
. q;-'' X''-T. K
s~~~ ~~ !,g,- , .- o..;w, .- .m 

* with th~~~ e eefr-e**w_ t; 

I- !-&f< - -';'@- Aj''

4fi Ws ve WA O-_ t* ;0 ;~~~~~~~~-ind

-. ~~~~~o.,aszz,~ ~~~~~~X:: 
! , ,S*9 f^ , , .,, <#. ;, _ . .;_,<., ; * + 5

;L-Rso jgN

t~~~~~~~kt~~~1

,_r 9309220321 930913, 
, s:- PDR- WASTE.,:- 

W- -11 ,_ _ PDRw



. I

ABSTRACT . . . . . . . . . . . . . . . . . . . . 1
I. INTRODUCTION . . . . . . . . . . . . . . . . . . . 2

A. Overviev . . . . . . . . . . . . . . . . . 2
B. Importance of Spent Fuel Safeguards . . . . . . I

1. Safeguards Goals . . . . . . . . . . . . . 2

2. Safeguards Techniques and
Diversion Strategies .. . . . . . . . . * 3

C. The Fork Detector System . . . . . . . .. . . 4
1. The Equipment . . . . . . . . . . . . . . . 4

a. Purpose . . . . . . . . . . . . . . . . 4
b. Description . . . . . . . . . . . . . . 5
c. Characterization Studies . . . . . . . 5

2. The Nature of the Data P . . . . . . . . . 5

a. Types of Data . . . . . . . . . . . . . 5

b. Uncertainties and Scatter . . . . . . . 6
(1) Counting Statistics . ..... 6
(2) Kispositioning . . . . . . . . . . 6
(3) Short-Lived Isotopes . . . . . . . 7
(4) Errors in the 244Cm Fraction . . . 7
(5) Camma-Ray Interference with

Neutron Counts . . . .. . . * . 7
c. Reproducibility . . . . . . . . . . 8

(1) At One Facility . . . . . . . . . 8
(a) Vermont Yankee .... 8
(b) Tihange . . . . . . . . . . . 9
(c) General Electric-fHrris

Operations . . . . . . . . . . 10
(d) Loviisa . . . . . . . . . . . 10

(2) Different Facilities . . . . . . . 10
(3) Summary . . . . . . . . . . . . . 11

3. Adjustments to the Data . . . . . . . . . .11

4. Sensitivity to Missing Fuel . . . . . . . . 12

5. Sensitivity to Added Fuel . . ....... 22
6. The Standard Assembly . . . . . . . . . . . 23

D. Notation . . . . . . . . . . . . . . . . . * . 25

II. SMALL-SCAL DIVESION DETECTION ......... 26

A. Assumptions . . . . . . . . . . . . . . . . . 26
B. Data Imprecisions . . . . . . . . . . . . . . . 33

1. Practical Sources of Uncertainties . . . . 33
2. Tolerance Limits . . . . . . . . . . . . . 34

C. Diversion Concealment Strategies . . . . . . . 36

1. Correctly Declared and T . . . . . . . .36
a. First Inspection. . ....... . . 36
b. Subsequent Inspections . . . . a . 41

2. Falsely Declared T . . . . . . . . . . . .43

V



a. First Inspection . . . . . . . . . . . 43
b. Subsequent Inspetios . . . . . . . . 46

(1) Neutron Curve . . . . . . . . . . 46
(2) Gammai-RAY Cure 47
t3) Neutron-Gamma urve . . . . . . . 50 

3. Falsely Declared E . . . . . . . . . . . . 5
a. Neutron-Exposure Equation . . . . . . . 51
b. Gamia-Time Equation . . . . . . . . . . 52

(1) Decreased y/E . . . . . . . . . 52
(2) Increased y/E .. . . .. . . a . 54
(3) Diversion Limitations . . . . . . 55

c. Neutron-Gamma Equation . . . . . . . . 55
d. Subsequent Inspections . . . . . . . . 56

4. Falsely Declared E and T ........ .57
a. Decreased n . . . . . . . . . . . . . 59
b. Increased y/E . . . . . . . . . . . . .59
c. Decreased y/E . . . . . . . . . . . . .61
d. Standard Assembly Examples . . . . . . 61
e. Subsequent Inspections . . . . . . . . 61

(1) Neutron Data . . . . . . . . . . . 62
(2) ama-Ray Data . . . . . . . . . . 64
(3) Neutron-Gacma Equation . . . . . . 64

5. Sumary of Problems for Diverters . . . . . 64

III. CONCLUSIONS . . . . . . . . . . . . . . . . . . 67

APPEND D A. "DIVFRAC.BAS" . . . . . . . . ... . . . . . 70

APPENDIX B. UNCERTAINTIES OF PARAMETERS
IN POWER-LAW RELATIONS. . . .a . 74

APPENDIX C. NEWTON-RAPHSON SOLUTION FOR A ROOT . . . . . 77

REFERENCES a o o o 0 o 5 * a * 5 5 5 5 79

Vi



SAFEGUARDING LWR SPENT FUEL MITH TEE FORK DETECTOR

by

P. M. Rinard and G. E. Bosler

ABSTRACT

The fork detector measures passive neutron and gamma-
ray emissions from irradiated fuel assemblies for safeguards
purposes. The detector is transportable, takes data rapid-
ly, and requires only partial removal of the assemblies
from the storage racks.

After describing the detector and the nature of the
data taken with it, this report will concentrate on the sen-
sitivity of the detector to missing fuel pins. The interac-
tions between the analyses of the neutron and gamma-ray
data place severe restrictions on potential diverters.

From the most recent exercises using calculated adjust-
ments to the neutron data, neutron count rates are correlat-
ed with declared exposures with about a lOt scatter about
the average. A diverter could thus remove a small number
of pins from an assembly (about 5 from the 204 pins in a
PWR assembly) with little chance of being detected. How-
ever, this would have to be repeated with 65 assemblies to
reach a significant quantity of plutonium (or 1020 assem-
blies for a significant quantity of 235U). This large ef-
fort would have to be performed in view of other applied
safeguards (for example, surveillance cameras, underwater
cameras, seals, and night-vision devices).

By falsifying the declared exposure and cooling time,
a diverter might try to expand the size of the diversion
per assembly. A carefully reduced exposure could be used
to conceal a reduced neutron count rate, but this strongly
affects the analysis of the gamma-ray data point. To con-
trol the new gmma-ray data point, the cooling time could
be altered; however, cooling times must match known refuel-
ing dates and cannot be chosen at will. If the cooling
time is falsified, a subsequent remeasurement will eventual-
ly reveal the diversion. Falsifying exposures and cooling
times is quite complex because of the interactions between
the neutron and gamma-ray data analyses.

The fork detector essentially forces a potential di-
verter into either foregoing a diversion or making a large
diversion that could be readily detected. A diversion that
would escape detection by the fork would require the removal
of a few pins from a large number of assemblies, enhancing
the detection probability by other safeguards techniques.
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I. INTRODUCTION

A. Overview

The fork detector is one of several means to safeguard spent fuel assem-

blies. The detector measures passive neutron and gamma-ray emissions, is

transportable, and takes measurements rapidly. In this report, we analyze the

sensitivity of the detector to missing fuel while the diverter may be attempt-

ing to conceal the action with false declarations. Other safeguards tech-

niques will be mentioned briefly where interactions with the fork detector

could arise.

After reviewing the safeguards problem for spent fuel and the nature of

the fork detector, this report will concentrate on the data analysis tech-

niques and their effect on detecting diversions. Several techniques have been

used somewhat individually in the past; an important purpose of this report is

to demonstrate how the coordinated application of two or more of these analy-

ses severely limit a diverter's options.

B. Importance of Spent Fuel Safesuards

1. Safeguards Goals. The objective of safeguards efforts by the Interna-

tional Atomic Energy Agency (IAEA) is the "timely detection of diversion of

significant quantities of nuclear material from peaceful nuclear activities to

the manufacture of nuclear weapons or of other nuclear explosive devices or

for purposes unknown, and deterrence of such diversion by the risk of early

detection. 1

The materials of most concern with spent fuel are 235U and 239Pu. A sig-

nificant quantity of plutonium is defined as a mass of at least 8 kg. The

amount of 35U that is significant depends on the enrichment; at least 25 kg

of 235U for more than 201 enrichment, and at least 75 kg of 2 3 5U for less than

201 enrichment.2'3

Timeliness in detecting a diversion also varies with the isotope. For a

pure compound of plutonium (such as PuO2) or mixed oxide (MOX), the estimated

minimum time required to convert the material to a finished metal is 1 month;

for plutonium in an irradiated fuel assembly, the minimum time is 1 to

3 months. For uranium containing less than 201 23 5 U, the minimum conversion

time is about I year.2 -4
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Not many light-water reactor (LR) assemblies are required to provide sig-

nificant quantities of 235U and plutonium. A pressurized-water reactor (PWR)

assembly with a 23 5U enrichment of 2.75% contains about 11 kg of 2 3 5 U initial-

ly; after an exposure of 30 gigawatt days per ton of uranium (GWd/tU), only

about 3 kg of 23 5U will remain, but 2 to 3 kg of 23 9Pu will be present (among

about 4 to 6 kg of plutonium).

2. Safeguards Techniques and Diversion Strategies. Many safeguards tech-

niques can be applied to fuel at a reactor site. 2 Book auditing and item

counting are common. Fresh fuel can be verified just before it is loaded in

the core by measuring its enrichment and amount of fissile material. Seals

can be applied to the reactor vessel and a power monitor placed near the core

to verify the operating history of the reactor. Seals might also be applied

to individual fuel assemblies. Cameras can record activities in storage areas.

Night-vision viewing devices, underwater television cameras, and periscopes

have been used at spent fuel ponds to remotely examine irradiated assemblies.5

The fork detector measures radiations from assemblies stored under water; in

this report, we analyze the data from this system.

Diversion possibilities listed in Ref. 2 consist of substituting whole

dummy assemblies for real assemblies or possibly only removing some of the

fuel pins from an assembly. Cumbersome shielding is expected to be necessary

in any diversion of spent fuel. Very complex diversion strategies can be pos-

tulated that would pass virtually any inspection, but it is quite another mat-

ter to achieve them in practice. This report does not try to consider all pos-

sible diversion strategies; they are limited to the removal of whole pins

after an irradiation cycle and substitution with dummy pins that are not radio-

active.

An alternative strategy of adding fissile materials within assemblies for

breeding purposes (for example, using PWR "control rod" clusters of uranium)

is related but not discussed in detail here (see Sec. I.C.5).

It is a daunting task to successfully falsify the records, move assem-

blies (and their shielding) without detection by a surveillance system, remove

fuel from highly radioactive assemblies, return the real or substitute assem-

blies to the storage pond without being observed, maintain the integrity of

any seals, and finally have the assemblies produce the proper radiations to

pass examinations by the night-vision device and fork detector.

3



The use of a completely nonradioactive dummy assembly is simple to detect

with the fork detector, and it need not be considered further. The construc-

tion of a dummy assembly with the proper mixture of neutron and gamma-ray emis-

sions requires sophistication and materials that may be beyond the capability

or interest of a diverter.

The diversions considered here illuminate the sensitivities and capabili-

ties of the fork detector. It is assumed that only a few of any one assem-

bly's pins are removed and that a small fraction of the assemblies in a stor-

age pond are modified to obtain a significant quantity of plutonium. For exam-

ple, removing 15 PWR pins (out of 204 per assembly) from each of 30 assemblies

(out of perhaps 1000 in a pond) could yield one significant quantity of pluto-

nium. This will be referred to as a "small-scale" diversion.

Under these conditions, the parameters in the consistency equations intro-

duced later are insignificantly affected by the diversions. Data from assem-

blies in the pond will generally seem normal, but data from the modified assem-

blies will appear out of bounds.

Only the effect of the fork detector on a diverter will be considered in

detail here; further restrictions, for example, from surveillance devices,

will only be mentioned casually where appropriate.

C. The Fork Detector System

1. The Equipment

a. Purpose. The fork detector system (consisting of the detector head

and associated electronics) was developed in response to an IAEA request for a

transportable detector that could quickly verify assemblies in a spent fuel

pond. This detector and its variants have been used at many nuclear facili-

ties around the world since 1982 by various national and international agen-

cies.

The detector cannot measure directly the uranium and plutonium content of

spent fuel assemblies. The neutron emissions are dominated by transuranic iso-

topes (most often curium isotopes), and fission product gamua rays make it

impossible to see gamma rays from the fuel isotopes. Rather, the intent of

the detector is to verify that the assemblies are legitimate spent fuel assem-

blies that have not been modified since their removal from the core.

4



b. Description. The detector head, called the fork, is a U-shaped piece

of polyethylene with the arms containing fission chambers and ionization chamb-

ers. The fork is supported by a watertight pipe that travels vertically to

the bridge spanning the pond; electrical cables run through the pipe connect-

ing the detectors in the fork with the electronics on the bridge.

An electronics unit, the ION-1, was developed at Los Alamos for use with

the fork detector head. A commercial version, called the GRAND-I, is now

available from D. S. Davidson and Co. The GND-I provides the high voltages

for the detector tubes, counts the neutron pulses, and measures the current

through the ionization chambers. The user interface with the equipment is

through a keypad and display on the ION-1. A computer or printer may be

attached to either the ION-1 or GRAND-I for data logging or online data analy-

sis.

More details on the detector are in Refs. 6 and 7.

c. Characterization Studies. Applications of the fork detector to actu-

al assemblies have been described elsewhere.5 '14 Laboratory and calculational

studies have also been conducted to aid understanding of the responses from

the detector. 15 -19

/1 .-

. ;.

2. The Nature of the Data

a. Types of Data. Data from a fork detector consist of neutron count

rates and electric currents induced in ionization chambers by gamma rays.

These radiation measurements are taken from opposite sides of the assemblies

(either pair of opposite sides may be used6 913) and from oe or more axial

heights.

The fork contains two sets of fission chambers that differ only in that

one is enveloped by cadmium-wrapped polyetheylene and the other is left "bare"

inside the fork body; this configuration allows the inspector to estimate the

boron content of the water (which can affect the measurement count rates) with-

out recourse to an operator's declaration.6 "11 The neutron count rates used

in the data analysis are generally from the cadmium-wrapped fission chambers

because they are less affected by boron in the water. The bare fission chamb-

ers. however, give more uniform responses to distribution of neutron sources

within an assembly,1 8 "9 so the choice of which fission chambers to use is not

a simple one.
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b. Ucertainties and Scatter

(1) Countinz Statistics. Well-understood uncertainties are intro-

duced in the data through counting statistics in the neutron pulses and

time-dependent fluctuations in the ionization chamber currents. An LWR assem-

bly with more than 20 GWd/tU exposure is a strong emitter of neutrons,15 and

counting statistics uncertainties can easily be reduced to less than 1 by

counting for less than 1 min. Exposures of only 10 GWd/tU might require 8 in

to reach the same precision; at such low exposures, the plutonium production

is also low, 1 5 and 1 precision in the count rate (and the time required to

get it) may not be warranted. After 30 GWd/tU exposure, the 1 precision can

be obtained in about 10 .

(2) ispositioning. Variations in the data are introduced through

axial or transverse mispositioning of the fork about the assemblies, although

these variations are quite small.

If an axial scan along the length of an assembly is not done, the typical

measurement position is near the midpoint of the assembly. Axial positioning

has been done quite accurately with gauges on operators' fuel-handling devices

or with marks specially placed on the devices.6 Radiation readings from a PWR

assembly vary slowly along the middle three-fourths of its length,13 914 so

even an implausibly large mispositioning has inconsequential effects. Radia-

tion profiles for boiling-water reactor (BWR) assemblies are less uniform and

can even have minima at the center position.6 #14 One-position measurements

with BR assemblies could introduce large errors into the data analysis, and

generally multiposition measurements should be used (as was done in Ref. 6).

A fork fits closely about an assembly; different size forks are used for

BWR and PWR assemblies and polyethylene sleeves can be placed around the fork

tines to tighten the fit even further.6 Some gap must exist between the fork

and the assembly, of course, and this is the largest possible transverse posi-

tioning variation. It is only 1 to 3 cm, however, and, the assembly can be

placed anywhere within the fork with only small or no effect on the data.6'7 911

One exception, with a 3-cm gap and the bare fission chambers, produced a 102

variation.l

A large error can arise, however, if the back of the fork is not held in

contact with the assembly. At a BWR facility, a 5-cm gap lowered the neutron

6
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count rate by about 7 and the gamma-ray reading by about 5. A 10-cm gap

reduced both the neutron count rate and the ganma-ray reading by about 13X.

It is simple to maintain the contact, and even cursory attention to the data

should alert the inspector to the drift.

In general, mispositioning of the fork is not a major source of varia-

tions in the data. If BWR assemblies are being examined, however, it may be

necessary to take data at several (five or more) axial positions and calculate

integrated values to avoid serious errors arising from the different possible

profile shapes.

(3) Short-Lived Isotopes. Other variations arise from the presence

of short-lived isotopes in assemblies, particularly gamma-emitting isotopes.

Initial enrichment and 24 2Cm production complicate the interpretation of neu-

tron count rates in reasonably understood ways, and adjustments for them are

being developed.8 920'21 However, scatter in gamma-ray data during the first

few months of cooling have yet to be explained adequately.

(4) Errors in the 244Cm Fraction. The fraction of the neutron count

rate from 244Cm can be calculated8'20'21 and used to adjust the neutron count

rates. The calculation itself introduces some uncertainty but gives an over-

all improvement in the data.

(5) Gama-Ray Interference with Neutron Counts. The original pre-

amplifier used with the fork detector has been found to poorly distinguish fis-

sion chamber pulses caused by gamma rays from pulses caused by neutrons.22

Fortunately, the gamma-ray intensity must be about that from the center of a

spent fuel assembly with a short cooling time, so nearly all of the data taken

with this preamplifier should be valid. Nevertheless, some of the scatter in

some neutron data might result from this interference.

The interference has been essentially eliminated by use of a never pre-

amplifier.2 2 The gamma-ray pulses are lowered into the voltage region where

pulses from the uranium alpha particles are found and away from the high-volt-

age pulses caused by neutrons.

7
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c. Reproducibility

(1) At One Facilit . With the same detector used at the same facili-

ty, data taken at different times should be commensurate (accounting for the

effects of cooling time). Such data are available from three facilities.

(a) Vermont Yankee. At the Vermont Yankee Power Station, data were

taken in April and June 1982. In April, fourteen 8-by-B BWR assemblies were

measured (ignoring for now two assemblies that had been reconstituted and were

missing pins); the gamma-ray data are not useful because of equipment prob-

lems. In June, 33 assemblies were measured.

Table I compares the neutron count rates for assemblies measured on both

dates; the small correction for the difference in cooling time has been made

(assuming that all the neutrons were emitted by 244Cm). The average ratio of

June-to-April data (and its standard deviation) is 1.060 t 0.098, which is con-

sistent with exactly one. p
The usual consistency analysis of neutron data assumes that C-n. ,

where n is the neutron count rate (corrected for the cooling of 244Cm) and E

is the declared exposure. From least-square fits of all the April and June

data, the values of a are 0.00198 and 0.00184, respectively; the values of 

are 3.73 and 3.76,-resFIZE-vely |

In general, these data taken 2 months apart are essentially identical.

TABLE I

NEUTRON COUNT RATES AT VERMONT YANKEE

Neutron Count Rates Ratio
Assey"bl April 1982 June 982 June/April

VT215 8.9 11.0 1.236

VT161 10.7 11.4 1.065

GED003 81.8 79.3 0.969

LJ7140 458.0 502.0 1.096

LJ3991 65.7 65.5 0.997

LJ3949 88.1 87.9 0.998

8



(b) Tihnste. During a joint exercise at Tihange, data were taken by

EURATOM personnel using their own fork detector and by IAEA personnel using an-

other fork and electronics unit. The assemblies were of the 15-by-iS PR type.

References 8 and 9 present all the data and their analyses. Neutron count

rates were taken for 20 assemblies; gam-a-ray readings were measured for 19 of

the same assemblies (the assembly left out had a cooling time of only 36 days

and produced ionization chamber currents that gave off-scale ION-1 gamma-ray

readings; the extended range of the GRAND-I should not have this problem).

During the 3-day measurement campaign, an assembly was measured 22 times

with the IAEA detector and 13 times with the EURATOM detector. The relative

standard deviation of the neutron count rates was about 1.2X for the two fork

detectors; the relative standard deviation for the gama-ray rates were 0.81X

and 0.902. Both detector systems were judged very stable.

From the data in Table 3 of Ref. 8, the average ratio of the two sets of

neutron count rates (IAEA/EURATOM) is 0.910 0.068. These data were taken

with two completely separate fork detectors and electronic units. The lower

IAEA values could result from fission chambers that are a little less effi-

cient or from a slightly higher lower-level discriminator setting in their

ION-1. Nevertheless, the two sets of neutron count rates are quite similar.

The same ratio for the gamma-ray data is 0.929 0.028 with the IAEA data

again being a little lower than the EURATOM data. The IAEA's ionization chamb-

ers could have been less efficient than those of EURATOM's fork.

Although matching the fission chambers and ionization chambers that go

into a single fork has always been attempted, matching the chambers among dif-

ferent forks has not been possible. This alone could-account. for the differ-

ences.

The parameters in the power-law relation n EO were computed for the

two sets of data and are given in Table a of Ref. 9 for the 20 assemblies (us-

ing megawatt days per ton of uranium). The values of a were 5.86 x 10-13 and

4.51 x 10-13; the B's were 3.30 and 3.32.

The gama-ray data were fitted to a similar power law: y/E - aT-b, where

y is the gamma-ray reading, E is the declared exposure (gigawatt days per ton

of uranium), and T is the declared cooling time (days). Table 18 of Ref. 15

shows the IAEA and EURATOM parameter values. The values of a were 9.44 x 103

and 9.81 x 103; the values of b were 0.869 and 0.883.

9
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The exercise at Tihange was a fine opportunity to compare two fork detec-

tors on the same assemblies on the same day. These two detectors gave very

much the same results. Small differences were probably due to not matching

the fission and ionization chambers between the two forks. A detector effi-

ciency correction should be applied to data from different forks.

Of particular note with the Tihange data are the beneficial effects of

corrections for the irradiation histories. Calculations estimated the frac-

tions of the neutron count rates that were due to 244Cm (with the rest from
242Cm and plutonium isotopes) and normalization factors for different initial

enrichments. Later we will present some plots of data, including Fig. 12(b),

which show how these corrections brought the data in Fig. 12(a) more in agree-

ment with the power-law relation. The importance of making these corrections

will be emphasized in Sec. II.

(c) General Electric-Morris Operations. A fork was used at the Gener-

al Electric-Morris Operations for 1 year to measure BWR 7-by-7 assemblies.

The fork spent the total time under water without a problem; the ION-1 elec-

tronics unit underwent a modification during a break in the measurements and

necessitated a normalization correction to the later data. The work is report-

ed in Ref. 6.

Assembly CZ331 was selected as a reference assembly because it had the

longest cooling time and was measured eight times over 8 months. The data

from CZ331 show a gradual cooling, as expected, but otherwise are quite con-

sistent over these 8 months. The cooling effects are larger for the other

assemblies, but even without a quantitative correction for cooling, the excel-

lent neutron and gamw-ray data reproducibility is evident over the 8-month

time span (Tables II and rV of Ref. 6).

(d) Loviisa. A Los Alamos fork was used on Soviet (WWER) fuel at the

Loviisa Nuclear Power Station in Finland21 in conjunction with the AEA. An

assembly was measured repeatedly on different days by different IAEA inspec-

tors; the variations in the neutron data were about 2, whereas the variations

were 3 to 4 for the gamma-ray data.

(2) Different Facilities. Comparing fork data among different facili-

ties has not been simple for at least three reasons. The detector design was

10



under development until about 1982 and minor changes were still made for anoth-

er year or so. Spent fuel ponds for PWR facilities contain boron in the water,

and the concentration affects the neutron count rates; corrections are not rou-

tinely made to the fork data for boron (an exception is in Ref. 10), although

the effects of boron have been investigated.11 Furthermore, the relative effi-

ciencies of the fission and ionization chambers placed in different forks have

not always been determined.

Given all these problems, it is not surprising to find a wide range of

B's, for example. Most of the reported B's are between 3 and 4, but the full

range has been from 2 to 5.4. Most of the values of b in the gamma-ray cool-

ing expression have been between 0.8 and 0.9, but the full range is from 0.49

to 1.04.

(3) Summary. The work at Tihange showed that two similar detectors

give comparable results. The data from Vermont Yankee and General Elec-

tric-Morris Operations demonstrated reproducibility with one fork over time.

An obvious need exists for a procedure to compare the efficiencies of dif-

ferent forks and to correct for boron concentrations. When these two fairly

simple corrections are routinely applied, it will be practical to compare data

among different facilities, to reliably use absolute count rates, and to estab-

lish calibration curves that apply to any fork detector and facility.

3. Adiustments to the Data. Backgrounds are, of course, subtracted from

the neutron count rates and the gamma-ray readings, although, in practice,

they have been insignificant in almost all cases. An assembly to be measured

is pulled from its storage rack only far enough to put the measurement point

about 50 cm above the neighboring assemblies; this is sufficient to shield the

fork from radiations produced by neighboring assemblies. In this report, meas-

ured values include background subtraction.

No adjustments beyond background subtraction are currently made to the

gama-ray readings, although they are needed at cooling times less than

1 year, as mentioned in Sec. I.C.2.b.4.

Several additional adjustments are performed on the measured neutron

count rates. When the exposure is greater than 12 GWd/tU and the cooling time

11



is greater than 2 years, nearly all the neutrons originate from the sponta-

neous fissioning of 244Cm. By multiplying by edT, where is the decay con-

stant of 244Cm and T is the cooling time, the neutron count rate is adjusted

to the time of discharge. Although this simple adjustment can be fairly effec-

tive, it is now becoming practical to first multiply the count rate by the cal-

culated 244Cm fraction of the neutron source strength,8,12,20,21 written as

f(E,T) (as mentioned in Sec. I.C.2.c.l.b), where E is the exposure and T is

again the cooling time. This is an especially important adjustment for short

cooling times when the 242Cm isotope is present in very important amounts.

This fraction also depends on the initial enrichment but will not be so indi-

cated in this report where the only application will be to assemblies of one

enrichment. It is necessary to know the power history of the reactor to calcu-

late f(E,T), but the results have been well worth the effort (especially for

the case of Ref. 12 where initial enrichments were very different).

The neutron count rate n used in the data analysis is thus related to the

measured count rate n by n = nm f(E,T) eT.

A third adjustment is expected in the future that will account for differ-

ing concentrations of boron in the water of storage ponds. The concentration

can be estimated with the fission chambers in the fork.6 911

4. Sensitivity to Missing Fuel. If a fraction of an assembly is removed

and replaced with nonradioactive material (or not replaced at all), what is

the effect on the neutron and gamma-ray measurements with the fork detector?

The answer is complex and depends on the characteristics of the specific assem-

bly, the distribution within the assembly of the material removed, the boron

concentration in the water, and the characteristics of the fork head itself.

So far there has not been an opportunity to take measurements on an irra-

diated assembly before and after some pins were removed. Three BWR assemblies

at Vermont Yankee had already been reconstituted and were left with two or

three pins missing. However, the nature of the reconstitution is unknown and

thus how much of the reduced count rates is due to the missing pins is also un-

clear.

The best that can be done at the moment is to use the information in

Refs. 11 and 17. Both of those studies dealt with a 15-by-15 PWR assembly

with 204 pins (and 21 water-filled guide tubes). The geometry is shown in

Fig. 1, along with row and column assignments relative to a fork. The neutron

12
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Fig. 1. A 15-by-15 PWR assembly
(8.5 in. on a side) is shown within
the tines of a fork; the view is
from the top. The general locations
of the fission and ionization chamb-
ers are indicated; they both had ac-
tive lengths of 6 in. The defini-
tion of rows and columns used in the
text is shown. Water channels have
a large '"X in them; the row and col-
umn labels do not obscure any water
channels.

FISSION

IONIZATION

measurements in Ref. 11 were made on a fresh fuel assembly, so the multiplica-

tion was higher than for a spent fuel assembly. A 252Cf source was moved from

one pin position to another. The gamma-ray calculations in Ref. 17 were made

with the assumption that a long air-filled collimator tube was between the

assembly and the detector, unlike the ionization chambers separated from the

assembly by water and polyethylene. Neither of these studies is ideal for the

case at hand, but they are the best available. A hexagonal WWER fresh fuel as-

sembly has been similarly studiedl8'19 to determine the contributions of indi-

vidual pins to the neutron and gamma-ray data; the conclusions were much the

same as those below for a PWR assembly.

The data in Ref. 11 can be used to correlate the change in neutron count

rate with the change in mass of an assembly. The count rate from each pin was

measured for cadmium-wrapped and bare fission chambers at different boron con-

centrations. In this report, only the cadmium-wrapped detectors with boron

concentrations of 0 and 2000 ppm will be considered (Tables I and IX of

Ref. 11). It is assumed that the irradiation throughout a cross section of

the assembly is uniform, so no weighting factors need be applied to the data

from Ref. 11. Under these conditions, the amount of uranium and plutonium

13
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removed is proportional to the number of pins removed; Lhe change in neutron

count rate is simply the sum of the rates in the tables of Ref. 11 for the

pins removed. Removing pins from a spent fuel assembly would affect the multi-

plication, reducing the count rate a little more than expected from the frac-

tion of the mass taken away. The multiplication of this fresh fuel assembly

is constant because the count rates in Ref. 11 were taken hen all pins were

present.

Applying the results of Ref. 17 is much harder. Contributions from whole

rows of pins are presented in Tables II and III of Ref. 17 for seven different

ga-m-ray energies. The 661-keV gmma ray from 137Cs dominates the spent fuel

emissions in most cases,23 so only that energy was used here. The weighting

factors assigned to pins for use here are shown in Table II of this report.

The values for rows 1, 2, 14, and 15 were reduced to simulate end effects with

the ionization chambers.

TABLE II

GAMMA-RAY WEIGHTING FACTORS

Columns Rows Weight

1 and 15 1,2,14,15 0.316

3-13 0.633

2 and 14 1,2,14,15 0.116

3-13 0.233

3 and 13 1,2,14,15 0.043

3-13 0.086

4 and 12 1,2,14,15 0.015

3-13 0.031

5 and 11 1,2,14,15 0.009

3-13 0.018

6 and 10 1,2,14,15 0.003

3-13 0.005

7-9 1-15 0.000

14



With all this information it is easy to calculate approximate effects of

removing pins from the assembly. The reader may prefer to make other assump-

tions or assign different weighting to the pins, so the computer code used is

given in Appendix A. It is written in a fairly generic BASIC. The data in

the code can be modified to reflect other opinions on the importance of indi-

vidual pins.

The code as given was used to compare count rates before and after pins

are removed. The results for a variety of removal schemes are shown in

Figs. 2-10.

The fractional drop in neutron count rate is fairly close to the fraction-

al drop in mass (or equivalently, the number of pins), regardless of where the

mass is removed from within the assembly. In other words, the count rate is

approximately proportional to the mass of the assembly. (This relation also

was found for a WWER assembly.18'19) This will be a convenient correlation to

use throughout this report.

The short range of the gama rays, however, does not allow such a simple

correspondence between mass and gamma-ray response. Material removed from the

center of the assembly does not change the response, whereas the same amount

removed from an edge near the fork has a large effect.

The neutron count rate shows the amount of material removed and the gfuna-

ray response indicates the general location of the diversion within the assem-

bly. An assembly whose neutron count rate is suspiciously low could be rotat-

ed 900 within the fork to give two "views" of the gama-ray emissions to bet-

ter estimate where the diversion occurred.

One aspect of the sensitivity to missing pins is the reproducibility of

data from a given assembly, which indicates the precision of the detector.

Data are reproducible to within about 1 (which corresponds to 2 or 3 pins of

a 204-pin PWR assembly). Because this is such a low figure, it is not the lim-

iting factor in the sensitivity. Scatter in the data beyond the fork's preci-

sion is due to errors in the declared exposure, effects of different core loca-

tions, and (for gamma rays) short-lived isotopes.

In Sec. II tolerance intervals will be used extensively to allow for scat-

ter about average values. Current data analysis makes it seem likely that tol-

erance intervals that are 5 of the averages are reasonable. In that case,

the sensitivity to missing pins can be estimated.

15
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Fig. 3. The effect of removing a
square of four pins (or three pins
around a guide tube) is indicated at
several locations. The values of
m'/m, nn (at 0 and 2000 ppm boron),
and y/y are shown near each location
of a set of missing pins, as ex-
plained in the caption to Fig. 2.
When two digits are inside parenthe-
sis, they replace the last two digits
of n'/n for the 2000 ppm boron case.
Because of the left-right symmetry
about the center column, each result
also applies to a second location.
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Fig. 4. The effect of removing a
square of 9 pins (or 8 pins around a
guide tube) is indicated at several
locations. The values of m'/m, n/n
(at 0 and 2000 ppm boron), and y/y
are shown inside each location of a
set of missing pins, as explained in
the captions to Figs. 2 and 3. Be-
cause of the left-right symmetry
about the center column, each result
also applies to a second location.

Fig. 5. The effect of removing a
square of 16 pins (or 15 pins around
a guide tube) is indicated at several
locations. The values of 'tm, n/n
(at 0 and 2000 ppm boron), and y'/y
are shown inside the location of each
set of missing pins, as explained in
the captions to Figs. 2 and 3. Be-
cause of the left-right symmetry
about the center column, each result
also applies to a second location.
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Fig. 6. The effect of removing pins from a square of 7 pins on a side is indi-
cated at three locations. The values of m'Im, n'/n (at 0 and 2000 ppm
boron), and yy are shown inside the location of each set of missing pins, as
explained in the captions to Figs. 2 and 3. Because of the left-right symme-
try about the center column, each result also applies to a second location.
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and y'/y are shown inside each of the sets of missings pins, as explained in
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Fig. . The effect of removing pins from a whole row is indicated for each
row. The values of m'Im, n'/n (at 0 and 2000 ppm boron), and yy are shown
near the location of each row of missing pins, as explained in the captions to
Figs. 2 and 3.
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y'/y are shown inside the location
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explained in the captions to Figs. 2
and 3. Because of the left-right
symmetry about the center column,
each result also applies to a second
location.
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If data points are distributed uniformly throughout the tolerance limit

and a diverter selects randomly from them, the diverter's goal is to avoid mov-

ing the data points outside the tolerance interval. Consider the case of neu-

tron data. If it were known that an undiverted data point would be near the

upper tolerance limit, 101 of an assembly could be removed and the new data

point would be on the lower tolerance limit.

However, it will not be known in advance where an undiverted data point

will fall, so diversions must be much smaller. A 1 diversion (2 or 3 pins

out of 204 pins in a PWR assembly) still has a 101 chance of leading to a new

data point below the lower limit. To obtain a significant quantity requires

removal of 2 or 3 pins from about 130 assemblies, so about 13 of these new

data points might lie outside the tolerance interval.

The IAEA has indicated a sensitivity goal of detecting a 501 diversion at

the a measurement level; presumably this means a 99.99X probability of detect-

lng such a diversion. The diversion of half the pins from an assembly will

produce approximately half the neutron count rate (the reduced multiplication

within the assembly will probably make the count rate even less than half the

rate from the full assembly); the precise effect on the gamma-ray data depends

on the geometrical pattern of removal. During some measurement exercises,

large deviations from the curve fitted to the neutron data were readily attrib-

uted to differences in initial enrichments or power histories. With the abili-

ty to correct for these effects, such outliers should no longer arise. Data

points that are about half the values expected from the fitted curve will be

far outside a 99.991 confidence curve that contains that percentage of the

data points from complete assemblies.

The detection of an assembly with half the pins missing also depends on

tht declared exposure and cooling time. If the declared values are not falsi-

flid, the inspection will detect such a large diversion. It will be seen in

"c* II that the diverter of half an assembly will be severely challenged to

flad false values that will withstand scrutiny.

A. Sensitivity to Added Fuel. Instead of removing fuel from an irradiat-

ed *"stslY, someone may add breeding material to a normal assembly and later

toftve t for processing. The material could be introduced into the guide

ticas Of Phx assemblies, for example, in place of the normal control rods.

b.
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With the additional fuel still in the assembly, a fork detector should

produce an enhanced neutron count rate for the declared exposure and cooling

time. To the first approximation, an extra rod can be assumed to increase the

count rate by the same amount a missing rod diminishes the count rate; better

approximations would include effects on the multiplication, although they may

be small.

The presence of fuel inside control rods for the guide tubes could be

detected with a neutron coincidence collar24 -30 just before a fresh fuel assem-

bly is loaded into a core. The loading would have to be witnessed to ensure

that the control rod cluster was not changed after the measurement.

No measurements have been made on assemblies with extra fuel, and this

report will concentrate on the case of missing fuel. The arguments presented

can be adapted to the case of added fuel.

6. The Standard Assembly. To allow some numerical examples to be given

throughout this report, a standard assembly is defined to be a 15-by-15 PWR

assembly (as in Fig. 1) with an initial 235U enrichment of 3 and a U02 densi-

ty of 10.2 g/cm3.

The assembly is assumed to have received.an exposure of 30 GWd/tU after

experiencing a power level of 276.75 /cm2 for three consecutive reactor

cycles; each cycle consists of 335 days at full power followed by 30 days of

shutdown. The cooling time will often be taken as 800 days after the start of

the third shutdown.

It is further assumed that after the 30 GWd/tU irradiation, the assembly

contains 3 kg of 235U and 5 kg of plutonium, as mentioned in Sec. I.A.1. It

would thus take all the 235U from 25 such assemblies to reach the significant

quantity of 75 kg, but it would take only two assemblies to exceed the signifi-

cant quantity of 8 kg of plutonium.

Under these conditions, we used a CINDER code 3 1 ' 3 4 adapted for a personal

computer to calculate the fraction of the source neutrons within the assembly

that is due to 244 Cm spontaneous fissions to be 0.9465; this fraction will be

written f(ET) in general and as f(30,800) 0.9465 in particular. An earli-

er code called BUNECO, written for a small computer, apparently overestimates

the 244Cm fraction when the exposure and cooling time are small.20 This CIN-

DER code was written for a larger personal computer and may be more accurate.
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When false declarations are made about the exposure and cooling time, the

244Cm neutron fraction f(E',T') must be redetermined with the declared parame-

ters (the primes indicate falsely declared values). Even though such a frac-

tion would be incorrect, it is the value that would be used by an inspector.

For the limited purposes of this report, an analytical expression for

f(E,T) has been devised from many calculations to allow flexibility. This ex-

pression assumes that a diverter would not risk declaring a false exposure

more than 25S below the actual value and that a declared false cooling time

would be between 400 and 1500 days (flanking the 800-day cooling time). The

expression is

f(E,T) A(E) T2 B(E) T + C(E) , (1)

where

A(E) 0.000000026588 E - 0.0000012315 , (2)

B(E) = -0.00006113 E + 0.0026950 , and (3)

C(E) -0.0011333 E2 + .099569 E - 1.4332 . (4)

As stated above,

22 < E 30 GWd/tU, and 400 < T 1500 days

Equations (l)-(4) should only be applied to the standard assembly de-

scribed in this section. They do not have general validity for all assemblies.

Figure 11 is a plot of Eq. (1). It is generally a slowly changing func-

tion and reproduces the values calculated with the CINDER code to within 1S.
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Fig. 11. A fraction f of the source neutrons within an assembly is due to
spontaneous fissions of 244am. This fraction depends on several parameters,
two of which are shown here: exposure and cooling time. These fractions were
calculated with a CINDER-type code for this report's standard PWR assembly
(15- by 15-pin array) with an initial enrichment of 3 and a U02 density of
10.2 g/cm3. The power level was 276.75 W/cm2 for three consecutive reactor
cycles (consisting of 335 days of constant power separated by 30 days of shut-
down). Because of the relatively long half life of 244Cr, the fraction in-
creases with cooling time regardless of the exposure. For short cooling
times, there is a strong sensitivity to the exposure.

D. Notation

The main variables in this report are these:

n = measured neutron count rate after background subtraction;

n = neutron count rate after background subtraction, corrected for

the decay of 244Cm back to the discharge date, with the contribu-

tion from 242Cm (and other isotopes) subtracted, and adjusted to

a standard boron concentration;

y = measured gmma-ray reading;

E = an assembly's exposure;

T = an assembly's cooling time;
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r relative tolerance width;

= * decay constant of 24-4Cm;

a 0.0001048 day-" 0.003190 month-1 - 0.03827 year-1;

f(E,T) a fraction of the source neutrons from 244Cm after an exposure E

and cooling time T;

c = concentration of boron in a storage pond's water;

Bc) = multiplier of the measured neutron count rate that normalizes

the data with a boron concentration c to a standard boron concen-

tration.

When one of these variables is falsified or has been affected by a falsi-

fied variable, a prime will be placed after its symbol. For example, a modi-

fied assembly will give a corrected neutron count rate of n' instead of n and

may be given a declared exposure of E' rather than E. The a' is the result of

a measurement and a 244Cm cooling time correction using the declared cooling

time, which may be the true time T or a falsified time T'.

In Sec. II average values of some of the variables will be used; they

will be denoted with an asterisk (*), as with *.

II. SMALL-SCALE DIVERSION DETECTION

A. Assumptions

A small-scale diversion here means that less than half the plutonium is

removed from any one assembly and the number of assemblies affected is a small

fraction of the number in the pond.

There are three major assumptions in this section.

Assumptiun (1). Neutron and gm-ray measurements made with the fork

system produce data that on the average follow these relations, with an

asterisk (* meaning an average:

n* = E and (5)

y*/E = a . (6)
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(E* and T* are not used, as ill be explained in Sec. II.B.1.) The valid-

ity of these relations can be judged from the data shown in Figs. 12-20.

Only the neutron data in Fig. 12(b) have been adjusted for the 244Cm frac-

tion and its cooling; the other neutron data show much more scatter about

the fitted curve. Plots of additional data are in Refs. 5, 6, 10, 12-14,

and 21.

It is assumed that the average values n* and y* are not affected signifi-

cantly by any diversions; this means that the curve fitted to the data

points is essentially the same as would be found had there been no diver-

sion. The fraction of modified assemblies could be too small to affect

the averages or the averages might have been established before any diver-

sions took place.

With similar inspection equipment applied to similar reactors, the data

obtained should also be similar. If all the assemblies in one pond were

identically modified, the values of the parameters in Eqs. (37) and (38)

would be affected and could differ significantly from the values found

with the equipment at similar reactor facilities. The source of any un-

usual values of the parameters should be investigated; if the equipment

is working properly, the integrity of the fuel could be suspect.

An assembly will be classified as an outlier if its data are not within

certain tolerance limits about the calibration curves. The tolerance lim-

its will be defined in Sec. II.B.3.

Assumption (2) When fissile material is removed from an assembly, (a)

it is done once and (b) proportional amounts of 244Cm and fission prod-

uct isotopes (primarily 134Cs and 137Cs) are also removed with no radia-

tion-emitting materials put in their places.

Assumption (3) Cooling times are not completely arbitrary; their start-

ing times must coincide with a reactor refueling date. Surveillance cam-

eras and inspections that check assembly identifications would give assur-

ance that the assemblies had not been replaced in the core.
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TIHANGE NEUTRONS (NO
242Cm OR ENRICHMENT CORRECTION)
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Fig. 12(a). The IAEA neutron data from Refs. 8 and 9
(Tihange) are shown here. A least-squares fit of
Eq. (5) to the data is drawn through the data.
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Fig. 12(b). The data in Fig. l(a) have been corrected
for 241Cm neutron count rates and another fit to
Eq. (5) is shown.
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Fig. 13. The IAEA gamma-ray data from Refs. 8 and 9
(Tihange) are shown along with a least-squares fit
of Eq. (6) to the data.
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Fig. 14. The IAEA neutron and gamma-ray data from
Refs. 8 and 9 (Tihange) are plotted along with the
curve resulting from a least-squares fit of Eq. (7).
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Fig. 15. The neutron data from Ref. 7 (Obrigheim)
are plotted, with different symbols to indicate the
irradiation histories. The curve of Eq. (5) was fit-
ted to only the data points for assemblies that were
irradiated continuously for two or three cycles.
These data are not adjusted for the effects of dif-
ferent initial enrichments and reactor power histo-
ries; these items affect the fraction of the neu-
trons that are due to 244Cm.
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Fig. 16. The gamma-ray data from Ref. 7 (Obrigheim)
are shown here with different symbols to indicate the
irradiation histories. All points were used to fit
Eq. (6). The large scatter in the data at 160 days
of cooling is due to short-lived isotopes whose
amounts depend on detailed irradiations of the assem-
blies; they disappear within about a year of cooling.
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Fig. 17. The neutron and gamma-ray data of Ref. 7
(Obrigheim) are combined in this plot, according to
Eq. (7). The neutron data are not adjusted for the
effects of different initial enrichments and reactor
power histories; these items affect the fraction of
the neutrons that are due to 244Cm.
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Fig. 18. The neutron data from unpublished measure-
ments at Vermont Yankee are shown. Three assemblies
had been reconstituted and had one or two pins miss-
ing. Another assembly had an interrupted irradia-
tion history that led to an extra amount of 242Cm
that had not decayed away at the time of the measure-
ment. These data are not adjusted for the effects
of different initial enrichments and reactor power
histories; these items affect the fraction of the
neutrons that are due to 244Cm.-- -
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Fig. 19. The gamma-ray data from unpublished meas-
urements at Vermont Yankee are presented here. The
reconstituted assemblies with missing pins are not
remarkable in this case, although the assembly with
an interrupted irradiation history is again quite
different from the others.
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Fig. 20. The neutron and gamma-ray data f rom unpub-
lished work at ermont Yankee are combined according
to Eq. (7). The reconstituted assemblies are out-
side the trend of the data, as is the data point
from the assembly with an interrupted irradiation
history. The neutron data are not adjusted for the
effects of different initial enrichments and reactor
power histories; these items affect the fraction of
the neutrons that are due to 244Cm.
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The third assumption severely restricts the values of falsified cooling

times, but a diverter has more flexibility in the declared exposures. By eim-

inating E between Eqs. (5) and (6), a verification can be made that is much

less dependent on the declared exposures:

n* (a/aB) (*Tb)B (7)

If the parameters a, , a, and b are obtained from Eqs. (5) and (6), they can

be used with Eq. (-) to -form a straight-line plot of n* vs (y*Tb)2i; however,

this procedure uses the declared exposures. Equation (7) could be used alone

with claB treated as one parameter and with B and b as two other parameters;

these "new" parameters are thus determined without direct use of the expo-

sures. A weak dependence on declared exposures can enter through the correc-

tion of the neutron count rate for the contributions from isotopes other than
24 4 Cm when such an adjustment is made.

On occasion, correlations have been sought between n and y using the rela-

tion n = kyc. Equation (7) shows that this is useful for the special case of

uniform cooling times. The value of c should then be and the value of k

should be (a/aB)TbB.

B. Data Imprecisions

1. Practical Sources of Uncertainties. During an inspection n and y are

measured with a fork detector; both of these quantities are assigned measure-

ment uncertainties.

Uncertainties in the cooling times are not significant for this study.

The times are known to within a day and the correction for 244Cm decay is not

sensitive to such a small time uncertainty; a single day's effect on the rate

of gma-ray production is hardly measurable.

The uncertainties in the declared exposures are difficult to ascertain.

One report35 recommends using 5, whereas another work36 found a bias of about

3% between operator and measured exposures; the operator's predictions of plu-

tonium contents (which depend on the exposure) were biased3 7 relative to meas-

ured amounts by less than 1X. Some of the scatter about the curve in
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Fig. 12(b) is no doubt due to errors in the exposures, but given the agreement

between the f it and the data, the errors must be less than 1 in this case.

Uncertainties n the exposures will not be considered in this study. Nei-

ther the operator nor the inspector can know the true exposures; they both use

the declared exposures as exact values. The scatter introduced into the data

points by this process cannot be eliminated. When the power-law curve is f it-

ted to the data, uncertainties in the exposures may be stated, but their only

function will be to help generate weighting factors for the data points.

In summary, uncertainties will only be attributed to the measured quanti-

ties of neutron count rate and gmm-ray rate, not to operator-declared expo-

sures and cooling times.

2. Tolerance Limits. Associated with the plots of Eqs. (5) and (6) are

tolerance limits above and below the curves. A data point outside the toler-

ance limits is considered an outlier and might represent a diversion (among

other explanations, as seen in Figs. 15 and 18-20). Data that do not satisfy

the following inequalities will be investigated as outliers:

n* (1 - rn) n < * ( + rn) (8)

and

y*/E ( - r ) < yE < y*/E ( + ry) . (9)

Although rn and ry need not be independent of such parameters as E and T,

it is a likely condition in practice; they will be treated as such in this

report.

The relationships between the measurement distributions and the tolerance

limits are shown in Figs. 21 and 21.

The width of the tolerance limits for Eq. (7) is related to the widths for

the other two equations. Unlike Eqs. (5) and (6), both variables in Eq. (7)
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Fig. 21. The curve of Eq. (5) is
plotted in the vertical plane with
error limits shown as dashed lines on
either side. At each exposure there
can be visualized a normal distribu-
tion centered on the curve, as shown
at two exposures here. The standard
deviation of the distribution is re-
lated to the width of the error lim-
its.

WEE)

P~~~~~~z}E)~~~~~~~~~

Fig. 22. The curve of Eq. (6) is
plotted in the vertical plane with
error limits shown as dashed lines
on either side. At each cooling
time there can be visualized a nor-
mal distribution centered on the
curve, as shown at two exposures
here. The standard deviation of the
distribution is related to the width
of the error limits.
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have nonzero uncertainties. The symbol r will be used to express the width

of the tolerance limits for Eq. (7). The three different r's can be related

through the standard deviations of the variables; each r could be a multiple

of a corresponding standard deviation. A standard deviation of a can be calcu-

lated from Eq. (7) that should not be confused with the measured on:

(on/n)2 = (y/y)2BI + (/a) 2

+ qg2 [(n(yTb/a)J2 + (la) 2B2 + ob2 [nTB]2 . (10)

Although the relative uncertainty of a may be greater than that of , it does

not necessarily dominate the expression in Eq. (10) (see Appendix B).

The r3 is some multiplier times the on/n of Eq. (10). A valid data point

will thus also satisfy this relation:

n* (1-r3) n < * ( + r3) .(1

The values of r3 could easily be two or three times larger than rn, reduc-

ing the usefulness of Eq. (7) somewhat.

C. Diversion Concealment Strategies

1. Correctly Declared E and T

a. First Inspection. If a diversion is made and no action is taken to

conceal it, how detectable is the diversion? With nonzero tolerance limit

widths, the diverter has some flexibility through the declared exposures and

cooling times. However, the exposures and cooling times cannot be bent beyond

reason without being obviously false even without any fork measurements.

The optimum diversion strategy would be to pick an assembly whose data

points fall on the upper tolerance limits and divert enough material so that

the new data points fall on the lover tolerance limits (Figs. 23-25). This

procedure extracts the most material (without immediate detection) from the
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Fig. 23. If a diversion reduces the
neutron count rate by an amount that
keeps nl' within the tolerance im-
its, the diversion will not be detect-
ed. Points "a" and "b" show the
worst case from a safeguards view-
point; the diverter has somehow been
able to select an assembly whose data
should just fall on the upper toler-
ance limit and then removed just the
right amount of material to have the
new data point rest on the lower lim-
it.

Fig. 25. The diversion of Figs. 23
and 24 is seen from the view of
Eq. (7). The range by which point
"a" can be shifted to 'b" by the di-
version depends on the width of the
tolerance limits.

3*

coouNG TME

Fig. 24. The diversion of Fig. 23
also affects the gamma-ray reading
and reduces it to y'. A diverter
might try to find an assembly and di-
verted amount that would take data
point "a" to "cl" within the toler-
ance limits or "c2" on the lower tol-
erance limit. In either case, the di-
version will not be detected by later
measurements.
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fewest number of assemblies, reducing the work of the diverter. It is unlike-
ly that a diversion would actually move both neutron and gamma-ray data points
from upper tolerance limits to lower tolerance limits, as shown in
Figs. 23-24. It is more likely that if Fig. 23 were achieved (although this
would not be easy), the lower data point in Fig. 24 would be somewhere between
the tolerance limits; a careless diverter could produce a new data point in
Fig. 24 below the lower tolerance limit.

A conservative assumption from the safeguards point of view is that a
diverter can somehow select assemblies whose data will fall on upper tolerance
limits and perform the diversion of Fig. 23, although how he might gain this
knowledge and skill is unclear. A rational diverter would remove much less
from assemblies than indicated by Figs. 23-24.

At a cooling time T, the ratios of the falsified and true measurements
for neutron count rates follow from Eq. (5) for the average count rates:

nl a E ( + rn) , 
(12)

nl a E (l - rr) ,and 
(13)

nl'/nl (1 - rn)/(l + n) * (14)

A similar expression for gama-ray ratio is deduced from Eq. (6):

Yl'/Yl (1 - r)/(l + r) . (15)

When many assemblies are examined, as at a spent fuel pond, the probabil-
ity of detection of one or more assemblies from an aggregate is important. It
is assumed that for a given exposure the (adjusted) neutron data points from
many different assemblies form a normal distribution. The probability that a
diversion from a single assembly will be detected depends on the position of
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the data point before the diversion, the size of the diversion, and the width

of the normal distribution. The probabilities of detecting diversions of dif-

ferent sizes are given in Table III for 4a (relative to the average neutron

count rate n) from 16X to 281.

The first column shows the size of the diversion relative to la; the mass

diverted is assumed to be proportional to the change in neutron count rate.

The second column gives four options of 4a; they are shown as percentages

of the average n (at any exposure).

The diversion fraction in column 3 is An/n - (n/a)(4a/n)/4.

The number of assemblies that must undergo the partial diversion before a

significant quantity of plutonium (8 kg) is obtained is given in the fourth

column. It is assumed here that typical PWR assemblies with about 30-GWd/tU

exposure are being considered.

The last three columns, labeled PD(N), give probabilities of detection un-

der three conditions. PD(l) is the probability that a diversion on a single

assembly will lead to a neutron data point below the lower 4 limit. After

diversions are performed on the necessary number of assemblies to reach a sig-

nificant quantity, the probability that one or more of these assemblies will

produce a neutron data point below the lower 4 limit is PD(all). If only

one-fifth of the diverted assemblies are selected in a measurement plan, the

probability that one or more of these assemblies will produce a neutron data

point below the lower 4a limit is PD(all/5).

Very small diversions with n/a < 1 require many assemblies to get a sig-

nificant quantity, but the overall detection probability with the fork detec-

tion is <1X.

Large diversions with n/a 5 are virtually (if not actually) guaranteed

to be detected by the fork as long as the measurement plan includes at least

one of the assemblies. These diversions remove 201 to 351 of each assembly.

(The last row (An/a 7) is included for reference later in this report.]

A diverter would probably first consider making relatively large diver-

sions from only a few assemblies. This procedure minimizes the diverters

effort, presents the fewest number of assemblies that could generate outliers

by the fork detector, and presents fewer problems with some other safeguards

techniques (for example, surveillance cameras). However, if even only about
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TABLE III

DETECTION PROBABILITIES OF DIVERSIONS OF VARIOUS SIZES

4a/n
(Mhn/a

1

2

16

20

24

28

16

20

24

28

3 16

20

24

28

AnI/n

4

5

6

7

8

10

12

14

12

15

18

21

16

20

24

28

20

25

30

35

49

No.
Assemblies
for 1 SQa

41

33

27

23

20

16

14

12

14

11

9

8

10

8

7

6

8

7

6

5

4

PD(1)b
, X

0.14

0.14

- 0.14

0.14

2.3

2.3

2.3

2.3

16

16

16

16

50

50

SO

50

84

84

84

84

99.9

5

4

4

3

1

1

1

1

37

31

28

24

9

7

7

5

91

85

79

75

PD(all)
(M

PD(all/5)
, M

40

29

29

29

4 16

20

24

28

99.9

99.6

99.2

98.4

75

75

50

50

5 16

20

24

28

100

100

100

100

97

84

84

84

7 28 100 99.9

a SQ=
bPD(N)

Significant quantity of plutonium (8 kg).
Probability of detection after measuring
gain the significant quantity.

N of the assemblies used to
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201 of the pins in an assembly were removed with n/¢ 3, the probability

that the new data point would show the diversion is 161. This must be repeat-

ed for eight or ine assemblies to gain a significant quantity. The probabil-

ity that one or more of these eight assemblies will reveal the diversion is

about 751; if only two of these assemblies are included in the measurement

plan, the probability that one or more of them will indicate a diversion is

still about 291.

Diverting 501 from a few assemblies has a very high probability of detec-

tion by the fork (Table III, n/a = 7). Although only four assemblies are

needed to gain a significant quantity (with 4c/n - 281), fork measurements on

these four assemblies have essentially a 1001 chance of finding an outlier. A

measurement on only one of these assemblies still has a 99.91 chance of gener-

ating an outlier.

The alternative diversion scheme is many small diversions, which reduces

the risk of detection by the fork but increases the effectiveness of other

safeguards techniques. Consider the smaller diversion with n/a - 2. After

101 of the pins are removed from 16 assemblies, only a 2.31 chance may exist

that any one of the assemblies will produce a data point outside the 4 lim-

its. owever, if all 16 assemblies were measured, the chance of one or more

of them revealing a diversion is 311. If only four of these assemblies were

included in a measurement plan, the probability of at least one of them reveal-

ing the diversion is about 7.

A diversion will be detected with Eq. (7) only if the diversion exceeds a

certain limit. Figure 25 shows the effect of a diversion. The following in-

equality must be met if detection is to be avoided:

n1l' > (a/aS) (yl' Tb)B (1 - r3) . (16)

b. Subsequent Inspections. If another inspection is performed at cool-

ing time T2, the diversion accomplished before time T will still not be appar-

ent from the neutron data. The count rates corrected for the 244Cm fraction

and its decay are naturally not affected by additional cooling time; the pur-

pose of the corrections is to make the count rate independent of cooling time
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and proportional to the amount of 244Cm present. As long as the correct E and

T are declared, EB is a constant and the neutrondata will remain within the
tolerance interval, although at a smaller count rate than it would without the

diversion. The equation is

aE = 0.1' f(EjTj) eTl = 2' f(E,T2) eJT2 , (17)

or

nl' n 2' . (18)

The gamma-ray data at T2 will not indicate a diversion either. The

rect data point "a" in Fig. 24 would be found at "c" after a diversion;

false point is expressed as

yj/E - p a T-b 

cor-

this

(19)

If detection is to be avoided, p must be greater tan (1 - ry). Without the

substitution of other gamma-ray emitting material, this point will cool to
point "d" of Fig. 24 in agreement with Eq. (6):

y2 I/E = p a T-b (20)

If the data point starts within the tolerance limits, it stays there.

At a later time with Eq. (7), n2' = nI [as in Eq. (18)] and (y2' T2b) 

(Yjl Tlb) from Eqs. (19) and (20), o a diversion that is undetectable at T1
is not detectable later.
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2. Falsely Declared T

a. First Inspection. If the declared cooling time is increased from T1

to T = T + AT, the diverter may temporarily improve on the diversion. The

worst safeguards scenario again starts with an assembly's data on the upper

tolerance limits. Material is diverted so that the new data points are within

the limits, as shown in Figs. 26-28.

If the end point on the neutron plot is on the lower limit, the value of

Tl' is obtained from Eq. (5):

nl'/nl (mll/nml) [f(ETl')/f(E,Tl)J e(Tl'-Ti)

= (1 - rn)/(l + n) ; (21)

f(ETl) eXT1' (ml/nml') f(ETl) eTl [(1 - rn)I(l rn)] (22)

This equation ust be solved numerically for T; the Newton-Raphson method of

Appendix C is a good technique.

For the end point to be on the upper neutron limit at T11, a different re-

quired time is found from this equation:

f(ETV') eTI = (nmllnml') f(ETj) e (23)

If the end point on the gamma-ray plot is to be on the lower limit, anoth-

er T' is required by Eq. (6):

(yj1 /y) (Tl'l/Tl)b (1 - r)/(l + r) ; (24)

T = Tj (yl/yl') (I - ry)I(l - ry)ll/b . (25)
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Fig. 26. A diverter can falsify the
cooling time, resulting in a correct
data point at "a" moving to any place
between the tolerance limits (such as
"b"). The most material could be re-
moved by having 'b" on the lower lim-
it, as in Fig. 23.

Fig. 28. The diversion of Figs. 26
and 27 seen from Eq. (7). A range of
(yl'Tl b)B is available for the false
point b."

<I'JbL-Nk>.
'y¶IE --

T, T
COOUNG TIME

Fig. 27. The diversion with a false
cooling time of Fig. 26 affects the
gafA-ray curve as shown here. The
correct point "a" is reduced to "b,"
then moved between the tolerance lim-
its (as at "c") with a properly se-
lected false cooling time.
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For the gamma-ray end point to fall on the upper limit, a fourth T1 is

necessary:

T1 ' a T (yl/yl') tb (26)

. , .. . .}

The smallest (yl'Tl')b that will escape detection with Eq. (7) is seen

from Fig. 28 to satisfy

n = 1.1' f (E,Tj') eTl'

(la) (sTleb)

= (aa) (yl*Tltb)minB (1 + r3)

(27)

(28)

(29)

For a given n' and y1', a value of T' can be found from Eqs. (27) and (29).

The maximum false time uses the other tolerance limit:

M f(ET 1 ') eXTl

= (a/a)B (yl'Tltb)maxB (1 - r3) 

(30)

(31)

If detection is to be avoided, the declared T1' must be greater than the

biggest minimum time and less than the smallest maximum time from

Eqs. (22)-(31):

max[Eqs. (22), (25), (29)1 < Tl' < min[Eqs. (23), (26), (31)] (32)
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b. Subsequent Inspections. A diversion may succeed at T' but ay be

found at T2 1 with Eqs. (6) and (7).

(1) Neutron Curve. ad there been no diversion, the adjusted neutron

count rate n at cooling time T would not change with cooling time: n2 = nl,

The adjusted data point at T1' is n and will not equal n2' at T2' be-

cause incorrect times are used in computing the adjusted count rate. An in-

spector will find this ratio of count rates (that is less than one):

(n2(/nl') (n.2'/nl') f(E,T2')/f(E,Tl')] e(T2 - T ) (33)

Study of the behavior of this ratio requires that the ratio of measured

count rates be eliminated. They are related through the use of the correct

cooling times and the adjusted count rate nt that would have been calculated

had the cooling times not been falsified. The ntl and nt2 rates are equal be-

cause the correct cooling times are used:

(nt2/ntl) = 1 (nm2'/nml') [f(E.T2)/f(ET1)] e(T2 TI) . (34)

This equation can be solved for the ratio of measured count rates:

(nm2'Inl') - f(ETl)/f(E,T2) eT2 - T) . (35)

Placing Eq. (35) into (33), with AT being the falsified time interval,

shows the ratio of inspection count rates to be

(n2 Jnl*) tf(ET l)/f(E,Tl + AT)]/If(E,T2)/f(E,T2 + AT)] . (36)

46



All these 244Cm fractions have .the same exposure E. The fracticn increas-

es toward as cooling time increases. The quantities in brackets on the

right-hand side of Eq. (36) are thus both less than one, but the one in the

denominator is the larger of the two because T is greater than f, and its

ratio will be more nearly equal to one. Using false cooling times thus means

that the adjusted neutron count rate will decrease with time instead of

staying constant.

Eventually there will be some T2 ' at which n2' is below the lower toler-

ance limit and detection will be possible. If the diversion places U1' on the

lower tolerance limit to maximize the amount removed, detection will be posui-

ble at any future inspection. There will be some delay before detection if

n1l is above the lower tolerance limit. To find the delay, nl' is set equal

to qEfi and n' to (-rn)aEB:

(1 - r)/q = [f(ETl)/f(ETl + AT)]/(f(ET 2 )/f(ET 2 + T)J . (37)

Numerical solutions for the delay T2 -Tl are given in Table IV for the

standard assembly; it is assumed that the cooling times have been falsified by

1 year. With relaxed tolerance intervals and n' near the upper limit, a sub-

stantial delay occurs before detection is possible. With 5 limits and n'

near the lower tolerance limit, detection would be possible in about a month.

The delay strongly depends on where the diversion leaves the first count

rate nl'. The diverter would like to remove as much of an assembly as possi-

ble, but this produces a lower l' that will be detected sooner. The diverter

cannot know exactly where his actions will place n1l'. To avoid immediate

detection at T1' and to postpone detection at T2' as long as possible, the

diverter is forced to withdraw only a small fraction of an assembly.

(2) Gamma-Ray Curve. Figure 29 shows the data point "a" that might be

found for an undiverted assembly at T; at T2, this assembly would generate

the data point 'b" as point d" slides along a curve proportional to the cool-

ing curve:
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TABLE IV

DETECTION DELAYS WITH NEUTRONS AFTER FALSIFIED COOLING TIME

E 30 GWd/tU, T = 800 days, AT - 365 days

rn q T2 (d) T2 T1 (d)

0.02 1.01 900 100

1.00 870 70

0.99 840 40

0.05 1.04 1072 272

1.00 961 161

0.96 841 41

0.10 1.09 1314 514

1.00 1111 311

0.95 970 170

0.91 842 42

Fig. 29. The diversion of Figs. 26
to 28 are considered at a later in-
spection time T2 . Figure 26 does
not change with time, but the points
of Fig. 27 move as shown here. If

95 zone _no diversion had been performed, the
true data point "a" would have be-

a come point b." Because of the di-
1 \ version, "a" became c," which was

N 5\ \ \ then shifted to "e" by the false
-fog cooling time T'. At the later in-

a 71Oa_ spection time, "c" would have been
found at "d," but the AT shift plac-

Ij/E es "d" at "f." It appears that
4 point "e" drifted to 'If"; the drift

does not follow the form of Eq. (6)
T ;and will eventually cross the lower

aT_3 T8 AT - *tolerance limit, as has already hap-
C0.oUN TIME pened in this drawing.
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X yl/E p a T-b , (1- <y p ( + ry) .(38)

After a diversion, point "a" drops to point "c":

yl/E = q p a T-b, q I . (39)

The gamma-ray reading is reduced to y1' - qyl by the diversion.

To disguise the diversion, the diverter moves point "c" within the toler-

ance interval by declaring a longer cooling time, T, producing point "e."

An inspection will thus not detect the diversion at T'.

At some later time T2, point "c" would move to point "d," following a

curve proportional to the true cooling curve. Point "e" will slide to point

"f" along a curve that is not proportional to the true cooling curve because

the times being used are incorrect. At some time T2 ' point "f" will intersect

the lower tolerance limit and detection becomes possible (the value of y2 l/E

is obtained from point "d"):

y2'/E = q p a T2-b (1 - ry) a T2 b (40)

An equation for T2 can be deduced with AT - T2 ' - T2 :

(T2 + AT) T2 [( - ry)I(q p)](l/b) (41)

The time during which the diversion was hidden is T2 - T1 = T2 ' - T1 ' =

AT. Some possible values of the delay from Eq. (41) for the standard assembly

show that this detection process by itself is not adequately sensitive; even

large changes in the gamma-ray reading (qp) require many months or years to

detect. owever, the diverter must be concerned about matching the fraction
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diverted with the change in cooling time, keeping the change in tine equal to

some multiple of the core loading interval.

In principle, detection could be made earlier than T2 ' if one observes

that point "e" does not drift along a curve proportional to the average cool-

ing curve. In practice, it may be difficult to confidently determine the

drift curve where there are measurement uncertainties.

If a small diversion is made so that point "c" of Fig. 29 is within the

tolerance limits and point "e" is kept within the tolerance limits by declara-

tion of a sufficiently small cooling time, then point 'f" will stay within the

limits for all time; point f" will approach point "d" as the cooling time in-

creases. This small diversion will be undetectable if AT matches reactor core

loading time intervals and point "e" is within the tolerance limits.

(c) Neutron-Gamma Curve. If Eq. (7) is used at T2', the data point

from T' will have drifted. For an assembly with correctly declared E and T,

n and yTb are constants. After a diversion and falsified times, n and y'T'b

are not constant. Whether n increases or decreases depends on the assembly;

f(ET') and eT both increase, but n' decreases. To show that y'T'b is not

constant either, assume that it is constant and find a contradiction. The ra-

tio y/y is set to :

Y2 = Y1' (Tjh/T2')b , (42)

S Y2 5 Yl [(T + T)/(T2 + &T)JI , (43)

Y2 (T 2 + T)b y(T + T)b (44)

which is not consistent with Y2 T2b Yl Tlb.

With no diversion, this drifting should not occur; the mere fact that the

point shifts would be suspicious.
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3 . Falsely Declared 

a. Neutron-Exposure Equation. If a diversion is to be masked by an in-

correct declared exposure, the maximum material could be removed by somehow se-

lecting an assembly whose neutron data point originally falls on the upper tol-

erance curve. The amount of material removed could produce a neutron count

rate that is even below the lower tolerance curve at E because a reduced de-

clared exposure E' could move the new data point within the tolerance curves

(Fig. 30). (The operator is again granted great skill in performing this di-

version scenario.) Assume that the data point for the undiverted assembly

would be on the upper limit:

nl = nl f(E,Tl) eTl - E (1 + r ( 4 5

The range of plausible new exposures after a diversion producing nl' can

be calculated from the intersections of n' with the upper and lower tolerance

curves:

ul 'nnl' f(E'aTj) eTl a E maxB (1 - in) ; (46)

ul t nml f(E'linsTl) eTl Eins (1 + n) (47)

With Eq. (45), can be eliminated from each of these two equations:

(E'max/E)O - (nl'/nl) ( + n)/(l - rn)1 and (48)

(E'min/E)B = (nl'/nl) - (49)
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Fig. 30. A diversion might be con-
cealed by falsifying the declared ex-
posure. This drawing shows how a
well-informed diverter might maxi-
mize the amount removed from an as-
sembly. Point "a" is from the true
assembly. After the diversion, the
reduced neutron count rate moves "a"
to point b." To avoid detection, a
range of exposures E' may be declared
(point "c"), although E must still
seem reasonable for the reactor's op-
erating history.

EXPOSURE

Equations

nl'/nl values;

small. If the

(as would have

is reduced for

(48) and (49) have been evaluated for 3.33 and selected

the results in Table V show that the range of V is generally

undiverted data point had been below the upper tolerance limit

to be assumed by a diverter), the amount that could be diverted

the same range of E'.

b. Cama-Time Equation. The gamma-ray data point will also be affected

by the diversion and falsely declared exposure. The value of y/E could either

increase or decrease. These cases are now considered separately.

(1) Decreased YIE. If yE decreases, a diverter would want the value

of y/E' to be on or above the lower tolerance limit; the worst safeguards

case is to assume the data point was originally on the upper tolerance limit

(Fig. 31):

yl/E a Tb (I +ry) ,

yll/E' a Ti-b (1 - ry) and

(50)

(51)
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TABLE V

RANGE OF FALSE EXPOSURES AFTER A DIVERSION

0 a 3.33, E a 30 GWd/tU.

,#EtF / E NO. Assemblies
ml al in n max Fig. NO. for 8 kR Pu

0.995 29.95 0.01 30.14 2 327
0.02 30.32
0.04 30.68
0.05 30.87
0.10 31.82
0.20 33.83
0.40 38.63

0.960 29.63 0.01 29.81 4 36
0.02 29.99
0.04 30.36
0.05 30.54
0.10 31.48
0.20 33.47
0.40 38.22

0.750 27.52 0.01 27.68 6 6
0.02 27.85
0.04 28.19
0.05 28.36
0.10 29.23
0.20 31.08
0.40 35.59

0.53 24.79 0.01 24.94 7 4
0.02 25.09
0.04 25.40
0.05 25.55
0.10 26.33
0.20 28.00
0.40 32.00
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Fig. 31. The diversion of Fig. 30
affects yl also. If detection is to
be avoided, the true data point "a"
must move to 'b" with yl/E' within
the tolerance limits, as shown
here. In this case, "a" was on the
upper tolerance limit.

COOLING TME

E' E (l'Iyl) (1 + r)I(l -ry) (52)

If the point is to be kept at or below

too small:

the upper tolerance limit, E' cannot be

E' > E (yi'/Yl) (53)

(2) Increased XIE. If y changes less than E, yE will increase to

y'/E' after a diversion. The diverter would then prefer to start with a data

point on the lower tolerance limit (Fig. 32). This produces restrictions on

E' similar to those of Eqs. (52) and (53): .

E' > E (yl'/yl) (1 - ry)/(l + ry) and (54)

E' E ('/yl) . (55)
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2 I Fig. 32. The diversion of Fig. 30
E 711 x affects yl also. If detection is to

X IE\ be avoided, the true data point "a"
a must move to b" with yl/E' within
o the tolerance limits, as shown

here. In this case, "a" was on the
lower tolerance limit.

T.
COOUNG TME

(3) Diversion Limitations. The diverter would not want to declare ex-

posures that are implausibly different from those expected from the reactor's

operating history. Therefore, he should keep E'/E close to one. The ratio

Yl'IYl is less than one (if no substitute radioactive substance is introduced

into the assembly); the ratios involving ry in Eqs. (52) and (54) are greater

than one and less than one, respectively. To keep E'/E nearly one, the divert-

er is best advised to decrease yE so that Eq. (52) applies where there are

two ratios changing in opposite directions.

The diverter must again find a balance among these neutron and gamma-ray

equations. There is some range of small diversions per assembly that will be

undetectable, but it forces the diverter to remove only a few pins from each

of many assemblies.

c. Neutron-Gamma Equation. Equation (7) places limits on nl' more di-

rectly because E' has little effect in that case (Fig. 28 again). If n is on

the upper tolerance limit and n' is on the lower limit, the smallest ratio of

nl/nl that would not be detected as a diversion is

nle/nl Cf(E',Tl)/f(E9Tl)J (I - r3)/(l + r3)] . (56)
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This expression has been evaluated for the standard assembly, and the re-

sults presented in Table VI show the importance of keeping the value of r as

small as possible.

d. Subsequent Inspections. At a later inspection, the declared exposure

must still be E. The lengthened cooling time affects the calculated 244Cm

fractions f(E',T).

For the standard assembly, the ratio of f's in Eq. (56) is hardly changed

by additional cooling. Waiting a year after the initial 800-day cooling has

only a 2 effect on the ratio. The usefulness of the neutron data is not sig-

nificantly altered at subsequent inspections.

TABLE VI

DIVERSION RANGE WITH TEE NEUTRON-GAMMA EQUATION WITH A FALSE EXPOSURE

E 30 GWd/tU, T -800 days.

3 (GWd/tU) n /n1

0.05 25 0.879
26 0.889
27 0.896
28 0.901
29 0.904
30 0.905

0.10 25 0.795
26 0.804
27 0.810
28 0.815
29 0.817
30 0.818

0.20 25 0.648
26 0.655
27 0.660
28 0.664
29 0.666
30 0.667
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A gama-ray data point that was initially within the tolerance intervals

will remain there at all subsequent cooling times. The fission poducts re-

maining in the assembly will continue to cool normally and the false exposure

is not changed, so the data point will maintain its position relative to the

average curve and the tolerance limit. Figure 33 shows such a case. Points

"a" and "b" would be found had there been no diversion; points "c" and "d" re-

sult from a diversion and a false declared exposure.

Subsequent inspections thus offer little safeguards advantages when small

diversions are disguised with falsely declared exposures. The slight change

in f(ET) with time is of only marginal benefit. With narrow tolerance inter-

vals, the diverter is forced into diverting very small quantities from each of

many assemblies; this increased activity would enhance detection by contain-

ment and surveillance techniques.

4. Falsely Declared E and T. At first glance a diverter seems to have a

great deal of flexibility when both the exposure and cooling time are falsi-

fied. owever, restrictions still exist on the exposure and cooling time, and

it will be seen below that diversions can be detected with subsequent measure-

ments. In the short term, falsifying both E and T allows larger diversions,

but in the long run the false T makes detection inevitable.

The largest diversion that can be hidden within the tolerance limits

would follow these actions: (a) The neutron data point starts on the upper

tolerance limit and the diversion drops it below the lower limit; a smaller ex-

posure is declared to just place the new data point within the tolerance lim-

its again (Fig. 30). (b) If yE decreases after the diversion, the data point

is assumed to be on the upper tolerance limit before the diversion and the

declared cooling time is increased to bring the new data point within the tol-

erance limits (Fig. 27 with y/E replaced by y'/E'). (c) If y/E increases

after the diversion, an assembly is chosen (as a worst safeguards case) for

which the gamma-ray data point starts on the lower tolerance limit, then a

reduced cooling time is declared to position the new data point on the lower

limit again (Fig. 34 with l or c2 as far left as possible); this delays the

detection for the longest possible time.

Although extremes of these actions would maximize the amount of material

that could be diverted, they have to be restrained to avoid declaration of pat-

ently implausible values of exposure and cooling time.
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Fig. 33. For a diversion with a fal-
sified exposure, a subsequent inspec-
tion will not reveal the diversion if
the initial inspection also failed to

* .I! . \ find the diversion. The case of
X *'~\ Fig. 32 is continued here to a later

cooling time T2. The true data point
a we"a" would have produced "b"; the
o \ < \ false point "c" moves to "d." The

'a ~sss -^_curve from "c" to "d" follows
Eq. (6) and therefore stays within
the tolerance limits. The diversion
is never detected.

T. To
COOLING TMM

Fig. 34. After a diversion, both the
exposure and cooling time could be
falsely declared. In this drawing,
the true data point "a" would have
been on the lower limit, as in
Figs. 32 and 33. After a diversion, 1bA
the y/E' ratio increases (in this
example) to "bi" or b2 ." In either
case a range of false cooling times a ;.
T1' is possible at "cl" or "c2," al-
though point "b" would satisfy an in-
spection already and not be detecta-
ble at a later time. It would be dif-
ficult for a diverter to know whether
T1 should be falsified or not.

CoOUNS TIME
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It is generous to assume that a diverter can know in advance which assem-

blies would produce data points on the appropriate tolerance limits and then

select the desired combination of fuel removed and false values of exposure

and cooling time. To consider the worst safeguards case, however, this is

assumed.

a. Decreased n. The range of E' for the neutron data can be calculated

in a manner that. differs from Eqs. (45)-(49) only in that T' is not equal to

TI:

(Emax'/E)B (nml'/nml) f(Emax',Tl)/f(ET l)] [(1 + r,)/(l - rn)

e(Tll - T1) and (57)

(Emin /E)B (nml'nmj) [f(Emin',Tl)/f(ETl)] eX(Tl' - Tj) (58)

For T' - T1 = 365 days, the exponential is 1.039. The values of Ein'

and Emax in Table VII are thus increased by about 4S by an additional year of

declared cooling.

b. Increased y/E. When y/E increases after a diversion, the new cooling

time T' can be assigned a range of values (Fig. 34). Generously assume the un-

diverted point would be on the lower tolerance limit:

yl/E a T-b (1 - ry) (59)

(Yl'/E'min) = a Tj'-b (1 - ry) , (60)

(Yi'/E'inx) a T 1 -b (1 + ry) , (61)
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TABLE VII

DIVERSIONS WITH FALSIFIED EXPOSURE AND COOLING TIME

B = 3.33, b 0.883, E 30 GWtU.

The subscript "1" has been suppressed on T, n, and y.

The neutron and gamma-ray E' results are independent of each other.

T T'
(days )

Neutrons

n ' n rn mri max

Gaan

y-LY ry Emin t Ecmax

365 730 0.99
0.10
0.80
0.10

0.05
31.77
0.05
29.81

365 1095 0.99 0.05
0.10

0.80 0.05
0.10

365 1460 0.99 0.05
0.10

0.80 0.05
0.10

730 1095 0.99 0.05
0.10

0.80 0.05
0.10

1095 1460 0.99 0.05
0.10

0.80 0.05
0.10

31.77
33.64
29.81
31.65

32.27
32.27
30.39
30.39

31.76
31.76
29.85
29.85

30.48
30.48
28.63
28.63

29.37
29037
27.50
27.50

33.16
34.06
31.27
32.16

32.67
33.58
30.75
31.65

31.36
32.25
29.50
30.37

30.26
30.26
28.37
29.26

0.99 0.05
0.10

0.80 0.05
0.10

0.99 0.05
0.10

0.80 0.05
0.10

0.99 0.05
0.10

0.80 0.05
0.10

0.99 0.05
0.10

0.80 0.05
0.10

32.70 0.99 0.05
0.10

30.72 0.80 0.05
0.10

49.56
44.81
40.05
36.21

70.35
64.11
57.29
51.80

91.39
82.65
73.85
66.69

38.44
34.76
31.06
28.09

34.64
31.33
27.99
25.32

54.77
54.77
44.26
44.26

78.35
78.35
63.31
63.31

101.01
101.01
81.63
81.63

42.59
42.49
34.33
34.33

38.29
38.29
30.94
30.94
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E'min/E - (yl'I/y) (TlI/Tj)b , and (62)

E CaxtE = (yl'/yl) (Tl'/Tl)b (1 - ry)/(l + ry) (63)

c. Decreased y/E. If yE decreases after a diversion, the range of de-

clared cooling times can similarly be calculated for the initial data point on

the upper tolerance limit:

yj/E a Tl-b ( + ry) ,

(yI /E'min) a T-b (1 - ry)

(Yl'/E'uax) = a T-b (1 + ry) ,

E'min/E (yl'/yl) (Tl'/Tl)b (1 + ry)/(l - ry)] , and

E @mx/E =((yle/yl) (Tlt/Tl)b 

(64)

(65)

(66)

(67)

(68)

d. Standard Assembly Examples. We evaluated Eqs. (57), (58), (62), and

(63) for various ratios of data values and other parameters for the standard

assembly. The results in Table VII indicate that the ranges of EVE that cor-

respond to plausible cooling times are very narrow (about 1 GWd/tU) and are

determined by the neutron relations.

e. Subsequent Inspections. The diverter has gained flexibility by being

able to alter both the exposure and cooling time. But altering the cooling

time ensures that a diversion will eventually be detected, as developed in the

next section.
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(1) Neutron Data. Figure 30 can be used again to show the effect of

a diversion and inspection at the declared time T'. The neutron data at

point "c" is somewhere between the tolerance limits at the declared exposure

El and has this adjusted neutron count rate:

nl' = n' f(ETl') e'Tl = p a E (69)11

with

(A - r) < p < (1 rt) .

At a later cooling time T21, the adjusted count rate will be

(70)

n2'= n2' f(E',T2') )T2 = q a E (71)

If detection is to be avoided, q must

Eq. (70).

have the same restrictions shown for p in

By taking the ratio of Eqs. (71) and (69), this relation is obtained:

(nm2"/Pml') f(E',T 2 ')/f(E',Tl')J e(T2 - T1 ) (q/p) . (72)

For a diversion that removes proportionate amounts of all isotopes, as would

the removal of whole pins, the ratio of measured count rates at different

times is a constant (aside from multiplication effects that are small for a di-

version of only a few pins):
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(%2'/nml') = (%2/%l) ; (73)

This relation can be connected to Eq. (72) with a similar relation for the case

of no diversion:

1 = (m2/nm1) [f(E9T2)/f(E9Tl)1 e(T2-TI) . (74)

This equation equals one because without a diversion, n2 = n 1 (the cooling-
time-adjusted count rate for 244Cm is constant).

Solving Eq. (72) for (nm2 '/nml') and putting the expression into Eq. (74)

for (nI2/nml), an equation for T2' is obtained; T2 ust be replaced by

T + T ' - Tp

f(EtT 2 )/f(E ,T1 + T2 ' - T') - (q/p) f(E',Tl')/f(ETl) . (75)

The worst safeguards case has the data point at time T' on one tolerance

limit, and detection is not possible until the data point drifts to the other

limit. In Fig. 30 the data point would move along a vertical line at the expo-

sure E. The direction of the drift (increasing or decreasing n') depends on

the nature of the assembly. From Eqs. (69) and (71),

(n2'Inl') (nm2'/nml') f(E',T2 ')/f(E',Tlj)j e(T2 - T') . (76)

The ratio-of the two f(E,T) functions and the exponential are both great-

er than one, but the ratio of measured count rates is less than one. If the

product of these ratios is greater than one, then the data point drifts upward,

and the worst safeguards case has p (1 - n) and q (1 + rn). If the value

of Eq. (76) is less than one, then the data point drifts downward, and the val-

ues of p and q are reversed for the worst case.
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For the standard assembly, the data point will drift downward, so T2' for

the extreme case is found from this version of Eq. (75):

f(E',T2')/f(E,TI + T2' - T') = [(1 - r)/(l + rn)] f(E',Tl')/f(ETj)

(77)

Table VIII shows some time intervals during which a diversion from the

standard assembly would be undetectable. The effect of E' is small within the

range of 25 to 29 GWdtU. The smallest plausible T1' is 800 365 = 1165 days;

with narrow tolerance intervals, a second inspection can detect a diversion

after a few months. If T1' is increased by a another year, the detection can

occur more quickly (delay times are halved). The greater the falsification of

the cooling time, the sooner detection is possible.

(2) Gamma-Rav Data. As the cooling time grows, a true gamma-ray data

point will drift within the y/E-vs-T plot along a line proportional to the av-

erage curve; the point will stay within the tolerance limits if it began there.

The study of a false gama-ray data point closely mirrors the analysis in

Sec. II.C.2, where only the cooling time was falsely declared. For the present

case, El replaces E of Sec. II.C.2; otherwise, the equations are unchanged.

A falsified data point from a "large" diversion will eventually drift out

of the tolerance limits, but "small" diversions would be undetectable.

(3) Neutron-Gamma Euation. The exposure has only a small influence

on Eq. (7) through the f(ET) function, so the analysis of Sec. II.C.2 for

Eq. (7) applies here also. If a diversion is not detected at the first inspec-

tion, it will not be detected later.

5. Summary of Problems for Diverters. Tolerance limits give a diverter

some flexibility of action, but the freedom is constrained by the fork measure-

ments, with the scatter of data about averages determining the tightness of

the constraint. The declared exposures and cooling times must furthermore be

reasonable for the operating history of the reactor.
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TABLE VIII

DELAY TIME BETWEEN INSPECTIONS TO DETECT A DIVERSION
WITH FALSE EXPOSURE AND COOLING TIME

E 30 GWd/tU, Tj 800 days.

T19 Es rn T2 ' T2 - T1
(days) (Cwd/tU) (days) (days)

1165 25 0.01 1222 57
0.05 1421 226
0.10 1608 443
0.20 1850 685

29 0.01 1224 59
0.05 1447 282
0.10 1673 508
0.20 1962 797

1530 25 0.01 1552 22
0.05 1636 106
0.10 1729 199
0.20 1877 347

29 0.01 1556 26
0.05 1655 125
0.10 1766 236
0.20 1945 415

If the declared exposure and cooling time are not falsified after a diver-

sion, the amount of material that can be removed from one assembly is simply

related to the widths of the tolerance limits (and the measured values before

the diversion; that is, how near to upper tolerance limits the data were).

With 5 tolerance limits, the diverter would be able to remove about 101

of the pins from an assembly without detection from the neutron data if the di-

verter knows that the true data point would be on the upper limit. The pins

must be removed in such a way that the gamma-ray data point stays within the

tolerance intervals for the gmma-ray curve.

All of the above conditions would have to be met successfully on 17 PWR

assemblies to gain a significant amount of plutonium (while also outwitting
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surveillance cameras, seals, and other safeguards instruments). In practice

the diverter would surely assume that the undiverted assemblies' data points

would fall below the upper tolerance limit; fewer than 102 of the pins would

be removed to gain a margin of error. In reality, therefore, perhaps 35 or 50

assemblies would have a few pins removed to gain the significant quantity of

plutonium. The diverter who wishes to escape detection by the fork is forced

into a large effort, and the chances of detecting the fuel handling by other

safeguards methods would be increased.

As long as the correct exposure and cooling time are declared, no detec-

tion advantage is gained by subsequent inspections.

A false declared cooling time gives the diverter more latitude in the

size of the diversion but makes detection of the diversion more likely at a

subsequent inspection. Diversion can be small enough to avoid detection, but

again the diverter is forced to increase his efforts. The time gap between a

larger diversion and its detection depends on the tolerance limit widths and

the amount diverted. The declared cooling time must be consistent with known

core unloading dates and restricts a diverter to making large changes in the

time.

If only the declared exposure is falsified, only limited diversions can

again be made without detection. For 5 tolerance intervals and E' within

2 GWd/tU of E, the number of pins that can be removed from an assembly is so

small that dozens or even hundreds of assemblies would have to be handled.

Declaring false exposures and cooling times make small diversions possi-

ble, but with false cooling times, large diversions will eventually be detect-

ed.

Very small diversions can be undetected; whether or not a diverter would

choose to remove small amounts from each of many assemblies cannot be known.

A large diversion from an assembly could be detected quickly, whereas an inter-

mediate-size diversion might not be detected until a second inspection some

time after the first one.

What is meant by "small," "intermediate," and "large" diversions depends

on the precisions of the fork measurements and the accuracy of the 2 4 4 cm frac-

tion correction. The data from the recent Tihange exercise have the 244Cm cor-

rection applied. In that case a small, undetectable diversion seems to be

about 10X; a large, easily detectable diversion is about 251. A 501 diversion
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would certainly be detected if the declared exposure and cooling time were cor-

rect. An attempt to disguise such a arge diversion with falsely declared val-

ues would require about a 201 decrease in exposure along with a new cooling

time that brings the gama-ray data point very close to the average curve and

yet matches the reactor operating history. The knowledge required of an opera-

tor to perform such a feat may be unattainable.

III. CONCLUSIONS

The use of the fork detector places severe limitations on the diversion

of material from a spent fuel assembly.

The removal of large fractions (perhaps 201 or more) of assemblies is eas-

ily detected.

Taking small fractions (about 101 or less) of each of many assemblies

might be done in such a way as to make detection difficult, but it forces the

diverter to handle a large number of assemblies, and he must have expert knowl-

edge of the assemblies and how data are generated by the fork.

Furthermore, the diverter must somehow overcome the other safeguards tech-

niques (for example, records evaluations, surveillance cameras, underwater cam-

eras, seals, and night-vision devices) used at the site. The probability of

detection by these techniques is enhanced as a diverter handles more fuel as-

semblies to avoid detection by the fork.

A diverter has several strategic options with different consequences af-

ter fork measurements. For the present purpose of investigating the sensitiv-

ity of the fork detector, we assumed diversions remove whole pins without re-

placement with fuel or radioactive materials; the diverter may falsify the de-

clared exposures, the cooling times, or both. The options within this scope

have been examined in detail in this report using (where necessary) the best

known approximate relations among neutron count rate, gamma-ray readings, and

the mass of fuel in an assembly.

Option 1. Declare the correct exposure and cooling time.

If the amount diverted from a single assembly is small enough to keep the

neutron and gamma-ray data points within the tolerance limits of the data

analyses, the diversion will escape detection. However, the amount must
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be very small (perhaps 10 pins from a 204-pin PWR assembly), so many as-

semblies (about 35) must be handled to gain a significant quantity of plu-

tonium.

Option 2. Declare a false cooling time.

With the aid of an increased cooling time, a larger amount of material

could be removed from an assembly without being detected initially. The

selection of a false cooling time must match the operating history of the

reactor. The diversion can be detected with a subsequent measurement;

the time delay before this is possible can be days or months depending on

the amount removed, the precision of the fork detector, and the nearness

of the data point from the undiverted assembly to the lower tolerance lim-

it.

Option 3. Declare a false exposure.

If done with great care, a small diversion can escape detection with a

false exposure. But the interactions among the change in neutron count

rate. the change in the gamma-ray readings, and the false declared expo-

sure is very restrictive. If done without excellent estimates of the

fork data to be collected in the future, detection is likely even with

the false exposure.

Option 4. Declare both a false exposure and a false cooling time.

A diversion disguised by a combination of reduced exposure and increased

cooling time is a very complex operation to perform. The scheme offers

no real advantage over falsifying the exposure alone; the hazards to the

diverter of using false cooling times arise again.

The informed diverter may choose option 1 because it is simple in princi-

ple and potentially undetectable, although the fork detector forces the divert-

er to modify many assemblies in the face of other surveillance and containment

measures.

Option 3 is the next best choice because it allows somewhat larger diver-

sions per assembly without detection, but the uncertain knowledge of what data

an assembly will generate reduces the apparent flexibility. The uncertainty

may even convince a diverter to use option 1 instead.
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A crucial parameter in the detection of a diversion is the expected scat-

ter in the data. Corrections for 2 4'2 Cm and other neutron-emitting isotopes

are now being successfully applied and reduce the widths of the neutron toler-

ance limits. With tolerance limits whose widths are 5 to 10X of the average

curve through the data, the diverter is generally forced into making small di-

versions from many assemblies to obtain a significant quantity of plutonium.

Even a few small diversions should produce data points outside the tolerance

limits because sme of the genuine data points would have fallen near the low-

er tolerance limit.

The fork detector with the analyses of the data as outlined here can read-

ily detect large diversions (201 or more of an assembly). A diverter is forced

to make small diversions (less than 101) from many assemblies to obtain a sig-

nificant quantity of plutonium. As the number of assemblies needed for a ig-

nificant quantity increases, the effectiveness of other safeguards systems are

enhanced. This places a burden on the diverter that can (a) discourage him

from making the large effort necessary to gain a significant quantity of pluto-

nium or 235U or (b) cause him to reveal his actions by simply denying access

to the fuel for inspections.
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APPENDIX A

"DrVFRAC.BAS"

This computer code in BASIC uses data from Refs. 11 and 17 to calculate

effects of removing fuel pins on neutron count rates and ga"Ma-ray values.

The water surrounding the assembly of Fig. 1 may contain no boron or 2000 ppm

boron.

The user specifies a rectangular region of pins to be "removed." The

shape of any other region can be split into rectangular regions, each of which

may be studied separately and their effects added.
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10 REM DIVFRAC.BAS Fg 1
20 REM Of 3
30 REM IF A FRACTION OF AN ASSEMBLY IS DIVERTED, 10-354
40 REM WHAT IS THE EFFECT ON NEUTRON AND CAKNA DATA?
50 REM
60 REM P.M. RINARD, JAN. 1987
70 REM
80 REM NEUTRON CPS PER PIN, CD-WRAPPED
90 REM 1A-10068-HS, PAGE 50

100 REM (ROW 1, COL 1) . (ROW 1, COL 8)
110 REM (ROW 2, COL 1) . . . . . . (ROW 2, COL 8)
120 REM
130 REM
140 REM (ROW 15, COL 1) . . . . . . (ROW 15, COL 8)
150 REM
160 REM
165 REM 0 ppm Boron
170 DATA 119,115,108,103,105,103, 99, 97
180 DATA 146,134.127,121,119,116,111,112
190 DATA 168,155, 0,135,131, 0,127,122
200 DATA 187,170,156,148,140,138,135, 0
210 DATA 196,181,172,157, 0,149,144,142
220 DATA 216,191, 0,163,162,152,150,148
230 DATA 218,199,182,167,161,158,154,152
240 DATA 214,196,178, 0,158,156,152, 0
250 DATA 212,191,175,163,157,152,153,149
260 DATA 198,181, 0,160,152,146,146,143
270 DATA 185,168,159,152, 0,140,138,137
280 DATA 166,152,144,138,135,130,128, 0
290 DATA 140,133, 0,125,119, 0,113,117
300 DATA 122,113,112,110,108,104,102,104
310 DATA 103, 98, 93, 94, 93, 89 ,87, 90
311 REM
312 REM 2000 ppm Boron
313 DATA 79, 71, 61, 52, 47 , 43, 42, 39
314 DATA 97, 84, 72, 63, 55, 52, 48, 47
315 DATA 118,101, 0, 72, 64, 0, 57, 54
316 DATA 134,112, 95, 79, 71, 63, 64, 0
317 DATA 148,122,105, 88, 0, 69, 65, 63
318 DATA 157,128, 0. 90, 82, 73, 68, 66
319 DATA 160,130,112, 93, 83, 76, 72, 71
320 DATA 160,131,111, 0, 82, 76, 71, 0
321 DATA 153,130,107, 96, 80, 74, 69, 69
322 DATA 140,121, 0, 87, 77, 71, 66, 66
323 DATA 127,107, 96, 81, 0, 67, 64, 61
324 DATA 116, 97, 85, 73, 65, 62, 59, 0
325 DATA 99, 88, 0, 66, 60, 0, 52, 51
326 DATA 81, 70, 63, 55, 51, 49, 45, 44
327 DATA 66, 58, 49, 48, 43, 40, 39, 38
328 REM
330 DEFINT XY,N
340 DIM N(15,15), G(15,15)
350 REM
352 CLS
354 PRINT: PRINT "What boron concetration?3
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355
356
357
358
359
360
370
380
390
400
410
420
430
440
445
450
460
470
480
490
500
510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
680
685
690
700
710
720
730
740
750
760
770
780
790
800
810
820
830

PRINT 1. 0 ppm-
PRINT 2. 2000 ppm*
PRINT
INPUT BCON
RESTORE 170
SUM - 0 : NUMBER - 0
FOR Y - 1 TO 15
FOR X - 1 TO 8
READ N(X,Y)
N(16-X,Y)-N(X,Y)
SUHN - SUMN + 2 * N(X,Y)
IF N(X,Y) 0 0 THEN NUMBER - NUMBER + 2

NEXT X
NEXT Y
IF BCON - 2 THEN BCON - 0 : GOTO 360
FOR Y - 1 TO 15
SUMN - SUMN - (8,Y)
IF N(8,Y) O 0 THEN NUMBER - NUMBER- 1

NEXT Y
REM
REM GAMMA FRACTIONAL CONTRIBUTIONS; SAME ARRAY AS FOR NEUTRONS
REM
DATA .316,.116,.043,.015.009,.003,0,0
DATA .316,.116,.043,.015,.009,.003,0,0
DATA .633,.233,. 0,.031,.018, 0,0,0

Pg 2
of 3

355-830

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

.633,.233,.086,.031,.018,.005,0,0

.633,.233,.086, 0,.018,.005,0,0

.633,.233, 0..031,.018,.005,0,0

.633,.233,.086,.031,.018,.005,0,0

.633,.233,.086, 0,.018,.005,0,0

.633,.233,.086,.031,.018,.005,0,0

.633,.233, 0,.031,.018,.005,0,0

.633,.233,.086, 0,.018,.005,0,0

.633,.233,.086,.031..018,.005,0,0

.633,.233, 0,.031,.018, 0,0,0
DATA .316..116,.043,.015,.009,.003,0,0
DATA .316,.116,.043,.015,.009,.003,0,0
REM
SUMG - 0
RESTORE 520
FOR Y - 1 TO 15
FOR X - 1 TO 8
READ G(X,Y)
G(16-X,Y)-G(X,Y)
SUMG - SUNG + 2*G(X,Y)

NEXT X
NEXT Y
FOR Y - 1 TO 15

SUNG - SUMG - G(8,Y)
NEXT Y
REM
REM ENTER ROWS AND COLUMNS OF DIVERSION
REM
CLS
PRINT Terminate code with a negative 'Smallest Row'" PRINT
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840
850
860
870
880
890
900
910
920
930
940
950
960
970
980

INPUT Smallest row of diversion: ;Y1
IF Yl < THEN END
INPUT Largest row of diversion: ;Y2
PRINT
INPUT Smallest column of diversion: ;Xl
INPUT Largest column of diversion: ;X2
REH
SN- 0 : UMBER - 0 : SMG - 0
FOR Y - Y1 TO Y2
FOR X - X1 TO X2

SMN - SMN + N(X,Y)
SMG - SMG + G(X,Y)
IF N(XY) o 0 THEN NUMBER1 - NUMBER1 + 1

NEXT X
NEXT Y

Pg 3
of 3

840-1130

990 REM
1000 CLS
1010 FMASS
1020 PRINT
1030 REH
1040 PRINT
1050 PRINT
1060 PRINT
1070 PRINT
1080 REM
1090 PRINT
1100 PRINT
1110 PRINT
1111 PRINT
1120 PRINT
1130 GOTO 8

- (N
'Rows

UMBER - NUMBER1)/NUMBER
- ";Y1;m-";Y2;n CDLS - w;X1;"-"X2"

a Mass fraction removed - /;NUMBERl/NUMBER
*Mass fraction remaining - ;FMASS
a Fractional drop in neutron cps - ";SN/SUMN
"Fraction of original neutron cps - ;(SUMN-SMN)/SUMN

a Fractional drop in gmmas - ; SMG/SUMG
OFraction of original gammas - ;(SUMG-SMG)/SUMG

SUMN

40
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APPENDIX B

UNCERTAINTIES OF PARAMETERS Di POWER-LAW RELATIONS

When a power-law relation, y = axb, is fit to data, it frequently seems

that the uncertainty. in the parameter a is very large and must be the dominant

cause of the uncertainty in y when errors are propagated. With this function

it is actually more likely that the uncertainties in a and b contribute nearly

equally to the uncertainty in y.

From the variances in a and b, a 2 and b2, and their covariance, ab,

the relative uncertainty in y can be calculated:

(oy/y)2 = (oa/a)2 + tb ln(x)12 + 2 ab ln(x)/a . (34)

If the second term were (ob/b)2, a large (a/a) would indeed dominate the

uncertainty in y. But in practice the value of (ab ln(x)]2 is rather similar

to (oa/a)2.

Consider the neutron data from Tihange (Refs. 8 and 9) applied to the pow-

er law n - EB. Using the exposure E in GWd/tU and the neutron count rate in

counts/s, it is found that a = (0.00377 0.0021) and = (3.327 0.17); the

covariance is -3.518 x 10-4. The relative uncertainty in is much greater

than that of B. Equation (-1) yields this relative variance in count rate:

(on/n)2 0.308 0.02885 ln(E)12 - 0.1866 ln(E) ; (B-2)

For an exposure of 30 GWd/tU,

(on/n) 2 0.308 + 0.334 - 0.635 = 0.007 . (B-3)
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The important point here is that the first two terms, with ox and aB, contrib-

ute very nearly equally. With E 2 20 GWdtU, their values are again quite

close, namely 0.308 and 0.259, respectively.

For the gama-ray case at Tihange, with the exposure still in gigawatt-

days per ton of uranium and the cooling time in days, assume (y/E) = aTb.

The value of a is (9803 1700), whereas b is (0.883 0.026); the covariance

is -43.42. Equation (B-1) takes on this form:

(cyIE/(y/E)12 0.0299 + 6.62 x 10-4 (ln(T)]2 - 0.886 ln(T) . (B-4)

For a cooling time of 1000 days,

[Oy/EI(y/E)12 0.0299 + 0.0316 - 0.0612 0.0004 . (B-5)

The values of the first two terms are again quite similar. This similarity ex-

ists over a wide range of cooling times because of the logarithmic function of

T.

If the power-law relation is inverted to x (y/a)l/b and errors are prop-

agated, this relation is found:

b2 (/x) 2 (ay/y) 2 + (aa/a) 2 + (b/b) 2 ln(y/a)] 2

2 ab ty (B-6)
ab ab

Typical magnitudes of the second and third terms are of interest here.

For Tihange neutron data, the second term is again 0.308; the third term

is about 0.07 for neutron rates between 500 and 1000 counts/s. The a uncer-

tainty contributes about four times the B uncertainty term, but this is much

less than would be found had the third term been (/B) 2 .
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a -1

With Thange gamma-ray data, the second term is 0.0299 and the third term
with a/E = 30 is 0.0285. The two terms are again nearly equal.

Although the uncertainty in the a factor of axb can appear unreasonably
large, its effect on the overall uncertainty from propagation of errors Is
quite reasonable.
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APPENDIX C

NEWTON-EAPHSON SOLUTION FOR A ROOT

The roots of a function may be found with the iterative process given by

Newton and Raphson.38 Some initial estimate of a root is needed, and this af-

fects which root will be found and the number of iterations required.

The Newton-Raphson method calculates a new estimate new from the previ-

ous (old) estimate xold with this formula:

xnew - old - f (Xold)/f(xold) , (C-1)

where f is the function whose roots are to be found and f is its derivative

with respect to x.

A computer code is given below to assist the reader in applying this tech-

nique. It is written in a generic BASIC. The function f must be inserted at

the place marked in the code. The derivative f is not required because it is

calculated numerically. The iterations are terminated when new and old dif-

fer by less than 0.01X; this criteria can be changed in the code if necessary.
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10 REM NEWTON-RAPHSON SOLUTION FOR ROOT OF AN EQUATION
20 REM
30 REM NEWRAP.BAS
40 REM
50 REM PHILLIP M. RINARD
60 REM MARCH 23, 1987
70 REM
80 REM
90 REM PUT THE FUNCTION AFTER THE EQUAL SIGN IN THE LINE BELOW:

100 DEF FNFUNC - 10*X - 3
110 REM
120 CLS
130 LOCATE 10,10
140 PRINT "What is an estimate of the root?"
150 LOCATE 12,10
160 INPUT X
170 XOLD - X
180 REM
190 GOSUB 340
200 XKNEW - XOLD - FNFUNC/DERIV
210 REM ITERATIONS STOP AT 0.01% ACCURACY, AS SET IN THE LINE BELOW:
220 IF ABS((XNEW - XOLD)/XOLD) < .0001 THEN GOTO 290
230 XOLD - XNEW
240 X - XNEW
250 PRINT XNEW, DERIV
260 GOTO 190
270 REM
280 PRINT : PRINT : PRINT SPC(10);
290 PRINT : PRINT : PRINT SPC(10);
300 PRINT "Root - ;XNEW
310 END
320 REM
330 REM CALCULATE THE DERIVATIVE NUMERICALLY
340 XSAVE - X
350 FRAC - .001
360 DIFF - FRAC * XSAVE
370 IF DIFF - 0 THEN DIFF - FRAC
380 X - X*(1+FRAC/2)
390 IF X -O THEN X-FRAC/2
400 VAL - FNFUNC
410 X - X*(lFRAC/2)/(1+FRAC/2)
420 IF X-0 THEN X - -FRAC/2
430 VAL2 - FNFUNC
440 DERIV - (VAL1 - VAL2)/DIFF
450 X - XSAVE
460 RETURN
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Overview of Burnup Credit Issues*
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lfftroduztio

A traditional assumption used In evaluating the criticality safety of a spent fuel storage or

transport cask Is that the spent fuel Is as reactive as fresh fuel. This Is known as the 'Iresh fuel

assumption. This assumption avoids a number of calculational and verification problems, but

takes a heavy tolf In decreased efficiency. An alternative to the fresh fuel assumption Is caged

6bumup cred. That Is, the reduced reactivity of sper fuel that occurs from the net depletion of

fissile nuclides and the net Increase in fission and activation product neutron absorbers (poisons)

( is considered.

Bumup credit has been successfully appiled to spent fuel storage pools In the U.S., resuling

In increased capacity and permitting the storage of spent fuel with higher nitial enrichments. Both

of the commercial transpoit cask designers supporting the Cask Systems Development Program

(CSDP) of the U.S. Department of Energys Office of Civilian Radioactive Waste Management

(OCRWM) - General Atomic and Babcock & Wilcox - have cask designs Inoorporating bumnup

credit.

The inplementation of bumup credit In the design of transport casks nust be accomplished

while still maintaining or enhancing Individual cask safety and system safety. It Is recognized that

the use of burnup credit will Increase the amount of unacceptable fuel available for misloadin.

To Implement a bumup credit design and operational strategy, additional sources of uncertainties

and issues must be identied and quantified, and steps taken to reduce those uncertainties.

This work performed at Sandia National Laboratories. Albuquerque, New Mexico, supported
by the United States Department of Energy under Contract No. DE-ACo4-76DPoo789.

A United States Department of Energy Facility.
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The criticality safety of a spent fuel system depends on the reactsly of that spent fuel. Spent

fuel reactivity Is a function of four variables: (1) the Initial enrichment of the fuel, (2) the geometry

of the fresh fuel, (3) the In-core burnup history of the fuel, and (4) the decay time since the fuel

was discharged as spent" from the operating reactor. From a design basis perspective, the

reactivity of a given system can be held constarn by varying the magnitudes of bumup and age

requirements to compensate for changes In ha enrichment for a given fuel geometry.

The fresh fuel assumption essentially forces reactivity to be considered a function of a single

variable. Le., Initial enrichment. The fresh fuel assumption results In a considerable criticality

safety margin In Individual casks. Requiring the cask criticality designs to be based on the

maximum available nitial enrichment of the fresh fuel provides sufficient excess design margin to

preclude a criticality evert from occurring under any foreseeable circumstance. This requirement

Implies that a misloading error Is sufficlently probable to compromise criticality safety In transport.

While the need for a criticality safety design margin Is acknowledged the actual margin provided

by the fresh fuel assumption Is not explicitly defined, and there are no explicit criticality safety

controls on the fuel loading operation. The actual fuel loaded could range from fresh to high

bumup fuel.

Criticality can only occur In an array of light-water reactor (LWR) fuel f (1) sufficient fissile

material Is available In a near optimum geometry, (2) a moderator is present, and (3) compromise

of avialable engineered te criticarity control features. No array of LWR fuel can achieve criticality

without water present In te array.

One govemrng "ground nuleO provides the basis for assuring criticality safety In an nuclear

systems. No single evert, loss, or failure, whether operational or component-related, should

result In reduced criticality safety. Under the fresh fuel assumption, the cask criticality control

system consists of a single extemalr component that Includes neutron absorbers (poisons)

Incorporated In the cask or basket web, void spaces or Illux traps Incorporated In the basket for

moderator requirements, and structural support nembers. These features are extemar to the

fuel. Flux traps are required to ensure that any neutron absorptions that occur do so in the

external poison rather than the fuel. When a cask Is flooded, the water contained In the flux traps

will thermalize neutrons In the vicinity of the external absorbers, thus the probability Is high they

will be absorbed In the basket poison. These basket features are hardwareO subcomponents of

the criticality control system. Loss of any hardware subcomponent could render the total system



Ineffective or, at a minimum, result in reduced reliability. This can occur because under curert

practice, there are no controls placed on the rnoderator and fuel components.

An additional safety margin results from other aspects of the design basis. For example, the

criticality design basis normally assumes maxirum water moderation and reflection, though
shipments are ntended to be dry. This results In additional negative reactity (30 to 40%) in the

cask that is ignored In the criticality design. Also, the reactivity of the actual fuel loaded should be
significantly less than the design basis fresh fuel values unless, of course, fresh fuel or slightly
burned faled fuel Is loaded Into the cask. The reliability of the critlcality safety margin associated

with the fresh fuel assumption Is generally assumed to be Independent of the reliability of fuel
bading operations. This is Indeed true i future fuel Is designed to the same reactivity limit over
the life of the cask. future fuel Is made more reactive (higher inital enrichment), the system Is
no longer passive, and active operational requirements will be necessary to preclude loading

nonspecification fuel into the cask. Nonspecification fuel is any fuel (fresh or rradiated) that
exceeds the design basis reactivity. While the system can be thought of as passive with respect

to fuel-loading errors, there remain numerous other design, development, fabrication, and
operational activities with potential for human error. These error probabilities are very small;

however, when combined, there remains a nonzero probability that the safety margin or the
system reliability could be less than expected.

Regardless of the design basis, three Individual events are required to result In a reduced
subritical margin or worse, a criticality accident during cask loading. The fuel reactivity margin
could be less than expected If specification fresh or slightly burned fuel or nonspecification fresh
fuel are loaded Into the cask. Excessive fuel reactivity and Inadequate criticality controls in a

cask, combined with an absence of soluble poison in pool water, could result In reduced margin
or a critical configuration as ustrated Figure 1.

The kelihood of excessive fuel reactivity occurring for the fresh fuel design assumption is
believed to be quite smal, because the system criticality safety Is virtually Independent of fuel
loading errors if fuel designs do not change (Le., becone more reactive) over the useful fife of the
cask. This situation already exists because current generation casks were designed for

maximurn fuel enrichments about 3.0 to 3.8 wt % U-235, and fresh fuel with enrichments up to 4.5
wt % U-235 are available at numerous reactor facilities. Future fuel designs are expected to be

based on even higher enrichments and possbly varying enrichments within an assembly design.

Inadequate criticality controls can result from design error, defective fabrication processes,
incorrect cask selection, or use of a damaged cask or basket, as illustrated by the fault tree In
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Figure 2. Any of these could affect the cricalty safety margin dependently. While soluble

poison is generally present In pool water at pressurized water reactor (PWR) plants. Its reactty

effect may vary from site to se. and Its concentration is not controlled. Soluble poison control Is

not used at booing water reactor (BWR) plants.

Enor sources which could lead to a detective cask design or fabrication are Nlustrated by the

fault tree In FIgure 3. A faulty componert can resu fom Incorrect fabrication procedures or

errors during the fabrication process. An Incorrect fabrication procedure may be developed

because of design or analysis errors. These can occur because of analyst error, an error In the

fuelenrichment chosen for the design basis, or errors associated with benchmark or experimental

data or methodology. Fabrication errors can also result from Inadequate material nspections or a

procedural error In the Inspection or forming processes. Finally, for a defective design or

hardware to be placed In service. a faulty acceptance test must fall to detect the defects.

For criticality to occur during transport a moderator and rssile material must be present In the

cask in a criticality geometry. The dominating events that could result In a criticality accident

during cask transport are independent of the particular fuel reactvity design basis. During normal

transport, sufficient fuel reactivity. Inadequate negative reactivity controls, and a water-flooded

cask contaIning no soluble poison are required. Again, an LWR fuel array cannot achieve

criticality unless a moderator is present. These conditions are identical to the minimum

requirements during cask loading.

The fault tree In Figure 4 illustrates the conditions necessary for criticality to occur during a

transport accident. Severe damage to exteral criticality control features such as the basket

supports, absorbers, or flux traps could render any fuel design margin inadequate. Excessive fuel

reactvty could result from either rearrangement during an accident or preshopment loading

errors. Presence of a moderator could arlse from two situations; an accident could occur that

leaves a cask where a moderator Is present (such as submerged In a river), or, the cask could

begin transport In a moderated (flooded) condition. Smilarly, moderator -leakage can only

occur In two ways. Fst, operator error during system assembly could result In an Improper seal,

or second, the containment could be severely ruptured during an accident. The net result of each

path Is a reduction In the subcrtical margin of the caskluel system.

It should be noted that an accidental crticaity event In transport requires at least two unlikely,

Independent, and concurrent or sequentl cwes In the conditions essential to criticarty safety.

Because LWR fuel ust be moderated to achieve criticality, the most significant source of

criticality safety comes from the requirement that the accident could result in a moderated
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Figure 2. Factors Affecting the Reliability of the External Crilicalily Control System



Figure 3. Failure Modes for a Defectfve Cask Design or Fabrication
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condition. I a cask In Indeed drr and sealed properly before shipment, three independent

events are required for criticarly to be credible: first, an accident: second, severe containment

failure: and third, moderator presence.

Bur Credil disues

In the case of bumup credit, the criticality control system consists of two separate

components. The rst Is an extemar control component, similar to that used In a fresh fuel

assurmption design basis, that cldes poisons In the cask or basket web and geometric spacing

and support The second Is an ternar control component - - the loaded spent fuel. Burned fuel

reduces external criticality control requirements due to net depletion of the fissile material and the

production of poisons.

From a broad perspective, the major events that could lead to reduced subcritical margin

during cask loading or transport are unchanged with burnup credit. However, the number of

opportunities for error leading to one of those events, excessive uel reactivity, will increase

because the populations of nonspeclficaion fuel will be larger and the characteristics of spent fuel

must be included In the cask design basis. These affect the error sources in Figure 2.

The Isotopic composition of the spent fuel Is the critical element In determining fuel reactivity.

The capability of the calculatonal codes to predict accurately Isotopic composition must be

validated by comparison to experimental Isotope assays - chemical and radiochemical - of spent

fuel rods. The fissile and dorinant actinide Isotopes have well-characterized yields and cross-

sections because of their Importanee to reactor control. Only a few fission products need to be

considered because of their dominance of neutron absorption.

As illustrated In Figure 5, exceeding fuel reactivity limits could resuit from a fuel-loading error,

an error in the analysis used to develop fuel-loading procedures, or an error In the bumup

characterization of the spent fuel (from error in In-core measurements or subsequent analyses).

Events that can lead to In-core analysis error are Illustrated In Figure 6. An erroneous loading

procedure (Figure 7) could occur 1 nonspeclication fuel Is Included In the spent fuel Inventory.

Such an error must be repeated several times (Le., several wrong assemblies must be chosen) to

achieve sufficient excessive fuel reactivity for criticality to occur. For example, analyses Indicated

that at least 3 to 4 misloadings of highly enriched fresh PWR fuel are required to approach critical

In a bunup credit spent fuel cask. A system assembly error (Figure 8) could result I Incorrect

fuel Is loaded, or an incorrect cask or basket Is used. Loading errors affect criticality safety only If
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Figure 6. Faffure Modes Affecting Spent-Fuel Characlerizalon
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Figure 7. Failure Modes Affecting Fuel-Loading Procedures
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there Is nonspecification fuel In the pool. Each error must be Identically repeated n an

Independert overcheck of each loading operation is required.

The effect of fuet-related failure modes on crirarty safety depends on the nonspecification

fuel Inventory available for misloading. The size of this Inventory depends on the bumup and

enrichment specbflcations used as the reactivity design basis for a cask. Analyses Indicate that

the mininum bumup necessary for a given enrichment wig be signicantly lower than the design

bumnup value for that enrichment, for ary fuel type, because there Is an upper imit on the

potential benefits of bumup credit for a given cask design. As more assemblies are added to the

cask, weight or shielding restrictions will become the capacity Smiting factor rather than criticality.

For this reason. t Is not necssary to take ul credit for the design burnup of a given assembly

before sufficient negative reactivity Is present to rece the need for external critcality control

features In a cask design. This Is particularly true for legal and overweight truck casks. Model

analyses dcate that bumups as low as 5 to 10 GWD/MTU (at 5.5 wt % U-235 Initial enrichment)

are sufficient to reduce the reactivity of a 3 to 4 PWR assembly array such that truck cask

capacities can be Increased from 2 to 4 PWR assemblies. For ral casks, burnups In the range of

25 GWDJMf (5.5 wt % U235) appear to be necessary to achlive a benefit from burnup credit.

For a given cask desin, lower enrichments and bumnup combinations yield lower reactivities

and thus can also be accommodated. In fact, the reactivities associated with fresh fuels of much

lower enrichments could also be accommodated.

Spent Fuel Inventory

Statistical analyses of the existing speit fuel Inventory have been completed that indicate

several mportant points. First, less than about 2°h of the existing spent fuel nventory appears to

consist of fresh or Irradiated fuel that would have reactivity In excess of a typical maximum

enrichment/minimum bumup specification for a rail cask. Second, as few as 50 individual

assemblies appear to be available in the current Inventory that could not be shipped In a four

PWR assembly truck cask. Third, a sgnificant fraction of the existing Inventory of

nonspefication spent fuel consists of older-generation stalnless-steel-clad fuel with high

enrdhmentto-design burnup ratios. Much of this fuel was prematurely discharged because of n-

core failures or other reasons that may require special handling and transport conditions. Fourth,

the majority of the existing Inventory of nonspecification spent fuel appears to be located at a

small number of older reactor facilites.

A trend analysis of historical premature fuel discharges from reactors was conducted to

investigate the reasons for those discharges. The results Indicate that the sciences of fuel



management and plant chemistry controls have matured considerably. Standardization and

Improvements In fuel designs, operational efiecencies, and chemistry management practices

have occurred during the Intervening years, resulting In fewer projected premature fuel

discharges. The nonspecilcation spent fuel inventory of the future could still be dominated by

older spent fuel discharged during the late lIG0s and early 1970s. This fuel wili compromise a

very small fraction of the future Inventory, even Ift Is not removed first

The only difference between the fresh fuel and bumup credit cases Is the addition of the

spent fuel criticality control component as illustrated in Figure 9. It s Iportant to recognize that

this component Is also a *system,- consisting of many design, development, abrication, and

operational activities that are very similar to those that result In the external criticality control

features of a cask. The exteral features are also affected by the spent fuel characteristics.

Some minimal acceptance criteria for demonstrating the reliability of spent fuel analysis and

operaltinal activities Is needed. This does not mean that the relabiity or quality of current spent

fuel operations Is questionable; however, the reliability associated with those operations needs to

be defined. The fact that the subsystem activities In both the fresh fuel and bumup credit cases

are similar indicates that the root cause error probabilities are ikely of similar magnilude.

Conchusion

The regulatory acceptance of cask design ncorporating burnup credit depends on the

Identification and resolution of uncertainties that affect the determination of criticality safety

margins, and on operational safety Issues. The factors contributing to uncertainties In the

determination of burnup credit criticarity safety have been independently assessed by several

methodologies. These uncertainties Include cooling time, reactor operating history, non-

uniformity of burnup, variations hi assembly design, and low density moderatio.
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MEASUREMENT TECHNIQUES FOR VERIFYING BURNUP

Ronald I. Ewing, Sandia National Laboratories1 , Albuquerque NM 87185
and S.R. Bierman, Batelle-Pacific Northwest Laboratories2 , Richland WA

INTRODUCTION

Radiation measurements have been used for many years to aid in the characterization,
handling, and processing of spent nuclear fuel. Applications have included radiation protection,
international safeguards, fissile content estimation for reprocessing, and verification of records

and calculations. The application of radiation measurements to support the identification of spent
fuel assemblies for loading into "burnup credit" transport casks is an outstanding issue in the cask

development program Transport casks are being designed to accept assemblies that meet certain
restrictions as to bumup, initial enrichment, and cooling time. Previous studies have concluded

that the utility-supplied data on bumup, age, and initial enrichment is of greater accuracy and
reliability than could be provided by additional radiation measurements on spent fuel assemblies

[Ref. 11. A possible role for measurements in bumup credit operations is to help prevent

misloading of unacceptable fuel assemblies either by confirming reactor records prior to cask

loading, or by detecting operator error at the time of loading.
A possible alternative to measurements is to use the administrative controls and operational

procedures that have been used at reactor sites that make use of bumup credit for spent fuel
storage. Experience at such sites needs to be carefully analyzed for its applicability to the

misloading and mis-identification probabilities.

Since there are over 40,000 spent fuel assemblies stored at more tand one hundred
locations in the U.S., it is important to carefully determine the necessity for and applicability of
any measurement requircmentL It is imperative that any measurement system selected be as

simple, inexpensive, quick, and non-intrusive as possible.
In this report we will consider how radiation measurements on spent fuel can contribute to

verifying the loading of burnup credit casks.

1. A U.S. Department of Energy Facility, work supported under contract DE-AC04-76DP00789

2. Work supported under U.S. DOE contract DE-AC06-76RL01830
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BURNUP CREDIT CASKS
The cbarades of fuel acceptable for loading into a bunup credit cask are

determinedby thedesign of the cask and can be specified by a loading curve, as shown in
Figure 1. The cask to which this Figure applies is designed to accomodate four assemblies
of the Westinghouse 17 X 17 pressurized water reactor (PWR) fuel design. The criticality
(keff) of the cask was calculated using computer programs and cross section data contained
in the StandardizedLComputer Analyses for Licensing Evaluation (SCALE) system [Ref.
21. This system wqs developed for the NRC by Oak Ridge National Laboratory to
perform standard criticality, shielding, and heat transfer analyses. In this example, the
acceptable assemblies (cooled for a minimum of two years) are configured in the cask so
that, under flooded.conditions, the system is less than 95% of critical (keff < 0.95). The
curve separating to "acceptable fuel region" from the "unacceptable fuel region" is
determined by keook 0.95. Fuel for which the combination of initial enrichment and
burnup place it in ee acceptable fuel region will result in keff < 0.95 when loaded into the
cask, assuming thecask is filled with pure water. The curve also delineates the minimum
burnup credit requited for a particular initial enrichment In Figure 1, the cask can
accomodate spentffel of initial enrichment 4.5 wt% U-235 with burnup greater than 7
GWD/MTJU and maintain keff < 0.95. This cask design can accomodate fresh fuel
(burnup = zero) far iniialenrichments less than 3.5 wt% U-235. One interesting result of
the calculations ishat, over the range of burnup values of interest, a 25% variation in
burnup produces achange of less than 3% in keff for this cask.

RADIATION FROM SPENT FUEL
The spent fuel assemblies of initial interest in burnup credit loading operations are those

that have been coaing for the longest period of time. Most assemblies that are likely to be loaded
into bumup creditAisks in the first years of transport cask operations will have cooling times
greater than 10 years This long cooling time results in simplified radiation spectra from the spent
fuel. Some irnportant gamna-ray and neutron emitting nuclides for aged assemblies are listed in
Table 1. 'For shorue cooling dimes, many more isotopes are significant emitters, but most have
decayed to insignificance after 10 years because of the predominance of short half-lives in te
fission and activatinn products.



TABLE 1.

NUCLEDE HALF-LEFE (yr) RADIATION
24 2CM 0.45 n, spontaneous fission
244Cm 18.1 n, spontaneous fission
238pu 87.8 n, spontaneous fission

34Cs 2.06 y, 605,796 keV
137CS 30.0 y, 662 keV

The cesium isotopes are produced as fission products while in the reactor, so their

production is essentially proportional to burnup. After the fuel is removed from the reactor, the

isotopes decay with the indicated half-lives. The spontaneously fissioning isotopes are produced

by successive neutron capture, beginning with uranium. 244Cm production initially proceeds as

the sixth power of the integrated flux Initially, burnup is directly related to the flux times the

initial enrichment. For higher burnups, 244Cm production is found to be proportional to the
fourth power of burnup, still a very strong function. 242Cm and 238Pu are less sensitive, but

also very strong functions of burnup. This strong dependence of neutron emission on bumup
means that uncertainties in rneasuring the neutron emission result in even smaller uncertainties in

the burnup, identifying neutron emission as a very sensitive and accurate meas of inferring

burnup. At ten years cooling, for low burnups, the Pu isotopes dominate the neutron emission.

For higher burnups, 244Cm dominates, and the decay follows the 18.1 year half-life. Gross
gamma emission follows a similar function of cooling time that is complicated for short cooling

times, with many isotopes contributing, but after ten years, 137Cs dominates. For cooling times
out to about 8 years, the ratio of 134Cs to 137Cs gamma-rays provides a means of detemining
cooling time, but after 10 years, the technique is no longer viable due to the decay of 134Cs.

The information that can be inferred from passive neutron measurements on spent fuel that

has cooled for more than ten years is limited to burnupt enrichment ratios, with some dependence

on the absolute burnup, but only weakly dependent on age. Gamma-ray measurements provide a
less sensitive indication of bumup, also weakly dependent on age.



MEASUREMENT SYSTEMS

Neutron sources, such as 252C(, can be used to induce fissions in the fissile material
remaining in spent fueL he neutron multiplication can be measured and related to cask criticality

by calculations, independent of initial enrichment, burnup, or age. This active interrogation
technique is complicated by complexities in operation and interpretation that would restrict its use

to applications for which passive measurements are inadequate.

A number of measurement systems have been examined for applicability to burnup credit
cask operations. Those systems that have been emplaced at spent fuel locations and have
generated useful data and operational experience were analyzed in greater detail. Included were

both passive and active systems used in Japan, France, the Soviet Union, as well as the U.S.

It should be emphasized that all of these systems produce only relative values for their
measurements, and all are dependent on the availability of a standard calibration assembly of the

same design as the assemblies to be examined. The pertinent characteristics of the calibration
assembly are assumed to be known. In the measurements under consideration , an assembly or
group of assemblies of well-documented characteristics could be selected as the reference

standard, and all measurements are referred to the chosen standard.
Only one measurement system will be considered in detail here, because it combines the

features considered most desireable in this application.

THE "FORK" SYSTEM
The spent fuel measurement system designated "Fork" because of its shape, was

developed at Los Alamos National Laboratory for use in safeguards applications for the
IAEA(Ref. 31. The system is diagrammed in an operational arrangement in Figure 2. It is

portable, and can be moved in the storage pool to the spent fuel assembly to be examined. It
requires that the assembly be raised in the storage rack so that the midpoint is about 50 cm above

the top of the rack The detector head is located at the midpoint of the assembly for the
measurement. A cadmium-covered fission chamber is used to measure neutrons from the
assembly, and an ion chamber is used to measure gammas. An additional fission chamber,

without a cadmium cover, is used to infer boron content in the storage pool, since the value of that
parameter could vary widely in the safeguards application. The detector head is made of
polyethylene and has identical three-detector arrays in each of the two tines of the fork, for
redundancy, in case of a detector failure. A battery-powered electronics unit and microprocessor

are used to supply all power to the detectors, collect and analyze the detector outputs, and perform
necessary calculations and documentation. The unit has been used to examine spent fuel
assemblies at storage facilities in the U.S., Finland, Gernany, France, Bulgaria, and
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Czechoslovakia. The measurements have required less than 100 seconds measuring time per
assembly, and a considerable database has been established. The users state that with proper
calibration standard assemblies, burnup has been determined to an average accuracy of about 5%,
for burnup in excess of 10 GWDMTU. The gross gamma-ray measurements have been shown
to be consistent with operator-declared values for burnup and age to about 10%. This result has
proved to be adequate to eliminate the need for more complex active or high-resolution
measurement techniques[Ref. 41.

The safeguard measurement requirement, the validation of reactor records, is similar to
the requirements for measurements in burnup credit operations, so it is likely that the Fork
system, or a similar design, would be adequate for the burnup application. The Fork system has
apparently not been used for fuel aged in excess of 10 years, so some additional measurenents
may be useful. Other modifications possibly useful in the burnup application include elimination
of the second fission chamber, replacement of the detectors with simpler, more sensitive, less
expensive, or more reliable detectors. A "comer" arrangement rather than the "fork" may also be

desireable.

PLANS
The database generated to date using the "Fork" system will be examined for applicability

to ten-year-plus fuel, and to determine if additional measurements are needed. The desireability of
modifications will be further investigated. Operatonal requiments and restrictions will be more

clearly defined by obtaining utility iput, and applying the experience of operators using burnup
credit in storage facilities.

CONCLUSIONS
Measurements can be used in burnup credit operations to help prevent misloading of fuel

that does not meet the minimum specifications for a particular cask design. Passive neutron and
gross gamma-ray measurements are proposed as a means of qualifying spent fuel assemblies.
Active systems to measure reactivity or fissile content are necessarily more complex and appear to
offer no obvious advantage to burnup credit applications over simpler systems. Plans are
underway to produce a prototype measurement system and generate a database of spent fuel

measurements, making use of experience with the "Fork" design used by the IAEA for safeguards
inspections.
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VALIDATING ANALYSIS METHODOLOGIES USED IN
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ABSTRACr

The concept of allowing reactivity credit for the depleted (or burned) state of pressurized-
water-reactor fuel in the licensing of spent fuel facilities introduces a new challenge to members of
the nuclear criticality community. The primary difference in this analysis approach is the technical
ability to calculate spent fuel compositions (or inventories) and to predict their effect on the system
multiplication factor. Isotopic prediction codes are used routinely for in-core physics calculations and
the prediction of radiation source terms for both thermal and shielding analyses, but represent an
innovation for criticality specialists. This paper discusses two methodologies currently being
developed to specifically evaluate isotopic composition and reactivity for the burnup credit concept.
A comprehensive approach to benchmarking and validating the methods is also presented. This
approach involves the analysis of commercial reactor critical data, fuel storage critical experiments,
chemical assay isotopic data, and numerical benchmark calculations.

INTRODUCIION

In the past, criticality analysis of pressurized-water-reactor (PWR) fuel stored in racks and
casks has assumed that the fuel is fresh and of the highest conceivable enrichment. This assumption
has led to the design of widely spaced and/or highly poisoned storage and transport arrays. If acdit
is assumed for fuel bumup, compact and economical arrays can be designed. In addition, if burnup
credit casks are used in the transport of spent light-water-reactor (LWR) fuel to a repository, a
significant reduction both in the cost of transport and in the risk to the public can be realized.1

The ANSI/ANS BA criticality safety standard2 requires validation and benchmarking of the
calculational methods used in evaluating criticality safety Emits for away-from-reactor (AFR)
applications. Numerous critical experiments for PWR fuel in storage configurations exist and can be
used as a validation data based 7 There are no published critical experiments with burned PWR fuel
in storage configurations. However, two sources of experimental data for spent fuel have been
identified: fuel assembly chemical assay data"0' and commercial reactor cycle performance data
including hot zero-power and hot full-power criticals.....3 Chemical assay data can be used to validate



and benchmark a method's depletion performance, and commercial reactor criticals can be used to
validate and benchmark a method's criticality performance with burned fueL By breaking down the
burnup credit validation problem into various parts, conclusions can be drawn about the validity and
uncertainty of a method used in calculating criticality safety limits for burned fuel in storage and
transport arrays.

ANALYSIS METHODOLOGIES

Iwo methodologies currently being developed as part of the US. Department of Energy
(DOE) Burnup Cedit Program are discussed in this paper. One is based on the SCALE code
system," which is comprised of computational tools widely accepted for use in AFR applications.W6
The second methodology utilizes the CASMO-31SIMULATE3 code package,17-" which is typically
accepted for use in a variety of in-core applications.

Oak Ridge National Laboratory (ORNL) has developed and validated the SCALE-based
methodology. his approach uses the KENO V.a Monte Carlo code to calculate the multiplication
factor for spent fuel storage and transport geometries. KENO V a has a large degree of flexibility
in its geometrical modeling capabilities which is essential for modeling a large variety of storage and
transportation casks. Spent fuel arrays and container geometries can be modeled in explicit detail
by KENO V.a. The isotopic composition of the spent fuel is derived from a SAS2H0RIGEN-S
calculation that simulates two-dimensional (2-D) effects in a one-dimensional (1-D) model of an
LWR fuel assembly. The depletion model is a simple point model using cross sections and neutron
flux parameters derived from the 1-D fuel assembly model. Computational tools have been developed
to facilitate processing the isotopic data generated for spent fuel into the criticality calculations.

Yankee Atomic Electric Company (YAEC) has developed and validated a burnup credit
methodology based on SIMULATE-3 nodal diffusion theory with cross sections and isotopics from
CASMO-3. Criticality calculations using CASMO-3ISIMULATE-3 can only be performed on arrays
that are square and nodalizable. However, a large number of storage and transport arrays satisfy this
geometric constraint. In this methodology, detailed isotopic data are implicit in the two-group
macroscopic cross sections obtained from the CASMO-3 integral transport analysis. Burned fuel
assemblies are characterized by nodal variables, such as exposure and moderator density history.
These assemblies can be directly shuffled from in-core models to out-of-core storage or transport
arrays models.

COMMERCIAL REACTOR CORE CRITICALS

Nuclear reactor core criticals are relevant benchmarks to burnup credit cask and storage
criticality analysis because these types of criticals test the ability of a methodology to perform
depletion and to handle the reactivity effects of heterogeneities and strong absorbers Commercial
reactors offer an excellent and inexhaustible source of critical configurations against which criticality
analyses can be validated for burned fuel configurations.11 3 Analyses can be performed for precise
state points at beginning of cycle (BOC) and end of cycle (EOC), or throughout the cycle depletion.



The SCALE methodology has been used to evaluate BOC and EOC core configurations for
several PWRs: North Anna and Surry (Virginia Power Company); and Sequoyah (Tennessee Valley
Authority)." 6 Isotopics produced by Virginia Power using three-dimensional (3-D) PDQ analyss
techniques were utilized in a computation involving the SCALE criticality methodology (KENO Via
and SCALE cross sections) for the North Anna and Surry reactors. These results have been
compared with those obtained using the complete SCALE bumup credit methodology to indicate the
uncertainty due to the method chosen for the calculation of spent fuel isotopics. Results indicated
that the SCALE methodology underpredicted k.j by to 1.5% relative to the PDQOKENO V.a
calculations. The PDQOENO Via calculations underpredicted by 1 to 15% for BOC
configurations and overpredicted A., by to 1.5% for EOC configurations. The SCALE results were
very good for the EOC configurations, within 0.5% &k

YAEC has used the CASMO-based methodology to perform core follow calculations for
cycles 1 and 2 of the Surry Unit 1 reactor.9 The CASMO-based methodology explicitly models the
power level, soluble boron, system pressure, coolant temperatures, and control rod bank D height
Twenty-six state points were calculated for cycle 1, with an average kff of 0.99965 ± 0A0019& The
average ff calculated for 11 exposure state points in cycle 2 was 099982 ± 0.00106. Thus, the
calculated results are considered to be in excellent agreement with the utility data.

The CASO-3JSJMULATE-3 methodology is designed for in-core calculations and performs
in an exemplary fashion for the reactor-critical configurations. Results obtained using the SCALE-
based system demonstrate that a simple AFR calculational system can be used to predict Lr for spent
fuel in a reactor with an uncertainty of about 1.5%.

ISOTOPIC EVALUATIONS

Reactor criticals provide an indication of the integral validity of the ability of a method to
predict isotopics ad evaluate kje, but chemical assay data for spent fuel provide a unique means for
an explicit validation of actinide behavior and fission-product buildup. Since burnup credit assumes
fuel depletion andfmsion-product buildup, validation of the details of a method's isotopic calculation
is important. Numerous determinations of the actinide content in LWR fuel have been performedY' 0

A limited quantity of experimental data for fission-product inventories in LWR spent fuel is also
available.

In the mid-1980s, the Office of Civilian Radioactive Waste Management (OCRWM) assigned
the Materials Characterization Center at the Pacific Northwest Laboratory (PNL) the responsibility
of procuring and characterizing a representative selection of LWR spent fueL Several fuel elements
in the U.S. spent fuel inventory were identified and obtained for characterization as approved testing
materials (ATM). Data for ix fuel samples from one of these test assemblies (ATM-103) and data
for two fuel assemblies from the German Obrigheim PWR have been used by the group at ORNL
in validation analyses for the point-depletion sequence (SAS2H) used to calculate spent fuel
inventories.'s The measured data spanned a range of burnups from 25,930 to 44,340 megawatt days
per metric tonne initial uranium (MWd/MTU). Ihe computed percentage differences between the
measured and calculated concentrations were on the order of I to 6% for uranium isotopes and
slightly higher (1.2 to 6.3%) for the plutonium isotopes and Americium-241. One exception is that
the predicted concentrations for 242Pu were nearly 10% less than the measured values. Only three
fission products of interest to the burnup credit program have been explicitly measured by the PNL



group: Tc, 13'Cs, and '5Cr On the average, the fission-product number densities calculated by
SAS2H were overpredicted by &2, 25, and 18.8% for 'c, 34 and USGs, respectively. he
Obrigheim results reported measurements of fission-product ratios which included the neodymium
isotopes, 143 and 145, measured relative to ZUNd. Calculations of these two fission-product ratios
were in very good agreement with the measured values (0.4 and 2.3%, respectively).

The significance of the comparisons of isotopic concentrations relative to their impact on
criticality calculations is the key issue for the application of burnup credit. This analysis was
performed by computing the reactivity sensitivity coefficient (defined as the percentage change in k.
divided by the percentage change in isotopic concentration) for each of the isotopes of interest This
parameter indicates the importance of an individual nuclide in the overall criticality calculations. The
results indicate that 2U had the largest negative effect on reactivity, and 2"Pu had the largest
positive effect (not including the obvious importance of mU). be concentration of =U was
generally underpredicted by SAS2H by about 4.2%, whereas the 23Pu concentration was
conservatively overpredicted by 4.8%. The 2mU number densities are overpredicted by 12% on the
average. All other nuclides have calculated reactivity sensitivity coefficients that are an order of
magnitude smaller than for these three important nuclides. Note that important fission products, such
as the samarium isotopes, were not included in this study because no measured concentration data
were available. A calculation that modified number densities for all nuclides by the average
percentage difference indicated that the overall effect in terms of the multiplication factor was very
small (0.66% Ak/c) in the negative directionIs Conservative assumptions used by cask designers
involve neglecting differences that would result in a lower Ikff and modifying number densities for
nuclides that cause reactivity to increase.

YAEC has performed comparisons of the CASMO-3 actinide isotopic calculations with
Yankee Rowe Core I (ref 8) and with selected high burnup fuel pins from a fuel assembly that
resided in Zion Corcs 1 through 4 (ret 9). Yankee Core I isotopics were measured over a broad
range: approximately 1Z000 to 31,000 MWdAMTU. he Yankee data were segregated into batches
of fuel rods occupying fuel assembly positions in asymptotic, intermediate and perturbed neutron
spectra. These spectra corresponded to fuel rods from the assembly interior, between the interior
and water slots, and next to water slots to represent a range of conditions. Comparisons of calculated
and measured uranium and plutonium isotopics showed relatively good agreement as a function of
burnup.

The Zion data provided benchmark isotopics for contemporary Westinghouse PWR 15 15
assemblies and for extended burnup ranges. The data included uranium and plutonium atom
percents, and americium and curium isotopic ratios to a'Pu for five different pin locations within an
assembly. The burnups range from 23,471 to 51,753 MWd/MtU. Generally, the CASMO-based
methodology tended to underpredict uranium and plutonium concentrations. The exception to this
was that the concentrations of 2MU and 2 1Pu were slightly overpredicted (<1% and <5%,
respectively). The concentration of "Pu also tended to be overpredicted (on the average of 13%)
for higher burnups ( >40,000 MWdMTU). As noted in an earlier discussion, M U, 2MU, and 239pu
concentrations have the most significant effect on kff. The results for aU and 2Pu are in ecellent
agreement with the SCALE-based results. he Zion data cover a wider range in burnup than did
the data used in the SCALE comparison Neglecting the Zion sample with the highest burnup, the
average percentage difference in the results for 2sU is about 6%, which is again consistent with the
SCALE results. he average percentage difference for the highest burnup samples (49 and 51
GWdAMTU) is approximately 10o for 'U. A slight positive trend in the magnitude of the
differences with increasing bumup was also-observed. However, one must use caution in drawing



conclusions based on small ifferences because the measurement uncertainties and the difficulty in
measuring small concentrations must also be considered.

Overall, the isotopic prediction schemes used by each of the two analsis methodologies
perform very well. Preliminary indications are that the fission-product concentrations are
overpredicted by 10 to 20% and that corrections no larger than 10% are necessary for any of the
actinide nucides. Specific results are dependent on the methodology used to predict the isotopics.

FUEL STORAGE CRMCALS

Fuel storage criticals provide an evaluation of the validity of a method's ability to handle
neutron interactions between fuel assemblies with: water gaps, poison sheets, poison loadings,
dissolved soluble boron, flux trap geometries, and shielding materias. Numerous benchmarks of this
tpe exist to validate the performance of the calculation methodologies.'

ORKL modeled 15 critical experiments" using the SCALE-based methodology in order to
examine seven different criticality aspects related to LWR fuel in transportation and storage casks:

1. neutron interaction between fuel assemblies,
2. effectiveness of neutron flux traps between fuel assemblies to reduce reactivity,
3. effect of voiding on the effectiveness of neutron flux traps,
4. effectiveness of neutron absorber plates and rods to reduce interaction between fuel

assemblies,
S. reactivity effect of commonly used biological shielding materials,
6. neutron spectra shift or relative neutron moderation caused by dissolved boron, and
7. plutonium buildup and uranium depletion.

All experiments used in the validation study were water moderated. The mean Scff for the
15 critical experiments was 0.9927. Mean values of k& were calculated by category: U0 2 reflected
by water, 0.9923; U02 reflected by metal, 0.9984; and mixed-oxide (MOX) criticals, 0.9801.

These comparisons indicated that for the SCALE-based methodology a bias of approximately
2% would be required to account for cross-section bias and for the bias in the computational method.
Comparisons with additional MOX critical experiments are to be performed. These additional
calculations could have a potential effect on the overall bias for the methodology and would definitely
impact the uncertainty in that bias by increasing the number of data points from which t is derived.

YAEC modeled 33 LWR fuel storage critical experiments using CASMO-3)SIMUIATE-3
nodal diffusion techniques. These included: 10 B&W 3 x 3 array fuel storage criticals, 3 9 PNL single-
lattice critical 4 PNL two lattice cluster flux trap critical and 10 PNL 2 x 2 cluster cruciform flux
trap criticals.' The mean Icff and standard deviation for all critical experiments was 0.9993 ± 0.0063.
These statistics show a low bias and a low standard deviation, which indicates that the CASMO-3/
SIMULATE-3 method is valid and accurate for LWR fuel storage criticality analyses.



NUMERICAL BENCHMARK PROBLEMS

In addition to standard benchmark criticals, numerical benchmark problems can be formulated
which address isotopimnd storage array reactivity evaluations. These benchmark problems can be
used to intercomparesnethods and quantify differences in results. A PWR fuel assembly isotopic
benchmark has been described and evaluated by ORNL and YAEC.2' A hypothetical 31-assembly
burnup credit cask design has been described and evaluated by ORNL and YAEC. hese results
provide independent werification of criticality trends with cooling time, water level and water
density.=

CONCLUSIONS

By breaking disvn the burnup credit validation problem into various parts, conclusions can
be drawn about the ulidity and uncertainty of a method in calculating criticality safety limits with
burned fuel in storageand transport arrays. Commercial reactor criticals, isotopic evaluations fuel
storage criticals, and =umerical benchmark problems can be used to evaluate the performance of a
method used in calculating criticality safety limits for burned fuel in storage and transport arrays.
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STRATEGIES FOR CERTIFYING
A BURNUP CREDIT CASK
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ABSTRACT

A new generation of high capacity spent fuel transport casks s
being developed by the Department of Energy (DOE) as part of the
Federal Waste Management System (FWS). Burnup credit, which
recognizes the reduced reactivity of spent fuel Is being used for
these casks. Both cask designs being developed for DOE by
Babcock & Wlcox and General Atomics use burnup credit. The cask
designs must be certified by the Nuclear Regulatory Commission
(NRC) if they are to be used in the WMS. Certification of these
casks by the RC would not require any change in transport
regulations, and would be consistent with past practices. To
support certification, DOE has dentified the technical Issues
related to burnup credit, and embarked on a development program
to resolve them. Following a background discussion of
criticality safety for spent fuel transport, an approach to
design and use of a burnup credit cask is presented. It is
concluded that an adequate technical basis is being developed for
spent fuel casks to demonstrate compliance with the NRC
criticality safety requirements.

INTRODUCTION

The Department of Energy's (DOE's) Office of Civilian Radioactive
Waste Management (OCRWM) is in the process of developing a new
generation of high capacity casks to transport spent fuel from
commercial nuclear reactor facilities to federal waste
facilities. The DOE's role in the Federal Waste Management
System (FWMS) is defined in the 1982 Nuclear Waste Policy Act
(NWPA) and its 1987 amendment (NWPAA). The NWPAA requires DOE to
use spent fuel and high level radioactive waste casks certified
by the Nuclear Regulatory Commission (NRC). Because of the high
shipping rates anticipated, and since cooling times of spent fuel
that will be shipped significantly exceed the design cooling
times of existing casks, a decision was made to develop new
higher capacity casks. The potential benefit of higher cask
capacities, is fewer shipments. Fewer shipments result in health
and safety benefits as well as cost benefits. In evaluating the
needs of the cask development program a number of technical
issues were identified that would further support improved cask
capacities. Burnup credit is one of these technical issues.'

Burnup credit is the practice of accounting for the reduced
reactivity of spent fuel in evaluating criticality safety. The
NRC transportation regulationsa (10 CFR 71) require



subcriticality of transport systems. The regulations do not
elaborate on how subcriticality should be assured, nor do they
prohibit the use of burnup credit for criticality safety. The
NRC has, in the past, approved one cask which uses burnup credit.
It is the Model LI-6502 (NRC certificate of compliance no.
9103) which is used to ship highly enriched research reactor
fuel. However, in the case of commercial light water reactor
(LWR) spent fuel, the NRC has established a long standing
precedent of assuming that fuel is unburned or fresh (i.e., the
fresh fuel assumption) for the purpose of evaluating criticality
safety.

Since burnup credit has not been considered in the past for
criticality safety analysis of spent LWR fuel, it has been
necessary to develop additional technical data to supplement the
data used for the fresh fuel assumption. Other areas of interest
being pursued are verification of analytic methods and
verification of procedures to assure proper loading for casks
using burnup credit.

THE DOE/OCRWM BURNUP CREDIT PROGRAM

The ORWM burnup credit activities are performed cooperatively by
two separate groups. The base technology for burnup credit is
being developed by the Burnup Credit Task Group (BCTG), lead by
Sandia National Laboratories (SNL). The implementation of
burnup credit for use in spent fuel cask design is the
responsibility of the second group, consisting of the ORWM cask
contractors.

The BCTG activities include identifying and resolving generic
technical issues associated with the design of burnup credit
casks. The issues which have been identified by SL and others
within the OCRWM transportation program, 1 have also been
identified more recently by an independent group of experts.'

Both of the OCRWM Initiative 1 cask contractors are planning to
use burnup credit for criticality safety. Both of the
contractors, General Atomics (GA) and Babcock & Wilcox (B&W), are
using burnup credit for their pressurized water reactor (PWR)
spent fuel cask designs. Neither contractor is currently using
burnup credit for their boiling water reactor (BWR) spent fuel
cask designs. Both contractors have met with the RC on several
occasions to discuss their approaches to using burnup credit.
The BCTG has met with the NRC separately, and has supported the
cask contractors in their efforts to gain NRC approval for the
use of burnup credit.

CRITICALITY AND CRITICALITY SAFETY

Criticality is the achievement of a self-sustaining nuclear chain
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reaction. The chain reaction proceeds as atoms of a fissile
material absorb thermal (rather than fast) neutrons, fission
(i.e., split) into new lighter atoms (i.e., fission products),
and additional:neutrons which interact with more fissile atoms.
When the process continues on its own, the system of atoms of
fissile material is said to be critical. The measure of
criticality is the multiplication factor, k. The multiplication
factor is the ratio of the rates of neutron production to neutron
loss. When k 1, we say the system is subcritical. Criticality
is achieved when k - 1, and a system is said to be supercritical
if k > 1. In theory we may consider an unbounded system of
fissile material (i.e., infinite system), in which case ,., is
used as the measure of criticality. In practice we are
interested in real systems which have finite size, in which case
kc.,, is used as the measure of criticality.

I

Nuclear reactors are designed to achieve criticality. The
results of a reactor's operation include the conversion of
fissile material to its lighter elements called fission products
and heat which is used to generate electric power. About once a
year, 1/3 of te fuel in a reactor is replaced (i.e., an average
assembly spends about three years in a reactor before it's
replaced). The spent fuel is removed because its reactivity is
too low to effectively contribute to power generation in the
reactor environment.

Spent fuel casks are designed to be subcritical (i.e., they must
not achieve criticality). This is accomplished by using one or
more of the following approaches: 1) limit the quantity of
fissile material in the system, 2) remove thermal neutrons by
using neutron-Absorbers (poisons), 3) control the population of
thermal neutrons by moderator and/or reflector materials, and 4)
control the spacing of the fissile elements of the system to
reduce reactivity. Although the spent fuel is no longer very
effective forrower generation it is still somewhat reactive.
Furthermore, under the assumed worst case flooded conditions of
10 CFR 71, and Aunder transport conditions which are cooler and
lack the boron control of PWR water, the spent fuel would be
somewhat more reactive.

To obtain an NRC certificate of compliance the cask designer must
demonstrate subcriticality of the spent fuel cask under the
requirements of; 10 CFR 71. Criticality safety must be
demonstrated for a single package assumed to contain water, and
be surrounded by water (this provides moderation and reflection
of neutrons). Criticality safety must also be demonstrated for
arrays of casks in their most reactive credible condition
following both-normal and hypothetical accident damage conditions
of 10 CR 71. For dry spent fuel casks which are water tight
under normal ad hypothetical accident conditions, the single
package which assumes a water flooded cask is most reactive.
Furthermore, since water is necessary for criticality in a LWR
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system only the single package case can achieve criticality for
such a dry cask system. The analytic conditions described above
represents a worst case approach to assuring criticality safety.
In addition, it has become a customary practice to design
transport casks to a 5 criticality safety margin. That is, the
cask under its most reactive circumstance must be shown to have a
iF, 0.95. For OCRWM casks which will be used to transport
spent fuel to a repository that will be licensed by NRC under 10
CFR 60 a cask k.,, S 0.95 is required by those regulations.'

CASK DESIGN FOR CRITICALITY SAFETY

Casks are designed and used to specific limits of fissile content
and internal configuration. For multi-assembly PWR casks fuel
baskets are used to limit neutron interaction between assemblies
by controlling geometry and by the use of external (i.e., outside
the fuel) poisons. Baskets may also use flux traps to control
neutron interaction between adjacent fuel assemblies. A flux
trap is basically a gap built into a basket which is activated
for a water flooded cask by forming a sandwich of water
surrounded by neutron poisons to separate adjacent fuel
assemblies. The flux trap configuration traps neutrons
travelling between fuel assemblies.

Under the fresh fuel assumption for criticality safety analysis,
the fissile content of the fuel is assumed to be the same as the
unused levels, and fission products that may act as internal
poisons are ignored. For casks designed using burnup credit for
criticality safety, the reduced fissile content of the fuel is
considered along with the internal poisons present in the burned
fuel.

A substantial amount of data and experience exists for
criticality safety in transportation under the fresh fuel
assumption. This information is directly applicable to
criticality safety design for burnup credit casks. However, the
use of burnup credit introduces several new variables and issues
that require additional information and resolution. These
include: 1) fuel characteristics and criticality analysis
methods, 2) effects of fuel in-core burnup history on average and
local characteristics (e.g., the so-called end effects), 3)
assurance of loading burnup casks with fuel having sufficient
minimum burnup characteristics, and 4) uncertainties associated
with the new variables.

The predictability of spent fuel characteristics and criticality
by analysis is being addressed by the BCTG headed by SNL. This
activity is referred to as benchmarking.6 Once the basic
benchmarking efforts are completed by the BCTG, the cask
contractors will be able to incorporate the information into
their specific cask designs. Similarly the end-effects issue is
being addressed by the BCTG,' and will be incorporated into the



specific cask design activities by the cask contractors.
Finally, the issue of assuring proper cask loading will be
primarily addressed by the cask contractor, with support from the
BCTG who will develop loading verification measurement methods.'

Figure 1 presents a graphical description of an approach to
criticality design safety. The graph provides a useful
quantitative description of criticality safety design for a cask
using either the fresh fuel assumption or burnup credit.

Curve A represents kC, for an infinite array (or perfectly
reflected finite array) of spent fuel assemblies having various
initial enrichments, no external criticality controls, and no
burnup (i.e., fresh fuel assumption). Curve B represents the ,,
for essentially the same system, but of finite size. The
difference in k between curves A and B is due to neutron leakage.
For very large arrays the leakage is small, and for small arrays
the leakage would be larger (e.g., a R/B cask vs. a LWT cask).

Curve C. is the ,, for an externally controlled version of the
system represented by curve B. The external criticality controls
may include poisons as well as flux traps which are part of the
fuel basket. The K,,s represented by curves C, through C.
correspond to the system represented by C., but with increasing
burnup credit assumed, and corresponding reduced reactivity.

The multiplication factor for our hypothetical cask design, k.,D,
is represented by curve C. up to initial enrichment e, and curve
D between e. and e. The increasing kCrf.D (up to e) is the fresh
fuel portion of the criticality safety design curve. The
decreasing portion between e and e, is the burnup credit
portion. If there were no uncertainties associated with burnup
credit the burnup portion of the curve would coincide with a
design multiplication factor -cD - 0.95 throughout its range.
The difference in k,, between curve D and 0.95 represents the
increase in uncertainty as more burnup credit is taken.
Basically, we see that for a cask designed using the fresh fuel
assumption or burnup credit the peak k,, occurs at the maximum
enrichment under the fresh fuel assumption. Although
uncertainties can be reduced for burnup credit, they can never be
reduced to zero; furthermore, they tend to increase with
increased burnup credit. These factors are reflected by curve D.

USE OF A BURNUP CREDIT CASK

Operation and use of a burnup credit cask is nearly the same as
operation and use of a cask designed using the fresh fuel
assumption. The difference is that for fuel falling into the
region where criticality safety relies on burnup credit, the
loading process must assure that the additional burnup conditions
are met. For proper loading of a burnup credit cask we need to
know the amount of burnup the fuel has undergone, its age, and
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initial enrichment. Of those, only the initial enrichment is
needed for a fresh fuel cask loading. Figure 1 provides a design
curve for a specific fuel type in a specific cask design along
with specific age, initial enrichments, and burnups. The curve
representing the cask design k,, in Figure 1 can be used to
develop the spent fuel loading curves shown in Figure 2. The
family of loading curves, designated 4, ... 84 represent
loading curves for different fuel types with different
reactivities. Curve . represents the most reactive of those
considered. Curve L3 represents the least reactive.

Spent fuel with burnup and initial enrichment above and to the
left of the curve representing (or bounding) its fuel type in
Figure 2, may be loaded to full capacity. Spent fuel with
initial enrichment less than the enrichment designated e., (where
i = 1, 2, 3, or 4) for its fuel type is loaded as a fresh fuel
array, and minimum burnup is not a concern. Spent fuel with
burnup and initial enrichment below and to the right of the curve
representing (or bounding) its fuel type cannot be loaded without
additional evaluation and possibly additional actions to control
reactivity, and assure a k, , 0.95. Additional control could
include reduced capacity (less fissile mass) or use of additional
neutron poisons (increased external control).

OCRWM CASK DESIGNS USING BURNUP CREDIT

The two spent fuel casks currently being designed for OCRWM are
the GA LWT casks and the B&W R/B cask. Both GA and B&W use
burnup credit in addition to external poisons in the fuel baskets
for criticality safety of their PWR loadings. Both use external
poisons alone for their BWR loadings (i.e., fresh fuel
assumption). Neither GA nor BW use flux traps in their basket
designs. Both GA and B&W will use loading curves similar to that
shown in Figure 2. The loading operations for the OCRWM casks
will rely on utility fuel management practices which are
regulated by the NRC, and verification of cask loading through
physical measurements.

The GA-4 Legal Weight Truck Cask

GA uses two separate cask bodies for their LWT cask system. The
GA-4 is used for spent PWR fuel. The GA-9 is used for spent BWR
fuel. The GA-4 has a capacity of up to four PWR assemblies with
initial enrichments of up to 4.5 wt% U-235. The GA-4 uses a
cruciform stainless steel fuel support structure (FSS or basket)
which has boron carbide (C) rods held in the FSS plates to
provide external criticality control. GA takes credit for only a
small portion of the available fission products for demonstrating
criticality safety. Those fission products used have been well
characterized, and represent about 80% of the control available
from fission products.
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GA is currently considering a single curve for use in assuring
safe loading of a burnup credit cask. The single curve is
conservatively based on the most reactive fuel types to be
approved for the GA-4 cask design. The GA-4 fuel loading curve
is convex outward rather than a straight line as shown in Figure
2. For the GA-4 cask, burnup credit is taken for spent PWR fuel
with initial enrichments between 3 wt% U-235 and the maximum
initial enrichment for the cask, 4.5 wt% U-235. At the maximum
enrichment, the minimum burnup is 25 gigawatt-day/metric ton
uranium (GWD/MTU). The loading curve is based on a k,, 0.95
with all calculational biases and uncertainties due to the use of
burnup credit taken into account.

The BW Rail/Barge Cask

B&W uses a single cask body for their BR-100 R/B cask. Separate
interchangeable baskets are used for PWR or BWR spent fuel in the
BR-100. Only the PWR configuration of the BR-100 uses burnup
credit. The BR-100 has a capacity of up to 21 PWR assemblies
with initial enrichments of up to 4.5 wt% U-235. The BR-100
basket is a stainless steel structure with Boral (borated
aluminum) plates to provide external criticality control. The
basket also includes copper plates to enhance heat transfer.
Like GA, BW takes credit for only a small portion of the
available fission products for demonstrating criticality safety.
Those fission products used have been well characterized, and
represent about 80% of the control available from fission
products.

B&W is currently considering a single curve for use in assuring
safe loading of a burnup credit cask. The single curve is
conservatively based on the most reactive PWR fuel types to be
approved for the BR-100 cask design. The BR-100 fuel loading
curve has a slightly convex outward shape rather than the
straight line shown in Figure 2. For the BR-100 cask, burnup
credit is taken for spent PWR fuel with initial enrichments
between 2.2 wt% U-235 and the maximum initial enrichment for the
cask, 4.5 wt% U-235. At the maximum enrichment, the minimum
burnup is 30 GWD/MTU. The loading curve is based on a k,, < 0.95
with all calculational biases and uncertainties due to the use of
burnup credit taken into account.

CONCLUSIONS

Although no LWR spent fuel casks using burnup credit have been
certified by the NRC, the regulations do not prohibit such an
action. Furthermore, the NRC has certified a cask for burnup
credit under the condition of verification of the loaded cask by
measurement. It is clear that the use of burnup credit as part
of the criticality control for a spent fuel cask introduces new
variables in evaluating criticality safety. It is also clear
that for burnup credit casks, loading is somewhat more important
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for criticality safety than loading of a cask that is designed
used based on the fresh fuel assumption. For the loading of a
fresh fuel cask, only initial enrichment needs to be considered
to assure criticality control. For a burnup credit cask, initial
enrichment, age, and burnup must be considered to assure
criticality control.

The uncertainties associated with the introduction of burnup
credit for criticality control of spent LR fuel in
transportation casks have been identified. Furthermore, these
uncertainties are being addressed adequately, and technical
issues are being resolved in a manner that will assure
criticality safety for burnup credit cask designs. In addition,
the use of utility fuel management practices coupled with
verification measurements will assure proper loading of burnup
credit casks. It is believed that a strong basis is being
developed for NRC's eventual approval of spent LkR fuel casks
that use burnup credit as part of their criticality safety
design.
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Burnup Credit Loading Curves
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ABSTRACT

Burnup credit is the application of the effects of fuel exposure or burnup to nuclear criticality
considerations in the design of spent fuel transport and storage facilities. One unique issue in this
design approach is the proper treatment of the axial variation in burnup experienced by pressurized-
water-reactor fuel assemblies. Ibis paper describes calculations and results quantifying this effect in
the criticality analysis of spent fuel array geometries. Recommendations are made to provide
guidance in evaluating these effects via three different approaches. Final selection of the analysis
methodology would be dependent on the specific application and the degree of accuracy required.

INTRODUCTION

Reactivity effects due to the axial exposure distribution in pressurized-water-reactor (PWR)
fuel assemblies resulting from the uneven axial power distribution experienced by PWRs is referred
so as the axial or 'end effects.' As burnup proceeds in-core, the central fuel regions become more
burned than the top and bottom of the fuel assembly because of the buckled shape of the axial flux
distribution. This phenomenon results in more reactive fuel at the top and bottom. In a typical
PWR, the top is usually less exposed than the bottom because of a slight bottom peaking in the
power distribution due to moderator density effects. As a result, the top becomes more reactive
relative to the bottom, which, in turn, is more reactive than the higher burned central fuel region.
Gencrally, when the reactor is at power, these effects are-not pronounced. When core power is
reduced to zero and/or coolant temperature is reduced, there can be a positive effect in reactivity



from the redistribution of flux to the top of the fueL From this discussion, one may condude that
the operating history of the reactor will have a direct effect on the axial exposure distribution and,
thus, the reactivity of the spent fueL

In the past, conservative criticality analyses of PWR fuel in storage and transport arrays have
been done in two spatial dimensions (2-D), typically modeling the radial extent of an amy. This
traditional approach, which uses the frsh fuel assumption, neglects axial leakage and gives a higher
kf than that which would be calculated for a three-dimensional (3-D) modeL In the fresh fuel
assumption, fuel is assumed to be unburned and of the highest conceivable enrichment If the
depleted state of the fuel is represented, a 2-D model may no longer yield conservative results due
to the increased worth of the underburned fuel ends. However, experience must be accumulated to
determine what level of detail is required for the 3-D representation of the axial exposure
distribution. Earlier scoping calculations to evaluate the feasibility of burnup credit represented the
entire active fuel length as a single composition of fuel it a burnup equal to 82% of the assembly
average (based on an estimate of the power generation rate in the upper axial 2 ft) Since that time,
many different approaches to evaluating burnup credit in the criticality analyses of spent fuel storage
arrays'l and transport caskss 6 have been utilized and reported.

The methods reported in refs. 7 and 8 are unique in their approach to evaluating end effects.
Reference 7 reports using diffusion theory constants edited from CASMO-2E calculations in 1-D
diffusion theory calculations to estimate k.f for the axially distributed burnup case. The end effect
was then derived as the difference between this value and the k. value corresponding to the
assembly-average burnup. The potential reactivity worth of the fuel tips was demonstrated in rel 8
based on an infinite array of shortened fuel pins with an assumed average discharge enrichment of
2.0 wt % 23sU. Criticality calculations for this case were performed using the 3-D Monte Carlo code,
KENO IV. Most of the other references address the issue of end effects using one of three general
approaches: (1) 2-D arrays with a penalty for burnup determined from comparisons with 3-D
calculations; (2) 3-D calculations with uniform axial burnup representing the assembly-average, and
using a post-calculational bias derived from multiaxial-zone 3-D calculations to account for end
effects; and (3) use of explicit 3-D calculations.

All of these approaches to evaluating the end effect have a common element In order to
quantify these end effects, a 3-D representation of the PWR exposure distributions and corresponding
isotopics must be used. This method is generically difficult because of the diversity of PWR assembly
designs and operating conditions. However, considerable data exist on measured and calculated
exposure distributions within the nuclear utility industry, and validated codes to calculate the
corresponding isotopics are readily available in both the public and private software domains. Specific
experiments have been performed' to measure both the axial exposure distribution and isotopic
content of spent fuel in a U.S. Department of Energy Office of Civilian Radioactive Waste
Management (OCRWM) progran. The proper characterization of these reactivity effects is essential
to the acceptance of burnup credit in spent fuel transport and storage arrays. Various fuel and
operating characteristics that influence the relative reactivity worth of the fuel tips wili be noted.
This paper will also discuss the qualitative and quantitative results reported in refi. 2, 8, and 11-13
and will make recommendations regarding several alternative approaches to evaluating end effects.

DEPENDENCE ON FUEL AND OPERATING CHARACIERISMICS

Fuel characteristics such as the initial 'U enrichment, burnup and post-discharge cooling time
have been used to parameterize k.' The general trends are for k to increase with initial
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enrichment and to decrease with burnup and cooling time. Studies have also been performed to
evaluate trends in the magnitude of the end efect with these fuel characteristics.VAI e

DUT[AL ENRICHMENT

Generally, one would not expect to see a change in the reactivity worth of the fuel tips as a
function of the initial enrichment of the fiel. Recall that the end effect represents the difference
in the relative worth of the fuel tips to the central fucl region. The initial enrichment of the fiel
assembly is uniform in the length of the assembly and, therefore, would not be expected to contribute
directly to the end effect The influence of initial enrichment on the central region of the fuel would
be nearly the same as at the fil tips. Calculations have been performed that demonstrate the
changes in the end effect with enrichment are within the statistics of the Monte Carlo codes used to
evaluate the end effect or suggest a slight decrease with increasing enrichment at higher burnups.i

ASSEMBLY BURNUP

The equation derived for k. in reL 18 llustrates that the infinite multiplication actor will
decrease at a rate slightly less than 0.01 times the burnup (neglecting the small positive quadratic
term with burnup). Assume that the axial burnup distribution (or profile) is held constant. For
example, the burnup at the 1-ft tips is one-half that of the central region, the burnup in the central
region may be taken to be approximately equal to 1.1 times the assembly-average burnup. As the
assembly-average burnup increases, the magnitude of the difference in burnup between the fuel tips
and the central region increases. This implies that the difference in reactivity between the two
regions will also increase The multiplication factor representing the reactivity worth of the central
region will decrease faster than that of the fuel tips. his leads to the expectation that the end effect,
defined as the difference in the relative worth of the fuel center vers the tips, will increase with
increasing burnup. This supposition is supported by analyses reported in res 6, 8, 9, 12, and 13,
among others. In general these results are in good agreement for cases with similar assumptions in
cooling time and with similar assumed axial burnup distributions These results indicate that at low
burnups, the end effect is actually a negative effect (ie, representing the average burnup s more
conservative than explicitly modeling the axially distributed burnup). As burnup increases, the end
effect will increase and the end effect becomes positive. The burnup value at which this occurs is
dependent on many factors, including the burnup profile and the array geometry itsel& but generally
has been found to be between 15 and 25 GWdIMTU.

COOLING TVM

The dependence of the end effect with discharge or cooling time cannot be deduced from the
equation presented in reE 18 because, as was the case with initial enrichment, cooling time is constant
for a given fuel assembly. However, the influence of cooling time is directly related to the difference
in burnup between central fuel region and the fuel tips. A review of the nuclear characteristics of
the major absorber nucides in spent fuel reveals that only three nuclides ('PU, Am, and t55Gd)
show a strong dependence on cooling time. (Plutonium-238, a fissionable nuclide, has an 87.7-y half-
life, causing its contribution to la.a to decrease slowly with cooling time. However, its overall
contribution to uff is small. The fission product "Sm (t = 90 y) is an absorber whose
concentration also decreases slowly with cooling time.) A other important nuclides are effectively
stable (some of the actinides have extremely long half-lives, eg. mU). The decay of 241Pu (ti= 14.4
y), a fissile nuclide, with a positive effect on k, leads to the production of "Am. This actinide has
a small fission cross section at thermal energies and a high parasitic absorption cross section and,
therefore, a negative effect on lo Production of the fission product absorber lSGd results from the



decay of iSsEu (tat 4.71 y). he net effect of the production of the absorbers, 2"Am and IsGd,
and the decay of the fissile Pu is that k decreass with cooling time as indicated in reE1&
However, the quantities of both 2"Pu and '55Eu increase with burnup,' therefore increasing the
quantities of 24Am and IsGd in the cooled fueL Regions of higher burnup with higher
concentrations of these important absorber nuclides which vary with cooling time will show a greater
dependence on cooling time than the lower-burn regions. As such, the worth of the higher-burned
central fuel region will decrease with cooling time more than the lower-burned fuel tips. Therefore,
the relative worth of the fuel tips will increase with cooling time (ie, the end effect will increase with
cooling time).

REACTOR OPERATING HISTORY AND AXIAL BURNUP PROFILE

Uncertainties in predicting the multiplication factor for a spent fuel system must include
reactor operation effects. Reference 9 describes these as effects due to (1) partial control rod
insertion during the operating cycle, (2) presence of burnable poisons [including both burnable poison
rods (BPRs) and fuel designs that include burnable poisons as an integral part of the fuelJ,
(3) extended low-power operation (e., power density), and (4) the fuel assembly position during
operation (ie, near the periphery of the core surrounded by other fuel assemblies). Other authors
have included additional parameters, such as the moderator density history.2 The influence of these
operating history effects have generally been taken to represent uncertainties in the calculations.
However, these parameters directly affect the axial burnup distribution or profile. Selection of a
"conservative" profile based on a study of a large number of utilities reported would compensate for
the range of values these parameters typically experience. The design basis profile,' chosen from
the careful study of actual profiles, could be used to represent a worst-case situation, thereby relieving
the necessity to add an uncertainty to the calculation in order to account for these operational
uncertainties. Most of the work to date has assumed a typical burnup profile and, using results from
sensitivity studies, added a ak uncertainty (or criticality safety margin) to the calculated multiplication
factor to conservatively account for any variation in these parameters. Calculations have been
performed to compare the results from these typical profiles with an assumed conservative profile.
In these calculations, performed at Oak Ridge National Laboratory, burnup profiles representative
of operating cycle burnups were taken from utility data. Additional calculations were performed
assuming a conservative "2-to-l" profile in which the 1-ft end regions are given an average burnup
equal to one-half of that in the central 10-ft region of the fuel assembly model. Calculations were
performed to quantify the end effect as a function of burnup (assuming 4.2 wt % initial =U) for a
mock rail cask (36 fuel assemblies with a borated stainless steel basket) The results using the profiles
extracted from the reactor data showed a slowly increasing trend, with burnup turning from negative
to positive at -30 GWdMTU. The magnitude of the end effect for this case was small (on the
order of 1% at 40 GW dWMU Use of the conservative 2-to-i profile yielded much higher ak values
(-5% at 40 GWdAMIU) increasing at a faster rate with burnup. The turnover under these
assumptions was near 20 GWdfMtU. These results Ilustrate that the magnitude of the end effect
is dependent on the assumed axial burnup distribution. Recall that the final ak for the case with the
reactor cycle profiles would need to include an additional bias to compensate for the uncertainty in
operating history effects, whereas the use of the conservative profile inherently compensates for these
effects.

GEOMETRY

The magnitude of the end effect will also depend on both the size and axial distribution of
neutron absorbers in the specific storage or transport array, both on its size and the corresponding
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axial distribution of neutron absorbers. Depending on the axial distribution of neutron poison, the
end effect can be exaggerated or diminished relative to uniform neutron poison distribution. A
specific example wil be cited in a later section of this paper. As one might expect, the sizeof the
fuel storage array or shipping cask will influence the end effect due to differences in leakage rates.
Smaller systems will generally have higher leakage. Depending on the specific geometry, this effect
can be particularly significant at the fuel tips where the reactivity is higher but the cask body is
generally less shielded. The end effects for larger systems (on the order of 31 to 36 fuel assemblies)
exhibit trends similr to those observed for infinite systems.

Quantitative examples of the influence of the parameters described above are discussed In
the following sections. f U

FUEL STORAGE ARRAYS

Criticality analyses of the Seabrook Station spent fuel storage racks were performed with
CASMO-3/SIMULAIE-3 nodal analysis to determine the end effects. Aal burnup distributions
used in the rack analysis came from a validated in-core modeL Batch average exposure characteristics
from ycles 1 and 2 were used with fuel assemblies of 3.1 wt % z"U initial enrichment The
calculations show that at 0 burnup, neglecting axial leakage is indeed conservative by 0.002 k
However, as burnup increases, there is an initial decrease in reactivity due to increased leakage, and
then a turnover and steady increase in reactivity in the 3-D analysis relative to the 2-D mode At
25.5 GWdMU, this difference is 0.0116 A

FUEL TRANSPORT CASKS

Criticality analyses of a hypothetical 31-fuel-assembly cask were also performed with the
CASMO-3/SIDULATE-3 in two and three dimensions. The cask basket was composed of borated
steel canisters that fully cover the fuel assembly active fuel region. The fuel assemblies modeled in
the calculation were Westinghouse 15 x 15 lattices (2.573 initial wt % "U) which had been
discharged from Surry Unit 1, Cycle 2, with an average burnup of 22.60 GWdAMTU. The k.& for the
2-D model was 0.8105, and 08270 for the 3-D model (including axial exposure and moderator history
cffects), an increase of 00165 AL This result is consistent with fuel storage rack analysis for fuel of
approximately the same burnup.

End effects are not only a result of the axial distribution of fuel exposure but are also
influenced by the axial distribution of neutron absorbing materials (poisons) surrounding the spent
fuel. Foreshortened or nonuniform neutron absorbers can exaggerate or diminish the reactivity
effects caused by the unburned ends of the fuel assemblies. This situation is llustrated in the GA-4
transport cask modeL In this design, a central steel support structure with horizontal tubes containing
B 4C pellets is used for criticality controL Two sizes of pellets are used in the central cro that
separates the four PWR fuel assemblies: 0278-in.-diam pellets are used at the top and bottom 12
to 15 in. of the case, and 0.426in.-diam pellets are used in the central region. Because of the
positioning of the active fuel region in the cask (Le, only the bottom of the fuel assembly is exposed
to the region of small B4C pins), the bottom of the fuel assembly is less poisoned and therefore more
reactive than the top. Criticality analyses of the GA-4 transport cask suggest that the end effects are
diminished because of the influence of the nonuniform distribution of neutron poisons. In some



exposure cases, the flux distribution is bottom peaked rather than top peaked, as in the case of
uniform poison.

The 31-element hypothetical transport cask was also modded with the KENO Vza Monte
Carlo transport code. Crossisection processing and fuel-depletion calculations were ne w to
prepare material specifications for the KENO Va modeL The SCALE code system" was used to
perform these calculations. Predictions of both the effective multiplication factor and the magnitude
of the end effect, for cases with similar fuel characteristics and axial burnup distributions, were in
good agreement with the CASMO-3/SIMUIATE-3 results?

DISUSSION AND RECOMMENDATIONS

The purpose of this paper is not to recommend or to compare analysis methodologies such
as KENO V.a and CASMO-35DMUIATE-3. The issue of the proper analysis of the reactivity worth
of the fuel tips is addressed more generically than from that point of view. Any calculational
methodology used to quantifyend effects should be validated against existing experimental data for
spent fuel ystemA. In geneal, it is recommended that a constant cooling time of 5 years be used
to evaluate burnup credit; although the end effect is smaller for 5 years than for 10 years, the overall
kff will be higher. Since themajority of the spent fuel currently on inventory at U.S. nuclear power
facilities exceeds the 5Sear limit, this will result in a conservative approximation. Each individual
spent fuel facility will need todetermine a range of burnup and corresponding initial enrichments that
can be safely accommodatedin their facility. Scoping studies to determine these parameters should
rely on either a conservativeburnup profile derived from a large data base of utility data, or from a
typical profile with a post-calulation bias to account for operating history effects. The evaluation
of the end effect should be performed for the limiting burnup and corresponding enrichment. his
section discusses three approaches to evaluating the end effect. explicit 3-D calculations, approximate
2-D calculations, and simpliypd hand calculations based on perturbation theory.

EXPLICMT 3-D CALCULAZONS

Results from a limited study to evaluate the effect of the number of axial intervals used in
the 3-D model on tIf are given in reL 11. The burnup profile is generally quite flat crss the
central 8 ft of the fuel assmbly, and, thus, this region does not require any detailed modelin&
However, the burnup profiles change rapidly in the upper and lower 2 ft of the assembly. A
statistical Monte Carlo code s used to evaluate k as a fincdon of the number of regions used
to model the tips. An increase in calculated kf was observed when the fuel tips were subdivided into
three regions; however, no statistically significant differences were observed when each of the tips
further divided into seven fiaer groups. Therefore, the use of seven axial intervals with the finer
divisions concentrated at theuipper and lower 2 ft of the fuel should be sufficient to mode! the axial
effect. 

The use of a 3-D modd with only one axial material (or burnup) zone may be used if the user
applies a correction factor orlias Figure 1 is an illustration of how the end effect might vary with
burnup for large and small ways. A figure such as this could be used as a general guide for
evaluating the change in end effect with increasing burnup for fuel of a given nitial enrichment.

APPROXIMATE 2-D CALULATIONS

Two-dimensional calcsilations are adequate when a comparison with a detailed 3-D calculation
verifies that, for the partilar spent fuel facility, they produce conservative results. This



determination will depend on the geometry and the distribution of neutron poisons for a specific
design. The use of a generalized 2-D bias derived from a detailed 3-D calculation may also be
considered for designs for which the 2-D result is nonconservative. Care should be taken in 2-D
models to explicitly represent the radial extent of the model.

HAND CALCUIATIONS

The additional reactivity, ik incurred from the relatively underburned tips of a PWR spent
fuel assembly is estimated in this calculational approach by a simplified one-group perturbation
theory. Tis is completely analogous to the reactor-control method in which the worth of a system's
localized poison is compared with the worth of that poison uniformly spread throughout the system.
The perturbation in this instance is the =U enrichment increase in the assembly (.I ft) tips
compared with the discharge enrichment residing in the assemblys central 10 ft The system is
represented by an infinite (in the x-y direction) array of 12-ft-tall (finite in the z direction) PWR fuel
assemblies with infinite water reflectors (top and bottom) at a given =U enrichment. KENO IV, 27-
groups gerated a clean-fresh k. versus U enrichment curve to establish hk . rom natural to
5 wt % U for conservative responses of an infinite system to enrichment perturbations.

Estimates of these end effects are performed by simple k. enrichment perturbation
calculations based solely on the estimated 23sU enrichment difference between the tip (1 ft) and the
central ( ft) portions of the assembly. This difference is established from the utility's quoted
average U discharge enrichment for the assembly and a measured (or conservatively calculated)
ratio, R, which is the axial burnup (or gross gamm a activity) averaged over the central 10 ft to the
axial burnup averaged over the 1-ft tip regions considered identical It is assumed that the regional
residual "U enrichment is inverse to the region burnup. This latter observation establishes the tip
enrichment to be R multiplied by the quoted' discharge =U enrichment Neglecting all the
accumulated plutonium isotopes turns out to be conservative in calculating the end effects in this
approach. R as defined and interpreted, gives proper dependence of the end-effect reactivity with
burnup and cooling time.

The method is independent of size, internals, and shield materials of transport and storage
casks containing such spent fuel, and predicts kJk, in the range of 2.5 to 4.5% for a realistic R
of 1.75 and discharge enrichments between 2.0 to 0.8 wt % 235U. For a mixture of assemblies, a
linear prorating of AIk. assembly is recommended. Figure 2 gives the estimated end effects (for
two tips) for PWR discharge enrichments .8, 1.0, 125, 1.5, 1.75, and 2.0 wt % mU as a function of
R for an unlimited array of spent fuel assemblies.

CONCLUSIONS

Several alternative methods for evaluating the increased reactivity at the underexposed tips
of spent PWR fuel have been discussed. The most sensitive parameter in quantifying the reactivity
worth of the underburned tips is the axial exposure profile assumed in the detailed 3-D calculations.
Operating unities, such as the presence of burnable poisons, the position of control rods during
irradiation, the position of the fuel assembly in-core, the axial distribution in water density, etc., must
be incorporated in the selection of a conservative profile. The large quantity of commercial reactor
data that are available should be utilized in a data base from which a typical or conservative profile
could be determined. Based on the selection of this design basis profile, any of the methodologies
outlined in this paper may be utilized to estimate-the end effect for the spent fuel facility-of interest.



Note, however, that a 3-D model will be required to determine the bias and uncertainty in the simpler
calculational approaches. With good judgement, a set of generic biases could be determined as a
function of burnup and array size that could be applied in many cases.
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Fig. L Illustration of end effect bias (% Ak) with increasing burnup for large and small array
assuming a constant initial enrichment and cooling time and a conservative axial profile.
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Fig. 2. End effect (A/k) for six 25U discharge enrichments as a function of R.


