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I. INTRODUCTION

Gamma-ray imaging systems measure a subset of all emitted photons. The fraction of recorded photons, or system
sensitivity, depends on the detector geometry and photon energy. Models for the distribution of gamma-ray measurements
should incorporate the knowledge that the photon was detected because the observed measurements are drawn from the
distribution of measurements given that the measurements are recorded. This report gives a useful result that simplifies
the calculation of the conditional distribution of the measurements given that they are recorded. We also give an example
that illustrates an application of the result to a system modeling problem.

A modeled likelihood for a 3D position—sensitive gamma-ray detector was proposed in [1], but the expressions are
computationally difficult. A similar system was also modeled in [2] without explicitly conditioning on the event that a
photon is detected. This work provides a general result that simplifies the model in [1]and shows that model proposed
in [2] correctly conditions on the event that a photon is detected.

This paper is organized as follows: Section II shows how the conditional likelihood given that a photon is detected
is related to the likelihood not conditioned on the event that a photon is detected, Sections III and IV give example
applications of the results in Section II to a modeling problem, and Section V gives our conclusions.

II. THEORY

In this section, we derive a formula for the density of photon measurements given that they are recorded. We consider
an attribute vector r corresponding to one photon interaction sequence, where r € R, which is the set of all recordable
attribute vectors. A photon interaction sequence is defined as the ordered list of all interactions resulting from a single
photon. The attribute vector  may include recorded interaction positions, recorded energy depositions, or other informa-
tion about the photon interaction. Let k£ be the number of recorded photon interactions for the photon interaction sequence
described by the attribute vector . In some systems, the number of photon interactions is a random variable, and the
number of interactions k is a function of the recorded attribute vector r. For example, in a Compton imaging system, the
attribute vector 7 contains the positions and energies of each interaction, so k is a function of the length of 7 in this case.

A. The event that a photon is detected

When a photon interaction is recorded, the photon must have been incident on the detector and it must have interacted
somewhere in the detector. Let Dg be the event that a photon is incident on the detector and let D;, i = 1,2, ...,k be the
event that the photon has at least ¢ recorded interactions. Let the event that a k—interaction event is recorded be

k
A
p® = ((\D; | N D§,y = DN Dgyy, (1)
=0

where Dy 41 is the event that there are no further recorded interactions after the kth interaction.
Let the event that a photon interaction occurs be

1>

D=|JDY =Dy, )
j=1

which is the union of all k-interaction events.

B. The likelihood or a photon interaction sequence

The likelihood of a photon interaction sequence is an important component of maximum-likelihood estimation for
gamma-ray imaging systems, e.g., [2,3]. Let 8 be a vector of unknown and nonrandom parameters. In this work, we
focus on computing a particular component of the list-mode likelihood in [3], which is the likelihood' of a single photon
interaction sequence p (r|D; ). We use the notation p (+) to denote modeled probability densities and Pr (A) to denote
the probability of an event A.

I'The likelihood is defined as the Radon-Nikodym density [4] of the probability measure corresponding to the modeled distribution of recorded
attributes with respect to the appropriate base measure. This generality allows the attribute vectors 7 to be discrete or continuous random vectors.
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Theorem 1 shows that the conditional density given that a photon is detected is the quotient of the unconditional density
and the sensitivity. This results simplifies the calculation of the system model by separating the conditional probability
density into the quotient of the joint density of the recorded attributes and the system sensitivity.

Theorem 1. For all attribute vectors r € R,

p(r,D;0)

p(r|D;0) = m>

3)

up to a set of measure zero, where Pr (D; 0) is the system sensitivity.

Proof. Because p (r|D; 0) is the Radon-Nikodym density of the conditional distribution of recorded attributes given that
they are detected, for any measurable set S C R

Pr(r € SIDi6) = [ p(r[Di6) du(r) 0
S
by the definition of the Radon—Nikodym density, where 1 is an appropriate base measure. By the definition of conditional
probability,

Pr({r € S} N D;0)

Pr(r € S|D;0) = Pr(D:0)

Let p (r, D;0) be the Radon-Nikodym density of Pr ({r € V} N D; @) for a set V. C R, which exists by the Radon-
Nikodym theorem [4]. By the definition of the Radon—-Nikodym density,

oy _ [ P(r,D;6)
Pr(r e V|D;0) = /V Pr (D 0) du(r) forall V C R. Q)

By the Radon—Nikodym theorem [4], which states that the Radon—Nikodym density is unique up to a set of measure zero,
and by (4) and (5),
_p(r,D;0)

p(r|D;0) W

except on a set of y—measure zero.

O

The term in the numerator of (3) is complex because D is the event that a photon interaction sequence with any number
of interactions is recorded. We make the following assumption in an attempt to simplify this term:

Assumption 1. There exists a function f : R — N such that k = f(r) is the number of photon interactions in the photon
interaction sequence described by 7.

Assumption 1 is satisfied by most systems that record multiple interactions of a single photon. For example, an
attribute vector r corresponding to a photon interaction sequence in a 3D position—sensitive semiconductor detector,
e.g., [5], contains a position and deposited energy for each interaction. If each position occupies three elements in  and
each energy occupies one element, then f(r) = length(r)/4, where length(7) is the number of elements in the vector
T

Lemma 1 allows us to simplify the numerator of (3).

Lemma 1. If Assumption 1 is satisfied, then p (r,D;0) = p (r, D), 0), where k = f(r).

Proof. Since k is a deterministic function of r,

P (’I",D(i); 9) =0 forall ¢ # k.
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Combining the results of Lemma 1 and Theorem 1 gives the formula for the likelihood of a single k—interaction event
given that it was recorded:

gy _ P(r,DY;6)
p(r|D;0) = T a0 (6)
where
A
s(0) = Pr(D;0)

is the system sensitivity.

III. EXAMPLE: NEAR FIELD DISK DETECTOR

We consider a hypothetical 2D disk detector of radius R that records the (x, y) position of gamma-ray interactions [6].
We assume that the source energy and detector material are such that photoelectric absorption occurs with probability one
for any interacting photon. Let the detector record photons emanating from an isotropic point—source at a distance r from
the center of the detector. We assume that 7 is the only unknown parameter, so the parameter vector 8 = r. Let i be the
linear attenuation coefficient for photoelectric absorption in the detector. A diagram of this detector is shown in Figure 1.

(x+.y+)

Figure 1: Diagram of near—field disk detector

The near—field likelihood of a recorded photon is difficult to compute in cartesian coordinates, so we parameterize the
interaction positions by the observed emission angle ¢ € [0, 27) and interaction depth [ € R™. The attribute vector for
a single photon interaction is 7 = (I, ¢). The observed emission angle ¢ = 0 corresponds to the direction of the vector
from the source to the center of the detector. Let ¢/ be the unobserved true emission angle, where the observed emission
angle ¢ is a noisy measurement of 1. Let 0,- be the largest emission angle such that an emitted photon strikes the detector.

We wish to compute the likelihood conditioned on the event D that a photon is detected p (7| D; ). Since photoelectric
absorption is the only possible mode of interaction, we focus on the case where the number of interactions £k = 1. By
Theorem 1 and (6),

,DW;
p(r|D;r)= %
= %p(LQSvDO?DLDS;T) (7)
1 2T
= %/0 p(l7¢7DO7DlaD§WJ;T) p(¢;r) dy
2
=<5 | P DSl D0. Dui)p (U Do. Dir) o (Difw Do) p (6l Do) (Dofsir) p () o

®)

The step from (7) to (8) uses the chain rule of conditional probability [7, p. 58] to separate (7) into computable terms.
There are numerous other expansions of (7) using the chain rule, but not all of these expansions are easily computable.
One must use trial and error to find an application of the chain rule that results in more easily computable terms.
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We now derive expressions for each term in (8). Because we assumed that photoelectric absorption is the only possible
mode of interaction, the probability of a second interaction is zero, thus

p(D§|l771Z)7D07D1;T):1' (9)
By the Beer—-Lambert law [8, p. 89],

Me—,u(l—r cos 1h++/ R2 —r2 sin? 7,[))
1 — e—2u\/R2—r2 sin? ¢ H{r cos p—y/ R2—r2 sin? ¢ <I<r cos 1p++/ R2—r2 sin? 7,[)} ’

where I 4 is the indicator function on the set A. Also by the Beer-Lambert law,

p (|1, Do, Dy;7) = (10)

p (D1l Doir) = 1 — e 2V I mr2ety, (1)
By the detector setup and the definition of 6,., a photon is incident on the detector if |¢)| < 6,.. Thus,

p (Dolth; ) = Lgjy)<6,}- (12)

Since the source is isotropic, the emission angle is uniform over 27,

1
p(¥ir) =5 0<¢ <2m (13)

For simplicity, we assume that the observed emission angle is equal to the true emission angle with probability one,
1.€e.,
P (@Y, Do;r) = 6(¢ — ¢). (14)
Combining (8)-(14), we obtain
. Me—,u(l—r cos ¢p++/ R2—r2 sin? (1)) : : s
p(’l"| 7T) o 271-3(74) {lol<or} {rcos¢>— R2—r2sin? $<I<r cos p++/ R2—r2 sin? d)}' (15)

IV. EXAMPLE: FAR-FIELD 3D POSITION—SENSITIVE DETECTOR

In this example, we will derive the likelihood of a two—interaction photon interaction sequence in a 3D position—
sensitive detector. This example is applicable to 3D CdZnTe detectors, such as those presented in [5]. The purpose of
this example is to use Theorem 1 to simplify the complex derivation of the likelihood for position—sensitive detectors in
Section 2.4.3 of [1].

As in [1], let & be the true location of the first interaction, ¢! be the energy deposited in the first interaction, v be
the angle that enumerates the scatter direction around the Compton cone, and let p be the distance between the two
interactions. Let r be the vector of observations for one interaction sequence, where

r= [071/17331763]'

Let R be the set of recordable events. We assume that the nonrandom unknown parameters are the source energy eq
and source position ¢. The purpose of this example is not to estimate the unknown parameters, but rather construct a
likelihood that is a function of those parameters.

Two—interaction photoelectric absorption events are detected if the photon is incident (Dg), undergoes one Compton
scatter (D7), undergoes a photoelectric absorption (D5), and does not interact again (D5). Using Theorem 1 and the chain
rule of probability,

1
p(’l"|D;€0,¢) = mp(D§|p,1/),a:1,e§,D2,D1,D0;eo,(b)p(D2|p,¢,m1,efi,D1,D0;eo,(b)

P (p|¢7mlvetlaD17D0;607¢) p (¢|m17€t17D17D0;607 ¢) P (D1|$1,€t1,D0;60,¢)
p (z1]ef, Do; eo, @) p (€} |Do; eo, @) p (Do €0, @) , (16)
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where p (Dg]p,w,wl,eﬁ,Dl,Do;eo, ¢) = 1and p (Dl\wl,etl,Do;eo, ¢) = 1 for all attribute vectors r inside the
detector, and p (D§| p, ¥, @1, €Y, Do, D1, Dy eg, qj) = 1 because a subsequent interaction occurs with probability zero
after a photoelectric absorption.

By the Beer—Lambert attenuation law,

p (p|¢7 Iy, et17D17 DO) €0, ¢) = :u;l?(eo - eli)e—up(eo—eﬁ)p 0< P < pmax(ﬂ% etlv I, €o, ¢)7 (17)

where pmax (¢, €}, 1, eg, @) is the distance from the first interaction to the edge of the detector along direction of the
Compton scattered photon, and p,(eg — €!) is the linear attenuation for photoelectric absorption.
The distribution of scatter angles around the Compton cone is uniform:

1
p (¢|x1, €}, D1, Do;eq, @) = 5 for 0 < < 27. (18)

The distribution of the first interaction location is
f1c(eg e~ He(co)d(@ib)
Qo)

where d(x1; ¢) is the distance from ; to the edge of the detector along a line with direction ¢ toward the source, Q2(¢)
is the surface area of the detector that is exposed to direct source photons, and i.(ep) is the linear attenuation coefficient
due to Compton scattering.

The density of the energy deposited in the Compton scatter interaction, p (e?l | Do; eo, (b), is based on the Klein-Nishina
formula [9] and is given by (2.15) in [1].

The probability that a photon is incident on the detector is

p (a:l\eﬁ, Do; eg, ¢) = p(x1|Dy; e0, P) = for x1 inside the detector, (19)

p (Do; e, @) = Qg(zf), (20

where Q27 is the surface area exposed to the source, which is independent of source position.
Combining (16)—(20),
p(r|D;eo, d) = m,up(eo - eﬁ)e‘“p(eo_etl)p,uc(eo)e_“c(eo)d(ml;‘p)p (e1|Dos g, @) for 7 € R. (21)
T Lt
This expression is simpler and easier to compute than the likeihood in Section 2.4.3 of [1], and it agrees with the analysis
in [2].

V. CONCLUSION

We showed that the conditional density of recorded gamma-ray photon attributes given that they are detected is the
quotient of the attribute density not conditioned on the event that a photon is detected and the system sensitivity. We
used this result to simplify the formulas for Compton interaction probabilities proposed in [1]. The theory and examples
presented in this report may also aid in understanding probabilistic models for Compton imaging in the literature, e.g.,

[2].
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