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ABSTRACT

The 252Cf-source-driven neutron noise analysis method has been tested
in a wide variety of experiments that have indicated the broad range of
applicability of the method. The neutron multiplication factor, keff has
been satisfactorily determined for a variety of materials including uranium
metal, light water reactor fuel pins, fissile solutions, fuel plates in
water, and interacting cylinders. For a uranyl nitrate solution tank which
is typical of a fuel processing or reprocessing plant, the keff values were
satisfactorily determined for values between 0.92 and 0.5 using a simple
point kinetics interpretation of the experimental data. The short measure-
ment times, in several cases as low as 1 min, have shown that the develop-
ment of this method can lead to a practical subcriticality monitor for many
in-plant applications. The further development of the method will require
experiments oriented toward particular applications including dynamic
experiments and the development of theoretical methods to predict the
experimental observables.
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INTRODUCTION

The aS2Cf-source-driven neutron noise analysis method [1] obtains the
subcriticality from the signals from three detectors: the first, a paral-
lel plate ionization chamber (detector 1) with 252Cf electroplated on one
plate that produces an electrical pulse for every spontaneous fission and
that serves as a timed source of fission neutrons; the second and third
detectors (detectors 2 and 3) are placed in or near the system containing
fissile material and detect particles from the fission chain multiplication
process. The chamber containing Z5lCf is also located in or near the
system containing the fissile material. This papsr reviews the evolution
of the method, presents some relevant equations, summarizes the experiments
that have been performed and the variables in the measurements, reviews
several experiments that have been completed, and presents some conclusions
and possible uses of the method.

EVOLUTION OF THE METHOD

The method evolved from measurements in the time domain as illustrated
in Fig. 1. Two types of time domain measurements were performed, pulsed
neutron [2] and Rossi-ot [31- These measurements were performed for a
variety of systems including uranium metal [4] (highly enriched, -93 wt *
2 " S U ) . The use of a californium neutron source as a timed source of fis-
sion neutrons for uranium and plutonium metal systems simplified the
ability to perform pulsed neutron measurements [5] in that the pulsed
neutron source was simple. The two types of measurements were performed in
the time domain and then measurements were performed in the frequency
domain.

After a neutron from the 2S2Cf fission initiates the fission chain
multiplication, the neutron population increases to a level determined by
the excess of fission neutron production over losses by absorption and
leakage. The time scale on which the fissions decay is determined by the
excess of fission over losses and by the velocity of the neutrons, which is
affected by the presence of moderators (Fig. 2). In the pulsed neutron
measurement, the time distribution of neutrons after a 2S2Cf fission is
measured with a time analyzer. In the Rossi-a measurement the time distri-
bution of counts after an initial count in a detector (the same one or
another) is measured.

Consider the correlated counts in a pulsed neutron type measurement
with 252Cf. The correlated counts after Cf fission in the time interval dt
at time t is

v I k
dD(t) = w — — -pexp[-at] dt , (1)

v i a

where

W = detection efficiency, counts per induced fission,
vc, v = number of prompt neutrons per fission,
Ic, I = neutron importance.
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kp - prompt neutron multiplication factor,
9. * prompt neutron lifetime,

Fc - fission rate of
 2S2Cf,

c - designates 2S2Cf,
a • prompt neutron decay constant.

Integrating Eq. (1) over all time yields the total correlated counts/s
in a pulsed neutron type measurement with a 252Cf source, D(Cf)

D(Cf) = FQ J dD(t)

v I F k W
D(Cf) = ° C C P (2)

v I a I

Consider the time distribution of correlated counts in a Rossi-a
measurement. The total correlated counts after a count obtained by
intergrating the expression for the correlated counts in dt for the
Rossi-a is given by D(Ra).

W2 F X k2 R
DCRo) = E , (3)

a2 I2

where

F = induced fission rate,
X = v (\J - 1) /(v)2 , Diven factor [6] ,

R = spatial effects correction factor [7] .

Exp>erimentally, the measurement of the detection efficiency and main-
taining it are difficulties complicating the measurement process. In an
effort to eliminate the detection efficiency from these expressions, an
expression for (1 - kp)/kp was obtained. Divide Eq. (2) by the 252Cf fis-
sion rate,, Fc, which is known; and divide Eq. (3) by the count rate in the
Rossi-a measurement, WF, which is also known. An expression involving (1 -
kp)/kp in k units instead of dollars is then obtained which does not
involve the detection efficiency. Consider the ratio of the correlated
counts per Cf fission in a Cf pulsed neutron measurement to the correlated
counts per count in a Rossi-a measurement

Correlated counts ,,,„.,,,, _ T , .
per Cf fission D(Cf)/FQ vQ IQ d - kp)

Correlated counts D(Ra)/WF v I RX k
per count in Rossi-a p

Measurements of this type using a shift register [8] were performed in
1970-72 with a uranium sphere [9], a plutonium sphere [10] and a uranium
(0.3 wt % 23SU) reflected, enriched uranium and plutonium spheres [11].



The problem with measurements performed in the time domain was that
the time behavior of fission chains must be resolved, requiring the fission
rate to be low so that the correlated time decay can be measured. The
measurements become more difficult when moderators are mixed with the
fissile material and large backgrounds are present. The difficulty is cir-
cumvented in the frequency domain because the measured cross power spectral
density (CPSD) does not contain background terms [12]. The quantities
measured in the frequency domain are G12, cross power spectral density
between the Cf source and neutron detector; G,,, cross power spectral den-
sity between the Cf source and the other neutron detector; G2J, cross power
spectral density between the two neutron detectors; and G u , auto power
spectral density (PSD) of the Cf source. The point kinetics expressions
for these quantities are as follows:

Glx(w) C15 (5)

h.U)
_ Wfql

2W2Fq
2 + - = — H8U) (6)

* _ w
2q2 W e

G 1 2(OJ) = 2h1(a))h2(u>)q,, H (at) c ° c , and

V

(7)

* W2q2

G23(co) = hz(u))h3((i)) — —
v

W,q,
H («)
3

(8)

where

h2(u), response of the electronic components of
detections systems 1, 2, and 3, at
frequency &>,

25a
_
q = average charge released in detector 1 per Cf

spontaneous fission, average charge per o-decay,
o"s = average charge released per interaction in

detectors 2 and 3,

W2, W3 = detection efficiency of detection systems 2 and
3 in counts per reactor fission (Wt - 1 count
per 252Cf fission),



Gg - PSD of the reactor noise-equivalent source,

where

Go - 2(v)2XFR YR

FI2 XRfv)2 FI2 XRCv)2
, (9)

» *i» vi * fission rate, neutron importance, and number of
prompt neutrons per fission for inherent
sources,

GS

modified neutron dispersion number defined by
Eq. (9) and (10),

(1 " B)v '

8 = effective total delayed fraction,

p = reactivity = ,

k = neutron multiplication factor,

o) = response of the reactor production rate to the
source at frequency oi,

HgU) = , (u) » any \.)
J ' + (8 - P)

j = /=T ,

A = neutron generation time, and

Xi = delayed group i precursor decay constant.

The expression for G13(u) is similar to Eq. (7). With these spectral den-
sities, the ratio of spectral densities [which is somewhat analogous

*
to Eq. (U) in the time domain] r G^G, 3/(J1 ,G23 is formed where * denotes

complex conjugation. For an ionization chamber detecting all of the

I 2

F and where
A =* A ,



G'*G" R
 vc 1c 1 (1 - k)

G,, G2J
 = F" " — r TX k

This expression is the same as Eq. (4) except that it contains the neu-
tron multiplication factor rather than the prompt neutron multiplication
factor.

I )With other inherent (i) neutron sources, F» * { I SR

_ Multiplication of all neutrons
s = — — — — ^ — — — — — — — — — — — —

Multiplication of Cf neutrons

F I v + F.I.v.c c c i l l

Far subcritical, the pbwer spectral density of the noise equivalent
source, Gs must be modified to include X , a modified form of the neutron
dispersion number given by Eqs. (9) and (10). Thus, (1 - k)/k is of the
form

*
12G13/GJlG23

k *
1 - C 2 G12C

instead of

1 _ Ir G 1 2 G 1 3

= c

where C, Clt and C2 are constants.

ADVANTAGES OF THE METHOD

This method of subcriticality determination has several advantages
over other methods. First, the quantities of Eq. (12) are known or measur-
able properties of the assembly of fissile materials at the subcritical
state of interest. The subcriticality (k < 1) can be determined without a
reference measurement near critical (k » 1). Thus, this method can be used
in the initial fuel loading of systems where a determination of subcriti-
cality dependent on absolute calibration near critical is not possible. It
can also be used in determining the reactivity of assemblies where suffi-
cient material to achieve criticality is not available, too costly, or
where loading to critical would be undesirable. If subcriticality determi-
nations by this method can be used to benchmark calculations, substantial
savings in materials will be possible. Second, the interpretation of the
measured data to obtain the subcriticality does noi depend on knowledge of



the absolute inherent source strength or the detection efficiency. This
independence of detection efficiency is possible because che numerator and
denominator of the ratio of spectral densities Eq. (10) contain the same
detection efficiencies. The value of Ak/k obtained in these measurements
is in k units and not dollars. The effects of higher spatial and energy
modes on the measured ratio of spectral densities are minimized since they
can effect the numerator and denominator of the ratio in the same way and
thus cancel.

EXPERIMENTS PERFORMED

A total of 12 measurements have been performed for a variety of assem-
blies of fissile material. The variables in these measurements are given
in Table 1. A list of the experiments is given in Table 2.

Table 1. Variables in measurements so far

Variable Variation

Reflectors
Geometry

Dimensions
Source intensity
Dimension of source
Source locations
Detector
Dimension
Location
Type

Fissile Materials
Density
Mass
Isotope
Phases
Enrichment
Types
Neutron spectrum
Moderators

None, 10 in. thickness of H20
Sphere, cylinder, annulus,

interacting cylinders
Approximately 6 in. to 5 ft
0.1 to 15 uG 252Cf
0.37 to 2.0 in.
Central, Exterior, Internal

1 in. 0D to 2 x 1 * 0.3 ft
Inside and outside
Nal, 6Li glass, and proton recoil

scintillators, fission, 3He and
BF3 proportional counters

0.1 - 18.8 g fissile/cc
100 g - 600 kg
2 3s U ) 2 3 9 p u a n d raixed

Solid and liquid
2.5, 5, 93 wt % 23SU
Oxides, fluorides, nitrates, metals
Thermal, fission, mixed
None, H20, borated plaster, H/U

ratio: 0 - 2.5 x 10s



Table 2. Measurements performed to date

Experiments
Facility and

date Features
Reference
citation

(1) Fast flux test
reactor mockup

(2) Uranium, metal
sphere and
cylinders

(3) Water moder-
ated reiserach
reactor

(4) Fuel solution
cylinder

(5) Fuel solution
cylinder

(6) HFIR fuel
element sub-
merged in water

(7) Fuel solution
cylinder

(8) LWR fuel pins
in a PWR
lattice

(9) Uranium metal
cylinders

ZPR-9-ANL
(1974)

Y-12 critical
experiments
facility (1975)

Pool critical
facility at
ORNL (1978)

Pajarito
critical
facility-LANL
(1980)

Critical mass
laboratory at
PNL (1981)

ORNL (1982-84)

ORNL (1983)

Babcox & Wilcox
critical
facility (1983)

ORNL (1984)

Fast breeder reactor mockup
kg Pu metal (-50 kg *%0PU)

Unmoderated and unreflected
uranium (93.2 wt % " 5 U ) metal

Plate type water moderated
and reflected research reactor

Unreflected uranyl fluoride
(4,95 wt % 235U)

Unreflected mixed Pu-uranyl
nitrate-

Annular fuel plates moderated
and reflected with water

Unreflected uranyl nitrate
(0.3 to 13.7 g 23SU/£)

-300-5000 LWR fuel pins with
1500-4000 ppm boron in the
water reflector and moderator

Unreflected uranium metal
(93.2 wt % 2 J S U ) , 7 in. diam,
2-1 in. thick

13

14

Unpub-
lished

15, 16

17

18, 19
20, 21

Unpub-
lished

(10) Two interacting
uranium metal
cylinders in air

ORNL (1984) Unreflected uranium (93.2 wt %
235U) metal, 7 in. diam, coaxial
with up to 7 in. between flat
surfaces

(11) Two interacting
uranium metal
cylinders
separated by
borated plaster

(12) Two interacting
uranyl nitrate
solution tanks

ORNL (1984) Up to 10 in. thickness of borated
plaster between uranium metal 23
cylinders of entry (10) of this
table

ORNL (1985) Two 7.5-in.-diam, 35"in.-high To be
cylinders spaced up to 39.5 in. pub-
with 140 g 2JSU/1 solution lished



EXPERIMENTAL APPROACH

For experiments where availability of materials and procedures allow
assembly to delayed criticality, the procedure for all experiments is as
follows: (1) achieve delayed criticality; (2) establish a known state
slightly subcritical using inverse kinetics and calibrated critical assem-
bly components such as control rods or reflectors; (3) make measurements by
other methods such as modified source multiplication [24], break frequency
noise analysis (BFNA) or pulsed neutron; and (1) reduce reactivity making
measurements using multiple methods and comparing the results of 2S2Cf
method with other methods and calculations.

For experiments in other facilities where delayed criticality is not
practical, the procedure is (1) achieve the subcritical state with the
highest neutron multiplication factor using ANSI/ANS-8.6-1983 [25];
(2) reduce reactivity in steps measuring subcriticality, and compare the
results with other methods if possible; and (3) compare measured results
with calculations.

In most measurements performed, the source-detector locations were
varied in order to find locations where simple point kinetics can be used
to interpret the data to obtain the subcritical neutron multiplication
factor. In many measurements, the source-detector locations were varied to
produce data that are not interpretable by point kinetics. These data will
allow the development and verification of more complicated models that will
account for spatial and energy effects. The development of tnese spatial
kinetics models will allow the understanding in detail of why point
kinetics works for the experiments that have been performed. These models
will also be used in planning experiment? and applications. Some theoreti-
cal work of this type is under way for coupled systems by Difilippo and
Perez [26], and some work for unreflected cylinders has been done by Cobos
and Verdu [27, 283. The models developed should be capable of calculating
the experimental observable (i.e, including the PSDs and APSDs, GS2, Gi3,
G23, G22, and G 3 3 ) .

EXPERIMENTAL RESULTS

Data from five experiments have been selected for inclusion in this
paper to indicate the variety of fissile systems studied. They include a
plate type fuel element, light water reactor (LWR) fuel pins, an aqueous
solution of uranyl nitrate, uranium metal cylinders, and two coupled ura-
nium cylinders. All values of the neutron multiplication factor, keff,
presented in this paper were obtained using point kinetics to interpret the
data.

HFIR FUEL ELEMENTS SUBMERGED IN WATER

The 252Cf-source-driven neutron noise analysis method was tested to
determine whether it could be applied to measure the subcriticality of High
Flux Isotope Reactor (HFIR) fuel elements submerged in water [29]. If
successful, this method would have a significant advantage over methods



currently in use for this purpose. Presently, the reactivity of each
assembled fuel element in water is measured after shipment from the fuel
fabricator and prior to insertion into the HFIR by performing critical
experiments using additional uranium fuel and/or absorber to achieve
delayed criticality. The calibrated reactivity values of the added fuel
plates and absorbers are summed to obtain the subcritical reactivity in
dollars. Since this new 2S2Cf-driven subcriticality measurement method
would not require critical experiments, it would be time and cost effective.
To determine the accuracy of the measured subcritical reactivities, the
results of the 252Cf noise method were compared with the results from
another measurement method, the break frequency noise analysis (BFNA)
method. This method is the frequency domain equivalent of the Simons and
King method [30] except that corrections are made for changes in the
neutron lifetime from delayed critical to the subcritical state.

The HFIR fuel elements tested consist of involute fuel plates arranged
as two concentric annuli: The inner one is 12.9 cm ID and the outer is
^3.5 cm 0D (Fig.3). When submerged, the center of the element is water
rilled, and a >15-cm-thick reflector of water covers the top, bottom, and
side. Additional uranium fuel plates are placed in the central water-
filled region and boron-stainless steel strips are placed between
the plates of the outer annulus to adjust the reactivity to delayed
criticality.

In these measurements the 2S2Cf ionization chamber was located on axis
in the central annulus at the midplane, and the detectors were located at
the outer surface of the outer annulus centered at the midplane. The
proportionality constant between the (1 - k)/k and the ratio of spectral
densities was obtained by using the basic parameter of Eq. (10) to calcu-
late the constant C, which was 0.0191. This constant was also determined
by performing the noise analysis measurements at a known reactivity
•obtained from break frequency noise analysis [31]. The results of the
experimental determinations of C were 0.0191 for 6Li glass scintillators
and O.O192* for BF3 proportional counters (differences are within experi-
mental error).

Detection Efficiency Independence

An advantage of the independence of detection efficiency is that the
measurement result does not depend on detector calibrations. In fact, the
measured ratio also does not depend on whether prompt neutrons or gamma
rays from fission are detected. These effects were demonstrated in measure-
ments p'erformed with the HFIR fuel element submerged in water. A variety
of detectors with different detection efficiencies were used in the measure-
ments: Nal scintillators (to detect gamma rays), Li glass scintillators
(to detect neutrons and gamma rays), and BF3 proportional counters (to
detect neutrons). The measured ratios as well as the subcritical reactivi-
ties were the same for all types of detectors when corrected for the reac-
tivity effect of the detectors (Table 3), even with one pair of detectors
viewing the fuel element through 10 in. of water. This independence of
detector efficiency has been shown experimentally in all other experiments
where detector efficiency or detector type was varied.
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Table 3. Measured ratios of spectral densities
for submerged HFIR fuel elements with a

variety of detectors

Detector and location

BF-3 adjacent to fuel
Li adjacent to fuel
Nal adjacent to fuel
Li outside tank

Ratio of spectral densities
Corrected

for reactivity
Measured8 of detector

0.0529
0.0537
0.0522
0.0496

0.0492
0.0496
0.0484
0.0496

Subcritical
reactivity

($)

2.54
2.56
2.50
2.56

^Experimental error is <2% on all ratios.

Comparison with Other Methods

The subcriticalities determined by this method are compared with those
from break frequency noise analysis and the critical experiment method for
the first 11 fuel elements tested in Table 4.

Table 4. Comparison of reactivities measured for submerged HFIR
fuel elements reactivities from Z52Cf-driven neutron noise
analysis, standard BFNA, and critical experiment methods

HFIR fuel
element No.

68
222
229
230
231
233
234
235
236
237
238

Subcritical reactivity

2S2Cf methoda

2.22
2.77
2.69
2.55
2.77
2.55
2.61
2.70
2.62
2.72
2.68

Break frequency
noise analysisa

2.17
2.79
2.66
2.56
2.74
2.58
2-61
2.67
2.62
2.66
2.72

(dollars)
Critical
experiment13

2.14
2.89
2.71
2.61
2.80
2.49
2.70
2.69
2.70
2.67
2.76

^Measurement precision is ±1? in 15 min of sampling and
processing time. Values are not corrected for detector reactivity
effects, which are -22 cents in all cases.

Reference [32].



The results of both the 2S2Cf and BFNA methods, corrected for reac-
tivity effects of the detectors and 2S2Cf source, show that the reactivity
of a submerged fuel element is -22 cents less subcritical than that deter-
mined by the critical experiment method. This latter method makes use of
the calibrated reactivity worth of the fuel plates positioned in the
central water-filled region to add sufficient reactivity to make the assem-
bly critical or moderately supercritical. Any excess reactivity is
compensated in part by calibrated boron-stainless steel strips positioned
between fuel plates in the outer annulus; any remaining excess reactivity
is determined by positive period measurements. The reactivity worths of
the added individual fuel plates were measured in critical experiments with
other fuel plates present in the central water-filled region; the plates
were thus located in a higher flux region than would be present in the
normal HFIR fuel element submerged in water. This caused the reactivity
worth of the extra fuel plates to be overestimated, resulting in overesti-
mation of the subcritical reactivities of the submerged HFIR fuel elements
by the critical experiment method.

Reactivity of Center Fuel Annulus

The subcriticality of a submerged central fuel annulus (2.6 kg 235U)
was measured using a central 2SZCf source and the *Li glass scintillators
adjacent to the outside surface of the annulus. The keff value of
0.66 ± 0.07 obtained in this measurement compares favorably with that from
a VENTURE calculation [333, which was 0.63.

Conclusions of Measurements with HFIR Fuel Elements

The following are the conclusions from these measurements.

1. The subcriticality of all 28 fuel elements tested was satisfactorily
determined by this method.

2. Measurements to 1$ accuracy were performed in 15 min of measurement
time which includes data sampling and processing time.

3. Measurements are independent of detection efficiency or type of
detector (neutron or gamma or both) and measurements can be performed
with detectors outside the 10-in.-thick water reflector.

H. Measurements have been performed successfully for the submerged central
annulus (2.6 kg of U) at kef.f = 0.66.

URANYL NITRATE SOLUTION TANK

Prior to this experiment, measurements had been performed with aqueous
solutions containing uranium or plutonium-uranium mixtures or other systems
where fuel volume changed. In both previous measurements with solutions,
(4 and 5 of Table 2), which showed the applicability of this method to
nuclear fuel processing or reprocessing plants, the fuel concentration was
fixed and the volume of solution in the experimental vessel was varied.



These experiments, which started from a delayed critical configuration,
simulated in reverse one type of criticality accident that has occurred in
nuclear chemical processing plants; namely, fixed concentration fuel solu-
tion filling a tank.

Another type of criticality accident that has occurred is a fuel con-
centration change in a fixed-volume process tank [31*]. The subcriticality
monitoring of this type of criticality accident was studied in this experi-
ment. The experimental configuration was a 75.2-cm-diam cylindrical tank
filled to a 75.2-cm height with an aqueous uranyl (93.17 wt % 235U) nitrate
solution. The fuel solution was subsequently diluted with water in steps
maintaining the fixed solution volume, thus simulating in reverse, in a
stepwise manner, an accident in which the fuel concentration increases.
The ratio of spectral densities G^G^/G^Gaa, from which the
subcriticality can be obtained, was measured as a function of fuel concen-
tration for a variety of source-detector configurations. The neutron multi-
plication factors obtained from these measurements were compared with
criticality calculations.

The initial uranyl nitrate aqueous solution contained 13.68 g 23SU/i,.
The available material for this experiment was 350 i or -10? of the
critical volume at this concentration. After subcriticality measurements
with the initial fuel concentration, the solution was diluted in steps to
<1.0 g 23SU/£. The ratio of spectral densities for a central source and a
pair of detectors outside the experimental vessel at the midplane and
separated 180° azimuthally is plotted as a function of fuel concentration
in Fig. H. Linear extrapolation of the ratio versus solution concentration
>12 g 23SU/X, yields a critical concentration estimate of 16.2 g 23SU/£.
The ratio of spectral densities were interpreted to obtain the subcritical
neutron multiplication factor using simple point kinetics, and these
results are compared with calculations in Fig. 5. This figure also shows
the calculated neutron multiplication factors using the Hansen-Roach cross
sections [35] and 27 group cross sections from ENDF-B-IV. For keff values
as low as 0.5 or a source neutron multiplication of -2, the experiments
agreed with calculations but the agreement was generally better when
Hansen-Roach cross sections were used for calculations.

Conclusions

The following are the conclusions from these experiments.

1. The 2S2Cf-source-driven neutron noise analysis method is applicable for
subcriticality monitoring of fixed-volume process tanks of aqueous
solutions of uranyl nitrate where fuel concentration is changing.

2. Simple point kinetics can be used to obtain the subcriticality from
keff = 0.93 down to keff *0.5 with the source in the center.

3. For uranyl nitrate solutions, the method has the sensitivity to detect
the difference between water and solutions with less than one gram of
23 5U per liter.

4. As a result of 3, this technique is feasible for applications to waste
tanks or very large tanks of dilute uranyl nitrate.
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EXPERIMENTS WITH ARRAYS OF LWR FUEL PINS

Calculations for an approximately 4-m-diam configuration of light
water reactor (LWR) fuel elements indicated the feasibility of measuring
the subcriticality of large, loosely coupled arrays of LWR fuel elements by
the 2S2Cf method [18, 19, 20]. These analyses suggested application to the
initial loading of both pressurized and boiling water reactors, zero-power
testing of reactors (such as shutdown margin measurements * after initial
loading of BWRs without rod withdrawal), and safe storage of LWR spent fuel.
In the fuel storage application, direct measurement of subcriticality in
the actual fuel storage facilities provides the parameter which is directly
related to criticality safety; through such measurements, proper credit for
fuel burnup can be taken without depending on calculations of the criti-
cality safety. An initial test of the method for these types of applica-
tions was provided by an experiment performed with an array of LWR fuel
pins at the Babcock and Wilcox critical facility in Lynchburg, Virginia
[36].

The cylindrical experimental vessel for this test was a 152.4-cm-diam
tank and contained grid plates which supported 153.3~em-long aluminum-clad
U02 fuel pins in an array with a square pitch of 1.637 cm. The fuel pin
diameter was 1.206 cm, and the U02 pellet diameter was 1.044 cm. The ura-
nium was enriched to 2.45 wt % 2 3 5U. In these experiments the boron concen-
tration of the water reflector and moderator was 1510 ppm natural boron.
The configurations of fuel pins was varied. Six cylindrical pin configura-
tions were assembled: 4961, 3713, 2533, 1281, 749, and 333 pins with
effective radii of 66.05, 56.26, 46.65, 33.06, 25.29, and 16.89 cm, respec-
tively. A sketch of the experimental configurations is shown in Fig. 6. A
photograph of the fuel pin array (Fig, 7) shows the 2SaCf source in the
central tube and the location of two sets of three 3He proportional
counters used rs the second and third detection channels. Multiple
counters in each channel increases detection efficiency and reduces the
measurement time. The ratio of spectral densities (-1% statistical error)
is plotted as a function of the number of fuel pins in Fig. 8, The keff
values were obtained from the ratio of spectral densities using point
kinetics, and then compared very well with the results of calculations
(Table 5 ).

Conclusions

The following are the conclusions from these measurements.

1. The subcriticality was measured for 5000 (keff = 1.0) to 749
(keff = 0.83) LWR fuel pins in a PWR lattice using point kinetics to
interpret the experimental data.

2. Capability to benchmark calculations with experiments is within less
than \%.

3. The feasibility of monitoring the subcriticality of LWR fuel storage
facilities and initial loading of LWRs looks practical, but additional
experiments in a fuel storage pool should be performed.

*Loss of control of reactivity by operator error has resulted in excur-
sions in two BWR initial startups.
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Table 5. Comparison of measured and calculated neutron
multiplication factors for arrays of LWR fuel pins

Number of
fuel pins

3713
2553
1281
749

Neutron
Measured ratio
of spectraa

.988

.969

.905

.835

multiplication factor from
VENTURE KENO

calculations15 calculations0

0.982
0.960
0.900
0.834

0.982
0.962
0.907
0.847

aSimple point kinetics interpretation of the data.
bDiffusion theory calculations.
cMonte Carlo calculations [37] with standard deviations of

-±0.003.

URANIUM METAL CYLINDERS

It was desirable to perform measurements with small uranium metal
assemblies at low reactivities to verify the capability of this type of
measurement for obtaining the subcritical neutron multiplication factor for
unmoderated and unreflected uranium. Experiments with 17.77-cm-diam cylin-
ders were performed in 1975 and some of them were repeated in 1984.

The uranium metal [38] available for these experiments was enriched to
-93.2 wt % in the 23SU isotope and had an average density of 18.76 g/cm3.
The 1975 experiments used individual pieces in the form of 17.77-em-diam
disks varying in thickness from 0.32 to 3.81 cm. The available thicknesses
were such that the assembly heights could be varied in 0.16-cm steps. The
pieces were fabricated with a ±0.005-cm variation in any dimension and a
total variation in flatness of <0.005 cm. The cylinder height was varied
from 5.10 to 12.54 cm, while the uranium masses varied from -22 to 59 kg.
In the 1984 experiments, the available thickness of uranium were such that
the cylinder height could be varied in 1.02-cm step3 with a total thickness
of 10.18 cm. For the assemblies near delayed criticality, the assembly was
composed of two sections, a lower section and an upper section. As shown
in Fig. 9, the upper section of each assembly was built on a 0.025-cm-thick
stainless steel diaphragm held in position by a 76-cm-ID, 2.5-cra-thick
aluminum clamping ring. The lower section was supported on a low-mass
aluminum stand; the assembly was completed when the lower section was
raised by a 61-cm stroke of a piston. The apparatus for these assemblies
has been previously described [39]. Also shown in the figure is the loca-
tion of the parallel-plate Z52Cf chamber in the center of the upper flat
surface of the cylinder and the location of two lithium-glass scintillators
adjacent to the radial surface approximately at the midplane. For some
measurements, Nal scintillators sensitive to gamma rays were also used.

Previous Reactivity Determinations

The reactivity has previously been determined by using measurement of
the prompt neutron decay constants: the decay constant at delayed criti-
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Fig. 9. Photograph of uranium cylinder showing the location of the
detectors and 252Cf chamber.

cality (1.082 ps"l) and those measured for cylinder heights from 12.22 to
8.28 cm. Changes in tne prompt neutron lifetime from the delayed critical
cylinder to cylinders of the various heights (from 3 n transport theory
calculations [40]) were used with the measured decay constants to obtain
the subcritical reactivity. The close agreement of these measured and
calculated reactivities as well as those for other diameter (27.9 and
38.1 cm) uranium metal cylinders shows that the reactivity as a function of
cylinder height is accurately known. This functional dependence of sub-
critical reactivity on cylinder height was interpolated to obtain the
reactivities for the cylinder heights of these 1975 experiments. These
reactivities and the reactivity values from noise analysis will be compared
to verify the noise methods.

The reactivities obtained from the ratio of spectral densities are
plotted as a function of the reactivity obtained from independent prompt
neutron decay constant measurements [4] in Fig. 10 for measurements made

GizG^/Gj,G23 agree with those from other measurements. Thus the 1975
experiments demonstrated that this method of reactivity determination
is valid for these uranium metal cylinders down to -30 dollars subcritical.
The reactivity obtained did not depend on the type of detector used, thus
demonstrating that the measurement can be performed with a detector sensi-
tive only to gamma rays. The measurement time required, which is the data
sampling time, was <0.5 min for all cylinders.



Reproduoibility of Measurements

Measurements were performed in 1984 with cylinder thicknesses of 5.08
to 10.18 cm to verify the reproducibility of the method and extend the
measurements to cylinder heights of 5.08 cm. The results of these measure-
ments are given in Table 6. The measurements in 1975 were performed with a
0.07-ng 252Cf source, and those in 1984 were performed with a 0.20-jjg 2S2Cf
source. The measured ratios of spectral density from both sets of measure-
ments are shown in Fig 11. The good agreement between measurements demon-
strated the method's reproducibility even though the sources and detectors
were different.

30

1

j 20

o<r
10 -

o LITHIUM-GLASS SCINTILLATORS

A Nal SCINTILLATORS

a
<

10 20
REFERENCE REACTIVITY (-dollars)

30

Fig. 10. Comparison of reactivity

from G^Gjj/GnGas with reactivity

values from other measurements.

Conclusions

The following are the conclusions from these measurements.

1. The results agreed with the reactivities obtained from prompt
neutron decay constants by the pulsed neutron or Rossi-ct method
and with calculations.

2. The method successfully measured the neutron multiplication factor
down to keff = 0.65.

3. The measurement times are short and would be decreased further
(factor of 10) by increased bandwidth of the measurement system
and by use of larger more efficient detectors.

4. The reproducibility of the method over long periods of time was
demonstrated in experiments nine years apart although both the source
and the detectors were different.



Table 6. Ratio of spectral densities and subcritical
neutron multiplication factors for 7-in-OD uranium

(93.2 wt % 23SU) metal cylinders

Cylinder
thickness
(cm)

10.16

0.14

8.13

7.11

6.10

5.08

0

0

0

0

0

0

Ratio of
spectral

densities8

.0726 +_ 0.0008

.0995 + 0.0013

.150 +_ 0.003

.215 +; 0.006

,298 +0.018

.372 ^ O.O37e

Neutron multiplication factors from
Measured0

ratio

0.929

0.907

0.858

0.801

0.709

0.642

Calculation0

0.924

0.877

0.837

0.787

0.723

0.658

^Source on axis in center of flat surface. Detectors (Li
glass scintillation, 3.81 in. OD, 2.54 in. thick) adjacent to
radial surface at the midplane.

bUsing simple point kinetics to interpret the experimental
data.

cKeno calculations using Hansen-Roach calculations
(statistical error -0.5? in k).

dData sampling time 1.0 min with 3.8-cm-diam Li glass
scintillators.

eData sampling time was 9 min with 3.8-cm-diam Li glass
scintillators. Larger acintillators could reduce this time.

0 1975

< 198a

8.0 8.S 9.0 9.5 10.0 10.5
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Fig. 11. Source detector locations for
measurements with coupled uranium metal cylinders.
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TWO INTERACTING URANIUM METAL CYLINDERS

Prior to this measurement, various measurements have been performed
that demonstrate the usefulness of the method including measurements with
single uranium metal cylinders. The experiments described here, which used
coupled uranium (93.15 wt % 2SSU) metal cylinders separated by air, are the
first application of this method to coupled systems. This method has some
unique features that make it useful for studying the interaction in coupled
systems. By locating the source on one cylinder and the detector on the
other cylinder, or each of the detectors on a different cylinder, the
(CPSDs), G12, Gj 3, and G23, will arise from fission chains propagated by
neutrons traveling between cylinders. Thus, for these detector source
locations, as the coupling between cylinders goes to zero over large
distances so wi]l the CPSDs that are dependent on correlations between
cylinders.

The uranium metal and the apparatus used for these experiments have
been described previously [37, 38]. Each of the two coaxial 17.77-cm-diam
right circular cylinders were 5.08 cm thick, and the spacing between the
flat surfaces of the cylinders varied up to 17.77 cm. The 252Cf source was
centered on the outer flat surface of one cylinder, and the detectors
(lithium glass scincillators) were located in three configurations:
(a) one detector adjacent to the radial surface of each cylinder, (b) both
detectors (180° apart) adjacent to the radial surface of the cylinder with
the 252Cf source, and (c) both detectors (180° apart) adjacent to the
radial surface of the cylinder without the 2S2Cf source (Fig. 12).

The measured ratio of spectral densities is plotted as a function of
spacing between the cylinders in Fig. 13 for two locations of the source
and detectors: both detectors adjacent to the cylinder with the 252Cf
source and both detectors adjacent to the cylinder without the 252Cf source.
As the spacing between cylinders increases, the coupling between cylinders
decreases, and the number of fission chains propagating between cylinders
decreases. For the experiments with the source adjacent to one cylinder
and the detectors adjacent to the other, this has the effect that CPSDs Gia

and Gl3 decrease, and thus the ratio of spectral densities decreases with
increased spacing since G23 does not go to zero for less coupling. The
neutron multiplication factor, keff, was obtained from the ratio of speo-
tral densities from measurements with the source and detectors adjacent to
the same disk using a simple point kinetics interpretation without correc-
tion for spatial effects. This neutron multiplication factor is compared
with that calculated using the DOT transport method [40] and the KENO
Monte Carlo method using the ENDF/B-IV cross-section library in Table 7.
The measured and calculated results agree within 2% for separations up to
12.7 cm. With these locations for source and detectors, the subcriticality
of one cylinder as affected by the proximity of the other is measured.
With the source and/or detectors on different cylinders, a simple point
kinetics interpretation of the ratio of spectral densities will not give
the subcritical value. For locations where the source and detector are not
on the same cylinder, a kinetics model that incorporates the lumped nature
of the system will be required to interpret the ratios of spectral
densities to obtain the correct subcritical value for the system; coupled
core kinetics is required for these source-detector locations. This type
of model is being developed [26].
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Table 7. Comparison of neutron multiplication factors
(keff) from calculations and from measurements with

both detectors located on the cylinder with the source
for coupled uranium metal cylinders

Separation
(in.)

0.0
0.4
0.8
1.6
2.4
3.2
4.0
4.8
6.0

Neutron multiplication factor
(keff)

Measureda Calculated

0.92b

0.88
0.84
0.79
0.75
0.69
0.72
0.71
0.66

0.92
0.87
0.83
0.78
0.74
0.72
0.71
0.70
0.69

aPoint kinetics interpretation of the data.
^Data-sampling time for this measurement was

1.1 min.

Conclusions

The following are the conclusions from these measurements.

1. Point kinetics with no correction for spatial effects can be used to
obtain neutron multiplication factors as low as 0.7 for source and
detectors located on the same cylinder.

2. Calculated and measured neutron multiplication factors agree.

3. By locating source and detectors on different cylinders, details of
coupling can be studied.

4. Interpretation of data for source and detectors on different cylinders
requires further development of theory for tightly coupled systems

5. Development of theory will allow the determination of coupling
reactivities, k, 2, which can be compared directly with Monte Carlo
calculations.

CONCLUSIONS AND POSSIBLE USES

These experiments have shown that the 252Cf-source-driven neutron
noise analysis method is a useful method for subcriticality determinations
in a wide variety of systems. In many experiments, the neutron multiplica-
tion factor has been determined for keff values <0.70 and in one experiment
with a uranyl nitrate solution tank for keff values down to 0.50 using



point kinetics interpretation of the data. The variety of experiments
performed have shown that the development of this method can lead to a prac-
tical subcriticality monitor for in-plant applications. The development of
this method will require additional experiments oriented toward particular
applications including dynamic experiments. The development of a theory
for the measurements using spatial kinetics will allow a better under-
standing of the method, particularly as applied to interacting arrays. The
instrumentation development should emphasize miniaturization of the measure-
ment and analysis systems. Some possible uses of this method are listed in
Table 8 in which the experiments are catalogued according to the applica-
tion that each particular experiment addressed.

Table 8. Possible uses of the method

Application Measurements from Table 2
addressing various
applications

Initial loading of reactors
Refueling of reactors
Fuel preparation facilities
Fuel reprocessing facilities
Fuel storage facilities
Post-accident situations
Zero power testing of reactors
Verification of calculation methods for

assemblies with k < 1
Shutdown reactivity of reactors
Quality assurance

8

2, 4, 5, 7, 9, 10, 11, 12
«, 5, 7, 12
10, 11, 12

1, 3, 8

1 through 12
1, 3, 6
6
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