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< We developed newer readout methods for the selected techniques.
< We employed chosen methods in realistic in-phantom irradiations.
< Increasing measurement accuracy and readout throughput.
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This paper describes the criteria behind the selection of neutron detection techniques for photoneutron
dosimetry as well as the methods adopted to obtain dosimetric readouts. The work was conducted
within the framework of Working Group 9 (WG9 Radiation Protection Dosimetry in Medicine), coordi-
nated by the European Radiation Dosimetry Group (EURADOS). WG9 research aims at estimating the risk
of second cancer induction due to radiation therapy. Therefore, a comprehensive experimental pro-
gramme was devised to measure doses received by non-target organs-at-risk (OAR) during radiation
therapy. The techniques described in this work were selected and used for the neutron dosimetric
assessment during in-phantom simulations of clinical prostate radiotherapy treatments, carried out in
three European facilities. Non-conformal standard fields were used as a common reference between
different facilities.

Performing neutron measurements near linacs is a complex task, because of the intense pulsed photon
primary field. Therefore, photon insensitive dosimeters such as superheated emulsions (SE) and solid
state nuclear track detectors (SSNTD) were chosen. Their readout procedures were carefully assessed.
Methods were developed to count the large number of tracks and bubbles in SE. These are described in
detail in the present work, along with a brief introduction to the detector physics.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Fast neutron contamination of the x-ray and electron beams
used in radiation therapy poses a significant problem of undue
exposure for the patient, which has been recognized since the
1950s (Laughlin et al., 1951). Advanced radiotherapy techniques, i.e.
intensity-modulated radiotherapy (IMRT), stereotactic and
Medicine, 333 Cedar Street,
x: þ1 203 785 6534.
lvio).

All rights reserved.
volumetric-modulated arc therapy (VMAT), have achieved many
goals in terms of conformal dose distribution and treatment
effectiveness (Wolff et al., 2009), but have not solved the intrinsic
problem of neutron contamination. The structural complexity of
treatment machines may indeed increase the neutron leakage
probability (Zytkovicz et al., 2007). A dosimetric characterization of
mixed photoneutron fields continues to be needed. This requires
specific techniques for assessment of the neutron equivalent dose
from photoneutrons in a clinical environment, during realistic
treatments, where the dominant photon component can saturate
the response of many laboratory neutron counters. For this reason,
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photon insensitive superheated emulsions and solid state nuclear
track detectors are good candidates for out-of-field neutron radi-
ation therapy dosimetry. In-phantom measurements are also made
possible, because of the relatively small detector dimensions. These
devices do not require an external power supply and their readout
can be performed at the end of the irradiation. Passive operation
allows a response which is independent of the neutron flux, so that
detectors can be placed either within the target volume, where
high neutron fluxes can be achieved or at a distance from the
primary axis of the beam, where high detection sensitivity is
required. As amatter of fact, both SE and track detectors, along with
their readout methods, feature high sensitivity, which makes it
possible to detect minimum doses of the order of a microsievert.

This paper describes the criteria behind the selection of neutron
detection techniques for photoneutron dosimetry as well as the
methods adopted to obtain dosimetric readouts. The work was
conducted within the framework of Working Group 9 (WG9 Radi-
ation Protection Dosimetry in Medicine), coordinated by the
European Radiation Dosimetry Group (EURADOS).

The energy response of these detectors needs also to be evalu-
ated with regard to photoneutron spectra in medical accelerators,
where photoneutrons are directly generated by high energy photon
interactions with the x-ray target and the beam flattening filter. To
this component, an evaporation term, with a Maxwellian energy
distribution, is superimposed (Tosi et al., 1991). A further thermal
neutron component is generated by multiple scattering events
within the constructionmaterials and either within the phantom or
patient. In this work, a water filled poly-methyl methacrylate
BOMAB-like phantom was used (Di Fulvio et al., 2013).

The superheated emulsion detectors consist of a suspension of
fluoro-/halo- carbon droplets, dispersed in a tissue equivalent gel.
Importantly, the detector response compares well with the fluence
to kerma equivalent conversion factor for fast neutrons: this is a key
SE feature for dosimetric applications in medical linac fields. Two
types of SE detectors have been considered in this work: super-
heated drop detectors (Università di Pisa, SDD - UNIPI) and bubble
damage detectors (BDT and BD-PND), produced by Bubble Tech-
nology Industries (BTI) �. SE response is temperature dependent:
response energy thresholds of around 200 keV are achieved for
both SDDs and BD-PND at 27 �C operating temperature. These
thresholds do not cause a significant dose underestimation, as the
contribution of thermal neutrons to in-phantom dose is mainly due
to gamma rays, which are produced by the absorption reactions on
hydrogen atoms. The contribution of thermal neutrons is less than
5% of the total dose (Agosteo et al., 1993). This value is below the
overall measurement uncertainty, thus it can be neglected at a first
approximation.

On the other hand, nuclear track dosimeters, also known as
track etch detectors, record recoil charged particles originated by
neutron interactions inside the detector itself or in materials, used
as converters, placed on top of the detector. Neutron dosimeters
developed at Universitat Autònoma de Barcelona (UAB) and at
Politecnico di Milano (Italy) were considered. The first are based on
a Poly-allyl-diglycol carbonate (PADC) track detector, covered with
polyethylene, which produces protons from fast neutrons through
elastic (n,p) scattering, and Makrofol, flattening the high energy
response of the dosimeter in the 0.5e5 MeV energy range. An
additional Nylon layer sensitizes the detector to thermal neutrons,
via the 14N(n,p)14C capture reaction. The response function of the
sensitized detector matches well the fluence to dose equivalent
conversion coefficient in the fast neutron energy range. However, it
overestimates the dose equivalent conversion coefficient in the
thermal range, where it follows the 14N(n,p)14C reaction cross
section (Domingo et al., 2013). Therefore PADC detectors are suit-
able for in-phantom photoneutron measurements assuming that
their readout is weighted by an appropriate position dependent
factor, which accounts for the actual impinging neutron spectrum
on the detectors.

The Radiator Degrader Neutron Spectrometer (RDNS) developed
at Politecnico di Milano consists of a polyethylene (PE) radiator and
an aluminium degrader of variable thickness, placed on top of
a PADC sheet detector. The basic principle of this approach is that
the recoil protons originating from the radiator material must fall
within a definite energy range to penetrate the aluminium layer
and damage the PADC surface. Different response functions are
achieved by the RDNS, by using multiple PE and aluminium
thicknesses. After neutron irradiation, a set of data is obtained,
which is acquired by means of different detectors, one for each
combination of thicknesses. This kind of SSNTD is thus capable of
spectral measurements by unfolding the detector response func-
tion kernel with the acquired data set. The low energy threshold of
RDNS response functions is around 200 keV, so they are preferred
for in-field measurements of linac generated photoneutrons, where
the direct fast component dominates.
2. Basic features of superheated emulsions and readout
methods for out-of-field neutron dose measurements

The application of superheated emulsions in practical neutron
detectors was first introduced by (Apfel, 1979). Nowadays, the
effectiveness of these devices has beenwidely recognized from both
the scientific and technological point of view. This is confirmed by
their classification among neutron detectors by ISO (in preparation)
and ICRU (Deng, 2002). Their working principle has been widely
studied after Seitz (Seitz, 1958) and is based on the kinetic energy
transfer by the charged secondaries, produced by neutrons inter-
actions, to the emulsion drops, hosted in an inert matrix.

Recoil ions are generated by neutron interactions inside the
emulsion. They lose their energy by interacting with the
surrounding material in a relatively small distance of the order of
tenths of microns, at room temperature (d’Errico, 2001). They can
thus induce a phase transition, from liquid to gas, of the metastable
emulsion, which consists of micrometric-size liquid drops, kept in
a superheated state. As the macroscopic effect of neutron interac-
tion is the evaporation of fluoro/halo-carbon emulsion drops, these
devices are also known as bubble detectors. Their response has
been proven to match well the standard dosimetric conversion
coefficients (d’Errico et al., 1998b; Vanhavere et al., 1998). For this
reason, bubble detectors have been used for neutron dosimetric
purposes, in the range between a few 100 keV to about 10 MeV.

This energy range includes the photoneutron spectrumwhich is
present around high-energy radiotherapy x-ray beams. Therefore,
superheated emulsions are often used for the dosimetric charac-
terization of linac-generated photoneutron fields. Passive bubble
counting methods, based on volumetric readout and visual
inspection, have been used extensively for measurements in pho-
toneutron clinical fields (d’Errico et al., 1998a). The two bubble
counting methods presented in this work have been applied to two
kinds of bubble detectors: SDDs, developed at Yale and Pisa
University and BDT and BD-PND, produced by BTI� and provided
by SCK$CEN (Fig. 1). The main features of these two bubble detec-
tors are reported in Table 1.

They mainly differ in the host matrix composition, which is
water based in SDDs and polymeric in BDTs and BD-PNDs. A unified
parameterization of superheated emulsions is made possible with
the reduced superheat factor. Reduced superheat S is defined as
follows, where T is the operating temperature:

S ¼ ðT � TbÞ=ðT � TcÞ (1)



Fig. 1. SDDs (left) and BD-PND (right).
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Tb and Tc are the boiling and critical temperature at a given pres-
sure, respectively (d’Errico, 2013).

Octafluorocyclobutane (C-318) emulsion is used in SDDs, and its
reduced superheat at room temperature is 0.26. Reduced superheat
has been reported since it is a thermodynamic ratio and an index of
how close the operating temperature is to the critical one. It is unity
when the two temperatures Tb and Tc are equal. Reduced superheat is
also significant for the detector energy response. As a matter of fact,
the higher the degree of superheat, the lower the energy required to
generate vapor bubbles. A reduced superheat less than 0.4 implies
a response energy threshold higher than 200 keV, so that the
detector is selectively sensitive to fast neutrons. Since a scattered
low-energy neutron component is expected for in-phantom
measurements, BDT detectors have also been used, which are
sensitive to thermal neutrons via the exergonic 6Li(n,a)3H capture
reaction in a 6Li compound dispersed throughout the polymeric
matrix.

Bubble detectors are very suitable for the measurement of
neutrons in mixed fields, since they are insensitive to the intense
dominant photon flux of this radiation field. C-318 has a moderate
degree of superheat at room temperature. C-318 droplet vapor-
ization requires a linear energy transfer (LET) of about 300 keV/mm
over the critical radius of the bubble. This energy deposition
pattern was shown to be one order of magnitude higher (d’Errico,
2001) than the LET of high energy photoelectrons (>1 keV). C-318
based SDDs were irradiated with 137Cs g-rays and proven to be
completely insensitive to photons at room temperature (d’Errico,
2001). The BD-PND detector photon insensitivity was also tested
and confirmed by means of a variety of gamma sources, i.e. a 60Co
radiotherapy treatment unit (Waller et al., 2003).

SDDs and BTI� detector volumes are slightly different (Table 1
and Fig. 1), nevertheless their diameter is comparable; thus
allowing the detectors to be inserted into plastic channels, as in the
BOMAB-like phantom used in WG9 experimental measurements
Table 1
Comparison of superheated emulsion detectors.

SDD

Energy range 800 keVe20 MeV
Composition Halocarbon C-318
Sensitivity (bubbles mSv�1) 0.2 and 0.5 (average) for two detector sets
Dose range (mSv) From 1 to 5000/2000 for two detector sets
Size L 40eØ 18 mm
Recompression method External apparatus
(d’Errico et al., 2013). Moreover, their cylindrical geometry guar-
anteed a two-axis measurement isotropy.

Neutron detectors were irradiated in reference and standard
clinical radiotherapyfields, as also detailed inDi Fulvio et al., 2013, for
photon doses ranging from 2 to 10 Gy. After irradiation and readout,
a pressure higher than vapor tensionwas applied to condense evap-
orated drops to the liquid superheated state. A complete SDD
recompression takes less than 5 s at a pressure of 7 atm, applied byan
external hydraulic torque. BDTs and BD-PNDs recompression was
instead carried out by means of their built-in screw-cap.

2.1. Optical read-out method

So far, the most effective integral measurements of the number
of bubbles in SDDs were carried out either by measuring the gel
volume increase or by visual inspection. Given the success of studies
on the 3-D dose distributions in neutron-sensitive superheated
emulsions via optical tomography (d’Errico et al., 2008), a scattered
light based bubble detection device has been recently developed.

This consists of a light-tight enclosure holding the superheated
emulsions, which is illuminated from the bottom by three infra-red,
15� half-emission angle LEDs. The scattered light is therefore
sensed by three 980 nm focused planar photodiodes, placed at 120�

along the detector walls. The transducer system estimates the
number of bubbles by measuring the signal current induced in the
photodiodes by scattered light.

After verifying the monotonic increase of scattered light as
a function of the number of bubbles, a maximized sensitivity
configuration has been found (d’Errico and Di Fulvio, 2011). The
output photocurrent not only allowed scattered-light readingswhich
were virtually independent of the bubble-formation position inside
the detector, but which also increased uniformly for each evaporated
bubble, because of the diameter homogeneity of mono-dispersed
drops. The electronic device, acquiring and processing the light-
induced signal, is microcontroller-based. A high impedance input
transresistive low-noise amplifier provides front-end amplification
andfilteringof the integratedoutputphotocurrent. The voltage signal
so obtained is digitized bymeans of a 14 bit resolution ADC. A further
digital mobile-average filtering is then operated by the micro-
controller itself. The amount of detected light is converted either to
the actual number of bubbles or neutron dose and is displayed on an
LCDmodule. A thermistor sensor has also been introduced in order to
implement a digital thermal compensation, where necessary.

The system also automatically memorizes a background signal
for each detector, due to the variable spatial distribution of the
liquid drops, and then subtracts it from the actual measurement.

Because of the high sensitivity of the system, which discrimi-
nates a single bubble, dose measurements with a resolution
between 2 and 5 mSv were achievable.

2.2. Image recognition software applied to bubble counting

A different bubble countingmethod has been developed for BDT
and BD-PND detectors. The optical readout device was not
BD-PND & BDT

200 keVe15 MeV Thermal (1/v for epithermal)
Chlorofluorocarbon R-12 R-12 (plus 6Li compound)
0.03e3.0 (average) 2.7 (average)
1e5350 1.1e112
L 116eØ 19 mm L 123eØ 19 mm
Integrated assembly Integrated assembly
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applicable in this case because the BDT and BD-PND emulsion
holder vial is longer than that for the SDDs (Table 1) and the bubble
diameter is less homogeneous. Bubble counting was thus carried
out by means of image recognition software, developed in Mat-
lab�(The MathWorks Inc., Natick, MA, 2009), which analyses
detector pictures, recognizes the bubbles and counts them. These
functions were mainly achieved by using the Hough transform,
which will be briefly introduced in this section.

After applying a standard Sobel high-pass edge detector filter,
the Hough algorithm was implemented to recognize circular
shapes. At first, this transform was applied to the automated
analysis of bubble chamber photographs (Bastien and Dunn, 1971);
more recently its generalized form has been widely used for the
recognition of shaped objects, particularly when their boundaries
are described by analytic equations.

Before applying the transform, the equation describing the real
object (i.e. dashed circle in Fig. 2) has to be known; it is
r2 ¼ (x� a)2 þ (y� b)2 in the present case, where r is the radius and
a and b are the circle center coordinates in the xey plane. Each
point of the real object, which has been highlighted by the edge
detector filter, is then mapped in the parameter Hough space, as
a function of the shape parameters (a, b and r in this case). For each
Fig. 2. Hough transform: basic principle for the representation of circular shapes.
point, a three dimensional set of circumferences will be allowed to
exist, as represented in Fig. 2, where the circumference radius has
been kept constant for representational simplicity in the two
dimensional plane. This procedure is iterated for all the points. The
parameter Hough space is then quantized into finite interval
accumulator cells, whose score increases with the cell parameter’s
recurrence, i.e. points belonging to the same circumference. The
undetermined problem is then solved by considering the param-
eter plane score statistics: in this case points with scores higher
than a fixed threshold have been selected.

By setting a suitable threshold, the algorithm is relatively
insensitive to gaps in the boundaries, as well as to image noise,
which is typically due to picture blurring. The implemented algo-
rithm was checked by means of test bubble images, with a known
number of randomly distributed circles. A blurring Gaussian filter
was then subsequently applied, increasing the filter matrix
dimension, which dramatically increased blurring and negatively
affected bubble resolution.

Since a sharp grayscale image features a bimodal gray level
distribution (Castelman, 1979), the ratio between the area below
the two principal peaks and the total peak was taken as a blurring
parameter. The closer to unity the parameter, the less the blurring.
Eight blurring levels were chosen, with blurring parameter
between 1 (no blurring) and 0.92. The maximum error made by the
recognition software was 2%. In real bubble detector images, the
blurring parameter minimum value is approximately 0.94. An
example of an image of a real vial is shown in Fig. 3.

In any case, the error due to overlapping bubbles was
unavoidable; it was mainly overcome by acquiring at least two
pictures per each detector, from at least two angular views (0e90�),
and by limiting radiation doses so that the number of evaporated
bubbles was kept well below 200. The simple approach adopted
here consisted of comparing multiple images related to the same
detector and choosing the picture with the highest number of
bubbles, considered to be the least affected by overlapping
phenomena. Where it was possible to recognize hidden bubbles,
they were manually added to the final count.
2.3. Detector calibration, dose calculation and uncertainties

Each SE detector was individually calibrated, in order to obtain
a calibration coefficient specific for each detector. A measurable
physical quantity close to the absorbed dose at a point, given
Fig. 3. Software segmentation and counting applied to a real BD-PND bubble detector
image.
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charged particle equilibrium, is the tissue kerma. The energy
response of SE detectors corresponds well with the fluence to
kerma equivalent conversion coefficient (Vanhavere et al., 1998,
d’Errico, 2001), which is the average tissue kerma per unit neutron
fluence, weighted by the quality factor of the neutron charged
secondaries (Caswell et al., 1980). The dosimetric response of SE
detectors can thus be considered ideal and calibration coefficients
can be applied to a variety of neutron fields, regardless of the
spectrum.

Superheated drop detectors have been calibrated at the
University of Pisa, by means of a 1.1 GBq AmBe neutron source.
Since detector response is sensitive to the operating temperature,
the calibration procedure has been performed at 27 �C, the average
value measured inside the clinical radiotherapy facilities. Calibra-
tion has been performed in air, according to ISO 8529 guidelines
(ISO, 1998).

Although a specific geometric correction model is still lacking
for cylindrical detectors, such as SE vials, according to a recent
study at the National Physical Laboratory (NPL) (Taylor, 2010),
a source to detector distance should be at least four times the
detector diameter. In the present case, given a detector diameter of
1.8 cm and a detector height of 4 cm, the source to detector distance
was set to 50 cm, which is sufficient to assume a broad and parallel
field at the detector position, whilst keeping the counting rate
acceptable.

The shadow cone method, as described in ISO 8529-2 (ISO,
2000), has been applied during calibration, in order to evaluate
the neutron scattered component. Two scattering contributions,
represented in Fig. 4, may be distinguished: the first one is the
inscatter which increases the detector count. This is due to
neutrons scattered by air or by the structure of the irradiation room,
towards the detector. The second contribution is the outscatter,
which includes all those neutrons scattered from their original path
which would have crossed the detector, and causes a decreasing
detector count. While the first component is directly measured
with the shadowconemethod, the second is evaluatedwith the air-
attenuation factor FA, according to ISO 8529-2 annex C (ISO, 2000).
A 50 cm long shadow cone, 20 cm iron and 30 cm borate poly-
ethylene, suitably designed for superheated drop detectors, has
been used. The transmission of the primary AmBe flux through the
cone has been simulated bymeans of Monte CarloMCNPX code and
results in a 2% transmission.
Fig. 4. Neutron inscatter and outscatter.
The shadow cone method has been implemented by deducing
Mc (the measured count corrected for all external effects) from
Equation (2), whereMS andMT are detector readings obtained with
and without shadow cone respectively.

ðMT �MSÞFA ¼ MC (2)

In Equation (2) the air attenuation coefficient FA depends on the
source to detector distance and on nitrogen and oxygen total
neutron cross section (ISO, 2000). MC has been subsequently used
to obtain the fluence response (RF) in the AmBe field from Equation
(3), where B is the neutron source strength, F(U) is the source
anisotropy correction factor (ISO 8529, 1998) and l the source to
detector distance.

RF ¼ MC

�
BFðUÞ
4pl2

��1

(3)

The kerma equivalent response coefficient (RK), in terms of
bubbles per unit kerma, has been then obtained by Equation (4),
using the fluence to kerma conversion coefficient for AmBe ðkfÞ, by
weighting the kerma equivalent factor (Siebert and Schuhmacher,
1995) with the normalized AmBe spectrum (ISO, 1998).

RK ¼ RF
kf

(4)

The calibration has been repeated several times for each
detector, in order to verify their stability and to estimate detector
readout accuracy. Two sets of detectors have been used, with
a different amount of C-318, resulting in two kerma equivalent
response coefficients of 0.2 (�0.03) and 0.5 (�0.08) bubble mSv�1. A
dead time correction factor was not required since integral dose
measurements were executed at the end of each irradiation.

The previously described method has been detailed since it is
a general one and could be applied to any kind of neutron detector.
BTI� BDPND bubble detectors were calibrated, with similar
analytic procedures, by placing them on the front side of
a 30 � 30 � 15 cm3 ICRU slab phantom (ICRU, 1998) and irradiating
with a Cf-252 source at the SCK-CEN. BDT detectors were calibrated
at a thermal reactor beam at the BR1 reactor at the SCK-CEN.
BDPND and BDT have been calibrated in terms of personal dose
equivalent Hp(10).

Kerma equivalent response calibration coefficients were then
obtained by multiplying BDPND and BDT Hp(10) calibration coeffi-
cients by 1.2 and 3.4 respectively (Vanhavere et al., 1998). In BTI�
detectors, a compressiblematerial, inserted on top of the vial, is able
to adjust for sensitivity changes due to temperature fluctuations,
within the 20e37 �C operational range (Tume et al., 1998). Despite
this temperature compensationmethod, sensitivity has been shown
to increase up to 50% with increasing operating temperature and
about 15% with detector age, after repeated irradiations (Vanhavere
et al., 1996), in the 20e37 �C temperature range. However, the
sensitivity has been shown to be well compensated for tempera-
tures lower than 27 �C, which is the average operating temperature
inside the linac irradiation room (Vanhavere et al., 1996).

The main source of uncertainty for bubble detectors is the
response of sensitivity to temperature. Equation (5) is a general
formula to compensate measured kerma K by detector thermal
sensitivity; a is the thermal sensitivity positive coefficient, while DT
is the difference between the operating temperature and the cali-
bration temperature; a varies between 0.05 and 1.3 �C�1 in the 15e
40 �C temperature range. In the present case, since operation and
calibration temperatures were comparable, the term DT is negli-
gible and no correction is needed for both BTI and UNIPI detectors.
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K ¼ ð1� aDTÞMT

RK
(5)

The temperature variation was strictly controlled for both SDDs
and BTI� detectors. However a conservative 1 standard deviation
(SD) uncertainty of 10% was added to the measured value in order
to take into account eventual temperature fluctuations of �1 �C
inside the treatment room, during irradiations. Counting stability in
terms of dose equivalent energy response as a function of spectral
hardness was measured in several experimental intercomparisons
for SDD (d’Errico et al., 1996) and was estimated to be within 13% (1
SD in %) of the reference value for the energy range of photoneutron
fields produced by linacs and radionuclide sources. An additional
error in the counting of the number of bubbles with the described
readout devices has been estimated as less than 5% (1 SD in %), for
typical readings of at least 100 bubbles. Hence, this uncertainty
analysis implies an overall error of about 18% (1 SD in %). An
analogous dose equivalent response accuracy has been also
measured for BTI� detectors during calibration in AmeBe radio-
nuclide fields, including the errors related to the conversion coef-
ficient (about 3%), to scatter corrections (about 1%) (Vanhavere
et al., 1998) and to the counting device.
3. Basic features of track etch detectors and readout methods
for out-of-field neutron dose measurements

Among plastic solid state materials used as nuclear track
detector, PADC is considered the most sensitive (Fews and
Henshaw, 1983). In fact, a relatively low irradiation dose per
PADC chain disruption is required, since PADC has a limited capa-
bility for chain crosslinking after radiation damage. Radiation is
thus capable of generating defects in PADC, which permanently
remain on the plastic foil. Moreover, optical transparency and
homogeneity are two relevant features which are suitably exploited
for track counting.

Certain insulating materials were observed to become more
chemically etchable after interaction with charged particles
(Fleischer et al., 1975). Chemical etching enlarges tracks and makes
them visible to the standard optical microscope and easy to count.
This is the basic physical principle on which nuclear track etch
detectors rely. Radiation interactions within these materials result
at first in local shallow damages, called latent-damage tracks.
Damage becomes chemically etchable if energy higher than
a characteristic threshold level is imparted to the track by radiation.
Plastic materials have a sufficiently low threshold which is usually
referred to as the minimum unrestricted linear energy transfer
(LET) of the interacting charged particle, necessary to create a track.
PADC, among other plastic materials, has the lowest threshold
unrestricted LET of 5 keV mm�1 for unit-density tissue (Zhou et al.,
2007). Dose estimation for PADC detectors is based on the existing
relationship between the LET and the damage caused by radiation.
Moreover, PADC composition is C12H18O7, similar to tissue. The
chemical etching procedure has also to be carefully designed to give
an accurate estimation of the dose, since low range charged parti-
cles could disappear after the etching, even if their LET still exceeds
the PADC sensitivity threshold. Two etching procedures have been
optimized for neutron dosimetry purposes and will be described in
the next section.

A remarkable feature of track etch detectors is the insensitivity
to high kinetic energy, low LET particles, such as photons. This
therefore makes these detectors particularly suitable for neutron
measurements in mixed fields.

At the UAB, extensive research has been performed in recent
years to develop a PADC based neutron dosimeter with a relatively
flat energy response from thermal to fast neutrons. To achieve this
aim, a convenient set of neutron converting materials was placed in
front of the detector, whose elements generate secondary charged
particles, produced by neutron interactions. The actual configura-
tion of the dosimeter (Garcia et al., 2005), from top to bottom, is
composed of a polyethylene layer (3 mm) and a Makrofol poly-
carbonate layer (300 mm), which are both fast neutron converters
via elastic scattering with hydrogen. These are followed by a Poly-
amide Nylon 6 layer (100 mm), acting as converter for thermal
neutrons through the 14N(n,p)14C reaction, which releases
a 626 keV proton, easily recorded by the underlying PADC layer
(500 mm). The bottom layer is a methacrylate holder (5 mm).

The detector response for personal dosimetry was evaluated
experimentally with ISO sources and realistic neutron fields, as
specified in ISO 8528-2 (ISO, 2000) and ISO 12789 (ISO, 2008), at
the Institut de Radioprotection et de Sureté Nucléaire (IRSN,
Cadarache, France) facilities, as well as with quasi-monoenergetic
neutron beams at the Van der Graaf accelerator of the Institute
for ReferenceMaterials andMeasurements (IRMM) of the European
Commission Joint Research Centre (JRC), Geel (Belgium) (Domingo
et al., 2009). It was found that the response in terms of fluence
varies from about 10�5 tracks per neutrons at w70 keV up to
a maximum of 2$10�4 tracks per neutron at 2 MeV and practically
vanishes at energies >20 MeV.

Estimating neutron equivalent doses at several points for in-
phantom irradiations is a complicated task since the neutron
energy spectrum at the measurement point is unknown and the
irradiation configuration is non-standard. Specific strategies have
been adopted within WG9 to estimate out-of-field neutron dose
during clinical simulations of prostate radiotherapy using
a BOMAB-like phantom and are described in the next sections.

The radiator degrader neutron spectrometer developed at
Politecnico di Milano, is based on a 25 � 25 mm2 PADC sheet,
1.4 mm thick, supplied by Intercast (Parma, Italy). This is covered by
an aluminum degrader foil with a radiator PE clad layer. These have
both variable thicknesses in the range of 10e500 mmand 0.2e2mm
respectively, which are overlapped to obtain 15 different PE/Al
thickness combinations and the same number of response func-
tions (Caresana et al., 2012b). A neutron spectrum is derived by
unfolding the detector response function kernel with the acquired
data set by means of the iterative GRAVEL algorithm.

3.1. Etching and counting procedures

After irradiation, the PADC sheets are electrochemically etched
with a standard procedure described in García et al. (2005). Track
density is later determined through a semi-automatic process
(Amgarou et al., 2001).

Different etch procedures of PADC detectors exist, which consist
of enlarging latent-damage tracks by attacking the detector with
a strong acid or alkaline solution. The etching speed of this solution
is 10 times higher for latent-tracks than for normal surfaces. The
etched tracks so obtainedmay be visualized with a standard optical
microscope.

In electrochemical etching (ECE), an alternating voltage is
applied across the detector between two platinum electrodes.
Electrochemical etching is typically preferred to standard chemical
etching for neutron sensitive detectors, because it enhances the
response to low energy neutrons (Tommasino et al., 1984).

According to the etching procedure used at UAB, PADC sheets
were etched using 6N KOH aqueous solution at 60.0� 0.1 �C, at first
by applying a 20 kV cm�1 RMS at 50 Hz for 5 h and then by
increasing the frequency to 2 kHz for a shorter interval time of 1 h
(Garcia et al., 2005). Finally, a post-etching of 15 min was per-
formed. The etching process is handled by a computer-controlled



Fig. 5. Filtered spectra provided by the PTB and used for PADC calibration (Domingo
et al., 2010).
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multifunction Data Acquisition System, which generates a highly
stable, low-voltage sinusoidal signal, whose amplitude and
frequency are selectable by computer. The low-voltage signal is
subsequently amplified by a high-speed high-voltage power
amplifier with a fixed 1000 gain. The high voltage signal so ob-
tained is thus supplied to the ECE unit at the required frequency (de
San Pedro, 2011). Electrochemical etching has many advantages
over a chemical method, since the alternating electric field causes
a tree shape track propagation, into large tracks, mainly indepen-
dent of the original depth of the track and thus on the energy of
charged secondaries. The low 50 Hz frequency is necessary in the
first stage of the etching procedure to confine the tree-like track
propagation within a small region, otherwise the whole detector
bulk would be saturated. In contrast to the chemical approach, this
procedure does not allow energy discrimination, but it guarantees
that low LET interacting charged particles may also be counted. In
fact, in chemical etching, shallower tracks created by low-energy
(<100 keV) protons are likely to be over-etched in a shallower
layer of the detector and disappear in the final etching stage, when
the 5e15 microns detector upper layer is removed from the surface
(Tommasino et al., 1984).

However, the chemical etching procedure is sometimes
preferred because, upon treatment, each track remains as a hole,
which is the tip of the cone created by the etching agent at the
latent track. The size of the pit created by the neutron recoils
depends upon the direction of the interacting particles and
restricted energy loss (REL). REL equals the linear energy transfer
without the contribution of the delta electrons with energy higher
than 350 eV, which deposit their energy far from the ionizing
particle trajectory and thus do not contribute to the track forma-
tion. By measuring the size and geometrical features of the track, it
is possible to determine the energy and type of charged recoil
particle which created the track and so estimate the energy of the
neutron which generated the recoil inside the PE converting layer
(Caresana et al., 2010). The chemical etching is thus an unavoidable
choice whenever reaction energetics information is needed to
perform spectrometry, as in the case of RDNS. As a matter of fact
these detectors are etched, after irradiation, in a NaOH 6.25 mol
aqueous solution at 98 �C for 90 min.

After etching, tracks in PADC-UAB detectors were counted by
means of a semi-automatic system designed at UAB, which consists
of a commercial photo-slide scanner with high optical resolution
(9600 dpi). The scanner incorporates counting software, based on
Matlab� (The MathWorks Inc., Natick, MA, 2009) and suitably
developed for track counting and capable of discriminating well
overlapping tracks (de San Pedro, 2011).

The etched RDNS plastics were analyzed with a commercial
reader Politrack (Miam, Milano Italy), developed at the Politecnico
di Milano, which is able to count the number of pits, as well as to
calculate many pit parameters, such as pit area and perimeter and
pit minor and major axes (Miam, 2012). From the pit parameters
the Politrack derives physical quantities such the REL (Caresana
et al., 2012a).

3.2. Detector calibration, dose calculation and uncertainties

The electrochemical etching procedure does not allow direct
information about the energy deposited by the interacting radia-
tion to be deduced. It is thus possible to assign neutron fluence
values from the net track density calibration only if an a-priori
knowledge of the neutron energy spectrum is given. Calibration of
PADC dosimeters for personal dosimetry is commonly performed in
terms of personal dose equivalent Hp, referring to external irradi-
ation of an individual. The Hp response function of the UAB-PADC
dosimeters was obtained from irradiations in reference fields
(Domingo et al., 2013) and experimentally verified inworkplaces at
specific points (i.e. in the treatment room of a medical linac), where
spectra and dosimetric quantities were measured by means of
a Bonner sphere spectrometer (Bedogni et al., 2013). Nevertheless,
in-phantom neutron fields are not suitably characterized by Hp.

Specific calibration irradiations of PADC dosimeters were carried
out at the Physikalisch-Technische Bundesanstalt (PTB) primary
neutron facility to simulate the neutron field inside a phantom.
Free-in-air neutron irradiations were carried out in order to char-
acterize the response of the detectors in terms of fluence. Different
filters have been used to suitably modify the primary spectrum and
make it similar to linac-generated photoneutron spectra. Three
different spectra have been produced (Fig. 5), all of them presenting
a fast neutron component (0.5e1 MeV) and a low energy peak,
resembling photoneutron spectra (Zimbal, 2009). The spectra were
derived using the MCNP code and calculations were verified by
means of measurements with a Bonner sphere spectrometer
(Kluge, 1998). As PADC response is strongly angle dependent
(Domingo et al., 2013), the PADC response was evaluated for nor-
mally incident neutrons, as well as for isotropic irradiation. Details
of the irradiation spectra and the calibration procedure are
described by Sánchez-Doblado et al. (2012). Table 2 shows the
calibration factors in terms of fluence obtained for both directional
(normal incidence) and isotropic irradiations. Reference values for
ambient dose equivalent H*(d), i.e. the dose equivalent at a depth
d in the reference ICRU spherical phantom, were also provided for
the PTB exposures, so that calibration factors in terms of ambient
dose equivalent could be calculated (Table 2). All uncertainties
displayed in Table 2 are derived from track counting statistics at a 1
SD level, combined with the fluence and ambient dose equivalent
uncertainties provided by the PTB (Zimbal, 2009).

Calibration factors for the electrochemically etched UAB-PADC
dosimeter differ significantly depending on the energy and
angular distributions of the neutron field.

Computer simulations of photoneutron spectra inside an
anthropomorphic phantom showed that the out-of-field contri-
bution of the thermal neutron component to the total fluence
increases with the distance from the isocentre (Sánchez-Doblado
et al., 2012). For this reason, the type II spectrum provided by the
PTB (Fig. 5) was considered a good approximation for the out-of-
field energy distribution of neutrons inside the phantom. The
type II spectrum provided by the PTB (Fig. 5) compares well with



Table 2
Calibration conversion factors for 3 different spectra: net track density per unit neutron fluence and per ambient dose equivalent for directional (normal incidence) and
isotropic irradiation fields.

Spectrum type I Spectrum type II Spectrum type III

Description 252Cf source 252Cf(D2O þ Cd) þ shadow block 252Cf source þ Shadow cone
Type Fast Epithermal þ thermal Fast þ epithermal þ thermal
pt 0.052 0.312 0.211
pe 0.103 0.592 0.380
pf 0.845 0.097 0.409
fdir (fluence response cm�2) (1.118 � 0.066) � 10�4 (4.65 � 0.48) � 10�6 (1.762 � 0.090) � 10�5

fiso (fluence response cm�2) (5.16 � 0.90) � 10�5 (2.15 � 0.24) � 10�6 (8.13 � 0.58) � 10�6

hdir (ambient dose equivalent response mSv�1) 361 � 21 134 � 14 140.4 � 7.2
hiso (ambient dose equivalent response mSv�1) 166 � 13 61.7 � 7.0 64.8 � 4.6

pt is the thermal fluence fraction, pe is the epithermal fluence fraction, pf is the fast fluence fraction, fdir is the fluence response for normal incidence, fiso is the fluence response
for isotropic incidence, hdir is the ambient dose equivalent response for normal incidence and hiso is the ambient dose equivalent response for isotropic incidence.
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the energy distribution of neutrons inside the phantom, as
confirmed by computer simulations of photoneutron transport
inside an anthropomorphic phantom (Sánchez-Doblado et al.,
2012). The thermal component is also mostly isotropic, because
of in-phantom and room scattering, whereas the fast and the epi-
thermal neutrons are highly directional, since they come from the
primary neutron radiation originating in the accelerator head.

The neutron dose equivalent at a point inside the phantom is
evaluated from the energy fluence distribution FE, the kerma factor
k and the radiation quality factor Q (Equation (6)).

FE is the product of the total fluence F and the unit energy
distribution of fluence 4E. The neutron dose equivalent can be
expressed as in Equation (5), assuming an isotropic thermal
component Ft and highly directional fast and epithermal compo-
nent (Fe,f).

H ¼
Z
E

FðEÞkðEÞQðEÞdE ¼ Ft

Z
Et

4EðEÞkðEÞQðEÞdEt

þ Fe; f

Z
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0
B@ pt
fiso
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In Equation (6), pt, pe and pf are the fractional contribution of
thermal, epithermal and fast neutrons respectively to the total flu-
ence. fiso and fdir are the fluence calibration coefficients for isotropic
and directional incidence (Table 2), C is the measured track density
in the detector (tracks cm�2) and F is the resulting overall calibra-
tion coefficient in terms of neutron dose equivalent. For a type II
spectrum, F ¼ 175 tracks cm�2 mSv�1 inside the treatment target
volume. An increased thermal component at points adjacent to the
target volume leads to F ¼ 750 tracks cm�2 mSv�1. Far away from
the irradiated volume, F ¼ 1162 tracks cm�2 mSv�1 accounts for the
attenuation of the fast component and the further reduction of the
epithermal component.

The overall uncertainty of the calibration depends on both total
track count and calibration coefficient uncertainties. This latter
contribution results from the uncertainty associated with the cali-
bration source fluence rate and the fluence to ambient dose
equivalent conversion coefficients. This latter 1 SD uncertainty is
about 5% (Kluge et al., 1997; Alberts,1999). The neutron field quality
fluence rate combined uncertainity is 4% (Kluge et al., 1997;
Domingo et al., 2010). The counting statistics follow a Poisson
distribution, so that the random error is the square root of the
number of tracks observed. The variability of the etching process
also negatively affects the measurement reproducibility. The UAB
readout method has an intrinsic counting uncertainty less than
�10% (1 SD in %), achievable for dose equivalents not exceeding 75%
of the maximum measurable value (z50 smSv), so that over-
lapping of etched tracks is avoided (Garcia et al., 2005; NCRP, 2008).
The dose equivalent used in calibration and measurement should
thus be high enough to achieve a reasonable track count, but still
guarantee track discrimination.

The uncertainty propagation of the different contributions
determines an overall uncertainty between 20% and 40% (1 SD in %),
which can be associated with the dose measured by electro-
chemical etched PADC detectors. Higher uncertainties refer to the
spectral distribution of neutrons outside the irradiated volume,
where the discrepancy between the calibration spectra and the
actual spectra is larger.

A different approach is necessary for the calibration of a chem-
ically etched SSNTD. As mentioned in the previous paragraph, the
neutron elastic collisions with the hydrogen nuclei in the carbonate
chains and in the radiator layer generate directly ionizing charged
particles. The recoil protons from these collisions mimic well the
actual conversion of the neutron energy to ionizing energy which
occurs in tissue. For this reason, the equivalent dose can be derived
from the number of tracks and their mean LET, without accounting
for the impinging neutron spectrum. The mean LET of a particle,
averaged over a track, can be deduced by knowing the ratio
between track and bulk etching velocities, the etching duration and
the track geometric parameters (Caresana et al., 2012a,b). The
equivalent dose can be thus calculated as in Equation (7) (Caresana
et al., 2012a,b). Equation (7) is valid in the absence of a PE radiator;
otherwise a coefficient depending on the radiator thickness, the
LET and the track angle should be introduced to compensate for the
sensitivity increase due to the radiator.

H ¼ 1
r
$1:602$10�6$

Xn
i¼1

LETi
cos wi

Q
�
LETi

�
(7)

In Equation (7), for n particles impinging on a unit area detector
(1 cm2), LETi is the mean linear energy transfer expressed in
keV mm�1, r is the density in g cm�3, Q(LETi) the quality factor as
defined in ICRP 60 and q the angle between the impinging particle
and the direction normal to the detector surface. The factor
1.602$10�9 is needed for energy unit conversion. Equation (7)
allows the calculation of equivalent dose regardless of the
neutron spectrum. Specific uncertainties affecting this measure-
mentmethod are associatedwith the number of counted tracks, the
value of the impinging angle of the particles and with the value of
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LET averaged over the track length, which is about 10% (Caresana
et al., 2012a,b). The lower number of variables to be controlled
during the chemical etching, with respect to the electrochemical
one, causes a lower overall 1SD uncertainty of about 20% (NCRP,
2008).
4. Conclusions

Practical methods of measuring in-phantom neutron doses have
been presented in this work, which can also be useful for the
characterization of emerging radiation therapy techniques and for
their comparison in terms of the spurious neutron dose
components.

Superheated emulsions and PADC nuclear track neutron detec-
tors are intrinsically insensitive to photons and allow a passive and
neutron flux-independent operation. These two main features,
togetherwith their relatively small size, lead to their selection for in-
phantom measurements in photoneutron fields, generated by high
energy photons in medical linacs. SE detectors also have a tissue-
equivalent composition that avoids the creation of heterogeneities
in the phantom and preserves charged particle equilibrium. The two
methodologies allowed the three-dimensional mapping of in-
phantom neutron dose profiles due to realistic treatment plans of
prostate radiotherapy. The high sensitivity and dynamic range of the
detectors allowed measurement with uncertainty as low as �20%
both in the target volume and in surrounding OARs.

In this work two methodologies have been presented, which
allow reliable counting of the number of evaporated bubbles inside
SE detectors. These twomethods were successfully applied after in-
phantom irradiations and proved to be good candidates to replace
previously used time consuming strategies (i.e. visual inspection).
Computer-based image recognition software has been exploited to
count evaporated bubbles within BTI� detectors, while a stand-
alone optoelectronic readout device has been used for SDD. These
two strategies proved to be easy to use and sufficiently fast to give
an immediate readout, which may be immediately converted into
organ equivalent dose by knowing detector calibration coefficients.
Both readout methods allowed single bubbles to be counted. This
corresponds to a measurable resolution of the order of a few
microsievert per unit absorbed dose of primary photons at the
isocentre (mSv/Gy). Low neutron doses of microsieverts, normalized
to the photon dose at the isocentre, can be thus measured after
prolonged irradiation with good counting accuracy. Accuracies less
than 10% were made possible by the large number of bubbles
(w200) which can be counted before saturation.

The same viability has been reported for the high sensitivity
electrochemical etching procedure developed for PADC detectors at
UAB. This method, together with a semi-automatic process for track
counting, allowed increased PADC foil processing and read-out
speeds, which is crucial for the analysis of large numbers of
detectors employed during in-phantom irradiations. RDNS appli-
cation for dosimetry in linac-generated photoneutron fields was
also proven to be feasible. Their energy response ranges from
200 keV up to 8 MeV and makes them very suitable for in-field
measurement on the phantom surface, where the neutron spec-
trum is mainly fast and so the estimation of the dose can be very
accurate. RDNS spectrometric capabilities may be used to measure
the spectrum in reproducible points in the phantom. The acquired
data will be then used as input for Monte Carlo particle transport
codes to score the neutron dose in arbitrary positions inside the
phantom and ultimately to validate other detector responses. An
energy range response extension should be also considered, in
order to detect thermal neutrons, whose contribution increases
with off-axis distance.
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