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Summary 
Dynamic calibration is a measurement control technique designed 
to facilitate the use of nondestructive assay for the control 
and accounting of special nuclear material. The implementation 
of dynamic calibration requires selection of an appropriate 
control measurement and sampling plan to provide traceability 
for the measurement system. A general sampling plan for use 
when the control measurement is an independent assay is presented 
with examples. 

Introduction 
Dynamic calibration is a measurement con
trol technique designed to facilitate the 
establishment of traceability for non
destructive assay (NDA) measurement sys
tems . For many years the potential of 
NDA for the control of special nuclear 
materials (SNM) has been recognized. 
However, most NDA systems do not currently 
meet the requirements of the Nuclear Regu
latory Commission (NRC) as specified in 
10CFR-70 for the control of SNM. The 
problem as identified by Bingham, Yolken 
and Reed [1] is a lack of demonstratable 
traceability to the national measurement 
system. In their discussions Bingham et 
al. emphasized that having a series of 
traceable calibration standards is not 
sufficient for traceability. "Trace-
ability means the ability to relate 
individual measurement results to national 
standards or nationally accepted measure
ment systems through an unbroken chain 
of comparisons" (from NRC Regulatory 
Guide 5.58, "Considerations for Establish
ing Traceability of Special Nuclear 
Material Accounting Measurements"). 

When discussing measurements, it is 
important to remember that traceability 
is properly identified for measurement 
systems, not for instruments. The 
measurement system includes, in addition 

to the instruments, the response and the 
measurement control program. The measure
ment control program must consider such 
things as the standard reference materials, 
operator training, measurement environment, 
procedures, and calculations. It is the 
measurement control program which demon
strates that the measurement system is in 
a state of statistical control and provides 
the traceability to the national measure
ment system. 

Presently, most NDA systems are calibrated 
using the fixed standards technique des
cribed in ANSI N15.20, "Guide to Calibra
ting Nondestructive Assay Systems." When 
using this technique, the calibration is 
strictly valid only for the assay of items 
which do not differ from the calibration 
standards with respect to any property 
to which the instrument is sensitive. 
D. B. Smith [2] wrote, "It is these measure
ment biases, caused by differences between 
the material being assayed and the physical 
standards used for instrument calibration, 
which ultimately constitute the limit of 
our ability to control special nuclear 
materials." He also observes that these 
measurement biases may go completely 
unrecognized if potential sources of assay 
bias are not removed, controlled, or 
evaluated to permit corrections to be 
made. It is these possibly unrecognized 
measurement biases which make the 
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traceability to the national measurement 
system difficult to establish. 

Dynamic calibration minimizes the problems 
caused by differences between calibration 
standards and the inventory items. Cur
rent samples are selected from the pro
cess to be standardized by a method trace
able to the national measurement system. 
A second NDA measurement is used as a 
dynamic monitor to ensure that the cali
bration curve generated using those 
standards remains valid. 

The goal of dynamic calibration is to 
facilitate the establishment of trace-
ability for the NDA measurement by moni
toring for those changes in sample para
meters which would affect the SNM assay. 
The control measurement can be a qualita
tive measurement which signals the need 
for recalibration, a quantitative measure
ment which provides a correction factor 
for the calibration curve,' or an indepen
dent assay of the SNM content. When used 
as the control measurement for verifying 
the calibration curves, qualitative and 
quantitative measurements require exten
sive knowledge of how the NDA instrument 
responds to each sample parameter. Gen
erally, this type of data has not been 
developed. However, when the control 
measurement is an assay, this problem 
is diminished because a direct comparison 
can be made between the SNM assay values. 

A dynamic calibration scheme using chem
ical assay as the controlling measurement 
is shown in Figure 1. In this example, 
the entire process flow is measured by 
NDA, and a portion of the flow is assayed 
using chemical techniques. In order to 
utilize this system, a statistical samp
ling plan must be designed to monitor for 
process variabilities which might affect 

Process 
flow 

Nondestructive 
assay 

-A 
V Chemistry 

FIGURE 1 - Dynamic calibration using 
chemistry for measurement control. 

the response of the NDA instrument as well 
as to provide calibration data. Chemical 
calibration can be used to provide effec
tive use of NDA because chemistry is 
traceable to the national measurement 
system. Thus, measurement biases can be 
controlled. However, this chemical cali
bration scheme has several limitations. 
Among them are that it: 

• Is not timely. 
• Destroys valuable product. 
• Requires additional chemistry 

to monitor the process. 
• Produces scrap and/or waste. 
• Is not applicable to some scrap 

categories. 

In order to minimize the limitations of 
chemical calibration and process monitor
ing, a control measurement can be intro
duced to monitor for process variabilities 
and/or provide calibration data. An 
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example of this dynamic calibration 
scheme for the plutonium fuel cycle is 
shown in Figure 2. Calorimetry has been 
introduced as the control measurement 
for the NDA device. In this example, the 
entire process flow is measured by NDA; 
a portion of the flow is measured by 
using calorimetric assay and returned to 

J the process; and a portion of that mea
sured by calorimetric assay is assayed 
using chemical techniques. In this 
measurement system, calorimetric assay 
is used to monitor the process and to 
provide calibration data. Calibration 
is possible because calorimetry can be 
related to first principles. Chemistry 
is used in this system as a part of the 
measurement control program for the cal
orimetric assay. The number of chemical 
analyses required in this plan is much 
less than that required when using 

» chemistry for controlling measurement 

because calorimetry assumes the burden of 
monitoring the 'process and providing re-
calibration. Dynamic calibration for 
plutonium assay systems has been demon
strated using spontaneous fission assay 
as the primary measurement and calorimetry 
as the control measurement [3]. Dynamic 
calibration has not been developed for 
the uranium fuel cycles. 

In order to apply dynamic calibration, 
the control measurements for primary NDA 
measurements must be identified. The 
magnitude and the variability of sample 
parameters which can affect the calibra
tion curve must be determined. 

If both instruments respond similarly to 
the variation of sample parameter, the 
control measurement may not be suitable 
for monitoring the primary NDA measure
ments without some administrative controls. 

Primary NDA 
measurement 

A 
V 

A 
V 

Control 
measurement 

7 
Chemistry 

FIGURE 2 - Dynamic calibration using 
a nondestructive control measurement. 



Desirable attributes for the control 
measurement include: 

• Rapidity in comparison with 
chemistry 

• Different response from primary 
NDA 

• Nondestructiveness 
• Accuracy 
• Precision 
• Traceability 
• Achievement of calibration 
• Minimization of sampling 

problems 
• Monitoring for process variations 

unknown items. ̂ The same set of calibration 
materials can be used for both instruments, 
provided that the sample parameters which 
affect both systems are varied over the 
expected range. Analysis of the calibra
tion curves yields the random and system
atic error components for each NDA mea
surement system. The measured value is 
given by the sum of the true value, the 
measured bias, and the random error. 

In equation form: 

M. . = y . + B. . + e. . 13 "O] 13 1J (1) 

After a suitable control measurement is 
chosen, the implementation of dynamic 
calibration requires the selection of a 
sampling plan which can provide trace-
ability for the measurement system. The 
sampling plan must take into account the 
properties of the process and/or instru
ment whose change would necessitate 
recalibration. When process changes and 
instrument drifts are long term compared 
to utilization of a calibration curve, 
the calibration curve can be verified at 
a specified confidence level by choosing 
the appropriate number of samples to be 
measured by the control instrument. 

where: 

Sampling plan 
A general sampling plan for use with 
dynamic calibration treats the primary 
NDA measurement and the control measure
ment as paired results. Comparisons are 
made between the SNM values. To use this 
technique, the calibration curves for 
each instrument are generated by the 
appropriate calibration materials neces
sary to cover the expected range of para
meters which affect the instrument 
responses. These calibrations are used 
to determine the SNM content of the 

M. . = the measurement SNM value for 
item j on measurement system i 

B. . = the bias for item j on measure-
ment system i 

e. . = the random error 

u . = the true SNM value 03 

The mean difference between assay values 
is determined during generation of the 
calibration curve and during the assay of 
the product. The mean difference is 
given by: 

D. = £ (Mn . - M_ .) k j = 1
l ID 2]' 

= ^ l j " B2j + £lj " £2j } (2) 

where k represents either the calibration 
data (c) or the production data (p). The 
variance of the mean difference is the 
pooled variance from the measurements: 

2 2 ^ 2 
°D = °M1 + °M2 (3) 

From the difference equation the importance 
for independent responses from the assay 
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instruments can be seen. When the response 
of an NDA instrument changes, there is an 
apparent change in the bias between the 
paired primary and control measurements 
caused by the use of an inappropriate 
calibration curve. It is this change in 
the biases which signals the need for 
recalibration. 

One method which can be used for deter
mining sampling frequencies for the 
secondary measurement system is the test 
for shifts in populationmeans using the 
paired difference method. In order to 
apply this technique, the standardized 
difference d is defined by J4,5] ; 

 D 

V(
a
D
 + ff

D ) 
2 2 
°d = °D + al 2{4l + CT

M2
} 

(4) 

(5) 

indicate that none has occurred; and 3) the 
probability (a) that although no shift 
in assay differences has occurred, the 
data will indicate otherwise. A twosided 
hypothesis test has been chosen because 
positive or negative bias shifts are 
considered equally important. The value 
of these parameters and the time interval 
in which the calibration is to be verified 
must be specified based on the requirements 
of the material control and accounting 
system which is utilizing the measurement. 
The number of paired measurements is 
distributed over the time interval. 

The formulas used to calculate D ■.■„■, 
critical 

and n when cr, is known and the difference 
is expected to be zero are [6]: 

critical 

(Z 

(Z
la/2 >(?!?, 

n = la/2
 + Z

l
,)' 

(6) 

(7) 
d2 

The difference between paired assay re
sults is compared to the mean difference 
generated during calibration. A signifi
cant shift in average differences of 
paired assay values from those measured 
for the standards is an indication of 
probable biases in at least one of the 
reported assay values. The magnitude of 
the standardized difference which signi
fies a significant shift is D . .. ,. 

3 critical 

D
critical

 a n d n ^
t h e n u m b e r o f paired 

measurements) can be calculated when a 
D 

is known and three other parameters are 
specified by the material control and 
accounting system. The three necessary 
parameters are: 1) the largest permis
sible shift (A) that can be allowed before 
impacting the accountability system; 
2) the probability (B) that although a 
shift A has taken place, the data will 

where Z is the normal variate and 
d = A/a,. Figure 3 is a plot of the 
number of paired measurements required 
to detect differences for two sets of 
significance parameters (a,S). For 
example, to detect a difference equal 

2 2 2 
to the pooled variance a, = 2(a . + o M 2 ) / 
approximately 13 paired measurements are 
required for (a,8) equal to (0.05,0.05). 

To implement the paired measurement test 
for bias shifts, the following procedure 
is followed: 

1. The calibration curve is deter
mined for the primary NDA mea
surement system using a set of 
representative standards. 

2. The same standards are used to 
determine the calibration curve 
for the control measurement. 
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FIGURE 3 - Number of paired measurements (n) required 
to detect a standardized difference (d), when the bias 
shift is expressed in units of the pooled variance. 

These two calibration curves are 
used for future measurements of 
production samples: the primary 
measurement for accountability, 
the control measurement for veri
fication. 
Verify the hypothesis that the 
mean difference equals zero 
(H : D =0) is supported by 
the calibration data 
°c = (1/n) Ji^li -M2i}-
If this hypothesis is supported, 
then further tests using pro
duction data will be evaluated 
versus H D„ = 0. o If the 
mean difference does not equal 
zero, the production data will 
be tested against the hypothesis 
that average production differ
ences (D ) are the same as the 

P average calibration differences 
(Dc). 

The primary NDA measurement 
measures all samples. A 
portion of the production 
samples is selected randomly 
from the process stream to 
be measured by the control 
measurement. 
The statistic D = (1/n) z P i=l 
(M,. - M_.) and the standard
ized difference d are calcu
lated. If d is less than 
D ... ,, the calibration critical 
curve is considered valid. 
If d is greater than 
critical' then the calibra
tion curve is invalid. In 
this case, after a check of 
the instruments to assure 
proper operation, a change in 
sample parameters is indicated. 
Therefore, new physical stan
dards which are representative 
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of the new sample population 
must be prepared and a new 
calibration curve must be 
generated. 

This sampling plan is applicable to all 
measurement systems in which the primary 
and control assays are independent and 
their random uncertainties are known. 

Plutonium system 
To demonstrate the procedure outlined in 
this report, data from the Confirmatory 
Assessment Experiment [3] on mixed plu-
tonium/uranium oxides have been evaluated. 
Three NDA instruments [a calorimeter (CAL), 
a neutron correlation counter (NWC)*, and 
a neutron/gamma-ray coincidence counter 
[ISAS(P)] were used for these experiments. 
Measurements have been performed on two 
isotopic mixtures and two concentrations 
of plutonium. The characteristics of the 
two sample sets are summarized in Tables 
1 and 2. Samples from the 6-kg batch were 
used to generate the calibration curves. 
These calibration curves were used to eval
uate the SNM content of the remaining 
samples. 

For this report the calorimeter was cali
brated using physical standards prepared 
by chemical techniques. Three combina
tions of primary-control measurements 
have been evaluated: NWC-CAL, ISAS(P)-CAL, 
and ISAS(P)-NWC. The large change in 
isotopics and plutonium concentration from 
the 6-kg batch to the 4-kg batch causes 
a greater-than-3a change in the differences 
in SNM content. Thus, only one measurement 

NWC - manufactured by National Nuclear 
Corporation. 
ISAS(P) - manufactured by IRT Corporation. 

need be made in' the specified time period 
to detect the change. This is demonstrated 
in Table 3. The data presented are the 
differences in assay for each can. Note 
that the average difference for the NWC-
CAL changes from a mean of -0.1 ± 0.6 to 
>3, for the ISAS(P)-CAL from a mean of 
-0.2 ± 1.5 to >36, and for the ISAS(P)-
NWC from a mean of -0.2 ± 1.6 to >32. 
Similar results occur if the elemental 
factor is evaluated for these data. In i 
order to gain further insight into the 
required frequency of control measurements, 
consider the number of measurements 
necessary to detect a 1.4% bias shift. 
The confirmatory assessment experiments 
determined the random error variances to 
be 0.5% for the calorimeter, 1.0% for the 
NWC, and 3.0% for the ISAS(P). Thus, to 
detect a standard difference of 1.4% for 
the NWC-CAL system, 13 paired measurements 
would be necessary in the specified time 
interval. The same number of paired 
measurements for the ISAS(P)-NWC system 
would detect a standard difference of 
approximately 4.5%. 

Uranium system 
The sampling plan can also be theoretically 
evaluated on measurement systems for uran
ium assay. 

One uranium measurement system which ful
fills the requirements of the independent 
assay model consists of a segmented gamma-
ray assay for the primary measurement and 
a random driver for the control measurement. 
The uncertainty of these two NDA instruments 
is between 1 and 5% for the assay of 
uranium-235 scrap [7]. Assuming an error 
variance of 3% for each instrument and 
a pooled variance of 4.2%, the number of 
paired measurements for selected standard 
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Table 1 - CHARACTERISTICS OF BATCH A 
Plutonium Concentration (wt % ) : 

19.226 ± 0.006 
Plutonium Isotopics (wt % ) : 

238, Pu 0.0539 
239 Pu 86.7189 
240 Pu 11.7152 
241 Pu 
242 Pu 
241 Am 

1.3038 
0.2081 
0.1824 

Uranium Concentration (wt %) 
66.894 ± 0.017 

Uranium Isotopics (wt %) : 
234, 

U 
235 U 
236 T 

2 3 8 r 

0 . 0 0 7 

0 . 7 8 3 

0 . 0 0 2 

9 9 . 2 0 8 

Carbon Impurity Analysis: 
Blend A-l - 664 ± 22 yg/g sample 
Blend A-2 - 664 ± 12 pg/g sample 

Total Impurities: 
Concentration (ppm) 

Element 
Si 
Al 
Ni 
Cr 
Ti 
Fe 
Ca 
Na 
Co 
Mn 
Pb 
Mg 
Cu 
Ag 
B 
Ba 
Zn 

A-l 
25 
30 

150 
60 
<20 
>600 
<250 
<250 
<20 
<20 
<10 
<20 
<20 
<10 
<10 
<10 
ND*> 

A-2 
25 
30 

150 
50 

<20 
>600 
<250 
<250 
<20 
<20 
<10 
<20 
<20 
<10 
<10 
<10 
ND 

Batch A contains 6 kg of mixed oxides. 
A common decay date of 3/01/78 was used. 

DND - Not detected. 

Table 2 - CHARACTERISTICS OF BATCH Ba—, 
Plutonium Concentration (wt %) 

25.712 ± 0.009 
Plutonium Isotopics (wt % ) : 

238T Pu 
239 Pu 
240 Pu 
241. Pu 
242 Pu 
241 Am 

0.2430 
79.1160 
16.8230 
2.9263 
0.8916 
0.6496 

Uranium Concentration (wt %) 
59.996 ± 0.021 

Uranium Isotopics (wt % ) : 
234. 

U 
235 U 
236T 

238 U 

0 . 0 1 2 

0 . 8 7 6 

0 . 0 0 5 

9 9 . 1 0 7 

Carbon Impurity Analysis: 
1015 ± 15 ug/g sample 

Total Impurities: 
Concentration 

Element 
Si 
Al 
Ni 
Cr 
Ti 
Fe 
Ca 
Na 
Co 
Mn 
Pb 
Mg 
Cu 
Ag 
B 
Ba 
Zn 

(ppm) 
40 
35 
35 
30 
20 

100 
<250 
<250 
<20 
<20 
<20 
<20 
<20 
<20 
<10 
NDb 

ND 
Batch B contains 4 kg of mixed oxides. 
A common decay date of 3/01/78 was used. 
3ND - Not detected. 
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1 Table 3 -
FOR MIXED 
Can 
No. 
31 
5 

19 
6 

23 
12 
11 
1 

27 
30 
15 
24 
35 
2 
8 

17 
20 
29 
16 
21 
22 
33 
32 
4 

26 

ASSAY 
OXIDE 

DIFFERENCES BETWEEN PRIMARY AND CONTROL MEASUREMENT , 
BATCHES A AND B USING BATCH A CALIBRATION PARAMETERS 

Batch NWC-CAL 
, A 

B 

-0.257 
-0.504 
-0.248 
-0.203 
-0.368 
-0.116 
0.097 
0.218 
0.529 

-0.043 
0.274 
0.459 
-0.185 
-0.119 
-0.632 
-0.577 
3.727 
4.099 
5.435 
8.080 
9.373 
14.408 
24.269 
38.270 
38.172 

ISAS (P) -CAL 
0.095 
-0.348 
-0.343 
-0.684 
-0.613 
-2.050 
-0.350 
-0.104 
-0.444 
-1.041 
-0.013 
0.127 
1.598 
2.225 
-1.720 
-0.183 
35.845 
35.342 
43.332 
71.636 
70.719 
116.582 
148.421 
184.708 
188.142 

ISAS(P)-NWC 
0.351 
0.156 

-0.095 
-0.481 
-0.245 
-1.934 
-0.447 
-0.321 
-0.972 
-0.998 
-0.287 
-0.331 
1.783 
2.344 
-1.089 
0.394 
32.118 . 
31.242 
37.897 
63.556 
61.346 

102.174 
124.152 
146.438 
149.970 

differences is determined from Figure 1 
and is listed in Table 4. For example, 
a bias shift of 6.0% can be detected 
using 13 paired measurements. 

Conclusions 
This generalized sampling plan demonstrates 
a methodology for applying dynamic cali
bration to NDA systems which use an assay 
for the control measurement. This samp
ling plan uses the SNM values from two NDA 
instruments operated in accordance with 
ANSI N15.20. It requires no change in the 
operating procedures of the primary NDA 
measurement. However, the control 

r— Table 4 - REQUIRED NUMBER OF PAIRED 1 
MEASUREMENTS TO DETECT A STANDARDIZED 
DIFFERENCE 
Standardized 

(%) 
2.8 
6.0 

14.1 

Difference 
- n 
54 
13 
3 

measurement must be an assay. The plan 
provides the means for demonstrating the 
validity of the calibration curve at a 
stated confidence level, which is an 
important step toward the demonstration 
of traceability to the national measure
ment system. 
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