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Abstract—With the large increase in terrorist activities
throughout the world, the timely and accurate detection of
special nuclear material (SNM) has become an extremely high
priority for many countries concerned with national security.
The detection of radionuclide contraband based on their γ-ray
emissions has been attacked vigorously with some interesting
and feasible results; however, the fission process of SNM has
not received as much attention due to its inherent complexity
and required predictive nature. In this paper, on-line, sequential
Bayesian detection and estimation (parameter) techniques to
rapidly and reliably detect unknown fissioning sources with high
statistical confidence are developed.

I. INTRODUCTION

The detection of special nuclear material (SNM) is be-

coming more and more of a concern as terrorist activities

throughout the world have increased dramatically. Sequential

detection techniques have been proven to provide a highly

reliable detection process with high confidence minimizing

false alarms capable of making decisions in a timely manner

[1], [2]. We develop a sequential Bayesian methodology to

cast the basic decision problem into this framework. Here we

exploit the fissioning nature of the threat to obtain unique

signatures that can be utilized for SNM detection.

Previous work in the SNM detection area applying Bayesian

techniques have been applied to the radiation detection prob-

lem [3]-[6] where a sequential algorithm coupled to a parame-

ter estimation scheme enables the detection of threat materials

based on the gamma-rays emitted by the targeted radionuclide

[7]-[19]. Here we concentrate on neutron emissions measured

directly by a neutron multiplicity counter that counts the

arrivals.

The implementation of a sequential Bayesian detector for

this problem requires a-priori information about the unknown

source(s) that is being targeted for detection much the same

as a sequential radiation detection scheme [7]-[14]. Therefore,

a sophisticated estimation scheme must be embedded in the

detector to provide updated parameter estimates of the source

in order to be successful.

The development of a Bayesian particle filter (PF) or

equivalently sequential Markov Chain Monte Carlo (MCMC)

processor for a fissioning process is quite a challenging

problem due to its underlying stochastic nature. This effort is

based on the fundamental theory and modeling developed by

Prasad and Snyderman [20], [21] and summarized in Walston

[22]. The fission process has a rich history of development

and its comprehension has evolved through a wide variety

of research [23], [24]. Even though the underlying theory is

complex, it can still be captured by stochastic modeling. Here

a Bayesian approach to the problem is developed based on the

underlying time-interval probability distribution [20].

In Sec. II, we define the Bayesian problem by discussing

the underlying fission physics leading to the inter-arrival

time or equivalently the time-interval distribution [20]. Once

established, the sequential Bayesian detection framework is

developed incorporating the source information into the de-

cision function for both known and unknown parameters in

Sec. III. Next the generalized case is developed for unknown

source parameters that must be estimated (on-line) from the

incoming neutron arrivals. Once the structure is established

for this case, Bayesian parameter estimation schemes are

developed in Sec. IV leading to the sequential particle filter.

The general structure, motivated by the fission problem, is then

implemented in Sec. V and applied to simulated arrival data.

II. PHYSICS-BASED MODELS FOR DETECTION

In this section we discuss the development of a physics-

based fission model capturing the joint distribution of the

overall fission processes and their underlying statistics. As

mentioned above, this development is based on the fundamen-

tal theory and modeling developed in Refr. [20]. We start with

the basic neutron physics and progress to the full propagation

leading to the desired probability distribution.

A. Fission-Based Processing Model

A neutron arriving at a detector at energy level α and

arrival time tm can be characterized as a single impulse

εmδ(t− tm). A train of neutrons is defined as a set of arrivals

that do not overlap in time. Inter-arrival times are defined as

τm := tm − tm−1 for m = 0, 1, · · · , M and the complete set

of inter-arrivals by TM := {τ0, τ1, · · · , τM}. These arrivals

are measured by a neutron multiplicity counter [25] that is

basically a sophisticated neutron detector that evaluates the

inter-arrival time probability distribution of neutrons emitted

spontaneously by fissionable materials. Recall that the radioac-

tive decay of each unstable nucleus produces multiple neutrons

that can interact with other nuclei exciting them to energy

levels enabling them to split into smaller unequal fission

fragments which are also unstable and decay even further

(emitting neutrons) toward stable nuclei. The detection of these

neutrons, which can pass through heavy shielding, provides a

methodology to detect special nuclear material. The key issue

with threat materials is that the number of neutrons released

are produced by a single decay defining its multiplication.



These “correlated” neutrons offer a unique SNM signature that

indicates both its multiplication and the mass of spontaneous

fission isotopes. Thus, the neutron multiplicity counter or

neutron detector is a stochastic measurement system creating

an estimated time-interval probability distribution that is used

in the neutron detection process to alarm on SNM. Thus, the

essential ingredient of these measurements is its underlying

time-interval probability distribution.

A simplistic model of the multiplication process consists

of a fission chain generated by a spontaneous fission under

the assumption that the source is characterized by an inho-

mogeneous Poisson process with a varying fission rate [26],

[27]. During a single fission chain ν-neutrons are emitted with

probability Pν . These emissions are slowed in a moderator

and diffuse exponentially in time as thermal neutrons. Then

the probability that n of the ν neutrons are absorbed in the

detector and converted to electrical pulses is

Pr[ν ; TM ] = Pν(
ν
n

)εn(1 − ε)ν−n (1)

where ε is the probability of neutron detection (detection

efficiency). Mathematically, we can represent the Nν -neutron

burst sequence emitted by

η(τm; ΘS) =

Nν∑

i=1

αiδ(τ −τm(ΘS)); m = 0, · · · , M ; τm < TM

(2)

for α the i-th energy of the neutron at the m-th inter-arrival

in the M -th time interval. Typically, we ignore the neutron

energy and concentrate on the inter-arrival, since the source

information is contained in τm(ΘS).
For spontaneous fissions, the quantity, keff , is the average

number of neutrons from one fission that initiates another

[3]. Any remaining neutrons are absorbed or escape. The

value of keff specifies how a chain will proceed. For instance,

the keff = 1 (critical mass) leads to a fission level that

is constant and is typical to power plant operation, while

keff > 1 (super-critical mass) for an event implies that there

may be keff-events to follow which is typical in weapons

applications. For the latter, the number of fission reactions

increase exponentially. We will use Eq. 2 in developing the

subsequent fission detection schemes to follow.

B. Inter-arrival Distribution

Theoretically, the conditional distribution of inter-arrival

times τ conditioned on a set of source parameters Θ (following

[20], [21]) is given by

Pr[τ |Θ] = R1r0n0
︸ ︷︷ ︸

Time between chain initiations

+

FS

R1

∞∑

n=2

en(ε)

(
n−1∑

k=1

ke−kλτ

)

λb0(τ )

︸ ︷︷ ︸

Time between neutrons in same chain

(3)

where

R1 is the count rate;

r0 is the probability that NO neutrons are detected within

the time-interval τ ;

n0 is the probability of zero counts in time interval τ ;

τ is the time interval or inter-arrival time;

FS is the fission rate;

en(ε) is the probability of detecting n neutrons from the

same fission chain;

λ is the inverse of the diffusion time scale; and

b0(τ ) is the probability of NO counts in time interval τ .

Embedded in Eq. 3 is a set of various relations that capture

the time-interval probability:

Fs =
NA

A

ln 2 t1/2

t1/2 tSF
1/2

mS

R1 = ε q M νS FS

for

mS mass of the source;

ε is the detection efficiency;

p is the probability that a neutron induces a fission;

q is the escape probability (q = 1 − p);

M is the system multiplication;

νS is the average neutron count from a spontaneous

fission;

νI is the average neutron count from an induced fission;

NA is Avogadro’s number;

A is the atomic weight; and

t1/2 is the half-life.

with multiplication given by

M =
1

1 − pνI
=

1

1 − keff

for keff the effective multiplication and detection efficiency

approximated by

ε =
a

bM2
e + cMe

; 0 ≤ ε ≤ 0.04; a, b, c fit parameters

where Me = q×M. The probability of detecting n-neutrons

of the ν emitted with probability Pν is given by

en(ε) =

∞∑

ν=n

Pν(
ν
n

)εn(1 − ε)ν−n

The following probabilities complete the distribution

r0 =
FS

R1

∞∑

n=1

en(ε)
( n−1∑

k=0

e−kλτ
)

and

b0(τ ) =

exp
[

− FS

∫ τ

0
1

1−e−λt

(

1 −
∑∞

ν=0 Pν(1 − ε(1 − e−λt))ν
)

dt
]



n0(τ ) = r0(τ ) × b0(τ )

Since the objective is to “decide” whether or not a fissioning

source is present, we require a-priori knowledge of the source

parameters: mass, multiplication, detection efficiency and dif-

fusion time scale parameters. Notationally, we define the

source parameters as mS, keff, ε and λ respectively and note

their intimate relations in the overall probability distribution

function.

III. SEQUENTIAL DETECTION FOR FISSION

PROCESSES

In order to develop a sequential processor [28], [29], we

must test the binary hypothesis that the measured inter-arrival

times have evolved from a fissioning SNM threat. The basic

decision problem is simply stated as:

GIVEN a set of uncertain neutron multiplicity detector

inter-arrival measurements {τm}; m = 0, 1, · · ·, M from an

unknown source, DECIDE whether or not the source is a

threat (SNM). If so, “extract” its characteristic parameters, Θ
to “classify” its type.

We are to test the hypothesis that the set of measured

neutron inter-arrivals TM have evolved from a threat or non-

threat source. Therefore, we specify the hypothesis test by

H0 : TM = TB

(

m; Θb

)

+ TV

(

m
)

[NON-THREAT]

H1 : TM = TS

(

m; Θs

)

+ TB

(

m; Θb

)

+ TV

(

m
)

[THREAT]

(4)

where TS is the unknown source inter-arrivals with parameters

Θs, TB is the background inter-arrivals (cosmic rays, etc.) with

parameters Θb, TV is the zero-mean, Gaussian measurement

(instrumentation) inter-arrival noise, TM := {τ0, τ1, · · · , τM}
and m := 0, 1, · · ·, M .

The fundamental approach of classical detection theory to

solving this binary decision problem is to apply the Neyman-

Pearson criterion of maximizing the detection probability for

a specified false alarm rate [28] with the parameters Θ known.

The result leads to a likelihood ratio decision function defined

by [28], [29]

L(TM ; Θ) :=
Pr[TM |Θ;H1]

Pr[TM |Θ;H0]

H1

>
<
H0

T (5)

with threshold T . This expression implies a “batch” decision,

that is, we gather the M inter-arrivals TM , calculate the

likelihood (Eq. 5) over the entire batch of data and compare

it to the threshold T to make the decision.

A. Sequential Processor

An alternative to the batch approach is the sequential

method which can be developed by expanding the likelihood

ratio for each inter-arrival to obtain the recursion or equiv-

alently sequential likelihood ratio for the m-th inter-arrival

follows as

L(Tm; Θ) = L(Tm−1; Θ)×
Pr[τm|Tm−1, Θ;H1]

Pr[τm|Tm−1, Θ;H0]
; m = 0, · · · , M

(6)

with Pr[τ0|T−1, Θ;H`] = Pr[τ0|Θ;H`], the prior under each

hypothesis.

The Wald sequential probability-ratio test is [1], [2]

L(Tm; Θ) > T1(m) Accept H1

T0(m) ≤ L(Tm; Θ) ≤ T1(m) Continue

L(Tm; Θ) < T0(m) Accept H0

(7)

where the thresholds are specified in terms of the false alarm

(PFA) and miss (PM ) probabilities as

T0(m) =
PM (m)

1 − PFA(m)
T1(m) =

1 − PM (m)

PFA(m)
(8)

These thresholds are determined from a receiver operating

characteristic (ROC) curve (detection versus false alarm prob-

abilities) obtained by simulation or a controlled experiment to

calculate the decision function. That is, an operating point is

selected from the ROC corresponding to specific detection (or

equivalently miss) and false-alarm probabilities specifying the

required thresholds which are calculated according to Eq. 8

for each parameter update.

A reasonable approach to this problem of making a reliable

decision with high confidence in a timely manner is to develop

a sequential detection processor. At each neutron arrival (at

τm), we sequentially update the decision function and compare

it to the thresholds to perform the detection—“neutron-by-

neutron”. Here as each neutron is monitored producing the

inter-arrival sequence, the processor takes each inter-arrival

measurement and attempts to “decide” whether or not it

evolves from a threat or non-threat. For each inter-arrival,

the decision function is “sequentially” updated and compared

to the detection thresholds obtained from the ROC curve

operating point enabling a rapid decision. Once the threshold

is crossed, the decision (threat or non-threat) is made and the

arrival is processed; however, if not enough data is available

to make the decision, then another measurement is obtained.

For our problem, we typically have information about the

background, disturbance and noise parameters, but we rarely

have the source information. Therefore, we still can make a

decision, but require estimates of the unknown parameters,

that is, Θ̂ → Θ. In this case, we must construct a composite

or generalized likelihood-ratio test (GLRT).

Therefore from the batch likelihood decision function, we

can consider the two cases of the GLRT: (i) parameters are

random or (ii) parameters are deterministic but unknown.



Here we assume that Θ is deterministic but unknown.

Therefore, the approach is to estimate the unknown parameter

vector Θ̂ → Θ under each hypothesis and proceed with the

simple testing. A maximum likelihood estimate Θ̂ML, can be

used to create the GLRT such that

L(TM ; Θ) =

max Pr[TM |Θ1;H1]
Θ1

max Pr[TM |Θ0;H0]
Θ0

(9)

This is the approach we employ initially. The batch solution

for the GLRT can also be extended to the sequential case as

before giving the solution by simply replacing Θ̂ML → Θ,

that is,

L(Tm; Θ̂) = L(Tm−1; Θ̂) ×
Pr[τm|Tm−1, Θ̂1;H1]

Pr[τm|Tm−1, Θ̂0;H0]
;

m = 0, 1, · · · , M

(10)

Anticipating Gaussian models (exponential family [36]) for

our unknown parameters, we develop the logarithmic form of

the sequential likelihood decision function. Simply taking the

natural logarithm of Eq. 10, that is, Λ(TM ; Θ) := lnL(TM ; Θ)
we obtain the log-likelihood sequential decision function as

Λ(Tm; Θ̂) = Λ(Tm−1; Θ̂) +

lnPr[τm|Tm−1, Θ̂1;H1]− lnPr[τm|Tm−1, Θ̂0;H0]

(11)

Using these formulations, we develop the detection algo-

rithm for our problem next. We should note that we only

consider the “threat detection problem” in this paper.

B. Sequential Detection for Fission Processes

Here we start with the results of the previous section and

incorporate the physics of the fission process. For fission

detection, we start with the simple neutron model of Eq. 2

at inter-arrival time τm leading to the subsequent (sequential)

hypothesis test:

H0 : τm = TB

(

m; Θb

)

+ TV

(

m
)

[NON-THREAT]

H1 : τm = TS

(

m; Θs

)

+ TB

(

m; Θb

)

+ TV

(

m
)

[THREAT]

(12)

The sequential detection solution (as before) for this prob-

lem with unknown source parameters follows directly from

the GLRT results of Eq. 10. To implement the processor, we

must first determine the required conditional probabilities in

order to specify the decision function, that is,

Pr[τm|Tm−1, Θ̂;H1] = Pr[TS(m; ΘS)|Tm−1, Θ̂S ;H1] +

Pr[TB(m; Θb)|Tm−1, Θb;H1] +

Pr[TV (m)] (13)

and under the null hypothesis

Pr[τm|Tm−1, Θ;H0] = Pr[TB(m; Θb)|Tm−1, Θb;H0]+Pr[TV (m)]
(14)

where the Gaussian inter-arrival noise is distributed as TV ∼
N (0, σ2

vv) and the known background disturbances [15] are

ignored (at this point) while the inter-arrival distribution is

specified (instantaneously at τm) by Eq. 3 with τm → τ to

give:

Pr[TS(m; ΘS)|Tm−1, Θ̂S ;H1] = R1r0n0 +

FS

R1

∞∑

n=2

en(ε)

(
n−1∑

k=1

ke−kλτm

)

λb0(τm)

(15)

Pr[TV (m)] =
1

√

2πσ2
vv

exp
{

−
1

2

T 2
V (m)

σ2
vv

}

(16)

Therefore, the log-likelihood ratio becomes (simply)

Λ(Tm; Θ) = Λ(Tm−1; Θ) +

ln
[

R1r0n0 +
FS

R1

∞∑

n=2

en(ε)

(
n−1∑

k=1

ke−kλτm

)

λb0(τm)

+
1

√

2πσ2
vv

exp
{

−
1

2

T 2
V (m)

σ2
vv

}]

−ln
( 1
√

2πσ2
vv

)

+
1

2

T 2
V (m)

σ2
vv

(17)

We can also extend the problem to the random case. Sup-

pose we assume that each of the independent source parame-

ters are governed by a random walk/random constant model,

that is, the parameters are assumed piecewise constant and

subjected to zero-mean, Gaussian, random uncertainties, wΘ,

with covariance, RwΘwΘ
driving the process [32], then in this

case we have that the parameters, Θ ∼ N (Θ0, P0 + RwΘwΘ
),

where Θ0 is the initial mean with P0 its corresponding

covariance. A more detailed discussion follows subsequently

when we discuss the underlying parameter estimation problem

in Sec. IV (see Eq. 30). Thus, the corresponding multivariate

prior distribution is given by

Pr[Θ(τm)] = (2π)−NΘ/2|P0 + RwΘwΘ
|−1/2 ×

exp
{

− 1/2 (Θ − Θ0)
′
(

P0 + RwΘwΘ

)−1

(Θ − Θ0)
}

(18)



and the log-likelihood ratio is

Λ(Tm; Θ) = Λ(Tm−1 ; Θ) +

ln Pr[τm, Θ(τm)|Tm−1;H1]− lnPr[τm|Tm−1, Θ;H0]

(19)

where the second term can be expanded further by applying

Bayes’ rule to give

Pr[τm, Θ(τm)|Tm−1;H1] = Pr[τm|Tm−1, Θ(τm);H1]

× Pr[Θ(τm)|Tm−1;H1]

(20)

Substituting this expression for the source distribution of Eq.

13 gives

Pr[TS(m; ΘS)|Tm−1, Θ̂S ;H1] −→ Pr[τm|Tm−1, Θ(τm);H1]

× Pr[Θ(τm)|Tm−1;H1]

(21)

With this in mind, the sequential log-likelihood can be calcu-

lated directly by substituting the prescribed distributions into

Eq. 19 to give

Λ(Tm; Θ) = Λ(Tm−1; Θ) + ln
(

R1r0n0 +

FS

R1

∞∑

n=2

en(ε)

(
n−1∑

k=1

ke−kλτm

)

λb0(τm)

+(2π)−NΘ/2|P0 + RwΘwΘ
|−1/2

× exp
{

− 1/2 (Θ − Θ0)
′
(

P0 + RwΘwΘ

)−1

(Θ − Θ0)
}

+
1

√

2πσ2
vv

exp
{

−
1

2

T 2
V (m)

σ2
vv

})

+
1

2
ln
(

2πσ2
vv

)

−
1

2

T 2
V (m)

σ2
vv

(22)

This completes the development of the sequential Bayesian de-

tection approach for fission processes. Next we must consider

the parameter estimation problem in more detail.

IV. BAYESIAN PARAMETER ESTIMATION

In order to implement the GLRT of the previous section, we

must estimate the unknown parameters Θ at each arrival. We

first develop the batch scheme and then its sequential version

similar to the sequential Bayesian detector of the previous

section. Here we develop the Bayesian parameter estimator

that can be applied to the following problem:

GIVEN a set of uncertain multiplicity counter (inter-arrival

time) measurements, TM ; FIND the “best” estimate Θ̂ of the

unknown fission source parameters, Θ.

From a statistical perspective, we would like to estimate

the posterior distribution of source parameters Θ given the

entire inter-arrival data set TM or Pr[Θ|TM ]. Applying Bayes’

theorem we have that

Pr[Θ|TM ] =
Pr[TM |Θ]× Pr[Θ]

Pr[TM ]
(23)

Due to the sequential nature of our problem, that is, the

neutron multiplicity counter measures each neutron arrival

time individually—neutron-by-neutron; we require a sequen-

tial version.

A. Sequential Bayesian Processor

It can be shown [32] that a sequential Bayesian solution can

be developed for the posterior. Starting with the first term of

Eq. 23 and applying Bayes’ rule we have

Pr[TM |Θ] = Pr[τM , TM−1|Θ] = Pr[τM |TM−1, Θ]×Pr[TM−1|Θ]
(24)

and for the denominator term we have

Pr[TM ] = Pr[τM , TM−1] = Pr[τM |TM−1] × Pr[TM−1] (25)

Substituting Eqs. 24 and 25 into Eq. 23 and grouping terms,

we obtain

Pr[Θ|TM ] =
(Pr[τM |TM−1, Θ]

Pr[τM |TM−1]

)

︸ ︷︷ ︸

W(τm)

×
(Pr[TM−1|Θ] × Pr[Θ]

Pr[TM−1]

)

︸ ︷︷ ︸

Pr[Θ|TM−1 ]

(26)

or

Pr[Θ|TM ] = W (τm) × Pr [Θ|TM−1] (27)

which is the sequential form of the posterior distribution.

If we further assume that the inter-arrivals are Markovian

with the current arrival depending only on the previous, that

is, (τm, TM−1) −→ (τm, τm−1), then we have the desired

expression for sequentially propagating the posterior as

Pr[Θ|τm] = W (τm) × Pr [Θ|τm−1] (28)

where

W (τm) =
Pr [τm|τm−1, Θ]

Pr [τm|τm−1]
(29)

Here we assumed that the parameter vector is a ran-

dom constant Θ with no associated dynamics to construct

a sequential Bayesian processor. However, in the real-world

case, it is clear that when measuring neutron inter-arrivals

from an unknown source, then there can easily be variations

or uncertainties associated with each parameter. Perhaps a

more reasonable model for these parametric variations is

the random-walk/constant introduced in the previous section

[32]. That is, we know in continuous-time that the walk is



given by d
dtΘ(τ ) = wΘ(τ ) and by taking first differences

to approximate the derivative we can obtain a sampled-data

representation [32] as

Θ(τm) = Θ(τm−1) + 4τm wΘ(τm−1) (30)

where 4τm := τm − τm−1 for the parametric uncertainty

included in Θ(τm) ∼ N (mΘ(τm), RΘ,Θ(τm) + Rwθwθ
(τm)),

since wΘ ∼ N (0, Rwθwθ
(τm)). The variations of each Θ-

parameter can be controlled by its initial guess Θ(τ0) and

variance, RΘ,Θ(τm) + Rwθwθ
(τm).

Physically we have that Rwθwθ
=

diag[σ2
MM σ2

keffkeff
σ2

εε σ2
λ−1λ−1 ] and the subsequent

search can include a bounded uniform variate for each

initial value, Θ0 = U [a, b] enabling a more pragmatic

approach to modeling the parameter set with their individual

accompanying uncertainties. The statistics of the random

walk/constant model are given by the sequential Gauss-

Markov structure

Θ(τm) = Θ(τm−1) + 4τm wΘ(τm−1) [STATE]

mΘ(τm) = mΘ(τm−1) [MEAN]

RΘΘ(τm) = RΘΘ(τm−1) + Rwθwθ
(τm−1) [VARIANCE]

(31)

With this model in mind, we re-derive the sequential

Bayesian processor as before starting with the batch approach.

We would like to estimate Θ(τm) with the complete parameter

set defined by ΘM := {Θ(τ0), Θ(τ1) · · · , Θ(τM )}. The batch

posterior is given by Bayes’ theorem as before

Pr[ΘM |TM ] =
Pr[TM |ΘM ] × Pr[ΘM ]

Pr[TM ]
(32)

The first term can be decomposed by applying Bayes’ rule

as

Pr[TM |ΘM ] = Pr[τm, TM−1|Θ(τm), ΘM−1]

= Pr[τm|TM−1, Θ(τm), ΘM−1]

× Pr[TM−1|Θ(τm), ΘM−1] (33)

The inter-arrival time τm is independent ΘM−1 and TM−1,

so that the first term in Eq. 33 becomes Pr[τm|Θ(τm)],
while the second term simplifies to Pr[τM−1|ΘM−1], since

the parameter vector Θ(τm) is assumed independent of the

past measurement data. Therefore, we have

Pr[TM |ΘM ] = Pr[τm|Θ(τm)] × Pr[TM−1|ΘM−1] (34)

The second term of Eq. 32 can be decomposed similarly as

Pr[ΘM ] = Pr[Θ(τm), ΘM−1] = Pr[Θ(τm)|ΘM−1]×Pr[ΘM−1]
(35)

and the decomposition of Pr[TM ] in the denominator is given

in Eq. 24 above.

Substituting these relations (Eqs. 24, 34, 35) into Eq. 32,

and assuming a Markovian process as before, we obtain

Pr[ΘM |TM ] =
(

Pr[τm|Θ(τm)] × Pr[TM−1|ΘM−1]
)

×
(

Pr[Θ(τm)|Θ(τm−1)] × Pr[ΘM−1]
)

/ Pr[τm|τm−1] × Pr[TM−1]

(36)

Now grouping the terms the desired posterior distribution

becomes

Pr[ΘM |TM ] =
(Pr[τm|Θ(τm)] × Pr[Θ(τm)|Θ(τm−1)]

Pr[τm|τm−1]

)

×
(Pr[TM−1|ΘM−1] × Pr[ΘM−1]

Pr[TM−1]

)

(37)

or simply (replacing τm −→ TM )

Pr[Θm|Tm] = W (τm) × Pr[Θm−1|Tm−1] (38)

where

W (τm) :=
Pr [τm|Θ(τm)] × Pr[Θ(τm)|Θ(τm−1)]

Pr [τm|τm−1]
(39)

which is the sequential Bayesian solution for the dynamic

parametric model (random walk/constant). A particle filter is

an implementation of this recursion [32], [33].

B. Particle Filter for Fission Processes

Particle filtering is a technique that evolves from the “impor-

tance sampling” approach to statistical sampling of data. The

key idea is to select particles (or parameters in our problem)

from the regions of highest probabilities or equivalently re-

gions of highest importance. Once the resulting importance

weight is determined, the desired posterior distribution is

approximated by a non-parametric probability mass function

(PMF) as

P̂r[ΘM |TM ] =
∑

i

Wi(τm) δ
(

Θ(τm) − Θi(τm)
)

(40)

where Wi is the normalized weighting function given as the

ratio of the posterior at inter-arrival time τm and the designed

importance distribution q as

Wi(τm) :=
Pr[Θ(τm)|Tm]

q[Θ(τm)|Tm]
=

Pr[τm|Θ(τm)]

q[τm|Θ(τm)]

×
Pr[Θ(τm)]

q[Θ(τm)|Θm−1, τm]
(41)

The normalized weight is simply

Wi(τm) :=
Wi(τm)
∑

i Wi(τm)
(42)



The “bootstrap” processor is the most popular technique

[32]. Here the proposal is selected as the transition prior and

the weighting function becomes simply the likelihood

W (τm) = W (τm−1) × Pr[τm|Θ(τm)] (43)

With these relations in mind, the sequential Bayesian pro-

cessor can be developed for our problem. We start with the

basic bootstrap technique to estimate the unknown source pa-

rameters that will eventually become part of the log-likelihood

decision function. Initially, we assume the prior distributions

are uniformly distributed with bounds selected over some

pragmatic intervals U(a, b). The dynamic parameter updates

are given by the random-walk/constant model of Eq. 30 driven

by zero-mean, Gaussian noise with covariance RwΘwΘ
with

initial mean (constant) Θ(τ0) and corresponding parametric

covariance RΘΘ(τm). The likelihood distribution embeds the

“fission physics” of Eq. 3.

The measurement prediction model is based on the current

parameter estimates and its analytic time-interval likelihood

distribution. As a new neutron inter-arrival τm is available at

the output of the multiplicity counter, the predicted parameter

estimate Θ̂(τm|τm−1) is made and provided as input to the

physics likelihood probability distribution LΘ(Θ̂(τm)) :=
Pr(τ |Θ) for the prediction.

After the predicted inter-arrival τ̂m is available, the update

and resampling steps are performed and the next measurement

is awaited. The bootstrap algorithm performs the following

steps shown in Table 1.

Table 1. Bootstrap SIR PF for Fission Processing

PRIOR

Θi(τ0) ∼ Pr(Θ(τ0)) → U(θa, θb); Wi(τ0) =
1

Np

i = 1, · · · , Np [sample]

PREDICTION

Θi(τm) = Θi(τm−1)+wi(τm−1); wi ∼ N (0, Rwiwi
)[transition]

τ̂m = maxτ∈TL[τm] [Measurement Pred.]

Weight (Likelihood) Update:

Wi(τm) = L [τm|Θi(τm)] [weight/likelihood]

Weight normalization:

Wi(τm) =
Wi(τm)

∑Np

i=1 Wi(τm)

RESAMPLING DECISION

N̂eff =
1

∑Np

i=1 W 2
i (τm)

[effective samples]

N̂eff =

{
Resample ≤ Nthresh

Accept > Nthresh

RESAMPLING

Θ̂i(τm) ⇒ Θi(τm)

POSTERIOR DISTRIBUTION

P̂r(Θ(τm)|Tm) ≈

Np∑

i=1

Wi(τm)δ(Θ(τm) − Θ̂i(τm))

V. SNM DETECTION AND ESTIMATION:

SYNTHESIZED DATA

In this section we investigate the performance of the sequen-

tial Bayesian detector/estimator on simulated data (see Sec. II

for details). We assume a set of parameters to statistically

synthesize a set of arrivals used to calculated the inter-arrivals

{τm}; m = 0, 1, · · · , M . We start with the results from the

sequential Bayesian detection algorithm that incorporates the

Bayesian parameter estimator as part of its inherent structure

as illustrated in Fig. 1. Note that the unknown source param-

eter vector to be estimated has the following physical param-

eters (from the inter-arrival PDF): Θ := [mS keff ε λ−1]T —

the mass of the source, effective multiplication (keff), detector

efficiency and diffusion time, respectively.

The bootstrap PF was applied to a synthesized neutron ar-

rival sequence shown in Fig. 1. We note from the figure that the

inter-arrival data is processed by the sequential Bayesian esti-

mator to provide predicted estimates of the source parameters,

Θ̂(τm|τm−1). These estimates are then input to the physics-

based likelihood to predict the corresponding PDF which is a

part of the log-likelihood decision function. These predicted

parameters are also provided directly as individual inputs to the

log-likelihood decision function. Once the decision function is

calculated at τm, it is compared to the thresholds to “decide”

whether or not a threat is present. If so, the alarm is initiated.

If not, another measurement is processed on arrival (take more

data).

There exists a variety of metrics that can be applied to eval-

uate detection performance ranging from confusion matrices

to sophisticated statistical hypothesis tests [39], but perhaps

the most basic and most robust method is the calculation of

the receiver operating characteristic curve. The ROC curve

is simply a graph of detection (PDET ) versus false alarm

(PFA) probabilities parameterized by threshold, T with perfect

performance occurring when PDET = 1 and PFA = 0. The

ROC curve, provides all of the fundamental information from

which most other metrics are derived. Thus, there are many

individual metrics that can be extracted directly from a ROC

curve including sensitivity, specificity, cost/benefit analysis

along with a set of specific features like area under-the-curve

(AUC) and minimum probability of error (MinE) [39].



Fig. 1. Fission detection/estimation processing: Count data, fission parameter
estimation, sequential detection and alarm.

As mentioned in the Sec. III, it is necessary to calculate a

ROC curve to select an operating point (detection and false-

alarm probabilities) to calculate the sequential thresholds. In

order to generate the ROC, we synthesize an ensemble of

30-members each consisting of 100-arrivals selected directly

from a Monte Carlo simulation data set using the following

source (uranium) parameters: mS = 25 kg, keff = 0.9; ε =
0.03; λ−1 = 0.01. We chose to use a signal-to-noise ratio

(SNR) of 6.9 dB defined by the 10 log-ratio of the signal en-

ergy to noise energy (variance). The local ROC for each mem-

ber realization was estimated and then the average ROC was

used for the calculation. Performance metrics such as AUC are

also calculated to assess detection performance (AUC=0.95).

For “perfect” performance, the detection probability is unity

and false-alarm probability zero corresponding to an AUC of

unity. The optimum operating point (PFA, PDET ) is calculated

by minimizing the Bayes’ risk (see [39] for details) yielding

a detection probability of 92% for a false alarm probability of

0.1% at this SNR. Substituting these values into the threshold

calculation of Eq. 8 and taking the natural logarithm give the

thresholds (ln τ0, ln τ1) as (−2.48, 7.23). A typical realization

of sequential Bayesian detection results for a member of the

ensemble is shown in Fig. 2 showing the decision function

exceeding the upper threshold thereby indicating a threat and

subsequent alarm. The ROC curve enables us to evaluate the

performance of the sequential detection algorithm at various

SNRs. This performance is what we would expect to achieve

at the selected thresholds. Test data is used to verify these

predictions. So we see that the detection performance is

quite reasonable at these SNRs indicating a feasible Bayesian

detector design.

Only 100 inter-arrivals were investigated to observe the

feasibility of this approach. We observe the uncertainty of the

inter-arrivals caused by the randomness of the fission process.

Using the predictive sampling approach described in the

previous section, we compare the predicted inter-arrivals to the

measured along with their difference (residual) as illustrated

in Fig. 3. Here we see that the prediction is reasonable. Next

the physical parameters were estimated with the results shown

in Fig. 4. Again the parameter estimates are quite reason-

able for this realization at 6.9 dB. For parameter estimation

performance metrics, we use the average RMS-error (abso-

lute/relative errors) of each estimator to give: mass (RMS-

error = 0.03/0.28% kg); effective multiplication (RMS-error

Fig. 2. Sequential Bayesian (log-likelihood) threat detection for

(PFA, PDET )=(0.0007, 0.916) and thresholds at (ln τ0, ln τ1)=(−2.48,
7.23).

Fig. 3. Raw (solid line) and predicted multiplicity counter inter-arrivals
(dotted line) using prediction sampling scheme along with the resulting

residuals (dashed line) (SNR=6.9dB).

= 0.0025/0.12%); efficiency (RMS-error = 0.00006/0.20%);

and inverse diffusion time (λ) (RMS-error = 0.00004/0.4%
µs−1).

Note that the true parameter value is shown as the line

(dashed) and both the maximum a-posterior (MAP) and con-

ditional mean (CM) estimates are shown (arrows) on the plots.

They appear to track the physical parameters quite well (small

RMS errors) for this realization.

A pragmatic statistical test (in general) for the bootstrap

processor is that the residual sequence should be zero-mean

and uncorrelated. In statistical signal processing, a standard

statistical test to determine whether or not a processor is

operating properly is to test whether the residual sequence

(difference between the measurement and the processor “pre-

dicted” measurement) has a small error variance. Specifi-



Fig. 4. Sequential Bayesian parameter estimates (arrows) and absolute RMS
error for a SNR=6.9dB: (a) Mass (25±0.03 kg). (b) Effective multiplication
(keft = 0.90±0.0025). (c) Efficiency (0.03±0.00006). (d) Inverse diffusion
time (λ = 0.01 ± 0.00004 µs−1).

cally for sequential algorithms, the one-step prediction error

(or residual) has the property that the prediction error or

equivalently the residual sequence should be zero-mean and

uncorrelated (or white). Pragmatically, residuals that satisfy

these properties ensure that the embedded model-based pro-

cessor has “removed” all correlation (of the model) from the

data. The remaining measurement (residual) is uncorrelated

or equivalently provides no further information about the

signal (or model). These properties ensure two conditions:

(1) the underlying model is correct; and (2) no further signal

information remains. In fact, it can be shown that these

conditions are a result of the orthogonality condition of the

data and its prediction [37]. Indeed this is the case, since the

zero-mean test shows the residual mean to be smaller than

the calculated bound (< 0.245) and uncorrelated with only

0.0% of the correlation samples lying outside of the boundaries

(5% or more are considered correlated). The weighted sum-

squared residual (WSSR) is a chi-squared statistic that tests

the hypothesis of whether or not the residual sequence is

statistically uncorrelated or not. It establishes a threshold and

requires the underlying decision function to be below for

whiteness (not correlated). More of the WSSR details are

available in [32], [37] along with the corresponding references.

The WSSR statistic confirms the whiteness with its decision

function lying below the threshold of 51.4. Therefore, from a

local perspective, the processor appears to be performing well.

However, in order to confirm this statement, we must perform

a sequence of at least 100 realizations and calculate ensemble

statistics (not shown). Finally we show a set of for snapshots

(or slices) at various inter-arrival samples (25, 50, 75, 100)

throughout the simulation. Note that each is a slice of the

3D PMFs shown for all of the physical parameters. Also note

how the estimated particles coalesce (as expected) about the

highest probability regions which are annotated by the arrows

in Fig. 5.

Fig. 5. Posterior PMF of various slices (25,50,75,100 interarrivals)
illustrating the multimodal (arrows) nature of the distributions as well as the

coalescing of particles (circles) in highest probability regions.

VI. SUMMARY

We have developed a sequential Bayesian approach to the

fission detection problem based on a theoretical likelihood

PDF capturing the underlying physics of the fission process

[20],[21]. We developed the sequential detection processor

based on a joint probability distribution of inter-arrivals and

unknown source parameters using a combined random walk

and random constant model of the parameter uncertainties

[32]. This model was embedded along with the physics-

based likelihood into both sequential detection and parameter

estimation processors. The processor performed reasonably on

synthesized Monte Carlo data resulting in a successful threat

(SNM) detection achieving a detection/false alarm probability

of PDET = 91.7% at a PFA = 0.07% in comparison

to a similar theoretical approach applied to γ-ray detection

of PDET = 95% at a PFA = 2% [7],[9]. The physics

parameter estimates were also quite reasonable with relative

RMS errors less than 0.5% indicating a feasible solution to

the fission detection problem. Performance metrics for both

detection and parameter estimation processors were developed

and assessed implying that a combination of both sequential

Bayesian γ-ray [7],[9] and neutron detection schemes have

the potential of providing both a timely and accurate threat

detection capability.

REFERENCES

[1] A. Wald, “Sequential tests of statistical hypothesis,” Ann. Math. Stat.,
16, pp. 117-186, 1945.

[2] A. Wald, Sequential Analysis, New York, N.Y.: John Wiley, 1947

(Reprint Dover Publications, 1973).
[3] R. D. Evans, The Atomic Nucleus. New York, New York: McGraw-Hill,

1985.

[4] G. F. Knoll, Radiation Detection and Measurement, 3rd ed., Hoboken
New Jersey: John Wiley, 2000.

[5] N. J. Carron, An Introduction to the Passage of Energetic Particles

through Matter, New York, New York: Taylor and Francis Group, 2007.
[6] G. Gilmore and J. Hemingway, Practical Gamma-Ray Spectrometry,

Hoboken New Jersey: John Wiley, 2003.



[7] J. V. Candy, E. Breitfeller, B. Guidry, D. Manatt, K. Sale, D. Chambers,
M. Axelrod and A. Meyer, “Physics-based detection of radioactive

contraband: a sequential Bayesian approach,” IEEE Trans. Nucl. Sci.,
Vol. 56 (6), pp. 3694-3711, 2009.

[8] S. Gulam Razul, W. J. Fitzgerald, and C. Andrieu, “Bayesian model
selection and parameter estimation of nuclear emission spectra using
RJMCMC, Nucl. Instrum. Methods Phys. Res. A, vol. A497, pp. 492510,

2003.

[9] J. V. Candy, D. Chambers, E. Breitfeller, B. Guidry, K. Sale, M. Axelrod
and A. Meyer, “Threat detection of radioactive contraband incorporating
Compton scattering physics: a model-based processing approach,” IEEE

Trans. Nucl. Sci., Vol. 58 (1), pp. 214-230, 2011.

[10] M. Moreland, B. Ristic, “Radiological source detection and localization
using Bayesian techniques,” IEEE Trans. Signal Process., Vol. 57, no.
11, pp. 4220-42231, 2009.

[11] D. Cooper, R. J. Ledoux, K. Kamieniecki, S. E. Korbly, J. Thompson,

J. Batcheler and J. Costales, “Intelligent Radiation Sensor System
(IRSS) Advanced Technology Demonstrator (ATD), IEEE Conference
on Technologies for Homeland Security, 2012.

[12] R. J. Nernzek, J. S. Dreicer, D. C. Tomey, and T. T. Warnock, “Dis-

tributed Sensor Networks for Detection of Mobile RadioactiveSources”,
IEEE Trans. Nucl. Sci., Vol. 51, No.4, pp.1693-1700, 2004.

[13] S. M. Brennan, A. M. Mielke, and D. C. Tomey, “Radioactive Source
Detection by Sensor Networks”, IEEE Trans. Nucl. Sci., Vol. 52, No.3,
pp. 813-819, June 2005.

[14] D. L. Stephens and A. J. Peurrung, ”Detection of moving radioactive

sources using sensor networks”, IEEE Trans. Nucl. Sci., vol. 51, no. 5,
pp. 2273-2278, 2004.

[15] V. Mazet, C. Carteret, D. Brie, J. Idier and B. Humbert, “Background
removal from spectra by designing and minimizing a non-quadratic cost

function, Chemonmetrics and Itelligent Lab. Sys., 2004.
[16] L. Bouchet, A comparative study of deconvolution methods for gamma-

ray spectra, Astron. Astrophys. Suppl. Series, Vol. 113, 1995.

[17] L. J. Meng and D. Ramsden, An inter-comparison of three spectral-
deconvolution algorithms for gamma-ray spectroscopy, IEEE Trans.
Nucl. Sci., Vol. 47, no. 4, pp. 1329-1336, 2000.

[18] K. D. Jarman, L. E. Smith and D. K. Carlson,“Sequential probability

ratio test for long-term radiation monitoring,” IEEE Trans. Nucl. Sci.,
vol. 51, no. 4, pp. 1662-1666, 2004.

[19] P. Luo, T. A. DeVol and J. L. Sharp, “Sequential probability ratio
test using scaled time-intervals for environmental radiation monitoring,”

IEEE Nucl. Sci. Symp. Conf. Rec., Vol. N25-55, pp. 1372-1377, 2009.
[20] M. Prasad and Snyderman, N., “Statistical theory of fission chains and

generalized Poisson neutron counting distributions,” Nucl. Sci. Engr.,
172,300, 2012.

[21] M. Prasad, Snyderman, N., Verbeke, J., and Wurtz, R. “Time interval
distributions and the Rossi correlation function,” Nucl. Sci. Engr., 174,1-

29, 2013.

[22] S. Walston, “A guide to the statistical theory of fission chains,” 2Ed.,
Lawrence Livermore National Laboratory Report, LLNL-TR-584832,
2012.

[23] R. P. Feynman, “Statistical behavior of neutron chains,” Los Alamos
Report, LA-591, 1946.

[24] R. P. Feynman, De Hoffman, F. and Serber, R.“Dispersion of the neutron

emission in U-235 fission,” J. Nucl.Energy, 3, 1, 64, 1956.

[25] ORTEC Staff, “Fission multiplicity counter,” ORTEC Report, ORT-154,
2012.

[26] R. Dierck and Hage, W., “Neutron signal multiplet analysis for the mass
determination of spontaneous fission isotopes,” Nucl. Sci. Engr., 85,325-

338, 1983.
[27] W. Hage and Cifarelli, D. M., “Correlation analysis with neutron count

distributions in randomly or signal triggered time intervals for assay of
special fissile materials,” Nucl. Sci. Engr., 89,159-176, 1985.

[28] D. Middleton, An Introduction to Statistical Communication Theory,
New York, N.Y.: McGraw-Hill, 1960.

[29] H. Van Trees, Detection, Estimation and Modulation Theory, pt. 1, New

York, New York: John Wiley, 1968.
[30] J. Liu, Monte Carlo Strategies in Scientific Computing, New York, New

York: Springer-Verlag, 2001.

[31] M. Tanner, Tools for Statistical Inference, Methods for the Exploration
of Posterior Distributions and Likelihood Functions, 2nd ed., New York,
New York: Springer-Verlag, 1993.

[32] J. V. Candy, Bayesian Signal Processing, Classical, Modern and Particle

Filtering, Hoboken New Jersey: John Wiley/IEEE Press, 2009.

[33] B. Ristic B., S. Arulampalam and N. Gordon, Beyond the Kalman
Filter, Particle Filters for Tracking Applications, Boston, Massachusetts:

Artech House, 2004.
[34] M. West and J. Harrison, Bayesian Forecasting and Dynamic Models,

2nd ed., New York, New York: Springer-Verlag, 1997.

[35] A. Doucet, N. de Freitas and N. Gordon, Sequential Monte Carlo
Methods in Practice, New York, New York: Springer-Verlag, 2001.

[36] A. Papoulis and S. Pillai, Probability, Random Variables and Stochastic

Processes, 4th ed., New York, New York: McGraw-Hill, 2002.
[37] J. V. Candy, Model-Based Signal Processing, Hoboken, New Jersey:

John Wiley/IEEE Press, 2006.

[38] B. D. Anderson and J. B. Moore, Optimal Filtering. Englewood Cliffs,
New Jersey: Prentice-Hall, 1979.

[39] J. V. Candy and E. F. Breitfeller, Receiver Operating Characteristic

(ROC) Curves: An Analysis Tool for Detection Performance, LLNL
Report: LLNL-TR-642693, 2013.

bledsoe2
Typewritten Text

bledsoe2
Typewritten Text
Prepared by LLNL under Contract       DE-AC52-07NA27344




