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Abstract

A novel technique for neutron dosimetry has been developed using fluorescent nuclear track detectors (FNTDs) as a possible replacement for
CR-39 plastic nuclear track detector (PNTD) technology. New aluminum oxide crystals containing aggregate oxygen vacancies and doped with
carbon and magnesium (Al,03:C,Mg) are imaged using laser scanning confocal fluorescence microscopy. Advancements in image processing
allow for better detection of fluorescence tracks. Dose dependences were obtained for four types of neutron converters. A comparison between
enriched °LiF (TLD-600) and LiF with natural abundance of 6Li (TLD-100) was made. Dependence on angle of incidence for fast neutrons
was investigated and compared with simulations based on neutron scattering theory. The reusability and re-readability of detectors were tested

and confirmed to be satisfactory.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Plastic nuclear track detectors (PNTDs) and thermolumi-
nescent detectors (TLDs) in albedo configuration are currently
the most widely used dosimeters for personnel monitoring of
fast and thermal neutrons. Landauer Inc. has recently devel-
oped novel fluorescent nuclear track detectors (FNTDs) as a
technology suitable for replacing PNTD in neutron dosimetry
and dosimetry of heavy charged particles (Akselrod et al.,
2006a, b). The technology is a combination of a new lu-
minescent aluminum oxide crystal, doped with carbon and
magnesium (Al,O3:C,Mg) (Akselrod et al., 2003; Sanyal and
Akselrod, 2005), with a technique based on laser scanning
confocal fluorescence microscopy (Diaspro, 2002).

Al,O3:C,Mg crystals have green coloration (Fig. 1) due
to a blue, 435 nm, absorption band formed by a new type of
aggregate defect consisting of two oxygen vacancies and
charge-compensated by two magnesium ions; these are F§+
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(2Mg) color centers (Akselrod et al., 2003). F%Jr (2Mg) centers
efficiently capture the free electrons and undergo radiochromic
transformation into a three-electron state forming F;’ (2Mg)
centers. If the FEL (2Mg) center is optically stimulated into
one of its excited states, the electron will relax back to its
ground state with a 75 ns lifetime, emitting a photon at 750 nm
(Akselrod et al., 2003). It is important to emphasize that this
process is not optically stimulated luminescence (OSL), which
typically consists of two steps—photoionization of traps filled
during irradiation and recombination of free charge carriers
with luminescence centers. In FNTD technology we employ
laser-induced fluorescence, which is intra-center luminescence
produced as a result of an excitation and radiative relaxation
process that occurs without photoionization of the color center.
The result of irradiation is measured by detecting the intensity
of radiation-induced fluorescence. The intensity is proportional
to the number of radiochromically transformed F; (2Mg) cen-
ters (Akselrod and Akselrod, 2006). The short 75 ns decay time
of the F;’ (2Mg) center makes it possible for fast laser scanning
and imaging of the detector. Individual particle tracks appear
as bright spots on a dark background.
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Fig. 1. Al,O03:C,Mg crystal and 4 x 6 x 0.5 mm?> ENTD.

2. Experimental
2.1. Materials and detector configuration

FNTD were cut from Al,03:C,Mg single crystals in the form
of 10 x 6 x 1 and 6 x 4 x 0.5mm?> rectangular plates with
the long side aligned along the optical c-axis of the crystal.
One large side of the FNTD was polished. Because neutrons are
not directly ionizing radiation and Al,O3 detectors are sensitive
only to ionizing radiation, neutron converters mounted on top
of them are necessary. In the case of fast neutrons, high density
polyethylene (HDPE) is used because of its high concentration
of hydrogen (Attix, 1986). Fast neutrons collide with bonded
hydrogen atoms via elastic scattering and produce recoil pro-
tons which escape from the converter, penetrate the crystal and
produce ionization. FNTD technology has been shown to detect
charged particles with linear energy transfer (LET) in water as
low as 0.5keV pum~! (250 MeV protons) while maintaining the
ability to measure charged particles with higher LET (Akselrod
et al., 2006a and Sykora et al., 2007b). Therefore, detection of
higher energy neutrons is possible.

In the case of thermal neutrons, there are a number of differ-
ent materials with high thermal neutron capture cross-sections
such as °LiF or °B. The corresponding nuclear reactions are
as follows (the range in um is for Al,O3):

°Li 4+ 'n(941 barn)
— *He(2.05MeV, 4um) + *H(2.73MeV, 24 um), (1)

108 + 11h(3837 barn)
— “He(1.47MeV, 3um) + 'Li(0.83MeV, 1.5um).  (2)

The alpha particle (*He-ion) and tritium ion generated accord-
ing to Eq. (1) have a maximum range in Al,O3 of 4 and 24 pm,
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Fig. 2. Optical diagram of the FNTD confocal laser scanning imaging system.

respectively, and can be efficiently detected using FNTD tech-
nology because of the particles’ higher energy and relatively
longer range. The 1.5 MeV alpha particle in Eq. (2) has a range
of only 3 pm and can still be detected, but with lower efficiency.
The ’Li ion produced in the '°B reaction does not have enough
range in Al,O3 to be detected. The advantage of OB is that its
reaction cross-section is 4 times larger than that of Li.

Multiple converter configurations were tested to determine
the efficiency of fast and thermal neutron detection. The tested
converters were 1 mm plates of HDPE, enriched °LiF (TLD-
600 chips), LiF with natural abundance of Li (TLD-100 chips)
and '°B loaded Teflon™. HDPE was used for its high con-
centration of hydrogen needed for production of recoil protons.
TLD-600 chips were used for their large °Li concentration. LiF
with natural abundance of °Li (TLD-100 chips) were tested as
a converter to understand whether it could provide adequate
track density and thermal neutron detection efficiency. Convert-
ers made of 1°B loaded Teflon® were investigated because of
its high (n,o) reaction cross-section and its use in Landauer’s
CR-39 based neutron dosimeters.

2.2. Confocal imaging system

Fig. 2 depicts the optical diagram of the in-house built con-
focal scanning system designed to acquire fluorescence images
from the detectors with diffraction limited resolution. In opti-
cal systems, the lateral resolution is defined as 0.6141/NA and
equal to 407 nm for the fiber-optically coupled diode laser with
a wavelength 4 = 635nm and high numerical aperture (NA)
40X, 0.95NA objective lens. Two-axis galvanometer mirrors
are used for a high scanning rate in the XY plane. Axial (Z)
scanning and focal point depth positioning in the crystal is pro-
vided by a piezo-actuator stage. The fluorescence excited by
the laser light is collected by the same objective lens, trans-
mitted back through the dichroic mirror, imaged on a confocal
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Fig. 3. 85 x 85 pm2 fluorescence image of recoil proton tracks acquired from
an FNTD after irradiation with 60 mSv of fast neutrons.

pinhole and detected by a silicon avalanche photodiode (APD)
installed behind the pinhole. An additional optical filter in front
of the APD rejects residual laser light. The confocal pinhole
is a spatial filter, blocking all fluorescence originating outside
of the focal spot of the objective lens and providing diffraction
limited spatial discrimination. Images are formed as an array of
voltages obtained by the data acquisition board from the pho-
todetector. Fig. 3 is a typical image produced after 60 mSv of
Am-Be fast neutron irradiation.

After images are obtained, they are processed using auto-
matic image processing software developed in a LabView™
programming environment. Tracks are identified and counted
by the software giving the overall particle fluence. The sensi-
tivity of the detectors is defined as number of tracks per 1 mSv
and per 1 mm? of the detector area.

2.3. Irradiations

Neutron irradiations were performed at the Landauer
irradiation facility in Glenwood, IL, using unmoderated and
moderated Am-Be sources. Irradiations with fast neutrons
were performed using a 185MBq Am-Be source in two
geometries: “free-in-air” at 20 cm from the source and on a
30 x 30 x 15 cm® PMMA phantom at 50 cm distance. Thermal
and epithermal neutrons were produced by a 37 MBq Am-Be
source moderated by 180mm of paraffin. The dose rate of
moderated neutrons was determined using a gold foil activa-
tion technique. The contribution of fast neutrons in this source
configuration is still significant. The results for moderated
AmBe source presented in this study show that the contribu-
tion to dose equivalent of fast neutrons is more than 5 times
the contribution due to thermal and epithermal neutrons. The
delivered dose range was between 0.3 and 300 mSv for fast
neutrons and 0.3 and 10 mSv for moderated neutrons.

Because TLD-100 has a natural abundance of °Li, multi-
ple detectors with a total of seven TLD-100 converters cho-
sen from random lots were exposed to 0.3, 1 and 3 mSv of
moderated neutron doses to investigate the stability of °Li
content and consistency of neutron conversion. Fourteen other
detectors covered by HDPE were irradiated with the same un-
moderated 185 MBq Am-Be source under different angles with
respect to the direction of fast neutron incidence. The detectors
were placed on wedged pieces of plastic that were machined to
have the angle between the detector and the incident neutron
beam vary from 0° (the detector surface is perpendicular to the
incident beam) to 90° (the detector’s front surface is parallel to
the incident neutron beam) in 15° increments. Two detectors
were irradiated at each of the seven angles. All 14 detectors
were irradiated at the same time and received a dose of 6 mSyv.

FNTD produced from different crystals were routinely im-
aged for quality assurance and sensitivity check after irradiation
in vaccum with 5.1 MeV alpha particles from a 1 pCi *' Am
source located 12 cm from the detector surface. Alpha particles
incident on the crystal from this distance in vacuum penetrate
almost perpendicular to the detector surface. The alpha parti-
cles are not absorbed by air and create round tracks of identical
amplitudes.

After irradiation, the detector is first scanned perpendicular
to the detector surface using a piezoelectric actuator to detect
the surface position with an accuracy of 100 nm. After finding
the axial surface position, the detector is scanned in a plane
parallel to its surface—usually at a depth of 2 um below the
surface. The imaged area usually has dimensions of up to 150 x
150 pm?. Multiple images spaced 10 um apart from each other
were obtained from each FNTDs behind each of the converters.
The number of acquired images depended on the measured
dose and was adaptively varied between S and 40 for each of
the converter areas. All images were automatically processed
to obtain a track count and to calculate track density and dose.
Tracks were periodically counted manually for quality control.

3. Results and discussion
3.1. Dose dependence

The dose determined by FNTD is proportional to the mea-
sured track density:

D= (N - B)/S, 3)

where N’ = f(N) is the measured track density corrected for
linearity deficiency, B is the background, both in tracks mm—2
and S is the detector sensitivity in tracks mm =2 mSv~.

The track density for all irradiated detectors was obtained
from 5 to 40 images per detector and was adjusted depending on
the number of tracks per image to ensure good statistical preci-
sion. All obtained dose dependences (Fig. 4) show good linear-
ity within at least three orders of investigated dose range. There
is no difference in sensitivity of FNTD behind HDPE converter
between irradiations performed in-air and on-phantom (Fig. 4a),
which indicates that albedo neutrons do not significantly affect
the sensitivity of the detectors to fast neutrons. Large error in
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Fig. 4. Dose dependences of track densities for FNTDs covered with three different converters and irradiated with Am-Be sources.

low doses is a result of low track density. The error can be
reduced by imaging more frames for better statistics.

The sensitivity S to fast neutrons obtained from the FNTD-
HDPE detector configuration is 21.5 tracks mm~2>mSv~! and
is consistent with preliminary results (Akselrod et al., 2006b
and Sykora et al., 2007a). In comparison, the sensitivity of
CR-39 to fast neutrons is 12.1 tracksmm~2mSv~!. The dif-
ference in sensitivity is most likely due to the FNTD’s better
sensitivity to lower LET charged particles (higher energy pro-
tons) and its ability to detect tracks incident at grazing angles.
The sensitivity of FNTD to thermal neutrons with °LiF (TLD-
600) as a converter (Fig. 4b) is 6500 tracks mm 2 mSv~!,
which is also consistent with the sensitivity reported pre-
viously (Akselrod et al., 2006b and Sykora et al., 2007a).
The track density per 1 mSv of dose for the thermal com-
ponent of FNTD obtained using TLD-600 is 300 times
higher than the HDPE component, making the thermal com-
ponent almost insensitive to fast neutrons. As a result, it
was concluded that the HDPE component of the detector is
effectively sensitive only to fast neutrons, whereas the TLD-600
converter provides response effectively exclusive to the mod-
erated neutron component of the radiation field. For neutrons

moderated by paraffin with a large thermal component, the
SLiF converter provides 100 times higher response than the
10B_loaded Teflon® converter (5% of '°B by weight) com-
mercially used in combination with Landauer CR-39 detectors
(Fig. 4b). 9B as a converter of thermal neutrons has higher
capture cross-section than ®Li (3840 and 940barn, respec-
tively), but the latter one produces two charged particles with
higher Q value and larger particle ranges. In contrast, the
results from “free-in-air” fast neutron irradiations show their
sensitivity to be almost equal (Fig. 4d). The albedo configu-
ration during on-phantom irradiations shows the intermediate
situation (Fig. 4c).

Results presented in Figs. 4c and d from thermal compo-
nents of the FNTD indicate significant amounts of scattered
and moderated neutrons present in the fast neutron field with
and without phantom behind the FNTD. In turn, the track den-
sity obtained behind the HDPE converters after irradiation with
the moderated Am-Be source (see Fig. 4b) indicates signifi-
cant amount of fast neutrons in the moderated field. The esti-
mated contribution to dose equivalent of fast neutrons is more
than 5 times the contribution due to thermal and epithermal
neutrons.
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Fig. 5. Dose dependences for FNTD with LiF TLD-100 and TLD-600 chips used as moderated neutron converters. The insert demonstrates variability in
moderated neutron sensitivity for seven FNTDs with seven different TLD-100 chips as neutron converters.

The sensitivity of FNTD with a TLD-100 converter to mod-
erated neutrons was 1100 tracks mm~2 mSv !, a factor of 6 less
than for TLD-600 (Fig. 5). This sensitivity is still high enough
to detect thermal doses reliably and has an advantage of a higher
saturation dose by the same factor of 6. In FNTD technol-
ogy, the maximum measurable track density and corresponding
dose are limited by the overlap of tracks. In comparison with
CR-39, the track area in FNTD is approximately 100 times
lower, which translates to a higher detectable track density.

One of the concerns with using TLD-100 as a neutron con-
verter is consistency of ®Li abundance in LiF chips produced
from different lots of material. Inconsistency of °Li content
could lead to a change in dosimeter sensitivity in terms of
tracks mm~2mSv~!. It is for this reason that multiple FNTDs
combined with TLD-100 chips from a random selection of
lots were tested with a neutron dose of 0.3 mSv. The insert in
Fig. 5 demonstrates the variability in sensitivity among seven
different FNTD and TLD-100 chips. The deviation in sensitiv-
ity is 2.3% from the mean which is not statistically significant.

3.2. Angular dependence

FNTD with HDPE converters were irradiated with a fast
neutron dose of 6 mSv at angles of incidence from 0° to 90°
in 15° increments. The detectors were mounted on two plastic
substrates with multiple angles on each substrate. It is evident
from the dose dependence of detectors combined with HDPE
and irradiated on phantom (Fig. 4a) that there is no significant
contribution to the number of tracks from albedo neutrons
whether there is a plastic phantom behind the detector or not.
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Fig. 6. Angular dependence of FNTD response obtained after irradiations
with 6.0 mSv of fast neutrons from an unmoderated Am-Be source. The data
are normalized to zero angle of incidence. The solid line represents the fit
of the experimental data to Eq. (7).

Fig. 6 is the normalized track count dependence on angle of
incidence for FNTD irradiated with fast neutrons.

The track count for all angles of irradiation was normal-
ized to the track count obtained for the direction of incidence
normal to the detector surface. The angular dependence ob-
tained was fitted to Legendre polynomials in accordance with
recent experiments and Monte Carlo calculations on n—p
scattering cross-sections for neutron energies below 15MeV
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Fig. 7. Reusability test showing no significant change in detector sensitivity and fluorescence track amplitude. The insert illustrates the results of 100 consecutive

readouts of the same area of the detector irradiated with alpha particles.

(Boukharaouba et al., 2001). According to the study, Legendre
polynomials for the angular dependence of the n—p scattering
cross-section, oy, in the center-of-mass frame is given by

05(Ocm) = aop + a1 P1(cos Ocp) + az P2(cos Oc), )
where O is the angle of the scattered proton with respect
to the angle of incidence of the neutron and ag, a; and a, are
parameters and P; (cos O,) are Legendre polynomials of order
i and are given by

P1(cos Ocp) = cos O¢p,

P>(cos Ocpy) = 5 (3c0s?Ocry — 1). 5)
From simple scattering theory we can change the reference
frame to the lab frame by

1 —cos Oy
cosl) =,/ ——,

2 (6)

where 0 is the scattering angle of the recoil proton in the lab
frame. Plugging (5) and (6) into (4) and absorbing the constants,
we are left with the scattering cross-section in the lab frame,
as(0) given by

05(0) = by + by cos20 + by cos*0, @)
where by, b1 and b; are fitting parameters. Regression analysis
of experimental results (Fig. 6) with the regression coefficient
R? = 0.992 suggests that the angular dependence of FNTD
is well described by the theoretical dependence of the n—p
scattering cross-section.

3.3. Reusability and re-readability

The reusability of three detectors cut from three different
crystals was tested. The detectors were irradiated in vacuum
with 5.1 MeV alpha particles from a >*! Am source. The detec-
tors were imaged, tracks were counted and the fluorescence am-
plitudes of the tracks were measured. After the measurements,
the detectors were erased by thermal annealing to 680 °C and
slowly cooled to return the detector to its original state (before
the next irradiation). The detectors were read after annealing to
make sure that the tracks were completely erased. This process
was then repeated 9 times. Fig. 7 shows the average fluores-
cence amplitude of the alpha particle tracks obtained after every
irradiation and it does not indicate any statistically significant
degradation in fluorescence track amplitude.

To demonstrate re-readability, one detector irradiated with
alpha particles was scanned 100 times in the same area. Each
image was processed to measure the fluorescence amplitude
of the alpha particle tracks. As seen in the insert in Fig. 7,
there is no significant degradation of track amplitude until the
80th readout. This demonstrates that the readout process is al-
most completely non-destructive. There is slight erasure of both
background fluorescence and the track fluorescence amplitude
at very long laser light exposure time. This might be caused by
a finite probability of three-photon absorption process.

4. Conclusions

Fluorescent nuclear track detectors based on Al,O3:C,Mg
single crystals are suggested as a new technology for neutron
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dosimetry. The readout process of FNTD is completely optical
and non-destructive, allowing for multiple readouts of the same
detector. It eliminates chemical etching needed for processing
of CR-39. FNTDs also allow for fast automatic scanning, image
processing and track counting.

Dose dependences were obtained for several FNTD-
converter combinations. The dose response was linear through-
out the entire range of investigated doses for both fast and
thermal neutrons. It was also demonstrated that FNTDs have
high sensitivity and good fast to thermal neutron discrimi-
nation. The relatively large errors at the low doses can be
reduced by imaging a larger amount of frames for better statis-
tics. Smaller track size provides a saturation dose that is more
than 100 times higher than for CR-39 PNTD and the neutron
detection efficiency of FNTD is 2 times higher.

A comparison between two types of moderated neutron
converters was performed: TLD-100 chips with a natural
abundance of °Li and TLD-600 chips with 95% enriched °Li
content. It was shown that TLD-100 chips can be used as
a reliable, cost-effective, thermal neutron converter allowing
higher thermal neutron doses to be measured.

Angular dependence was shown to follow the theory based on
the n—p scattering model. The reusability of FNTD after thermal
annealing was demonstrated for nine consecutive irradiations.
Re-readability of the same detector was demonstrated for 100
consecutive reads.
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