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Abstract

Boron-alloyed steel sheets are used in nuclear engineering as neutron shielding for radioactive waste disposal

equipment. The 10B isotope is a strong absorber of thermal neutrons but the transmission is enhanced by beam

hardening of the polyenergetic neutrons in boron-alloyed steels. Therefore an algorithm for the correction of beam

hardening was applied to the tomographic reconstruction of strong absorbing steel rods. We present tomographic

studies on 10B enriched steels and compare different reconstruction techniques, the filtered backprojection with and

without beam hardening correction, and the maximum-likelihood method.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

This article is a continuation of our steel project [1],

the quantitative analysis and 3D visualization of the 10B

isotope distribution in boron alloyed steels. This steel is

used in nuclear engineering as neutron shielding for

radioactive waste disposal equipment, such as compo-

nents for compact fuel storage racks and transportation

baskets [2]. The neutron attenuation in the steel depends

mainly on the neutron energies and the uniform distri-

bution of the 10B isotope, which has a large attenuation

cross-section for thermal neutrons (rth ¼ 3838:1ð10Þ
barn) [3]. The 10B enrichment of the steels is rather

expensive, therefore it is necessary for the steel manu-

facturer to exclude any systematic inhomogeneities.

On the other hand, it is important for the customers

to know how the effective cross-sections behave in

polyenergetic neutron fields. Neutron transmission

tomography (NT) is a sensitive technique for such

investigations and we will show how the tomographic

reconstruction can be adapted to the industrial demand.

The steel inspections can also be performed on small

reactor sources like the 250 kW TRIGA reactor at the
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Vienna Atominstitute, where a well-thermalized beam

line is available for neutron radiography and tomogra-

phy.
2. Correction of beam hardening

The use of polyenergetic neutron beams allows the

investigation of thick steel sheets up to 2 cm, while the

analysis with monochromatic neutrons is restricted to

only a few millimeters at our institute [1]. The trans-

mission analysis with thermal neutrons is of particular

interest because it yields a realistic shielding factor of the

steels, e.g., for the compact fuel storage in water. The

transmission depends on the wavelength k (thermal

mean wavelength kth ¼ 0:18 nm) and the distribution of
the total thermal macroscopic cross-section (Rt;th) along

the beam rays:

T ðkÞ ’ exp
�
� k

kth

Z
ray

Rt;thðx; y; zÞds
�
: ð1Þ

Eq. (1) presumes a reciprocal velocity dependence of the

involved cross-sections. This condition is fulfilled for the
10B isotope and the boron-alloyed steel. The spectral

change of the neutron flux in the sample, where prefer-

ably low energy neutrons with larger wavelengths are
ed.
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absorbed so that the remaining beam becomes richer in

high energy (shorter wavelengths) neutrons, is called

beam hardening. Beam hardening causes an elevation of

the effective transmission Teff in strong absorbing mate-
rials [4,5]. If the incoming neutron spectrum can be

approximated by a Gaussian with mean wavelength �k
then it has been verified [1] that the beam hardening

effect can be corrected by an exponential correction

term:

Teff ’ exp
 

�
�k
kth

Z
ray

Rt;thðx; y; zÞds
!

� exp
�
� dk
2kth

Z
ray

Rt;thðx; y; zÞds
�2

: ð2Þ

The beam hardening correction depends on the Gauss-

ian width dk, and on the samples composition and
geometry. Fig. 1 shows the tomographic investigation of

a 10B enriched steel rod. The uncorrected reconstruction

(left) reveals a strong apparent inhomogeneity in the

macroscopic cross-sections due to the beam hardening

effect. The corrected reconstruction (right) yields a ra-

ther homogeneous line profile, well in agreement with

the uniform 10B distribution in the sample, which was

independently verified by neutron radiography and

chemical analysis.
Fig. 1. Tomographic analysis of a 10B enriched (Rt;th ¼ 12:7 cm�1) ste

cross-sections. Left: the strong nonlinearity in the line profile through

the beam hardening correction the homogeneity in the distribution o
3. Comparison of different reconstruction techniques

3.1. Filtered backprojection

The filtered backprojection (FB) is a deterministic

Fourier technique, which is widely used in CT imaging

[4–6]. To reduce the low pass artifacts in discrete Fourier

transformation we applied a Shepp–Logan filter [7] to all

FB reconstructions. In the NT experiments we used a
6LiF-ZnS(Ag) scintillation detector of 0.4 mm thickness,

therefore one can assume a uniform detection proba-

bility within the range of thermal neutrons. Then the

detector integrates Eq. (1) over the thermal wavelengths

with the effective transmission Teff as result. The tomo-
graphic reconstruction yields the spatial variation of the

total effective cross-section along the beam rays:Z
ray

Rt;eff ds � �ðln TeffÞ: ð3Þ

According to Eq. (2) the effective transmission is

enhanced in strong absorbing materials due to beam

hardening. The enhancement of Teff causes a reduction
of Rt;eff towards the center of the rods (Fig. 1, left).

Nevertheless, the analysis of effective cross-sections can

be valuable for the manufacturer and customers as well,

because it reveals how the steels act in a polyenergetic

neutron field.
el rod of 1 cm diameter. Bright regions mark large macroscopic

the sample is caused by the beam hardening effect. Right: after

f the total macroscopic cross-section has highly improved.
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3.2. Filtered backprojection with beam hardening correc-

tion

Eq. (2) enables an approximate separation of the

beam hardening effect from possible material inhomo-

geneities. To reconstruct highly inhomogeneous objects

or objects whose compositions are totally unknown,

more sophisticated measurements and analyses are

needed. The inspection of Eq. (2) shows two basic gen-

eralizations of our tomographic investigations. If two

sources of different mean wavelengths but same spectral

widths are available, the subtraction of the corre-

sponding signals yields,

ln Teffðk1Þ � ln Teffðk2Þ ¼ �
�k1 � �k2

kth

Z
ray

Rt;thðx; y; zÞds;

ð4Þ

which is equivalent to the signal that would have been

obtained with the monochromatic source of the effective

wavelength keff ¼ �k1 � �k2. Notice that these data ana-
lysis remove the beam hardening effect keeping the

possibility to use standard fast FB routine for recon-

struction.

Similarly, using two sources of the same central

wavelength but of different spectral widths dk1 > dk2 we
get,

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln Teffðdk1Þ � ln Teffðdk2Þ

p

¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dk21 � dk22

q
2kth

Z
ray

Rt;thðx; y; zÞds: ð5Þ

Such signal can be again interpreted as being a mono-

chromatic radiation of the wavelength keff ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dk21 � dk21

q
=2 transmitted through the sample.

In cases where the spectral characteristics ð�k; dkÞ are
fixed without the possibility of modifying them there

remains still the possibility to use an adaptive strategy,

where the standard FB reconstruction is used for cal-

culating the correction factor in Eq. (2). Corrected data

then yield new better FB reconstruction and this pro-
Fig. 2. Tomographic reconstructions of a boron alloyed steel ring (

reconstructions (left: maximum-likelihood, right: filtered backprojecti
cedure can be repeated until one gets a satisfactory fit of

the experimental observations. In our investigations the

correction was performed before the evaluation of

the sinogram. This procedure yields the variation of the

total thermal macroscopic cross-section, normalized to

the mean wavelength �k, as result. Such a corrected
reconstruction facilitates the analysis of absorber

homogeneity and density variations, and it is easy to

achieve for simple geometrical objects (Fig. 1, right).

3.3. Maximum-likelihood reconstruction

The maximum-likelihood (ML) estimation is a pow-

erful alternative to the standard FB technique. It pro-

vides significantly better results in the extreme cases of

low count numbers, strong statistical fluctuations, and

when only few projections are available or some pro-

jections are missing [8,9]. Basis of the ML reconstruction

is the likelihood function (L), which combines the

detection probabilities of all beam rays (b). The Pois-
sonian fluctuation of the count numbers Nb in the

detector pixels is correctly implemented in our ML

routine:

L ¼
Y
b

N
Nb

b e
�Nb

Nb!
! max : ð6Þ

Considering the sample as being comprised of small

elementary homogeneous cells Ri, the likelihood is

maximized by the iterative algorithm,

Rðnþ1Þ
i ¼ Rn

i

Ai

Bi

� �q

; ð7Þ

where

Ai ¼
X
b

cibNb
N

0
b

N
0
b þ Db

; ð8Þ
Bi ¼
X
b

cibðN
0
b þ DbÞ: ð9Þ
Rt;th ¼ 4:4 cm�1) with 2 (1) cm diameter outside (inside). The

on) are achieved with only 10 projections.
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cib being the overlap of bth observation and ith cell, and
Db being the estimated mean number of dark (back-

ground) counts, Nb ¼ N
0
b þ Db ¼ N 0Teff ;b þ Db, where N 0

is the mean input intensity per pixel. The parameter q
governs the convergence rate.

Fig. 2 shows a comparison of the ML and FB

reconstruction in the extreme case of only 10 projections

but without beam hardening correction. Optimal treat-

ment of noisy measurements is an important feature of

the maximum-likelihood technique. This is especially

important for the investigation of strongly absorbing

materials, where by definition, the counting numbers are

very small. Let us note that the ML algorithm could also

be adapted for the correction of the beam hardening

effect (not presented here).
4. Tomographic investigations of 10B enriched steel rods

The production of 10B enriched steels is rather

expensive, therefore all possible sources of systematic

inhomogeneities during the production process (melting,

welding, milling, cutting) must be excluded from a

complete three-dimensional absorber analysis. Within

the steel project, a set of boron alloyed steel rods with

different 10B enrichments was bored out of thick steel

sheets at different locations. All tomographic measure-

ments have been performed at the Vienna Atominstitute

at a thermal beamline with a neutron flux of 1.4 · 105
s�1 cm�2. The images are recorded with a nitrogen-

cooled slow scan CCD camera after neutron-to-light
Fig. 3. 3D rendering of a highly enriched (10B/B¼ 97.4 at.%) boron
variation of the effective total cross-sections. Right: beam hardening co

Filtered backprojection from 60 projections, 2 min exposure time eac
conversion in the scintillator. The spatial resolution lies

between 200 and 400 lm, depending on the sample–
scintillator distance. The typical exposure time for one

projection is 2 min and we chose about 60 projections

for a strong absorbing rod. The total macroscopic cross-

section is the sum of all isotope contributions,

Rt ¼
P

i Ri ¼ Rsteel þ Rboron, with Rsteel ¼ 1:25 cm�1.

Only the 10B isotope contributes to Rboron. The macro-
scopic thermal cross-section relates to the density of the
10B isotope in the steel:

qð10BÞ ¼ Mð10BÞRthð10BÞ
NArthð10BÞ

: ð10Þ

The atomic weight, Mð10BÞ ¼ 10:0129 gmol�1, the

Avogadro constant, NA ¼ 6:02214199ð47Þ � 1023 mol�1,
and the microscopic cross-section rth (10B), are known
with high accuracy. Eq. (5) is employed in quantitative

transmission analysis for the determination of the

material composition [1]. Only the variations of cross-

sections are relevant in the tomographic investigation,

but ratios of macroscopic cross-sections from different

volume elements (voxels) are proportional to isotopic

density ratios. If the composition in some part of the

sample volume is known, then, according to Eq. (10), a

quantitative tomographic analysis is possible.

Fig. 3 shows the reconstruction of the effective (left)

and thermal (right) total cross-sections of a highly 10B

enriched steel rod. After the beam hardening correction

a uniform distribution of the 10B isotopes was confirmed

in most of the steel rods, which is one of our main results
alloyed steel rod with 1 cm diameter (Rt;th ¼ 12:7 cm�1). Left:

rrection yields a uniform distribution of thermal cross-sections.

h.
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of the tomographic investigations. When the absorption

and the exponent in the correction term becomes too

large then the beam hardening correction will fail. We

found that the approximation of Eq. (2) is restricted to

the regime ðd � Rt;thdk=2kthÞ < 4, where d is the maxi-
mum thickness of the sample.

The reconstruction of a two-component system is

shown in Fig. 4. The inner rod with higher boron con-

tent is hardly resolved in the uncorrected FB recon-

struction (Fig. 4, left), but it is clearly visible in the

corrected image (Fig. 4, right). Certainly, the beam

hardening correction is facilitated here by the known
Fig. 4. Tomographic reconstruction and 3D rendering of a boron alloy

and a total macroscopic cross-section of Rt;th ¼ 4:4 cm�1. The central r

Left: filtered backprojection from 60 projections. Right: filtered backp

200 slices. Left: filtered backprojection without beam hardening corr

dering after beam hardening correction.
geometry of the steel composite. Note that the ratio of

the line profiles (Fig. 4, middle-right) is in good agree-

ment with the expected ratio of the cross-sections. The

macroscopic cross-sections are derived from mass spec-

troscopic analysis plus density measurements of the two

steel components. Our evaluations have been verified in

radiographic neutron transmission experiments [1].

Fig. 5 demonstrates the advantages of the ML

reconstruction. Although much less projections are

considered here (only 10!), the result is better than the

FB reconstruction in Fig. 4 (left). The good quality of

the ML reconstruction is surprising because actually no
ed steel composite. (a) The ring has an outside diameter of 2 cm

od contains higher boron content (Rt;th ¼ 7:5 cm�1,£ ¼ 1 cm).
rojection with beam hardening correction, (b) 3D rendering of

ection. Middle: photograph of the steel composite. Right: ren-



Fig. 5. ML reconstruction from only 10 projections of the same steel composite, shown in Fig. 4. The result is more satisfactory and

less noisy than the FB reconstruction from 60 projections (Fig. 4, left). But without beam hardening correction the central rod with

higher 10B content cannot be extracted from the surrounding steel.
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beam hardening correction is implemented in our ML

routine.

Hitherto, we applied the tomographic technique pri-

marily to our steel samples, but the macroscopic cross-

section of uranium fuel elements lies within the range of

the absorbing steels. The presented tomographic recon-

struction algorithms can therefore also be employed in

the non-destructive inspection of fuel elements, and it

can be realized with rather weak neutron sources.
5. Summary

It has been demonstrated that tomographic investi-

gations of strong absorbing materials are useful and

feasible even with small reactor sources. From one

tomographic set of projection data the variations of the

effective and the thermal macroscopic cross-sections can

be derived. Beam hardening artifacts have been removed

by employing an exponential correction factor. Such a

correction facilitates the quantitative analysis of the ab-

sorber distribution in case of polyenergetic neutron

beams. Finally, we developed a maximum-likelihood

algorithm, which considerably improves the tomographic

reconstruction in the limit of few projections and fluctu-

ating data. The presented techniques have been opti-

mized within the framework of our steel project, but the

methods can be adapted to other tomographic investi-

gations where strong absorbing materials are involved.
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