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Introduction

Electron spin resonance (ESR)' analysis of irradiated materials, especially
polyolefins, polystyrene, and specialty resins, is a well-established technology
(10,11,12). Most studies of irradiated polymers by ESR spectrometry have been
directed to the understanding of radiation damage effects (28,51) and to ways of
limiting the damage by the addition of certain organic lubricants and antioxidants -
(5,72). Work by Morita et al (44) has demonstrated that it is possible to explain by
ESR analysis the reaction kinetics caused by radiolytic peroxy, methoxy, and alkyl
radicals in polymers, as well as the protective role played by light stabilizers (e.g.,
hindered-amine polycyclic compounds) in polymers. ESR can also be used to
register images of absorbed dose distributions in key polymers such as polyprop-
ylene (44). The most significant radiation effect in plastics, and in both organic and
inorganic solid-state substances, is damage caused largely by radiation-induced
free-radicals that can have a long latency period. These effects often result in the
eventual coloration, embrittlement, and other losses of mechanical strength and
durability of these materials.

The use of ESR for analysis of stable free radicals as a means of radiation
dosimetry also has a long history (6,7,9,56,60). In spite of its birth more than
30 years ago, however, ESR dosimetry still has to prove itself as an established,
commercially-viable method of measurement for industrial processing by ionizing
radiation and for other dosimetry purposes. As witnessed by three recent sequen-
tial international symposia on ESR dosimetry (with a fourth scheduled for Munich
in 1995) (20,32,58), the subject has proven to be broad and comprehensive. It
covers not only high-dose dosimetry and standard measurement services for
industrial processing applications (radiation sterilization of medical devices and
pharmaceuticals and food irradiations), but also dosimetry review for radiation
emergencies (e.g., Chernobyl), clinical dosimetry (e.g., teletherapy treatment plan-
ning), bone dosimetry in nuclear medicine, dating in archeology, geology, and pale-
ontology, and radiation effects and imaging in a variety of materials (42). Figure 1
gives a chart of applications and systems now under investigation at the U.S.
National Institute of Standards and Technology.

' In many texts referred to as electron paramagnetiém&EPR).
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Figure 1. Applications and Examples of Systems for ESR Dosimetry Carried Out at ihe
U.S. National Institute of Standards and Technology

One important reason for the burgeoning interest in this many-faceted
approach to practical dosimetry is the very broad dynamic range that is achievable
by ESR spectrometry, generally stated to be 10! to 10® Gy (41).2 Alanine/ESR
dosimetry is one of the most important methods, having an operable dose range
of 10°-10° Gy (56,57,59,71).

Successes have been demonstrated with alanine/ESR in several quarters:
1) the International Atomic Energy Agency’s International Dose Assurance Service
(IAEA's IDAS), first instituted jointly by the IAEA and the German Gesellschaft fir
Strahlen-und Umweltforschung (GSF) in 1985 (48,49,57); 2) the ESR alanine
dosimeter reference service begun in 1991 at the U.K. National Physical
Laboratory (NPL) in Teddington (61); and (3) similar measurement services admin-
istered by the ltalian Istituto Superiore di Sanita (ISS) in Rome (59), by the French
Laboratorie Primaire des Rayonnesment lonisants/Bureau National de Metrologie
(LPRI/BNM) in Gif-sur-Yvette (62), and the Japan Atomic Energy Research
Institute (JAERI) in Takesaki (36).

There are, however, four distinct limitations that have restricted its universal
use by industry. These limitations have been: 1) the capital expense of the ESR
spectrometer, which, until recently had a cost that was more than an order-of-
magnitude greater than that of a conventional double-beam UV-visible spectropho-
tometer; 2) the lack of an easy-to-use ESR spectrometer that is dedicated to
dosimetry; 3) the relatively high cost of individual dosimeter units; and 4) the
absence of a supplier of mass-produced, widely-available, lower-cost, reproducible

2 The unit of quantity absorbed dose is the named unit, gray (Gy), definedas 1 Gy = 1 Jki,:
Thie unit is rolated to the older unit, rad, as 1 Gy = 1rad, or 1kGy = 100 krad
= 0.1 Mrad.
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batches of dosimeters. It is encouraging that these four limitations are now being
rectified, and the overall costs are approaching those of conventional systems (see
Table | and Figure 2) (3,37,40). In fact, the wide acceptance and potentially greater
market for alanine/ESR in a number of dosimetry applications is driving the cost
of the dosimetry-dedicated ESR spectrometer down to the same level as that of
the top-of-the-line UV-vis spectrophotometer (see Table 1).

Table l. Estimated Dosimetry Costs (U.S. Dollars)

Type Cost per Dosimetry Cost per Reader
(in bulk)
Fricke 2 10-30 k
Ceric Cerious (“Compu-Dose”™) 2 0.5-3 k

PMMA (Harwell) 0.7 10-30 k
RCD films (FWT) 0.13. 2-30 k
RCD films (GAF) 0.05 2-30k

Alanine 110 10 30-220 k

The details of the traditional ESR spectrometer are thoroughly described in
the literature (2,40). It possesses an electromagnet equipped with a cavity that is
usually operated in the microwave X-band with an external static magnetic field that
is modulated at radio frequencies. The electron spin resonance absorption is
measured by sweeping the external magnetic field strength over prescribed limits,
depending on the paramagnetic properties of the test sample. Standardizing the
ESR absorption intensities can be accomplished by measurement of a standard
sample having a stable and relatively simple ESR signal (e.g., O»-depleted char-
coal). The ESR analysis is generally carried out with the small dosimeter 'sample
fitting into a quartz capillary tube (typical inner diameter ~0.5 cm), which is
inserted at a fixed, repetitive position in the magnetic field (see Figure 3). Following
the magnetic field sweep, the computerized console then stores and displays the
relevant data, including the ESR absorption spectrum, usually as its first derivative
(see Figure 4).
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Figure 3. The Placement of a Quartz Sample Tube in the Microwave Cavity Batwean tha
Electromagnet Dipoles of the ESR Spectrometer

Figure 4. The Reading of an ESR Spectrum of an Alanine Sample at the Console of the
Spectrometer
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At present, the most commonly used ESR dosimeter is based on microcrys-
talline L-a-alanine, CH3CH(NH3") CO ", which is usually held in a polymeric binder
such as low molecular weight polyethylene or paraffin, polystyrene, or ethylene-
propylene rubber. The mixture is made into a rod, pellet, or, for some applications,
a film (34,36) or cable (15), that can be cut into convenient sizes (see Figure 5).
The chemical reaction involves the radiation-induced deamination of the zwitte-
rions into the radical anions (39):

H H
ionizing |
H,G-C-COO~ + NH,

I
H,C— C —COO"

| radiation
NH;

which act as stable paramagnetic centers in the solid state.

Figure 5. Examples of Different Kinds of Alanine/Polymer Dosimeters, Including Pellets,
Rods, Film Pieces, and Cable

The primary aim of this paper is to review the status of alanine dosimetry,
as well as the use of other suitable materials compatible with ESR analysis, for
applications (especially those of radiation processing) over a broad range of
absorbed doses. We shall also present a perspective for the future of this dosimetry
method and its relevance for a variety of radiation processing applications.
Paramount to our expectations are diminished costs, improved accuracy and preci-
sion, and the introduction of better, more widely available dosimeters and readout
techniques (e.g., imaging of two- or three-dimensional dose distributions).
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Basis of ESR for Dosimetry

Upon irradiation of the amino acid, L-a-alanine, or other materials (e.g.,
sugars, silica, certain polymers), stable free radicals may be created. These radi-
cals are in the form of paramagnetic centers® consisting in this case of unpaired
electrons that are trapped, for example, by impurities or crystalline matrices. This
population of stable centers is usually proportional to the absorbed dose. The
medium is then placed in the ESR spectrometer cavity and subjected to the strong,
swept magnetic field. The sample cavity is operated at microwave frequencies
(using the X-band at a fixed frequency within the range 9 to 10 GHz) with a perpen-
dicular external static field modulated at a certain radiofrequency (RF) usually
- between 50 to 100 kHz. In this crossed magnetic field, the medium undergoes
microwave absorption that is characteristic of the particular gyromagnetic proper-
ties of interactions between the precessing magnetic movement of the electron
spin and the surrounding molecular system. This absorption is measured usually
by a silicon-based Schottky diode detector acting as a microwave rectifier, and, for
most dosimetry applications, is registered as its first derivative (see Figure 6).

H

>

Figure 6. Examples of a Simple ESR Absorption Spectrum (top) and Its First Derivative
(bottom)

3 Paramagnetic centers may also exist as free radicals trapped by transition metals, rare
earth ions, or organic chelates or clathrates.
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As illustrated in Figure 7, the splitting of the electron spin states allows
permitted magnetic dipole transitions (2), which the unpaired electron spin system
experiences in the crossed steady (H) and RF (H,) magnetic fields as a splitting
of Zeeman energy states (M, = +2 and —-12). The line energy absorption is such
that the following resonance condition is satisfied for the energy-level separation,
AE:

AE = hv = gppg H

where h is Planck’s constant, v is a selected frequency giving a certain paramag-
netic absorption, g is the dimensionless Landé spectroscopic splitting factor, p.g is
the constant Bohr magneton (ug = 9.2741 X 1072JT™"), and H is the swept
magnetic field strength in tesla (T).* The value of g is typically about 2, and for the
free electron g, = 2.00232. The first-derivative spectral amplitude of the main
peak-to-peak spread is proportional to the concentration of paramagnetic species,
and the absorption spectral shape and the resonant region in the swept field
depend on the hyperfine coupling between the unpaired electron and the magnetic
moment of the surrounding nuclei. For ESR dosimetry readings, the choice of the
magnetic sweep depends on the kind of paramagnetic center being observed and
on its molecular environment; for example, the amino acid, alanine, at room
temperature, may require a 20-mT full sweep, while the radiation-induced E’ center
in quartz (SiO.) is encompassed by a 0.2-mT sweep.

External
Magnetic Field |
1

H
Ms = - % l
Mg
Absorption Line S\ |/

Hy Yo

Figure 7. Energy Level Diagram Showing Zeeman Splitting for a Simple Free Electron Spin
System in Crossed Steady (H) and Radiofrequency (H,) Magnetic Fields (2)

4 The unit of the quantity, magnetic field strength, is the named unit, tesla (T), where tesla
is related to the order unit, gauss (G), as 1 T = 10*G.
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Dosimetry Systems

Many solid materials show relatively stable paramagnetic properties when
subjected to ionizing radiation. Tables Il and Il list, respectively, organic and inor-
ganic materials, their usual form for dosimetry, typical dose ranges, and a sample
reference for each. It can be seen from these listings that a very wide absorbed
dose range can indeed be measured (10~'-10° Gy) by ESR analysis.

Table lll. ESR Dosimetry Systems (Inorganic)

Dosimeter Material Form Dose Range Sample
(Gy) Reference

quartz (SiO.) . glass, powder 104-10° " 69
magnesium orthosilicate powder 5-3%10° 8
(Mg>SiO4:Tb)
magnesium suifate (Mg SO.) powder 10°~10° 45
lithium fluoride (LiF:Mg,Ti) powder 10°-10° 23
bone, hydroxyapatite powder, solid pieces 10°-10* 63
(Ca 10 (OH) 2 (P04) g)
dental enamel, hydroxyapatite powder, solid pieces 1077104 1,54
(Ca 10 (OH) 2 (PO 4) g)

The radiation-induced first-derivative ESR spectra, with values of the g-factor
centered at absorption bands where the ESR peak-to-peak signal can be
measured for dosimetry is shown for the amino acid, L-a-alanine and the sugar,
D-lactose, in Figure 8 and for the polymer, cellulose, and crystalline quartz (SiO,),
in Figure 9. On the right side of Figures 8 and 9 are the dosimetry response curves
in terms of the ESR signal amplitude as a function of dose. These response func-
tions illustrate the broad dose range of ESR analysis for passive dosimetry. The
relatively broad response for the alanine/ESR system is illustrated in Figure 10,
where typical dose ranges for several high-dose dosimeters are charted. It should
be pointed out that the alanine/ESR system can provide measurements of doses
covering not oniy those in the steriiization range (10*-5 x 10* Gy), but aiso a dose
region where precise and accurate dosimetry is especially needed, namely where
both food irradiation and validation and dose-setting studies are made
(5 X 102 - 10* Gy). The reproducibility of alanine dosimetry has been reported by
the NPL “Alanine Dosimeter Reference Service” in terms of a random uncertainty
of <* 1.2% (at 95% confidence level), with an overall uncertainty of < + 3.0% (at
95% confidence level), for doses in the range 102 -4 x 10* Gy (61). It has also
been shown by Janovsk (34) that alanine film using polyethylene (vinyl acetate) as
a binder covers the dose range up to 10° Gy (see Figure 11), with no variation
between the response to gamma rays and electrons.
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Figure 8. (Left) ESR First-Derivative Spectrum of Irradiated L-alanine (top) (The amplitude
h is the usual measurement for dosimetry, which is a function of the absorbed
dose) and D-lactose (bottom); (Right) Log-Log Plots of the Relative ESR Signal
(h) Versus the Absorbed Dose (41)
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Figure 9. (Left) ESR First-Derivative Spectrum of Cellulose (top) and Quartz_(bottom);
(Right) Log-Log Plots of the Relative ESR Signal (h) Versus the Absorbed Dose
(41)
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Dosimetry Systems
Gamma and X-ray
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Figure 10. The broad dynamic absorbed dose range for alanine/ESR as compared with
ranges for some other routine and transfer standard dosimetry systems
commonly applied to medical device and food irradiation.
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Figure 11. Response curve for a 0.35-mm thick alanine dosimeter using polyethylene-vinyl

acetate as a binder (34). The film was irradiated over the dose range 2 X 10'
- 5 X 10° Gy using gamma rays and electrons as indicated.
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As will be discussed later, bone, tooth enamel, and skeletal tissue may also
be used for dosimetry in several applications, including the detection of certain irra-
diated foods, nuclear medicine studies, and the dating of paleontological organic
samples (20,32,58). The broad range covered by ESR analysis of the hydroxyap-
atite component of such tissues, compared with that for alanine, is illustrated in
Figure 12, for several important applications.

Electron Spin Resonance Dosimetry

in-vivo dosimeters external dosimeters
Hydroxyapatite (bone) Alanine (crystalline pellets)
Gy | Radiation sterilization
10* Radiation processing
Validation
| Dose setting
Detecting irradiated foods 10°
Bone samples from accident 10?
victims
Blood Irradiation
Bone biopsies, 10!
Radiopharmaceutical therapy Electron beam therapy
Proton beam therapy
Tooth enamel from Chernobyl 1

Figure 12. Examples of ESR Spectra for Bone and Alanine Dosimeters and Examples of
Applications Over an Absorbed Dose Range 1 to > 10* Gy.
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Alanine/ESR in Reference and Transfer Dosimetry

The main characteristics of alanine dosimetry systems are summarized in
Table IV. For purposes of radiation processing dosimetry, some relevant properties
that make alanine/ESR systems suitable for reference dosimetry and for interlabo-
ratory transfer radiation measurements, considering the long delay times and
different environmental conditions, are outlined in Table V.

" Table IV. Alanine/ESR

e Dose range 10°-10° Gy

e Long-term stability (years)

e Non-destructive analysis

o No read-out treatment

High accuracy and precision

Different geometries with a binder (pellets, rods, films, cables)

Inexpensive materials

Near-tissue-equivalence

Relatively insensitive to ambient parameters
(optimum conditions of storage: 50% = 10% r.h.)

Table V. Alanine/ESR — Key Properties for Long-Term Dosimetry

(At High Doses) _

® Pre- and post-irradiation stability (permanent radiation effect, no rate dependence)
e Slight temperature dependence

e Slight photosensitivity

e Slight atmospheric effects (moisture, reactive gases, e.g., O2, 0zone)

e Inexpensive in large quantities, rugged, reproducible

¢ Large dynamic range (dose, dose rate)

e Easily calibrated

It was on the basis of these advantages that alanine/ESR dosimetry, as
performed at GSF/Munich, was first selected as the IAEA International Dose
Assurance Service system (48,49,57,59). This service by the IAEA is now operated
as a mailed dosimetry evaluation procedure by the IAEA Seibersdorf Dosimetry
Laboratory, and is presently extended to 31 institutes from 22 Member States.
Calibrated alanine dosimeters are mailed, at Member State request, primarily to
industrial and pilot-scale facilities, where they are irradiated along with reference
or routine in-house dosimeters to doses in the range of 10'-10° Gy. They are then
returned to Seibersdorf and are evaluated, so that the measured dose can be
compared to the nominal dose administered at the radiation facility. Since 1985
results have shown improved precision and accuracy of the evaluation of industrial
radiation processing doses, as long as suitable care is given to controlling the
geometry of dose delivery and monitoring of the temperature during irradiation is
reported back to the dosimeter-issuing laboratory (42,48).
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There are now attempts being made to develop alanine/ESR dosimetry for
therapy level doses (10'~102 Gy) (25,71). The question has even been asked as
to whether this system, because of its key properties (see Table V), might replace
the venerable Fricke dosimeter for clinical applications (25).

For such use at doses < 10 Gy, the main limitation for accurate dose assess-
ment is the influence of the background signal in the region of the magnetic field
where ESR absorption measurement is made. Figure 13 shows typical ESR
spectra of unirradiated alanine/paraffin samples from five different batches,
showing on the right the differences in apparent dose reading due to background
signals (71). Because of this effect at low doses, it is necessary to use an empirical
method of subtraction of this apparent dose (see Figure 14), which represents a
significant effect at the therapy dose levels (71). Dosimeter manufacturing proce-
dures are currently under development to minimize this background sianal
variability.

g = 20090 Equivalent Dose
Batch No. 20070 0.15 Qy

W\—\/_‘—___ﬁ\

g 2
o
5 N 04
5 4 0.41
%)
Q
<<
oc
MN 0.70
M\/

Magnetic Field H

Figure 13. Examples of ESR spectra (total magnetic field scan 20 mT) of unirradiated
alanine/paraffin dosimeters from different batches produced in the same labo-
ratory (71). The right-hand numbers indicate the “artefact” equivalent doses
represented by the amplitudes of these background spectra.
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| Alanine-Paraffin Dosimeters
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Figure 14. Estimated dose registered by reading irradiated alanine/paraffin dosimeters, as
a function of the nominal dose, with and without correction for the kind of back-
ground spectral amplitude illustrated in Figure 12 (71). The corrected response
(linear log-log function) is normalized according to the calibration at a dose of
1 kGy.

Another concern is the general perception that alanine is “tissue-" or “water-
equivalent” in its radiation response characteristics (see Table IV). Figure 15
shows ratios of photon energy absorption coefficients (p..,) and electron collision
stopping powers (Sc), alanine-to-water (52). These calculations reveal that
absorbed dose in alanine for typical irradiations by ionizing photons and electrons
would have values three or four percent lower than the absorbed dose in water.
However, when tha calibration is made in tarms of ahsarhed dose in water, correc-
tions are required only if the practical irradiations requiring dose measurement
(photons or electrons) encounter materials having significantly different absorption
properties from those involved in the calibration (41).
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Figure 15. For the spectral regions indicated: Curve 1, ratio of calculated mass energy-
absorption coefficients for alanine and water; Curve 2, ratio of calculated mass
collision stopping power for alanine and water.

Bone and Tooth Dosimetry

Another broad use of ESR spectrometry for dosimetry involves ESR
measurement of irradiated bone or tooth enamel. Applications include the detection
‘and the dose assessment of certain irradiated foods (fish, shell fish, and meats
containing bone) (16,17,18,43,55,64), investigations of dose to residents near the
Chernobyl reactor (33), measurements of dose to bone in nuclear medicine (19),
and the dating of prehistoric human and animal (e.g., mammoth) skulls, their
fossils, and of shells from 1000 years to 10 million years old (13,20,26). These
specimens have been exposed over millennia to natural background radiation, and,
upon further irradiation in the laboratory to a series of known doses, a careful curve
fitting allows extrapolation to the time at which exposure to natural radiation began
(27). In fact, ESR dating using radiation-induced E’ centers in quartz has been
successful with samples that are orders-of-magnitude older than carbonaceous
samples that can be dated back to about 60,000 years by radiocarbon dating,
namely geological specimens older than one billion years (26,31).

Bone and tooth dosimetry methods are made possible because of the
radiation-sensitive and highly stable ESR signal induced in the radical carbonate .
ion, CO4", present in irradiated hydroxyapatite. Figure 16 shows the radiation-
induced ESR spectrum of a beagle bone following radiotherapy treatment by inter-
nally administering short-range B radiation from the radionuclide '**Ho (19). A
typical ESR spectrum due to the hydroxyapatite center in bone is seen in Figure 17,
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for a chicken bone irradiated with Co gamma radiation (18). The ESR technique
for the detection of irradiated foods is illustrated in Figure 18, and is similar to the
use of the standard addition of laboratory doses applied in ESR dating (18). In this
example, frog leg bones from two different locations were given the same unknown
dose, and after laboratory doses and an exponential least-squares curve fit (17,18)
had been applied, the unknown dose of 1 kGy could be identified.

. |

| 1 | 1 i .

1
345 347.5 350 352.5
Magnetic Field, mT

!
355

Figure 16. The ESR first-derivative spectrum for a fragment of a humerus cortical bone
midshaft from a beagle that had been treated by *°°Ho radiotherapy (a low
energy B-ray emitter) (19). The estimated dose (measured at 349 mT) is 6 Gy.

|

h

,-—-‘i—-{...
0.5ml
Figure 17. The ESR first-derivative spectrum of a chicken bone irradiated by * Co gamma
radiation (18). Detection of irradiated meat containing bone and evaluation of
the dose depend on the functional relationship between the peak-to-peak ampli-
tude, h, and the absorbed dose, established by administering a series of post-
irradiation doses.
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Figure 18. Plots of ESR peak-to-peak amplitude, h, as a function of added dose, for
gamma-ray irradiated frog bones (18). The two curves are for two different frog
bones given the same initial dose, which is estimated by exponentiai ieast-
square curve fits to be 1 kGy. The curves in plot B are the enlargements of the
boxed area in plot A.

Sugar/ESR Dosimetry

Ordinary granulated sugar (sucrose) has been proposed for use as an emer-
gency dosimeter (67). In fact, post-accident measurements have been made in the
dose range of 0.05-40 Gy from household sugar collected from apartments at
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different sites near the Chernobyl reactor episode that took place on April 26, 1986
(46,47). This is one of the most sensitive ESR dosimetry systems, and yet one that
has a wide dynamic range up to the usual sterilization doses. Figure 19 shows, for
a sucrose/paraffin sample, the ESR spectral signal induced by an electron dose
of 2.8 X 10* Gy (44). For granulated sugar the response curve shape displays a
linear response function between the ESR signal and dose at the lower dose range
(see Figure 20). The radiation-induced signal is so stable that the use of sugar
pellets may be proposed for broad-range routine dosimetry (66,67). However,
some caution should be taken; recent investigations have found that sucrose
dosimeter fabrication techniques (e.g., grinding and pressing) may produce free-
radical ESR signals identical to the radiation-induced signal (24).

Figure 19. The ESR First-Derivative Spectrum for a Sucrose/Paraffin Sample Irradiated
With Electrons From a 4-MeV Accelerator to an Absorbed Dose of 2.8 X 10*

Gy (44)
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Figure 20. The Response Curve for a 600-mg Sample of Granulated Sugar (Sucrose)
Iradiated By **Co Gamma Radiation (46)
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ESR Imaging

The imaging of radiation dose distributions in two and three dimensions by
ESR techniques has recently achieved relatively high spatial resolution (22,38,65).
The method is similar to nuclear magnetic resonance imaging in that it combines
the magnetic field gradients with spectral scanning over spatial ranges along the
different spatial axes. The spectral-spatial scanning can be accomplished in either
the X- (65) or L-band (38). It generally requires, however, customized controls of
magnetic field, frequency, and amplitude modulation, and adaptation of the
geometric arrangement in the spectrometer cavity, as well as added sets of
gradient coils to generate sustained field gradients in two or three dimensions. This
type of imaging also puts extra demands on spectral resolution (line width and its
relation to the ESR signal) and the maximizing of field sensitivity for optlmlzmg ESR
signal-to-noise through signal averaging.

Profiles of radical concentration with depth due to electron-beam depth-dose
penetration have been measured in this way in an alanine-paraffin block or rod
dosimeter, and the resulting ESR absorption spectral-spatial images generated
(14,44). Figure 21 (top) shows the experimental depth-dose (solid curve) for a
degraded spectrum of 4-MeV electrons incident on the end of a 10-mm long dosim-
eter block along with the calculated depth-dose (dashed curve) for monoenergetic
4-MeV electrons incident on a semi-infinite material (44). At the bottom of the figure
is a spectral-spatial 2-D image, where the ESR signal intensity is vertical (z axis),
the depth-dose profile goes from back-to-front (y axis), and the magnetic sweep
from left-to-right (x axis). For 2-D spatial imaging, another method is to use multiple
sweeps and, by changing slightly the field direction for each sweep in the x-y
dimensional plane of the test object, signal deconvolution can be made for all
projections (29,30). This computerized tomographic method using multiple projec-
tions gives 2-D ESR images such as that shown in Figure 22 for a quartz glass tube
irradiated by an isotropic field of ® Co gamma radiation (73). Relatively high spatial
resolution in two and three dimensions can now be generated in a number of irra-
diated substances, such as alanine dosimeters or bone samples (29,30,38,44).
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(Top) Calculated (dashed curve) and ESR-measured (solid curve) depth-dose
profile for a 4-MeV electron beam incident from the left on a dosimeter block of
alanine/paraffin (upper right inset) (44); (Bottom) the spectral-spatial image of
the ESR absorption spectrum relative amplitude (vertical scale) as a function of
penetration depth in the block (back-to-front). The absorbed dose at the
maximum of the depth-dose curve was 2.8 X 10*Gy.
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Figure 22. A two-dimensional (2-D; x-z coordinates) image of a quartz tube irradiated
uniformly by an annular **Co gamma-ray source arrangement around the axis
of the tube (73). The vertical scale shows the relatively uniform distribution of
the ESR intensity registered with a spatial resolution of 0.222 mm per division.

Summary

Electron spin resonance (ESR) spectrometry has attracted attention in radi-
ation processing. Not only is ESR analysis of alanine achieving success as a refer-
ence dosimetric system, but ESR also provides a means of evaluating short- and
long-term effects of radiation on polymers, composites and ceramics, and in the
post-irradiation analysis and imaging of absorbed dose in teeth and bone. The
broad range of doses (10~ —~10° Gy) and dose rates (up to 10® Gy s~') measurable
with relatively high precision and accuracy, and the small size, ruggedness, and
the expected inexpensiveness of new sensor materials, such as L-«-alanine pellets
and films and other sensor materials (e.g., hydroxyapatite, sugar, quartz, cellulose,
etc.), make ESR dosimetry attractive for radiation sterilization dosimetry, radiation
treatment planning, nuclear medicine dosimetry, food irradiation, and the study of
radiation effects on materials. Within the next few years, there may be a significant
impact of this ESR-based analysis on international radiation standards practices
and 2-D and 3-D imaging of radiation dose distributions, especially as the trend
toward lowering the cost of the analytical equipment and simplifying its operation
continues (20). ESR dosimetry may, in fact, be the future method of choice for inter-

laboratory transfer metrology, process validation, and measurement quality
assurance.
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Profound improvements in the practice of alanine/ESR dosimetry are
currently being made. Mass-produced batches of rugged, low-cost alanine dosim-
eters are now on the threshold of becoming commercially available. There are also
advanced, easy-to-use ESR spectrometers designed especially for dosimetry and
requiring no manual instrumental adjustments or tedious dosimeter manipulations.
New spectrometer capabilities may be summarized as follows: automated dosim-
eter transport, positioning, and changing; microprocessor-controlled reproducible
instrument settings to minimize instrumental drifts (e.g., RF frequency control,
microwave bridge tuning, detector bias current setting); continuous measurement
and high sample throughput (as high as 400 dosimeter readings per hour); and
automated data logging, evaluation of dosimeter results, and calibration history
recall. These developments should result in greater dosimetric precision, ease of
use, and cost effectiveness for large-scale dosimetry applied to radiation
processing.
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