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-NOTICE-

A GUIDE TO GAMMA-RAY ASSAY FOR
NUCLEAR MATERIAL ACCOUNTABH !TY

by

T. D. Reil ly and J . L. Parker

ABSTRACT
This report discusses the fundamental principles of

gamma-ray assay for nuclear material accountability.

Tim report was prepared as an account of work
sponsored by the United Sates Government. Neither
the United States nor the United States Energy
Research and Development Administration, nor any of
their employees, nor any of their contractors,
subcontractors, or Iheir employees, makes any
warranty, express or implied, 01 assumes any leeal
liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or
procns disclosed, or represents that ilt use would not
uifnnfe privately owned rights.

1. INTRODUCTION

1.1 Scope of Report

The subject of this report is the measurement

of uranium- and plutonium-bearing materials using

methods of gamma-ray spectroscopy. It is meant to

be a guide for a knowledgeable person and assumes

the reader has at least a basic understanding of

such matters as half-life and decay rate, gamma-ray

interactions with matter (attenuation), detectors

and detection processes, and the use of gamma spec-

troscopy equipment (detectors, multichannel pulse-

height analyzers and associated electronics). For

background in these subjects consult the listed

references. ' ' " * * It cannot be too strongly

emphasized that the most important ingredient in

implementing and supervising any gamma-ray assay

system is a capable and well trained technical per-

son. Gamma-ray measurements cart yield very accu-

rate information for uranium and Plutonium account-

ability but only if performed and interpreted prop-

erly.

1.2 General Principles of Gamma-Say Assay

The basis for gamma assay is that tuny of the

isotopes of uranium and plutcnium emit gamma rays

whose energy and intensity are uniquely character-

istic of the decaying isotope. For example, one

gram of U emits approximately 4.3 x 10 , 185.7-

keV gamma rays per second. The general procedure

for gamma-ray assay is outlined in Eq. (1.1).

M
CR • CF

K (1.1)

where

M -= mass of isotope of interest,

CR » measured count rate from signature of

isotope,

CF « correction factor for sample attenuation,

K • calibration factor (corrected counts

per gram).

The calibration factor (K) is determined by measur-

ing a known standard. This can be represented by

inverting Eq. (1.1).

CR CF
(1.2)

where

H « known mass of emitting isotope in stand-
s

ard,

CR « measured count rate from standard,

CF « correction factor for attenuation in

standard.

The standard essentially provides a measurement of

the detector efficiency, the specific activity of

the signature of interest, and the effects of sample

geometry (size, shape, and s»mple-to-detector dis-

tance). These equations assume the standard is the



same shape and is measured in the same position as

the unknowns. The basic idea may be stated simply,

but the assayist needs a good understanding of the

many factors involved in order to apply them cor-

rectly:

(1) Gamma-Hay Signatures: the energies and in-

tensities of the relevant gamma rays place funda-

mental restrictions on the sensitivity, precision,

and accuracy of any assay.

(2) Detectors and Gamma-Ray spectra: an under-

standing of detector properties and the general

appearance of pulse-height spectra 1i necessary to

interpret the measured data.

(3) Peak Stripping and Background Subtractions

these are the basic procedures for extracting in-

formation from the measured spectrum.

(4) Detector Efficiency and the Inverse Square

Law

(5) Gamma-Ray Attenuation and the Attenuation

Correction Factor: the key to accurate

gamma assay.

(6) System Count Rate Limitations

(7) Sample Scan Procedures

(8) Types of Gamma-Assay Systems

These subjects are all treated in some detail in

this report.
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2. GAMMA-RAY SIGNATURES, SPECTRA, AND DETECTORS

2.1 Signatures

The major gamma-ray signatures for uranium and

Plutonium are listed in Table 2.1. References 2.1-

2.4 at the end of this chapter contain more com-

plete tabulations of gamma-ray data. Both major

fissile isotopes have moderately intense, »•
235 •

interference-free signatures: U-185.7 keV;

Pu—413.7 keV. Most of this report will deal

with the measurement of uranium or plutonium 'using

these gamma rays. Appendix 1 contains a brief dis'-

cussion of the measurement of other plutonium iso-

topes. Figures 2.1 and 2.2 show complete GeC^i)

spectra of uranium and plutonium, respectively.

Figure 2.3 is an expanded view of the 414-keV re-

gion of plutonium.

2.2 Detectors

The major detectors for nuclear materials as-

say are Nal(Tl) scintillation detectors and Ge(Li)

semiconductor detectors. Nal has the advantage of

*? —iJp-S (C 93% 235U SAMPLE
« *f? GAMMA-RAY ENERGIES IN KeV

-3S keV

1500

Fig. 2.1. Characteristic gamma rays of 235ym This
spectrum was measured with a high reso-
lution Ge(Li) detector.

9 4 . 2 % " " P u SAMPLE
GAMMA-RAY ENERGIES IN keV

7.6 by 76cm
NoI(TI)

DETECTOR

500 1000
CHANNEL

1500 2000

Fig. 2.2. Comparison of plutonium gamma-ray spec-
tra from 30-cm^ Ge(Li) detector and
7.6- by 7.6-cm Nal detector. Note the
square root scale.

Tig. 2.3. Ge(Li) spectrum showing 414-keV region
of plutonium spectrum in detail. The
three highest peaks are 375.0, 393.0,
and 413.7 keV, all from 231pu.

room temperature operation, economy and higher effi-

ciency. Unfortunately, its resolution is clearly

marginal for many assay situations. The 186-'.oV
235

gamma from U is usually resolved by Nal (Fig. 2.4)

if there 'ire no other significant gamma emitters in

the sample. A good Nal will have a resolution of

about 12% (22 keV) FWHM at 186 keV. Any intense

gamma ray within about 70 keV (3 FWHM) of 186 keV
235

can be expected to interfere directly with the U

photopeak. Highrr energy gamma rays will interfere

by producing a large Corapton continuum under the

photopeak. If high energy gammas exist with inten-
235

sity much over 10 ^Ci per gram of U, serious

signal-to-backgrovnd problems can be expected in the

2'35
186-keV region. For low-enriched uranium (<1% ~" U)

238
the daughter product activity of U (765 and 1001

keV) interferes quite severely with the Nal measure-

ment of the 186-keV gamma ray. The Nal detector is

not recommended for accurate measurements of low en-

riched uranium.

Due to its low resolution the Nal photopeak in-

cludes a significant number of scattered gamma rays

caused by small angle (hence, small energy loss)

Compton scatters within the sample. This can be

described by a "buildup factor" (see Ref. 1.3, p.

732) which is difficult to compute and can greatly

complicate the interpretation and measurement of

sample attenuation. The magnitude of this effect

can vary considerably depending on the sample den-

sity and composition. In contrast, the Ge(Li) .le-

tector suffers much less from this effect. The

Ge(Li) photopeak can be assumed to contain only



TABLE 2.1

Isotope

MAJOR GAMMA-RAY SIGNATURES FOR THE FISSIONABLE ISOTOPES
Energy Intensity

(g-s)-i Comments

2 J8,

185.72 4.3 x 10 Only intense gamma ray. Resolved with rial as well as Ge(Li).

Useful for enrichment and quantitative measurements. Several
much weaker peaks are seldom useful.

100!. 10 1.0 x 10" These actually arise from the 234npa dauighttr of 233u. After
766.40 3.9 x lo' chemical separation about 100 days are required for the activ-

ity to come into equilibrium at the levels stated. Plutonium-
238 gives rise to the same 766.40-keV ganma and would produce
Interference in U-Pu mixtures. Useful for work with Ce(Li) or
Sal.

766.40
152.77

1.5 x lt>5

6.5 x 106
Most useful for quantitative assay. Ge(l.i) or Nal. Useful
for isotopic determinations with Ce(Li).

4
PII

2)9.
Pu

240,

24!
Am

411.69

129.28

207.98

3.4 x 10*

1.4 x 10

2.0 x 10

148.

59.

59

(.0

54

1

7

4

.8

.5

.6

X

X

X

10

10

1010

The 413.69 usually provides the basis for Ge(Li) assays. The
413.69 plus tlse 375.02 and its weak neighbors form a complex
upon which Nal assays are based.

Useful for Isotopic determinations w'.th Ge(Li). Pluconiutii-239
has over 100 gamma rays, some of which are useful for careful
work with Ce(Lt).

Several weak gamma rays but all. suffer bad interference from
gamaas of other isotopes. Requires very careful work with
high-resolution detector to make use of any of them.

Actually from - " u uaughter and requires about 25 days after
chemical separation to come into equilibrium at stated value.
May also have a few percent interference from 2*lAm which emits
same gamma. Nevertheless a good clean strong gamnt.-i useful with
both Nal and Ce(t.i).

L'seful with Ce(l.l). Also from 237(J.

"Useful with Ce(li). Direct from 2*'Pu.

Very strong gamma but attenuation problems. Useful with Ge(l.i)
or N'al. Has several other much less intense gammas sometimes
useful for Ce(Li) work.

'Pu No useful gamma rays" at all. Nature failed us at this point.

un.scattered gamma rays plus a small contribution

from Rayleigh scattering. This makes the interpre-

tation of sample attenuation much more straightfor-

ward.
239

The 414-keV gamma ray from "" Pu is usually not

resolved by Nal. The broad peak (300-4*0 keV) in
239 241

Fig. 2.5 contains many gamma rays from Pu, ~ Pu
137 741

(through its "~ U daughter), and ~ Am. The- major
239

activities are from Pu (375 and 414 keV) and

Pu (332.3 keV). If the plutonium isotopic compo-

sition remains constant, this region can be used to

measure " Pu. For varying isotopic composition, it

Is possible to integrate the upper half of the peak

(e.g., 375-450 keV) an<* minimize the varying inter-
'41

ference from " Pu. With proper standards and ade-

quate control Nal can bo used for plutonium scrap

and waste assay. Indeed, many of the systems in use

at present are Nal.



Fig. 2.4. Nal spectrum of uranium (93% 335V on left, 0.7% 235U on
right; 5.1- by 5.1-cm detector). The three major fea-
tures (1 to r in the 93% spectrum) are ~i00 keV (wanium
K x rays), 143.8 keV (235(j), and 185.7 keV (235v). For
the 0.7% spectrum a cadmium filter was placed over the
detector to reduce the x-ray pear., note the: large Compton
background from higher energy 238y daughter radiations in
the 0.7% spectrum. The v&rtical scales arc diffezort on
the trfo spectra.

Some guidelines can be given for choosing the

proper size Nal detector. For m.jst measurements of

the 186-keV gamma ray of U, a 2.5-rft-thick de-

tector is recommended. This wi1. absorb over 90?

of the gamma rays of interest. Thicker detectors

will just add background. With a signal-to-

background much less rh;in one, if can be shown that

die optimum detector thickness is about 1.2 cm.

The use of Nat for such counting situations is not

recommended. For normal, lower background situa-

tions the 2.5-cm crvst.il is a more practical choice.

At 414 keV detectors up to 13 cm thick may in- used,

but H cm is usual Iv adequate (this will absorb

nt-.-iriv 70/1 of die gamma r.iys of interest).

The Ge(Li) detector is preferred for nuclear

material assay because of its superior resolution

(e.g., at 414 keV a good GeO-i) will have a resolu-

tion of about 1.4 keV FWHH as compared to a good

Nal with 40 keV FV.W1). The obvious advantage is

the ability to separate the peaks of interest from

other neighboring gamma-ray peaks. For example,

the brnad peak in the Na! spectrum of Fig. 2.5 is

r<?,solved bv (;e(Li) into many individual components.

The 414-kcV gamma rav is well resolved by even a

medium niality f.e(I.i). A less obvious advantage is

that the full energy peak in <i Ge(Li) spec trim is

more nearly composed of unscattered gamma rays

(thero is little "buildup" under the peak). Due to

2.5. Nal spectrum of plutonium (5.1- bit 5.1-cr. detector) . Three different
Plutonium isotopics arc shown: from 1 to r, ^59pUt 94%, 87%, 75%;
241 pu, Ci.3'-., 2.5%, 5%. The two major features cf the spectrum are the
208-keV pojk from 24U'u (237U) and the broad peak 333-414 keV from
239pa an(j -41pu- The lowsneray side of this peak is due mostlu to
•Mlru. A lead and cadmium filter is placed over the detector to re-
duce the 241jim anej x-ray activity. These pictures illustrate the
241 i>u intv. fcrenco to the 400-keV 239pu complex.



its high resolution even small angle Compton scat-

terings result in a secondary gamma which is out-

side the full energy pe.ik. This is very important

for bulk material assay since it simplifies the

interpretation and evaluation of sample attenuation,

tliv kc-v fat-tor in gamma-ray assay. In simplest

terms the Ce(I.i) detector provides a more unambig-

uous signal, and its use is preferred for nuclt>ar

material assay.

For most assav of bulk samples (e.g., scrap and

waste) a Ge(Li) detector with the following per-

formance specification's should be adequate:

FWHM at H12 keV = 2.0 - 2.2 keV,

KKH>1 at U>2 keV = l.i - 1.2 W ,

l-ff at i}V> keV - i 0 \

!'!)«• resolution .it X22 keV (' Coi should be speci-

fied wlu-n ordering the detector slmc most g-aMia

ravs of interest for nuclear material assav are in

the ranee 100-500 keV, and this is a more rvlevant

specification. Larger detectors are available

(off • 25-"): however, the Rain in efficiency at

IOO--100 keV is much smaller than that at 1332 kcV.

and the added cost is usual Iv not justified. The

frontal area of these large detectors is often no

greater than a well chosen 10*' detector, am! the

added depth increases the Jow energy efficiency

onlv slighllv. This reflects the same considera-

tion discussed above for Sal; a detector need be

no more than 2-1 mean free paths thick to the high-

est energy gamma r iv of interest. The low energy

resolution can t>e improved considerably through ti:e

use of a cooled t'KT in the first stage of the de-

tector preamp (e.g., large detectors are available

with a resolution in tire range *>00-700 eV at 122

keV). This would usually be warranted only for

very high resolution spectroscopy; e.g., plutonium

isotopic measurement. It is not recommended for

assays based on the 186-keV o'." 414-keV gammas alone.

The detector mounting (cryostat and dewar) must be

compatible with the required shielding and collima-

tion and should be considered carefully when order-

ing a detector. More information on specifying

Ge(Li) spectroscopy systems is provided in Regula-

tory Guide 5.9. " Large high purity germanium

detectors are not yet available commercially and

are not discussed here. Their use and required per-

formance specifications would not differ signifi-

cantly from those discussed above for GefLi).
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5. PEAK STRIPPING AND BACKGROUND SUBTRACTION

3.1 Introduction

The- information discussfd j,i this section per-

tains to the basic procedures for extracting in-

formation from the measured gamma-ray spectrum.

The basic data for the assay usually are the full

energy peak areas of one or more gamma rays in the

spectrum (e.g., from each isotope of interest,

from an external transmission source used to meas-

ure sample attenuation, and from a reference source

used to measure system livetime and pulse pileup).

The Cumpton continuum which underlies these photo-

peaks must he subtracted to get the true source

aoiivitv. In situations where this background is

much less Khan the peak .fctivity, only small errors

<ir>> made by omitting the background subtraction,

but in general this procedure is not recommended.

far most nuclear material assay the peaks of in-

terest -ire well resolved, and the background sub-

traction C.MI he done by simple, straightline sub-

traction procedures without the use of computer

peak fitting techniques. This is certainly the

case for assays based on the 186-keV and 414-keV

piviks. The measurement of other plutonium isotopes,

pnrticulariv " Pu, is often difficult even with

the best peak fitting techniques, due to the severe

interference's involved. Such techniques will not

bf discussed here.

3.2 Straightline Subtraction Techniques for

Well Resolved Single Peaks

A simple, yet fairly general, method of deter-

mining pliotopeak areas is described below The

method is applicable to l'HA data or to data ob-

tained from sealers cinnected to single-channel

analyzers. Figure 3.1 shows a portion of a pulse-

height spectrum containing a single photopeak.

The area under the peak, I1, mny be obtained by

summing the contents of the channels as shown in

the figure. The background under the peak can be

approximated by a straight line, shown dashed in

the figure. Oroups of channels lying on each side

of the peak may be averaged to estimate the back-

ground. If n. channels are used on the low side

of the peak, n, channels are used on the high side,

and n channels used in the peak (n should be equal

to about 3 FWHM), then the background is given by

Channel -»

Fig. 3.1. Pulse-height spectrum of single photo-
peak illustrating general procedure for
determining photopeak area. The area
of interest is above the dashed line
which is determined from Si and B^.

B = (n/2) • (BjAij + B 2/-O . (3.1)

The peak area corrected for background is given by

A = P - (n/2) • (BjAij + B 2 / n 2 ) , (3.2a)

A = P - (n/2nj) • (Bj + B 2 ) , if r.j=n,,(J.2b)

A = P - (B, + B 2 ) , if nj=n2=n/2 . (3.2c)

If the slope of the straightline background is

essentially constant for a particular set of meas-

urements, then channels on one side of the peak only

can be used for the background determination. The

peak area would then be given by

A = P - (r,/nj) • (k • B) (3.3)

where k is a factor that corrects for the background

slope (k = 1 for a "level" background) determined

from an appropriate calibration. This situation is

illustrated in Fig. 3.2. This "two-window" proce-

dure is commonly used with Sal-SCA instrumentation.

For this, one SCA window is set over the peak and

the other set slighly higher in energy. Sealers at-

tached to the SCA's measure P and B, respectively

(if only one SCA-scaler combination is available,

two separate counts can be made at different thresh-

old settings). The net peak area then becomes

A = P - (k • B) , (3.3a)

where k is determined during the system calibration.



Energy

Fig. 3.2. Pulse-height spectrum of sirMlc pkoto-
poak illustrating two-window method for
determining photopeak area. This is
tho most common procedure Cor tJal-SCA
measurements.

It can be determined in several ways. The simplest

is to choose k such that A=0 when no sample is in

front of the detector. A better procedure is to

use several standards of different uranium or plu-

tonium masses and fit the measured responses to

Eq. (3.3a). If the peak and background windows are

of equal width, k should be about l.Z for U

(186 keV) and 1.0 for Pu (414 keV).

The statistical uncertainty of the measured

areas should also be determined since this gives

an estimate of the precision of the peak measure-

ment. The expressions below give an estimate of

the standard deviation in the area determined by

Eqs. 3.2a-c.

(n/2)

a(A) = + B2, if

,(3.4a)

, if nJ='n2, (3.4b)

(3.4c)

These uncertainties should then be propagated

through the full assay expression (including atten-

uation corrections, livetime and pileup corrections,

etc.) to determine the total precision of the assay.

An example of such a computation for a transmission-

corrected scan is given in Ref. 3.1.

Two other background subtraction procedures

deserve mention. The first is similar to the pro-

cedure described above but actually computes the

equation of the background line and makes a channel-

by-channel subtraction of the peak region. Refer

to Fig. 3.1; let (X., X?) be tin- averasi- channel

number in the (lower, upper) background region.

Let X. to X refer to the channel numbers in the

peak region. The peak area is computed from the

following expressions:

A = P - R (3.5)

where

B = (mX. + b)

(h. !A
V»2 v
-— - mX,
n, 2

/ (X., - Xj)

For most single peaks this will give marly the

same area as is given by the first procedure. Thi'tv

are situations where several peaks arc nearly r<—

solved but there is not room to assign a background

region next to the peak of interest. In such cases

the background regions may be assigned on cither

side of the multiplet and the peak region assigned

to the peak of interest. This latter procedure

should be used tc analyze such a situation (actually

computer peak fitting techniques will usually be re-

quired to accurately analyze multiplets). An exam-

ple of where this can be used is in the 160-keV re-

gion of the plutonium spectrum. With a good detec-

tor two peaks are nearly resolved, one at about

160.2 keV (from 2Z>1Pu and 240Pu) and one at 161.3
239

keV (from Pu with a small americium contribution).
3 ^The other method, developed by Gunnink, "" uses

a channel-by-channel background subtraction; however,

the shape of the background is not linear. Consider

the peak shown in Fig. 3.3. The background on the

low energy side of a peak is usually higher than

that on the high energy side (in most cases, the dif-

ference is not as large as illustrated here). This

is due to small angle scatters in the sample and

multiple Compton scatters in the detector. In the

above procedures it is assumed that the variation

between the two points is a straight line. The

shape indicated in this figure is more physically

accurate. The following procedure subtracts a back-

ground of this general shape. The same three re-

gions are selected as in the other procedures. The

total counts in these regions are P, E. and B (as

before), and the number of channels are n, n,, and n~.

8



The contents of the individual channels of the peak

region are labeled P. through P . The area under

:hc peak is given by the following expressions:

A = P " B , (3.6)

where

B =

P.

THJs procedure will also work for ne.'irlv resolved

raujliplots .is discussed .-.hove. for a single, well

resolved penis this «ihoti!d not differ significantly

from the area determined by the first procedure.

In Reneral, the first procedure will be adequate

for well resoSved single pe.iksi. One of the other

two methods should be used viurn trying to analyze

jK>.ik multipiets without using peak letting tecii-

niquvs.

3.3 Multiple Peaks

In some instances, as explained above, nearly

resolved multiplets can be analyzed with simple

channel summation algorithms. With adequate stand-

ards it is possible to get pluronium isotopic in-

form.ition fr̂ tn some peak multiplets using the pr>-

cedures described in the previous section and

nearby well resolved lines to evaluate the tinre-

solved interferences (see Appendix A ) . For most sit-

uations, however, the accurate analysis of compli-

cated peak imiltipleru requires the use of computer

fit tin)" techniques. References 3.3 - 3.5 give ex-

amples <>f such techniques. The peak shape algo-

rithms u~v«.i in ilAMAKAL have had the raost success in

extract inn plutoniuin isotopic information from tlu-
3.2

complex 'ilutonium spectrum. *" In closing, it

shfiuM ag.tin He n»ted that tiu-.se fitting procedur.-^

are nt̂ ; L»^U:I11V recommended or required for routine

rii) or Pu assay.
>., 238,,
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. DETECTOR EFFICIENCY AND THE INVERSE SQUARE LAW

The intrinsic photopcak efficiency of all de-

tectors var>ies with energy. Typical examples of

this variation arc shown in Fig. 4.1 for Nal and

Fig. 4.2 for Ce(l.i). Knowledge of detector effi-

ciency as a function of energy is required when

attempting to make plutoniuro isotopic measurements

by gamma spectrometry. Several lines at different

energies are compared to extract isotopic ratios.

As rlM- figures illustrate, detection efficiency

can changt considerably over just several keV. It

is often useful to have a plot of detector effi-

ciency vs energy for all detectors in use (relative

efficiency is usually adequate; the absolute count-

ing efficiency is more difficult to measure accu-

rately). This can be measured quite easily with

he standard calibration sources available from

NBS, IAEA, and others; or with the multi-isotopic

point sources now available from NBS. It should be

noted that absolute- counting efficiency need not be

known since all gamma atsav should be based nn

100.0

1.00,

111
0.10

f

0.01 f I I I I
500 1000

Er{keV)

Fig. 4.1. Photopeak efficiency vs energy for three
different size nal detectors.

0.1

• Sources

I*- 25cm-»l

O.2 0.4 0.6 0.8 1.0
Gamma-Roy Energy (MeV)

1.2 1.4

Fig. 4.2. absolute efficiency vs energy for 30-cm3

Ge(Li) detector.

measurements made relative to a known calibration

standard. A measurement of absolute efficiency is

implicit in the standard calibration.

The variation in efficiency with source-tc-

detector distance affects gamraa-ray assay in an ob-

vious and important way. The basic formula for the

absolute efficiency to detect gamma rays from a

point source is given as

(Hr
(4.1)

where

A - visible detector area,

e = detector photopeak efficiency,

r = source-to-detector distance.

Most samples for fissionable material assay are ex-

tended sources, so r and e T vary from one point to

another on the sample. This means a gram of uranium

may yield different count rates depending on its lo-

cation within the sample. Consider the cross section
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of a 55-gal drum (diam = 60 cm) illustrated in

Fig. 4.3. One gram of material in position 2

counts four times as much as in position 4. If all

samples were uniform, this variation of response

(count rate) with position would be unimportant.

•4 2«H-60-

r} = 90 cm CR]/CR1 = (90/90T = 1

r2 = 60 CR2/CR1 = (90/60)
2 =2.25

r3 = 95 CR3/CR1 = (90/95 )
2 = 0.90

r4 = 120 CR4/CR1 = (90/120)
2= 0.56

F.iy. 4.3. Illustration of count rate variation
with position in 55-gal draw.

Since many samples are not uniform (particularly

the waste stored in 55-gal drums), this represents

a potential source of error and should be minimized.

This can be accomplished by increasing the sample-

to-detector distance, but only at the expense of

count rate. If the detector in Fig. 4.3 were 120 cm

from the drum edge, the ratio of count rates between
2

position 2 and position 1 would be (150/120) - 1.56,

but the overall count rate would have dropped to

nearly one-third that at 60 cm. A better procedure

is to rotate the sample. Consider the following

diagram.

•••«. r

•==-»-| PET

The ratio of the average response of a source

rotating on the radius (a) to the response at the

center is

CR(a)
CR(0)

1 (4.4)
1 - (a/R)2

Table 4.1 lists this function for several values of

a/R. By rotating the sample the maximum count rate

variation in Fig. 4.3 due to position is reduced

from 2.25 to 1.125 with no loss in overall count

rate. Thus, whenever possible the sample should be

TABLE 4.1
THE EFFECT OF SAMPLE ROTATION ON

COUNT RATE VARIATION

a/R

1/2

l/3a

1/4

1/5

1/6

1/7

CR(a)/CR(0)
Rotating

1.33

1.125

1.067

1.042

1.029

1.021

CR(R-a)/CR(R)
Not Rotating

4

2.25

1.78

1.56

1.44

1.36

This is the case illustrated in Fig. 4.3.

rotated to minimize the potential error Cue to non-

uniform distributions of material within the sample.

Rotation minimizes the effect of radial variations.

If the sample is taller than it is wide, the verti-

cal variation must be considered also. This is il-

lustrated in Fig. 4.4, where L = ls height of con-

tainer and n * L — distance from detector to center

of container. The maximum variation is reduced to

10% with a sample-to-detector of 3L.

In general, the choice of sample-to-detector

distance is a compromise between minimizing the re-

sponse variation and maintaining an adequate count

rate. A general guideline can be given as follows:

The maximum count rate variation with position is

less than ± 10%, if the distance between the center

of the sample and the detector is equal to or

greater than three times the larger of the dimen-

sions a or L (radius or *j height) and the sample is

rotated. If the sample cannot be rotated, it should

ACR
CR

10%, if R ^ 3a or 3L, whichever (4.5)

is larger, where a = radius of sample

and L = '$ height and the sample is

rotated. This applies to 1/r" varia-

tions only.

at least be counted in two orientations 180 apart.

Usually there will be little need to increase the

sample-to-detector distance beyond this because of

considerations of sample attenuation which will us-

ually be the largest source of count rate variation.



2.24 L

2L

3.I6L

3L

= 0 > 9 °

4.I2L 5.1 L

4L 5L

Fig. 4.4. Maximum vertical count rate variation as a function of sample-to-detector distance.

A source at the center of the sample will experi-

ence a larger attenuation than will a similar

source near the edge. This effect cannot be mini-

mized by increasing the sample-to-detector disfance.

In most samples it will be the dominant effect, so

sample-to-detector distances larger than indicated

by the above discussion and Eq. (4.5) are usually

of little value. Consider a 55-gal drum of com-

bustible waste (a = 30 rra, density ~ 0.1 g/cm or
2

about 45 lb net weight, j_im(414) ~ 0.1 cm / g ) . Only

74% of the gamma rays emitted at the center would
, . , r , , , -(0.1)(0.1)(30)

reach the surface of the drum (e

= 0.74). This is a maximum count rate variation of

26%, so a sample-to-detector distance larger than

specified by Eq. (4.5) would not be justified.

12



5. ATTENUATION CORRECTION FACTORS

5.1 General Attenuation Considerations
Figure 5.1 is a graph of mass attenuation co-

efficients vs energy for a selected range of ele-

ments. It also indicates the energies of the more

useful gamma rays for the £\*say of several impor-

tant isotopes. In a qualitative way, the figure

indicates many of the possibilities and constraints

in performing gamma-ray assays. Several important

features should be emphasized. Between 1 and 3 MeV,

the mass attenuation coefficients of all elements

(except hydrogen) are equal at a given energy within

~ ± 20%. The maximum and minimum values within this
2 2

range are ~.O8 cm /g and ~.O35 cm /g and the overall
2

average value in the range is ~ 0.05 cm /g. If na-

ture had equipped all the isotopes of interest with

an intense gamma ray in this range, gamma-ray assay
238

would be much easier, but unfortunately only U
is so equipped. At lower energies, the coefficients

10

I8S.7 *«V
' J 3 5U ASSAY

I05 10*
ENERGY (keV)

Fig. 5.1. Mass attenuation coefficient vs energy
for selected elements. The energies of
several important assay lines are indi-
cated on the graph.

of the high-Z elements of interest become much

larger than those of the lower-Z materials, reach-

ing values ~ 20 times higher near the K-absorption

edge of plutonium. These larg- differences make

quantitative assay by low energy gamma rays diffi-

cult, or even impossible in many cases. The mass

absorption coefficients of uranium and plutonium

are nearly six times larger at 186 keV than at

414 keV. This means the assay of V (using its

186-keV gamma ray) is subject to a greater poten-
239

tial error than the assay of Pu (using its 414-

keV gamma ray). The region between 80 and 120 keV

is usually not useful for assay measurements due to

the K x rays of uranium and plutonium. Below 80

keV most attenuation coefficients increase rapidly,

making attenuation unmanageably severe for most

cases. An exception to this is the measurement of

very low level (~ 10 nCi/g) waste materials where

L x rays (~ 20 keV) must be measured to achieve the

desired sensitivity. Nearly all uranium and plu-

tonium assay is done with gamma rays of energies be-

tween 100 and 1000 keV.

Figure 5.1 and the discussion above indicate

the existence of limitations and constraints due to

sample self-attenuation. The correction for sample

attenuation will be discussed in some detail since

it is the most important factor in gamma-ray assay.

The attenuation correction factor is defined here

by the following expression:

CF CR(l-i=0, no attenuation)
CRCactual observed rate)

(5.1)

where

CR = count rate,

CF = attenuation correction factor.

This expression is symbolic. CF cannot be computed

from Eq. (5.1) because CR(;i=0) cannot be measured

directly. The product CR-CF is sometimes called

the "corrected count," i.e., the count which would

be measured in the absence of attenuation. As de-

fined, the correction factor has a minimum value of

one. Experience has shown that the maximum value

that can be determined with reasonable accuracy

(± 5%) is about five. It should be emphasized that

CF=5 is a large correction implying that only 20%

of the gamma rays of interest escape from the sample.

13



Large values of CF imply high potential for error.

Sample nonuniformities become more troublesome as

CF increases.

The basic necessaij assumption for all quanti-

tative gamma assay is that the mixture of uranium

or plutonium and matrix material (everything other

than uranium or plutonium in the sample) is reason-

ably uniform, and the uranium or plutonium particles

are small enough to ignore self-attenuation within

the emitting particles. It is difficult to define

"reasonably uniform," but some rough guidelines can

be discussed. If the individual particles of ura-

nium or plutonium have significant self-attenuation,

the assay results will be low. For some cases spe-

cial procedures may be used to correct for the er-

ror caused by individual particle attenuation. The

self-attenuation of the individual particles can be

estimated from the following formula.

CF

CF 1 + lax/2, if

(5.2a)

(5.2b)

CF ss )_ix, if M X i 3 , (5.2c)

where

•j-i = linear attenuation coefficient of emit-

ting material,

x = mean linear dimension of particle.

(The approximations are good to 5%.) The actual

particles are irregular shapes and their size is

not usually well known, so it is difficult to com-

pute the self-attenuation exactly. This formula

should only be used to estimate the order of magni-

tude of the particle self-attenuation. Figure 5.2

illustrates the variation of self-attenuation with

size for uranium and plutonium oxide particles.

As indicated in the figure, small particles can

have significant self-attenuation, particularly

uranium, A 130-n particle of uranium oxide will

absorb 10% of the 186-keV gamma rays emitted within

the particle. Larger particles, such as fuel pel-

lets, are even worse. A 1-ctn pellet of UO, requires

a correction factor of about 15 [nx » (1.5 cm"/g)

x (10 g/ctn )(1 cm) = 15] for the 186-keV gamma ray.

A similar"•plutonium recycle pellet would require a

correction factor of about 2.5 for the 414-keV

gamma ray. If such pellets were in a container of

low density combustible waste (rags, gloves, Kim-

o

I

i.UUU

0.750

0.500

0.250

0

\ 1 1

\ N^«*PM, 2.6 cm"'

- \ ^ V

\ / l 8 6 U , 15 cm"'

1 t

1

•

1
0.001 0.251 0.501 0.750

Particle Size (cm)
1000

Fig. 5.2. Self-attenuation vs> particle size.

wipes, etc.), the package would clearly not meet the

requirement of reasonable uniformity. HTGR-coated

particles come close to meeting the requirement, but

assay results will still be 5-10% low if corrections

are not made for particle size. Pure powders (PuO ,

U0,, U^Og, etc.) clearly meet the requirement as do

certain well mixed powder scrap materials, such as

most incinerator ash. Small quantities of powder

mixed with combustibles may meet the requirement if

the powder is distributed uniformly in the matrix

and not in lumps.

The above discussion illustrates some of the

basic problems of gamma-ray assa,. There are some

techniques which allow less stringent uniformity

conditions, which will be mentioned below. Never-

theless, it is generally true that in order to per-

form gamma-ray assay with any assurance of accuracy,

the assayist must know that the samples meet Che

basic assumption of uniformity. In favorable case::,

accuracies of ± 5% (Id) are readily obtainable; how-

ever, for samples which grossly depart from uni-

formity, measurements can be low by a factor of two

or more. Several common ways of computing the at-

tenuation correction tactut will MOW tie «iS£U5Sed.

5.2 Attenuation Correction Factor Expressions

Equations (5.3) list several eoacaon and uaefuJ

expressions for the correction fnctor.



CF

CF

CF

IT/4 IOD
_ e-n/4|_iD

slab, (5.3a)

cylinder, (5.3b)

absorber. (5.3c)

In these expressions D is the cylinder diameter or

or slab thickness, and L is the thickness of any

pure absorbers between the sample and the detector.

The slab formula, Eq. (5.3a), is an exact expres-

sion for the case where the sample-to-detector dis-

tance is very large compared with the dimensions

of the source and the detector (this is sometimes

called the far-field approximation). It is used

for rectangular samples (plates, boxes, air filters,

etc.) viewed parallel to a side (usually through

the thin dimension). The expression works well

even for fairly small sample-to-detector distances

(one or two tines the sample thickness). Equation

(5.3b) is an approximate expression for cylindrical

samples. It hap the same form as Eq. (5.3a), with

|_d) replaced by (TT/4)HD (TI/4=0.785) . This expres-

sion works quite well even when the detector is

only one diameter from the edge of the sample.

Both Eqs. (5.3a) and (5.3b) are plotted in Fig. 5.3.

Equation (5.3c) is merely the fundamental law of

gamma attenuation and is used for absorbers placed

between the sample and the detector. This expres-

sion would be applied to the walls of the sample

container. For this case, the total correction

factor would be the product of Eq. (5.3a) or (5.3b)

times Eq. (5.3c).

e.oo

2
u

Z

m,, , . . — g

i
IM 000

In general, these expressions are approximate

but quute accurate, particularly for use with high

resolution detectors. For Nal they usually over-

estimate CF due to the effects of small angle scat-

ters in the sample. In many cases, pD can be deter-

mined by an external source transnission measurement

as described below. Other times (e.g., equipment

holdup and large waste containers) HD is estimated

from knowledge of the sample and CF computed di-

rectly from the appropriate expression above.

5.3 Transmission-Corrected Gamma-Ray Assay

Consider the situation pictured in Fig. 5.4.

The sample is placed between the detector and an ex-

ternal gamma-ray source. I is the measured inten-
o

sity of the source with no sample, and I is the in-

tensity with the sample in place. The transmission,

T, is defined as

T = I/Io , (5.4a)

i.e., the fraction of gamma rays from the source

which pass through the sample with no change in

Source

-•> I OET

~i :. 5,4. Diagram of a transmission n
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I
c
Z 390
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z
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energy or direction. From the fundamental attenu-

ation relationship.

-ME
(5.4b)

The correction factor Eqs. (5.3) can be rewritten

in terms of T.

CF =

CF =

- lnT
1 - T

-TT/4 lnT

1 _

slab, (5.5a)

cylinder. (5.5b)

Figure 5.3 also shows a plot of CF vs T. For T

greater than 0.2, CF is less than 2.0 and does not

change rapidly. This is a favorable range for as-

say work. For T less than 0.2, CF rises rapidly

and the possibility of error increases. Measured

transmissions become less accurate when T is less

than 10^. For careful work with high resolution

detectors, transmissions as low as ~ 0.5% (CF~ 5.3)

can be measured with confidence. Caution is ad-

vised when measuring transmissions below 10% with

Nal. The effects of small angle (small energy

change) Compton scattering or "buildup" are more

troublesome for Nal measurements.

Table 5.1 lists some of the common transmis-

sion sources. Equations (5.5a) and (5.5b) assume

the transmission is measured at the same energy as

the assay gamma ray. As indicated in Table 5.1,

transmission and assay energies may be quite dif-

ferent. In this case a correction must be applied

for the difference in attenuation between the two

TABLE 5.1
COMMON TRANSMISSION SOURCES

Assay

sotope

f\q
Pu

Assay
Energy (keV)

186

1001

.'.14

Transmission
Source

I69yb

235^

1 3 7Cs
54>In
22Na

75Se
22Na
137Cs
239Pu

Transmission
Energy (keV)

177, 198

186

662

834

1275

401

511

662

414

energies. This correction usually involves some

knowledge of the composition of the sample. The re-

lation between the transmissions at the two energies

is given by

(5.6)

where

a refers to the assay energy,

t refers to the transmission energy,

a = Ma/Mt-

The measured transmission is raised to the (j. /ia

power before substitution into Eqs. (5.5). As an

example of how reasonable values of a. may be oh-
239

tained, consider the assay of Pu (414 keV) con-

taminated incinerator ash using Cs(662 keV) as a

transmission source. This mixture can be treated

as two components, one having the attenuation prop-

erties of oxygen and the other those of plutonium,

in calculating the composite attenuation. Table 5.2

illustrates the change in a(p /a ) with the pluto-

nium weight fraction. Most incinerator ash will be

less than 10% plutonium by weight, so a=1.27 might

be picked as an average value for the measurements.

If a wider range of weight fractions is encountered,

it may be necessary to perform an iteration (i.e.,

pick a trial F , calculate the mass of plutonium,

calculate F from this value and the sample net

weight, recompute the mass of plutonium, etc.).

The choice of a transmission source is fre-

quently limited by the equipment and sources

TABLE 5.2
THE VARIATION IN Ji«lW/i(662) WITH

PLUTONIUM WEIGHT FRACTION
Fni| a = u(414)/u(662)

0

0.1

0.3

0.5

0.7

0.9

Mass Attenuation
414

1

l

1,

l,

l.

l.

.21

.33

.54

.71

.84

.95

Coefficients
662

U 0.26 cm2/g 0.13 ctn2/g

0.093 0.077
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available. Uranium or plutonium is usually avail-

able, and neither of them requites any energy cor-

rection as above. There are, however, three bad

aspects of their use: they require a double meas-

urement (with and without the source) to compensate

for the uranium or plutonium activity in the sam-

ple; at low transmission this requires tht subtrac-

tion of two large and nearly equal numbers, the re-

sult of which usually has a low statistical preci-

sion; and, finally, the high self-attenuations of

uranium and plutonium make it difficult to get high

intensity sources. Sources such as Yb and Se

are usually chosen for use with high resolution de-
169

lectors. With Vb the transmission is measured

at both 177 and 198 keV. The 186-keV transmission

is determined by interpolation. With Se the

transmission energy (401 keV) is close enough to

the assay energy (414 keV) to consider a=l. Nal

requires the use of uranium or plutonium or sources

such as Na and Cs which are of sufficiently

different energy as to reduce the interference with

the plutonium gamma rays.

If the sample is uniform, one transmission

measurement will adequately define |oD. In more ad-

vanced procedures; the sample is scanned to measure

T as a function of position.

5.4 Differential Absorption Correction

This is another measured attenuation correction

of use for some types of nuclear material assay. It

is Lased on two facts. First, some isotopes emit

several gamma rays with significantly different en-

ergy. Thus, the ratio of the intensities of two

different energy gamma rays from the same isotope

will vary with the sample attenuation. In certain

circumstances this ratio can define the sample at-

tenuation correction factor.

To apply this method the same assumptions are

required as discussed above for transmission cor-

rected assay. Several additional requirements must

be met:

(a) The average or effective atomic number

(Z) must be known; i.e., some knowledge of sample

composition is required.

(b) The uranium or plutonium must be a small

part of the total sample attenuation.

(c) The required homogeneity and lack of self-

absorbing uranium or plutonium concentrations is

more severe than for transmission corrected assays.

(d) The l.-otope must have appropriate gamma

rays. (It should be noted that the correction lines

need not come from the isotope under assay; e.g.,

intense lines from Pu can be used for Pu as-

say.)

A major advantage of this technique is its simplic-

ity. It requires only a detector and a sample. It

is most applicable to plutonium assay; and, since

individual plutonium gamma rays must be measured,

a Ge(Li) detector is required. A multichannel an-

alyzer and computer will usually be required for

data acquisition and analysis.

Cline describes a procedure for thf measurement

of plutonium contaminated waste based on the differ-
5 1 5 2

ential absorption method. ' * ' The absorption

correction is based on the ratio of the intensities
239

of the 129- and 414-keV gamma rays of Pu. The

expression derived for the attenuation correction

factor is

CCF (5.7)

where

CCF = differential absorption attenua-

tion correction factor,

^414*^129 * m a s s attenuation coefficients for

the appropriate atomic number,

(Ij2g/I41^) = ratio of gamma ray intensities

for the measured sample,

(Ilon/I,.,) « ratio of gamma lav intensities
129 4 1 V e m

for a sample with negligible at-

tenuation. A thin foil is recom-

mended to measure this.

The average atomic number of the waste aatrix Bust

be known to apply this procedure. For much combus-

tible waste this is approximately Z«8, and the ex-

ponent in Eq. (5.7) has a value of — 1.92.

Figure 5.5 shows a graph of this exponent with re-

spect to atomic number. Several assumptions .iro

made in the derivation of this expression, so tt

only holds over a limited attenuation range. The

combustible waste situation is illustrated in

Table 5.3. The table compare* EJJ. (5.7) <CCF) with
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20 40 60 80
Atomic Number (z)

100

Fi;>. 5.5. Exponent in Equation (5.7),

as a function of atomic number.
fzoa Ref. :>. I.

"414

Eq. (5.3b) (CF41^) as a function of waste density.

This shows that Eq. (5.7) should noc be used if the

129/414 ratio drops below 75-80% of the unattenuated

value. It should be noted that most combustible

waste will have a density of ^ 0.3 g/cin ; therefore,

the expression should be adequate if the 75-80%

limit is observed.

A more correct procedare can be given to compute

the differential absorption correction factor. Con-

sider two gararca rays labeled 1 and 2 (2 is the

higher energy and is the line used for assay; e.g.,

1-129 keV, 2-414 keV). The average atomic number

(or some assumption of matrix composition) gives the

two mass attenuation coefficients, p.. and n2. The

measured intensity ratio I1/I2 *s 8 i v e n by

(5.8)

where

CF,

CF,

"2 1 - e

1 - e

slab

cylinder

X « density • thickness (diameter).

The correction factor is determined as follows:

(1) Values for ̂ , and ̂ , a r e determined for

the assumed matrix composition.

TABLE 5.3
COMPARISON OF DIFFERENTIAL ABSORPTION AND
TRANSMISSION-BASED ABSORPTION CORRECTIONS

FOR COMBUSTIBLE WASTE

Density

6.S

O.J

0.1

0.'.

t.o

0.89

0.*?

CCf
Oiff.

0.54
0.29
0.16

0.09

6.0J
o.m
0.002

1

1

I

i

2
3

3

.24

.47

.56

.84

.05

.if>

.20

1.26

1.56

1.S9

2.25

3.06

1.94

4.85

-1

-6

-12

-19
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(2) Iterate Eq. (5.8) to find the value X

which produces the measured line ratio ,/!*"
(3) Compute CF, (the desired attenuation cor-

rection) from:

slab

cylinder

(5.9)

The maximum possible change in the ratios is

given by:

(5.10)

minimum

As the attenuation of the low energy line reaches

saturation, the method loses sensitivity to chang-

ing attenuation. This correction procedure should

not be applied when the ratio gets below

(VV e r a /
» 1/3 + 2/3 (5.11)

By itself the differential absorption method

is best suited to low level plutonium contaminated

combustible waste. It may also be applicable to

some small containers of solid residue such as in-

cinerator ash. There is relatively little experi-

ence with this latter category. If the matrix is

too dense (1.0 g/cra should still be measurable in

a 12-cm or less diameter can) the 129-keV gamma ray

is saturated and the attenuation correction cannot

be evaluated. When the sample does meet the neces-

sary requirements, this method can be recommended

due to the ease of operation. It also has the

necessary feature that it includes an indication

of when Che sample is not measurable by differen-

tial absorption, namely, when the intensity ratio

drops below the value given by Eq. (5.11).

There are several potential gamma-ray pairs

which may be used in plutonium assay. There is

really only one that might be used for uranium,

and this only for certain special situations. In-

formation is given on several line pairs in

Table 5.1*. The 143, 186 or 345, 414 combinations

will generally not be useful for combustible waste

assay since there is not enough difference between

Mj and M,- These lines may provide information on

uranium or plutonium lumps as indicated below. The

value, I,/I.) , is just the ratio of the relative

intensities of the two gammas. The actual measured

ratio will be affected by the different detection

efficiencies at the two energies.

Another important use of the differential

absorption method is to indicate the presence of

source self-absorption (uranium or plutonium lumps)

in samples undergoing transmission-corrected gamma

assay. If the observed ratio (e.g., 129/414) is

significantly lower than is indicated by the stand-

ards, the presence of lumps should be suspected. For

this purpose the 143/166 ratio can provide some

limited information for uranium assay. The 345/414

ratio may be better for plutonium since the 129-keV

line is too highly absorbed by plutonium (it will

saturate and indicate trouble when the 414-keV

transmission-corrected assay is still okay). For

plutonium assay it is recommended that either or

both of the above ratios be monitored to check for

anomalous source absorption. In principle it may

even be possible to make some compensation for the

Isotope

235,,

239
Pu

239

TABLE 5 .4
GAMMA-RAY PAIRS FOR DIFFERENTIAL ABSORPTION METHOD

Mass Absorption Coefficient

Pu

Ene
(k<

143,

119.

345,

rgy
?V)

186

414

414

V

0.

3.

0.

/em

10

7

33

Combustible
Waste
(cm2/g)

.154, .141

.156, .104

.111, .104

It or Pu
(cm2/g)

2.9, 1.5

3.8, 0.28

0.4, 0.28

Comb.
'min

U or Pu

0.42 0.52

0.67 0.074

0.94 0.70
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self-absorbing lumps. For example, multienergy

transmission measurements [e.g., for 143/186: 131-,

177-, 198-keV lines from 109Yb; for 129/414, 122-

keV ( C o ) and 401-keV (75Se)] can be used to pre-

dict the intensity ratio which should be measured

if there are no lumps and the transmission source

is accurately measuring the total absorption. If

the measured ratio is significantly below this, the

difference can be ascribed to uranium or plutonium

lumps and an appropriate correction made. This

would never be a routine procedure, but it might

be of use in certain assay situations.

To summarize, the differential absorption

technique is more restricted than transmission-

corrected assay but, where applicable, is easier to

use. It does provide a warning when it cannot be

used. It complements transmission-correction tech-

niques and can provide additional information in

some assay situations. Appendix B contains a de-

scription of some recent work on the differential

absorption technique and should be read carefully

by anyone contemplating the use of this procedure.

5.5 Other Attenuation Corrections

Equations (5.12) give an approximate expres-

sion for a transmission-based correction factor

which may be used for transmissions over —0.2.

CF

CF

slab (5.12a)

cylinder . (5.12b)

This assumes that the average path length within

the sample is one-half the slab thickness or one

n/8th of the cylinder diameter. Table 5.3 gives a

comparison of Eqs. (5.12) with the exact expres-

sions, Eqs. (5.5). For T greater than 0.2 the ap-

proximate slab expression is less than 12% and the

cylinder expression is less than 7% high.

In some cases, useful estimates of CF can be

made from knowledge of the sample weight and com-

position. If the sample is full and its weight

and composition known, the attenuation may often

be calculated with sufficient accuracy that no ex-

perimental measurement is required. Consider the

example of a 55-gal drum of plutontum-contarainated

combustible waste. The un-st*> material roust be well

segregated (i.e., no Lithe beds, balls mills, etc.,

mixou with the combustiblea) and the plutonium con-

TABLE 5.5
COMPARISON OF APPROXIMATE AND EXACT

EXPRESSIONS FOR CF

1.0

0.8

0.6

0.4

0.2

0.1

1/fT
1.0

1.118

1.291

1.581

2.236

3.162

1.0

1.116

1.277

1.527

2.012

2.558

1/s/W4

1.0

1.092

1.222

1.433
1.881

2.469

-nM In T

1 -

t.O

1.090

1.214

1.402

1.761

2.162

centration low so that it is a minor part of the

total attenuation. Combustible waste will have at-

tenuation properties similar to water.

Assume net weight = 32 kg; size = 56 cm diam

by 89 cm high; walls = 0.1 cm; volume -0.22 m .

Straightforward computation using Eq. (5.3b) gives

for the matrix CF = 1.37, and using Eq. (5.3c) for

the wall attenuation one gets CF - 1.07; this gives

a combined correction factor for matrix and con-

tainer of 1.37 x 1.07 - 1.47. Again using Eq.(5.3b)

and assuming 100 g of plutonium distributed uni-

formly throughout the drum, one gets CF » 1.003.

This says that 100 g of plutonium will have a neg-

ligible effect on the total gamma-ray attenuation

in the drum if it is distributed so that there are

no self-attenuating lumps.

The important factor in applying this attenua-

tion correction is that the containers taust be

filled or the fill volume known. The attenuation

correction is based on the density of the sample.

Consider a group of samples filled to different

heights with material of approximately constant

density. Since the density is constant, the correc-

tion factor should be constant. However, if only

the weight is known and the samples are assumed to

be full, different correction factors will be ap-

plied to each sample.

The final procedure to be discussed involves

the use of standards to cover the range of material

to be measured. In this case no explicit confuta-

tion or measurement is made to correct for attenu-

ation; the unknowns arc assumed to have the same

attenuation properties as the standards. This pro-

cedure is acceptable where there is .t class of
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samples which are very nearly identical in size,

shape, and composition, varying only in concentra-

tion of uranium or plutonium. In such cases, the

attenuation of the matrix will be nearly constant

from one sample to another and the observed count

rate will be uniquely related to the fissionable

material concentration. This relationship can be

determined by preparing a series of standards

covering the expected concentration range and

counting them in the same geometry as the unknowns.

The resulting calibration curve may be somewhat

nonlinear if the uranium or plutonium concentra-

tion is high enough that it begins to contribute

to the attenuation in the standard. This procedure

is the simplest to use, and where applicable, can

yield acceptable results (at present, it is prob-

ably the most widely used gamma assay procedure).

For example, this would be used for product con-

trol or quality assurance where deviations from a

mean (the standard) are to be measured. However,

it is the most susceptible to error and must be

applied with caution. It should only be used on

very well controlled material since there is no

check that the unknowns actually do resemble the

standards. The standards must have the same ma-

trix attenuation as the unknowns, or else there

will be a constant bias on all measurements. This

procedure is generally not recommended. Its unde-

sirable features are discussed in detail in Sec-

tion 9 (Standards).
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6. RATE-RELATED COUNTING LOSSES

6.1 Nature of the Problems: Methods of Minimi-
zation

Failure to record (or Co correctly record)

gamma-ray interactions in the detector because of

the rate-dependent effects of instrumental dead-

time and/or pulse pileup is a significant potential

source of error in gamma-ray assays. Such counting

losses have been dealt with in various books and
6.1 - 6.4 „ , „

papers. However, for the sake of com-

pleteness, a brief discussion will be given here

along with suggestions for a few specific proce-

dures for correcting such losses.

The term "deadtime," of course, generally re-

fers to the fact that some components of common

data acquisition systems (usually single or multi-

channel analyzers) have a finite "deadtime" or

analysis time during which they cannot accept an-

other event. This deadtime per event ranges from

a few microseconds for single-channel analyzers to

several tens of microseconds for most multichannel

analyzers. In the latter case the total fraction

of deadtlme may often be several tens of percent.

Most multichannel analyzers have a good internal

correction fot their own deadtime if the spectral

shape remains constant during tho count interval.

It should be noted that if the spectral shape is

not constant, the deadtime correction for differ-

ent spectral components will differ. In many NDA

measurements for uranium and/or plutoniura, the

spectral shape and rates will be constant during a

count interval. In segmented scans both rate and

spectral shape will vary but the variation within

a single segment will almost never produce a sig-

nificant error in total result. What must be em-

phasized is that running a multichannel analyzer

in a livetime mode does not correct for losses due

to pulse pileup which may be just as significant.

The term "pulse pileup" refers in general to

the fact that gamma-ray interactions which are

separated (temporally) by less than the. output

pulse width of the main amplifier will produce a

piled up or summed amplifier output. Roughly

speaking, if the time between interactions is less

than half the pulse width, the maximum pulse height

will not correspond to either event, and neither

event will be recorded in the proper place in the

MCA spectrum. A single event will be recorded at a

spot in the spectrum corresponding to some fraction

of the sum of the two independent events. The ef-

fects can be appreciable with germanium detectors

where the full energy spectral peaks are narrow

and the amplifier output pulse is often 10- to

20-|_is wide. Consider a system using an amplifier

with unipolar shaping and 3- or 4-|js time con-

stants; this produces an output pulse whose width

4 -1

is ~ IS (is. At a gross rate of ~ 10 s the frac-

tion of events thrown out of a full energy peak is

~0.15 [~(15 x 10"6 s)(104s"1)]. Thus ~ 15% of

the full energy peak events would be lost over and

above any loss due to deadtime. In general, even

at gross rates of only a few thousand per second

such losses will be a few percent.

The most direct way to minimize pileup losses

is to use the shortest possible amplifier time con-

stants consistent with the resolution required. If,

for example, l-|is shaping is adequate, the pileup

effects will be a factor of four less than with

4-(as shaping.

The use of absorbers to selectively attenuate

low energy gamma radiation while preserving most of

the usable higher energy flux also helps reduce

pileup and deadtime by reducing the the gross rate

in the detector. For most NDA measurements of plu-

tonium and/or uranium no use is made of the copious

x-ray emissions or, for plutonium, of the 60-keV
241 239

gamma rays from Am. When assaying Pu by

means of its 413.7-keV gamma ray, 1 to 2 mm of lead

backed with 1 mm of cadmium greatly reduces the

radiations below ~ 150 keV. Such selective filters

will usually include a thin layer of high-Z (e.g.,

Pb or W) materials because they offer the best

selective discrimination against low energy gamma

rays.

6.2 Constant Rate Puiser Corrections

After doing what can be done to minimize the

effects of pileup and deadtirae, corrections should

usually be made for residual effects which are

still nontrivial. A common and effective method

for making deadtime and pileup corrections is to

insert a pulser peak into the spectrum through a
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preamplifier input. If the pulser rate is reason-

ably low (typically 60 Hertz from a very stable

mercury switch pulser), the losses from the pul-

ser peak will be nearly the same as from other

spectral peaks. Knowledge of the count time and

pulser rate determines the expected pulser count

in the absence of losses. Standard procedures

give the actual area and the ratio of actual-to-

predicted gives the fractional counting loss.

Since the pulser is periodic and the gamma-ray

events are random, the gamma-ray peaks will suffer

slightly higher losses than the pulser peak. The

factor by which the gamma-ray peak deadtime losses

exceed the pulser peak deadtime losses is ~ (1 +

RT), where R is the pulser rate and T is the dead-

time per pulse. Thus, for a 60-Hertz pulser and a

combined system deadtime of 30 |is per pulse, the

factor is ~ 1.002, which may be ignored for most

NDA work. The factor by which the gamma-ray peak

pileup losses exceed the pulser peak pileup losses

is ~ (1 + R T ) , where R is the pulser rate and T is

the amplifier pulse width. This factor is gener-

ally smaller than the factor for deadtime because

the amplifier pulse width is usually less than the

MCA deadtime. The two correction factorsjust

mentioned are usually small enough to be negligi-

ble in most practical cases, but it is good to be

aware of the possibilities if it is casually de-

Pole Zero

Pulser
in o

Putser

Detector

cided to use a high pulser rate or a long (̂  100 ys)

MCA deadtitne.

A note of caution is appropriate on the use of

pulsers. It is often difficult to eliminate the

undershoot from the amplified pulser pulses. If

the amplified pulses have a long undershoot, even

of small amplitude, it will cause excessive pileup

losses and/or peak distortion. Effort should be

taken to make the amplified pulser pulses ne?rly

identical in shape to the amplified detector pulses.

It is possible to add a pole-zero cancellation net-

work to the preamplifier pulser input. Such a cir-

cuit is shown in Fig. 6.1. fL is chosen to match

the pulser output impedance, usually 93 0 or 50 il.

RC is chosen to match the pulser pulse decay time.

R is chosen as large as practical (?= MQ) to limit

the degradation in system resolution. From a noise

standpoint, R appears in parallel with the feedback

resistor in the first stage of the preamplifier.

It increases the resistance noise contribution and

lowers the resolution. For example, if the pulse
-3 9

decay time is 10 s and R is chosen to be 10 Ci,

C should be chosen as 1 pF. This should eliminate

the pulser pulse undershoot with minimal resolution

degradation.

6.3 Gamma-Ray Source Normalization

In some cases a better correction method is to

use a gamma-ray source for deadtime and pileup

Charge sensitive preomp

Fig. 6.1. A pole-zero cancellation circuit which can be added to the preamplifier
pluser input to cancel the undershoot produced when using an external
pulser to correct for system deadtime and pileup.
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normalization. A suitable source is positioned so

that the detector always seea a constant flux from

the source. Before making measurements, the normal-

ization r,ate R (counts in chosen full energy peak

per unit time) is determined with no sample in the

assay position. For actual measurements, the full

energy peak rate R of the normalization gamma ray

is determined and all full energy peak areas of in-

terest aro multiplied by the ratio R /R. This pro-

cedure assumes thac all spectral peaks will suffer

the same fractional loss from pileup and deadtime.

With respect to pileup, the assumption is not

strictly true. If none of the peaks involved is a

significant fraction of the total rate (perhais

£ 5%), the errors involved will be small. The

following expression relates the fractional pileup

losses of two full energy peaks:

L(r2)

«here L(r,), L(r_) are fractional losses for peaks

or rates r and r7, and R is the total rate. Note

that r/R is the fraction of the total rate due to

a given peak. As an example, if r,/R = .05 and

r/R = .01, L(r,)/L(r2) ~ 1.04. This says that if

peak (r.) suffers a 10% loss due Co pileup, peak

(r.) will suffer a loss of ~ 9.6%. For most cases

such a difference can be ignored, but the possi-

bilities should be kept in mind.

The advantages in using a gamma-ray source

are that there is no possibility of gain shifts

for the correction peak relative to the rest of

the spectrum, that the rate is easily varied, that

no corrections need be made for the nonrandomness

of a pulser, and that, in general, a source is

simpler than a pulser. The disadvantages are the

difficulty in finding a source of just the desired

energy with a ~ufficiently long half-life and the

general increase in rate due to Compton events and

"extra" gamma rays.

6.4 Detector Generated Pulser

A third correction procedure is to use a fast

discriminator on the preamplifier output, scale

the discriminator pulses by a fixed factor, and

use this to generate a pulse whose rate is propor-

tional to the gross rate of the system. This

pulse is then fed back into the preamplifier.

The fed-back pulse is again subject to both pileup

and deadtime. Comparing the number of pulses gen-

erated with the number appearing in the correspond-

ing peak gives the desired correction. This pro-

cedure has an advantage over a fixed-rate pulser in

that it gives correct results even if the rates.

vary during a count interval, as long as the spec-

tral shape remains constant. The disadvantage is

a more complex system. The considerations with

respect to corrections for the nonrandomness of

pulsers apply here, as do those on the variation

of pileup between peaks of different rates.

The emphasis of this section is that both

deadtime and pileup may easily be significant in

NDA measurements and due care should be exercised

to first minimize and then correct for both effects.
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7. ASSAY PROCEDURES

The procedures, and equipment configuration

adopted for a particular assay problem will depend

on many factors. Among those factors will be the

isotopes to be measured, the si2e and shape of the

container, type and degree of homogeneity, required

throughput, desired accuracy, and the available

equipment. No attempt will be made to prescribe

optimum procedures for every situation; rather a

few general procedures applicable to a large frac-

tion of probable assay problems will be discussed.

7.1 Transmission-Corrected Segmented Scanning

It is observed that in the process of filling

scrap and waste containers vertical variations

frequently occur in the volume densities of source

and matrix materials. Radial inhomogeneities are

less pronounced, and their effects can be substan-

tially reduced by sample rotation. In such cases

the container may be scanned as a vertical sequence

of independent thin segments, each of which is as-

sumed to be reasonably homogeneous. '' The differ-

ential measurements of uranium and/or plutonium

activity and gamma-ray transmissions are obtained

by scanning the rotating container and using de-

tector collimation to define the segments. Com-

bining transmission-determined correction factors

on a segment-by-segment basis with the resolution

of the Ge(Li) detector gives probably the best cur-

rent method of doing gamma-ray assays of packages

containing a 10 g of "v or Pu. It must be

recognized that the advantages of the segmentation

procedure are gained at the loss of some degree of

sensitivity; hence a system employing segmentation

would probably not be used on samples containing

* 1 g of 2 3 9Pu or 2 3 5 U .

For a segmented, transmission-corrected gamma-

ray assay the general spatial relationships of de-

tector, collimator, assay sample, transmission

so'.'i-ce, and the pileup and deadtime normalization

source are shown in Fig. 7.1. The specific arrange-
2*30

ment shown is tailored to the assay of Pu in cyl-

indrical containers £ 20 cm in diameter. A rather

detailed discussion of this assay problem, with

comments concerning assay of other isotopes and

package sizes, will suffice to illustrate the ideas

and constraints involved.

~IOmCirsS»

Pb tliitld

Pbl~ 1.5mm)

\ Cd(~o.8mm>

•
G*<Li)

Fig. 7.1. General arrangements for segmented,

transmission-corrected gamma-ray assay.
The specific situation shown is tailored
to Che assay of 239Pu in cylindrical
containers s 20 cm in diameter.

The sample container is positioned as close as

possible to the collimator (the constraints are

often bagging and/or container handles) to maximize

count rates and give the best segment resolution.

The "segments" overlap somewhat as determined by the

sample size, collimator dimensions and their rela-

tive positions. For tne case illustrated in Fig.

7.1 a collimator ~ 1.25 cm high and ~ 10 cm deep

(often composed of two standard lead bricks properly

spaced) provides a reasonable trade-off in sensi-

tivity and spatial resolution. For 30- and 55-gal

drums a collimacor ~ 5 era high and ~ 20 cm deep has

been n reasonable choice. The spatial resolution

of the segments cannot be as sharp in the latter

case but it is still sufficient to provide useful

information on the degree of uniformity of material

distribution. The obvious choice of collimator ma-

terial will usually be lead. If space is a consid-

eration, a tungsten alloy may be used.

Tr maximize count rates the detector will be

as close as possible to the collimator. For the

Plutonium measurement a filter of lead (~ 1.5 mm'1

and cadmium (~ 0-8 mm) serves to reduce the rate of
241

low energy events from Am and the x rays of both

plutonium and lead. As discussed in Chapter 6,

such filters are useful in reducing the effects of

pileup and deadtime. The exact filter configura-

tion will depend on the sample. For tl assay the

cadmium alone should suffice, because there will

not be the 60-keV Am flux found in plutonium

materials.
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239 75
In this case of Pu assay Se is used as

the transmission source because it gives the most

accurate correction. Its 400-keV gamma ray Is
239

clcse in energy to the 414-keV gamma ray of Pu.

Since it is lower in energy, its Compton continuum
239

does not significantly decrease the Pu sensi-
137 22

tivity as would the continuum from Cs or Na.

A source strength of ~ 10 mCi should provide usable

Intensity for at least cne year in spite of the

short 120-day half-life of 7 5Se. Position adjust-

ment and judicious lead filtering are used to ad-

just the Se count rate to the desired level.

The transmission source itself should be encased

in a collimator-shield to avoid undue personnel

exposure.

133

The 356-keV gamma ray from the Ba source

is used for deadtime and pileup correction as well

as for spectral stabilization. It has no gamma

rays which interfere with either the 414-keV gamma

ray of Pu or the 400-keV gamma ray of Se.

The 10.4-y half-life is also convenient. A source

of ~ 10 nCi is generally adequate and may be posi-

tioned right on the detector housing to give a

proper rate. F t̂ _;.e assay of different isotopes,

other combinations of transmission source, correc-

tion source, and assay gamma ray will be necessary.

Table 7.1 gives several useful combinations. It is

possible (see Chapter 6) to use a pulser instead of

the source, if one is available with adequate rate

and stability.

Segmented scans may be accomplished in several

ways, which may be divided under the general head-

ings of discrete and continuous scans. In a dis-

crete scan the sample is positioned, counted while

fixed vertically, repositioned, counted again, etc.

In a continuous scan the rotating sample moves with

a constant speed past the collimator. The count

dwell time is often chosen as the time required for

the container to move the height of the coilitnator.

Both methods would give acceptable results, and the

decision of which to use might be based on hardware

availability. The continuous scan scheme probably

gives a better average transmission within segments.
239

For the Pu assay system shown in Fig. 7.1 the

continuous mode is used with a vertical speed of

~0.1?7 cm/s (0.05 in./s) and a count dwell time of

10 s. The scan of a container 25 cm high takes

~ 200 seconds. All analysis and sample changing

USEFUL

Isotope
Assayed

238DPu

766.4 keV

2 3 9 Pu

413.7 keV

2 3 5 U

185.7 keV

2 3 8 U

1001.1 keV

237.,
Np

311.9 keV

TABLE 7 . 1
COMBINATION OF

Transmission
Source

1 3 7 Cs

661.6 keV

7 5 Se

400.1 keV

1 6 9Yb

177.2 , 198.0 keV

5Sln
834.8 keV

2O3Hg

279.2 keV

SOURCES

Correction
Source

133,.
Ba

356.3 keV

133O Ba

356.3 keV

57Co

122.0 keV

1 3 7 Cs

661.6 keV

235Lt

185.7 keV

might take another 100 s, so assays of 25-cm-tall

containers might take 5 min each. The Ba and
75 4

Se sources are generally adjusted to give ~ 10

counts/segment in the full-energy peaks of interest.

For better precision or greater sensitivity the

scan speed may be decreased if the longer assay

time is acceptable. A compromise must be reached

between precision and throughput.

In all segmented scans the computations are

performed on a segment-by-sesment basis using the

appropriate correction factors and corrections for

deadtime and pileup discussed previously. Appendix

C lists the relevant assay equations and the appro-

priate counting precision equations for this situa-

tion.7"2

7.2 Variations of Transmission-Correction
Procedures

Numerous variations are possible to the pro-

cedures described above. Two such situations are

commonly encountered and will be discussed.

If a category o. scrap or waste exists which

is a reasonably uniform mixture of matrix and mate-

rial, and if the containers are filled to a known

and constant depth, the segmentation may be elimi-

nated. The detector can then be backed up far
2

enough to reduce 1/r effects to an acceptable
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level, and the transmission measured at a single

location near the middle of the container. If the

conten*"" . u uniformly distributed, the correction

factor so uerermined will apply to the whole con-

tainer. Such a system will generally have a bat-

ter sensitivity than one using vertical collimation.

The sample may also be scanned up and do-m over a

fraction of its height and thus average the meas-

ured transmission over a larger fraction of the

sample.

If the transmission gamma ray is higher in

energy than the assay gamma ray, its Compton con-

tinuum will decrease both the precision and sensi-

tivity of the assay peak measurement. Even if the

assay gamma ray is of higher energy, pileup from

low energy events can produce background under the

assay peak. If the utmost sensitivity and preci-

sion is desired and a decrease in throughput is

acceptable, an assay may be done in two scans.

The container is first scanned with the transmis-

sion source to obtain applicable correction fac-

tors. Then the transmission source is shielded or

removedj*rti3 a scan Is made of the assay gamma ray.

'—using l 6 9Yb '177 keV and 198 keV) as a trans-

mission source for the assay of "'ll (186 keV)

this two-scan scheme is particularly useful.

7.3 Differential Absorption Methods

The data acquisition procedures for differ-

ential absorption methods are quite simple. The

possibilities and limitations of the method have

been outlined above in Section 5.4 and in Appen-

dix B. If the sample meets the necessary assump-

tions, the as&;i, consists of acquiring a high

resolution spt trum with sufficient activity in the

required peaks to give the desired assay precision.

As in other proeedui'cs. sample-to-detector distance
2

will be a compromise between minimizing 1/r ef-

fects and maximizing count rate. Usual cautions

must be observed with respect to minimization of

and correction for deadtime and pul ' -ileup. The

sample will probably be rotated but not scanned.

Because of the simplicity of the data acquisition

procedures, the method is attractive where there

is a sufficient number of samples to which it

clearly applies.

7.4 Nal Detector Procedures

The advantages and limitations of Nal detec-

tors relative to Ce(Li) or intrinsic Ge detectors

have been discussed previously. That discussion

indicates that Ge(Li) or intrinsic Ge is preferred

(ignoring factors of cost) except in cases where

the potentially greater efficiency of Nal is re-

quired. The assay of laige containers (e.g., 30-

and 55-gal drums) of low-leve? waste is such a

situation. Rapid screening wherein a fraction of

items may be flagged fov a more careful assay by

other methods is also a common application.

Many of the ideas and principles in doing as-

says with high resolution detectors directly apply

to the use of Nal. A few comments should be made

on significant differences. Pulse pileup is not

the problem with Nal that it is with Ce(Ll). Much

snorter amplifier time constants may be used with

resulting output pulses as narrow as 1 ,j« full

width. This reduces the problem of pileup and

allows higher count rates. The wide windows used

for peak area determinations also tend to reduce

pileup effects. It muse be noted, however, that,

although the effect can be much smaller (5-10")

than in Ge(Li) detectors, it is more difficult Co

make corrections. The system is usually so set up

to limit the count rates such that pileup may be

ignored.

A last cautionary item concerns backgrounds

and background subtractions. In an\ gamma ray

assay, whether Ge(Li) or Nal, the detector should

Be carefully shielded. It should be possible to

eliminate all contributions to the full-energy

peaks of interest save from thj sample being as-

sayed. The only "background" remaining is the con-

tinuum under the full-energy peaks, and these are

subtracted out by one of the usual methods. Back-

ground runs are not required if the detectors are

properly shielded and if the assay is based on full-

energy peak areas only. An occasional count to as-

sure that the background peak areas are indeed zero

is all that is necessary. Occasionally procedures

are employed in which continuum subtraction is not

used. In such cases backgrounds must be more care-

fully considered, as the continuums under full-

energy peaks may be more easily changed than the

actual peaks.
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9. STANDARDS

All gamma-ray assays should be nau» relative

to a standard which is representative of the mate-

rial being measured. Consequently adequate stand-

ards are a very vital part of any assay system.

A good general guide to NDA standards and calibra-

tion procedures is given in a recent American Na-

tional Standard, ANSI N.15.20.9* This guide is

recommended to potential users of gamma assay

equipment. The standards essentially provide a

measurement of the detector efficiency, the speci-

fic activity of the signature of interest, and the

effects of sample geometry (size, shape, and

sample-to-detector distance). In systems where a

measured attenuation correction is not used, the

standard is also expected to have the same attenu-

ation as the unknown samples This latter proced-

ure is not recommended. In general terms the pur-

pose of the standards is to define the calibration

factor, K, in Eq. (1.1). Formally

K
CR • CF

s s

where

K = calibration factor (counts/g of iso-

tope of interest),

M = known mass of emitting isotope,

CR = measured count rate from the standard,

CF = attenuation correction factor for the
s

standard.

The following is a general discussion of the fabri-

cation and use of gamma-assay standards.

Ideally the standard should be nearly iden-

tical to the unknown, but this is usually a fiction,

particularly for the measurement of waste and scrap.

A more reasonable criterion is that the standards

have the same size and shape as the unknowns. In

principle, it is possible to use different size

standards and compute the effect of the different

size on the standard response. Such computations

are complicated if done correctly, and subject to

large errors if not. In general, this approach

is not recommended; nevertheless, it may be the

only practical one for certain types of samples,

particularly large and/or irregular shapes. Since

standards are generally required for each different

size sample, this should be a great incentive to

minimize the number of different size containers

used in a given facility and in die industry ss u

whole (mare on this in the next section).

The main effect of different matrix materials

is to vary the sample attenuation. Uranium ami

plutonium are found in combination with a vide

range of ma-. ;ix materials (particularly in the

scrap and waste categories). This is the crux of

the problem with assay procedures which d» not use

a measured attenuation correction (external source

transmission or differential absorption). For such

procedures it is necessary to assuec that the un-

knowns have the same matrix attunuatlon as the

standards. There is no way to verify this assump-

tion. There may be some categories of material

where the attenuation does vary very little from

sample to sample. Product materials such as fuel

pins or plates are a good example. Here the assay

is mainly to show a deviation from a mean (defined

by the standard), and a measured attenuation cor-

rection ii. unnecessary in many cases. Such is ob-

viously not the case for scrap and waste materials.

The bulk density of most powders can be changed

over a considerable range by agitation and vibra-

tion. The attenuation (and hence the measured sam-

ple gamma activity) of a container of incinerator

ash can be changed significantly just by giving it

a vigorous shaking, thus decreasing the bulk den-

sity of the contents. The matrix material (and its

attenuation) will vary from sample to sample even

within a single material category. Even if stand-

ards of different attenuation properties ate avail-

able, there is no way to choose which attenuation

to apply. Large measurement biases are almost al-

ways introduced when using procedures which do not

have a measured attenuation correction. No matter

how "representative" the standards are claimed to

be, it is usually impossible to guarantee that the

unknowns really have the same attenuation as the

standards. Thus the use of a measured attenuation

correction is strongly recommended.

The purpose of the attenuation correction

(transmission or differential absorption) is to

measure the degree to which the attenuation of the

unknown differs from that of the standard. In prin-

ciple, a single standard of each container size will
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wottli! be desirsib..'. This Is tt«?cess.iry to

that the atcenuation correction is bcJnp

propsri; . This is to say, all standards of J <;ivtm

size container should </ioi<? tte same/ calibration

factor (counts/g). The Mt.intl.irds titfttd n»t covor

every expected natris, only thi> different .-slxe con-

tainers. One way of covering the expected attenu-

ations, however, may be to construct one standard

in each of the expected matrix categories.

If transmission measurements arc used, the

assay is quite insensitive to the chemical com-

position of the matrix. The important parameter

is the absorption coefficient of the material,

and this is obtained from the transmission meas-

urement. Thus it is not necessary to duplicate

the actual matrix material in the standards (though

this may sometimes be desirable when attempting to

track down measurement biases). Consider, for ex-

ample, the range of attenuations found in small

containers (< 15 cm diam) of incinerator ash and

other solid scrap residues (e.g., leached solids,

sand-slag-crucible). There is a wide range of at-

tenuations involved due to different materials pnd

processes (incinerator ash from one plant may be

quite different from that of other plants). This

attenuation range (CF,., « 1.2-3.0) can be quite

well covered by using matrices of diatomaceous

earth, graphite powder, and fine-grained quartz or

MgO sand [the MgO sand should be avoided if the

standards are to be used for neutron coincidence

counting also, due to the large (ct,n) background

*>
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in t̂.'did.-irdii pr«p.ir;ttion. S'hit'niltia witi'ri,-»l»

d »lso be analyzed l"ur .isscrieiusi content. The

preparation .iiid nn.-ilyssi*; at" the source material

should be carefully (iw.trcineed .mci saved .is part of

the certification of the standards in which it is

used.

The source and matrix material must now be com-

bined. The uriniur. or plutonium oxide should be

carefully weighed into the desired quantities for

the standards. The weighing should be done to a

relative accuracy of at least 0.12. The matrix ma-

terial should be weighed also; this need not be as

accurate (1% is more than adequate). The source and

matrix materials must be carefully blended and ho-

mogenized to as&uri a uniform distribution in the

calibration standards. This point is very impor-

tant and should be considered as the crucial goal

throughout the design and fabrication of the stand-

ards. As has been explained in previous sections,

nonuniform distribution introduces errors in gamma-

ray measurements. Steps are always taken to mini-

mize these effects (rotation, segmented scans, etc.).

These will usually not eliminate such effects. Non-

uniform calibration standards will usually lead to

biases in the measurement system. Consider a large

number of unknown samples. The distribution of ma-

terial in any single container will usually show

some degree of nonuniformity. This may be reflected
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e« io «tai« SP-CKS t« lend cafMidcrriifel? er«4ottee

is. ti;e fab?lcati<i« «>< unlfom e«!iferati«m

i« w r y iespnrtant.

Jy, she fabrication of unifora stand-

ard* is wt'ussi rfiffIctilt. Consider standards «*f the

syp* 4i*ett*rieti .tbava, t.g., ftst*̂  ?!«-•< gr.i|>bUt' JMV-

<!<?r. TS«ffiir Hliouitl t» carefully 5>l«jtttlod htiitttv (i-

in she st;m<i.tr4 c«niaini>rA> If » vt-«—

fr »r »th<Tr ve««f! !s «so«l. «.-»r<- mist be «<;r-

to wot- that rtll »f the «K>atturc<! wttortiii is

cvcnttuilty trais,tf«.*rr«d into ti«« st;m(!.«r<!. C;ir«»ful

wctRhincs slt«u»ltl be conJttcti-tS ht-forr and .tftsT

bleniiing to check for any loss of R.iu-rla). Uhcn

the etKittg vessel is cle.im-ii, it Kty be diSiiMhlc

Co nss.iy the cleaning n,-tci-rl.ils uiKinR high s<-nsi-

civity counting techniques) to verify chat no Ma-

terial hns been lost. The use of agitators or vi-

brators for mixing is not recommended as this

seems to segregate nither than blend some mixtures

of material. Powder mixtures may be expected to

settle with time; the source material should be

suspected of settling out of the mixture and alter-

ing the initial uniform distribution. Working

standards should be scanned routinely (even if this

is not the normal measurement procedure) to verify

that this is not occurring. It is usually desira-

ble to leave the standard containers not quite full

so that they may be shaken from time to time to

help maintian the uniform distribution of material.

Most experience to date with the powder mixtures

discussed above indicates that the settling and

segregation is not a severe problem.

Other techniques for achieving uniform stand-

ards have been suggested and tried. Some of these

involve putting the source material in solution,

soaking the matrix in the solution, and then dry-

ing the combination. Several standards have been

made at Los Alamos by drying plutonium nitrate

solution on MgO sand. The process would seem to

have merit but has not been completely satisfactory

in practice. It is necessary, beforehand, t» detcr-

afm? the proper amount of arid whtfit can b* atbmorbfi

.im! 4r$i-*l uniformly on (he auri*. An cxivt j.r<—

tt« ripe ion cannot be given at preiumi, but tin* tech-

i;2«jutr cft'jttrrvoi; fctrtbirr tf»-v«?lo}»»t.'nt. T}«* procedure

has been «si*d t«» 'iiatil.tic c»£bti$!;ibU* wsstir. a'.njs

of Kiewiptts (sotset in»» *hr<?d<i«rsJ) .inil olhtfr pap^r

,i!nS r.ti,; r«t<T{.il^ .«rr lightly vrttetS with $>)utu»iu^

nitrate solutions and than <iri«rd and KiRS'-d. tx-

care Bistit '(>(,• t-tfecn i« assure that all plottt-

vituin ;-,p in litt- sumdar^m nr,4 th.n the pupvr

is; veil (fried (acheruist1, ft w;idn tjj! and a.s*ur.e-«

•i density »«Kh different froo npr&il ceobustiblt

v.i^c«). TJtis wmi)<! sees i*t he J gum! procedure

for tsiikinK coabuKt ible vante standards (tbettir are

often larfte font^jnvTs: 5S-gal <!ruaw). The uniforms

aistsiri- «.*£' oK«<!f [fuwticr u-Jtii Kinwipi'S and r.iK« i->

very (Hffictilt. The filli'ie precess involves layers

of shr*'t)(!it( nntrls very iightly sprinVilfd with

source «KitSe. Kvt-n if dope w r y carefully, it is

difficult to prevent the oxide fross settling cut o(

the paper ami forming oxide concentrations with sig-

nificant self-absorption. For plitconiur. assays

based on Che 416-kvV K.iRts.1 (with its higher penetra-

bility), this procedure can be used. General Elec-

tric has successfully fabricated mixed oxide waste

standards using the oxide powder. "~* ' The pro-

cedure is strongly not recommended for uranium

waste standards (iov 186-keV assay). To illustrate

this, an experience ;ir i.os Alamos should be cited.

Natural and highly enriched uranium waste standards

were fabricated as 1-gal bags to be loaded into a

30- or 55-gal drum. The procedure was to place a

strong plastic bag in a 1-gal hospital dressing can.

The desired quantity of U,Og (individual bags had

1, 2, or 5 grams) was divided into 10 or more roughly

equal portions. A thin layer of shredded Kimwipes

was placed in the bottom of the bag and one of the

oxide portions sprinkled en it. This was repeated

until the oxide was all in and the bag full. As

each new layer was added, it was compressed to hold

the oxide in place. In spite of this, when the

standards were carefully scanned and assayed for

certification, it was found that they were unusable

due to significant self-absorption in the oxide con-

centrations (lumps) which formed. Even one gram

dispersed in the gallon bag showed nearly 20% micro-

absorption which would not be corrected by
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tor general ins ur;mi«s w.ssie standards In not rcc-

I'tscH-nJcsl imU>»s «x treat; ear*- i s taken to check the

r e l i a b i l i t y of the f inished ut.mdard.
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sets 11 quantity of ur.inius or ;>h:u>niiin osiiU- Jr.

sealed in the v l i t l , aw! the vi;sl?5 arc thi-n d i s -

tribute*! in thi- matrix to achieve th«* f inal stand-

ard. This ta;»it,-s future recovery of the source «a-

teria.1 easv and al lows the >'I AH t i e Uvtding t»f the

:it.i:ui,mi to SK- ch.-mp.fs! w i l y . This procedure is

.itrottt/itf discouraged dm? tt> tin* s»-ll-.il»jj«r|>t ion

••if:hin tht- K<*urcc c.tp«<i{«-.

Cms jiicr \ f.' s: of >.tr.i:tiuni :i:> l'<<-, (biiik ur:mhi»

vJi-HJiitv * J s / i ' i s ' . iwniTi" ;it l<-nu:it {•>» it! i'»vi,i"«):

!t' c«nt.ii:tc<i in .1 cube, the liiiatnsion of thai

cube is 1
1 5

(0.5 g/2 g/cn )

U:

0.63 cm
1.5 cm2/g.

U s i n g Eq. ( 5 . 2 . 1 ) ,

( 1 . 5 c m 2 / g ) ( 2 g / c m J ) ( 0 . 6 3 cm) » 1 .9

CF
1.9

1 -
-1.9 2.2

That is, less than half of the 186-tceV gamma rays

will get out of this volume unattenuated. For

PuO,, ^(41

MX

CF

4) » 0

» (0

- 1.

.26 cm /g,

.26)(2)(0.

17

so

63)

this becomes

- 0.3-

Though the self-attenuation is smaller, it still

represents a nonnegligible error which will show up

as a bias (assay will be high) on all measurements.

Furthermore, the self-attenuation of the vial will

change as the source material shifts around in the

vial. Distributed vials of fissionable material

should definitely not be used.

After the standards are fabricated, they

should be carefully measured to verify their con-

tents. Uniformity of loading can be checked by

careful segmented gamma scans and by radiography.

The fissile contents should be measured to check

for consistency with other similar gamma standards.

Tf other assay techniques are available (neutron

coincidence counting, active delayed neutron assay.

source a>:l iv.<t ion t.iii!ii<jtivs, vie.) viiu.-b

cmt mt'.isitrt' ctiiK &it.crl.ij. thu st.tnd.mfs sliouii! !tr

Rf.)is:iri'ii with tlu-se » 1 K O . i'httunliitB tit.iml.irds ir»-

lv .te»-n.ti)ti- 10 c.iitirlRH*!rii: .iss.iv it ri-li.ibli-

ic .mij ;i«K:rici«(B <i,T£,i ate .it'.til.iS>!i- <.i* ihiy

be :-»r flic st.-iml.trtls). !t a,iy .»1M> hi- v.iloit-

i»lc to set «j> fxch:mr.e $»r«JRr3»» with other SKA latxo-

.-.isoric;: to further buil<! confidi-nct.' in tlu* countinp.

dt:ind«tr<l4 «!(«.*<! chrotaitlttnu tlw industry. In the iont

run Jt (say hi' lii-sir.ibtc 10 hnvv reference counting

stan<i:ir«lj! (i» «i;lcrti'i! com:»it»-r «iKi<s ;tnd catt—

paries* sude available thco:tjth sosc nnliona] agency.

Ttur (ifNcsttcoion so far ha* pi-rt-iini-d to it.ilibr.i-

t ion stamlards used for lU-tir rain ing the response

p*r Ki'a(S of ths' .'irtH.iy syst«a. Sosc of these vnuld

also bf.rntsi- working standards used ft>r the day-io-

dny <raitforiition anil fherk of system operation. Rou-

tine procedures art needed to assure that the system

<•'.«! ibrat ion remains constant. An nut lint- of such

rwasurcment quality ass=4r.-mcc prograns is Riven in

the ASS! Mtami.-ird referred to earlier. ' In addi-

tion to these It may be necessary to fabricate ad-

ditional standards to document the limit of error

of the system. The major errors in u gamma assay

system arise from nonuniform distributions of mate-

rial. This may include source material, matrix ma-

terial, variation with respect to density alone, or

variations of elemental and even isotopic concentra-

tion. Estimates of the degree of this variation can

be made computationally by analyzing the effect of

loading variations on attenuation and counting effi-

ciency. It may also be desirable to fabricate some

nonuniform standards and measure the effect of such

distributions on the system. For this a useful ap-

proach is to build a modular system of standards

with small individual standards which may be ar-

ranged in different configurations in the larger

standard container. The individual modules are us-

ually made as uniform standards but with a variety

of matrices and source loadings. They can then be

loaded in the main container and counted to test the

effect of various nonuniform distributions on the

system performance. The Rocky Flats plant of the

Dow Chemical Company has used such a modular set of
9 4

standards for many years. " , Such studies are prob-

ably not feasible for every plant, but rather some

criteria should be developed at the larger facili-

ties and the national laboratories (this would be



tsuvh easier s«> develop if tliorc vert- sosst industry-

wiiU- :;t.(iiil;iriU*..it ifin on state rial segregation and
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10. PACKAGING

Gamma-ray assny systems are more affected by

variations in sample size and packaging procedures

than are other NDA techniques. Calibration factors

(K) change with size as do some other system param-

eters, such as colliraation and source-to-detector

distance. The accuracy and reliability of gamma-

ray assay is much improved if all materials are

measured in the same size container (or a very lim-

ited number of different size containers). This

minimizes the number of standards required (each

different size requires different standards).

^faterial for gamma-ray assay should be pack-

aged in small containers to minimize gamma attenu-

ation. The important dimension is the container

diameter as this determines the magnitude of the

absorption. In general, a higher measurement ac-

curacy is obtainable on smaller diameter containers.

The effect of container diameter is illustrated in

Table 10.1. The numbers in this table assume the

following parameters:

(1) Matrix attenuation coefficient (low Z,

<* 20):

186 0.13 an /g

= 0.095 cm2/g

(2) Matrix density: 1.0 g/cm (many powder

scrap residues such as ash, sand-slag-crucible,

leached solids, etc., have a bulk density in the

range 0.5-1.5 g/cm ).

(3) Source (uranium or plutonium) attenuation

coefficient:

186
1.5 cm /g

0.25 cm2/g

(4) The maximum total attenuation correction

factor (CF) consistent with reliable routine assay

is about 4.0. This corresponds tc a transmission

across the can diameter of less than 1.0%. Gamma

assays can be made with correction factors of 5.0

(transmission about 0.2%) or higher; but these are

difficult, require great care, and should not be

made as a part of a routine assay procedure.

(5) The columns cFig6 and CF,., give the cor-

rection factor for the matrix alone (no uranium or

TABLE 10.1
EFFECT OF PACKAGE SIZE ON GAMMA-RAY ATTENUATION

a
pU

Diameter (cm)

2-liter poly
bottle 10

15

1-gal hospital
can 20

25

5-gal bucket
30

55-gal drum
60

Matrix

C F
1 86

1.61

1.98

2.38

2.81

3.26

6.25

Only

CF414

1.43

1.68

1.95

2.23

2.54

4.61

g/crci-U g/cm3-Pu

0.18 (360 g) 1.3 (2600 g)

0.05 (190 g) 0.4 (1500 g)

0.01 (190 g) 0.16 (3000 g)

This is the maximum uranium content consistent with the criterion CF £ 4.0.
The first number is the uranium density in g/cm . The second is the ura-
nium content in g, assuming a full container. The assay energy is 186 keV.

This is the maximum plutonium content consistent with the CF £ 4.0 limit.
The assay energy is 414 keV.

36



Plutonium). The last two columns give the maximum

uranium or plutonium concentration that could be

uniformly distributed in the matrix without exceed-

ing the 4.0 limit on the correction factor. The

numbers in parentheses are the approximate gram

weights of uranium or plutonium that these densi-

ties would give in the listed container volume.

Table 10.1 shows the obvious advantage of

smaller containers for gamma-ray assay. Remember

the possibility of measurement error increases with

increasing CF. For combustible waste, the bulk ma-

trix density is usually in the range 0.1-0.2 g/cm

so the matrix attenuation is lower. In principle,

1000 g of uranium or plutonium if uniformly dis-

tributed in a 55-gal drum of 0.2 g/cm waste would

not exceed the CF £ 4.0 limit. However, at this

level a uniform distribution is most unlikely and

large systematic errors should be expected.

It is desirable to standardize packaging

throughout the industry to facilitate the verifi-

cation of shipments and receipts. The goal is to

have a minimum number of container types in use

throughout the nuclear industry. The following are

suggested package types:

• 2-liter plastic bottle (uranium or pluto-

niutn scrap),

• 1-gal can (plutonium scrap, not recom-

mended for uranium gamma assay if > 150 g uranium),

• 5-gal bucket (uranium or plutonium waste),

• 30- or 55-gal drum (uranium or plutonium

combustible waste).

Any one plant should require only two container

sizes, one for recoverable scrap and the other for

lower-level waste. Regulatory Guide 5.11 ' gives

guidelines for scrap and waste containers (diameters

less than 13 cm, waste to be placed in small cans

before loading into drums). The guidelines stated

there will certainly satisfy requirements for gamma

assay. If drums are loaded with smaller packages,

it is more accurate to measure the individual pack-

ages.

Strict segregation practices are necessary to

maximize the accuracy of gamma-assay systems. Cer-

tain categories of waste and scrap should be defined

on the basis of the material's amenability to gamma

assay. The categories should be carefully observed.

This applies particularly to large waste containers.

A few rusty nails, nuts, or bolts in a small can of

incinerator ash do not greatly affect the assay

accuracy. A lathe bed in a drum of combustible

waste will undoubtedly lead to an incorrect assay.

When large containers are used for waste storage,

strict administrative control is required to specify

what may be put in the containers.

REFERENCE
10.1 USAEC Regulatory Guide 5.11, Nondestructive

Assay of Special Nuclear Material Contained in

Scrap and Waste.
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11. MATERIAL CATEGORIES-PRECISION AND ACCURACY

It would not be possible or useful to discuss

all the specific types ol material which are en-

countered in the nuclear industry. They do how-

over, fall in some general categories, and this

section gives a brief discussion of the accuracy

which can be obtained on types which are amenable

to gamma-ray accuracy. This information is pre-

sented in Table 11.1. The sensitivity estimate

given in the table is based on a 1000-s count of

the sample with an uncollimated fie(Li) detector in

fairly close coupled geometry. This is not meant

to indicate the sensitivity that can be achieved

with special low—level counting systems optimized

for sensitivity. The assay systems discussed in

this report are not designed for measuring very

low-level waste. Most segmenttd scan systems have

an effective sensitivity of about one gram of ura-

nium or plutonium.

The precision cf gamma-ray measurements needs

little discussion. Typically it will approach the

limit set by counting statistics. A valuable test

for the operation of a gamma-assay system is to

check that the measurement precision as determined

by repeated measurements is consistent with that

which is predicted by the propagation of Poisson

count ins statistics through the assay equations.

Fur most situations considered here, the count

rates arc sufficiently high that the resulting pre-

cision .should be 5? or better. All measurement

results should include an estimate of the precision.

Table 11.1 illustrates a good point: combusti-

ble waste is best measured after it has been incin-

erated (changed to ash) and counted in small con-

tainers. In general, it is difficult to determine

the accuracy of any scrap and waste measurement sys-

tem since there is no reliable method of determining

the actual contents of a real sample. Several pro-

cedures are used to investigate this, but the amount

of experience to date is still rather small. Some

of these approaches are listed below.

(1) A range of standards is fabricated to at-

tempt to test the performance extremes of the assay

system. (This was discussed in Chapter 9.)

(2) Plutonium samples can be calorimetered.

If accurate isotopic and americlum data can be ob-

tained, this can give a good measurement of pluto-

nium in small samples.

(3) Large combustible waste samples are in-

cinerated, and the resulting ash can be measured

quite accurately (by gamma techniques) and compared

with the large container assay.

(4) The contents of a sample container can be

split up and put in a number of smaller containers

which can then be assayed more accurately for com-

parison with the initial assay.

(5) Chemical recovery is attempted of entire

samples to determine the contained source material.

This is often a very difficult process and should be

followed very closely. All residues should be

checked by gamma assay for possible uranium or plu-

tonium.

TABLE 11.1
TYPICAL ACCURACIES FOR GAMMA ASSAY OF

CERTAIN MATERIAL TYPES

Category

Combustible Waste (55-gal)

Powder Scrap Residue, e.g., ash
(2-liter)

Solution Sample (2-liter)

Product or Rich Scrap (2-liter)

Relative Accuracy
(to)
207,

5%

IZ

5%

Sensitivity
(g Pu or U)

100 mg

1 mg

1 rag



The data in Table 11.1 summarize experience gained ment accuracy. Some experiments may need to be done

from experiments with most of the listed procedures. by every NDA laboratory, but eventually it should be

These experiments are really just beginning, and possible for new facilities to just cite the accu-

many more data are required to define NDA measure- racy experiments conducted at other related plants.
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APPENDIX A

PLUTONIUM ISOTOPIC DISTRIBUTIONS BY

GAMMA-RAY SPECTROSCOPY

1. Background

In the body of this paper the emphasis with

respect to piutonium assay has been on the deter-
239

mination of Pu. The reason is twofold. First,
239

most piutonium currently in use is 2 75% Pu,

and it is usually preferable to assay the most

abundant isotope. Second, the relatively high en-
239

ergy 413.7-keV gamma ray from Ku is emitted at

a rate of ~ 3.5 x 10 s -g , allowing quite sen-
239

sitive and accurate assays of the Pu in many
cases. Obviously difficulty arises when comparing

239
a gamma-ray assay for Pu with a chemical assay
for total piutonium, in that the isotopic fraction

239

of Pu must be known in order to make the com-

parison. Sometimes the assayed samples are from a

source with known or constant isotopic values but

often no such knowledge is available, and experi-

ence has shown that assumptions of isotopic are

all too frequently incorrect. It is true, of

course, that any NDA measurement which is specific

to a single isotope (or in some cases a small group

of isotopes) suffers from the S3tne difficulty of

interpretation. A mass spectrometer isotopic anal-

ysis solves the problem but is often not feasible

or desirable on the basis of time and cost.

For the present problem of interpreting quan-
239

titative gamma-ray assays of Pu, it would be de-

sirable to be able to determine the isotopic frac-
239

tion of Pu by gamma-ray spectroscopy. For other

purposes, notably the interpretation of calori-

raetric measurements of the thermal power produced

by a piutonium sample, it would be very useful to

be able to determine the whole isotopic distribu-
241

tion including the Am content by a gamma-ray

measurement. With varying degrees of precision

and accuracy it is currently possible to obtain a

good deal of isotopic information from gamma-ray

spectroscopy. Only in a few special cases does

the accuracy of such NDA determinations approach

that of destructive analysis based on mass and

alpha-ray spectrometry. However, the NDA measure-

ment may ofien be adequate and preferred on a cost

basis, and therefore it seems worthwhile to include

here some discussion of the current status of meas-

urement of piutonium isotopic fractions by gamma-ray

spectroscopy. The gamma measurement may be used as

a verification of the plutonium isotopic analysis.

2. Current Status

Within the general problem area of determining

piutonium isotopic distributions by passive gamma-

ray spectroscopy there are perhaps ten different

cases and situations each requiring a somewhat dif-

ferent approach. As of this writing (December,1974)

only a few of the cases have really been solved in

the sense of having been thoroughly investigated

and equipment and procedures set up to operate re-

liably on a routine basis. The two best worked-out

cases are those of low concentration solutions (few

grams piutonium per liter) and the "enrichment meter"

cases in solids. * Work on almost all of the

cases cf interest is now being pushed at several la-

boratories and within a year a considerably better

picture of capabilities and limitations of the tech-

nique to the various cases shoulu be available.

Probably the most difficult problem is that of

the arbitrary package of piutonium waste or scrap,

uncontrolled and/or unknown with respect to size,

shape, matrix, mass of piutonium and packaging ma-

terial. This problem is, of course, precisely the

one usually faced in interpreting NDA assays of

piutonium scrap and waste based on the quantitative
239

measurement of the Pu. Some encouraging but

preliminary results have been obtained in the prob-

lem of the "arbitrary package" and further work is

in progress. The balance of this appendix will be

devoted to procedures being investigated at LASL.

3. Generalized Method Applicable to Scrap and Waste

3.1 Assumptions and Signatures

3.1.1 Necessary Assumptions. The problem is at-

tacked here in its most general form. Only two
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assumpcions need be made. The first assumption

that will be made is that the tsotopic distribution

is constant throughout the volume of the sample.

This assumption is necessary because in many sam-

ples the effective volume "sampled" by the escaping

gamma rays will vary strongly with t"e energy of

the gamma ray. The second is that a measurable

flux of gamma rays is emitted at energies £ 120

keV, for the scheme described vi'.l depend only on

gamma rays whose energy is £ 120 keV. Subject to

the two requirements just given the sample may be

of any size or shape and of any chemical composi-

tion. The discussion is confined to samples con-

taining only plutonium and its daughters, although

with some adjustments the scheme would work on

plutonium-uranium mixtures. A certain amount of

extraneous activities from fission products could

be tolerated but with increased difficulty.

sample cannot be measured quantitatively, but ratios

of the isotopic masses can be determined. These

are, of course, the same as the ratios of the iso-

topic fractions. In principle, three ratios involv-

ing the isotopes 238.239,240.24lpu a r e s u f f t c j e n t

to determine their relative isotopic abundances.
242

If the isotopic fraction oi Pu is negligibly

small the relative isotopics will be very close to
242Puthe actual isotopic mass fractions, if the

fraction can be estimated reasonably woll, the esti-
742

mated " Pu may be included when normalizing the sum

of the mass fractions to one. It must, nevertheless,

be repeated as a fundamental limitation (though

often not a serious one) that there is no way of di-
942

rectly determining * Pu by passive gamma-ray spec-

iroscopy.

Calibration could be accomplished in two ways,

eitht-.' by comparison with standards of known

3.1.2 Useful Gamma Rays. The total number of

gamma rays emitted by the ? 3 8 « 2 3 9 . 2 4 0 ' 2 4 1
P u a n d

Am is large (several hundred total). The best

current complete compilation of energies and in-

tensities is that of R. Gunnink (see Ref. 2.3).

The short list in Table A.I is excerpted from

Gunnink's report and includes most of those gamma

rays with energies £ 120 keV useful in determining

isotopic ratios and/or relative counting effi-

ciences. All the energies are accurate to less

than 0.1 keV, but the intensities of some of the

weaker gamma rays are known to be somewhat in er-

ror (work is in progress on improved values). The

intensities are given here as a qualitative guide

to the possible usefulness of a particular gamma

ray. Two comments are in order. The first is that
242

the Pu emits no gamma rays and, therefore, can-

not be included directly in any gamma-ray measure-

ment of isotopic distribution. The second is with
241p
237,

respect to the gamma rays labeled Pu ( U).

Those are actually emitted by the V daughter of
241Pu. Inasmuch as 237U has a 6.75-d !ialf-Hfe,

the activities will come into equilibrium in about

a month, after which the gamma rays may be used as
241

a measure of Pu.

3.2 General Ideas and Technical Considerations

3.2.1 Isotopic Ratios Are Quantities Measured. In

general, the total amount of each isotope in the

TABLE A.I
GAMMA RAYS USEFUL IN ISOTOPIC DETERMINATIONS

Isotope Half-Life Energy (keV) Intensity y,s/dis

238Pu 87.78 y

239Pu 24 082 y

240,

241

241

Pu 6537 y

Pu 14.35 y

Pu 14.35 y

U)

241
Am 434.1 y

152.8
766.4

129.3
144.2
161.5
171.3
179.2
189.3
195.7
203.5
255.3
297.4
345.0
375.0
413.7
646.0

160.35
642.3
687.6

148.6
160.0

164.6
208.0
267.5
332.3

125.3
169.6
662.4

1.0J x 10
2.40 x 10

>:7
5

6.20 x
2.86 x
1.30 x
1.09 x
6.39
7.76 x
1.07 x
5.60 x
8.03 x
5.00 x
5.61 x
1.58 x
1.51 x
1.45 x

10
10"

10
x 10

10
10
10
10'
10'
10'
10'

-6
-6

;

'-7

4.20 x 10
1.45 x 10"
3.70 x U>

1.90 x 10"
6.45 x 10"

-8

4.50 x 10
5.12 x 10
1.77 x 10
2.80 x 10

3.95 x 10"
1.68 x 10"
3.46 x 10"

i

A-2



isotopic composition or by use of the fundamental

data on half-lives and gamma-ray intens-f tios. There

is still enough uncertainty in sane of the half-life

and intensity data that the first procedure Is rec-

ommended for routine use although the fundamental

data are of extreme usefulness in predicting possi-

bilities and probably performance.

3.2.2 Relative Detection Efficiency. Because both

Che sample self-attenuation and the detector effi-

ciency vary with energy, the overall relative ef-

ficiency for the detection of gamma rays from a

particular sample using a given detector is a strong

function of energy. Although the detector effi-

ciency curve may be quite well measured, the atten-

uation effects of an arbitrary unknown package of

"junk" are most often impossible to predict. As a

result the overall relative efficiency curve as

a function of energy is often impossible to predict

for given unknown sample-detector combinations.

Let it be emphasized that the discussion here is

with respect to samples of arbitrary shape, size,

mass, and chemical composition. In cases with well

defined geometry and known chemical composition,

the effects of sample self-attenuation can in fact

be accurately and usefully predicted.

Because of the recognized but often unknown

variation of relative detection efficiency, it is

customary and prudent to use gamma rays as close

together in energy as possible in measuring iso-
239

topic ratios. The use of the 203.5-keV ( Pu) and

208.0-lceV ( Pu-'1 7U) gamma rays In determining
241 239

the Pu/ Pu ratio is a typical example. Most

often, if the relative efficiency changes could

not be directly calculated over the range 5-10 keV,

they have been ignored. If good results are de-

sired, however, the relative efficiency changes

cannot be ignored for the rate of change may vary

between ± 1%/fceV between 100 and 400 keV. Further-

more, the shape of the relative efficiency curve

will radically vary with size, shape, and composi-

tion of the sample. External absorbers can change

the shape considerably.

Fortunately it is usually possible to construct

a reasonably good curve of relative detection effi-

ciency versus energy based on the known relative
239

intensities of the gamma rays of Pu. Referring
239

to Table A.I it is seen that Pu has 13 gamma rays

between S29 and 414 keV. Socit .ire weak itnd suffer

interference!* from other isotopes but. nevertheless,

useful information may !«.• extracted. The live
241gamma rays fron f'u nay .ilso be used to supplement

and improve the isiforn.ition Rained iron the ~ i'u

gamma rays. Finally it should he emphasized tint

once a curve of relative efficiency is constructed,

gamma-ray pairs widely separated in energy nay be

used in determining isotopic ratios.

3.2.3 Atnericium Corrections. As before-mentioned
237 '41

the gamma rays from the I' daughter of " Pu art."
241only useful in determining the- Pu fraction after

equilibrium is reached between the two Isotopes.

Another correction must be made before the " V

gamma rays can be used with confidence, namely, for
°41 241

the contribution of the Am daughter of Pu to
'37 241the gamma-ray activity. Both U and Am popu-

237
late excited levels of the Np nucleus on decay
and henrif give rise to the same gamma rays although

with different relative intensities. The half-life

and intensity relationships are such that even when
241 '41 241

Pu and Am are equal in mass, the Am con-

tributions to the gamma rays of interest (mainly

164.6, 208.0, 267.5, and 332.3 keV) are only a few

percent. Nevertheless, if more than four years have
241elapsed since the Am was removed, corrections

should be made. The correction for americium can
be made by first determining the intensity of the
241 241

Am gamma rays to determine the Am contribu-

tions for the gamma rays of interest. There are

other approaches to the correction problem. What

is emphasised here is the necessity of Che correc-

tion if good results are desired.

3.2.4 Rate-Related Errors. Two types of errors may

result from high count rates, both due directly or

indirectly to the loss of events from the full-

energy spectral peaks by pulse pileup. The first

difficulty results directly from storage of the

piled-up pulses. If the intensities of the 60-keV

An peak and the x-ray peaks in the 90- to 120-keV

region are allowed to be much higher than those of

some of the peaks in the 120- to 200-keV region upon

which the isotopic assay is based, the piled-up

pulses can cause "bumpy" background continuums under

the weaker assay peaks increasing the error in the

measured area of those peaks. The intensity of the
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low-energy gamma rays can be reduced by judicious

selective filtering. Electronic pileup rejection

may also be profitably employed to avoid storage of

pileci-up events.

The second type error arises from unequal

nileup losses to the various spectral peaks. In

oases where the main amplifier pulses are 2 10 Ms

(as will be the case with most high-resolution

systems) pileup may affect a substantial fraction

of events. As indicated in Chapter 6, that frac-

tion is given roughly by f = RT where R = gross

rate of detected events and T = the pulse width.

If, for example, R = 5 x 103 s"1 and T = 20 x 10"6 s,

f ~ 0 . 1 , implying that about 10% of all events will

be distorted to some extent by pileup. As shown in

Chapter 6, peaks of considerably different inten-

sity will usually suffer different pileup losses.

The relations given there will show what the limi-

tations on rate must be in order to ignore the ef-

fect.

The purpose here is not to give a full dis-

cussion of how either problem is minimized or elim-

inated but simply to point out a pair of problems

which could have a measurable effect on isotcpic

determinations.

3.2.5 Peak Area Determinations. Accurately deter-

mining the relevant full-energy peak areas is cru-

cial to any sort of Quantitative gamma-ray measure-

ment; the problem of isotopic determinations is no

exception. If the peaks of interest are well re-

solved, satisfactory results may be obtained by one

of the simple methods described in Chapter 4. If

the peaks are not well resolved then recourse must

be had to one of the good peak fitting codes. The

isotopic analysis of plutonium falls very nearly

in between cases. With a detector of the best reso-

lution, reasonably good results are obtained by the

simple methods. Nevertheless, as the americium

concentration grows, a number of the multitude of
241

Am peaks come above the background continuum in

awkward places, requiring great care in the selec-

tion of background windows for the plutonium peaks.

Although efforts are still in progress to see just

how well the simple methods can be made to work, it

is clear that the best results will be obtained,

especially in difficult situations, by more sophis-

ticated peak fitting procedures. Systems have been

built consisting of a small computer processor with

additional disk storage which are fully capable of

doing a whole analysis including the least-squares

fitting routines. Such a system would probably be

desired and justified for doing routine isotopic.

assays by gamma-ray spectroscopy.

3.2.6 Isotopic Verification. In some situations it

may be desirable to just verify that an assumed iso-

topic distribution is correct. In such instances

an accurate measurement is often not required and

many of the above considerations can be ignored. A

single intensity ratio may give a sufficiently re-

liable check. The Pu/ Pu ratio is probably

best for such checks (208 keV/203.5 keV if U in

equilibrium or 148.6 keV/129.3 keV if not in equi-
239

librium). Relatively small changes in the Pu

concentration will be accompanied by large changes
241

in the Pu concentration so this is a good check
239

of Pu concentration. If the scrap and waste as-

say system includes a multichannel analyzer and

computer, one of these line ratios should be checked
239

routinely to assure that the assumed Pu concen-

tration is correct.

3.3 Determination of Isotopic Ratios

This section will be devoted to a qualitative

discussion of the possible ways of determining spe-

cific isotopic ratios, along with some comment on

the advantages and disadvantages.

3.3.1 Ratio Pu/ Pu. Over quite a wide range

of isotopic fractions, the 203.5-keV gamma ray from
239 237

Pu and the 208.0-keV gamma ray from the U

daughter of Pu form a convenient pair by which
241 239

to determine the Pu/ Pu ratio. Of course,
237

there must be assurance that the U is in equi-
241

librium with the parent Pu. Then correction
241

should be made for the Am contribution to the

208-keV peak and for the difference in relative de-

tection efficiency.

An alternative pair is the 129.3-keV gamma ray

from Pu and the 148.6-keV gamma ray from Pu.

In this case there is no worry about equilibrium or

americium contribution, for the 148.6-keV photons
241

are directly from Pu. On the other hand, be-

cause of the much larger energy difference (19.3keV
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vs 4.5 keV) the correction for relative detection

efficiency must be made very carefully.

Other possibilities exist but the two cited

seem the most promising. It appears that the
241 239

Pu/ Pu ratio can be determined with an accu-

racy of + 1% (one sigraa) if care is exercised. Let

it be mentioned once more that here the discussion

is about arbitrary "junk", not prepared samples of

known geometry and composition where better accu-

racy may be obtained.

3.3.2 Ratio 238Pu/241Pu. In most cases the 152.8-
238

keV gamma ray of Pu will be the one with energy

fe 120 keV that must be used. Because of its prox-
241

itnity to the 148.6-keV gamma ray of Pu, it is

reasonable to measure that ratio. A ratio of the

144.2-keV gamma ray of Pu to the 152.8-keV
238 239

gamma ray might be taken for a Pu/ Pu ratio,

but usually the area of the 144.2-keV gamma ray

cannot be determined with sufficient precision. In
238

material with low Pu isotopic fraction (~0.01")
238 241

the determination of the Pu/ Pu ratio may not

be better than ~ ± 10% because of the very bad
238signal—to-background ratio the peak of the Pu

238
will have. As the fraction of Pu increases, the

accuracy of the determined ratio will improve; so

that by the time the Pu fraction reaches 1%, the
238 241

accuracy of the Pu/ Pu ratio may well by ± 1%

at one sigma. As usual, care must be taken with

relative efficiency corrections and the possibility
241

of interference from weak Am gamma rays.

3.3.3 Ratio 24OPu/239Pu. This ratio is probably

the most difficult overall to measure of any that

must be determined. Two approaches may be used em-

ploying gamma rays with energies s 120 keV.

The first employs the 642.3-keV gamma ray of

Pu and the 646.0-keV gamma ray of Pu. There
241

are also several Am gamma rays in the region

which make it difficult to get the peak area by

simple background subtraction methods if the ameri-

cium level is appreciable. The main difficulty in

using this pair of gamma rays is their very low

intensities. Long counts will surely be required,

and if there is any fission product activity in the

material the whole region may sink into the back-

ground .

The second possible energy region is the 160-

to 164-keV region including the 160.3-keV gamma ray
24n

of Pu. The difficulties here include the 160.0-
241

keV gamma ray of Pu which cannot be resolved,

low intensities, and the possibility of pulse pileup

creating irregular backgrounds under the peaks of

interest. By using due care in both spectrum acqui-

sition and analysis, results can be obtained but

perhaps a l0 accuracy of ± S7 is the best that could

be extracted from the 160-keV region for the
240 239

Pu/ Pu ratio. If it is free of extraneous

activities and the count is sufficiently long, some-

what better accuracy can be expected from the

640-keV region.

3.3.4 Ratio 241tan/239Pu. As before-mentioned, if

it is desired to interpret calorimetric measurements

of plutonium, it is necessary to determine the ratio

of Am to the plutonium. Several approaches are

available.

The 125.3-keV gamma ray of Am and the 129.3-
239

keV gamma ray of Pu have proven a useful pair.

A slight difficulty, especially at low concentra-
239

tions, is that there are two weak Pu gamma rays
(125.2 keV and 124.5 keV) which interfere with the
241

Am gamma ray and whose influence must be sub-

tracted out. Attention must as usual be paid to

relative detection efficiency corrections which may

be as much as 10% over the 4-keV span of energy.

For Am concentrations £ 500 ppm ( Am/Pu),

precisions of a few percent should be attainable.

If the region at 640 keV is being used to de-

termine the 24OPu/239Pu ratio the 241Am/239Pu ratio

could also be determined by including the 662.4-keV
241

Am gamma ray, although it is likely that real

peak fitting procedures would have to be applied to

extract the 662,4-keV peak area.

As a third possibility a group of gamma rays

between 332.3 and 345.0 keV can be used. The

332.3- and 335.4-keV gamma rays arise from both
237 241

U and Am but with widely differing branching
ratios. By using the nearby 345.0-keV gamma ray

239 239

from Pu to eliminate some irritating Pu inter-

ference, the peak areas of the 332.3- and 335.4-keV

gamma rays may be accurately determined. An equa-

tion involving the measured areas and known relative

intensities then yields the "Am/ Pu ratio. Just

how well this attack will work remains to be seen,A-5



but it has the advantage of using same of the more

intense gamma rays in the emitted spectrum.

3.4 Preliminary Results

Work is in progress to determine just how well

the procedures and approaches outlined above will

work over a broad range of situations. It is al-

ready certain that for many situations isotopic

information of sufficient accuracy can in fact be

obtained on the "arbitrary" sample. The procedures

outlined could, of course, he applied to any pluto-

niun: sample, but where geometry is controlled and

chemical content known better results will no doubt

be achieved in many cases by using more specialized

procedures which Cake advantage of the constant

geometry and knowledge of the sample.

As an example of the results obtained so far.

Table A.2 compares, for a known scrap standard, the
241

mass spectrometric isotopic values and Am con-

centration (determined by alpha counting) with the
241

isotopic distribution and Am concentration from
gamma-ray spectroscopy. As expected, the most

^40
serious discrepancy is in the value for ~ Pu which

238
ts fi« in error. Although the Pu value is 16%

different, its concentration is so low that neither

value has great accuracy. The americium value dif-

fers by ~ 10% but is based en tabulated data of

americium gamma rays which are in some degree sus-

pect. Considerably better results should be ex-
'41

pected for the Am concentration.

In summary. Table A.2 gives an encouraging

example of what might be achieved. Defining the

possible precisions and accuracies over the ex-

pected range of isotopic distributions awaits fur-

ther investigations and analysis.

TABLE A.2

COMPARISON OF ISOTOPIC DISTRIBUTION
BY GAMMA-RAY SPECTROSCOPY

WITH ACCEPTED VALUES

Isotope

238OPu

239nPu

240_Pu

Vu
241.

As

a All values
i s in ppm.

Accepted
Valued

0.0116

94.10

5.60

0.271

536

are given

Gamma-Ray
Valued

0.010

93.75

5.95

0.270

486

in wt%, except

/Accepted \
\Gamma-Ray/

0.86

0.996

1.06

0.996

0.91

241Am which
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APPENDIX B

DIFFERENTIAL ABSORPTION ATTENUATION CORRECTION FACTOR

The four figures in this appendix illustrate

the potential and problems with the differential

absorption attenuation correction factor. They

show attenuation correction factors at 414 keV or

186 keV as a function of the intensity ratios

I(414)/I(129) or I(186)/I(143). The graphs are

drawn for varying matrix and high-Z densities (for
3 3

this discussion, DM = g/cm matrix and DU = g/cm

uranium or plutonium). The matrix is assumed to

have the attenuation properties of carbon; this is

a good assumption for Z ̂  26, which includes all

combustible materials and the metallic oxides us-

ually found in harder residues such as ash and

slag. Uranium and plutonium are assumed to have

the same attenuation properties (the worst differ-

ence is 5%). The attenuation coefficients used

are given in Table B.I. The matrix and the fissile

material are assumed to be a homogeneous mixture.

Figures B.I and B.2 pertain to a small scrap can

10-cm diam by 12-cm high. Figures B.3 and B.4 per-

tain to a large waste drum 58-cm diam by 90-cm

high (55-gal drum).

1. Small Scrap Can

Figure B.I illustrates the variation of CF(414)

as a function of I(414)/I(129) for a small scrap

can. It illustrates the following points. The

iso-fissile lines slope both positive and negative

in different regions. This means that the inten-

sity ratio can either increase or decrease as the

density and gross attenuation increase. The latter

case is interesting and not at all obvious without

studying this graph. The intensity ratio is very

insensitive to changes in the matrix density, so

TABLE B.I
ATTENUATION COEFFICIENTS (CM2/G)

Material

Matrix

Uranium )
or [

Plutonium »

129

0.143

3.70

Energy

143

0.138

2.87

(keV)

186

0.128

1.45

414

0.0925

0.25

2000

1.750

0 1.500

-1.250

icon

1

D

DU.O.IE

-

,~^-ou=o.(
OU-0.005;

1

DU

y

s'

y

<

1

-O.250;256gPu->.'

0U-O.IOO;l039Pu

U = 0.050;5lgPu

5g PU

I

1 1
DM = (5i l .5kg

VDM=l25;l.3kg

VoMsl.OO^.Okg

—

1.000 2.250 3.500 4.750
I (414)/I (129)

6.000

Fig. B.2 Attenuation correction factor at 414 keV
as a function of the 414- to 129-kev
(239puj intensity ratio. The sample
container is a 10-cm-diam by 22-cm-high
can.

without any further information the intensity ratio

cannot give accurate information on the correction

factor. Now assume the net weight is known and the

cans are all filled to a roughly uniform height.

Then the matrix density DM is known, and this plus

the intensity ratio define a unique CF. It is then

possible also to do an iteration to check on self-

absorbing lumps (sample uniformity). The argument

is illustrates schematically below.

(1) Net weight •+ DM

(2) DM + [l(414)/I(129)] - CF(414)

(3) CF x C(414) •* g Pu

(4) g Pu -> DU

(5) DU + DM -> [l(414)/I(129)]"

(6) (I/I)' « (I/I)--

If the two values of I(414)/l(129) agree reasonably

well, the assumption of sample uniformity should be

good and the assay accurate.
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Figure B.2 illustrates the same sample can for

a U measurement involving the 186- and 143-keV

lines. For this case the intensity ratio is rather

insensitive to changes in the attenuation correc-

tion factor. As CF varies from 2.0 to 4.0,

1(186)/!(143) changes only from 1.04 to 1.58. The

"lever arm" is the wrong way. In some cases it may

still be possible to use this ratio, but the results

would probably not be as good. For low-enriched

uranium where the enrichment is known and the ~ Pa

daughter is in equilibrium with " V, this ratio

can be used with good results.

2. Large Waste Drum

Figure B.3 illustrates the variation of CF(414)

as a function of I(4I4)/I(!29) for a large vasce

drum (208 liter or 55 gal). The following points

are evident. Over the range of fissile loadings

below 300 g plutonium, CF(414) is independent of

fissile loading; it varies only with matrix density.

The "lever arm" is not as good as in the small can,

but it should work. As CF(414) varies from 1.17 to

2.50. t(414)/l(129) changes only from 1.09 to 1.42.

5000

« . O O O -

(0
Z. 3.O0O

2.000

LO0O

I I
,0M= 1.5; 1.5 kg

(1.25,1.3 kg

--l.0jl.0kg

DM = 0.8; 082 kg

DM:0.6,062 kg

DU'005; 5lgU

•0U= 0.0IS;

DU= 0 . 0 0 5 ; 5gU

I
1.000 1.250 1.500 I.75O

I (I86)/I(I43)
2.000

Fig. B.2. Attenuation correction factor at 186 kev
as a function of the 186- to 143-keV
(235V) intensity ratio. The sample
container is a 10-cm-diam by 12-cm-high
can.

3.000

a.soo -

u.
u

1.500

1.000

I
0.002; 3039 Pu
O.O0l5;227gPu—j
0.001; 151 «Pu—• (
5E-4;7b.79Pu^/|

1.000 1200 1400 1.600
I (414)/ I (129)

1.800

Fig. B.3. Attenuation correction factor at 414 keV
as a function of the I(414)/I(129) inten-
sity ratio. The sample container is a
58-cm-diam by 90-cm-high drun (S5 gal).

The same comments on net weight, iteration, and uni-

formity' check apply for this case. This graph (for

DV = 0) is the case described by Jim Cline in

ANCR-1055 (si>e Ret". 5.1).

Figure B.4 shows the large waste drum for

CF(186) vs 1(186)/I(143). This ratio will not pro-

vide any useful information because there is no

"lever arm" at all. Again the 1001- to 186-keV

ratio will work well for low-enriched uranium sata-

ples which meet the necessary requirement.

3.S00

IU ,
O.OOI5;227qU—.
0.00l;l5lgU—.

~ 5E-4i75.78U-i
5 E - 6 ; 0 . 7 6 » U I \ \ l w

2.875
10
to

2.250

1.625

1.000

I
0.002; 303 qU-

\ I

0.15; 22.7 kg

/O.l ; l5. lkg
•'0.08; 12.1 kg

1.000 1.062 1.125 1.188
I (186)/I (143)

1.250

Fig. B.4. Attenuation correction factor at 186 keV
as a function of the I(186)/I(129) inten-
sity ratio. The sample container is a
58-cm-diam by 90-cm-high drum CSS gal).
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APPENDIX C
ASSAY EXPRESSIONS FOR A TRANSMISSION-CORRECTED

SEGMENTED SCAN GAMMA ASSAY MEASUREMENT
The measurement is assumed to involve three

gairana-ray lines: one from the isotope of interest

in the sample, one from the external transmission

source and one from the livetime and pileup correc-

tion source taped to the detector. The Compton

background is subtracted from each peak using the

procedure described in Sec. 3.2 (see Fig. C.I).

The net count rate or peak area (A) is given by

A = P - -r- (C.I)

where

A = net counts due to activity of interest,

P = total peak region count,

B.,B, = total background window counts,

np = number of channels in peak window,

no ,n_ = number of channels in background
1 2

windows.

The uncertainty associated with each peak area

[Eq. (C.3)] is determined from the usual definition

of standard deviation

(C2)tW
where

f (X

Chonnel -»

Fig. C.I. Pulse-height spectrum of single photo-
peak illustrating general procedure for
determining photopeak area. The area
of interest is above the dashed line
which is determined from B and B .

P + TT-— I B (C.3)

where

V

Eq. (C.4) gives the expression for the corrected

count from the isotope of interest in the sample.

It is this number which is diiectly proportional to

the material quantity of interest.

CC Vcc.r x
LT
o

LT.
CF(TD-CF

I can
(C.4)

where

CC

CC,

= total corrected count for sample,

= corrected count for ith segment,

C. = sample activity in line of interest

from itn segment,

LT. = activity from livetime source for itn

segment,

LT = initial activity from livetime source

with no sample up,

CF<T.T)

product of geometric correction factor

(~ 0.82 for cylinder) and ratio of mass

attenuation coefficients at assay energy

and transmission energy,

CF

T

Ti

transmission of empty can at assay

energy,

T. LT ,
i o _ l_

T LT. '
o i c

T = initial transmission activity with no

sample up.

An approximate expression for the uncertainty in

the corrected count (CC^ is given in Eq. (C.5).

This expression is derived under the following

C-l



assumptions. A more complete expression is

3T:
—- ~ 0 , i.e. o(Tp = a(T.),

i

given in Ref. 7.2. The extra terms given in this

reference will usually be insignificant.

UCC,

LT
CF. O2A(C.)

[ LT

C • - f -
LTi

CF (T)

[1 - (T^

12

LTo I
"i LT.

) .

A(LTt)

(C5)

This calculation will always be on a minicomputer

interfaced to the assay system.
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