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ABSTRACT

Gamma-ray spectrometry is widely applied in several science fields, and in particular in non-destructive
gamma scanning and gamma emission tomography of irradiated nuclear fuel. Often, a collimator is used
in the experimental setup, to selectively interrogate a region of interest in the fuel. For the optimization
of instrument design, as well as for planning measurement campaigns, predictive models for the transmitted
gamma-ray intensity through the collimator are needed. Commonly, Monte Carlo radiation transport tools are
used for accurate prediction of gamma-ray transport, however, the long computation time requirements when
used in low-efficiency experimental setups present challenges.

In this work, the full-energy peak intensity transmitted through a rectangular collimator slit was examined.
A uniform planar surface source emitting isotropically was considered, and the rate of photons reaching an
ideal counter plane on the opposite side of the collimator was evaluated by analytical integration. To find a
closed-form primitive function, some idealizations were required, and thereby parametric models were obtained
for the optical field of view, dependent on slit dimensions (length, height and width) and source-to-collimator
distance. It was shown that the count rate in the detector is independent of the collimator-to-source distance.
For contributions from outside the optical field of view, where a closed-form expression cannot be found,
instead fast numerical integration methods were proposed.

The results were validated using the Monte Carlo code MCNP6.2. For the analytical method, deviations
were larger, the shorter the collimator, with up to 25% of underestimation obtained for the shortest examined
collimator of 10 cm length. However, the longer the collimator, the better the observed agreement. This
accuracy is deemed to be sufficient for instrument design and measurement planning, where often the order of
magnitude of the count rate is not a priori known. For the numerical method, the results showed an agreement
within 3% for all evaluated collimator settings.

The methods are planned for use in iterative optimization routines in the design of Gamma Emission
Tomography devices, as well as for the prediction of gamma spectra obtained in the planning of fuel
inspections. An application of the proposed method was demonstrated in spectrum prediction for a short
cooling-time fuel rod test from the Halden reactor.

1. Introduction

Gamma-ray spectroscopy is a widely used technique in many fields
of science. It is used in fundamental physics research as well as in var-
ious applications, ranging from medicine to nuclear technology. In this
paper, the application of gamma-ray spectroscopy in non-destructive

Emission Tomography is addressed. In particular, the latter is increas-
ingly considered for use in nuclear fuel tests as well as in nuclear
safeguards [2-7]. The measurement systems in such cases include
a detector with high energy resolution and a collimator, where the
collimator provides the possibility to investigate well-defined regions

nuclear fuel inspections using e.g. gamma scanning [1] and in Gamma of the fuel.
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The performance of a spectroscopic system is strongly impacted by
the collimator design and therefore its geometric layout and material
composition should be carefully evaluated during the initial stages of
designing a spectroscopy system. Monte Carlo (MC) simulations are
often used to provide results with the potential for good accuracy [8—
10] . However, the MC technique exhibit the disadvantage of requiring
large computational efforts to obtain sufficient statistical precision,
especially if the collimator slit is narrow and long, causing a low
probability for gamma rays to reach the detector. As an example, in
the case of a square-slit collimator with dimensions of 0.1 cm wide
and 80 cm long, the probability of a gamma ray to reach the opposite
opening is on the order of 10~ for an isotropically emitting point
source that is placed directly in front of the collimator opening. For
the parts of a fuel object that are not directly in front of the opening,
or further away, the probability of penetration can be substantially
smaller. Consequently, MC techniques require a large number of sam-
pled photons and may become prohibitively time consuming, unless
dedicated variance reduction schemes are applied, such as suggested
by [10]. In [10], a mono-directional source is modelled with the Monte
Carlo radiation transport code MCNP6.2, and correction factors are
introduced to solid-angle effects of isotropic emission and effects of
finite volume in view of a cylindrical aperture.

This work aims to create fast computation models for calculation
of the geometrical efficiency of detectors with rectangular-slit colli-
mators, in order to replace time-expensive Monte Carlo gamma-ray
transport simulations. Two approaches have been explored for this pur-
pose, analytical integration of the optical field of view, while utilizing
mathematical idealizations where needed, and numerical integration
for more accurate response, including the transmission through the
collimator bulk. Such methods will be used in iterative processes for
design optimization of gamma-ray spectroscopy systems, and it is also
anticipated to be used for the planning of experimental campaigns for
transient tested fuel rods, similar to the work reported in [11].

The paper presents in the order that follows, models used to calcu-
late the collimator efficiency, MCNP6.2 simulations used for validation,
and a demonstration application of the models in spectrum prediction
for a nuclear fuel rod.

2. Theory

For a given gamma-ray energy, the count rate, I, in the detector
of a spectroscopic system can be considered as a function of the source
activity A, the emission intensity per decay of the gamma line I,,
the geometric efficiency ¢,, and the detector intrinsic full-energy peak
efficiency, ¢,, as expressed in Eq. (1),

Icgr = Alyeged. €))

Using this expression, the activity of a sample may be determined
experimentally based on the number of counts in the full-energy peak
of the gamma-ray spectrum. Notably, several correction factors may be
required for accurate results, e.g., self-attenuation in the object, count-
rate related effects, or true coincidence summing, depending on the
measurement settings.

The geometry of the detector system studied in this work is schemat-
ically shown in Fig. 1, showing the use of a collimator; in our case, we
consider for this a bulk of absorber material with a rectangular slit. The
source and detector are for simplicity considered as simple planes. The
geometric efficiency e,, meaning the probability per photon to reach
the detector, is in this case determined by the collimator slit dimensions
and the collimator-source distance.

Generally, and as shown in Fig. 1, the collimator slit covers only a
small fraction of the source plane. For this reason, it is more practical
to express the count rate intensity based on the planar activity con-
centration of the source, adapted from [12], such as in Eq. (2) below:

Icg =/ ,/ W (Er’xs’ys)gddxsdys’ @
Xs JVs
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where A, refers to the surface activity concentration of the source
plane in front of the collimator. The geometrical contribution to ef-
ficiency, e, depends on the position of the source relative to the
collimator, and thus needs to be expressed as a function of the source
point. The geometrical efficiency depends also on the slit geometry and
on the gamma-ray energy E, and may be expressed explicitly as:

cos (0(xg, Ys:Xp.Yp)
&g (Ey’XSs.VS) =/ _/ (2 )eiﬂ(EﬁkdedYDs (3
xp Jyp 4TRY (X5, Y5, Xp,Vp)

where R is the distance travelled by a ray from a point on the source
plane to the detector, E, is the gamma-ray energy, ¢ is the angle
between the emitted gamma ray and the normal to the detector plane,
and k is the distance travelled by gamma-rays inside the collimator
material, which depends on source plane coordinates (xg, yg) and the
intersection with the detector plane (x,, yp), where indices S and D
refer to source and detector. It can be noted that the expression con-
tains material and energy dependency through the linear attenuation
coefficient, u, of the collimator bulk. The parameters R and 6 can be
obtained explicitly from basic geometrical considerations:

R= /(g = xpP + (s = yp)? +(C + L? @

V(xp—x5) + (vp - vs)°

C+L

C))

6 = arctan

Finally, substituting the geometric efficiency of Egs. (3)-(5) into
Eq. (2) yields a quadruple integral expression for the expected count
rate in the detector as:

C+L

e[ [ [
M s Jys Jxp Jyp An (kg = xp) + (v — yp)? + (C + L)?)

x e MEkgx cdygdxpdyp. 6)

cos <arctan <M>>

The integrand in Eq. (6), which may be denoted as the collimator
efficiency ., requires some simplification to yield a more trivial
closed-form primitive function; these idealizations are discussed in the
following sections.

The simplest case that we will first consider is that of the limit case
u — oo, in which case Eq. (6) is greatly simplified. This limiting case
can be considered as the optical contribution, since it corresponds to
the transmission of optical light through a slit in an opaque absorber
material. The optical field can be computed based on the integral in
Eq. (6); however, it is practical to perform the integration in subsets of
the source plane, as shown in Fig. 2 below.

The following source regions and respective contributions of the
gamma-ray intensity at the detector position have been considered:

+ The central contribution (CC), from the region directly in front of
the slit opening,

+ the penumbra contribution (PC), from parts of the source plane
where the detector is partially in view through the slit,

+ and finally, the total contribution (TC) that includes the whole
source plane can be considered. This integration region is needed
for the proper treatment also of gamma rays transmitted through
the bulk material of the collimator.

2.1. The optical contribution

Considering first the central region contribution, the integral limits
of Eq. (6) were adjusted to match the width and height of the slit,
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D - Detector plane
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Fig. 1. Schematic representation of the setup in the considered configuration, which contains a source plane, a collimator with a rectangular slit, and a detector plane. An example
of a gamma ray transmitted from a source point to a point in the detector is shown in red. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Cc

Fig. 2. Regions of integration on the source plane, used for the various contributions.
CC: Central Contribution, PC: Penumbra Contribution (further divided in corners, 2 and
sides, 1 and 3), and TC: Total Contribution (including gamma rays transmitted through
collimator bulk material).

yielding the expression for the count rate contribution of the CC, I,
region as expressed in Eq. (7).

0s <arctan (M))

w h w h C+L
Io—A Ie/z/z/z/z
cc = d
e Jon S e St dx (s = xpP + (s — yp)? + (C+ L)?)
X dxgdygdxpdyp, 7

where /4 and w are respectively the height and width of the slit.

To achieve a simpler and integrable mathematical expression, two
further simplifications were made. Firstly, the slit length is in general
much larger than the width or the height of the collimator slit,

(C+LY?> (xD—xS)2+(yD—y5)2, (8)

and consequently, the approximation below is valid,

1 o1

~ . 9
(xp-x5) + (rp—ys) +(C+Lp (CHLP

Secondly, because of the assumption in Eq. (8), the inclination angle on
the detector plane, ¢ (xg,ys,Xp,Vp), is approximately zero, therefore

\/(XD - xs)2 + (YD - YS)2

C+L

cos(é (xS,yS, xD,yD)) = cos | arctan

(10)

Inserting expression (9) and (10) into (7) yields an expression for
the gamma intensity at the detector plane that is simple enough to be
integrated into an analytical expression for the central contribution,

w h w h
LA 7 7 EdxsdysdedyD_wthAsu,Iyed
com Bt | w Ju Jou J oo TanCH D2 T 4nCH LP

an

(ST}

2.2. The penumbra contribution

For the penumbra contribution, the source plane was divided into
eight regions (outside each of the four corners and four sides of the
central region). The respective integration limits are illustrated in
Fig. 3.

For the limits of the source integral, LimPCg, the similarity of
triangles, ABD and DEF of Fig. 3 can be used to derive the expression
in Eq. (12), in the same way for the x and y direction (as exemplified
for the y axis),

h  hC _ h(L+2C)

LimPCg, = 2 4
mEtsy =37 T 2L

Similarly, for the integration limits in the detector plane, LimPCy,
were determined (see the example for the y-axis integration limits in
Fig. 3). The limits were obtained using similarity relation between
triangles, in this case triangles HGM and MNO of Fig. 3,

) h hC —2ygL + hL
lePCDy = E T

Substitution of the limits into Eq. (6) yields three new integrals (and
the respective primitives), for the penumbra regions PC;, PC, and PC3,
where the index corresponds to the numbering used in Fig. 2:

12)

— (s - %% = 13)

w(142C)

w(l+2C) [

2L 2
IPC1 zAsurI'ygd w A w
2 27772

w*h?CAg,1e, 14
T 8zL(C+ L)}’

w(142C)
L

2. 2C
Tpe, = Ay, L g, w N v N
B 2 7 3

wC=2xg L+wL h
a2C /i dxgdygdxpdyp
-t An(C+ Ly

wC-2xg L+wlL hC=2y5 L+hL

2¢ dxgdysdxpdyp
47(C + L)?

h(1+2C)
2L
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Fig. 3. Representation of the integration limits in the source and detector planes for the penumbra contribution to the optical field of view. It can be noted that in our analysis,
the detector plane is assumed adjacent to the collimator back. However, the results would be equivalent for a larger separation, as long as the detector is large enough to cover

the collimated beam.

WAC? A, 1e,

=—wri s)
167 L2 (C + L)
w h(142C) w hC-2yg L+hL
Lo m AL T [T [z [T dxgdygdxpdyp
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By summing equations (14), (15) and (16), a compact expression
including all the eight PC regions is obtained:

Ay, L e,wrh?C 2L+ C)

surty

17
4zL2(C + L) a7

Ipc =2pc, +4Ipc, +21pc, %

2.3. The optical contribution

The optical contribution constitutes the sum of the central contribu-
tion and the penumbra contribution. Thus, by summing equations (11)
and (17), the following compact expression for the Optical Contribution
(0OQ) is obtained:

252
Ag L gqwh

4z 12 18)

Icc +1pc ~

As evident in Eq. (18), the Optical Contribution is independent of
the collimator-source distance, C.

2.4. The total contribution

For completeness, the calculation of the Total Contribution — which
includes the transmission of gamma rays through the collimator bulk,
and not only the optical field of view — was performed. However, it is
noted that a convenient closed-form expression could not be found for
finite u, since in this case the attenuation factor, e~#kXsYs*a-¥a) does
not cancel out in Eq. (6).

For determination of k(xg, yg,xp,yp), it was noted that the rectan-
gular slit is defined by six boundary planes, P, two of which are normal
to each coordinate axis, Py, Pys, Py, Py, P15 P;5. In addition, the
trajectory of a gamma ray from source point (xg,yg, 0) to detector
point (xp, yp, L+C) defines a straight line L(xg, ys.xp, yp). The planes
P and the line L are used to calculate the distance, s, travelled inside
the slit according to the following sequence of operations:
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(1) First it is evaluated if the line L is parallel to any pairs of
boundary planes P, P,, or P,. If parallel planes exist, it is
determined if L is always between the corresponding planes,

a. If so, the intersections with the other non-parallel planes
is determining the length of the trajectory inside the slit,
s, according to step 2-7 below.

b. If always outside, or in the improbable event where the
line is in the boundary plane itself, the trajectory is judged
as being outside the slit, and s = 0.

(2) Secondly, after removing any potential parallel boundary planes
from consideration, the points of intersection of remaining non-
parallel planes, P, and L are found, resulting in the existence of
up to six intersection points. The distance from the source point
(x,, ¥, Z,) to each intersection is determined, and can be denoted
Sx.15 Sx2s Sy1> Sy2s Sz.15 52 These represent the entrance and exit
from the slit space, listed by coordinate axis.

(3) A potential point of slit entry happens when the first plane of
each boundary plane pair corresponding to each axis (x, y, 2)
has been intersected by L. The distance, s, to this point is
determined by:

s| = argmax (argmin (SXJ s Sx,z) ,argmin (syJ, Sy,Z) ,argmin (szvl, 32’2)) .
(19)
(4) And similarly, a potential point of slit exit happens when the

second boundary plane of any axis (x, y, z) has been intersected
by L. The distance, s,, to this point is determined by

Sy = argmin (argmax (Sx,l’sx,z) ,argmax (Sy,l’sy,Z) ,argmax (31'1,51’2)) .

(20)

(5) If s, > s, there is overlap between the subspaces of L where
each of the x, y, and z coordinates are inside the slit. The
distance s, travelled inside the slit is determined according to

0,
S =
S2 =S8,

(6) The total distance travelled through the collimator as a whole,
r, (which includes both the slit and the bulk material) is deter-
mined using the distance between intersections of the front and
back plane of the collimator, r =5, - 5,,.

if s <5
if 55> 8

(2D

(7) Finally, the attenuating distance, k, travelled through the col-
limator bulk material is determined by difference of the total
distance in collimator and the distance travelled inside the slit,
according to k = r — s.

The steps 1-7 above were implemented in a MATLAB function,
expressing k(xg,ys,Xp,yp). Since the aforementioned operations are
not constituting an analytically integrable expression, a solution to the
Total Contribution, Iy, requires numerical approaches, and for this
task Monte Carlo integration technique was used. It can be noted that
while, in practice, this means a retreat to the Monte Carlo techniques
that we set out to avoid, the random sampling is made of not only the
source coordinates, as in traditional use of codes such as MCNP6.2 or
Serpent2, but also by using a random sampling of the target coordinates
of the gamma rays in the detector plane. As an effect, the computation
speed can be expected to be improved by avoiding the efficiency losses
due to solid angle effects.

The TC integration is performed by using a large number, N, of
samples of the parameters (x;, y,, x4, y,) to estimate the average of the
integrand in Eq. (6). It can be noted that this was performed without
the small-angle approximation introduced in latter equations, and with
the exponent k(xg, yg, xp, yp) substituted according to steps 1-7 above.

Nuclear Inst. and Methods in Physics Research, A 1014 (2021) 165698

Table 1
Ranges used for parameters varied in the validation simulations.

Parameter Range of trials

Slit width, w 0.05 to 0.3 cm
Slit height, h 0.15 to 0.9 cm
Slit length, L 10 to 160 cm
Collimator to source distance, C 3 cm

The uncertainty, o, of the estimate was evaluated by using the sample
standard deviation, sy, according to o7¢ = syc/V N.

3. MCNP6.2 validation simulations

To benchmark the analytical model for the optical field of view
(0OC) and the numerical integration model for the total transmitted
contribution to the radiation (TC), simulations were performed using
the well-validated Monte Carlo radiation transport simulation code
MCNP6.2 [13]. For verification of the OC model, the importance of
the collimator material (outside the slit) was set to zero. This causes
truncation of any photon history that enters, in order to study only
gamma rays with a source—detector propagation path inside the slit, as
assumed in the derivation of the optical contribution. For verification
of the TC model, the collimator was modelled as a solid block of
tungsten (with density of 19 g/cm?) with a rectangular slit. Simulations
were performed for various parameter sets (w, h, L and C) using a
source of 662 keV gamma rays (such as from 137Cs), generating test
data for the gamma intensity reaching the detector. In the MCNP6.2
code, the probability of the gamma ray to cross the detector plane was
investigated using the F1 photon tally functionality [13], which yields
the probability per starting photon. Thus, the results correspond to the
geometric efficiency of the collimated detector, and can be compared
to the results obtained by the OC and TC models derived above in
Section 2. In MCNP6.2, the full energy (within 1 keV) was used for
the evaluation, whereas some gamma rays may reach the detector as a
low energy background were discriminated.

The attenuation coefficient of the collimator bulk is a required input
to the TC model, and this may be retrieved from standardized databases
such as NIST XCOM, [14]. However, for the validation of the proposed
methods, care was taken to use the same attenuation coefficient in
the TC model, as reflected by the cross sections and atomic density
in the MCNP6.2 model (whereas it can be noted that the closed-form
expression for the OC does not require this input). Since the attenuation
coefficient is commonly listed either with or without the contribution
from coherent scattering, both these options were evaluated.

In order to validate the performance of the derived collimator mod-
els, the MCNP6.2 output needs to be precise. A total of 61 simulations
were performed with parameters in the range given in Table 1, with
each set to terminate when reaching a relative precision of 0.1%,
requiring in some cases a long time to be performed.

To speed up the MCNP6.2 simulations and to practically enable
the simulation validation, source biasing techniques were used. In
particular, the source emission angle was truncated to be exclusively
inside a cone oriented in the direction of the detector. The central angle
of the cone was set to a factor five larger than the largest possible
inclination angle in the optical field and the closest source position (C
= 0 cm). In addition, the source and detector planes were extended
outside the field of view of the collimator slit for a limited range.
In each case, the truncation limits were set at a factor of five larger
than the central region in front of the collimator slit. This truncation
may introduce an inaccuracy, and therefore, separate simulations were
performed outside each truncation limit, by investigating the result of
an adjacent source outside the selected truncation limit, the results
indicating that the bias error introduced due to truncation was about 1
permille or less, depending on the slit dimensions investigated, which
was considered to be negligible.
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Table 2
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The collimator efficiency obtained by OC and TC models, compared with the MCNP6.2 results, for the shorter collimator test set (10 and 21 cm). The uncertainties expressed in

parentheses are 1-sigma precisions of the Monte Carlo estimates.

Length of collimator [cm] 10 21

Slit width [cm] 0.05 0.10 0.30 0.05 0.10 0.30

MCNP6.2 [s7'] 5.9541(60)E—08 9.5770(96)E-07 7.7128(85)E—05 1.1484(11)E-08 1.8488(18)E—07 1. 5048(16)E-05

TC/MCNP6.2 0.9737(17) 0.9675(16) 0.9699(15) 0.9874(20) 0.9789(21) 0.9775(17)

TC (w.o. coherent)/MCNP6.2 0.9888(17) 0.9829(16) 0.9847(15) 0.9933(20) 0.9886(21) 0.9821(17)

OC/MCNP6.2 0.7520(10) 0.74802(81) 0.75202(83) 0.8842(13) 0.8787(14) 0.87439(92)
Table 3

The MCNP6.2 validation results of simulations of varied collimator length. It can be noted that the longer the slit, the more accurate the optical approximation. It can also be noted
that overall the TC model is more accurate if the attenuation coefficient input is based on the photon cross sections without coherent scattering. The 16 Monte Carlo precision

error estimates of the two last decimals are shown in parentheses.

Length of collimator [cm] 10 20 40 80 160
MCNP6.2 result (per starting photon) 4.241(13)E-7 9.076(27)E-8 2.1185(61)E-8 5.130(15)E-9 1.2643(37)E-9
Ratio TC/MCNP6.2 0.9781(77) 0.9945(94) 0.994(10) 0.998(11) 0.989(11)
Ratio TC (w.o. coherent)/MCNP6.2 0.9956(75) 1.0014(93) 0.997(10) 1.000(11) 0.990(11)
Ratio OC/MCNP6.2 0.7506(30) 0.8768(30) 0.9391(29) 0.9695(30) 0.9835(29)
4. Results Table 4
The FOM results for the TC and MCNP6.2 simulations cases of Table 3.
4.1. Verification of optical contribution Length of collimator [cm] 10 20 40 80 160

The simulation of the Optical Contribution shows that with varying
slit width, the gamma current reaching the detector ranges over many
orders of magnitude. A good overall agreement was noted with the
MCNP6.2 simulations, including a perfectly absorbing collimator, and
the derived model in Section 2.3, as shown in Fig. 4, with an average
disagreement smaller than 0.3%. This indicates that the Optical Con-
tribution is correctly calculated. It can be noted that the disagreement
slightly increases with the increase of the slit width, due to the increas-
ing importance of the small-angle approximation (see Section 2.1) for
the accuracy. Note that the simulations have been run with the same
starting seed, to better observe the trend of the intensity variations due
to the geometry of the setup.

As shown in Fig. 4, the intensity decreases quite rapidly while
moving to the smaller slit dimensions. This behaviour is well explained
in Eq. (18) for the power of four dependence on the slit width (note
that this holds for cases where w and 4 are related by a constant scaling
factor).

4.2. Accuracy of derived models

The results of the MCNP6.2 validation simulations including the
penetrating gamma component crossing the collimator bulk material,
show that the derived models, OC and TC, are systematically underes-
timating the gamma intensity reaching the detector. This might have
been expected, since MCNP6.2 may include contributions from small-
angle scattered gamma rays. In particular the OC model has the largest
deviation, which also might have been expected since the OC model
neglects in addition any gamma-rays that penetrate the bulk material. It
was found that the error of the OC model is decreasing with the length
of the collimator. In the case of the tungsten collimator model studied,
the underestimate is about 25% in the shortest collimator studied, of
10 cm length, and decreasing with collimator length. However, both
models can predict the right order of magnitude of the collimator
efficiency.

For the TC model, at the cost of longer computation time, as
compared to the OC analytical integrals, the accuracy was seen to be
substantially improved, as shown in Fig. 5. Deviations between the TC
model and the MCNP6.2 reference was 2% or below (as reported in
Table 2). It was found that this discrepancy was slightly larger when
the attenuation coefficient included coherent scattering, resulting in
a deviation of up to 3%. This might have been expected considering
that coherent scattering does not affect the energy of scattered gamma
photons, and only to a small extent their direction. Therefore, the

FOM MCNP6.2
FOM TC

1.66E4+03 1.37E+03 1.30E+03 1.28E+03 1.24E+03
7.37E+03 4.44E+03 3.64E+03 3.49E+03 3.06E+03

scattered gamma ray may still be registered in the detector as a full
energy event, so removing the coherent scattering from excluding the
factor y factor leads to better accuracy.

For a 0.1 cm x 0.1 cm collimator (width x height), multiple tests
were performed by varying the collimator length to reveal the depen-
dence of the accuracy on the collimator length (up to 160 cm). The
results show that while the optical model consistently underestimates
the intensity, the discrepancy was smaller the longer the collimator.
At 10 cm collimator length, the OC intensity was 75% as compared to
MCNP6.2, while at 160 cm length, the ratio of the two was 98%. The
results of the tests with the varied collimator length are shown in Fig. 6
and Table 3.

4.3. Notes on the computation time

To evaluate the time performance, we calculated a figure of merit,
FOM, and compared the results between the different models. The
figure of merit can be defined as a function of the computational
time, T, and is the relative random error of the result, R, as FOM =
ﬁ [15], and the higher is its value, the better is the code performance.
The computation time needed per evaluation of the OC model was in
the order of microseconds while not subject to random uncertainty.
Because of this, the OC model has an infinite FOM value, and the
negligible time for calculation makes the model suitable for iterative
optimization routines. The computational time of the TC model (which
requires numerical integration and where we used Monte Carlo sam-
pling of source and detector points) was substantially slower. On the
standard laptop used (Intel®Core™ i7-8650U CPU @1.90 GHz, 16GB
RAM), and for the studied cases showed in Table 3, the time required
was about 2 min per evaluation (for precision of 1%). The MCNP6.2
simulations were in the order of 3 times longer than the TC calculations
(for the same precision and without scattering calculations). The reason
for this is understood to be the solid angle effects: the TC integral uses
random sampling of source and detector points, thereby never missing
the detector, while on the contrary, many starting photons tracked in
MCNP6.2 miss the detector (despite the source bias applied to truncate
the emission cone in MCNP6.2, and the application of an energy cut just
above the energy of emission, as described in Section 2). The results are
shown in Table 4.



L. Senis, V. Rathore, A. Anastasiadis

et al.

Nuclear Inst. and Methods in Physics Research, A 1014 (2021) 165698

f T 1.004 [T T T
[ ¢ L=2lcm
¢ L=10cm
-5 | 1.003 -
107 .
; fl
B ]
=
— J £ 1.002}
By e bl ® ®
2 107F |/ A E % {
2 3 y E
% F /./ A 12 @ ?
R ) 1 19 ’ *
= ] & 1001 ® s ¢ @
A ° | ° T !
107 A 13 sless? ® ‘
I MCNPL=10cm 1.000 -
— OC L=10cm
A MCNPL=2Icm .
10°-A OC L=2lcm E
:\w“.lwww\wl..lwwww\“ul: 0‘999_‘\\\|\\\‘\\‘\\\|\\|\‘
0.05 0.10 0.15 0.20 0.25 0.30 0.05 0.10 0.15 0.20 0.25 0.30

w - width [cm]

w - width [cm]

Fig. 4. Left: Comparison OC model with MCNP6.2 simulation of perfectly absorbing collimator material. Results for fixed C = 3 cm and varied w, (note that h is also varied,
corresponding to i = 3 % w). The markers represent the MCNP6.2 results and the continuous curves the OC model of Eq. (18). The error bars are not reported as they are too small
to be seen in the scale used. Right: Ratio of OC Model to MCNP6.2. A systematic overshoot (of a few permille) of the OC model is clear, and dependent on the slit dimension.
Errorbars represent 16 uncertainty reported in MCNP6.2. It can be noted that the errors of neighbouring data points are correlated, due to the use of identical seed in the MCNP6.2

simulations.

-4
10 ;I T ‘; ! [T T T T
i o BEEEEE =+ = = = = 3 *= 3
I ® ]
s e 0.95F i
107 ® 12
i ° 12
b 4 =] b -
= ° S 0.9 .
«
:10’6— _6 e - © o o o o o o
2 ’ 1g
8 b . 13 085K .
E | o 12 ' =
3 1s Ratio TC/MCNP (w.o. coherent) L =21 cm |
9 ° Ratio TC/MCNP (w.o. coherent) L =10 cm
~ _ k5] L ) Ratio OC/MCNP L =21 cm i
107 & he e RS ¢ Ratio OC/MCNPL=10 cm
e OC L=10cm ] 1
t ° MCNP L=21cm
L ¢ TC L=2lcm | 0.75F0%0=0=0=0-0 ° ° ° o ® o © o
5 —— OC L=2lcm
10 I | = I I 1 I I 1
0.05 0.10 0.20 0.05 0.10 0.15 0.20 0.25 0.30

w - width [cm]

w - width [cm]

Fig. 5. Left: Comparison of absolute gamma-ray intensity at the detector plane between MCNP6.2 (including the penetrating gamma component) and models (TC and OC), with
varied slit width and length. The error bars are not reported because of being too small to be seen. Right: Ratio of Models to MCNP6.2. A systematic undershoot of the OC model
is clear, and strongly dependent on the collimator length. Errorbars are based on propagation of 1¢ estimates from MCNP6.2 and TC method.

It can be noted that the TC model shows a factor of 3 of improve-
ment over the MCNP6.2 simulations, making the method more conve-
nient. Both of the methods showed better performances for smaller slits.
It can also be noted that even longer time was spent on simulations
performed to investigate potential inaccuracy caused by the truncation
limits of the source bias in MCNP6.2, as described in Section 3, which
due to the low probability of reaching the detector took the longest
time to reach the desired precision. However, these simulations were
not included in the FOM of Table 4.

It should be remembered when comparing the computation time
performance between OC, TC and MCNP6.2, that different level of ac-
curacy is obtained, as seen in Section 3. The MCNP6.2 can realistically
include transmission and scatter of gamma rays in the collimator bulk
material, while the TC model only includes transmission of un-scattered
gamma. In turn, the OC model includes no transmission except through
the slit.

4.4. Notes on the relative importance of Penumbra and Central regions

From the equations presented in Section 2.1, is possible to evaluate
the relative importance of the PC and CC, by comparing their respective
magnitudes. It can be noted that the further the source plane is from the
collimator, the greater the importance of the PC compared to the CC. It
can be shown using Egs. (11) and (17) that the Central and Penumbra
contributions are of equal magnitude at C = L(\/E - 1) = 041L, as
is shown in Fig. 7. Since one purpose of the collimator is to make
the detector sensitive to a well-defined subset of the source in front
of the aperture, it can be noted that the smaller the distance from the
collimator to the source, the better.

5. Demonstration of application in spectrum prediction

As a demonstration of a planned use, the collimator response has
been applied to the prediction of a fuel spectrum from a Halden Boiling
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Water Reactor (HBWR) LOCA transient test rod. Information about
the measurement setup can be found in Ref. [16]. The irradiated fuel
chosen for this was a single test rod irradiated with a highly unique
burnup history, which comprises Pressurized Water Reactor irradiation
and subsequently HBWR irradiation. In the first irradiation the fuel
accumulated 60 MWd/kgU of burnup, distributed on 5 fuel cycles
(from July 2000 to May 2005) and later stored for 12 years. Then, a
smaller section of the original rod was obtained and the spectrum is
acquired after a short cooling time of 14 days. Fuel rods such as this
example are occasionally encountered in test reactors, where due to
the special burnup history, or due to interest in an unusual nuclide,
it may be difficult to beforehand know if the measurement is feasible,
and which collimator size is appropriate to get sufficient (but at the
same time not too high) count rate. We apply here the OC method to
assess the spectrum and peak count rates, and compare them with the
experimentally collected spectrum.

A fuel spectrum contains various radioactive nuclides and the ac-
tivity of each needed to be considered. A multi-element vector A was
defined, such that

AN = [AI’AZ’ sAN] (22)

where 4, is the activity of nuclide i, and N is the number of radioactive
nuclide species contained in the irradiated fuel. The activity of all
radioactive nuclides was provided by performing depletion calculations
with Serpent2 [17], using a model of the fuel and its environment in
the reactors. Two burnup simulations were modelled, one for each of
the respective reactor used. The power history estimated at the fuel
location was available and used in the Serpent2 burnup calculation.

The gamma rays emitted from the fuel can be categorized by the
emission rate, .S, and the gamma-ray energy, E. The energy is naturally
discretized by the characteristic gamma lines of the nuclide inventory,
such that E; is a particular gamma emission energy, indexed by j =
1: M, where M is the number of gamma lines from the irradiated
fuel, and I, is the emission intensity of nuclide i at gamma energy
E;. This emission intensity was given by the Serpent2 output (although
also available in nuclear data files). The emission intensity represents
the number of emitted gamma rays at energy E; per decay of nuclide i,
where the total gamma source term, S, at energy E; can be expressed
as

5= (4x1,)

i=

23)

This was multiplied by the geometric efficiency of the collima-
tor, €., using the optical contribution model, in order to obtain the
gamma-ray intensity at energy E; that reaches the detector. For this, we
utilized the collimator dimensions of 0.1 cm width and 0.2 cm height.
For the length of the collimator, it can be noted that practical manufac-
turing considerations lead to the vertical and horizontal constraints of
the slit were on different separation distance, at 65.5 cm and 75.5 cm
respectively. For simplicity, we used the average of the two, at 70.5 cm,
for the prediction of the spectrum.

The detector response has also a discretization because of the use
of a multichannel analyser (MCA) with a discrete number of energy
bins, indexed from k = 1 : K, where K is the number for channels used
by the MCA. Due to the non-ideal response of a gamma-ray detector,
the gamma rays are often detected at lower energy due to e.g. scatter-
ing with incomplete energy deposition. Because of this, the response
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function of the detector is needed, Oy ;, which is indexed by gamma
ray energy j and MCA energy bin k. The elements of O have been
obtained by using Serpent2 simulation of a mono-directional source
(mimicking the collimated beam) hitting a Canberra model GC2018,
coaxial, P-type, HPGe detector [5]. The simulation was repeated one
time for every source energy j, and for each simulation, the probability
of deposition in MCA bin k was obtained. It can be noted that while
the detector response required many simulations, one for each gamma
ray energy, these are now relatively fast due to not including the
inefficient collimators in the model, and therefore, every gamma ray
hits the detector. By combining the detector response Q with the
gamma intensity reaching the detector, the count rate, P, of MCA bin
k was predicted according to Eq. (24). This calculation was repeated
for k = 1: K, for the calculation of the entire pulse height spectrum.

M
P =1tD Y (e.S; # O, * C;)
M N
=De,y Y, <2 (A,. « Im> * O * cj> (24)
j=1 1

i=

where ¢ is the measurement time used, and C and D are correction
factors. C; is the correction for the self-attenuation in the fuel object
and any structural material blocking the path of the gamma ray for
gamma energy j. It was calculated based on the consecutive attenuation
according to Beer-Lambert’s law, in the materials blocking the path of
the gamma rays from the nuclear fuel to the detector, such as

C; = e” Zmbmsm (25)
where m is an index for each material crossed by the path of the radia-
tion in the fuel and instrument structures, which included a shroud, a
heater cylinder wall, as well as the fuel itself. For the fuel, the distance
travelled was approximated by the pellet radius.

It can be noted that the self-attenuation in the fuel pellet may
be difficult to predict for transient test rods, due to the possibility
of strong fuel relocation in transient test rods, fragmented fuel may
evacuate from parts of the fuel stack, or conversely accumulate at
regions of massive cladding strain. For the latter cases, the activity
strongly increases in such locations as seen in Ref. [11], and the count
rate can consequently be expected to vary as a consequence of the
relocation. In this work, the spectrum was evaluated for pellets sited
on the top of the rodlet, where the fuel fragmentation was expected to
be small. For this reason, we assumed no relocation.

The other correction factor, D, expressed in Eq. (24), was needed
for conversion of the activity concentration obtained by Serpent2, that
is per unit length [Bq/cm], to a planar activity concentration in front
of the collimator [Bq/cm?].

2

pellet

D

= 7R (26)

The resulting spectrum was compared with a 30 s measurement, as
shown in Fig. 8. It can be noted that the measured spectrum has been
background subtracted using a background measurement performed
with the collimator outside the fuelled region. A Gaussian broadening
was also applied to each bin in the predicted spectrum. The Full Width
Half Maximum of the Gaussian broadening was calculated using a
linear fit over the energy interval of the spectrum using the expression
presented in Table 6.4 in Ref. [18], a + bE, where a = 0.992 and
b = 7.14 - 1074, A counting noise was also added, sampled from the
Poisson distribution and added to each bin. This was done to provide
comparable results between the predicted and the experimental data.
Table 5 shows a comparison of predicted and measured peak intensities,
showing that the method is able to predict the order of magnitude cor-
rectly for the peak intensities. However, as seen in Fig. 8, the continuum
background is underestimated using this simplified approach.

Nuclear Inst. and Methods in Physics Research, A 1014 (2021) 165698
6. Conclusions and discussion

Computation models were developed for collimator efficiency for
gamma radiation, with the focus on achieving faster models than
full Monte Carlo transport. Such models are planned to facilitate the
planning of experiments, and for design and optimization of new
gamma-spectrometric instruments, by allowing for iterative optimiza-
tion routines. An analytical solution for the optical contribution (OC) is
proposed to quantify the transmission through a rectangular collimator
slit, where the limitation to the optical field of view constitutes an
idealization of the full realistic transport, by neglecting transmission
through material and build-up of scattered photons.

Validation using Monte Carlo transport code MCNP6.2 showed that
the OC model is able to predict the correct order of magnitude of the
collimator efficiency. A consistent underestimation of the peak intensity
was shown, which can be up to tens of percent for shorter collimators of
10 cm. For longer collimators, the inaccuracy was observed to decrease
to less than 2% in the case of 160 cm length. These levels of accu-
racy are judged to be sufficient for instrument design and experiment
planning.

For potential applications where greater accuracy is needed, a
model for prediction of the total contribution (TC), including also
transmission through collimator bulk was proposed. This model ob-
tained agreements with the MCNP6.2 validation data of less than 3%,
consistently over the modelled parameter range. Although numerical
integration with the Monte Carlo method is required in the TC model,
it was found that it allowed for speed up by a factor of 3 as compared to
the full Monte Carlo gamma transport simulation using MCNP6.2, even
though variance reduction techniques and energy cut were applied. In
addition, it was shown that slightly improved accuracy was obtained
by using the linear attenuation coefficient without coherent scattering.

A potential application in spectrum prediction for test fuels spectra
at research reactors was demonstrated, using data from a Halden test
rod. It was shown that the peak intensities agree within tens of percent
between prediction and experimental results. This is again accurate
enough for use of the methods in the planning of experiments and
design optimization. However, it is noted that further work is needed
for the accurate prediction of the continuum background. The contin-
uum background may be composed largely of scattered gamma-rays
(i.e. build-up) from the fuel object itself as well as from the collimator
and other parts of the setup. Since the continuum background may
strongly affect the precision of a gamma-ray peak, further work is
needed in order to improve its accuracy in the spectrum prediction
models.
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Fig. 8. Left: A 30 s pulse height spectrum as predicted using Eq. (24). Right: the measured spectrum of the modelled test fuel. While the peaks are reminiscent in magnitude, the
continuum background is clearly underestimated in the predicted spectrum.

Table 5

Comparison of predicted peak intensities and measured data. Note that a background spectrum recorded in an unfueled region was subtracted

from the experimental spectrum prior to the comparison. Uncertainties are based on counting errors in peak and background in the experimental

data.

Nuclide/energy/half-life Predicted number of counts

Experimental number of counts

Ratio Prediction/Experiment

137Cs/662 keV/30 a 740.6
14012 /1596 keV/2 d 161.7
1401,2/486 keV/2 d 105.2
103Ru/497 keV/39 d 126.6
134Cs/604 keV / 2 a 37.93
1401,2/815 keV/2 d 54.56

739 + 35 1.00 + 0.05
164 + 13 0.99 + 0.08
134 + 21 0.79 + 0.12
122 + 22 1.04 + 0.19
38 + 17 1.00 + 0.45
43 + 14 1.27 + 0.41
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