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Abstract

A novel Al,O; fluorescent nuclear track detector (FNTD), recently developed by Landauer, Inc., has demonstrated sensitivity and
functionality superior to that of existing nuclear track detectors. The FNTD is based on single crystals of aluminum oxide doped with
carbon and magnesium, and having aggregate oxygen vacancy defects (Al,03:C,Mg). Radiation-induced color centers in the new
material have an absorption band at 620 nm and produce fluorescence at 750 nm with a high quantum yield and a short, 75 £ 5 ns,
fluorescence lifetime. Non-destructive readout of the detector is performed using a confocal fluorescence microscope. Scanning of the
three-dimensional spatial distribution of fluorescence intensity along the track of a heavy charged particle (HCP) permits reconstruction
of particle trajectories through the crystal and the LET can be determined as a function of distance along the trajectory based on the
fluorescence intensity. Major advantages of Al,O;:C,Mg FNTD over conventionally processed CR-39 plastic nuclear track detector
include superior spatial resolution, a wider range of LET sensitivity, no need for post-irradiation chemical processing of the detector
and the capability to anneal and reuse the detector. Preliminary experiments have demonstrated that the material possesses a low-
LET threshold of <1 keV/um, does not saturate at LET in water as high as 1800 keV/um, and is capable of irradiation to fluences in
excess of 10° cm~2 without saturation (track overlap).
© 2006 Elsevier B.V. All rights reserved.

PACS: 29.40.Wk; 61.80.Hg; 61.80.Jh; 61.82.Ms; 61.72.Ji; 78.70.—g; 78.55.—m

Keywords: Radiation measurements; Nuclear track detectors; Heavy charged particles; Linear energy transfer; Confocal fluorescence microscopy;
Aluminum oxide crystals; Three-dimensional imaging

1. Introduction possess the capability of being erased and reused. Thermo-

luminescent detectors (TLD) [1] and optically stimulated

The radiation dosimetry community has long sought a
dosimeter that overcomes the numerous limitations of cur-
rent passive detector technology. Such a passive integrating
detector would be sensitive to charged particles over a
broad range of LET, require little or no post-exposure
chemical processing, be capable of non-destructive (i.e.
multiple) readouts using fully automated equipment, and
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luminescence detectors (OSLD) [2], while fully reusable
and highly sensitive to low-LET radiation, can only mea-
sure high-LET radiation of heavy charged particles (HCP)
with reduced efficiency and possess little or no sensitivity to
neutrons. In addition, TLD can only be read out a single
time. Solid state detectors such as CR-39 plastic nuclear
track detector (PNTD) [3] possess a sensitivity to radiation
with LET in water (LET, H,O) above 5 keV/um and to
neutrons (via neutron-induced proton recoil tracks) [4],
but lack sensitivity to lower LET radiation. CR-39 PNTD
can only be used once and must be chemically etched prior
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to readout. Furthermore, automatic readout of PNTD
exposed to isotropic and/or mixed radiation fields, such
as those encountered during space flight, is highly problem-
atic. To overcome some of these limitations, a combination
of CR-39 PNTD and TLD/OSLD has often been used in
the past for dosimetry aboard spacecraft [5] and for accel-
erator-based radiobiology experiments.

Landauer, Inc. has recently developed a novel fluor-
escent crystal AlLO;:C,Mg [6,7] and demonstrated its
applications in volumetric optical data storage [8] and in
dosimetry of y/P radiation [9], neutrons and a-particles
[10]. This novel detector material, together with the optical
readout technique being developed for its analysis, pos-
sesses a number of unique properties that will potentially
overcome many of the current limitations of other passive
radiation detectors used for space radiation dosimetry and
in radiobiology experiments at heavy ion accelerators,
while still retaining the advantages of small size, no power,
etc. that make passive detectors so useful. The new mate-
rial, shown in Fig. 1, takes the form of single crystals of
Al,O5 (aluminum oxide or sapphire) doped with minute
concentrations of C and Mg and having a high concentra-
tion of aggregate oxygen vacancy defects. While radiation
sensitive Al,O3:C has been successfully used as a TL [11]
and OSL detector [12], the newly developed Al,O3;:C.Mg
fluorescent nuclear track detector (FNTD) has more in
common with CR-39 PNTD in that individual particle
tracks can be imaged and measured, and particle trajecto-
ries can be traced through the volume of the detector.

The mechanism by which ionizing radiation produces
tracks in Al,03:C,Mg and the method used to analyze
Al,03:C,Mg following irradiation are quite different from

Fig. 1. AL,O;:C,Mg single crystals and polished detectors.

those exploited by TLD, OSL or CR-39 PNTD. The pres-
ence of oxygen vacancies and Mg ions in the crystal lattice
of the Al,0O3 stimulates production of the new color centers
formed by aggregate defects. As with all crystalline materi-
als, the passage of a charged particle through the Al,O3
leads to ionization of the crystal and production of free
electrons in the conduction band and holes in the valance
band. In Al,03:C,Mg, these electrons become trapped in
the aggregate oxygen vacancy defects, producing radio-
chromic transformation of fluorescent color centers exist-
ing in the crystal prior to irradiation and created during
crystal growth. Later, during analysis of the detector (using
a confocal fluorescence laser scanning microscope system),
the passage of a focused laser beam over the color centers
causes the color centers to fluoresce. The fluorescence is
then detected and amplified. Fluorescence is increased in
crystal microvolumes where the penetrating particle pro-
duces ionization. Analysis (or imaging) of the FNTD con-
sists of scanning a given plane within the crystal volume
with a focused laser beam in a raster pattern and measuring
the intensity of fluorescence as a function of 3-D location
within the crystal. Use of a confocal optical imaging system
[13] allows one to detect the laser induced fluorescence
from only the focal spot of the laser beam and to spatially
discriminate it from the fluorescence induced in the rest of
the crystal volume.

2. Experimental
2.1. New fluorescent aluminum oxide crystals

New fluorescent aluminum oxide crystals shown in
Fig. 1 were developed by doping the material with magne-
sium and carbon impurities and by growing the crystals in
a highly reducing atmosphere [6]. Al;O3 is a wide gap insu-
lator (£, = 9.5 eV) and can be engineered to have deep and
thermally stable electron and hole trapping centers. Exten-
sive spectroscopic research allowed us to prove that the
green—yellow coloration of the “as-grown’ crystals is due
to aggregate defects formed by association and charge
compensation of two oxygen vacancies with two Mg>"-ions
substituting ~ A**-ions, which are denoted as
F3" (2Mg)-centers [7].

The color centers in Al,O5:C,Mg crystals possess unique
electronic and non-linear optical properties. The crystals
undergo a bi-stable photo-chromic transformation under
blue laser stimulation (reversible changes in optical absorp-
tion bands) in conditions of so-called sequential (or reso-
nant) two-photon absorption. Due to their unique optical
properties, these crystals were recently suggested as a bit-
wise volumetric optical medium for next-generation, tera-
byte capacity data storage [8].

Radiation-induced ionization also causes radiochromic
transformations in these crystals [9]. Free electrons and
holes generated by ionizing radiation are captured by traps
and color centers available in high concentration. Both
types of color centers, originally existing in the crystal
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