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ABSTRACT 

Subcritical source-driven noise measurements are simultaneous Rossi-a and randomly 
pulsed neutron measurements that provide measured quantities that can be related to the 
subcritical neutron multiplication factor. In fact, subcritical source-driven noise 
measurements should be performed iii lieu of Rossi-a rneasurements because of the 
additional information that is obtained from noise measurements such as the spectral ratio 
and the coherencc functions. The basic understanding of source-driven noisc analysis 
measurements can be developed from a point reactor kinetics model to dcinoiistrate how 
the measured quantities relate to the subcritical neutron multiplication factor. More 
elaborate models can also be developed using a generalized stochastic model. These 
measurements can be simulated iising Monte Carlo codes to determine thc subcritical 
neutron multiplication factor or to determine the sensitivity of calculations to nuclear 
cross section data. The interpretation of the measurement using a Monte Carlo method is 
based on a perturbation model for the relationship between the spectral ratio and the 
subcritical neutron niultiplication factor. 

'The subcritical source-driven noise measurement has advantages over other subcritical 
measurement methods in that reference measurements at delayed critical arc riot required 
for interpreting the measurements. Therefore, benchmark or in-situ subcritical 
measurements can be perfornied outside a critical experiment facility. Furthermore, a 
certain ratio of frequency spectra has becn shown to be independent of detection 
efficiency thereby making the measurement more robust and unaffected by drifts or 
changes in instrumentation during the measurement. Criteria have been dcfined for 
application of this measurement method for benchmarks and in-situ subcritical 
measurements. An extension of the source-drivcn subcritical noise measurcment has also 
been discussed that eliminates the few technical challenges for in-situ applications. 

ix 
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CHAPTER 1 

INTRODUCTION 

The subcriticality of fissile assemblies is essential to safe processing, transportation, and 
storage operations. The assurance of the subcriticality of various fissile material 
operations is commonly obtained by criticality safety evaluations for the spccific 
operation. The criticality safety evaluations are performed using detailed computations 
that have been validated using critical experiments in which the neutron multiplication 
factor is unity. Jn most cases, the actual fissile material operation does not coincide to the 
conditions that exist for the critical experiment, i .e. the geometry and neutron spectrum 
may both differ significantly between the subcritical operation and the critical 
experiment. These differences require that additional safety margins be included in the 
criticality safety evaluations'. Subcritical measurements can be used to address the use of 
additional safety margins by providing supplcmeiitary benchmark data for validating 
computation mcthods or by providing an in-situ measurement of the degree of 
subcriticality. The use of subcritical measurements would actually enhance the safety of 
operations with fissile materials. 

Subcritical measurement methods have been under development and study for many 
years. Thcse methods are all based on the same basic premise that the properties of a 
subcritical system can be determined by measuring the fluctuations in the iission chain 
multiplication process. The fluctuations in the fission chain multiplication process are 
dependent upon the stochastic nature of the birth and death process in the chain reaction. 
The birth and death process depends directly on the system geometry and composition. In 
a subcritical system, the fission chain process is eventually terminated because the death 
probability is greater than the production probability. A typical diagram of thc fission 
multiplication process is depicted in Fig. 1. The initiating source particle dcnoted by S 
can be an external neutron source or an internal neutron source. The source shown in thc 
diagram would be either an external or internal spontaneous t'ission source. Neutrons 
from the source would interact with the systcm resulting in fission (F), capture (C), or 
detection (D) of neutrons. Leakage of neutrons could be represented as a capture event 
because they would not produce additional neutrons nor provide to the detector rcsponse. 
The interaction event would depend on the geometry and composition of the system. The 
number of neutrons produced in fission events would fluctuate and depend on the fissile 
nuclide. Observe that the detection events can all be traced to the initiating source event. 
If the time of the source event is measurable such as in a pulsed neutron2 or randomly 
pulsed neutron3 measurement, the distribution of the times between the source event and 
the detection event would provide a direct indication of the dynamic properties of the 
system. Likewise, the distribution of thc times between the various detection events 
would also provide a direct indication of the dynamic properties of the system because 
these detection events are all related to the same initial source event. Such measurements 
are typically called Rossi-a measurements4 that arc named after I3runo Rossi who first 
suggested such measurements. After many observations of the source and/or detector 
responses, time distribution histograms can be constructed. These histograms have 311 

1 



exponential decay that is dependent on the prompt neutron decay constant. This 
explanation will be further elaborated in subsequent sections of this report. The source- 
jerk measurement5 is similar to the pulsed neutron measurement with the exception that 
the detection events are correlated with the time of the removal of the source and the 
subsequent decay of the fission chains is observed. Other subcritical measurements such 
as the inverse kinetics6 and source multiplication measurenient’ rely on a physical 
perturbation to the system to observe tlie fluctuations in the fission cliain process. These 
methods still depend on measuring events that are related to the change in the fission 
chain multiplication process. 

Fig. 1. Illustration of fission chain multiplication process. 

252 The subcritical source-driven noise measurement8 (known as tlie Cf-sourcc-driven 
noise analysis method) evolved from a simultaneous randonily pulsed neutron 
measurement and the Rossi-a measurement as an attempt to overcome so~iic of the 
liniitatioiis of other methods. Other subcritical measurement methods require a 
calibration measurement at delayed critical or knowledge of the effective delayed neutron 
fraction to determine the neutron multiplication factor. kejJ Additionally. many of these 
methods required some knowledge of the detection efficiency or source intensity to 
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determine kefl A certain spectral ratio from the source-driven noise measurement can be 
directly related to the subcritical reactivity without need for a calibration iiieasurement at 
delayed critical. 

This report provides a description of the source-driven noise measurement and the 
interpretation of this method in Chapter 2. A description of frequency aiialysis methods is 
also provided in Chapter 2 to emphasize the advantages of frequency analysis. A 
description of the measurement method and instrumentation is provided in Chapter 3. 
Applications of the source-driven noise method are described in Chapter 4. A brief 
discussion of extensions of subcritical noise measurements is provided in Chapter 5 .  
Finally, a summary of the report is provided in Chapter 6 .  

3 
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CHAPTER 2 

THEORY OF SUBCRITICAL NOISE MEASUREMENT 

In this chapter the basic theory of the subcritical source-driven noise measurement is 
presented making the relation of this measurement method to other methods self-evident. 
A brief discussion of the generalized stochastic theory is presented to provide the reader 
with a more rigorous description of the stochastic nature of the fission chain process. A 
description of the Monte Carlo simulation of the source-driven noise measurement is also 
provided in this chapter along with a discussion of the interpretation of the measurement 
to determine the neutron multiplication factor. 

2.1 SIMPLE THEORY OF FISSION CHAIN FLUCTUATIONS 

2.1.1 Neutron Detection Models 

The observation of the fluctuations in the fission chain process is accomplished by using 
neutron detectors. Neutron detectors may respond to events such as neutron capture, 
neutron fission, neutron scatter, or a combination of such events within the detector 
volume. Fission and scatter detectors are not necessarily terminal events. In fact, they 
may produce subsequent neutrons that can also contribute to the neutron fission chain. A 
terminal event is an absorption event in the detector without subsequent production of 
other neutrons. For practical purposes the following description of the detection events 
will only consider terminal detection events such as neutron capture. These detection 
models do not include the spatial or energy dependence of the detection proccss because 
the spatial dependence is treated as a point with a single energy group. The detector field- 
of-view and energy dependence will be represented by tlie detection efticiency that is 
defined as detector counts per fission. Hence, the efficiency providcd in these models 
does not represent a measurable efficiency. The following equations are based on the 
point reactor kinetics9 equations and are similar to those developed by Ficaro" and 
Mattingly". Other derivations have been performed by Feynnian'2, Keepin13, and U1irigt4 
that upon manipulation yield the same expressions. The detailed dcrivation of tlie 
correlation functions is provided in Appendix A. 

In a source-driven noise measurement, the source event is observable in timc. The source 
could be either an instrumented spontaneous fission source or a pulse source such as a 
D-T or D-D source. The time-dependent source-detector covariance function is dcfined 
as 
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In this expression, is the time variable, a is the prompt neutron decay constant, F, is 
the average fission rate of the source, is the efficiency for detecting the source event. &, 

is the detector efficiency in counts per fission, is the average number of neutrons 

from the source, is the average number of neutrons from fission. and ,,I is the neutron 
generation time. The source-detector covariance function indicates the amount of source- 
induced fission in the system. 

- 
0 - 

The second part of the source-driven noise measurenient is the Rossi-a measurement that 
involves the time correlation of detection events between detectors. The detector-detector 
covariance function including both the 252Cf source and an inherent spontaneous fission 
source would be defined as 

1 
- __ 
v F  v F  

c ( 2 ) = &  & v(v-1)- O + v  (v -1)F +v(v-1)-- I I + v  (v -1q 
XY 1 2  0 0  s cxiz I I [ aA (2.2) 

In this expression, El is the detector efiiciency in counts per fission for the first detector, 

is the 

average number of neutrons from the source, is the average number of neutron from 

fission, is the average number of neutrons from an inherent source. ,,(,> - 1) 1s the 

reduced second moment of the neutron emission distribution for fission. G - 1) is the 

reduced second moment of the neutron emission distribution for 252Cf spontaneous 

fission, - 1) is the reduced second moment of the neutron emission distribution for 

the inherent source, and F, is the spontaneous fission rate of the inherent source. 'I'he 
detector-detector covariance function defined by Eq. 2.7 is the same as the two-detector 
Rossi-a measurement. The detector-detector covariance function indicatcs the amount of 
source-induced and inherent source-induced fission in the system. If the measurement is 
performed with a single detector, the measurement is referred to as a single-detector 
Iiossi-a measurement and an additional term appears in the expression for the detector 
auto covariance function. The single-detector auto covariance is defined as 

- 
is the detector efficiency in counts per fission for the second detector. \I 

0 
- 

-. 
I 

0 0  

(v I I  
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- - 
v F  

O [ aA 

e (z) = E  E v(v-1)- + v  (v -l)F +v(v-1)- 
S XX 1 1  0 0  

e - 4 4  
e 

2a( VA) 

(2.3) 

The second term appears in Eq. 2.3 because the detector signal is always correlated with 
itself. The single-detector auto covariance is indicative of the amount of induced tission 
in the system as a result of the Is2Cf source and the inherent soiirce and is also indicative 
of the average count rate of the detectors. 

The source-driven noise measurement is based on simultaneous performance of the 
randomly pulsed neutron and Rossi-cc measurements. The simplistic point models for 
these measurements demonstrate the dependencies of these measurements on the 
moments of prompt neutrons from fission, the prompt ncutron decay constant, and the 
neutron generation time. The accidental coincidences between the source and detectors 
and between detectors have been ignored in the previous equations to simplify tlie 
description of the physics of the measurements. Obviously the accidental coincidence rate 
will be a product of the count rates of the different detectors times the timc interval over 
which the counts are acquired. 

The source-driven noise measurement differs from other subcritical mcasurenients in that 
the data acquisition is actually performed using Fourier processors. The reasons for the 
use of the Fourier processor and a brief description of the measured quantities in the 
frequency domain will be presented in the following section. 

2.1.2 Frequency Analysis Models 

The relationship between the covariance functions and their equivalent frequency spcctra 
will be described in terms of the Laplace transform. Additional details conccrning 
frequency analysis as applied to nuclear processes can be found in Ref. 14. 'Thc 1,apluce 
transform is a linear transform and is defined ast5 

The source-detector frequency spectra can be defined as the Laplace transforin of the 
source-detector covariance function 

- at - .rt s z V F e  e 
c€t S l O S  s (s) = L(C (I)) = j 

sx SX VA 
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(2.5) 
VA ( s + a ) '  

The detector-detector frequency spectra can be defined as the Laplace transform of the 
detector-detector covariance function 

v F  . s ( s ) = L ( C  @))= O 5. + v  (v -1)F +v(v-l)------ 
X Y  XY aA 0 0 S 

The Fourier transforms can be expressed in terms of the Laplace trailsforin by setting 
s=jW In terms of the Fourier transform, the source-detector cross spectrum is 

E E V F  

SX VA ( j w + a )  
S l O S  1 s (w)= (2.7) 

'Ilie detector-detector cross spectrum is 

The detector auto spectrum is given by 

1 (2.9) 

- - 
v F  I______ v F  

+ v  ( v  4 ) F I  0 P s (w)=------- v(v-l)-----+v (v -l)F +v(v-I)--- 
xx (FA)* E'E1  [- aA 0 0 S aA I I 
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Source-driven noise measurements are commonly performed using Fouricr processors. 
Fourier processing provides several advantages over time processing methods. Data 
acquisition in the frequency domain is performed faster than using shift registers because 
fewer operations are required. The computation of a frequency spectrum requires logi N 
operations whereas the computation of a correlation function requires N2 operations 
where N is the number of time bins for the detector response. A more detailed discussion 
of the fast Fourier transform can be found in Ref. 15. 

A second advantage of frequency analysis concerns removal of the detection system 
response function from the measured response functions. The affects of the detection 
system on the covariance functions were omitted in the preceding derivations of the 
covariance functions such that the physics of the measurements were not obscured. 
However, the affects of the detection electronics are important in any measurement. The 
measured covariance functions would actually represent the response of the system 
convolved with the response of the detection electronics. The actual detection of the 
neutrons typically occur on a very small time scale compared to the time scale of most 
measurements; however, the processing of the neutron event into a measurable pulse 
takes orders of magnitude longer. The nuclear event typically leads to atomic interactions 
to produce an electron current that can be measured. Therefore, the rncasured response, 
o(Q, is actually the convolution of the system response, z(t), with the response function 
of the detector, h(t) as defined by 

o(t) = p l ( t l )z ( l -  2l)c;ltl. (2.10) 

In the frequency domain, this convolution becomes a product of the system response with 
the detector electronics response. 

O(S) = H(s)Z(s) .  (2.1 1) 

By performing an electronic system calibration measurement without the fissile systcm 
being present, the affects of the detection electronics, H(s), can be removed from the 
measured response by performing a simple division of the measured spectra divided by 
the calibration spectra. This calibration is only required to determine the prompt ncutroii 
decay constant from the measured frequency spectra. Otherwise this clectronic systcm 
calibration is not required. 

2.1.3 Ratio of Spectral Quantities 

The most significant advantage of the source-driven noise measurement is that a certain 
ratio of frequency spectra can be obtained that does not depend on detection efficiency. 
As previously shown in the simple derivations, the detection efficiency is stated in terms 
of counts per fission and is not directly measurable. The spcctral ratio of intcrcst is 
detined as 
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* s (w)S ( w )  

s (0)s ( w )  
sx SY 

ss XY 

R ( w )  = (2.12) 

The term S,, is the source-detector cross spectrum between the source s and the detector 
x. The asterisk denotes taking the complex conjugate of the source-detector cross 
spectrum, Ssx. The term SsJ, is the source-detector cross spectrum betwccn the source s and 
the detector y.  The term Sw is the detector-detector cross spectrum between detectors s 
and y.  The term Sss is the sourcc auto spectrum and is simply equal to the source 
efficiency times the source fission rate (S,,=,F,). 

Considering the 252Cf source as the only source in thc system, substitution of the 
expressions in Eqs. 2.7 and 2.8 into Eq. 2.12 and simplifying the results yields the 
following expression for the spectral ratio 

(2.13) 

1 all 

As can be seen from Eq. 2.13 the spectral ratio is directly related to the reactivity of the 
system. The spectral ratio is also dependent on the source detection efficiency that can be 
measured. If the source detection efficiency is not 1 OO%, the measured spectral ratio 
values are divided by the source detection efficiency to remove this dependency. I n  most 
cases the source detection efficiency is greater than 99%. The spectral ratio that includes 
an inherent source is of particular interest for interpreting measurements with plutonium. 
The spectral ratio including an inherent spontaneous fission source is expressed as 

As can be seen from Eq. 2.14, the spectral ratio that includcs the affects of an inherent 
spontaneous fission source depends on the ratio of the inherent spontaneous fission rate 
to the '"Cf source fission rate. These expressions are similar to those derived by others 
except that spatial correction factors and importance functions have been omitted in these 
equations. This dependence can be contained within the appropriately weighted cross 
sections and neutron emission probabilities. A spectral ratio that depends only on induced 
fission events caused by the 252Cf source and is independent of the source detection 
efficiency has been developed that requires the measurement of higher-order correlation 
functions' I .  These higher-order correlation measurements have yet to be applied to 
subcriticality measurements, but they have been theoretically shown to posses higher 

10 



sensitivity to reactivity and are independent of all inherent sources. A recommendation 
for the further investigation of these higher-order correlation measurements is provided 
later in this report. 

2.1.4 Coherence Values 

Another quantity commonly encountered in source-driven noise analysis measurements is 
the coherence function. The coherence function indicates the amount of correlated 
information between two signals. The coherence function may be defined as 

(2.15) 

The low-frequency cohercnce values are used to determine the measurement time. The 
source-detector coherence function is independent of the source intensity but depends 0 1 1  

the detection efficiency. This dependence on detection efficiency allows one to estimate 
the measurement time. The source-detector coherence function obtained from Eq. 2.15 is 

The dctector-detector coherence function may also bc used to deterniinc the Incasurement 
time. The detector-detector coherence function obtained from Eq. 2.15 is 

where 

1 A =  I-Un v(v-l)-+vo(vO -1) , 0 
V 
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The coherence functions depend on the detector 
efficiency decreases, the fraction of correlated 
another decreases. 

efficiency. Therefore, 
information between 

as the detection 
one signal and 

2.2 Stochastic Neutron Transport 

The point reactor kinetics equation describes the time-dependent neutron behavior with a 
linear differential equation. This equation ignored the spatial and energy dependence of 
the neutron population. This dependence can be contained within the appropriately 
weighted cross sections and neutron emission probabilities. The time-dependent neutron 
bchavior can be developed from a stochastic model. A stochastic process can be 
described as a process whose time dependence is based upon a set of transition 
probabilities. 16 

‘Ihe behavior of neutrons is a stochastic process because the interactions of neutrons in a 
fissile system are dependent on several probability distribution functions. A stochastic 
process can be described with a generalized probability balancc. In the case of neutron 
kinetics, the probability balance should account for all possible processes that may affect 
the neutron behavior including detection by neutron detectors. Several stochastic models 
have been developed for neutron noise analysis. These methods differ from one another 
in their point of reference. The “forward” stochastic models require that events which 
alter the neutron population in a time interval t-+t+dt be considered in dcveloping 
balance equations for the transition probability and the probability generating function. A 
probability balance that relates the future state of the neutron population to the present 
state is developed in the “forward” stochastic model. On the contrary, the “backward” 
stochastic model relates the current state of the neutron population to some past state. 
This difference is essentially a matter of point-of-view of the developer of the stochastic 
model.” The basic premise of these models is that a generalized probability balance can 
be generated to describe the stochastic behavior of neutrons in a fissile system. A general 
probability balance is developed and a probability generating function is defined. ’I’he 
generating function is used to determine the moments of the neutron population or the 
detector response. The stochastic models devcloped by Munoz-Cobos, Perez, and 
VerduI*.’9JOarc the iiiost complete models that include a detailed account of the detector 
interaction in the neutron field. However, the basic premise will be described in  terms of 
a limited point reactor description. 

The following is a summary of the probability balance developed by Willianis.21 This 
simple probability balance omits the neutron spatial and energy dependence and also 
omits delayed neutrons. A probability balance equation is developed that considers a11 
possible events that can result in N neutrons at time [. The following probability balance 
is obtained 
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P(N,t+At)  = P ( N - ~ , ~ ) S A ~ + P P ( N + ~ , ~ ) ( N - ~ ) V C  At 
C 

(2.18) 
-+ Cp(n)P(N  + 1 - n,t)(N +- 1 -n)vC .At + P(N, t )  l -SAt -N(C -t- C )At  ‘1 . 

n J . f i  
The term on the left side of Eq. 2.15 is the probability that at time t+dt there are N 
neutrons. The first term on the right side of Eq. 2.18 is the probability that at time t there 
are ~ - 1  neutrons which is multiplied by the probability that a source event produces one 
neutron within At. The second term is the probability that at time t there are N+I 
neutrons multiplied by the probability that neutron capture occurs within dt, The third 
term is the probability that a neutron absorbed by a fissile atom produces neutrons 
multiplied by the probability that N + I - ~  neutrons exist at time t and the probability that 
in time At a fission event occurs. ‘The final term in Eq. 2.18 accounts for the probability 
of no interaction. A differential equation can be derived from Eq. 2.18 by dividing by 
and taking the limit of d t a .  The resulting differential difference equation is 

(2.19) 
+vc C p ( r z ) ( N + l - n ) P ( N + l - n , t ) .  

f, 

As stated by Williams, moments of this equation are obtained by defining the probability 
generating knctions 

(2.20) 
co I 

N = O  n=O 
F ( 2 , t )  = Z N P ( N , l )  and f ( 2 )  = G z n p ( n ) .  

Multiplying Eq. 2.19 by ZN and summing ovcr N a partial-differential equation for the 
moment generating function is obtained 

(2.21) 

The moments of the neutron population are determined by taking the derivative of I;(Z t) 
with respect to z and evaluating at z = ~ .  The first moment is defined as 

(2.22) 

Evaluation of the first moment of Eq. 2.21 directly yields the point reactor kinetics 
equation without delayed neutrons. 
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d P --N(t)+-N(r) = S(r). 
dt A 

(2.23) 

This brief derivation has shown how the probability balance along with a moment 
generating function can be used to determine the moments of the neutron population. In 
particular, it has been shown that the point reactor kinetics equation is simply the ik-st 
inoincnt of the more general probability balance. A similar probability balance can be 
developed to determine moments of the detector count rate. A more elaborate model 
would include the spatial and energy dependence in the probability balance. Munoz- 
Cobos, Perez, and Verduls developed such a model. This model is a “backward” 
stochastic model and would produce an “adjoint” probability balance. In their model, the 
adjoint neutron transport equation is the first moment of the generalized probability 
balance. Using the commutation relation, the forward transport equation is obtained. In 
their model, they also included the detector to obtain expressions for the moments of the 
detection events that can be used to determine expressions for the various correlation 
functions. 

2.3 Monte Carlo Simulation 

The Monte Carlo method is a simulation of the stochastic model. Several books have 
been written that describe how Monte Carlo is used to simulate the behavior of neutrons 
in a fissile system. A detailed description of the Monte Carlo method can be found in 
Rcf. 22. ‘1’0 perform a Monte Carlo simulation all that is required is a description of the 
system gcornetry and basic nuclear data. Given the phase-space location, energy, and 
direction of a source neutron the interaction probabilities are determined solely by the 
neutron cross sections of the material. The particle can be absorbed, scattcr, cause fission, 
or exit through a boundary. The tracking of neutrons in a Monte Carlo simulation is the 
realization of the stochastic model. By sampling a large number of neutrons, the average 
behavior of neutrons in a fissile system can be determined. Sometinics tlie Monte Carlo 
method is formulated in terms of an integral form of the transport equation. However, this 
formulation is only useful for modifying the standard random walk procedure. Limitins 
the Monte Carlo method as a solution of a first moment equation is not necessary because 
any moment of the neutron population can be determined, as long the interaction proccss 
is not altered. Because typical biasing techniques are employed to reduce the variance of 
estimates of first moment quantities, they do not preserve the higher moments; therefore, 
analog Monte Carlo calculations must bc performed when analyzing quantities that arc 
directly related to the higher moments of the neutron populations. Because the usc of 
average quantities reduces the statistical fluctuation of tlie neutron population, average 
quantities such as the average number of neutrons from fission are not used; instead, 
appropriatc probability distribution functions are sampled. 

The Monte Carlo codes used for this type of analysis were developed to simulate source- 
driven noise analysis measurements. The source and detector responses are accumulated 
and the resulting sequences segmented into data blocks. A data block is a sample of the 
detector response for a specified period of time. The auto and cross spectra are 

14 



accumulated and averaged over many blocks of data. There are two codes available to 
simulate the frequency analysis measurement. The first is the Monte Carlo code 
KENO-NR23 that is a modified version of KENO-Va24 and uses group averaged neutron 
cross sections. This code calculates the auto- and cross spectra between a source and 
neutron detectors. The other code is MCNP-DSP25.26 that is a modified version of 
MCNP4aTMJ7. MCNP-DSP is a continuous energy Monte Carlo code which calculates 
the auto- and cross spectra and auto-and cross correlation functions between a source and 
detectors for both neutrons and gamma rays. Thc Monte Carlo calculation does not 
impose limitations on the spatial dependence of the simulation except for the accuracy of 
representing physical systems. The only limitation of the energy dependence is that 
imposed by the cross section data files whether continuous or group averaged and that 
imposed by the representation of the energy of neutrons and/or gamma rays from fission. 
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Fig. 2. Block diagram of Monte Carlo loop structure. 
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'4 block diagram of the inner loop structure is given in Fig. 3. The inner loop begins by 
obtaining information about the source event. The source is treated as a point source 
whose directional distribution is eithcr isotropic or determined from an appropriate 
distribution function. The times of the source fission events are uniformly distributed 
within the data block. The energy of the 252Cf neutrons is sampled from a corrected 
Maxwellian distribution. The number of neutrons from the spontaneous fission of 25Tf 
is sampled from a measured distribution. This information is stored in the bank for all but 
one of the neutrons for the given source spontaneous fission. Next, the distance to the 
cell boundary is determined from the geometry description of the region and the direction 
of the source neutron, and the distance to collision is determined probabilistically from 
the total macroscopic cross-section of the material in which the source is located. If the 
distancc to collision is shorter than the distance to the cell boundary, then the collision 
type and time are determined from the direction and velocity of the neutron; otherwise, 
the particle is transported to the boundary of the region and the process is repeated. The 
type of collision is probabilistically determined from thc nuclear cross-section data. For 
example, the probability of fission event is determined from the ratio of the fission cross- 
section to the total cross-section. If a fission event occurs. thc number of neutroiis from 
fission are sampled from the appropriate probability distributions, the fission neutron 
directions are sampled isotropically, and their energies are sampled from the fission 
spectrum of the target nucleus. The birth time of the secondary particles is the sum of the 
source particle birth time and the transit time to the collision site. These. progeny would 
then be stored in the bank to be tracked latter. If the collision event occurred in the 
detector material, the detector response at the time of collision is incremented. If the 
particle survives the collision, the distance to the cell boundary is recalculated along with 
the distance to collision and the process is repeated. If the particle is absorbed or causes 
fission, then the next particle from the bank is retrieved and the distance to the boundary 
and the distance to collision are determined for this particle. If there are no particles in 
the bank, the inner loop counter is incremented. All particles are tracked until they are 
either absorbed or escape from the system. After all source and secondary particles for a 
given data block have been tracked, the detector responses are accumulated. This 
procedure is repeated for the specified number of data blocks to obtain average estimates 
of the detector responses. The auto spectra and cross spectra are estimated from the 
detector responses by complex multiplication of the Fourier transform of the data blocks 
and averaged over blocks. 

I n  these Monte Carlo calculations, the detector material, type, and any energy thresholds 
are specified. The detector response is segmented into time bins for each data block 
whose time width is specified. There are three types of detectors available in these 
calculations: capture, scatter, and fission detectors. The detector response of capture 
detectors is due to neutron absorption followed by emission of secondary charged 
particles that ionize the detection media and produce an electrical pulse proportional to 
the kinetic energy of the secondary charged particle. In the Monte Carlo simulation. 
neutron absorption in the detector material results in a count at the appropriate time in the 
data block. In KENO-NR, all neutron absorptions in the detector media result in a count. 
In MCNP-DSP. a specified fraction of thc neutron absorptions in the detector media lead 
to a count to allow for detector thresholds typically set in the measurements. Scattering 
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detectors are those in which the detector response is due to neutron scattering in the 
detection media. These detectors are typically used to simulate liquid and/or plastic 
scintillators. To observe a count in a scattering detector, the neutron must deposit enough 
energy to the recoil nucleus to excite electrons in the scintillation material which produce 
light that is converted into an electrical pulse by a photomultiplier tube. In KENO-NR, 
the response of the scattering detectors is determined by the energy of the incident 
neutron. In MCNP-DSP, the response of the scattering detector is determined by the 
neutron energy deposition in the detection media and multiple scattering events of 
particles in the detectors are taken into account. The MCNP-DSI? treatment is more 
realistic than the KENO-NR treatment of scattering detectors. In fission detectors, the 
fission fragments travel through the detection media ionizing the atoms in the detector. 
The large energy release per fission allows for easy discrimination of other events that 
may also produce ionized atoms in the detector. In the calculations, a count is registered 
each time a fission event occurs in the detection media, and the fission neutrons are 
stored for tracking. In MCNP-DSP, gamma rays can also contribute to the detector 
response for capture and scatter detectors if the calculation is a coupled neutron-photon 
calculation. 

Fig. 3. Block diagram of inner loop. 
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2.4 Determination of 

Subcritical measurements were dcveloped to study the dynamic behavior of neutrons in a 
fissile system. One common aspect of this was to determine the neutron multiplication 
factor. Interpretation of measurements requires some model to relate what is measured to 
ke& In the past, the subcritical noise measurements were interpreted using equations 
developed from point kinetics models for thc time-dependent behavior of neutrons in the 
subcritical configuration. This limited the application of the measurement to situations in 
which point kinetics was applicable. The most general model to relate thc measured 
quantities to keJ would involve the use of the generalized stochastic model developed by 
Munoz-Cobos et al. Although an analytical solution of subcritical noise measurements in 
terms of the stochastic model is not practical, the Monte Carlo method as previously 
described provides a means to simulate the subcritical measurements and to also calculate 
kefi In fact, the same Monte Carlo code and nuclear data can be used for simulation of 
subcritical measurements and for kef calculation. 

The Monte Carlo codes are used to interpret the measurement by pcrforining a 
calculation of the measured parameters and a separate eigenvalue calculation. For 
example, a comparison of measured and calculated values of the spectral ratio can be 
used to obtain the “experimental” k e ,  If the measured and calculated values of the 
spectral ratio are in agreement, then the bias in the spectral ratio is zero. The bias in the 
spectral ratio is defined as the difference between measured and calculated values of the 
spectral ratio (R,,,-R,) where R, is the measured value and R, is the calculated value. First 
order perturbation theory can be used to obtain an expression that can be used to 
determine the “experimental” kefand the bias in the kefi The low-frequency value of the 
spectral ratio has been shown in numerous experiments to be linear with ke,over a wide 
range of values of kef with the values of kef being interpreted using point kinetics models. 
Given the linear dependence of the spectral ratio with keJ, the bias in the spectral ratio 
varies linearly as the bias in kejj (7rm-kc). To determine the “experimental” k,fvalue and its 
bias, the Monte Carlo models are slightly perturbed and new values of the spectral ratio 
(Rp) and kerf (kp) are obtained. If the linear dependence is valid, then the perturbation 
calculations can be used to obtain the “experimental” ke,h k,,,, and its bias using the 
following linear relationship 

k - k  k -k 
m c  p c  

(2.24) 

This methodology simply uses a linear interpolation or extrapolation between the 
standard and perturbed values of the spectral ratio and kef to determine the 
“cxperimental” k,fi Using this relationship, the value of k,,, can be determined along with 
its bias k,,-k,. Propagation of error is used to obtain the uncertainty in k,,, and its bias. 
Even if the measured spectral ratio value and the calculated value agrec, the perturbation 
analysis is performed. This is required to equate the uncertainty in the measured spectral 
ratio to the Uncertainty in the inferred k,Jvalue. 
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Perez et. a1.28 have demonstrated that the relationship given in Eq 2.24 was valid using 
first order perturbations of the Greens functions expressions for k e .  and the spectral ratio. 
In the paper, Perez summarized the relationships previously derived for keg and the 
spectral ratio in terms of a Greens function of the transport equation. By performing 
perturbations of the Greens function, relationships between the standard values of the 
spectral ratio or kejy could be related to the perturbed values. Perturbing the Greens 
function yields the following relationship between the standard ‘and perturbcd spectral 
ratio values 

R - R  = A  (a -1). 
P c “ P  

(2.25) 

In this expression A,  contains the dependency on the Greens function and qJ is the ratio 
of the perturbed parameter to the unperturbed parameter. A similar relationship is 
obtained for the perturbed and standard k,,values 

k - k  = Z  (a -1). 
p c s p  

(2.26) 

In this expression 2, contains the dependency on the Greens function. Note that the terms 
A, and 2, are different but both depend on the Greens function of the transport equation. 
The bias in the spectral ratio calculation was defined as R,-R, and can be equated to the 
uncertainty of the Greens function parameters 

R - R  = A  (a  -1). m c s i n  
(2.27) 

This essentially implies that the calculated spectral ratio differs from the measured 
spectral ratio because the nuclear data and the Monte Carlo model do not sufficiently 
represent the measurement conditions. Likewise, the difference between the nieasured k,,, 
and the calculated k, could be equated to thc same uncertainty of the Greens function 
parameters 

k - k  = Z  (a  -1). 
m c s r n  

The ratio of Eq. 2.27 to Eq. 2.25 and the ratio of Eq. 2.28 to Eq. 2.26 are cqual 

The results of the perturbation analyses directly yielded Eq 2.24. 

(2.28) 

(2.29) 

Ideally, the “experimental” keJY value should not depend on the method of perturbation. 
However, the bias in k,,, would depend on the perturbation. This methodology had been 
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applied to successfully interpret subcritical measurements with high-enriched uranium 
metal castings in storage and with uranyl nitrate solutions to demonstrate the 
independence of k, on the per t~rba t ion .~~,~’  In the actual applications, multiple 
perturbation calculations are performed. The experimental k,,, is thus deiined as the 
average of the “experimental” kef values 

(2.30) 

where ki  is the experimental k, for the ith perturbation. The resulting standard deviation 

of the experimental k, is thus 
m 

In the limit of known uncertainty in the calculated 
experimental kefl would be simply the uncertainty in 
times the average square of the sensitivity coefficient 

(2.3 1) 

quantities, the uncertainty in the 
the measured spectral ratio valuc 

(2.32) 

The expression in Eq. 2.32 demonstrates as previously mentioned that even if the 
measured and calculated spectral ratio values agree a perturbation analysis must be 
performed to determine the actual uncertainty in the experimental k,,,. 
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CHAPTER 3 

MEASUREMENT INSTRUMENTATION 

This section provides a description of the instrumentation that is required to perform a 
subcritical noise measurement. A brief discussion of detectors is provided along with a 
discussion of the 252Cf sources. A description of Fourier processors and subsequent 
components is also provided. 

3.1 NEUTRON AND GAMMA RAY DETECTORS 

This section provides a review of detectors used in subcritical noise measurements. 
References 29 and 30 provide detailed descriptions of the operating principles of neutron 
and gamma ray detectors. A variety of detectors have been used in subcritical noise 
measurements. Measurements have been performed with the detectors operating in both 
the pulse mode and current mode. The types of detectors that have been used include 3He 
proportional chambers, fission counters, BF3 and boron-lined counters, Li-glass 
scintillators, NaI scintillators, plastic scintillators, liquid scintillators, and composite Li- 
glass plastic scintillators. Selection of the detector type depends on the particular 
application. The detection efficiency is the primary consideration and must be sufficiently 
high such that measurements can be performed in a short time. Secondly, the response 
time of the detector must be shorter than the response time of the system being measured. 
Ionization chambers and proportional counters have relatively slow time responses as 
compared to scintillation detectors. For fast metal systems, scintillation detectors are 
more practical because their time response is on the order of nanoseconds and is shorter 
than the time response of many fast metal systems. On the other hand, ionization 
chambers and proportional counters are best suited for thermal systems. The response 
time of ionization chambers and proportional counters is on the order of microseconds 
and is shorter than the time response of typical thermal systems. The final point to 
consider is the environment in which the detector wilt be placed. The temperature and 
radiation environments are the two most important factors to consider. Detectors whose 
response changes drastically as the temperature changes should not be used if the 
temperature environment is changing. The detection efficiency of some scintillation 
detectors decreases as the temperature increases. Likewise, care should be taken when 
selecting detectors to operate in high radiation fields. In high gamma radiation fields 
more than lo3 Rad, fission chambers are the most practical detectors to use because they 
are insensitive to gamma radiation. High-temperature, high-sensitivity fission counters 
have been developed at O W L  for specific measurements with spent nuclear fuel.31 
However, fission chambers have relatively low detection efficiency. For example, a l-in- 
OD, 20-in-long fission counter with 1 gram 235U has a thermal neutron sensitivity of 0.88 
counts per second per neutron/(cm* s). A 1-in-OD, 20-in-long 3He proportional counter at 
4-atm pressure has a thermal neutron sensitivity of 53 counts per second per neutron/(crn2 
s). The 3He proportional counter is a factor of 60 more sensitive to thermal neutrons. 
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3.2 252CfSOURCES 

The most common source used in subcritical noise measurements is the 252Cf 
spontaneous fission source. However, other neutron sources such as a D-T or D-D 
neutron generator could be used?2 The 252Cf source is contained in an ionization 
chamber that produces pulses due to the alpha decay and the spontaneous fission of 252Cf. 
The alpha decay rate is approximately 32 times the spontaneous fission rate. The designs 
of these chambers are parallel plate, annular, and spherical with the most common design 
being the parallel plate chamber. A sketch of a parallel plate ionization chamber is shown 
in Fig. 4. 

_,,-Cf-252 Source 

Fig. 4. Sketch of "'Cf ionization chamber. 

Pulses from the source ionization chamber are typically supplied to a high-gain fast 
amplifier for pulse processing. The amplifier produces a nuclear instrument module 
(NIM) pulse for each alpha decay or spontaneous fission. A photograph of the source 
ionization chamber connected to a high-gain fast amplifier is shown in Fig. 5. The high- 
gain fast amplifier output is sent to a constant fraction discriminator. The fraction of 
spontaneous fission events is determined from a pulse height curve of the 252Cf-source 

' count rate as a function of the discriminator threshold setting. The discriminator only 
produces an output pulse if the input pulse exceeds the specified voltage amplitude. 
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Fig. 5. Source ionization chamber and high-gain fast amplifer. 

A typical plot of the count rate as a function of the discriminatOr threshold voltage is 
shown in Fig. 6. The ionization chamber pulses produced by the alpha particles are much 
lower in amplitude than those produced by the fission fi-agments. The heavier fission 
fi-agments lose more energy in the chamber gas. The alpha decay of the 252Cf source is 
observed for low threshold settings as noted in the 35-mV region of the curve. As the 

ed against threshold is increased, the alpha particle events in the chamber are discnrmnat 
and only pulses from the fission fi-agments are observed over the relatively flat portion of 
the pulse height curve. Further increase of the threshold eliminates some of the fission 
hgment  pulses and causes the count rate to decrease. The discriminator threshold is set 
near the center of this curve so that approximately 99% of the spontaneous fission events 
are counted. 

. .  

The source ionization chamber is typically operated in the pulse mode although 
measurements have been performed operating the source ionization chamber in the 
current mode. Current mode operation requires reference measurements be performed 
with a smaller source that can be operated in either the pulse or current mode to 
determine the contribution of alpha particles to the source current. Although the pulse 
height distribution curve can be used to determine the region where predominantly fission 
riagments are counted, reference measurements with a standard source are typically 
performed to determine the fraction of fission events that are counted. In most cases, 
more than 99% of the fission fragments are counted. 
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Fig. 6. Z5zCf pulse-height curve as a function of the discriminator threshold. 

Sources with 1 pg of 252Cf have been routinely manufactured at the Isotopes Production 
Facility at Oak Ridge National Laboratory and have also been manufactured at several 
Russian Institutes. These sources have a typical pulse height distribution as shown in 
Fig. 6 .  Larger 252Cf sources have been manufactured with up to 15 pg of 252Cf. However, 
sources greater than 5 pg of 252Cf would require the chamber to be operated in the current 
mode because of limitations of electronics components and add an additional 
complication to performing the measurement. Recall that the spectral ratio is dependent 
on the source efficiency. One way to circumvent the use of the current mode is to use 
multiple source ionization chambers. Each individual chamber could be operated in the 
pulse mode and the signals could be summed together prior to being sent to the Fourier 
processor. 
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3.3 SOURCE AND DETECTION SYSTEM ELECTRONICS 

The electronic system consists of components that are used to convert the detector signals 
to an analog signal that can be digitized by the Fourier analyzer. As previously stated, the 
252Cf source is connected to a high-gain fast amplifier (AMP) with a high voltage (HV) 
input for the ionization chamber and a low voltage (DC) input to power the amplifier. 
The output is sent to a constant fraction discriminator (CFD). The CFD is used to 
discriminate fission fragment pulses from alpha particle pulses. The output of the CFD is 
sent to a resistor-capacitor (RC) filter to shape the NIM pulse from the CFD. The RC 
filter is an integrator that integrates the NIM pulse using a selectable time constant and 
adjustable gain. The RC filter is used for pulse mode operation of detectors. The signal is 
then sent to the Fourier analyzer where the signal is digitized. 

The detector signals are processed in much the same way as the source signal. As an 
example consider the use of 3He proportional chambers in a subcritical noise 
measurement. The signals from the 3He detectors are sent to a preamplifier and then to a 
linear amplifier (AMP). A high voltage power supply is used to power the chamber. The 
linear amplifier time constants are typically selectable. The linear amplifier output is sent 
to a single-channel analyzer (SCA). The SCA is used to reject unwanted pulses or pulses 
due to gamma ray pileup and produces a logic (TTL) pulse. The SCA output is directed 
to a TTL-to-NIM converter and then to the RC filter prior to being sent to the Fourier 
analyzer. The TTL-to-NIM converter is required because the RC filter only accepts NIM 
pulses. A sketch of the electronic configuration is provided in Fig. 7. Additional 
electronic configurations are presented in the dissertation by King.33 

The majority of the components used in these measurements are commercially available. 
The high-gain fast amplifier for the source is currently manufactured at O W L  and by the 
RIS corporation. The 252Cf source ionization chambers are currently manufactured at 
ORNL and in several Russian institutes. The electronic components are commercially 
available except for the RC filters that are manufactured at ORNL. The RC filters could 
easily be manufactured at other facilities because the design is not proprietary. 

3.4 FOURIER PROCESSOR AND COMPONENTS 

Fourier processors are commercially available and have found wide use in the nuclear 
industry. One of the most wmmon applications is monitoring reactor core barrel 
vibrations in nuclear power plants. Several components are required for use with the 
Fourier processor. These components included filters and analog to digital converters. 
Many commercially available Fourier processors have these components built into the 
system making selection of such devices unnecessary. The filters are required to prevent 
aliasing15 from occurring due to the digitization of the continuous signal. Aliasing occurs 
if the digitized signal is not sampled at least twice the frequency of the maximum 
frequency in the signal. For example, if the maximum frequency is 10 kHz then the signal 
must be sampled at least 20 kHz to avoid aliasing. 
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Fig. 7. Typical detection system configuration. 
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A low-pass filter is commonly used to avoid aliasing of discrete time signals. The low 
pass filter essentially eliminates frequencies greater than the maximum frequency in the 
signal. A response window is usually applied to the discrete time series to reduce the 
leakage of adjacent fiequency bins. The implementation of the discrete Fourier transform 
assumes that the discrete signal is periodic. However, this is not the case for subcritical 
noise measurements. Therefore, appropriate window fictions are used to minimize the 
leakage errors. Such window functions are also commonly built into the Fourier 
processor. The Fourier processor also requires the use of an analog-to-digital (A/D) 
converter. The A/D converter digitizes the signal from the filters. The signal from the 
filter must have sufficient amplitude to be digitized. The common requirements for the 
Fourier processor include selectable block size, selectable sampling rates, batch mode 
operation, and minimal cross talk between channels. Cross talk between channels is very 
important for low coherence measurements. Fourier processors that meet these ' 

requirements are available. One such processor is the WCA processor developed by 
ZONIC Corporation. This analyzer has a variable sampling rate from 2.5 to 100 lrHz and 
selectable block size from 64 to 2048 points. The WCA processor is portable and uses a 
personal computer to store the acquired auto and cross spectra as can be seen in the 
photograph in Fig. 8. This analyzer is currently used by ORNL for subcritical noise 
measurements, 

For systems that have a frequency response greater tban 100 kHz, a special processor can 
be developed. Such processors have been developed at ORNL that allow operation up to 
32 MHz and up to 1GHz. The 32-MHz processor is no longer in operation. The 1 GHz- 
processor is limited to sparse counting operation. This processor actually performs 
measurements in the time domain by taking advantage of the sparse number of counts per 
data block. The processor performs correlation calculations by only allowing a single 
count to occur in a time bin. The correlation h c t i o n s  between signals are calculated by 
constructing a histogram of the time-difference between detector signals for each data 
block. This processor should not be used €or high-count rate situations that could cause 
more than one count in a single time bin. The technology for developing processors with 
sampling rates greater than 100 kHz exists and could probably be obtained from 
commercial enterprises. 
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CHAPTER 4 

Experiment 
1. FFTF Reactor 
M o c k ~ p ~ ~  
2. Uranium metal 
sphere and 
cylinders34 
3. Water moderated 
research reactor35 
4. Fuel solution 
cylinder36 
5. Fuel solution 
~y l inde?~  
6 .  HFIR fuel 
element3* 
7. Fuel solution 
~ y l i n d e 2 ~  
8. LWR fuel pins'" 

APPLICATION OF SUBCRITICAL NOISE MEASUREMENTS 

Facility Date Features 
ZPR-9 1974 Fast breeder reactor mockup with 

Argonne 540 kg Pu metal 

Facility HEU metal 
Y-12 Critical 1975 Unmoderated and unrelfected 

Pool critical 1978 Plate type water moderated and 

TA-18 1980 4.95 wt% '-''LJ uranyl fluoride 
LANL solution 

PNL Critical 198 1 Unreflected mixed Pu-uranyl 
Facility nitrate 
ORNL 1982-84 Annular fuel plates moderated 

0RN-L 1983 Unreflected uranyl nitrate with 

B&W critical 1983 300-5000 LWR fuel pins with 

facility ORNL reflected research reactor 

and reflected with water 

densities 0.3 to 13.7 g 235U/! 

facility 1500-4000 ppm boron 

Subcritical noise measurements have been performed for a variety of fissile systems. The 
implementation of the measurement depends on the particular application. Perhaps the 
most useful application would be use of this measurement to benchmark nuclear data and 
Monte Carlo codes. Additionally, subcritical noise measurements can be used for in-situ 
measurements of configurations of nuclear material. Other applications could include 
process monitoring in which the interpretation of the measurement may not be necessary. 

4.1 REVIEW OF SUBCRITICAL NOISE MEASUREMENTS 

A variety of measurements have been performed by ORNL at various facilities. 
Measurements have been performed with uranium, plutonium, and mixtures of uranium 
and plutonium. Fissile system configurations have varied greatly and include mays or 
light water reactor fuel assemblies, spheres, cylinders, tanks, interacting cylinders, 
interacting tanks, annuli, and other arrays. Fissile materials include both liquid and metal 
systems with fbel types of oxides, fluorides, nitrates, and metals. The enrichment of the 
systems has varied from 2.5 wt% to 93 wt% 235U. Measurements have been performed 
for initial loading of reactors, quality assurance of reactor fuel elements, fitel preparation 
and processing facilities, and zero power testing of reactors. A brief description of these 
experiments is provided in Table 4.1, 

Table 4.1. Summary of subcritical noise measurements 
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Table 4.1. Summary of subcritical noise measurements (Cont'd.) 

Facility 
ORNL 

Experiment 
9. Uranium metal 
cylinders"' 
10. Interacting 

Date 
1984 

uranium metal 
 cylinder^"^ 
11. HEU safe"' 
12. Interacting 
solution tanks@ 

TA-18 
LANL 
TA- 1 8 
LANL 
TA-5 5 
LANL 

Y-12 

University of 
Missouri 

solution storage 
bottles"' 

1989 

1989 

1993 

1993 

1998 

15. Annular tank II 
17. Reactor 
mockup" 
18. Interacting slab LiT---- 
annuli5* 

22. Research reactor 

ORNL 1985 

ORNL 1985 

Features 
HEU metal cylinders 7-in. OD, 2- 
4-in. thick 
Two unreflected HEU cylinders 
separated by air and boraplaster 

HEU metal slabs in storage safe 
Two 7.5-in. OD, 35-in. tall 
cylinders with uranyl nitrate 
solution 
Interacting "safe" storage bottles 
with 140 g Ul! of uranyl nitrate 
solution 
Static and dynamic measurements 
with HEU uranyl nitrate solution 
in a 10-in OD solution tank 
Unreflected, plutonium-uranyl 
nitrate solution with varying . 
heights 
Unreflected, plutonium-uranyl 
nitrate solution with varying 
height and thickness 
SP- 100 reactor mockup for 
various core loadings 
Interacting slab tanks with HEU 
uranyl nitrate solution 
HEU-hydride cylinders with 
varying heights 
Measurements with L'yPu and 
242Pu annuli with polyethylene 
moderators 
Array of HEU metal castings in 
concrete storage vault 
Array of water moderated HEU 
research reactor fuel elements 
with various absorbers 

Many of these experiments have only been documented in proceedings for professional 
society meetings and have not been documented in laboratory or journal reports. A 
detailed analysis of these experiments should be pursued. Subcritical experiments with 
loosely and tightly coupled systems can provide a significant amount of data for 
benchmark purposes. Likewise, experiments with plutonium-uranyl nitrate solutions 
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systems also provide data that can be used for benchmark purposes. The final 
measurement in Table 4.1 is a benchmark experiment that was performed at the 
University of Missouri by O W L  and was analyzed by Westinghouse Safety 
Management Solution Systems for Savannah River Technology Center. 

4.2 SUBCRITICAL BENCHMARK MEASUREMENTS 

A variety of measurements listed in Table 4.1 can serve as subcritical benchmarks. Many 
of these measurements have been performed in critical experiment facilities and research 
reactors. The configurations and materials for many of these systems are well known and 
could be simulated using Monte Carlo models. Measurements performed with uranyl 
nitrate solutions, mixed uranyl and plutonium nitrate, research reactor fuel dements, and 
PWR fuel pins provide data that can be used for cross section testing and validation of 
Monte Carlo codes. The subcritical measurements cover keffvalues varying from 0.3 to 
0.99. The uncertainty on the measured k~ values are typically less than one percent for 
ke# values greater than 0.6. Although the uncertainty could become larger than one 
percent for k e .  values less than 0.6, far subcritical measurements can still provide useful 
data for benchmark purposes. Some of these measurements will be evaluated for the 
International Criticality Safety Benchmark Evaluation Project (ICSBEP). 

The subcritical noise measurement has several advantages over other subcritical 
measurement techniques for benchmarking nuclear data and Monte Carlo codes. One of 
the primary factors is that the spectral ratio obtained from the noise measurement does 
not depend on detection efficiency. This is a significant advantage in that a change in the 
detection system would not manifest itself in the spectral ratio. Another distinct 
advantage is that the prompt neutron decay constants can also be obtained from this 
measurement. In principle, subcritical noise measurements should be performed in lieu of 
Rossi-a measurements because multiple quantities are available from the noise 
measurements. Although the spectral ratio depends on knowing the ratio of the inherent 
spontaneous fission rate to the 252Cf spontaneous fission rate for systems with large 
inherent sources, the inherent fission rate would be known for benchmark measurements. 

The reproducibility of the measurement results over long periods of time has been 
demonstrated experimentally. The reproducibility is demonstrated with measurements 
with uranium metal cylinders performed first in 1975 and repeated in 1984. The spectral 
ratio vales are statistically the same for these two sets of measurements although different 
"'Cf sources and detectors were used in the measurements. The reproducibility of the 
measurement is necessary if the method is to be used for benchmark purposes. 

Another advantage is that quantities from the subcritical noise measurement have high 
sensitivity to small changes in configurations of fissile materials. This sensitivity has 
been observed experimentally and demonstrated with Monte Carlo simulationss4. The 
high sensitivity of the noise quantities to small changes in fissile configurations makes 
the measurement ideai for testing differences in nuclear cross section data sets. The 
spectral ratio is proportional to reactivity as shown in Chap 2. Therefore, for a small 
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change in ke.a  greater change would occur in the spectral ratio. This enhanced sensitivity 
would make it easier to evaluate the effect of small changes in nuclear cross sections and 
neutron multiplicity data. This enhanced sensitivity leads to the extension of these 
measurements to high-order spectral measurements. These higher order signatures have 
even greater sensitivity and should be investigated in more detail. 

4.3 IN-SITU SUBCRITICALITY MEASUREMENTS 

The second area of applicability of subcritical noise measurements is for in-situ 
determinations of the subcritical neutron multiplication factor. The two ways that this can 
be achieved is by post analysis of the measurements using the Monte Carlo method 
previously described or by using the limited point reactor kinetics models to relate the 
measured quantity to the subcritical neutron multiplication factor. The latter method 
should only be considered if an on-line determination of k e .  is desired. In such 
applications, care must be taken to properly select the location of the source and detectors 
such that the point kinetics models are applicable. Furthermore, calculations of spatial 
correction factors and importance ratios are also required and must be supplied to the 
point reactor formulas to determine ke8 The use of point reactor kinetics is discouraged 
because uncertainties in correction factors contribute directly to the uncertainty in the 
reactivity estimates. The Monte Carlo method is the preferred way to interpret the 
measurements because of the limitations of the point reactor models and because 
correction factors do not have to be computed. 

In-situ subcriticality measurements performed at the Oak Ridge Y-12 Plant in Vault 16 
demonstrated that these types of measurements are practical2'. In these measurements, 
the subcriticality of an array of high-enriched uranium metal castings inside a concrete 
storage vault was determined using the Monte Carlo method. Measurements were 
performed with the source and detectors placed inside the array. The source was located 
in the center of the central casting and the detectors were placed on the periphery of the 
array. Prior to performing the noise measurements, flux profile measurements were 
performed to determine the essentially infinite array size. The detectors were placed on 
the outside of the essentially infinite array. The noise measurements were performed over 
many weeks to obtain statistically converged spectra because of the low coherence 
values. The measurements were interpreted using MCNP-DSP simulations. These 
simulations were also performed over several weeks. The Monte Carlo models contained 
as much detail as possible about the storage vault configuration; however, the 
composition of the concrete storage vault was not known. The analyses were performed 
assuming that the concrete was dry or wet. The interpreted ke#value obtained from the 
analyses did not depend on the exact knowledge of the concrete composition. Although 

' the concrete composition was not exactly known, the concrete vault was 25 years old and 
should have been comprised of dry concrete. Coincidentally, the calculated spectral ratio 
value for the dry vault agreed within one standard deviation of the measured value. The 
Monte Carlo models included as much detail as possible concerning the storage vault 
geometry and composition. The storage trays were modeled in great detail, as were the 
uranium metal castings. The composition of the storage trays, detectors, and the castings 
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were well known and included in the models. Although the interpreted k,$-value for the 
HEU storage vault does not depend on the composition of the concrete, all other details 
about the measurement are known. The success of the interpretation of the HEU storage 
vault measurements occurs because the spectral ratio depends only on the induced fission 
events &om the 252Cf source. A significant inherent neutron source does not exist in this 
configuration. 

Systems that include a significant inherent neutron source can behave differently. The 
spectral ratio is dependent on the induced fission events from the 252Cf source and any 
inherent neutron sources. To interpret the measurements, the inherent neutron source 
contribution can be measured. Passive noise measurements without the 252Cf source can 
be performed to obtain an estimate of the contribution of the inherent neutron source. 
Because the inherent neutron sources only affect the detector-detector cross spectra (see 
in Chap. 21, a passive measurement of the detector-detector cross spectra provides a 
measured contribution of the inherent source. The passive measurement would be used to 
determine the ratio of the 2s2Cf induced fission contribution to the inherent neutron 
source. This information would be used in the Monte Carlo calculations to determine the 
subcritical neutron multiplication factor by including an inherent source. This inherent 
source could either be a spontaneous fission source such as 244Cm or 240Pu or could be a 
result of a-n reactions in the system. These inherent sources must be included in the 
Monte Carlo calculations to determine kefi For systems with both unknown inherent 
spontaneous fission and a-n sources, the determination of k~ becomes more complicated 
because the relative effect of each source cannot be determined by measurements. 
Therefore, additional information would be required to determine the relative amounts of 
a-n to inherent spontaneous fission sources. A modification to the current measurement 
technique has been developed to obtain a similar spectral ratio that does not depend on 
inherent neutron sources. This extension to the current measurement will be briefly 
discussed in Chap. 5. 

Several issues must be addressed before performing an in-situ or a benchmark subcritical 
noise measurement. The “infinite” array size of the system must be determined. This may 
be a concern for storage mays of spent nuclear fuel in that one spent fuel assembly in a 
storage pool may not communicate neutronically with another element that is far 
removed. Therefore, measurements would only be performed on sections of mays that 
communicate neutronically with each other as determined by measurement. Furthermore, 
the selection of the source size will be dependent on the application. For systems with 
large inherent sources, it is important that a large source or multiple sources be used. In 
cases where the inherent neutron source is not known, the maximum credible inherent 
source size should be used. A recommended source size would be approximately 5% of 
the inherent source size. This source could be a single source or comprised of multiple 
source ionization chambers. Source and detector locations must be carefully determined 
if point reactor kinetics models are to be used. The source and detectors should be 
sufficiently separated to minimize direct source neutrons from interacting with the 
detectors when possible. Likewise, the detectors should be sufficiently separated to 
“view” more of the fissile system. Additionally, the detector time response must be 
shorter than the system time response if frequency spectra are to be fitted to determine 

33 



the prompt neutron decay constants. A final but important requirement is that the 
detection efficiency must be properly selected to perform the measurements in the 
required time frame. The measurement time may not be a limiting factor for storage 
conditions; however, if the measurement time is short, a detector with high efficiency 
must be used. Furthermore, environmental factors will also affect the selection of the 
detectors to be used for in-situ or benchmark measurements. 

4.4 PROCESS MONITORING 

Another usehl application of subcritical noise measurements is to provide a way to 
monitor fissile material processing operations. This application would not focus on 
determining the subcritical neutron multiplication but would use the measured quantities 
as a way to ascertain normal operation. The enhanced sensitivity of the subcritical noise 
measurement would allow fissile processing operations to be monitored and controlled 
using the changes in spectral signatures as indicators to changes in the system. The 
spectral ratio is an ideal candidate for process monitoring because it is independent of 
detection efficiency and would not change due to drifts in the electronic system. 
Measurements and Monte Carlo simulations of a process condition could be performed to 
provide bounding values for the spectral ratio. The measured spectral ratio values could 
be equated to keg values for various operating conditions. Changes in the spectral ratio 
value could be monitored and used to ensure that the reactivity of the system remains 
below some desired value. This would enhance safety in operations with fissile material 
by providing some means to estimate the subcriticality of the fissile process. 
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CHAPTER 5 

EXTENSIONS OF SUBCRITICAL NOISE MEASUREMENTS 

Extensions to any measurement method are to be expected with advances in data 
acquisition systems and data analysis techniques. This chapter briefly describes two 
possible extensions that could make the measurement more generally applicable to in-situ 
measurements. These extensions could also be used for benchmark measurements in 
addition to the standard source-driven noise measurement. 

5.1 ALTERNATE NEUTRON SOURCES 

Currently, source-driven noise analysis measurements are performed using a spontaneous 
fission source in an ionization chamber. However, this method does not have to be 
limited to spontaneous fission sources. A neutron generator @-D or D-T) could be used 
to replace the spontaneous fission source. Several advantages are manifested using 
neutron generators that operate in pulse mode. First, the spectral ratio defined by Eqs. 
2.35 and 2.36 would have less dependence on the neutron source. The detector-detector 
cross spectra would not include a term that depends on the second reduced moment of the 

source multiplicity distribution v (v  - 1). This term would be zero for pulsed neutron 
0 0  

sources because only one neutron per event is generated. Furthermore, the direction of 
the neutron can be determined using an associated particle source. In the D-T reaction, an 
alpha particle is produced that can be detected using a scintillation detector. The signal of 
the photo-multiplier tube could serve as the time signal for neutrons emitted in a defined 
direction from the neutron generator. Unlike the spontaneous fission sources the neutron 
generators can be turned off and thus would reduce personnel exposure. 

5.2 BI-SPECTRAL RATIO MEASUREMENT 

Perhaps the most significant extension of the source-driven subcritical measurement 
would include the measurement of the bi-spectral ratio. The bi-spectral ratio is closely 
related to the standard spectral ratio; however, the bi-spectral ratio involves only events 
correlated with the timed neutron source. The summary provided in this section follows 
directly from the developments of Mattingly". The bi-spectral ratio is defined as 
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The bi-spectral ratio is essentially equivalent to the standard spectral ratio for systems but 
is independent of the source detection efficiency, the detector efficiency, or an inherent 
source. This measurement requires pulse neutron measurements to be performed with two 
detectors. In addition, the bi-spectral ratio requires the correlation of the response of two 
detectors with the neutron source. This measurement can be thought of as a dual pulse 
neutron measurement. This measurement is only dependent on fission chains initiated by 
the neutron source and hence would be more generally applicable to in-situ 
measurements with plutonium and irradiated nuclear fuels. For systems close to delayed 
critical, the standard spectral ratio will be dependent on the delayed neutrons that will 
behave as an inherent neutron source. However, the bi-spectral ratio will not be affected 
by delayed neutrons and hence would be more usehl for systems close to delayed 
critical. In theory, the bi-spectral ratio can be measured up to prompt critical. 

The bi-spectral ratio was derived from a high-order correlation measurement between the 
timed neutron source and two detectors. The integral time-domain expression for the bi- 
spectral ratio is 

Csxy(r~, 22) is the bi-correlation between the source and two detectors, and s is the average 
source fission rate. The expression in Eq. 5.2 can be thought of as the ratio of two-way 
coincident events between two pairs of channels divided by a three-way coincident event ' 
that is normalized to the source fission rate. 
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CHAPTER 6 

SUMMARY 

The subcriticality of fissile materials is essential to safe processing, transportation, and 
storage operations. The assurance of the subcriticality of various fissile material 
operations is commonly obtained by detailed criticality safety evaluations for the specific 
operation. The criticality safety evaluations are performed using detailed computations 
that have been validated using critical experiments in which the neutron multiplication 
factor is one. In most cases, the actual fissile material operation does not coincide to the 
conditions that exist for the critical experiment, i.e. the geometry and neutron spectrum 
may differ between the subcritical operation and the critical experiment. These ' 

differences require that additional safety margins be included in the criticality safety 
evaluations. Subcritical measurements can be used to address the use of additional safety 
margins by providing supplementary benchmark data for validating computation methods 
or by providing an in-situ measurement of the degree of subcriticality. The use of 
subcritical measurements would actually enhance the safety of operations with fissile 
materials. 

Subcritical source-driven noise measurements are simultaneous Rossi-a and randomly 
pulsed neutron measurements that provide measured quantities that can be related to the 
subcritical neutron multiplication factor. Point reactor kinetics models can be used to 
relate the measured quantities to the subcritical neutron multiplication factor. More 
elaborate models can also be developed using a generalized stochastic model. These 
measurements can also be simulated using Monte Carlo codes to determine the subcritical 
neutron multiplication factor or to determine the sensitivity of calculations to nuclear 
cross section data. The interpretation of the measurement using a Monte Carlo method is 
based on a perturbation model for the relationship between the spectral ratio and the 
subcritical neutron multiplication factor. The subcritical source-driven noise 
measurement has advantages over other subcritical measurement methods in that 
reference measurements at delayed critical are not required for interpreting the 
measurements. Therefore, benchmark or in-situ subcritical measurements can be 
performed outside a critical experiment facility. Furthermore, because a certain ratio of 
frequency spectra has been shown to be unaffected by drifts or changes in 
instrumentation during the measurement, the spectral ratio is an ideal candidate for 
process monitoring. 

Measurements have been performed by ORNL at various facilities with uranium, 
plutonium, and mixtures of uranium and plutonium. Fissile system configurations have 
varied greatly and include arrays or light water reactor fuel assemblies, spheres, 
cylinders, tanks, interacting cylinders, interacting tanks, annuli, and other arrays. Fissile 
materials include both liquid and metal systems with fuel types of oxides, fluorides, 
nitrates, and metals. The enrichment of the systems has varied fiom 2.5 wt% to 93 wt?! 
235U. Several of these measurements could be used as benchmark measurements. 
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An extension of the source-driven subcritical noise measurement has also been discussed 
that eliminates the few technical challenges for in-situ applications. This promising 
extension is the development of the bi-spectral ratio. The bi-spectral ratio has been 
theoretically shown to be independent of detection efficiency, source detector efficiency, 
and any inherent sources and is directly related to the subcritical reactivity. 
Measurements of the bi-spectral ratio should be performed to demonstrate the advantages 
of this measurement for systems with inherent neutron sources or that are close to 
delayed critical. 
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APPENDIX A 

SIMPLE THEORY OF FISSION CHAIN FLUCTUATIONS 

A.l  POINT REACTOR KINETICS MODELS 

The simplest description of the time-dependent behavior of the neutron population in a 
subcritical system is best provided using the point reactor kinetics equations. This 
equation ignores the energy dependence and spatial dependence of the neutron 
population. The point reactor kinetics equation’ without delayed neutrons is defined as 

d P --n(t) + -n(t) = S(t). 
dt A 

In this expression n(t) is the time-dependent prompt neutron population, ,yp) is a time- 
dependent neutron source, is the prompt reactivity, and A is the neutron generation- 
time. The inclusion of the delayed neutrons is not necessary to describe the time 
evolution of the neutron population because in most subcritical systems the prompt 
neutron lifetime is typically several orders of magnitude smaller than the delayed neutron 
lifetime. In essence, the delayed neutrons behave as art inherent source that may produce 
fission neutrons that result in correlated detection events. The prompt neutron decay 
constant, a is customarily defined as such that the point reactor kinetics 
equations are defined as 

d 
--n(t) + m(t) = S(t). 
dt 

(A.2) 

If a burst of neutrons is injected into a subcritical fissile system at time zero, thc resulting 
prompt neutron fission chain will decrease exponentially as c-at. Assuming that the initial 
neutron population is zero, the time-dependent neutron population, Y1, bchaves as 

S - at n = -(I -e  ), 
a 

(14.3) 

following the injection of a source neutron, s, at time ~ = o .  Only the fluctuations in the 
fission chains are observable in subcritical experiments. Therefore. the impulse response 
of interest would relate the fission rate to the source rate. The fission rate, r;ct), is dcfincd 
as 

(A.4) 

- 
In this expression, ,, is the average number of neutrons from fission. The impulse 
response of the fission rate to the unit source would be defined as 
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- a(t - t ' )  
e 

h(t I t ')  = (-4.5) 
FA 

This impulse response is interpreted as the expected number of fission events produced at 
time t upon injection of a neutron at time t '. This impulse response is used to describe the 
detection probability for chain-related events. 

A.2 NEUTRON DETECTION MODELS 

For practical purposes the following derivation of the detection events will only consider 
terminal detection events such as neutron capture. These detection models do not include 
the spatial or energy dependence of the detection process because the spatial dependence 
is treated as a point with a single energy group. The detector field-of-view and energy 
dependence will be represented by the detection efficiency that is defined as detector 
counts per fission. Hence, the efficiency provided in these models does not represent a 
measurable efficiency. Thc following derivations are similar to those developed by 
Ficaro" and Mattingly I in terms of the point kinetics equations previously defined. 

The first part of the source-driven noise measurement to consider is the randomly pulsed 
neutron measurement. In a source-driven noise measurement, the source event is 
observable in time. The source could be either an instrumented spontancous fission 
source or a pulse source such as a D-T or D-D source. The following derivation will 
assume that the source is a 252Cf spontaneous fission source because a 252Cf-source 
ionization clianiber is typically used in source-driven noise measurement. The basic 
fission chain process relating a count in a detector to tlie initiating source particle is 
depicted in Fig. A. 1. The arrow represents an unknown number of fission events between 
the initial source event and the subsequent neutron detection. 

Fig. A. l .  Fission chain for source event at time to and detection event at time t l .  

TIE spontaneous fission of 'Wf is a random process in that the spontaneous fission of an 
individual atom is independent of tlie spontaneous fission of any other atom. The 
spontaneous fission has an average rate defined as F,. Therefore the probability of a 
spontaneous fission event s at time to  in df,) that results in vo neutrons is simply 

p ( t  )"to = F p ( v  )dt 
s o  s 0 0' 
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where p(ML) is the neutron multiplicity distribution for the source. Note that this 
probability must be multiplied by the probability, &, of detecting the spontaneous fission 
event. The conditional probability of subsequent neutron detection at time tl in Litl 
following the injection of M) neutrons at time to in dto is given as the product of the fission 
production probability and the detection probability 

-a([ - t  ) 
E V ~  O dtl 

p ( t  It v )Lit = 1 0  
1 0 ’ 0  1 VA 

(A.7) 

The efficiency, denoted in Eq. A.7 is the probability of neutron detection per fission. 
The joint probability of a count at time tl in dt1 following a source event at time to in clt, 
is given by 

-a(t - t  ) 
I O  E V  e 

p( t  t )dt dt = E  P(V )F 1 0  dtlLJtO 
1’ 0 1 0 S V  o s  FA 

0 

The joint probability depends only on the time difference between the source cvent an thc 
detection event ( Z=tl-t,) and can be simplified as 

- E E V ’ F ~  
S l O S  

P-A 
d z  p ( z ) d z  = (A.9) 

The source-detector covariance function that is the same as the randomly pulsed iieutron 
measurement is thus defined as 

- a(z>  c s F F e  
s l 0 s  

sx VA 
c (z)=- (A. 10) 

The second part of the source-drivcn noise measurement is the Rossi-a measureinent that 
involves the time correlation of detection events between detectors. The derivation that 
follows is similar to that provided by Mdttingly” with explicit description of the tission 
chain process. There are two means by which a spontaneous fission source may 
contribute to thc correlation between two detectors. First two neutrons from a 
spontaneous fission event may create fission chains that are related in time, and secondly 
a single source neutron may induce a fission event that leads to two fission chains that are 
related in time. These processes are depicted in Fig. A.2. Again the arrows rcprescnt an 
unknown nuniber of fission events from the initiating event to the detection events. 
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Fig. A.2. Fission chains for related detector counts. 

The first process depicted in Fig. ‘4.2 is the direct obscrvation of fission chains caused by 
two neutrons from the spontaneous fission source. Again, the probability of a source 
spontaneous fission at time to in dto resulting in the emission of vo neutrons is given by 
Eq. A.6. The conditional probability of subsequent neutron detection at time t l  in L i t /  
following the injection of vo neutrons at time to  in dto is given as the product of the fission 
production probability and the detection probability 

-a(t -t ) 
E V  e 0 dtl 

1 0  
P(tl If0,vo)df1 = FA (A. 1 1) 

The probability of neutron dctection at time t 2  in dt2 following neutron dctcction at time tl 
in dfl and a source event at time to in dto that produces vO source neutrons is gi\rcn by 

The term vo-1 appears in Eq. A. 12 because one source neutron was required to produce 
the first fission chain. ’The joint probability of neutron detection events at time t 2  i n  t i t 2  

and at time t /  in dtl following a source event at time to  in dto resulting in the cmissioii of 
vo neutrons is given as the product of Eqs. A.6, A. 1 1, and A. 12. The resulting expression 
is defined as follows 
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-a(t +t  -2t ) 
E E F y(v )v (v -1)e O dt dt dt 

p ( t  t t v )dt dt dt = 1 2 s  0 0  0 2 1 0 .  (A.13) 
(VA)2 2 ~ 0 ' 0  2 1 o 

The probability of a chain-related count at times t2 in dt2 and t, in dt, is the integral of 
Eq. A.13 over all time for the initial source fission event up to the first detection event at 
time t,. The probability is also summed over all possible number of neutrons fi-om the 
source. The resulting expression is 

e 
= & E  v (v - l )F dtldt2. 

1 2 0  0 '' 2a(VA)2 
(A. 14) 

The second process by which a source neutron can contrivute to correlatioii events at two 
different times is also depicted in Fig. A.2. In this process, a source neutron produced at 
time to in dto induces a fission event at time f in dt. The conditional probability of a 
fission event at time t in dt following the emission of MI source neutrons at time t, in dtm is 
given by 

- f f ( t - I  ) 
v e  O dt 

p ( t  It v )dt = p(v)  0 
j -  0 ' 0  FA 

(A. 15) 

The probability of a fission event at time t in dt that results in the probability of I?(,,) 
neutrons being emitted is the integral of the product of Eqs. A.6 and A. 15 

- a ( [ - t  ) 
t e  O dt-dt 

(A. 16) 
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The conditional probability of subsequent neutron detection at time t ,  in dt, following the 
production of ,, neutrons from fission at time t in dt is given as the product of the fission 
production probability and the detection probability 

- a ( t  - t )  
E ve 

dtl p ( t  It,v)dt = 1 
1 1 7A 

(A. 17) 

The probability of neutron detection at time t2 in dtz following neutron detection at time t ,  
in dt, and a fission event at time t in dt is given by 

- a( t ,  - t )  

dt2 (A. 18)  
E (v-1)e 

2 ~ ( t  It t v)dt =---- 
2 1” 2 VA 

Again, the term appears in Eq. A.18 because one fission neutron was required to 
produce the first fission chain. The joint probability of neutron detection events at time tZ 
in dt, and at time t ,  in dt, following a fission event at time t in dt resulting in the emission 
of neutrons is given as the product of Eqs. A.16, A.17, and ‘4.18. The resulting 
expression is defined as follows 

- - a ( t  +t  -2t)  
E E F v,p(v)v(v - 1)e dt dt dt 

P(t t t v)dt dt d t = -  1 2 s  - ... 2 . (A. 19) 
ail ( V i )  2,  I ’  ’ 2 1  

The probability of a chain-related count at times t2 in dt2 and t ,  in dt, is the integral of 
Eq. A.19 over all time for the fission event up to the first detection event at time t,. The 
probability is also summed over all possible number of neutrons from the fission event. 
The resulting expression is 

- a ( t  -tt - 2 t )  
2 1 dtdt dt t 

v F  l e  
p( t  ,t )dt dt = E F .b Cp(v )v (v  - 1) j 1 . 2 .  

--a3 (VA)2 2 1 2 1 1’2 QA 
0 

-a@* - tl - 
v F  

dt dt 0 s e 

aA 2ct(VA)- 
= E  E v(v-1)- 

3 1 2 ’  1 2  
(‘4.20) 

The total probability of a chain-related count at times tZ in dt2 and t ,  in ti/, is the sum of 
Eqs. A. 14 and A.20. The resulting expression is simplified to 

so 



-a(t - t  ) 
2 1  

p(t  ,t )dt dt =E E * s + v  (v -l)F Clt Lit (AX) 
1 2 '  

v F  

2 1  2 1  1 2  aA 0 0 

This probability depends only on the time difference between the detection events ruld 
can be simplified to 

Note that in Eq. A.22 that the absolute values of the time difference is specified because 
the detection events can occur in any order. If a system contains other neutron sources 
besides the 252Cf source, these sources will also contribute to the correlation between 
detectors. For example, plutonium systems contain a significant inherent spontaneous 
fission source. This inherent spontaneous fission sourcc would have similar contributions 
as those defined for the 252Cf source. The probability of chain-related counts at times t2 in 
U7t2 and t, in dt, due to the inherent spontaneous fission source is 

- 
-vIFr 

p ( z ) d z = &  E v(v-1)- c v  (v -l)Fr (A.23) 
1 2  [ aA 

The term is the number of inherent spontaneous fission neutrons, and F, is the inherent 
spontaneous fission source rate. The detector-detector covariancc function including both 
the 252Cf source and an inherent spontaneous fission source would be det'incd as 

V L  

O &'i, i - v  (v -l)F +v(v--1)- 
0 0  s fYA 

:v - 1)- 
r/ A - -  I*' L 

-1 (A.24) 

e - a l z l  
e 

2a(VA)* 

The detector-detector covariance function defined by Eq. '4.24 is the same as the Rossi-a 
measurement. This measurement would be referred to as a two-detector Rossi-a 
measurement. If the measurement is performed with a single detector, the measurement is 
referred to as a single-detector Rossi-a measurement and an additional term appears in 
the expression for thc detector auto covariance function. The single-detector auto 
covariance is 
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c ( z ) = E  E 
XX 1 1  

L 

- - 

1 v F _I______ v F ~ 

v(v-1)- O + v  ( v  -l)F +v(v-l)- I + v  ( v  --1)FI 
aA 0 0 S aA I .  I 

e - 4 L I  
a -- + E  6(z) 

1 2 a ( FA) * 
( A X )  

The second term appears in Eq. A.25 because the detector signal is always correlated 
with itself. The source-driven noise measurement is based on both the randomly pulsed 
neutron and Rossi-a measurements. The simplistic point models for these measurements 
have been derived to demonstrate the dependencies of these measurements on the 
moments of prompt neutrons froin fission, the prompt neutron decay constant, and the 
neutron generation time. The accidental coincidences between the source and dctectors 
and between detcctors have been ignored in the previous derivations to simplify the 
dcscription of the physics of the measurements. Obviously the accidental coincidence rate 
will be a product of the count rates of the different detectors times the time interval over 
which the counts are acquired. 
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