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ABSTRACT

The 2S2Cf-source-driven noise analysis method can be used for measuring the subcritical

neutron multiplication factor k of arrays of spent light water reactor (LWR) fuel. This type of

measurement provides a parameter that is directly related to the criticality state of arrays of LWR

fuel. Measurements of this parameter can verify the criticality safety margins of spent LWR fuel

configurations and thus could be a means of obtaining the information to justify burnup credit

for spent LWR transportation/storage casks. The practicality of a measurement depends on the

ability to install the hardware required to perform the measurement. Source chambers containing

the 252Cf at the required source intensity for this application have been constructed and have

operated successfully for -10 years and can be fabricated to fit into control rod guide tubes of

PWR fuel elements. Fission counters especially developed for spent-fuel measurements are

available that would allow measurements of a special 3 x 3 spent-fuel array (k = 0.90) and a

typical burnup credit rail cask with spent fuel in unborated water {k =0.92). Adding a moderator

around these fission counters would allow measurements with the typical burnup credit rail cask

with borated water (k = 0.76) and the special 3 x 3 array with borated water (k = 0.75).

The recent work of Ficaro on modifying the KENO Va code to calculate by the Monte

Carlo method the time sequences of pulses at two detectors near a fissile assembly from the

fission chain multiplication process, initiated by a 252Cf source in the assembly allows a direct

computer calculation of the noise analysis data from this measurement method. Calculations for

a special 3 x 3 array of spent fuel in unborated water show that these measurements can provide

data for a more sensitive test of calculations capability than comparisons between calculated

and measured neutron multiplication factors. The sensitivity to changes in fission product

cross sections were a factor of 10 higher for calculated noise analysis ratios of spectral densities

and a factor of -40 higher for coherences than for neutron multiplication factor comparisons.



Thus, a measurement by the 252Cf-source-driven noise analysis method for this application

not only can measure the subcriticality but also can be used to provide data for better validation

of calculational methods and cross sections than by using comparisons of calculated and

measured neutron multiplication factors.



INTRODUCTION

The 252Cf-source-driven noise analysis method1 can be used for measuring the subcritical

neutron multiplication factor k of arrays of spent light water reactor (LWR) fuel. This type of

measurement provides a parameter that is directly related to the criticality state of arrays of LWR

fuel. Measurement of this parameter can verify the criticality safety margins of spent LWR fuel

configurations and thus could be a means of obtaining the information to justify burnup credit

for spent LWR transportation/storage casks. The initial work for this application was supported

by the U.S. Nuclear Regulatory Commission in 1982 (Refs. 2 and 3) and the work on feasibility4

supported by the Department of Energy through the Sandia National Laboratory. The 252Cf noise

method has some unique features that allow its applicability to lower values of k than other

subcriticality measurement methods5. This is related to the ability to obtain correlated information

selectively from the extremely long fission chains (factors of ~100 above average) by locating the

two detectors far from each other and the source. These long fission chains are distributed

throughout the whole system. Previous measurements by this method have shown large

changes in measured noise parameters for small changes in fissile mass. This paper reviews the

feasibility of the 252Cf noise method5 for this application and evaluates the sensitivity of noise

analysis measurements to the amount of fission products in spent LWR fuel. The paper thus

explores and defines the advantages of validating criticality safety calculations with this type of

subcritical measurement.

The 252Cf-source-driven neutron noise analysis method for obtaining the subcritical

neutron multiplication factor of a configuration of fissile material from cross-power spectral

densities (CPSDs) was developed to avoid difficulties inherent in other subcriticality measurement

methods such as dependence on or need for a calibration at a known reactivity condition near

delayed critical and dependence on detector efficiency. This method requires measurement of



the frequency-dependent CPSD, G23(ii>), between a pair of detectors (detectors 2 and 3) located

in or near thf fissile material as well as measurements of CPSDs, G12(o) and G13(co), between

these same detectors and a source of neutrons emanating from the 252Cf source ionization

chamber (detector 1) positioned in or near the fissile material. The 252Cf source provides

neutrons to initiate the fission chain multiplication process in the spent fuel array. In addition,

fission chains are initiated by the inherent neutron source in the spent fuel. Also required is the

autopower spectral density (APSO), Gn(w), of the source. A particular ratio of spectral densities,

G,"2G,3/GUG23 (the asterisk denoting complex conjugation), is independent of detector efficiencies

and can be related to the subcritical neutron multiplication factor. Another useful quantity, the

coherence, yjj, is defined as \Gv\
2fGuGjj.



FEASIBILITY

The californium-source-driven noise analysis method is considered for this application

because (a) measurements had been performed in 1983 at the Babcock and Wilcox (B&W)

critical experiments facility with mock-ups of arrays of pressurized water reactor (PWR) fresh fuel

pins of the size typical of large cask configurations,6 (b) neutron detectors are available that had

been designed for use with spent-fuel7 arrays, and (c) the technology necessary to construct

ionization chambers containing 252Cf of adequate intensity for these measurements is available.

The practicality of a measurement depends on the ability to install the hardware that is required

to perform the measurement. The major requirements that must be met are (a) sufficient neutron

source intensity to produce a discernible signal above that produced by the inherent source of

the fuel (estimated from past experience to be at least -10% of the inherent source), and

(b) sufficient detection efficiency to perform the measurements in a reasonable time. A high-

sensitivity fission detector has been designed by Reuter Stokes, Inc., under the Small Business

Innovative Research Program of the Department Of Energy for measurements with spent fuel.7

Source chambers containing the 252Cf of the required source intensity for this application have

been constructed and have operated successfully for -10 years.

Two-dimensional transport theory calculations8 had been performed for a variety of

configurations of spent PWR fuel to obtain estimates of the detection efficiency and Monte Carlo9

calculations for the values of k. Both types of calculations used 27-group cross sections

obtained from ENDF/B-IV10. These calculations included (a) a Castor V cask with borated and

unborated water; (b) pool storage racks at Virginia Power's Surry plant (both with 2.57% 235U

initial enrichment, 23 GWd/tonne U burnup, and 14-yr cooling time); (c) regions 1 and 2 pool

storage racks at Duke Power's McGuire plant; and (d) a special, tightly packed 3 x 3 array with



6.3 mm of stainless steel between fuel elements, 9.4-mm-thick outer walls, and 5.1 mm of water

on all sides of the fuel element in borated and unborated water (both with 3.05% 235U initial

enrichment, 26 GWd/tonne U burnup, and 10-yr. cooling time). In addition, estimates of the

detection efficiencies were made for the typical burnup credit rail cask with borated and

unborated water and the 2.57% 235U initial enrichment fuel.

The calculated values of k and the detection efficiencies for a fission counter (51 mm in

outer diameter, 2.44 m long) and a 3He ionization chamber for the various configurations are

plotted in Fig. 1. From the theory of the 252Cf noise analysis method, it is possible to estimate

the coherences (which depend on the detection efficiencies) and thus the measurement times

required to achieve a specified statistical precision. Estimates of the measurement times (within

a factor of 2) for various coherences are also indicated on Fig. 1 for an error of 5% in the ratio

of spectral densities or an error of -5% in Akfk. Obviously, longer measurement times will reduce

the statistical uncertainty. The use of 3He ionization chambers requires gamma-ray shielding.

The 3He chamber for the calculations was also 51 mm in diameter and 2.44 m total iength, with

3 atm of 3He surrounded by 25-mm-thick polyethylene and 76 mm of lead shielding between the

chamber and the fuel.

The practicality of a spent-fuel measurement depends on the use of detectors that meet

the detection efficiency requirements. From the data of Fig. 1, the existing fission counters would

allow measurements for a special 3 x 3 spent-fuel array {k = 0.90) and a typical burnup credit

rail cask with spent fuel in unborated water (k =0.92). Adding a moderator around the fission

counters would allow measurements with the typical burnup credit rail cask with borated water

(k = 0.76) and the special 3 x 3 array with borated water (k = 0.75) but would be marginal for

the McGuire pool racks (k = 0.68). For the special 3 x 3 array and rail cask in unborated water,

the measurement-time estimates are ~1 min., while for these arrays in borated water the

measurement time estimates are -40 min. with fission counters. A 3He ionizaticn chamber, which



would have to be designed and fabricated, would certainly be adequate for the above

configurations and would also reduce the measurement time considerably for the McGuire

region 2 racks and for configurations with k values as low as O.<5. These calculations show that

the measurements are feasible. Perhaps the major difficulty in performing the experiment will be

the installation of the source and detectors in the spent-fuel array. A 9.3-mm-OD 252Cf ionization

chamber that will fit into the control rod guide tubes of PWR fuel elements has been designed

and is currently under construction.11 Mechanical installation and operation under water will

require dry tubes or other waterproofing of the detectors and source chambers.

The data from the measurement can be interpreted by using a more general Monte Carlo

model or a modified point kinetics model. These calculations have shown that the constants for

the point kinetics model relating (1 -k)lk and the measured ratios of spectral densities are not a

function of the spent-fuel array configuration, the fission product content, the boron content of

water, the uranium enrichment, the poison content of the racks, or the neutron multiplication

factor of the array. This is an ideal situation in that once the first spent fuel array measurement

is performed, the constants for the point kinetics interpretation of the data will be known for all

other spent fuel arrays with greater than eight (8) fuel elements.



SENSITIVITY

If the object of the measurement for this application is to provide data for validation of

calculational methods, the simplest measurement practical in unborated water is desirable since

unborated water maximizes the effect of the fission product cross sections. The reactivity

associated with the fission products is a factor of 2.5 higher in unborated water than in borated

water. The simplest array would be the special 3 x 3 array of identical fuel elements. Fission

product cross sections are perhaps the largest uncertainty in the calculations for this application.

Method

Previous assessments of the capability of this method for this application have been

based on measurement experience and modified point kinetics relations for assessing

measurement feasibility. The recent work of Ficaro12 on modifying the KENO Va code to

calculate the time sequences of pulses at two detectors near a fissile assembly from the fission

chain multiplication process initiated by a 252Cf source in the fissile assembly allows a direct

computer calculation of the noise analysis data from this measurement method. The time

sequences of pulses at the detectors from various initiating 252Cf neutrons are superimposed,

consistent with a given source fission rate, and then sampled and Fourier analyzed in a manner

identical to the measurement. This Monte Carlo calculation of the measurement is the most valid

way of assessing measurement feasibility and sensitivity to fission product content of the

measured ratio of spectral densities and other parameters. Direct calculation of the experimental

observables by the Monte Carlo method can also be used to benchmark calculational methods

and cross sections. The sensitivity of the results to fission product concentrations was

investigated by varying the amounts of fission products.

The spent-fuel array chosen for this study was a 3 x 3 array of identical pressurized water



reactor fuel elements (3.05% 252U initial enrichment with 26 GWd/MTU and 10-year cooling time)

in fresh water. Fresh c unborated water was chosen for this array because the reactivity effect

of the fission product poisons is a factor of 2.5 higher than that for the same 3 x 3 array in

borated water. A previous feasibility study had shown that a measurement was practical for this

array with 252Cf source intensities that had been used successfully in previous experiments and

with fission counters. Monte Carlo calculations were performed with a central 252Cf source and

two 51 -mm-diam 3He proportional counters on opposite sides of the array, adjacent to the outer

surface. The 2.44-m-long counters were shorter than the 3.66-m-long fuel elements. The

counters and the 252Cf source were centered vertically. Helium-3 proportional counters were

used in the calculations to reduce computation time, whereas in an actual measurement fission

counters would be used. The detection e'ficiencies for the proportional counters are

approximately a factor of 10 higher than that for the fission counters. These calculations were

performed on SUN workstations with about 260,000 252Cf fission starts. The 27-group cross

sections from ENDF/B-IV with fission product cross sections obtained from ENDF/B-V were used

for these calculations.

The calculations for the 252Cf-source-driven noise analysis measurement were performed

for the following hypothetical variations in the fission product content of the fuel: (1) normal

fission product concentrations, (2) 10% increase and decrease in fission product poisons,

(3) 10% increase and decrease in the 239Pu content of the spent fuel, and (4) no 155Gd in the

spent fuel. Thus, for this study, changes in the macroscopic cross sections were made. The

changes in the neutron multiplication factor, the coherences at low frequency between the two

neutron detectors, and the ratio of spectral densities at low frequency for these variations are

given in Tables 1 and 2. The APSD and coherence as a function of frequency for the reference

case are compared in Fig. 2 with that with the plutonium content increased. After burnup, about

one-third of the fissile material is 239Pu, so this represents an increase of about 3% of fissile mass.



The changes in the neutron multiplication factors were much smaller than the changes in the ratio

of spectral densities and the coherences. Although the uncertainties in the neutron multiplication

factor were smaller than those for the ratio of spectral density, the ratio of spectral densities and

the coherence are much more sensitive to fission product cross-section changes than the

neutron multiplication factor. The ratio of spectral densities is approximately a factor of 10 more

sensitive. The increased sensitivity is expected because the ratio of spectral densities is

proportional to (1 -k)/k. The coherence between detectors changes 69% for the case where the

Plutonium content was increased by 10%. Other changes in fission product cross sections

produced similar changes in the noise measured parameters. The very high sensitivity of the

coherence between detectors results from the fact that for low values of k, the coherence varies

like the fourth power of kl{\-k). At a k of 0.9 the dependence is less than the fourth power.

These noise parameters can be measured to an accuracy of 1 %.

The calculations show that these measurements can provide data for a more sensitive test

of calculational capability than comparisons between calculated and measured neutron

multiplication factors. The sensitivity to fission product cross-section changes was a factor of 10

higher for ratios of spectral densities and a factor of -40 higher for coherences than neutron

multiplication factor comparisons. Thus, a subcriticality measurement by 252Cf-source-driven

noise analysis for this application method can not only measure the subcriticality, but also can

be used to provide data for better validation of calculational methods and cross sections than

by using comparisons of calculated and measured neutron multiplication factors. Thus, it is

feasible to validate macroscopic cross sections for the fission products with this type of

subcritical measurement, but for code validation, the code must employ the same analog particle

tracking as that used by KENO-NR. A code for neutron multiplication factor calculations for

k < 1 based on this same analog particle tracking exists (KENO-AK) and can be used for

obtaining calculated values of k. In principle, any Monte Carlo neutron transport which follows



the physics of the neutron interactions can be adapted for this type of calculation.



CONCLUSIONS

The 252Cf-source-driven noise analysis method can be used for measuring the subcritical

neutron multiplication factor k of arrays of spent LWR fuel. This type of measurement provides

a parameter that is directly related to the criticality state of arrays of LWR fuel. Measurement of

this parameter can verify the criticality safety margins of spent LWR fuel configurations and thus

could be means of obtaining the information to justify burnup credit for spent LWR

transportation/storage casks.

The practicality of a measurement depends on the ability to install the hardware required

to perform the measurement. Source chambers containing the 252Cf at the required source

intensity for this application have been constructed and have operated successfully for -10 years.

A 9.3-mm-OD 252Cf ionization chamber that will fit into the control rod guide tubes of PWR fuel

elements has been designed and is currently under construction.11 The fission counters

developed by Reuter Stokes, Inc., for spent-fuel measurements allow measurements for a special

3 x 3 spent-fuel array (k - 0.90) and a typical burnup credit rail cask with spent fuel in unborated

water (k =0.92). Adding a moderator around the fission counters will allow measurements with

the typical burnup credit rail cask with borated water {k = 0.76) and the special 3 x 3 array with

borated water {k = 0.75).

The recent work of Ficaro12 on modifying the KENO Va code to calculate the time

sequences of pulses at two detectors near a fissile assembly from the fission chain multiplication

process initiated by a 252Cf source in the fissile assembly allows a direct computer calculation of

the noise analysis data from this measurement method. Calculations for a special array of spent

fuel in unborated water show that these measurements can provide data for a more sensitive test

of calculational capability than comparisons between calculated and measured neutron

multiplication factors. The sensitivity to changes in fission product cross sections was a factor



of -10 higher for ratios of spectral densities and a factor of -40 higher for coherences than that

for neutron multiplication factor comparisons.

Thus, a subcriticality measurement by the 252Cf-source-driven noise analysis for this

application method not only can measure the subcriticality but also can be used to provide data

for better validation of calculational methods and cross sections than that using comparisons of

calculated and measured neutron multiplication factors. Thus, it is feasible to validate

macroscopic cross sections for the fission products with this type of subcritical measurement.
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Table 1
CALCULATED RATIOS OF SPECTRAL DENSITIES AND NEUTRON MULTIPLICATION

FACTORS FOR A 3 X 3 ARRAY OF PWR SPENT FUEL FOR
VARIOUS FISSION PRODUCT CONTENTS

CONDITION

Normal Spent Fuel

10% Increase in Fission
Product Poison

10% Decrease in Fission
Product Poison

10% Increase in
239Pu Content

10% Increase in 239Pu
Content of Central Fuel
Element Only

10% Decrease in
239Pu Content

Removal of 155Gd

NEUTRON
MULTIPLICATION

FACTOR

0.903 ± 0.003

0.899 ± 0.003
(0.4)*

0.913 ± 0.002
(1.1)

0.921 ± 0.003
(2.0)

0.912 ± 0.002
(1.0)

0.896 ± 0.003
(0.8)

0.923 ± 0.003
(2.2)

RATIO OF SPECTRAL
DENSITIES

(X104)

1662 ± 27

1749 ±24
(5.2)

1478 ± 55
(11.1)

1317 ±25
(20.8)

1573 ±25
(5.4)

1838 ± 55
(11.1)

1289 ± 41
(22.4)

'Values in parentheses are the percentage changes in the parameter from the normal
spent-fuel case.



Table 2
CALCULATED NEUTRON MULTIPLICATION FACTORS AND COHERENCES

FOR A 3 X 3 ARRAY OF PWR SPENT FUEL FOR VARIOUS
FISSION PRODUCT CONTENTS

CONDITION

Normal Spent Fuel

10% Increase in Fission
Product Poison

10% Decrease in Fission
Product Poison

10% Increase in
239Pu Content

10% Increase in 239Pu
Content of Central Fuel
Element Only

10% Decrease in
239Pu Content

Removal of 155Gd

NEUTRON
MULTIPLICATION

FACTOR

0.903 ± 0.003

0.899 ± 0.003
(0.4)*

0.913 ± 0.002
(1.1)

0.921 ± 0.003
(2.0)

0.912 ± 0.002
(1.0)

0.896 ± 0.003
(0.8)

0.923 ± 0.003
(2.2)

COHERENCE

YL
(X102)

4.5 ± 0.05

3.43 ± 0.03
(24)*

6.14 ±0.15
(36)

7.60 ± 0.08
(69)

3.10 ± 0.05
(13.3)

2.82 ± 0.05
(37)

8.43 ±0.16
(87)

'Values in parentheses are the percentage changes in the parameter from the normal
spent-fuel case.
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