rays of different
energies from the same isotope, and setting I1/I2 = 1. This
technique has been successfully applied for measuring Pu isotopic
ratios and spent-fuel Mission product isotopic ratios(6) (see
Figs. 6, 9, and 10). In these applications, a single gamma-ray
spectrum contains the peak area data for both the relative
efficiency correction and the determination of isotopic ratios.

The relative efficiency correction method works well when:

a. isotopes are uniformly distributed throughout the sample,

b. at least one isotope in the sample has two or more
prominent gamma rays in the appropriate energy range, and

c. the objective is to determine isotopic ratios in a sample,
as opposed to the total amount of an isotope present in a
sampie.

2. Methods Using External Sources to Correct for Sample
Attenuation. To deal with situations in which the three conditions
listed in the previous paragraph are not met, techniques have been
developed to correct for gamma-ray absorption in the sample using
external radiation sources. One such instrument, the
segmented-gamma-scanner (SGS), (7) was designed for assaying
uranium and/or plutonium waste in a variety of container sizes and
matrices (see Figs. 11 and 12). The idea is to divide the sample
into a series of horizontal segments and to assay each segment, one
at a time, with a self-absorption correction separately determined
for each segment. For assaying 23^u using the 186 keV gamma ray,
the SGS uses a l^Yb external radiation source with gamma rays at
177 and 198 keV.

Other instruments that use external radiation sources to correct
passive gamma assays for absorption in the sample include the
solution assay systems, PUSAS and USAS.(8) All of the instruments
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Fig. 13
The hand-held Cerenkov detector developed by Los Alamos
Group Q-2 for the IAEA is used to observe light produced
by irradiated fuel assemblies stored underwater. Later
models permit the attachment of a film camera, so that the
inspector has a permanent record.

Fig. 14
Image recorded by the Cerenkov detector when observing BWR
fuel assemblies, looking down into a storage pond from a
bridge crane.
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in this category give isotopic information. In size and complexity,
they are comparable to some of the active interrogation instruments
such as x-ray densitometers and active well coincidence counters.

D. Gross Gamma-Ray Techniques

A few instruments used in safeguards applications measure gross
gamma-ray fields (or dose rates), rather than counting individual
gamma rays. The Cerenkov detector, shown in Fig. 13, is used to
obtain an image from light produced by spent-fuel assemblies stored
underwater. The detector consists of a telephoto lens coupled to an
image intensifier tube that amplifies the Cerenkov light intensity,
so that it can be easily seen in a darkened fuel storage pond (Fig.
14). This instrument permits IAEA inspectors to verify that
spent-fuel assemblies are intact and are highly radioactive, without
placing any instrumentation underwater.(9)

Ion chambers have also been used to measure the gamma-ray fields
produced by spent-fuel assemblies. In particular, ion chambers are
used to determine axial gamma-ray activity profiles, which closely
resemble the burnup profiles of spent-fuel assemblies.

III. PASSIVE NEUTRON METHODS

A. General Information

Neutrons originate in special nuclear materials primarily
because of spontaneous fission and (a,n) reactions, see Tables II,
III, and IV. (-1) Passive neutron measurements can be influenced
by neutron multiplication in the sample and by the presence of
neutron moderators, reflectors, and absorbers in or near the
sample. Compared with gamma rays, neutrons are much more
penetrating in high-?, materials, and it is this characteristic that
makes passive neutron techniques invaluable for assaying large
heterogeneous samples of Plutonium.

Whereas gamma-ray energies allow one to identify isotopic
content, passive neutron energies contain no isotopic information.
\s a result, neutron assays involve counting rather than
spectroscopy, and for this reason, passive neutron hardware is
usually simpler than high resolution gamma-ray hardware. The most
commonly used neutron detector for NDA instrumentation is the gas
proportional counter, typically ^He or IOBF3. This type of
ietector is chosen because of its relatively high efficiency for
3etecting thermal neutrons, insensitivity to gamma rays,
reliability, and long-term stability.
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TABLE II

Isotope

2 3 2Th
234TJ

2 3 5U
236D

2 3 8U
238Pu
239Pu
240Pu
2 4 1Pu
242Pu

Am
242.,Cm
2 4 4 c m
252Cf

SPONTANEOUS FISSION

Half-Life

1.

2.

7.

2.

4.

2.

OF FISSIONABLE

Spontaneous
Fission

(yr) Half-Life (yr)

41

47

04

40

47

87

41

6537

3.

Material

234

234

235

238

U0o
I

UF,0

UF^

14

79

434

17

2

(a,

x 10 1 0

x 105

x 108

X 107

x 109

.79

x 104

.35

x 105

.1

.4456

.6

.646

n) YIELDS

2

1

2

9

4

5

1

5

6

2

7

1

-vl

.0

.9

.0

.86

.7

.5

.17

.0

.8

.0

.2

.4

.21

x 10 1 6

x 10 1 7

X 10 1 6

x 10 1 5

x 10 1 0

x 10 1 5

x 10 1 1

x 10 1 5

x 10 1 0

x 10 1 4

x 106

x 107

86

TABLE III

FROM OXIDES

V

ISOTOPES

Spontaneous
(Spontaneous
Fission)

0

l\

1

1.

2.

2.

2.

2.

2.

2.

2.

2.

3.

2̂

.2

,2

95

26

2

17

2

16

3

65

84

8

2,

2,

2,

5,

1.

1.

4.

1.

8.

0.

7.

4

6.

AND FLUORIDES

Yield

Fissions
per g-s

VL0~8

.8 x 10"3

.96 x 10"4

.8 x 10"3

.64 x 10~3

.1 x 103

.0 x 10"2

.71 x 102

,1 x 10~2

,0 x 102

.27

,8 x 106

x 106

14 x 10 1 1

(neutrons/s/g)

^14

5

12

12

.8 x

.2 x

.9 x

io2

10"

10"

2

3

238

238
PuO,

PuF.

1.4 x 10

2.1 x 10

239

239

240

240

241

241

242

PuO,

PuO,

PuO,

AmO,

PuO,

45

4300

170

1.6 x

10

3754

10
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TABLE IV

NEUTRON EMISSION RATES FOR Pu METAL, PuO2, AND PuF4

Neutron Rate for 100 g of Pu (n/s)
Metal PUO2 PUF4

Isotope Wt% (Spontaneous Fission) (g,n) (a,n)

238Pu
239Pu
240Pu
241Pu
2 4 2Pu

0

75

18

5

1

.3

.6

.0

.0

.1

18

1

746

2

400

0

900

4

3

3

200

400

060

50

10

630

325

288

5

1

000

080

000

000

000

Total 21 048 10 720 1 249 080

B. Passive Methods That Detect Single "eutron Counts (SNAP)

The Shielded Neutron Assay Probe (SNAP), shown in Figs. 15 and
16, can be used for assaying total plutonium when the chemical and
isotopic composition are known, and suitable standards are
available.(12) xn assaying plutonium, neutrons from both the
spontaneous fission of even Pu isotopes and (a,n) reactions in the
sample are measured. The SNAP detector consists of two ^Ee
proportional tubes in a cylindrical polyethylene moderator encased
in a Cd shield. To achieve directionality and reduce background, a
240° polyethylene shield can be placed around the inner cylinder.

Neutron counting has been applied to the assay of spent LWR fuel
assemblies using 235g fission chamber detectors. Neutrons
originate primarily from isotopes of curium and plutonium and can be
correlated with burnup via a power law relationship.(10)

More specialized applications of singles neutron counting
include the measurement of 234y enrichment (by observing a,n
neutrons in UFg), and the assay of total uranium in low enriched
scrap (based on the spontaneous fission of 238y)__ These
applications are considered special because, in general, passive
neutron signals from uranium are too weak to give reliable assays.

C. Passive Methods That Detect Coincident Neutron Counts (HLNCC)

The purpose of using coincidence counting for passive neutrons
is to discriminate against single (a,n) neutrons, while detecting
coincident neutrons due to spontaneous fission. For assaying
plutonium, coincidence counting is generally better than singles
counting because coincidence methods are less sensitive to
variations in low Z matrix materials and less sensitive to changes
in neutron background.
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Fig. 15
Assembly drawing of the Shielded
Neutron Assay Probe (SNAP), show-
ing two -̂ He proportional tubes
inside a cadmium shield.

Fig. 17
The High-Level Neutron Coincidence
Counter (HLNCC) contains 18 3He
proportional tubes in a hexagonal
polyethylene moderator. Coinci-
dence counting allows one to de-
tect fission neutrons from 240Pu
and other even isotopes, while
discriminating against (a,n)
neutrons in the sample.

Fig. 16
Shielded Neutron Assay Probe (SNAP)
connected to the Eberline SAM-II
electronics unit. The SNAP can
be used to assay plutonium samples
by counting both (a,n) and fission
neutrons.

Fig. 18
Portable assay station consisting
of a High-Level Neutron Coinci-
dence Counter (HLNCC), shift regis-
ter electronics, and HP-97 calcu-
lator. Designed for use by the
IAEA, this arrangement allows in-
spectors to make rapid assays of
plutonium samples under field con-
ditions.
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Since the efficiency for detecting coincidences is approximately
equal to the square of the efficiency for detecting singles,
coincidence counters are designed to achieve high singles counting
efficiency by using well-counter geometry, i.e., by surrounding the
sample with detectors.

The High-Level Neutron Coincidence Counter (HLNCC) shown in
Figs. 17 and 18 is a compromise between the highest obtainable
efficiency and portability.(^3) This detector, designed for use
by IAEA inspectors, consists of 18 ^He detectors in a hexagonal
polyethylene shield. Larger, more efficient well counters have been
designed for other applications.

Well counters are used to assay 240Pu effective, a quantity
defined by the equation

240Pu eff = 2.5238Pu 2 4 0 Pu 1.7242Pu

To obtain a complete plutonium assay, well counter measurements are
frequently made in conjunction with isotopic ratio measurements
using gamma spectroscopy (Fig. 19)„

Fig. 19
Plutonium assays using the HLNCC depend on knowledge of
plutonium isotopic ratios. Here, an HLNCC measurement is
made on a zero power reactor fuel drawer, while isotopic
ratios are being determined using an intrinsic Ge detector.
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One of the more important improvements in neutron well counter
technology has come about through the development of shift-register
coincidence circuitry.(13) This technique allows higher
coincidence counting rates than is possible with conventional
coincidence circuits, and as a result, can be used to assay very
large Pu samples, with minimum deadtime correction.

Passive coincidence counters have also been built using plastic
scintillators that detect both fast neutrons and gamma rays from
spontaneous fission. Although this approach has advantages in
certain applications, well counters have become more widely accepted
for precise assays of plutonium, because of their insensitivity to
gamma rays and their long-term stability.

IV. CALORIMETRY

The heat generated by natural radioactive decay is the basis of
one of the most precise methods for assaying plutonium. Almost all
of the power generated in typical Pu samples comes from alpha decay,
with minor amounts coming from beta decay and spontaneous fission.
Table V gives the specific power (watts/gram) for plutonium and
americium isotopes of interest to calorimetry measurements.(14)
For "reactor grade" plutonium, the specific power is about 15 mW/g,
v/hich is sufficient to allow calorimetric measurements of even
subgram samples.

TABLE V

SPECIFIC POWERS OF PLUTONIUM AND AMERICIUM

Isotope

2 3 8Pu
239Pu
2 4 0Pu
241Pu
2 4 2Pu
241Am

Half-Life
(yr)

87.79

24 082

6 537

14.35

379 000

434.1

Specific
(W/g)

5.6716 x

1.9293 x

7.098 x

3.390 x

1.146 x

1.1423 x

Power

lO" 1

io-3

lO"3

io-3

io-4

lO"1

Uncertainty
in Specific

Power (%, la )

0.10

0.27

0.2

0.06
__

0.14

One of the unique advantages of calorimetry compared with other
NDA methods is that absolute calibration can be performed using
electrical standards; and the precision obtainable under laboratory
conditions is 0.1 to 0.2%, a figure that is difficult to achieve by
most other methods. On the other hand, for large samples of PuO2,
the measurement time is long, approximately two to four hours, due
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RECRCULATING | !
WATER RESERVOIR

Fig. 20
Mound Laboratory instrument for assay of plutonium. The
calorimeter measures power in watts, while the Ge
spectrometer determines watts/gram based on Pu isotopic
ratios.

Fig. 21
Argonne design of a portable small sample calorimeter for
the IAEA uses concentric aluminum cylinders, each with
precise temperature control.
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to the thermal properties of the sample material itself.
Furthermore, calorimetry requires accurate knowledge of isotopic
content, and absol-st-s accuracy of total Pu is typically limited to
about 1% because of uncertainties in determining the fraction of
238Pu an(3 ?41An)> Calorimeters are designed to give optimum
performance (in terms of precision and measurement time) for a
particular sample size, shape, and weight, and have lower precision
when applied to other types of samples.

Figure 20 shows an instrument developed at Mound Labs for
simultaneously measuring both plutonium isotopic ratios (using
gamma-ray spectroscopv) and the power generated in the sample due to
radioactive decay.(1*> The calorimeter consists of a constant
temperature water bath that contains the sample well and temperature
sensors. When a Pu sample is placed in the calorimeter, the sample
comes to an equilibrium temperature that is measurably different
from the reference temperature. Mound quotes an uncertainty in
assaying grams of Pu of 1% for 11-cm-diameter containers with a
measurement time of four hours.

Portable calorimeters have been developed at Argonne for use by
the IAEA.(16) The design consists of a series of concentric
aluminum cylinders, each separately insulated and temperature
controlled (Fig. 21). When placed in the inner-most cylinder, a
plutonium sample reduces the electrical power required to maintain
constant temperature. These instruments have a precision of about
1% and an equilibrium time of 20 minutes for samples of a few grams.

V. ACTIVE GAMMA-RAY AND X-RAY METHODS

A. Absorption Spectrometry (Including X-Ray Densitometry)

Referring back to Fig. 1, active gamma-ray and x-ray methods can
be further divided into absorption spectrometry (absorptiometry) and
induced active response techniques.

Gamma-ray absorption measurements are not commonly used as a
stand-alone assay technique in nuclear safeguards, since they are
capable of little more than verifying the amount of high Z material
in a sample. However, gamma-ray absorption techniques are widely
used in many non-safeguards applications, such as in thickness
gauges.

By contrast, Xrray absorption techniques are finding increasing
application in safeguards, based largely on work at Los Alamos,
where both K-edge and L-edge x-ray densitometers have been
developed.(I?) x-ray densitometers are used to determine the
amount of elemental uranium or plutonium in a sample by measuring
the transmission of the sample at photon energies just above and
below either the K or L absorption edge, see Table VI and Fig. 22.
Measurements are made with a high resolution gamma-ray detector,
external radiation sources, and suitable collimators for viewing the
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100.0 -

Fig. 22
X-ray mass absorption
coefficients for
uranium, plutonium, and
typical low Z matrix
materials. X-ray
densitometers have been
designed that use both
the K-edge and L-edge
regions to determine
elemental
concentrations of U and
Pu.
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C0LLIMATOR WHEEL

Fig. 23
In the K-edge densitometer installed at Tokai, isotopic
sources and collimators are automatically rotated into
position to measure x-ray attenuation of the sample just
above and below the plutonium K-edge. Here a '^Se
source is positioned to measure the transmission at 121.1
keV.
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TABLE VI

L I I T AND K ABSORPTION EDGE ENERGIES FOR
URANIUM AND PLUTONIUM

Absorption Edge Element

LIII U

Pu

K U

Pu

Edge Energy
(keV)

17.17

13.05

115.60

121.76

(cmvgm)

54.60

51.90

3.65

3.39

sample. For a K-edge assay of plutonium concentration, the sample
transmission is measured at 121.1 keV (̂ Ŝe) and 122.1 keV
(57co), see Fig. 23. Plutonium concentration (g/liter) is
calculated from the equation

-ln(T2/T1)

P =

where

T2/Tl = r a tio of sample transmission at 122.1 keV and
121.1 keV

Ay = difference in mass attenuation coefficient at 122.1 and
121.1 keV

x = sample thickness.

Precisions on the order of 0.5% can be obtained in a 30 minute assay.

Most of the K-edge instruments have been designed to measure
discrete liquid samples of a few ml; however, an in-line instrument
has been installed at the Savannah River Plant for test and
evaluation (Fig. 24).
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SRP DENSITOMETER
SCHEMATIC OF THE IN-LINE X-RAY ABSORPTION-EDGE DENSITOMETER

FOR THE SAVANNAH RIVER PLANT

PROCESS CAIIMT EXTENSION —

r
SAMPLE CELL

ASSA* INSTRUMENT

SAMPLE RESERVOIR

PROCESS HOLDING TANKS

NUCLEAR SAFEGUARDS,Q-l

Fig. 24
The in-line K-edge densitometer installation at the
Savannah River Reprocessing Plant. Plutonium product
solution can be pumped from either of the process holding
tanks through the sample cell/ which is contained in a
small extension of the process cabinet. The assay
instrument sits on a shelf outside the process cabinet,
allowing transmission measurements of the sample cell.

For solutions having plutonium densities below 20 g/£, the
sample thickness required to perform accurate K-edge assays becomes
impractically large. Table VI shows that the values of Ay at the
LIIT edge are about 15 times greater than hu at the K-edge,
allowing sample thicknesses to be reduced accordingly for L-edge
assays.

L-edge densitometers use the bremsstrahlung from low energy
x-ray generators to determine the sample transmission as a function
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Fig. 25
X-ray transmission spectra for 2-cm-thick uranium
solutions near the L m absorption edge of uranium
(17.16 keV), taken with the instrument shown in Figure 26,

ALPHA ALARM
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Si(LI) DETECTOR

SAMPLE CELL

.CALBRATON FOIL

X-RAY HEAD

X-RAY HY P/S

X-RAY ELECTRONICS

ALPHA ALARM
ELF.CTROMCS

MM9N

Fig. 26
L-edge densitometer designed for measuring uranium or
Plutonium concentrations in low density solutions. The
secondary containment box which encloses the sample cell
is designed to be mounted to the rear of a glovebox, and
solution from the glovebox is piped into the sample cell.
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of energy across the absorption edge (Fig. 25). The use of a
continuous x-ray spectrum provider; a complete assay in one
measurement, and the same x-ray machine a-.- be used for assaying
Plutonium, uranium, and mixed U-Pu solutic.s (Fig. 26). Unlike
K-edge assays, L-edge assays are sensitive to low Z matrix
constituents because of the rapidly changing photo-electric and
Compton cross-sections of low Z materials in this energy region.

B. Induced Active Response (Including X-Ray Fluorescence)

Active interrogation methods using gamma-ray or x-ray sources
are not widely used in safeguards today, although one method was
utilized in the past and another method looks promising for the
future. In the early 1970s, IRT developed a barrel scanner using
bremsstrahlung from a 10 MeV electron linac to cause photo-fission
in 235yf 238Uf and 239pu#(18) Between each linac pulse,
neutrons from the sample were moderated and counted with BF3
counters. Although this technique gives fairly accurate arrays of
scrap materials, it has largely been replaced by active neutron
methods.

A method that holds promise for future safeguards applications
is x-ray fluorescence. For many years x-ray fluorescence has been
used as a laboratory tool for chemical analysis based on the fact
that characteristic x-ray energies depend on atomic number. Most
previous applications used electron bombardment to produce the
characteristic K or L x-rays; hence, careful sample preparation was
required, much as is the case for alpha counting. More recently,
low energy gamma-rays from isotopic sources have been used as the
exitation source,(1*) allowing measurement of plutonium and
uranium in their existing containers (Fig. 27).

Fig. 27
Arrangement of 57Co
excitation sources and
Ge detector used by
Camp and Ruhter^19)
for x-ray fluorescence
measurement of uranium
and plutonium solutions
contained in a
cylindrical (pipe)
geometry.

25.4 mm diameter
stainless steel cell

22.0 mm inside
diameter

0.37 mm
stainless steel
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X-ray fluorescence has been shown to have high precision over a
wide dynamic range of uranium and plutonium concentrations. In
mixed uranium-plutonium solutions, the method is capable of giving
an accurate determination of the Pu/U ratio. However, to give
accurate assays of individual concentrations of uranium and
plutonium, techniques must be developed to correct for absorption in
the sample of both the excitation gamma rays and the fluorescent
x-rays.

VI. ACTIVE NEUTRON METHODS

A. General Information

Active neutron methods constitute one of the most powerful
techniques for the assay of fissionable materials, and the number of
active neutron instruments used in safeguards grew rapidly during
the 1970s. Initially, active neutron assays were performed using
reactors and positive ion accelerators as the source of neutrons,
and these methods are still used when the ultimate in sensitivity is
needed for small sample assay. However, For most safeguards
applications, instruments that use isotopic neutron sources are
preferred because of improved size, cost and reliability.
Characteristics of the most commonly used isotopic neutron sources
are shown in Table VII.(1)

TABLE VII

COMMON ISOTOPIC NEUTRON SOURCES

Source

252

238

238

241

124,

Cf

Pu-Li(os,n)

Pu-Be(a,n)

Am-Li(a,n)

Approximate
Average
Energy

Fission (2 MeV)

0.5 MeV

5 MeV

0.5 MeV

23 keV

Half-Life

2.6 yr

88 yr

88 yr

458 yr

60 days

Maximum
Typical
Strength

n/s

5 x 109

2 x 106

106

5 x 105

5 x 108

The primary ^instrument design problem in active neutron
interrogation is in discriminating against source neutrons, while
detecting neutrons produced by induced fissions in the sample. As
shown in Fig. 1, the three methods used for discriminating against
source neutrons are:
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-- coincidence discrimination,
-- time discrimination, and
-- energy discrimination.

In the following sections, instruments will be discussed that employ
each of the above techniques.

B. Coincidence Discrimination (Random Driver, ^WCC)

The random driver (Fig. 28) was one of the first active neutron
assay instruments developed specifically for safeguards. The Los
Alamos design(20) uses an AmLi neutron interrogation source of
about 5 x 10^ neutrons/s and large plastic scintillator neutron
detectors, shielded from the sample with lead to reduce gamma-ray
sensitivity. By demanding that two neutrons be counted with a 50 ns

7/////////////,
STEEL BACK SUPPORT TRAME ' / /

( L E A D ) S

53.3 an

- NICKEL
REFLECTOR

AmLi
DRIVING
SOURCE

BORAL

• *He FLUX
MONITORS

Pig. 28
Random driver of recent design used by Los Alamos for
assay of plutonium samples. One of the first active
neutron instruments designed for safeguards applications,
randoir. drivers have been widely used for the assay of
uranium scrap materials in fuel fabrication facilities.
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coincidence resolving time, single neutrons from the AmLi source are
discriminated agains';, while multiple neutrons from induced fission
in the sample are detected. Other random driver designs that omit
the lead shielding are able to assay samples of approximately 0.1
gram of 235u, but are also sensitive to gamma-ray attenuation in
the sample. Random drivers have been widely used for assaying
uranium scrap and waste materials, and have been designed to
accommodate a variety of container sizes, ranging from a few liters
to 200-liter waste barrels.

Most random drivers have incorporated into their design ^He
detectors used to correct the assay for hydrogeneous moderating
material in the sample and a means of rotating the sample in order
to provide more uniform neutron irradiation. Some random drivers
have also used temperature sensors to correct for detector
temperature dependence. Although the smaller random drivers are
suitable for van installations, their basic design using large
scintillator detectors and lead shielding does not lend itself to
portability.

The Active Well Coincidence Counter (AWCC) was designed as a
simpler, more easily transported replacement for the random driver
(Figs. 29, 30). The design of the AWCC is very similar to passive
neutron well coincidence counters (Section III.C), except that two
small AmLi neutron sources (approximately 5 x 10^ n/s) are placed
in end plugs above and below the sample well.(21) A shift
register coincidence unit effectively discriminates against single
neutrons from the AmLi sources while detecting coincident neutrons
from fissions in the sample. Compared with the random driver, the
AWCC is less accurate for small samples, and it is slightly more
expensive; but it is far more portable, rugged, and reliable; and,
for these reasons, more suitable for IAEA applications.

An instrument based on the same principles as the AWCC was
designed to assay fresh LWR fuel assemblies (Fig. 31). All of the
instruments in this class can be used in the passive mode (by
removing the AmLi neutron sources) to assay plutonium.

C. Time Discrimination (Cf Shuffler)

One of the oldest techniques for assaying fissionable materials
involves irradiating samples with neutrons from reactors or particle
accelerators and then counting either delayed neutrons or gamma rays
from the sample. Delayed neutrons are emitted by neutron unstable
fission ptfb'ducts with half-lives ranging from 0.25 to 56 s. For
235JJ, the ratio of delayed neutrons to prompt neutrons is about
1/120, and for 2 3 9Pu, about 1/335. Delayed gamma rays are emitted
by many different fission products with half-lives ranging from
seconds to years.
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737mm

Pig. 29
Cross-section of Active Well
Coincidence Counter, showing
location of neutron sources
in end plugs above and below
the sample well.

Fig. 31
Active neutron instrument
for the assay of fresh fuel
assemblies. It uses a
single AmLi neutron source
on one side of the fuel
assembly and six ^He
detectors in polyethylene
slabs on the other three
sides of the assembly. The
electronics package is the
same for this instrument,
the Active Well Coincidence
Counter, and the High-Level
Neutron Coincidence Counter.

Fig. 30
The Active Well Coincidence
Counter was designed as a
transportable instrument for
IAEA use in assaying uranium
samples.
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With the production of large 252Cf sources in the late 1960s,
it became possible to use isotopic sources in delayed neutron and
gamma-ray assay instruments. The Cf shuffler (Figs. 32, 33) uses a
1 mg 252cf source (approximately 2.5 x 10^ n/s), a U-shaped
source transfer tube, and ^He proportional counters around the
sample well.(22) & motor-driven cable moves the source into
position where it irradiates the sample for a few seconds, then
quickly withdraws the source to a shielded position. With the
source removed, the ^He detectors are gated on to count delayed
neutrons, and the whole cycle is then repeated many times for an
assay. Typical irradiation and counting cycles are about 10 seconds
each, although optimum times may vary depending on sample
characteristics.

Cf shufflers are among the most sensitive assay instruments,
capable of measuring 1 mg of 235y in small containers, with an
assay time of approximately 30 minutes. Using source-tailoring
techniques such as Ni reflectors and CH2 moderators, one can
adjust the energy spectrum of the interrogating neutrons tfo obtain
either a thermal or a fast neutron assay. Shufflers have been
designed for a wide range of material types, including 235y s c r ap
from fuel fabrication facilities, hot waste barrels containing
uranium and plutonium, and highly enriched spent-fuel elements and
waste canisters (Fig. 34). For measuring spent fuel, the Cf source
must be large enough to overcome neutron background in the sample
due to plutonium and curium isotopes.(23)

Another type of instrument using 252^f neutron irradiation was
developed for assaying fast breeder reactor fuel rods (Fig. 35).
Here the technique was to continuously move a fuel rod through a
shielded neutron irradiator, past a Nal detector where delayed gamma
rays are counted. Individual fuel pellets can be scanned and total
fissile accurately measured for both materials accounting and
quality control.(24)

D. Energy Discrimination (Spent-Fuel Assay System)

Several active neutron instruments have been designed that
discriminate against source neutrons on the basis of neutron
energy. One fairly recent example(25) j s a n instrument designed
at Oak Ridge for the assay of spent breeder reactor fuel
subassemblies. It uses four large 124Sb-Be photo-neutron sources,
each of which produce about 109 neutrons/s. Detectors are
methane-filled, proton-recoil proportional counters, capable of
discriminating against the 23 keV neutrons from the sources, while
detecting the more energetic neutrons from induced fissions in the
spent fuel. Developed for performing assays at the head end of a
reprocessing plant, the system is capable of 5% precision in a
20-minute measurement time.
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Fig. 32
Top and side views of the
californium shuffler
installed at the Savannah
River Plant. The instrument
was designed to provide an
assay precision of 0.3% for
uranium scrap and waste in
18 cm x 30 cm cans.

NEUTRON _
DETECTORS

Fig. 33
Complete Savannah River Cf shuffler showing terminals,
electronics rack, and hoist for lowering samples into the
measurement well.
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Pb SHIELDING

He
DETECTORS

Fig. 34
Large Cf shuffler system for th
assay of either spent-fuel asse
blies or waste canisters. To
achieve a more uniform assay of
assemblies, the Cf source moves
around the fuel package tube du
ing the irradiation cycle. This
instrument is to be installed i
the Florinel and Storage (FAST)
Facility at the Idaho Chemical
Processing Plant.

SOURCE
DRIVE MOTOR *52Cf LEAD SHIELD

Fig. 35
Fuel rod scanner developed for the Fast Flux Test Facility
(FFTF) at Hanford, Washington. The hybrid assay
instrument uses a Cf source for fast neutron interrogation
and measures delayed gamma rays with two large Nal
detectors. The system determines plutonium fissile
content in a fuel rod to better than 0.5% accuracy and has
been used to assay many thousands of rods.
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Neutron detectors (12

Rodium source (2)

Be

Fission
chamber (2)

Fig. 36
Be neutron source and ^He detector arrangement

used by Los Alamos (26) for assay of 235y content of
irradiated Rover (nuclear rocket) fuel. The ^He
proportional counters detect fission neutrons while
discriminating against the less energetic source neutrons,

An earlier system designed at Los Alamos for assaying irradiated
nuclear rocket fuel worked on the same principle, but was physically
much smaller (Fig. 36). It used two small 22t>£a_Be (y,n) sources
and twelve ^He gas proportional counters. (26) i>ne technique of
energy discrimination against source neutrons has also been applied
by Los Alamos in instruments for assaying fresh LWR fuel assemblies
and for well logging of uranium ore formations.

VII. CONCLUSIONS

The interpretation of essentially all assays depends on having
information about the sample, other than the quantity being
measured. Usually, the more well characterized a sample is from a
physical and chemical standpoint, the more accurately it can be
assayed, either destructively or nondestructively.

The selection of one NDA technique over another commonly depends
on what one knows and does not know about the characteristics of the
sample material. From the standpoint of NDA, the most important
characteristics of a sample are its spatial properties (size, shape,
uniformity, etc.), its isotopic properties (ratios of fissionable
isotopes), and its matrix properties (atomic numbers, density,
unusual non-fissioning isotopes, etc.).



14-32

If a sample to be assayed has well determined isotopic
properties but poorly defined spatial properties, then a
neutron method or calorimetry is likely to provide the best
assay. Consider, as examples, the dependence of passive
neutron and calorimetric assays on precise knowledge of
Plutonium isotopic content, but their relative independence of
sample uniformity.

When neither spatial nor isotopic properties are well
known, a combination of gamma-ray spectroscopy and active
neutron methods is likely to provide the most accurate assay
and greatest level of confidence.

Variations in high Z or high density matrix materials
(that are not properly corrected for) increase the uncertainty
in gamma-ray assays more than in neutron assays. Variations in
low density matrix materials, such as water, oxygen, and
fluorine, increase the uncertainty in neutron assays more than
in gamma-ray assays. Thus, a high density matrix tends to
favor neutron assay, while a low density matrix tends to favor
gamma-ray assay.

The relationship between gamma-ray assay, neutron assay,
and calorimetry is complementary in nature. When the
characteristics of a sample (spatial, isotopic, or matrix)
limit the accuracy of one NDA approach, another approach can
generally be used with a high degree of confidence.

A large number of NDA instruments have been developed
over the past decade and many are now commercially available.
Future development work is expected to produce a new generation
of NDA equipment that will be easier for inspectors to
independently calibrate, operate, and maintain, and also to
lead to new approaches for potential problem areas, such as
large bulk processing facilities.

Table VIII graphically summarizes points discussed
above. For Case I, gamma-ray scattering and absorption param-
eters are measurable or known, but isotopic composition of fis-
sionable and matrix materials is unknown. In this case several
different gamma-ray techniques can be applied to give the typi-
cal assay results indicated. For Case II. isotopic composition
of fissionable and matrix materials is known, but gamma-ray
scattering parameters of the sample are not known. In this
case passive or active neutron techniques and calorimetry are
applicable. For Case III. neither gamma-ray scattering param-
eters nor isotopic composition of the sample are known. In
this case, high resolution gamma-ray spectroscopy can be used
to detect the presence of certain isotopes, and active neutron
methods may be able to give an estimate of effective 'fissile
content.
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TABLE VIII

CONDITIONS UNDER WHICH VARIOUS NDA METHODS ARE USEFUL

Case I

Case II

Measurable or
Known Sample
Characteristics

Key gamma-ray
scattering/ab-
sorption charac-
teristics

Isotopic
composition

Case III Nil

Useful
NDA Methods

Passive gamma

X-ray

Passive gamma
and Passive
neutron

Passive gamma
and Calorimetry

Passive neutron

Calorimetry

Active neutron

Passive gamma

Active neutron

Typical
Assay Results

Enrichment
Isotopic
ratios, Iso-
topic content

Pu. U concen-
tration

Pu mass

Pu mass

Pu mass

Pu mass

U-235 mass
Pu mass

Presence of
certain iso-
topes

Effective
fissile
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