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In this volume we discuss the various types of radiation
interaction with matter.The radiations of primary concern in
this special volume originate in atomic or nucleus processes.
They are conventionally categorized into six general types as
follows:

(i) charged particulate particle,

(ii) fast electron,

(iii) heavy charged particles,

(iv) uncharged radiation,

(v) electromagnetic radiation,

(vi) neutron.

Fast electron includes beta particles (positive and nega-
tive) emitted in nuclear decay, as well as energetic electrons
produced by any other process. Heavy charged particles
denote a category that encompasses all energetic ions mass
of one atomic unit or greater, such as alpha particles, proton,
and fission products of many nuclear reactions. The elec-
tromagnetic radiation of interest includes X-rays emitted in
rearrangement of electron shell of atom and gamma rays that
originate from transitions within the nucleus itself. Neutrons
generated in various nuclear processes constitute the final
major category, which is often further divided into slow and
fast neutron subcategories.

The scintillator research is addressed in two manu-
scripts. C. H. Park et al. were to develop and evaluate
fiber-optic sensors. The fiber-optic radiation sensor using
the (Lu,Y)

2
SiO
5
:Ce(LYSO:Ce) scintillator was evaluated in

terms of the detection efficiency and reproducibility for
examining its applicability as a radiation sensor. I. Akkurt
et al. measured the absolute efficiency; peak-to-valley ratio
and energy resolution of a 3× 3 NaI(Tl) detector were
determined experimentally for 511, 662, 835, 1173, 1275, and
1332 keV photon energies obtained from 22Na, 54Mn, 60Co,
and 137Cs radioactive sources. This result is required for
quality control of the experimental system.

Two of the manuscripts were studied for radiation shield-
ing materials. Neutron shielding performances of new brick
samples were developed byV. V. Cay et al. As a result, neutron
shielding capacity of brick samples increases with increasing
FeCr slag and natural zeolite percentages. This information
could be useful in the area of neutron shielding. S. Ruengsri
investigated the radiation shielding properties comparison
of Pb-based silicate, borate, and phosphate glass matrices.
The silicate and phosphate glass systems are more appropri-
ate choices as lead-based radiation shielding glass than the
borate glass system.

There are 3 manuscripts in applied radiation physics
field in this volume. The application of microdosimetric
principles to radiation hardness testing was proposed by J.
D. Northum and S. B. Guetersloh, Texas A&M University.
J. W. Cho and K. M. Jeong test a performance evaluation of a
notebook PC under a high dose-rate gamma ray irradiation.
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In their paper, N. D. Kesen et al. investigated dosimetry para-
meters in small electron beam.

By compiling these papers, we hope the scientists get
important and new data for interaction of radiationwithmat-
ter and related topics and the research should be continued.

Jakrapong Kaewkhao
Mitra Djamal
Turgay Korkut
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Neutron shielding performances of new brick samples are investigated. Brick samples including 10, 20, and 30 percentages of
ferrochromium slag (FeCr waste) and natural zeolite are prepared and mechanical properties are obtained. Total macroscopic
cross sections are calculated by using results of 4.5MeV neutron transmission experiments. As a result, neutron shielding capacity
of brick samples increases with increasing FeCr slag and natural zeolite percentages. This information could be useful in the area
of neutron shielding.

1. Introduction

Bricks, made of different materials, are the most widely basic
structures used in the world. The use of the brick dates back
to 7500 BC. It has low cost. Also it is useful and widely
produced as building material. There are too many studies
about brick as construction and building material because
of its widespread use. Also radiation shielding properties of
bricks have been investigated in several papers. A radiation
protection study was made about medical X-ray device. In
this paper absorbed doses were obtained. Researchers have
used tungsten-rubber sheets, lead, plasterboard, and bricks
in shielding design [1]. In another study, a brick castle design
was used to calibrate gamma radiation source [2]. Anthro-
pogenic doses were studied on examples of some of the brick
buildings suffered from radioactive contamination at 1949–
1956 in Russia [3]. Responses of brick samples to gamma
irradiation were investigated by Awadallah and Imran. As a
result of this study, it is found that gamma ray attenuation
coefficient of brick is higher than concrete [4]. Natural
radioactivity levels of brick used for the construction of the
dwelling in Iran area were determined [5]. Other materials

like water-extended polyester, to shield neutrons, have been
studied [6], as well as concrete bricks with aggregates [7].

Despite these studies, studies about neutron shielding
properties of brick are limited. Kharitonov developed a new
technology for brick production and performed thermal
neutron shielding experiments on produced sample. Accord-
ing to the results of this study, thermal neutron absorption
capacity of brick is greater (about 75%) than graphite [8].
In other studies neutron radiography and neutron scattering
techniques on brick samples were evaluated [9–12].

The number of applications including different radiation
types increased rapidly in recent years. Therefore, radiation
protection has become an important issue. There are several
studies about usage of waste materials to design novel
radiation protection materials [13–16].

Currently, since metallic ferrochrome production has
increased, large quantities of their waste as ferrochromium
slag occur at the result of the metallurgical processing. So,
the recycling of wastes as ferrochrome slag is not only eco-
nomically viable but also it is considered as an environmental
friendly approach in the production of fired clay bricks.These
bricks are low-cost building materials. These wastes may be
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Table 1: Chemical composition of the raw materials used.

Compositions
(wt.%) Brick clay Ferrochromium

slag Natural zeolite

Al2O3 15.7 23.47 11.82
SiO2 61.6 29.38 67.1
Fe2O3 6.8 1.55 1.47
MgO 2.3 38.5 1.15
CaO 2.16 0.93 2.16
K2O 2.36 0.06 3.43
Na2O 0.82 0.15 0.37
Cr2O3 — 5.17 —
LOI1 7.25 1.5 12.5
1Loss on ignition.

alternatively used in the brick body in order to produce a
radiation protection material [8, 16, 17]. Mineralogical and
compositional content of ferrochromium slag and zeolite is
well matched with that of brick structure.

In present paper, FeCr slag and natural zeolite are added
in brick commonly used in the construction of the buildings
and neutron transmission experiments are performed. Seven
different brick samples including different FeCr slag and
natural zeolite percentages are irradiated 4.5MeV neutron
particles from 241Am/Be fast neutron source. This study is
important in terms of waste management and nuclear safety
engineering areas.

2. Experimental Procedure

2.1. Materials and Method. In this study, production of
radiation resistant bricks was accomplished from mixtures
of brick clay and additives containing ferrochromium (FeCr)
slag and natural zeolite.The physical and chemical properties
of the raw materials were previously characterized. Chemical
composition of the rawmaterials used is presented in Table 1.
The raw materials were initially subjected to pr-treatments
such as drying and ball milling. The raw materials subjected
to ball milling sieved under 100 micron particle size. Chem-
ical analysis of brick clay, FeCr slag, and zeolite was made
by using X-ray fluorescence (XRF) spectrometer. Then, they
were characterized by X-ray diffractometer (XRD) for their
mineral content.

In this study, brick clay obtained from a brick
manufacturer (Üç Yıldız Tuğla) in Bartın, Turkey, was
used. Chemical analysis of the brick clay is presented in
Table 1 in oxide form. According to the analysis, the clay
includes a large fraction of SiO

2
in addition to Al

2
O
3
, Fe
2
O
3
,

CaO, MgO, and K
2
O. Loss on ignition of brick raw material

upon heating at 1000∘C was measured as 7.25%. According
to the XRD analysis, the clay includes mainly quartz,
illite/muscovite (KAl

2
(AlSi
3
O
10
)(OH)

2
), and clinochlore

((Mg,Al,Fe)
6
(Si,Al)

4
O
10
(OH)
8
) constituents.

The ferrochromium slag is a waste material obtained
from the manufacture of ferrochromium metal in the Eti
Krom Works, Elazığ, Turkey. The specific gravity of slag is

Table 2: Prepared mixtures from the raw materials used (wt.%).

Mix code Brick
clay

Ferrochromium
slag

Natural
zeolite

Thickness
(cm)

0 100 0 0 1.61
10F 90 10 0 1.94
20F 80 20 0 1.88
30F 70 30 0 1.90
10Z 90 0 10 1.77
20Z 80 0 20 1.87
30Z 70 0 30 2.03

3.17 g/cm3. The chemical composition of the slag used is
presented in Table 1. The slag consists mainly of SiO

2
, Al
2
O
3
,

andMgO in different phases such as spinel (MgO⋅Al
2
O
3
) and

forsterite (MgO⋅SiO
2
) as well as chromium and iron oxides

and fewer amounts of other metal oxides [16]. Another raw
material is natural zeolite obtained from Rota Madencilik,
Gördes, Turkey. The specific gravity of zeolite is 1.85 g/cm3.
The chemical composition of the zeolite used is presented
in Table 1. Natural zeolites have voids and three-dimensional
systems of pore channels which are typically in the range
of molecular dimensions. Zeolites are crystalline alumi-
nosilicates containing elements such as sodium, potassium,
magnesium, and calcium.X-ray analysis of the zeolite showed
the characteristic peaks of clinoptilolite as well as presence of
quartz, cristobalite, and K-feldspar.

2.2. Brick Production Procedure. Initially, the raw materials
were dried at 100∘C in a dry oven. Then, they were powdered
by a ball mill. The mixtures containing brick clay with
ferrochromium slag and natural zeolite addition prepared in
a mixer. Brick clay was dispersed into water and was mixed
with the selected additive (Table 2). Rectangular samples
were formed by a slurry casting process. Prepared slurry
mixtures were cast into the molds placed onto plaster blocks
in order to suck excess water. In the meantime, top surface
of the slurry was compressed by hand in order to ensure
complete filling of the mold. Green samples were removed
from the mold after 2 h and left to dry in ambient conditions
for 24 h. Samples were further dried in an oven maintained
at 50∘C for 12 h and then at 100∘C for 24 h. The dry samples
were fired in a laboratory-type electrical furnace at the rate of
5∘C/min until 900∘C, for 2 hours.

Weight loss and dimensional changes of the samples were
measured after drying and firing steps. Bulk density, apparent
porosity and water absorption values of the fired samples
were measured by Archimedes method. Their mechanical
properties like compressive and bending strengths and also
their microstructural analysis were performed.

The brick samples showed the dimensional stability dur-
ing firing at 900∘C and their linear shrinkages were almost
zero. Table 3 shows the experimental results obtained from
the brick samples fired at 900∘C. One of produced brick
sample is shown in Figure 1.
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Table 3: Experimental results of the brick samples fired at 900∘C.

Mix
code Weight loss (%) Bulk density (g/cm3) Porosity (%) Water absorption (%) Bending strength (MPa) Compressive strength (MPa)

0 6.76 1.68 33.9 16.5 14.1 34.9
10F 5.88 1.83 34.6 16.1 13.5 32.0
20F 5.07 1.86 38.2 18.1 7.1 29.8
30F 4.69 1.90 38.6 17.4 9.2 27.5
10Z 7.54 1.65 37.4 20.3 8.2 22.3
20Z 8.17 1.56 39.3 22.4 6.5 19.4
30Z 8.36 1.48 42.8 25.9 6.1 14.3

Figure 1: Produced brick sample.

2.3. Neutron Dose Transmission Experiments. The alpha-
beryllium isotopic neutron sources, like 241Am/Be and
239Pu/Be, and the spontaneous fission source like 252Cf
are widely used [18]. We used a 241Am/Be alpha-beryllium
neutron source to obtain primary neutron beam. Emitted
radiations from this neutron source are shown in Table 4.
In order to prevent the scattered neutrons, the source was
placed in a box consisting of paraffin (against neutrons)
and lead (against 59.54 keV 241Am photons). As neutron
detector, Canberra NP100B proportional neutron counter
was used. Firstly, we measured without the sample between
the source and detector. In this way background value (𝐷

0
)

was obtained. And then to determine 𝐷 values for each
sample, we measured with samples between the source and
detector. To achieve 4.5MeV neutron dose transmissions (𝑇),
𝐷 values were divided by the value of𝐷

0
(see (1)):

𝑇 =

𝐷

𝐷
0

. (1)

After dose transmission values were obtained, we applied (2)
to calculate neutron total macroscopic cross sections, Σ for
each samples [17–21]:

Σ =

(ln (1/𝑇))
𝑥

. (2)

In (2), 𝑥 is thickness of sample. Σ value is an important
parameter for neutron shielding issue. That is, macroscopic

Table 4: Radiation characteristics of 241Am-Be neutron source1.

Physical half-life: 432.2 years Specific activity: 127GBq/g
Principle
Emissions 𝐸max (keV) 𝐸eff (keV)

Dose rate
(𝜇Sv/h/GBq at 1m)

Gamma/X-rays 13.9 (42.7%)
59.5 (35.9%) — —

Alpha
5.443
(12.8%) 85

5.486
(85.2%) —

Neutron — 4.5MeV 2
1http://stuarthunt.com/pdfs/Americium 241Beryllium.pdf.

cross section value is directly proportional to the neutron
shielding capacity of the sample. Experimental design for
neutron transmission measurements is demonstrated in
Figure 2.

3. Results and Discussion

Theobtained resultswere evaluated for twodifferent additives
as natural zeolite and FeCr slag. Macroscopic cross-section
value for the bare brick sample (without any additive) is about
0.035 cm−1.

Macroscopic cross section results for natural zeolite
additives (10, 20, and 30%) in mere brick sample with a
polynomial fit can be seen in Figure 3. As can be seen
in this figure, there is a peak value at 20% additive. In
20% point Σ is 0.09 and it is approximately three times
greater than the sample without any additives. A decrease
in macroscopic cross section after this value was detected.
So, neutron shielding properties of brick can be increased by
adding around 20 percent of zeolite.

ObtainedΣ values for FeCr slag additives (10, 20 and 30%)
with a linear fitwere given in Figure 4.As shown in this figure,
4.5MeV neutron macroscopic cross-section value increase
with increasing FeCr slag additive. For example, at 30% point
Σ is 0.102 and this value is three times greater than the bare
brick sample. Linear fit shows that Σ is directly proportional
to the adding FeCr slag percentage in bare brick.

The bulk density of brick sample without addition was
1.68 g/cm3. The sample without addition had a porosity of
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NP100B
neutron
detector

Sample holder

Source neutrons

PC (RADACS software)

241Am-Be
source in

collimator
box

Figure 2: Experimental arrangement.
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Figure 3: 4.5MeV neutron macroscopic cross sections of bricks as
a function of natural zeolite percentage.

33.9% and water absorption of 16.5%. The strengths of brick
sample without addition were quite well.

The results of brick samples with ferrochromium slag
obtained revealed that the bulk densities increased with an
increase in the amount of the slag due to its high specific
gravity. Bulk density of the bricks with the slag increased
from 1.68 g/cm3 to 1.90 g/cm3. In these samples, depending
on the increase in the ferrochromium slag addition, porosity
content and water absorption ratios of the samples increased;
accordingly, their compressive strengths decreased.

The results of brick samples with natural zeolite obtained
revealed that the bulk densities decreased with increasing of
the zeolite content due to its porous structure. Bulk density of
the bricks with the natural zeolite decreased from 1.68 g/cm3
to 1.48 g/cm3. Depending on the increase in the zeolite
addition, porosity and water absorption ratios of the samples
increased, while the mechanical strengths were significantly
reduced.

The bulk density of brick samples with combined addi-
tions showed a close value to that of the brick sample without
addition. In these samples, depending on the increase in the
ferrochromium slag and natural zeolite addition, porosity
and water absorption ratios of the samples showed an
increase; accordingly, their compressive strengths decreased.
However, compressive and bending strengths of all samples

0.11
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0.07
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0.04

0.03

Brick samples with FeCr (%)

Σ
(c

m
−
1
) Linear fit (R2

= 0.97)

F0 F10 F20 F30

Figure 4: 4.5MeV neutron macroscopic cross sections of bricks as
a function of FeCr slag percentage.

were still higher than the Turkish and corresponding Euro-
pean Standards [19] for strength values.

4. Conclusions

We prepared our samples using commercial bricks, FeCr
slag, and natural zeolite with different percentages. While
bulk density of bricks with FeCr slag increases, bulk density
of bricks with zeolite decreases. Both bricks with FeCr slag
and natural zeolite have sufficient strengths over 14MPa. All
bricks have high porosity that is desired to survive under
elevated temperatures. Neutron absorption capability of brick
increases with increasing FeCr slag and zeolite additives. The
most important result of our study is to recover FeCr wastes
in radiation shielding industries. Produced new samples
may be used in constructions for protection against neutron
radiation.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

References

[1] D. J. Eaton, R. Gonzalez, S. Duck, and M. Keshtgar, “Radiation
protection for an intra-operative X-ray device,” British Journal
of Radiology, vol. 84, no. 1007, pp. 1034–1039, 2011.

[2] E. R. van der Graaf, J. Limburg, R. L. Koomans, and M. Tijs,
“Monte Carlo based calibration of scintillation detectors for
laboratory and in situ gamma ray measurements,” Journal of
Environmental Radioactivity, vol. 102, no. 3, pp. 270–282, 2011.

[3] M. O. Degteva, N. G. Bougrov, M. I. Vorobiova, P. Jacob, and
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The aim of this study was to develop and evaluate fiber-optic sensors for the remote detection of gamma rays in areas that are
difficult to access, such as a spent fuel pool. The fiber-optic sensor consists of a light-generating probe, such as scintillators for
radiation detection, plastic optical fibers, and light-measuring devices, such as PMT.The (Lu,Y)

2
SiO
5
:Ce(LYSO:Ce) scintillator was

chosen as the light-generating probe. The (Lu,Y)
2
SiO
5
:Ce(LYSO:Ce) scintillator has higher scintillation efficiency than the others

and transmits light well through an optical fiber because its refraction index is similar to the refractive index of the optical fiber.
The fiber-optic radiation sensor using the (Lu,Y)

2
SiO
5
:Ce(LYSO:Ce) scintillator was evaluated in terms of the detection efficiency

and reproducibility for examining its applicability as a radiation sensor.

1. Introduction

Workers should take extreme care when approaching high
radiation areas, such as areas neighboring highly radioactive
equipment or spent fuel pool, due to the risks of radiation
exposure. To detect the radiation levels in those areas, it is
necessary to develop a remote radiation detection system.The
radiation levels surrounding the spent fuel pool are generally
measured using the fixed type radiation detector system.
Sometimes, the radiation levels on the water surface of the
pool need to be measured using a portable radiation detector
that a worker brings to the measurement point.

Optical fibers have been applied for remote radiation
detection. Optical fibers have several advantages: intrinsic
insensitivity to magnetic fields and electromagnetic interfer-
ence, small size, and ability to perform distributed radiation
measurements along a single fiber using optical time domain
reflectometry techniques [1]. The applications of optical fiber
technology include local dose deposition measurements and
distributed hot-spots dose monitoring in nuclear waste stor-
age facilities [2, 3].The development of optical fiber radiation
sensors has been driven mostly by medical applications
such as in vivo real-time dosimetry [4]. The possibility of
distributed optical fiber sensing technology was proven by

monitoring the large nuclear infrastructures, such as reactor
containment buildings and radioactive waste repositories [5].

Optical fiber can be used not only as a radiation
sensor but also as a medium for transmitting the light
generated by a scintillator. In the field of X-ray and
gamma ray medical imaging modalities, inorganic scintilla-
tors were selected as radiation in light converters [6–8]. The
(Lu,Y)

2
SiO
5
:Ce(LYSO:Ce) scintillator was used for medical

imaging [9]. This study adopted a (Lu,Y)
2
SiO
5
:Ce(LYSO:Ce)

scintillator as the scintillator, which was connected to the
optical fiber.

This paper developed and evaluated a radiation sensor
using an optical fiber for the remote detection of gamma rays
in real time in areas that are difficult to access, such as the
spent fuel pool.

2. Method

2.1. Material Selection and Characteristic Study of Optic Fibers
and Scintillators. The fiber-optic radiation sensor consisted
of a radiation sensing probe, transmitting optical fiber, and
data acquisition instruments.The fiber-optic radiation sensor
should have a long transmitting optical fiber because it needs
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Table 1: Main characteristics of inorganic scintillators [11].

Scintillator BGO YSO:Ce LYSO:Ce CsI:Tl LSO:Ce
Effective 𝑍 number 83 35 65 51 66
Density (g/cm3) 7.13 4.45 7.20 4.51 7.40
Melting point (∘C) 1,050 2,470 2,100 621 2,050
Refractive index 2.15 1.80 1.82 1.79 1.82
Light yield (%)
∗relative to NaI:Tl 15∼20 80 73∼75 50∼100 ∼75

Peak wavelength (nm) 480 420 420 540 420
Decay time (ns) 300 70 42 1100 40

to detect the radiation level at a point far away from the
radiation source.

This study chose a scintillator suitable for measuring
gamma rays and evaluated its performance according to
the optical fiber length. In general, the scintillator for
gamma spectroscopy is the inorganic scintillator with a
high atomic number. Table 1 shows that the light yield
of the LYSO was approximately 4 times higher than the
BGO.The scintillating materials with Ce-doped oxyorthosil-
icates are used in various fields. The Lu

2
SiO
5
:Ce(LSO:Ce)

was widely known as very efficient, especially for medical
imaging applications. It is due to high stopping power
resulting from its high density, high light output, and
fast response. The (Lu,Y)

2
SiO
5
:Ce(LYSO:Ce) shows similar

properties. But the Lu
2
SiO
5
:Ce(LSO:Ce) is of high cost.

(Lu,Y)
2
SiO
5
:Ce(LYSO:Ce) is a promising next generation

scintillation crystal that is cheaper to produce [10]. Finally,
the (Lu,Y)

2
SiO
5
:Ce(LYSO:Ce) was selected as the sensing

probe of the fiber-optic sensor to detect gamma rays. This
scintillator has an advantage for the remote detection of
gamma rays because of its high density, high light output,
fast decay time, good radiation hardness, high effective
atomic numbers, nonhygroscopicity and stable physical and
chemical properties, and ease of combining with the optical
fiber. The (Lu,Y)

2
SiO
5
:Ce(LYSO:Ce) scintillator has a higher

scintillation efficiency than the others and transmits light
well through optical fibers because its refraction index is
almost equal to the refractive index of the optical fiber. The
(Lu,Y)

2
SiO
5
:Ce(LYSO:Ce) scintillator (AdvancedMicrowave

Technologies Solution Co., Ltd) was 3mm in diameter and
20mm in length. The scintillator is cylinder type consistent
with diameter of the optic fiber for easy to combine scintilla-
tor with optic fiber. To improve efficiency of light receiving,
the surface of the scintillator is wrapped by Teflon reflective
tape, attaching the holder to minimize the interference from
ambient light. Table 1 lists the characteristics of the inorganic
scintillators, including the (Lu,Y)

2
SiO
5
:Ce(LYSO:Ce).

The optical fiber normally used in the communication
field is a glass optic fiber (GOF) made of quartz glass with
high purity. The wide use of quartz glass optical fiber is due
mainly to its outstanding optical properties, environmental
safety, and thermal resistance. Although glass fibers have
better thermal resistance than plastic fibers, glass fibers are
fragile, difficult to be made into goods of any shape, and
expensive. Therefore, the optic materials of high polymer

Table 2: Properties of the plastic optic fiber.

Plastic optic fiber (NY02, Edmund optics)
Core PMMA
Clad Fluorine-PMMA
Numerical aperture 0.50
Operating temperature −55∘C∼+70∘C
Minimum radius of band 25 × outer diameter

Table 3: Properties of the photomultiplier.

Parameter Description
Wavelength, nm 300–650
Peak wavelength, nm 420

Cathode Bialkali
22

Dynode L
10

Rise time, ns 1.5

have rapidly replaced glass optical fibers. Among them,
plastic optic fibers (POFs) are the most widely used.

This study selected a plastic optic fiber (NY02, Edmund
optics)with a diameter of 3mm.NY02 consists of a coremade
of polymethylmethacrylate (PMMA) and a cladding made
of fluorine polymethylmethacrylate (F-PMMA). Table 2 lists
the properties of the plastic optic fibers chosen in this study.

2.2. Experimental Setup. The light-measuring device used in
this study consisted of a radiation sensor probe, transmitting
plastic optic fiber, photomultiplier tube (PMT), amplifier
(AMP), and multichannel analyzer (MCA). The PMT used
for the measurement was a H5211A (Hamamatsu), whose
properties are summarized in Table 3.The PMT has response
wavelengths of 300–650 nm as a head-on type. The main
amplifier was the Canberra Amplifier model 2012. A power
supply (C3830, Hamamatsu) was used to supply electric
power to the PMT and preamplifier safely and simultane-
ously. The Ortec trump-8k-32+Maestro32 was used as the
multichannel analyzer.

Figure 1 shows the experimental setup for a performance
assessment of the remote fiber-optic radiation sensors. The
fiber-optic radiation sensor was fabricated by attaching
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Plastic optical fiber

Disk source:Heat shrinkable tube
137Cs

LYSO: Ce scintillator

(1.17 𝜇Ci)

Multichannel analyzer

Genie 2000

Preamplifier

Photomultiplier tube(H5211A)

High voltage

Figure 1: Experimental setup.
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Figure 2: Reproducibility evaluation results of the fiber-optic radiation sensors according to the length of the transmitting optical fiber.

a scintillator to one-side end of the optical fiber using epoxy
resin. To examine the effects of the length of the transmitting
optical fiber, 4 types of the fiber-optic radiation sensors were
fabricated: 1, 3, 5, and 10m long. During the measurements,
the bending angle of each fiber-optic radiation sensor was
set to be the same so each optical fiber would have the same
bending loss.

3. Results

Figure 2 shows the pulse height spectra of the fiber-optic
radiation sensors against a Cs-137 source according to the
length of the transmitting optical fiber. The reproducibility
was evaluated 4 times according to the length of the optical
fiber. Although the length changes, the overall shapes of the
pulse height spectra were similar, except the case when the
peak of the spectrawhen the length of the transmitting optical

fiber was 1m was much higher than the other cases. On the
other hand, the fiber-optic radiation sensor, 10m in length,
had the smallest standard deviation. The measurements
showed that the 10m long fiber-optic sensor can be used as
a remote radiation sensor.

Figure 3 shows the pulse height spectra and total counts
on average according to the length of the transmitting optic
fiber. Similar to the reproducibility evaluation results, the
comparison between the 1m long transmitting optic fiber
and others showed that the total counts by the 1m long
transmitting optic fiber were approximately 25–40% higher
than the others.

Figure 4 shows the pulse height spectra according to the
distance between the radiation sensor and the source, 0, 1,
and 5 cm using the 1m long transmitting optical fiber. The
reproducibility was measured 4 times with the same distance
between the radiation sensor and source. The shapes of the
spectra of the 4 sensors were similar, but Figure 4 shows
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Figure 3: Pulse height spectra on the length of the transmitting optic fiber.
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Figure 4: Reproducibility evaluation on the distance between the radiation sensor and the source.

that the efficiency of the case where the distance between
the radiation sensor and source was 1 cm was higher than
the other cases. On the other hand, the distance between
the radiation and the source of 0 cm was found to have the
smallest standard deviation.

Figure 5 shows the total counts according to (a) transmit-
ting fiber length and (b) the distance between the fiber-optic
sensor and source, respectively. As shown in Figure 5(a), the

detection efficiency of the transmitting fiber length of 1m
was the best, but the deviation in the total counts for the
transmitting fiber length of 10mwas the lowest.The standard
deviations in the total counts for 4 cases of the transmitting
fiber length were 12 to 20%. In Figure 5(b), the detection
efficiency for a distance of 1 cm between the fiber-optic sensor
and radiation source was found to be the best. The standard
deviations of the total counts for the 3 cases were less than 5%.
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Figure 5: Total counts of the radiation sensor (a) according to the length of the transmitting optic fiber and (b) according to the distance
between the radiation sensor and source.
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Figure 6: Pulse height spectra on the distance between the radiation sensor and source.

Figure 6 shows the pulse height spectra and means total
counts as a function of the distance between the sensor
and source. The comparison of the distance of 1 cm and the
others showed that the pulse height at a distance of 1 cm was
approximately 16–20% higher than the others. In this case,
if the radiation sensor is located collinearly with the source,
the signal detection efficiency decreased because the reaction
area of the scintillator was relatively small.

The LYSO crystals have intrinsic radioactivity due to the
Lu-176 isotope. 176Lu is a beta-emitter primarily decaying
to an excited state of 176Hf. This isotope emits gamma
photons with energies of 307 keV, 202 keV, and 88 keV [12].
The crystal’s self-emission causes the crystal to be excited
and produce scintillation light. This results in a self-count of
39 cps/g [13]. From this, it was evaluated that the intrinsic
radioactivity included in the LYSO scintillator used in this
study contributed to 8∼10% of the total counts.

Reviewing all the measurements shows that the differ-
ences in the detection efficiencies of the fiber-optic sensors
were due primarily to the geometrical arrangements of fiber-
optic sensors and radiation source and polishing of the fiber-
optic sensors and the connecting conditions between the
scintillator and transmitting fiber. The polishing of LYSO
scintillator and transmitting and the connection between
them were manually performed. Hence, the connecting
conditions could be a little different at each experiment.

4. Conclusion

Using an inorganic scintillator and plastic optic fiber, the
fiber-optic radiation sensor was developed and tested to
examine the feasibility for remote detection of gamma rays
in areas that are difficult to access, such as the spent fuel
pool. The sensors were tested against a Cs-137 source, and
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the test measurements were assessed according to the length
of the transmitting optic fiber and the distance between the
sensor and source.Themeasurements show that it is possible
to measure the radioactive level remotely in a spent fuel
pool, and so forth, using the optic fibers and an inorganic
scintillator.This auxiliary radiation sensor is expected to have
merit in cross-checking the main radiation level monitoring
system simultaneously and minimizing the possibility of
misjudging the situation in a spent fuel pool. The fiber-optic
sensor was expected to enhance the stability and efficiency to
minimize the radiation exposure of workers.
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In this study, dose distributions and outputs of circular fields with dimensions of 5 cm and smaller, for 6 and 9MeV nominal
energies from the Siemens ONCOR Linac, were measured and compared with data from a treatment planning system using the
pencil beam algorithm in electron beam calculations. All dose distribution measurements were performed using the GafChromic
EBT film; these measurements were compared with data that were obtained from the Computerized Medical Systems (CMS) XiO
treatment planning system (TPS). Output measurements were performed using GafChromic EBT film, an Advanced Markus ion
chamber, and thermoluminescent dosimetry (TLD). Although it is used inmany clinics, there is not a substantial amount of detailed
information in the literature about use of the pencil beam algorithm to model electron beams. Output factors were consistent;
differences from the values obtained from the TPS were at maximum. When the dose distributions from the TPS were compared
with the measurements from the ion chamber and GafChromic EBT films, it was observed that the results were consistent with
2 cm diameter fields and larger, but the outputs for 1 cm diameter fields and smaller were not consistent.

1. Introduction

In recent years, electron beams, rather than low X-ray beams,
have been used for the treatment of superficial lesions,
because of the different dosage characteristics of the two
sources. Tumours which are close to critical body structures
require small directionality error margins and thus require
small treatment fields. Electron beams have uniform dose
distribution at the surface and a rapid decrease in the dose
below a specific depth [1].

Electron beam therapy is an indispensable practice in
radiotherapy, and therefore most commercial treatment
planning systems use electron beam programs alongside
photon planning programs. Electron beam dose calculations
were originally based on empirical functions that utilised
ray line geometries [2, 3]. More advanced pencil beam
algorithms are based on multiple scattering theories [4,
5]. The major limitation of both empirical methods and
pencil beam algorithms is their inability to predict depth
dose distributions and accurately monitor units for small
field sizes. A Monte Carlo-based dose calculation algorithm
has been investigated by several groups. The accuracy of
implementation of this algorithm was found to be more
reliable than that of other algorithms. A commercial Monte

Carlo-based dose calculation algorithm has become available
for electron beam treatment planning systems. Nevertheless,
pencil beam algorithms are still used for electron beam
treatment planning in many oncology clinics.

There are several theoretical and experimental methods
described in the literature for determination of the dose
distribution and prediction of the electron beam output
factors. Film dosimetry is the most rapid method to obtain
the dose distribution and related output factors.

Dose distributions for small circular electron beams from
the Siemens Oncor linear accelerator using GafChromic EBT
films were measured. Output factors were measured using
GafChromic EBT films, TLD, and the Advanced Markus ion
chamber. The measured values were compared with CMS
XiO treatment planning system data, which uses the pencil
beam algorithm.

2. Methods and Materials

2.1. Isodose Distribution Measurements. The source of elec-
tron beams used for this study was a high energy linear
accelerator (Siemens Oncor, Germany). The linear accelera-
tor had a circular cone with diameter 5 cm that was used as
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the standard cone. Cut-outs were prepared to achieve fields
with diameters of 1, 2, 3, and 4 cm.

Dose distribution measurements were made for these
circular fields, 1–5 cm in diameter, using a MP3-M automatic
water phantom and a Semiflex (0.125 cc) ion chamber (PTW-
New York Corp., Hicksville, NY), with a source-to-surface
distance (SSD) of 100 cm. 1, 2, 3, and 4 cm cut-outs were
placed into the 5 cm diameter standard circular cone. For
profile measurements range reference (𝑅ref), dose range of
85% (𝑅

85
), dose range of (85%)/2 (𝑅

85/2
), dose range of

50% (𝑅
50
), and practical range (𝑅

𝑝
) depth values were used

for all electron energies and were obtained from percentage
depth dose curves measured using a 10 × 10 cm2 standard
cone. Depth dose measurements were repeated for all small
fields. Profiles and depth dose curves were put into the PTW
Verisoft software program (PTW-NewYorkCorp.,Hicksville,
NY) and isodose curves were obtained.

In film dosimetry, GafChromic EBT films (International
Specialty Products, Wayne, NJ, USA) were used because of
their characteristic null energy response. GafChromic EBT
films are more sensitive than older radiochromic films and
are readily available for photon dosimetry as well as electron
dosimetry [6]. The measurable dose range is 1–800 cGy. EBT
films have a relatively small effective thickness; as such the
effective measurement point was neglected. For calibration
of films, a 9MeV electron beam was used; each film was
oriented perpendicular to the central axis of the electron
beam, at the centre of the beam, in a solid water phantom.
Films were placed at the depth of maximum dose (20mm).
The calibration curve was obtained by exposing films in a
10 × 10 cm2 field, with doses ranging from 10 to 800 cGy.
All exposed films were considered after 24 h, because the
darkening saturation of films must be allowed to occur [7].

Films were scanned using a flatbed colour scanner
(EPSON America Inc., Long Beach, CA), collected using its
software program, and analyzed using the ImageJ program;
films were separated into three colours: red, blue, and green.
For optimum contrast, the red image was selected for film
dosimetry, because the peak absorption of the EBT film is
in the red region of the visible spectrum. Besides measuring
the characteristics of all exposed films, a nonexposed film
was scanned to measure the background effect. All films
were placed inside the scanner in the same direction, because
of the orientation problem. Permeability at the centre of
the exposed films was observed using the Mephysto mcc
software program (PTW-New York Corp., Hicksville, NY)
and a calibration curve was generated.

To obtain the isodose distributions, films were oriented
parallel to the electron beam in a solid water phantom. The
setup is shown in Figure 1. Alongside the 5 cm standard
circular cone, the 1–4 cm diameter cut-outs were used, and
films were exposed with 6 and 9MeV nominal energies.
Isodose curves were generated using the calibration curve in
the PTW Verisoft program.

The XiO therapy planning system (TPS) (CMS-Elekta
AB, Stockholm), with its pencil beam algorithm, was used for
calculation of the isodose curves. XiO TPS does not support
circular cones; the system only has square field electron beam

Primer
 collimator

Seconder
 collimator

Cut-outs
for different
 field sizes

100 cm SSD

Gafchromic EBT film

RW-3 solid water phantom

Figure 1: Solid water phantom setup used for isodose distribution
measurements. Gafchromic films were aligned parallel to the elec-
tron beam in solid water phantom.

data. Therefore, the smallest cone, 10 × 10 cm2, was blocked
to obtain 5, 4, 3, 2, and 1 cm field sizes in the planning
system. Isodose distributionswere calculated using the pencil
beam algorithm and fluence maps of isodoses were obtained
for all energies using a solid phantom. Fluence maps were
transferred into the PTW Verisoft program and converted
into isodose curves.

To provide comparisons of multidimensional dose distri-
butions, dose comparison tools such as gamma dose distribu-
tion, distance-to-agreement (DTA), anddose difference (DD)
have been developed [8, 9].The gamma dose distribution tool
was used in our study. A DD of 3% and 3mm DTA gamma
evaluation parameters were used for analysis. Sagittal isodose
distributions along the central axis were measured using EBT
film and were compared with data that were calculated using
the treatment planning system.

2.2. Output Factor Measurements. Output factor measure-
ments were performed for 6 and 9MeV electron beams in a
40 × 40 cm2 solid water phantom at 100 cm SSD, using the
PTW Unidos (Freiburg, Germany) electrometer, Advanced
Markus ion chamber, films, and TLD. Reference depths were
determined for each electron energy from the IAEA 398
protocol, using the formula below: [10]

𝐷ref = 0.6𝑅50 − 0.1 g/cm
2
(𝑅
50
, g/cm2) , (1)

where 𝑅
50
(cm or g/cm2) is the depth of the beam when the

dose is equal to 50% of the maximum dose.
The 𝐷ref values for 6 and 9MeV electron beams were

1.3 and 2 cm, respectively. Outputs were measured for 5, 4,
3, 2, and 1 cm circular fields using the cerrobend cut-outs
within a 5 cm circular cone. Output factors were obtained and
normalised to the 10 × 10 cm2 field.
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Figure 2: Output factor measurements were obtained with solid
water phantoms which were aligned perpendicular to the electron
beam.

Output factors were measured using the Advanced
Markus ion chamber (PTW-New York Corp., Hicksville,
NY), GafChromic EBT film, and TLD. Phantoms were
positioned perpendicular to the beam direction. 100MUwas
defined for both the ion chamber and TLD measurements.
The experimental setup is shown in Figure 2.

GafChromic EBT film was oriented perpendicular to the
direction of the incident electron beam, and care was taken
to align the beam to the centre of the film. For all field sizes,
400MUwas considered to provide sufficient darkness on the
films. All films were scanned the following day and separated
into colour scales; the red measurement was selected and
recorded. Point permeability, which wasmeasured at the field
centre, was converted into a dose (Gy). All films used were
from the same batch and irradiated on the same day.

For TLD measurements, 1 × 1 × 1mm3 TLD rods and
a GR-200R1 Fimel reader were used. Ternary groups were
not used because of the small measurement size considered.
One TLD was positioned on the custom-built phantom and
irradiatedwith 100MUat the reference depth. Irradiationwas
repeated five times and the average of the readings was taken.
TLD rods were read with the Fimel-LTM; output factors were
obtained and normalised to a 10 × 10 cm2 field size.

In the CMS TPS, a 10 × 10 cm2 standard cone was blocked
to generate 5, 4, 3, 2, and 1 cm diameter circular fields.
For 6 and 9MeV electron beams, the MU calculation was
carried out in the TPS, considering 100 cGy at the reference
depth along the central axis. Output factors were determined
from the MU values. Output factors obtained from the TPS
were compared with the factors that were found using other
dosimetric methods.

3. Results and Discussion

For 6 and 9MeV electron beams, 100% (𝑑max), 90%, 80%,
50%, 𝑅

𝑝
, 𝐸
𝑝0
, and 𝐸

0
values were obtained from the depth

0

10

20

30

40

50

60

70

80

90

100

110

0 10 20 30 40 50 60 70
Depth (mm)

PD
D

 (%
)

5 cm cut-outs

6MeV film
6MeV TPS
9MeV film
9MeV TPS

Figure 3: Percent depth dose curve comparisons betweenmeasured
data using Semiflex ion chamber and EBT films using 5 cm circular
cone at 100 cm SSD. All curves are normalized to 100%. Asmeasure-
ments made by Semiflex ion chamber are represented by solid lines,
EBT film measurements are represented by dotted lines.

dose measurements. These were carried out using a Semiflex
ion chamber with a volume of 0.125 cc, and the 10 × 10 cm2
field values are shown in Table 1.

For the 6MeV electron beam, the 𝑑max value obtained
from the Semiflex ion chamber (0.125 cc) is 12mm in the
10 × 10 cm2 square field size. The depth dose characteristics
of electrons change dramatically with decreasing field sizes.
For all electron energies, the maximum depth decreases with
decreasing field sizes. In other words, when the field size
was reduced, the maximum dose point moved closer to the
surface. The most probable reason for this is the chamber
volume effect. For chambers, therapeutic ranges decrease
with field size, and the falloff region of the curve becomes less
steep. This is consistent with Sharma et al.’s observations [11].
In addition, with decreasing field size, a decreasing degree of
lateral electronic equilibrium will be present at the central
axis, and the depth dose and output factors will show large
sensitivity to the field shape and size [1].

Figure 3 shows a comparison of the measured data that
were obtained from the Semiflex ion chamber and EBT
films for a 5 cm circular cone at 100 cm SSD. The agreement
between calculated and measured data is good.

The depth dose measurements obtained from the Semi-
flex ion chamber and film were converted to isodoses using
the PTW Verisoft program. These isodoses were compared
with isodoses generated fromTPS. Comparisonswere carried
out using the gamma index method. For this method, the
tolerance limit selected was 3mm DTA, 3% DD. When
the dose distributions from the TPS were compared with



4 Science and Technology of Nuclear Installations

Table 1: 100% (𝑑max), 90%, 80%, 50%, 𝑅
𝑝
, 𝐸
𝑝0
, and 𝐸

0
values obtained from the depth dose measurements for 6 and 9MeV electron beams.

10 × 10 cm2
𝑅
100

(mm) 𝑅
90
(mm) 𝑅

80
(mm) 𝑅

50
(mm) 𝑅

𝑝
(mm) 𝐸

𝑝0
(mm) 𝐸

0
(mm)

6MeV Semiflex ion chamber 12 16.77 18.59 22.68 28.80 5.94 5.29
9MeV Semiflex ion chamber 19.50 27.66 30.54 36.41 45.52 9.28 8.55
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Figure 4: Sagittal isodose comparisons of a 6MeV beam along the central axis for 1 (a) cm and 4 (b) cm circular cutouts using a 5 cm diameter
circular cone. Solid lines represent calculations and dotted lines represent measurements (𝑥-axis and 𝑦-axis are in cm).

those from the Semiflex ion chamber and EBT films, it was
seen that the results were consistent with field sizes of 2 cm
diameter and larger. For 1 cm diameter fields, isodoses were
incompatible at the central axis for 6 and 9MeV electron
beams. With increasing energy and decreasing field size, the
isodoses of the individual methods are no longer consistent
with each other.

Figures 4 and 5 show, as an example, a sagittal isodose
comparison between calculated and measured data for 6 and
9MeV beams, at 100 cm SSD using 4 cm and 1 cm cut-out
sizes.

Outputs obtained using different measurement methods
for 6 and 9MeV nominal energies, for field sizes of 5, 4, 3, 2,
and 1 cm diameter, are shown in Table 2. All measurements
were made with a cone distance of 95 cm.

TLD results have average values for all fields between
the values obtained for ion chamber and film measurements.
However, generally, with increasing energy level and field
size, output factor differences decrease.

For all energies and field sizes, output factors were
consistent; differences were found to be, at maximum, 27%,
compared with the values from the TPS.

In the literature, there is no evidence of studies concern-
ing electron beam outputs for field sizes smaller than 5 ×
5 cm2 using the pencil beam algorithm. In recent years, it has
been discovered that the Monte Carlo algorithm gives more
accurate results than the pencil beam algorithm.

The results of comparisons using gamma analysis (3%
and 3mm) are shown in Figure 6. The agreement between
measured and calculated dose distribution values was very
good for both 4 and 3 cm cut-outs. For the 2 cm cut-out,
agreement was good at the centre of the field but poor at the
edge. Agreement was very poor for the 1 cm cut-out at both 6
and 9MeV.

It was observed that results obtained at 6MeV were
consistent, and consistency was good at both the high and
low dose regions at this energy. However, with increasing
energy, this consistency reduced. With increasing energy,
comparable results were obtained in the low dose region but
not in the high dose region. This is due to the high dose
falling region; the accuracy of the gamma index comparison
decreases.

A comparison was made between the calculated and
measured depth doses, isodose distributions, and outputs for
6 and 9MeV and 4, 3, 2, and 1 cm circular cut-outs using
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Table 2: Percentage differences between calculated and measured outputs from different measurement methods at 6 and 9MeV nominal
energies for 5, 4, 3, 2, and 1 cm field sizes. For both energies, 10 × 10 cm2 field size was assumed for TPS values.

5 cm 4 cm 3 cm 2 cm 1 cm
6MeV

Advanced Markus-TPS 21% 24% 27% 21% 17%
EBT film-TPS 18% 20% 21% 15% 3%
TLD-TPS 20% 22% 27% 15% 9%

9MeV
Advanced Markus-TPS 10% 14% 19% 17% 16%
EBT film-TPS 7% 10% 13% 13% 7%
TLD-TPS 8% 10% 15% 12% 5%

90%
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30%
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Figure 5: Sagittal isodose comparisons of a 9MeVbeam along the central axis for 1 (a) cm and 4 (b) cm circular cut-outs using a 5 cmdiameter
circular cone. Solid lines represent calculations and dotted lines represent measurements (𝑥-axis and 𝑦-axis are in cm).

a 5 cm standard circular cone. Our study shows that pencil
beam algorithm can be used to accurately predict depth
doses and isodose distributions for fields with diameter as
small as 3 cm at 100 cm SSD. When the cutout size is smaller
than 3 cm, the circular calculated dose distribution can differ
significantly from the measurement at 100 cm SSD. MUs
obtained from the planning system were different from the
measurements for all circular cutouts using the 5 cm circular
cone.This is consistent with results reported by Xu et al. [12].
The most important limitation of the pencil beam algorithm
is its failure to predict depth dose distributions and accurate
MUs for field sizes smaller than the extent of the lateral
scatter equilibrium [12]. It has also been observed in our
study that pencil beam algorithm should not be used for MU
calculations for small electron field sizes.

The American Association of Physics in Medicine
(AAPM) recommends that because of their high spatial

resolution, films should be primarily chosen for electron
beam dosimetry. This is supported by the fact that the film
dose-response curve was found to be weakly dependent on
the electron beam energy (within ±4%) [13]. In addition, in
our output factormeasurements, it was seen thatGafChromic
EBT film measurement results were closer to the calculated
results than other dosimetric methods. In the literature, it is
suggested that before using detectors for determination of the
output factors of small electron fields, 𝑑max values should be
observed by film dosimetry [11].

4. Conclusion

The dosimetry of small electron fields is highly critical.
Output measurements of electron fields smaller than the
extent of the lateral scatter equilibrium must be carefully
made using appropriate dosimetry. Furthermore, for the
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Figure 6: Gamma analysis results for beams with 6 and 9MeV
energy, for cut-out diameters of 4, 3, 2, and 1 cmusing a 5 cm circular
cone at 100 cm SSD (𝑦-axis is %).

patient-time calculation, output factors that were obtained by
the most appropriate dosimetric method should be used, not
the values from the TPS that uses the pencil beam algorithm.

At the conclusion of this study, it was observed that in the
CMS XiO TPS, calculated using the pencil beam algorithm,
the dose distributions of electron treatment fields that were
created with circular cut-outs of 4, 3, and 2 cm diameter were
appropriate for patient treatment, but those created using a
1 cm diameter field were not. Additionally, the pencil beam
algorithm is not convenient for MU calculations in electron
dosimetry.
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As it is important to obtain accurate analytical result in an experimental research, this required quality control of the experimental
system. Gamma spectrometry system can be used in a variety of different fields such as radiation andmedical physics. In this paper
the absolute efficiency, peak to valley ratio, and energy resolution of a 3 × 3 NaI(Tl) detector were determined experimentally
for 511, 662, 835, 1173, 1275, and 1332 keV photon energies obtained from 22Na, 54Mn, 60Co, and 137Cs radioactive sources.

1. Introduction

With the start of using radioactive sources in a variety
of different fields such as health physics, industry, energy,
and environmental application nuclear radiation detectors
become the most fundamental instruments as radiation
is hazardous for health. In a radiation measurement an
accurate knowledge of the detector spectral performance is
required. As the radiation can travel large distances between
the interactions in the detector material before detection
is possible, the detectors do not have 100% efficiency. In
the radiation measurement, one of the most important
characteristics of a detector is the efficiency of the detector.
Gamma spectrometry is one of themost widely used detector
systems in this field and its performance directly depends
on the knowledge of the detection efficiency. The detection
efficiency is a measure of the percentage of radiation that a
given detector detects from the overall yield emitted from
the source. It can vary with the volume and shape of the
detector material, absorption cross-section in the material,
attenuation layers in front of the detector, and distance and
position from the source to the detector [1].

Detection efficiency of a detector system depends on
different parameters and thus various kinds of the efficiency
definitions are used to cover those parameters.

(i) Absolute efficiency: it is the ratio of the number of
counts recorded by the detector to the number of
gamma rays emitted by the source (in all directions).

(ii) Intrinsic efficiency: it is the ratio of the number of
pulses recorded by the detector to the number of
gamma rays hitting the detector.

(iii) Full-energy peak (or photopeak) efficiency: it is the
efficiency for producing full-energy peak pulses only,
rather than a pulse of any size, for the gamma ray.

Especially in the radioactivity measurement the absolute
efficiency of the detector must be known. It is defined as the
ratio of the number of counts recorded by the detector (𝑁

𝑐
)

to the number of radiation (𝑁
𝑠
) emitted by the source (in all

directions) as represented in the following formula:

𝜀abs =
𝑁
𝑐

𝑁
𝑠

. (1)

Absolute efficiency of the detector depends not only on
detector properties but also on the details of the counting
geometry.

Various experimental and calculation works have been
reported for the detection efficiency work [2–6].
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Figure 1: Schematic view of the experimental system.

Figure 2: Gamma ray spectrum obtained from 137Cs source.

Table 1: The present activity and half-life of the radioactive sources
used to obtain energies.

Nuclide Activity (micro Ci) Half-life (day)
22Na 0.706 950.8
54Mn 0.348 312.3
137Cs 0.970 11020.0
60Co 0.843 1925.5

For the gamma ray spectrometry, the absolute efficiency
and energy resolution are important parameters to be deter-
mined. Those parameters are usually done using a function
to fit the efficiency at a wide energies range, as the number
of energy peaks obtained from radioactive sources is limited.
For these purposes the absolute efficiency and the energy
resolution of the NaI(Tl) detector have been determined
experimentally at 511, 662, 835, 1173, 1275, and 1332 keV ener-
gies obtained from 22Na, 54Mn, 60Co, and 137Cs radioactive
isotopes.

2. Experimental Methods

The gamma ray spectrometry consists of a 3 × 3 NaI(Tl)
detector and this is connected to 16384-channelMultichannel
Analyser (MCA). The spectrum obtained from MCA is
analyzed using the Genie 2 software obtained from Canberra
[7–9]. In order to reduce the background level of the system,
the detector is shielded using 6 cm lead on all sides. A
schematic view of the system has been displayed in Figure 1.
The 4 different radiation sources (22Na, 54Mn, 60Co, and
137Cs) that give 511, 662, 835, 1173, 1275, and 1332 keV gamma
ray energy were placed at 5 different distances (0,5, 1, 3, 5, and
10 cm) from the face of detector and the measurement has
been performed for each source. Eachmeasurement has been
done for a period of 60min to obtain good statistics in the
evaluation of each gammapeak. Typical gamma ray spectrum
for 137Cs and 60Co sources taken with the NaI(Tl) detector
is given in Figures 2 and 3. In Table 1 the present activity

Figure 3: Gamma ray spectrum obtained from 60Co source.
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Figure 4: Detection efficiency of NaI(Tl) detector as a function of
gamma ray energies (source placed at 0,5 cm distance to the detector
face).

Table 2:The energies and emission probabilities of the radioisotope
source [11].

Nuclide Energy (keV) Emission probability (%)
22Na 511.00 178.00

1274.60 99.94
54Mn 834.83 85.59
137Cs 661.66 85.30
60Co 1173.23 99.85

1332.48 99.98

and half-life of the radioisotope sources are given and in
Table 2 the energies and emission probabilities of the
radioisotope source are given.

3. Results and Discussions

The properties such as detector efficiency, energy calibration,
and energy resolution of a NaI(Tl) detector have been
measured for 6 different gamma ray energies.

3.1. Efficiency Calibrations. The detection efficiency of the
NaI(Tl) detector was obtained using (1) for each gamma ray
energy emitted by the 22Na, 54Mn, 60Co, and 137Cs radioactive
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Figure 5: Variation of detection efficiency of NaI(Tl) detector as a function of distance.

isotopes. The obtained results have been displayed as a func-
tion of gamma ray energy in Figure 4. As can be seen from
this figure, there is a great variety of analytical functions that
is used to describe the efficiency dependence on the energy.
The solid line represents a second degree polynomial fit
that gives a good description with the correlation coefficient
between the efficiency values and the gamma ray energies,
which is about 𝑅2 = 0,94.

As the detection efficiency of the NaI(Tl) detector can
vary with the distance to the detector face, the efficiencies
have been obtained for 5 different distances from the detector.
The results are displayed in Figure 5 for 5 different distances
and 6 different energies. It can be seen from this figure that
the detection efficiency has decreased exponentially with the
increasing distance from detector face.

The obtained results have been compared with the
calculation obtained using the same detector size [10].

The comparisons have been displayed in Figures 6 and 7
where 0.5 and 10 cm distances have been used. A good
agreement between experimental and calculated results was
obtained as can be seen from these figures.

3.2. Energy Calibrations and Resolution. The detector system
should be calibrated before using in radiation detection in
order to covert channel number to energy scale. This is
carried out under laboratory conditions that mimic as closely
as possible the experimental conditions. Several radioactive
sources (at least 3 different energy peaks) are used to get
certain peak to see channel number.This is usually done using
137Cs and 60Co radioactive sources as they produce 𝛾-ray
energy of 662, 1170, and 1332 keV, respectively. In Figure 8 the
𝛾-ray spectrum obtained from those sources and related fit
has been displayed.
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The energy resolution of a detector system is obtained
from the peak full width at one-half of the maximum height
(FWHM) of a single peak using the following equation:

𝑅 =

FWHM
𝐸
𝑜

× 100. (2)

Here𝑅 is energy resolution and𝐸
𝑜
is the related energy. It will

provide the separation for two adjacent energy peaks which
will lead to identification of different nuclide in spectrum.
The measured energy resolution of the NaI(Tl) detector is
displayed in Figure 9 as a function of gamma ray energy. It
can be seen from this figure that the energy resolution of
the NaI(Tl) detector decreased with the FWHM with the
increasing gamma ray energy.
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4. Conclusions

Thedetection efficiency and energy resolution for theNaI(Tl)
scintillation detectors were measured.The variation of detec-
tion efficiency with the gamma ray energy and detection
distance was also investigated. It was found from this work
that the detection efficiency depends on gamma ray energy
and also source distance to the detector.
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Theoretical calculations of mass attenuation coefficients, partial interactions, atomic cross-section, and effective atomic numbers of
PbO-based silicate, borate, and phosphate glass systems have been investigated at 662 keV. PbO-based silicate glass has been found
with the highest total mass attenuation coefficient and then phosphate and borate glasses, respectively. Compton scattering has
been the dominate interaction contributed to the different total attenuation coefficients in each of the glass matrices. The silicate
and phosphate glass systems are more appropriate choices as lead-based radiation shielding glass than the borate glass system.
Moreover, comparison of results has shown that the glasses possess better shielding properties than standard shielding concretes,
suggesting a smaller size requirement in addition to transparency in the visible region.

1. Introduction

The interaction of high-energy photons withmatter is impor-
tant in radiation medicine and biology, nuclear engineering,
and space technology. Glass has double functions of being
transparent to visible light and absorbing gamma rays and
neutrons, thus, providing a radiation shielding for observers
or experimenters. It may also be mentioned that verifications
are an interesting option for long-term storage of radioactive
waste products [1].

Nowadays, the existing dense silicate flints and their
radiation-resistant analogs are characterized by an insuf-
ficiently high radiation-optical resistance, a yellowness as
a result of a low transmission in the blue and near-UV
spectral ranges, high melting temperatures, and a low optical
homogeneity due to the corrosive interaction of melts with
refractory used for fabricating crucibles and other units of
production accessories of a melting facility. This limits the
possibility of using radiation-resistant silicate flints for man-
ufacturing radiation-shielding viewingwindows for so-called
“hot” chambers, medical or industrial radiation facilities, and
nuclear and chemical reconnaissance vehicles. Although the
existing dense silicate flints have long beenmanufactured on a
commercial scale, it was necessary to design the composition

of a new glass that should be transparent over a wider
spectral range and have radiation-optical resistance and
radiation-shielding properties, at least, no worse than similar
characteristics of the existing silicate flints [2].

During the last two decades, borate and phosphate glasses
have been investigated extensively, yet there is still a great
interest in developing new glasses suited for the demands
of both industry and technology. Borate glasses have the
promising application for the metal-ceramic seals for their
lowing melting temperature and high thermal expansion
coefficient matching with that of metals. In such applications,
it is found that the glass does not bond directly to the metal
but to an oxide that is conventionally formed by a thermal
treatment on the metal prior to bonding. The resulting
oxide acts as a bonding agent in that it is bonded to the
underlying metal and the glass material [3]. In any case,
phosphate glasses have low glass transition temperatures, low
optical dispersions, and relatively high thermal expansion
coefficients [4, 5]. Furthermore, the poor chemical durability,
high hygroscopic, and volatile nature of phosphate glasses
prevented them from replacing the conventional glasses in
a wide range of technological applications. These properties
make themuseful candidates for fast ion conductingmaterial,
biomedical application, and biocompatible materials, such as
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bone regeneration application [6] and shieldingmaterials [7].
However, the reports of phosphate glass in radiation shielding
glass are very limited. Arbuzov and Fyodorov [7] studied
optical, spectral, and radiation shielding properties of high
lead phosphate glasses.

Good reviews on radiation shielding glass development
have been published recently by several authors for several
glass matrices, silicate glass [8], borate glass [9–11], and
phosphate glass [2, 7]. In this work, we have calculated the
mass attenuation coefficients, the partial interaction, and the
effective atomic numbers of silicate, borate, and phosphate
glass containing PbO at 662 keV, using WinXCom software.
The comparisons of radiation shielding properties between
glass matrices are also discussed. The glass formulas in this
study are 𝑥PbO : (100 − 𝑥)SiO

2
, 𝑥PbO : (100 − 𝑥)B

2
O
3
, and

𝑥PbO : (100 − 𝑥)P
2
O
5
, where 𝑥 is varied from 30 to 70% by

weight.

2. Theory and Method

In this section, we summarize theoretical relations used in the
present work. The total probability for interaction 𝜇, called
the total linear (𝜇) attenuation coefficient, is equal to the sum
of the partial probabilities [12]:

𝜇 = 𝜏 + 𝜎 + 𝜅, (1)

where 𝜏, 𝜎, and 𝜅 are the probability for photoelectric absorp-
tion, Compton scattering, and pair production, respectively,
and can be derived from the following formula [12]:

𝜏 (cm−1) = 𝑎𝑁(𝑍
𝑛

𝐸
𝑚

𝛾

) [1 − 𝑓 (𝑍)] ,

𝜎 (cm−1) = 𝑁𝑍𝑓 (𝐸
𝛾
) ,

𝜅 (cm−1) = 𝑁𝑍2𝑓 (𝐸
𝜆
, 𝑍) ,

(2)

in which 𝑎 is a constant coefficient, independent of 𝑍 and
𝐸
𝛾
. Parameters 𝑚 and 𝑛 are constants with values between

3 and 5 depending on gamma energy. 𝑁 is atomic density
and 𝑍 is atomic number. Although the coherent scattering
can appear, but it has very tiny influence at high energy.
Theoretical values of the mass attenuation coefficients (𝜇

𝑚
)

of mixture or compound have been calculated byWinXCom,
based on the mixture rule [13]. Thus

𝜇

𝜌

= 𝜇
𝑚
=

𝑛

∑

𝑖

𝑤
𝑖
(𝜇
𝑚
)
𝑖
, (3)

where (𝜇
𝑚
)
𝑖
is themass attenuation coefficient for the individ-

ual element in each component and𝑤
𝑖
is the fractional weight

of the element in each component.Thismixture is valid when
the effects of molecular binding and chemical and crystalline
environments are negligible. Theoretical values for the mass
attenuation coefficient can be found in the tabulation by
Hubbell and Seltzer. A lot of manual work can be saved
by using suitable software. Berger and Hubbell developed
XCOM for calculating mass attenuation coefficients or pho-
ton interaction cross-sections for any element, compound, or

Table 1: Total mass attenuation coefficients of PbO containing
silicate, borate, and phosphate glass systems at 662 keV.

PbO composition
(wt%)

𝜇
𝑚
(×10−2 cm2/g)

Silicate glass Borate glass Phosphate glass
30 8.64 8.51 8.58
40 8.95 8.84 8.89
50 9.25 9.16 9.21
60 9.56 9.48 9.52
70 9.86 9.81 9.83

mixture at energy from 1KeV to 100GeV. Recently, XCOM
was transformed to the Windows platform by Gerward et al.
[14], called WinXCom.

WinXCom can generate cross-section or attenuation
coefficients of element, mixture, and compound on a stan-
dard energy grid, spaced approximately logarithmically, on
a grid specified by the user, or for a mix of both grids.
The program provides total cross-sections and attenuation
coefficients as well as partial cross-section for incoherent
and coherent scattering, photoelectric absorption, and pair
production. For compound, the quantities calculated are
partial and total mass attenuation coefficients. Total atten-
uation coefficients without the contribution from coherent
scattering are also given, since they are often used in gamma-
rays transport calculation [15].

3. Results and Discussion

The total mass attenuation coefficients of the three PbO
containing glass systems are shown in Table 1. From the
table, the total mass attenuation coefficients of PbO-based
silicate glass are higher than in phosphate and borate glasses,
respectively, showing that photons are more attenuated in
silicate glass than the other two glasses. It was found that
the total mass attenuation coefficients were increased with
increasing PbO concentration in all glass systems as shown
in Table 2. This is due to increasing of interactions via
photoelectric absorption in glass samples.The increasing rate
and values of photoelectric absorption in all glass systems are
comparable and proportional with PbO content.

The variation of Compton scattering with PbO concen-
tration in all glass systems is shown in Figure 1; the Compton
scattering decreases with increasing PbO concentration. The
decreasing rates of Compton interaction in all glass systems
are comparable. The Compton scattering in silicate glass
shows the highest in value and then phosphate and borate
glass, respectively, reflecting that photons are better scattered
in silicate glass at this energy. Moreover, Table 2 shows that in
all the glass systems, Compton scattering is a dominate inter-
action process in this work. These results are explained with
total mass attenuation values. While the coherent scattering
has only weak effect on the total mass attenuation coefficients
for all glass systems, the pair production interaction does
not occur because the energy is lower than 1.02MeV. This
work has been in good agreement with experimental works
by Kirdsiri et al. [16], Singh et al. [11], and Singh et al. [8] in
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Table 2: Partial interaction of PbO containing silicate, borate, and phosphate glass systems at 662 keV.

PbO composition (wt%) Silicate glass Borate glass Phosphate glass
Photoelectric interaction at 662 keV (×10−2 cm2/g)

30 1.21 1.21 1.21
40 1.61 1.61 1.61
50 2.01 2.01 2.01
60 2.42 2.41 2.42
70 2.82 2.82 2.82

Compton interaction at 662 keV (×10−2 cm2/g)
30 7.23 7.11 7.16
40 7.07 6.97 7.01
50 6.92 6.83 6.87
60 6.76 6.69 6.72
70 6.60 6.55 6.57

Coherent interaction at 662 keV (×10−2 cm2/g)
30 0.20 0.19 0.20
40 0.26 0.26 0.26
50 0.32 0.32 0.32
60 0.38 0.38 0.38
70 0.44 0.44 0.44
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Figure 1: The Compton scattering interaction of PbO containing
silicate, borate, and phosphate glass systems at 662 keV.

the case of lead borate, bismuth borate, and lead silicate glass
systems, respectively. All of partial interaction data are shown
in Table 2 along with their PbO concentrations.

3.1. Cross-Sections and Effective Atomic Numbers. In this
section, the total atomic cross-section, 𝜎

𝑡,𝑎
, can be expressed

as

𝜎
𝑡,𝑎
=

1

𝑁
𝐴

∑

𝑖

𝑓
𝑖
𝐴
𝑖
𝜇
𝑚,𝑖
, (4)

where𝑓
𝑖
is the fractional abundance of element 𝑖with respect

to number of atoms,𝐴
𝑖
is the atomic weight of element 𝑖, and

𝑁
𝐴
is the Avogadro constant. Similarly to the total electronic

cross-section, 𝜎
𝑡,𝑒
, is expressed by the following formula:

𝜎
𝑡,𝑒
=

1

𝑁
𝐴

∑

𝑖

𝑓
𝑖

𝐴
𝑖

𝑍
𝑖

𝜇
𝑚,𝑖
. (5)

The total atomic and electronic cross-sections are related
to the effective atomic number, 𝑍eff, through the following
relation:

𝑍eff =
𝜎
𝑡,𝑎

𝜎
𝑡,𝑒

. (6)

The atomic cross-section and the effective atomic number
of the glasses are shown in Table 3. The results show that
the effective atomic numbers were increased with increasing
of PbO concentration in all glass systems. It is due to the
increasing of photoelectric absorption; as with theoretical
approach, the photoelectric absorption depends on atomic
number while on the other hand the Compton scattering
tends to depend on density [17].The effective atomic numbers
of borate glass are lower than silicate and phosphate glass,
respectively; as shown in Figure 2, this is due to lower atomic
cross-section as shown in Table 3. The results are supported
by experimental data from Kirdsiri et al. [16]. Figure 3 shows
the comparison of mass attenuation coefficients between the
glass systems and two concrete systems (ordinary concrete
and barite concrete) [10]. It has been observed that all glass
systems can obtain better shielding properties than the two
concretes for all PbO concentrations, reflecting that the PbO
containing glasses can be very useful as radiation shielding
materials.
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Figure 2: (a)The effective atomic numbers of PbO containing silicate, borate, and phosphate glass systems at 662 keV; (b) expansion view of
(a).

Table 3: Total atomic cross-sections and effective atomic numbers
of PbO containing silicate, borate, and phosphate glass system at
662 keV.

Composition of PbO
(wt%)

𝜎
𝑡,𝑎

(b/atom)
Silicate glass Borate glass Phosphate glass

30 3.81 2.67 3.83
40 4.43 3.15 4.45
50 5.22 3.77 5.25
60 6.26 4.62 6.30
70 7.71 5.86 7.75
Composition of PbO
(wt%)

𝑍eff (electron/atom)
Silicate glass Borate glass Phosphate glass

30 14.43 10.20 14.48
40 16.54 11.89 16.61
50 19.15 14.06 19.24
60 22.47 16.93 22.59
70 26.84 20.93 26.97

Furthermore, the results suggested that silicate and phos-
phate glass systems are more appropriate than borate glass
system as lead-based radiation shielding glass.

4. Conclusion

In thiswork, themass attenuation coefficients, partial interac-
tions, atomic cross-section, and the effective atomic numbers
of silicate, borate, and phosphate glass systems containing
PbO have been investigated. It has been found that silicate
andphosphate glass systems aremore appropriate than borate
glass system in the case of lead-based radiation shielding
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Figure 3: The mass attenuation coefficients of PbO containing sili-
cate, borate, and phosphate glass systems at 662 keV in comparison
with two shielding concretes.

glass. However, each glass system may be used depending on
the intended application and experimental rechecks which
are vital. Our results showed that the glasses are potential can-
didates for gamma-rays shielding materials. They exhibited
with better values of shielding properties in comparison with
some standard shielding concretes. This suggested a smaller
size requirement in addition to transparency in the visible
region.

Further investigations on the photon absorption in the
glass materials are in progress, especially on other theoretical
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treatments such asX-ray form factor, attenuation, and scatter-
ing table (FFAST) [18, 19] to establish uncertainties estimation
for better reliability of the results.
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We describe the performance of a notebook PC under a high dose-rate gamma ray irradiation test. A notebook PC, which is small
and light weight, is generally used as the control unit of a robot system and loaded onto the robot body. Using TEPCO’s CAMS
(containment atmospheric monitoring system) data, the gamma ray dose rate before and after a hydrogen explosion in reactor
units 1–3 of the Fukushima nuclear power plant was more than 150Gy/h. To use a notebook PC as the control unit of a robot system
entering a reactor building to mitigate the severe accident situation of a nuclear power plant, the performance of the notebook PC
under such intense gamma-irradiation fields should be evaluated.Under a similar dose-rate (150Gy/h) gamma ray environment, the
performances of different notebook PCs were evaluated. In addition, a simple method for a performance evaluation of a notebook
PC under a high dose-rate gamma ray irradiation test is proposed. Three notebook PCs were tested to verify the method proposed
in this paper.

1. Introduction

After the criticality accident at the JCO uranium refinery in
1999, Japan developed a number of robot systems for emer-
gency response to accidents at nuclear facilities including
nuclear power plants [1–4]. In the nuclear robot system for
emergency preparedness developed after the JCO criticality
accident in 1999, the radiation-hardness design life (20Gy
total irradiation dose) of the robot control unit including
electronic circuits, devices, and Toughbook notebook PCwas
determined assuming that the robot should work for two
hours in 10Gy/h gamma ray dose-rate environments [5].
TEPCO(TokyoElectric PowerCompany) improved aQuince
robot for responding to underground facility disasters, devel-
oped by the Chiba Institute of Technology and Tohoku Uni-
versity, and used it in the accident at the Fukushima Daiichi
nuclear power plant [6]. The radiation resistance of the com-
mercial electronic parts used in the Quince robot was evalu-
ated through a gamma ray irradiation experiment using aCo-
60 gamma ray source on April 15 and April 20, 2011. A 200Gy
TID (for 10 hours at a 20Gy/h dose rate) was irradiated onto

the CPU board and camera.The experimental results showed
that the camera failed at over a 169Gy cumulative irradiation
dose, while the CPU board worked normally [7]. During the
accident at the Fukushima Daiichi nuclear power plant, the
gamma ray dose rate before and after the nuclear reactor core
meltdown, followed by a hydrogen explosion in units 1 and
3 reactor buildings, was more than 150 Sv/h [8]. The ultimate
objective of nuclear power plant safety is to prevent the release
of radioactive material into the environment. To achieve this
objective, a robot system for emergency preparedness in a
nuclear power plant should enter the reactor building and
PCV (primary containment vessel) and carry out missions
to manipulate vent valve operations for the discharge of
radioactive gas through a stack. In the stack, a filtration unit
is installed to remove radionuclides so that the release of
radioactive material into the atmospheric environment can
be prevented. Therefore, assuming that a robot system enters
the reactor building to prevent or mitigate a severe accident
in a nuclear power plant, the robot system should be able to
manipulate the components for supplying water inside the
reactor area to cool down the decay heat of the reactor core
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and the valves (open or close) for gas (or steam) discharge in
a gamma ray dose-rate environment of more than 150 Sv/h.
This means that the robot control unit (notebook PC)
composed of semiconductor typed electronic devices, which
are embedded in the main body of the robot system, can be
operated reliably in a high radiation environment of more
than a 150 Sv/h gamma ray dose rate.

In this paper, we describe the performance of a notebook
PC under a high dose-rate gamma ray irradiation test. Under
the 150Gy/h gamma ray dose-rate irradiation environments,
the performances of notebook PCs are evaluated using an
online method. In addition, a simple method for a perfor-
mance evaluation of a notebook PC under high dose-rate
gamma ray irradiation test is proposed. The method uses an
abrupt change in the speckle distribution owing to gamma
ray irradiation. A notebook PC under high dose-rate gamma
ray irradiation test is placed at the target distance from the
Co-60 (gamma ray) source. A pilot application program for
checking the status of the notebook PC under gamma ray
irradiation testing is executed on the same notebook PC
under test. The menus of the pilot application programs are
then displayed on the LCD screen of the PC under test.
A CCD (or CMOS) camera is placed relatively far from
the gamma ray source, compared to the target distance of
the notebook PC under test. By monitoring an LCD screen
using a CCD camera, positioned far from the notebook PC
under a gamma ray irradiation test, we can observe the
status of the pilot application program (i.e., the operation
status of the notebook PC). As the monitoring CCD camera
is far from the Co-60 gamma ray source compared to the
notebook PC under testing, the intensity of the gamma
ray, irradiated onto the monitoring CCD camera, is weak.
However, speckles from gamma ray irradiation appeared in
the monitoring CCD camera image. When there was no
change in the background (gamma ray irradiation facility)
during the gamma ray irradiation test, the speckle distribu-
tion appearing in themonitoring camera image was uniform.
A uniform speckle distribution means that the test sample
(notebook PC) is exposed to a constant radiation dose rate.
As the irradiation time is increased, the cumulative radiation
exposure dose in the notebook PC is also increased. The
status of the pilot application program changes abruptlywhen
the totally irradiated dose of the notebook PC exceeds the
radiation-hardened dose level of the notebook PC. In this
case, the menu of the pilot application program disappears
from the LCD screen of the notebook PC, or the menu of
an unexpected application program appears, thereby causing
an abrupt change in the speckle distribution. By detecting
this change in the speckle distribution, it is possible to easily
discriminate a performance degradation of the notebook PC
under a high dose-rate gamma ray irradiation test.

2. Gamma Ray Dose Rate before
and after Hydrogen Explosion

Owing to the SBO (station blackout, i.e., complete loss of
AC power in the power plant) caused by an earthquake and
tsunami, reactor units 1–3 at the Fukushima Daiichi nuclear

G
am

m
a r

ay
 d

os
e r

at
e (

Sv
/h

)

100

10

1

CAMS D/W channel A
(unit 3 reactor)

At around 11:01
on March 14, 2011,
a hydrogen explosion
occurred inside the R/B.

Packbot
robot
(04-17 11:30)

2011-03-14 8:15 2011-03-18 21:05 2011-04-07 19:30
Japanese standard time

Figure 1: Gamma ray dose rates of the PCV D/W area in unit 3
reactor.

power plant lost their emergency core cooling function. In the
case of unit 1 reactor, even the instrumentation system did
not work owing to the inundation of the DC power source
supplied by the backup batteries. According to CAMS (con-
tainment atmospheric monitoring system) data of the PCV
D/W(drywell) region in unit 1 reactor, whichwas announced
by TEPCO, the gamma ray dose rate was 164 Sv/h on March
14, 06:00, at which time more than one day had passed since
the hydrogen explosion on March 12, 15:36. In the case of
unit 2 reactor, the maximum dose rate was 138 Sv/h in the
CAMS D/W channel at the time of the meltdown, which
was followed by PCV damage. In the case of unit 3 reactor,
the maximum dose rate was 167 Sv/h before the hydrogen
explosion (March 14, 11:01) and 154 Sv/h after it. Figure 1
shows the gamma ray dose-rate distribution of the PCVD/W
region of unit 3 reactor. The 𝑥-axis in Figure 1 represents
about one month of measurement time, from before the
hydrogen explosion to when the Packbot robot entered unit
3 reactor building for the first time (April 17, 11:30). The
measurement time interval was one hour, on average. The
𝑦-axis represents the gamma ray dose rate. Unit 3 reactor
experienced a hydrogen explosion around March 14, 2011, at
11:01, and the gamma ray dose rate in CAMS D/W channel
A at the time immediately before the explosion (March 14,
10:55) was 154 Sv/h. No measurement data were provided for
more than four days, owing to the impact of the hydrogen
explosion. In addition, the gamma ray dose rate in CAMS
D/W channel A at the time of the Packbot robot entry was
15.9 Sv/h.

Figure 1 shows the gamma ray dose-rate distribution in
the atmosphere between the exterior wall of the RPV (reactor
pressure vessel) and the inner wall of the PCV. Since the
Packbot robot system entered an area between the exterior
wall of the PCV and the inner wall of the reactor building
(R/B), it carried out its mission in a much lower dose-rate
environment than that of the measured value in the CAMS
D/W channel.
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Figure 2: Schematic diagram for gamma ray irradiation test of the notebook PC.

3. Experiments

Figures 2 and 3 show the experimental setup. The notebook
PC under test was gamma ray irradiated at a dose rate of
150Gv/h (19.6 cm distance from Co-60 gamma ray source)
until failure. A pilot application program to check the
abnormal status of the notebook PC owing to the cumula-
tive gamma ray irradiation dose was executed. A RS-232C
loopback test program was executed as the pilot application
program, and the menu of the pilot application program was
displayed on the LCD screen of the notebook PC under the
gamma ray irradiation test. Then, using another monitoring
CCD camera, installed at a 340 cm distance (2.11 Gy/h) from
the radiation source (Co-60), the LCD screen of the notebook
PC under test was observed online. We adjusted the field
of view of the monitoring CCD camera such that the LCD
screen of the notebook PC under gamma ray irradiation
testing was shown fully on the image plane of the monitoring
CCD camera. The distance of the monitoring CCD camera
from the Co-60 source was determined to be relatively long
compared to the notebook PC under test because the camera
should robustly observe the status of the pilot application pro-
gram until the notebook PC under the gamma ray irradiation
test failed. As shown in Figures 2 and 3, the main body of
the notebook PC under test is nearer to the Co-60 gamma
ray source than the LCD screen of the notebook PC under
test.Thus, the intensity of the gamma ray dose-rate irradiated
at the main body of the notebook PC under test is greater
than the LCD screen of the same notebook PC under test.
Assuming that the ASIC FPGA, CPU, DSP, and electronic
devices, which are generally used in the LCD driver unit and
main body of the notebook PC, are made through the CMOS
fabrication process, we can estimate that themain body of the
notebook PC will fail to function prior to the LCD screen of
the same PC as the gamma ray irradiation time elapsed. To
discriminate an accurate malfunction point of the notebook
PC under a gamma ray irradiation test, the time log ismarked
on the upper position of the image plane of the monitoring
camera. In addition, the observation image of the LCD screen

of the notebook PC under testing was periodically recorded
on the hard disk of the data logger system (notebook PC),
placed in the control room as shown in Figure 2. A USB-2-
RS232C conversion module for the RS-232C loopback test is
placed behind the lead block (50 × 100 × 200mm), as shown
in Figure 3. As the thickness of the lead block is 50mm, the
intensity of the gamma ray dose-rate irradiated at the USB-2-
RS232C conversion module is reduced by less than 1/10. The
TVT (tenth value thickness) of the leadmaterial for theCo-60
gamma ray source is 40mm [9]. The TVT is the thickness of
material required to reduce the gamma radiation to one-tenth
the intensity. As the cumulative gamma ray irradiation dose
increases, the status of the pilot application program of the
notebook PC under gamma ray irradiation test is estimated
to change. When the notebook PC is under a normal status,
the menu screen of the pilot application program does not
change. Therefore, speckles appearing in the image of the
monitoring CCD camera show a uniform distribution.When
the notebook PC is over irradiated beyond the endurance
limit of the cumulative gamma ray dose, a subtle change in the
menu screen of the pilot application program of the notebook
PCunder test occurs. By detecting this, the abnormality of the
notebook PC owing to a cumulative gamma ray dose beyond
the endurance limit can be identified.

4. Results and Discussion

Figure 4 shows the menu screen of the pilot application
program executed in the notebook PC under test before the
gamma ray irradiation. Figure 5 shows the menu screen of
the pilot application program (RS-232C loopback test) of the
notebook PC under test during the gamma ray irradiation.
The unique difference between Figures 4 and 5 is the
speckles. Before the gamma ray source (Co-60) is placed
at its irradiation point, the menu of the pilot application
program is only observed in the monitoring CCD camera
image, as shown in Figure 4. After the source is uploaded
to its irradiation position, speckles from the gamma ray are
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Figure 3: Experimental setup for the notebook PC under a high
dose-rate gamma ray irradiation test.

Figure 4: Menu image of the pilot application program, executed
on a notebook PC under test (before gamma ray irradiation).

superimposed onto the image of the monitoring camera, as
shown in Figure 5. In Figure 5, the white dots in the yellow
circles are speckles.

Figure 6 shows the failure of the pilot application pro-
gram observed at a time when the cumulative gamma ray
irradiation dose of the notebook PC under test was about
225Gy (150Gy/h × 1.5 h). Figure 6(a) shows the menu of the
pilot application program when the notebook PC under test
is in a normal state during the high dose-rate gamma ray
irradiation. In Figure 6(a), the red (TX) and blue (RX) curves
shown in themenu of the pilot application program (RS-232C
loopback test) of the notebook PC under test represent the
status of the data transmission experiment during the high
dose-rate gamma ray irradiation test. If a data transmission
error occurs, the peak is drawn in the received waveform
(blue curve) at the time of error occurrence, as shown in
Figure 6(a). This means that the notebook PC under a high
dose-rate gamma ray irradiation test is operating normally.
Figures 6(b) and 6(c) show images immediately before and
after the malfunction of the notebook PC under test. After
approximately 81 minutes elapsed, the LCD screen of the
notebook PC under test was abruptly changed. As shown in
Figures 6(c) and 6(d), the LCD screen of the notebook PC
under test blacked out.

To discriminate whether the failure (phenomena of the
LCD screen blackout) of the notebook PC under test was
caused by the LCD driver unit or the main body of the same

Figure 5: Menu image of the pilot application program, executed
on a notebook PC under test (during gamma ray irradiation, about
15min elapsed).

PC, an extended test of the postirradiated notebook PC was
conducted for 24 hours in a laboratory (room temperature
environment) similar to a control room environment after
the gamma ray irradiation experiment was over. Thus, test
programs were executed again for 24 hours in the postirra-
diated notebook PC. In this test, we continuously monitored
the LCD screen of the postirradiated notebook PC. Until the
initial 4 hours approximately, the notebook PC was normally
operated as shown in Figure 7(a). After that, there were
abrupt changes in the menu screen of the initial setup of
the postirradiated notebook PC (shown in Figure 7(b)), and
the windows of various unintended application programs
appeared and disappeared repetitively from the LCD screen
of the notebook PC, as shown in Figures 7(b), 7(c), and 7(d).
From such observation, we could convince that there was no
problem in the LCD driver unit and some functions related
with LCD display were not working properly in the main
body of the notebook PC during the gamma ray irradiation
test.

Gamma ray energy is emitted through a nuclear decay
reaction of C0-60. If a CCD camera is exposed to a high-
energy gamma ray, white noises (speckles) are generated in
the CCD camera image sensor. Since the decay of the Co-
60 gamma ray source occurs randomly, speckles in the image
of the CCD camera, exposed by the high-energy gamma ray
source, appeared randomly frame by frame. It can be assumed
that the pixel positions of the speckles in the image plane of
the CCD camera, generated from the gamma ray irradiation,
are also different frame by frame. Although the speckle dis-
tribution shown in the two-dimensional CCD image sensor
plane is similar, the speckles appearing at certain pixel coor-
dinates of the current image frame of the CCD camera are
hardly generated at the same pixel coordinates of the next
image frame of the CCD camera. The half-life of the Co-
60 radiation source is approximately more than five years. A
characteristic of gamma ray energy emitted from the Co-60
source does not change during an approximately two-hour
irradiation period.Therefore, we can calculate the number of
speckles in the image plane of the monitoring CCD camera,
generated fromgamma ray irradiation. Speckles fromgamma
rays are shown well in Figures 6(c) and 6(d). In this paper,
the number of speckles generated from gamma rays was
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(a) During irradiation (11:02:45, 46min elapsed) (b) Immediately before malfunction (11:37:41)

(c) Immediately after malfunction (11:37:42) (d) After malfunction (11:38:02, 42)

Figure 6: Menu images of the pilot application program, executed on a notebook PC under a high dose-rate gamma ray irradiation test.

(a) Initial menu on the LCD screen (b) LCD screen after 4 hours elapsed

(c) LCD menu after 6.5 hours elapsed (d) LCD screen after 9 hours elapsed

Figure 7: LCD screen changes of the postirradiated notebook PC during the annealing test after gamma ray irradiation experiment.
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Figure 8: Speckle extraction using an image subtraction algorithm.

calculated through an image processing technique. Since
the notebook PC under the gamma ray irradiation test and
the monitoring CCD camera were placed at a fixed position
in the gamma ray irradiation facility and the surrounding
environments (background) are not changed, speckle compo-
nents generated from the gamma rays can be extracted simply
using a background subtraction method. The number of
speckles is calculated by (1) and (2):

Δ𝐼
𝑛
= 𝐼
𝑛
− 𝐼
𝑛−1
, (1)

where Δ𝐼
𝑛
is a differential image and 𝐼

𝑛
and 𝐼
𝑛−1

are the 𝑛th
and 𝑛−1th image frame, respectively.The number of speckles
is extracted using the image subtraction algorithm of the
previous (𝑛 − 1th) image frame from the current (𝑛th) image
frame.𝐺

𝑖,𝑗
is a gray level at the (𝑖, 𝑗) position in the differential

imageΔ𝐼
𝑛
. And𝐺threshold is a threshold value to remove noises

in theΔ𝐼
𝑛
image. 𝑆

𝑖,𝑗
is a speckle at the (𝑖, 𝑗) coordinates in the

differential image Δ𝐼
𝑛
. Consider

Δ𝐼
𝑛 Speckles total counts =

𝑛

∑

𝑖=1

𝑚

∑

𝑗=1

𝑆
𝑖𝑗
,

𝑆
𝑖𝑗
= 1, if 𝐺

𝑖𝑗
≥ 𝐺threshold,

𝑆
𝑖𝑗
= 0, else 𝐺

𝑖𝑗
< 𝐺threshold.

(2)

Figure 8 shows the speckle extraction procedure using (1) and
(2). As shown in Figure 8, speckles in the graphed region of
the pilot application program are hidden by the white com-
ponent of the drawing area.

Figure 9 shows the speckle distribution calculated from
the images of the monitoring CCD camera, which observed
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and recorded the LCD screen of the notebook PC under the
high dose-rate gamma ray irradiation test.

In Figure 9, the numbers in the 𝑥-axis represent the num-
bers of image frames, stored at one-second intervals during
the gamma ray irradiation period; that is, the 𝑥-axis is the
irradiation time (frame numbers × sampling time). The 𝑦-
axis shows the number of speckles calculated using (1) and
(2). In Figure 9, the number of speckles up to approximately
the 5,878th frame was around 130 on average; the number of
speckles after that frame was around 300. From this result,



Science and Technology of Nuclear Installations 7

it can be seen that the reliable performance of the notebook
PC under a high dose-rate gamma ray irradiation test was
degraded after the 5,878th frame, which was the time when
a change in the speckle distribution occurred abruptly from
the normal status, as shown in Figure 6(b), to an abnormal
(blackout of menu screen) status, as shown in Figure 6(c).
Since the menu screen of the pilot application program of
the notebook PC under gamma ray irradiation test had
a white background, as shown in Figures 6(a) and 6(b),
speckles (white components) generated by the gamma rays
were not unveiledwell under the condition of the brightwhite
background.The reason for the subsequent high distribution
of speckles after the 5,878th frame was because the FOV
background of the monitoring CCD camera was changed
owing to the blackout of the menu screen of the pilot appli-
cation program of the notebook PC under the gamma ray
irradiation test. Since the background screen of the appli-
cation program for the online test of the notebook PC was
white before failure, speckles (white components) generated
in the image of themonitoring CCD camera from the gamma
rays were veiled in the bright white background screen and
therefore showed a small distribution. Then, after failure of
the notebook PC, the menu screen of the pilot application
program was blacked out, and the background screen was
darkened; speckles (white components) generated in the
image of the monitoring CCD camera due to the gamma rays
werewell unveiled in the dark background screen and thereby
showed a relatively high distribution.The limiting conditions
(cumulative irradiation dose) for normal operation of the
notebook PC under high dose-rate (150Gy/h) gamma ray
environments can be obtained, assuming that the image
frame number that showed abrupt changes in the speckle
distribution was 5,878, as shown below:

TIDdose limit of notebook PC =
(612 − 166) + (5,878 − 1,157)

3, 600

(h)

× 150 (Gy/h) ≅ 215Gy.

(3)

In (3), 612 is the image frame number when the Co-60 source
returns to its shelter, and 166 is the image frame number of the
monitoring camera when the gamma ray irradiation exper-
iment starts. The time span for first gamma ray irradiation
experiment is 446 seconds. And the elapsed time for 2nd
gamma ray irradiation experiment is about 1.3 hours. Table 1
shows comparisons of the notebook PCs under high dose-
rate gamma ray irradiation testing.

In the case of the 2nd sample, although the menu of the
pilot application program disappeared from the LCD screen
of the notebook PC under testing, the core function of the
pilot application program worked normally for 134 minutes
until the cumulative gamma ray irradiation dose reached
337Gy (150Gy/h × 134min/60min). The notebook PC (3rd
sample) under a high dose-rate gamma ray irradiation testing
survived for 110 minutes. After 94 minutes had elapsed, the
menu of the pilot application program (image acquisition
program) disappeared by an unexpected interruption. It is
estimated that thememory (DRAM)module of the notebook

Table 1: Performance evaluation results of the notebook PCs under
high dose-rate gamma ray irradiation test.

Test samples
(notebook PC)

Dose rate
(Gy/h)

Pilot
application
program

TID at
simple
failure∗1

TID at
irrecoverable
failure∗2

1 (IWORKS) 150

RS-232C
loopback

test
program

215Gy 312Gy

2 (SENS P30) 150
Image

acquisition
program

247Gy 337Gy

3 (X NOTE) 150
Image

acquisition
program

235Gy 275Gy

∗1The menu of the pilot application program disappeared from the LCD
screen of the notebook PC under test, but the core function of the pilot
application program had been normally operated until the irrecoverable
dose; ∗2the startup of the notebook PC was unavailable after irrecoverable
dose.

PCmalfunctioned from an overdose of gamma rays.Thus, 94
minutes is considered a robust operation timewhen assuming
that the notebook PC (3rd sample) would be used as the
control unit of a robot system.

5. Conclusions

In this paper, a method for detecting an abnormal status of
notebook PCs, resulting from a cumulative gamma ray irra-
diation dose, was proposed. The method uses the transient
of a speckle distribution appearing in the CCD image owing
to the gamma ray irradiation. A notebook PC (test sample)
under a gamma ray irradiation survivability test is placed
at a certain distance from the gamma ray source. A CCD
camera for monitoring the status of the notebook PC under
testing is placed at a relatively farther distance, compared
to the notebook PC, from the gamma ray source. Then, a
pilot application program is executed on the notebook PC
under a high dose-rate gamma ray test. A menu of the pilot
application program is displayed on the LCD screen of the
notebook PC under test. The CCD camera observes the LCD
screen of the notebook PC under test. In the monitoring
image of the CCD camera, the menu of the pilot application
program is viewed including speckles. Speckles appearing in
the CCD camera image show that the notebook PC under test
is normally gamma ray irradiated. When the notebook PC is
overirradiated beyond the endurance limit of the cumulative
gamma ray dose, a transient in the menu screen of the pilot
application program, executed on the notebook PC under
test, occurred. By detecting this using a CCD camera, the
abnormality of the notebook PC owing to a cumulative
gamma ray irradiation dose beyond the survivability limit
could be identified.

In this paper, to calculate the speckle distribution gen-
erated in the observation camera from a gamma ray, the
background subtraction processing technique was used.
The gamma ray dose rate for the notebook PC under test
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was set at 150Gy/h by considering the gamma ray dose rate,
measured before the hydrogen explosion that occurred in
units 1 and 3 reactor buildings of the Fukushima Daiichi
nuclear power plant. As the irradiation time increased and
the cumulative irradiation dose of the notebook PC under
test exceeded the threshold, a transient operation in themenu
of the pilot application program, executed on the notebook
PC under test, was found. The menu of the pilot application
program disappeared, or the menu of the nondemanded
application programs appeared on the LCD screen of the
notebook PC under test, thereby making changes in the
speckle distribution. By detecting this change in speckle dis-
tribution, the degradation time from the cumulative gamma
ray irradiation dose of the notebook PC under test can be
estimated accurately. The experimental results verified that
the notebook PC, which can be used as a control unit of a
robot controller, operated robustly without malfunctions for
about 90 minutes under the 150Gy/h gamma ray dose-rate
environments.
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Chord length distributions for rectangular parallelepipeds of various relative dimensions were studied in relation to radiation
hardness testing. For each geometry, a differential chord length distribution was generated using aMonte Carlo method to simulate
exposure to an isotropic radiation source. The frequency and dose distributions of chord length crossings for each geometry, as
well as the means of these distributions, are presented. In every case, the dose mean chord length was greater than the frequency
mean chord length with a 34.5% increase found for the least extreme case of a cube. This large increase of the dose mean chord
length relative to the frequencymean chord length demonstrates the need to consider rare, long-chord-length crossings in radiation
hardness testing of electronic components.

1. Introduction

Microdosimetry is the study of the patterns of energy depo-
sition from ionizing radiation interacting with microscopic
volumes much smaller than the range of secondary particles
generated by the incident particle. Since its inception less
than 50 years ago, it has been very important in the field of
radiobiology [1]. Because of this, metrics evolved around a
standard geometry of a 1 𝜇m sphere [2] and published results
from experimental measurements are related to radiation
interaction with a spherical or cylindrical detector. Over the
past decade or so, increasingly small components have been
developed to meet the demands of the electronics industry
and, as a result, the amount of charge necessary for inducing
a single event effect (SEE) becomes correspondingly smaller
[3]. In deep space SEE production results mainly from the
traversal by heavy ions that make up the galactic cosmic
ray (GCR) spectrum. In low-Earth orbits SEE production
is dominated by proton-induced spallation reactions [3]. As
many of the components manufactured today can easily
have dimensions on the order of several micrometers, the
principles of microdosimetry have application in stability
testing of these microchips intended for use in radiation

fields. However, the differences in geometry between the
sphere and the parallelepiped need to be considered.

A significant amount of work has been performed at
accelerator facilities to test the radiation hardness of elec-
tronic components. Attention is often given to the influence
of geometric factors on SEE rates.While several recent studies
have considered the incident angle of the beam in radiation
hardness testing [4–7], many apparently do not [8, 9] and
this is a crucial factor when analyzing upsets as a function
of energy delivered. It is recognized that some radiation
hardness testing has been focused on the influence of beam
energy, linear energy transfer (LET), and other nongeometry
factors or has had geometry factors as a secondary area of
study.

Even with that recognition in mind, it seems as though
insufficient consideration has been given to geometric effects,
specifically, the influence of long-chord-length crossings on
the dose to the component of interest. It will be demonstrated,
through an analysis of chord length distributions, that these
long-chord-length crossings, despite their relative infrequent
occurrence, are too important to be ignored and must be
considered to completely assess an electronic component’s
susceptibility to SEEs.
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Studying the chord length distributions produced by
random traversals relating to radiation hardness testing is not
a novel concept. Previous work has considered both the dif-
ferential [10–12] and integral [11] chord length distributions.
What is unique, however, is the present consideration of the
dose distributions for chord length crossings in addition to
the commonly used frequency distribution.

2. Methods

The original driving force in the evolution into modern
microdosimetry was the need to characterize the LET of the
incident radiation as it is used somewhat as a marker of
the radiation’s damaging ability [1]. LET, commonly used in
radiation hardness testing of microelectronics, is a macro-
scopic average of the energy lost by the incident radiation
in the direction of traversal and classically carries units of
MeV/cm [13]. For use in radiation biology and due to the
size of the target studied, these units were seen as less than
sufficient so a factor of 10 is employed converting LET into
units of keV/𝜇m, where 10MeV/cm = 1 keV/𝜇m, now much
more meaningful to the volumes of concern. This, however,
does not solve the problem that LET is a one-dimensional
concept that does not describe the radial extent of energy
transfer [14, 15]. At the macroscopic level, different incident
particles may have the same LET at some point along their
path but, due to the dependence of secondary delta-ray
energy as a function of velocity, the local energy deposited
may be very different due to energy escaping the volume of
interest.This radial energy loss is a factor of both the incident
ion velocity and the target geometry. Therefore, microscopic
energy measurements are commonly presented in terms of
the stochastic energy deposition or dose distributions in the
volume and geometry relevant to the study [3].

Themost common stochastic value used inmicrodosime-
try measurements and simulations is lineal energy.The lineal
energy 𝑦 is

𝑦 =

𝜖

𝑙

, (1)

where 𝜖 is the energy imparted to thematter in a given volume
by a single energy-deposition event and 𝑙 is the mean chord
length of the volume [3]. The mean chord length of a convex
body is

𝑙 =

4𝑉

𝑆

, (2)

where 𝑉 is the volume and 𝑆 is the surface area [16].
Microdosimetry spectra [3] are commonly expressed in

terms of the lineal energy 𝑦, its differential distribution 𝑓(𝑦),
and the mean of this distribution 𝑦

𝐹
which is

𝑦
𝐹
= ∫

∞

0

𝑦𝑓 (𝑦) d𝑦. (3)

The dose distribution, reflecting the fact that higher lineal
energies deposit a higher dose [17], is also often considered
where

𝑑 (𝑦) =

𝑦𝑓 (𝑦)

𝑦
𝐹

(4)

and the mean of this distribution, the dose mean lineal
energy, is

𝑦
𝐷
=

1

𝑦
𝐹

∫

∞

0

𝑦
2
𝑓 (𝑦) d𝑦, (5)

where 𝑦
𝐹
is the frequency mean lineal energy from (3). The

frequency mean lineal energy 𝑦
𝐹
is the first moment of the

𝑓(𝑦) distribution and the dose mean lineal energy 𝑦
𝐷
is the

ratio of the second and first moments of the𝑓(𝑦) distribution
[3].

For the case of radiation hardness testing, the methodol-
ogy of 𝑦 can be applied to the chord length of a convex body.
Thus, the frequency distribution of the chord length 𝑓(𝑙) has
a mean value of

𝑙
𝐹
= ∫

∞

0

𝑙𝑓 (𝑙) d𝑙, (6)

where 𝑙 is the differential chord length. The frequency mean
chord length 𝑙

𝐹
calculated by (6) is the numerical equivalent

to the analytical value 𝑙 calculated by (2). It must be kept in
mind that this value is the frequency mean chord length and
this equivalence between 𝑙

𝐹
and 𝑙 only exists because of the

isotropic nature of space radiation.This equivalence does not
exist for nonisotropic sources.

Likewise, again applying the fact that longer chord lengths
result in a higher energy imparted [17], the dose distribution
is

𝑑 (𝑙) =

𝑙𝑓 (𝑙)

𝑙
𝐹

(7)

with a mean value of

𝑙
𝐷
=

1

𝑙
𝐹

∫

∞

0

𝑙
2
𝑓 (𝑙) d𝑙, (8)

where, again, 𝑙 is the differential chord length. These chord
length mean values have the same relationship to the 𝑓(𝑙)
distribution as the𝑦mean values did to the𝑓(𝑦) distribution.
The frequencymean chord length 𝑙

𝐹
is the firstmoment of the

𝑓(𝑙) distribution and the dose mean chord length 𝑙
𝐷
is the

ratio of the second and first moments of the𝑓(𝑙) distribution.
The value 𝑙

𝐷
is the dose mean chord length, that is,

the chord length equal to the mean of the 𝑑(𝑙) distribution.
It is these frequency and dose mean chord lengths, and
perhaps more importantly the difference between the two,
that are of interest in radiation hardness testing. As will be
seen in the next section, these long-chord-length crossings
contribute significantly to the total dose despite their relative
infrequency.

A simple Monte Carlo algorithm, based on previous
work [18] and utilizing a linear congruential random num-
ber generator [19], was implemented to produce the chord
length frequency distributions for each geometry. These
chord length distributions are equivalent to the path length
distributions that would result from exposure to an isotropic
source of charged particles. The novelty of this methodology
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Figure 1:𝑓(𝑙) and 𝑑(𝑙) distributions for a rectangular parallelepiped
with relative dimensions 1 × 1 × 1.

is contained within the analysis of the chord length distribu-
tions; anyMonteCarlo algorithm that is capable of generating
frequency distributions of chord length will suffice.

Starting with the code-produced frequency distribution
𝑓(𝑙), the frequency mean chord length 𝑙

𝐹
was calculated

according to (6), the dose distribution 𝑑(𝑙) was produced
according to (7), and the dose mean chord length 𝑙

𝐷
was

calculated according to (8). This work is limited in scope
to the rectangular parallelepiped (RPP) but the method is
applicable to all convex bodies.

3. Results and Discussion

Frequency and dose distributions of chord length crossings
for RPPs of four unique relative dimensions are presented.
In each plot, the normal-line-weight curve represents the
frequency distribution 𝑓(𝑙) and the heavy-line-weight curve
represents the dose distribution 𝑑(𝑙).

Figure 1 shows the 𝑓(𝑙) and 𝑑(𝑙) distributions for a RPP
with relative dimensions 1 × 1 × 1, a cube. The peak at 1.0
corresponds to the dimension of the same value. Figures 2,
3, and 4 show the 𝑓(𝑙) and 𝑑(𝑙) distributions for a noncubic
RPP with relative dimensions 2.5 × 1 × 0.625, 2 × 2 ×
0.5, and 4 × 4 × 0.4, respectively. Likewise, the peaks in
these distributions correspond to the dimensions of the same
value. Each frequency distribution was produced by 1 × 107
iterations of the Monte Carlo algorithm [18]. A comparison
of 𝑙
𝐹
and 𝑙
𝐷
values for each geometry appears in Table 1 along

with the percent differences between the two.
Each unique geometry presented has the same 𝑙

𝐹
value

despite having unique𝑓(𝑙)distributions. In each case, the𝑓(𝑙)
distributionwas weighted by 𝑙 to produce 𝑑(𝑙), as described in
(7). It is these differences in the 𝑓(𝑙) distributions, as well as
the 𝑙weighting found in the 𝑑(𝑙) distributions, that lead to the
significant differences in the 𝑙

𝐷
values despite each geometry

having the same 𝑙
𝐹
value.
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Figure 2:𝑓(𝑙) and 𝑑(𝑙) distributions for a rectangular parallelepiped
with relative dimensions 2.5 × 1 × 0.625.
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Figure 3:𝑓(𝑙) and 𝑑(𝑙) distributions for a rectangular parallelepiped
with relative dimensions 2 × 2 × 0.5.

Table 1: 𝑙
𝐹
and 𝑙

𝐷
values for a selection of rectangular paral-

lelepipeds of varying relative dimensions.

Relative dimensions 𝑙
𝐹

𝑙
𝐷

% difference
1 × 1 × 1 0.667 0.897 34.5
2.5 × 1 × 0.625 0.667 0.926 38.9
2 × 2 × 0.5 0.667 0.964 44.6
4 × 4 × 0.4 0.667 1.10 65.5

While the long-chord-length crossings are quite rare, they
represent a disproportionately high contribution to the total
dose. This characteristic is made evident by large differences
between the 𝑙

𝐹
and 𝑙
𝐷
values for each geometry presented in

Table 1. Even for the least extreme case of the cube, 𝑙
𝐹
and 𝑙
𝐷

differ by 34.5%. As the RPP becomes less cubic, the difference
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Figure 4:𝑓(𝑙) and 𝑑(𝑙) distributions for a rectangular parallelepiped
with relative dimensions 4 × 4 × 0.4.

between 𝑙
𝐹
and 𝑙
𝐷
increases. For the most extreme case of the

RPP with relative dimensions 4 × 4 × 0.4, 𝑙
𝐹
and 𝑙
𝐷
differ by

65.5%.
A quick comparison to previous work confirms the valid-

ity of the dose mean chord length methodology presented in
(8). Since 𝑙

𝐷
is the ratio of the second and first moments of

the𝑓(𝑙) distribution, it would be expected that the product of
𝑙
𝐹
and 𝑙
𝐷
would be equal to the second moment of the 𝑓(𝑙)

distribution. Simple arithmetic applied to the RPP of relative
dimensions 1 × 1 × 1, a unit cube, gives the second moment
of the 𝑓(𝑙) distribution as

𝑙
𝐹
× 𝑙
𝐷
= 0.667 × 0.897 = 0.598 (9)

which matches the value of 0.5978 given by Coleman as
the second moment of the distribution of the random path
lengths through a unit cube [20].

4. Conclusion

Frequency and dose distributions of chord length crossings
were presented for RPPs of varying relative dimensions, each
with the same frequency mean chord length. The frequency
mean chord length 𝑙

𝐹
and dose mean chord length 𝑙

𝐷
were

presented for each unique geometry. In every case, 𝑙
𝐷
was

greater than 𝑙
𝐹
. Even for the least extreme case of the cube,

𝑙
𝐹
and 𝑙
𝐷
differ by more than 30%.The significant differences

presented between 𝑙
𝐹
and 𝑙
𝐷
illustrate the importance of con-

sidering long-chord-length crossings in radiation hardness
testing despite their relatively low probability of occurrence.
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