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ABSTRACT

Measurements of ionizing radiation quantities of intense photon and
electron radiations are used to establish quality control of in-
dustrial radiation processes. The most important quantity is ab-
sorbed dose as determined through traceability of routine dosimetry
to calorimetry or standard chemical dosimetry. Some crucial concerns
of dosimetry are: (1) Calculations and measurements of radiation
energy depositions; (2) improved radiation interaction data in
condensed media; (3) radiation scattering behavior for different
substances and spectral distributions; (4) secondary radiation
phenomena at boundaries and in dielectrics; (5) environmental
effects on dosimetry response and analysis.

RADIATION DOSIMETRY QUANTITIES

Radiation quantities are now expressed in SI units as reported in Le Systeme
International d'Unites [I]. In the field of dosimetry, some of the older
customary units are being deprecated in favor of the more orderly SI units.
Both types of units are listed in Table 1, for a number of important quantities
used in dosimetry.

TABLE 1 - Dosimetry Quantities and Units**

Name of Quantity

electric charge
exposure
fluence
energy fluence
absorbed dose
activity
mass attenuation
coefficient

mass energy
transfer coeff.

mass energy
absorption coeff.

Symbol

Q
X

D
A
u/p

Customary or Special Unit Si Unit

(y/p)
en

coulomb
roentgen (R)
cm-2

erg»cm"2

rad
cur ie (Ci)
cm "g - 1

cm2»g"1

cm2 «g-1

coulomb (1C=1A»S)
C-kg"1

m"2

J.m-2

gray (IGy=IJ»kg"1)
becquerel (IBq-s"1)
m2«kg~1

m2-kg" i

•Supported by Research Agreement No. 2433/CF with International Atomic Energy Agency.
**1 R = 2.58 x 10""C kg"?

1 rad = 10"2 J-kg'1 = 10"2 Gy
1 Ci = 3.7 x 1010 PUCI. transitions per second = 3.7 x 1O10Bq



In carrying out primary radiation measurements, the realization of units
of these quantities is through their definitions and by measurements using high
quality mechanical, electrical, and thermal methods with statistical confidence.
When dealing with secondary radiation measurements, the dosimeters must be
calibrated accurately against a primary measurement system, so that the routine
determination of dose, fluence, etc. is made traceable to national or inter-
national primary standards. The use of transfer primary and secondary standard
measurement devices is determined by their ability to conform to the guidelines
described in standards documents. In other words, the primary measurement
system must be both accurate and reproducible, and the secondary system must
be reasonably reproducible and give readily traceable calibrated values of the
relevant quantities.

QUALITY CONTROL AND MEASUREMENT ASSURANCE

Quality control of the radiation processing of materials is assisted by detailed
measurements of absorbed dose and dose distributions [2,3]. Although control
and proper adjustment of irradiation parameters serve to maintain satisfactory
performance, it is useful to be able to measure precisely and accurately the
energy deposition throughout an irradiated medium. Neither the monitoring of
electron beam current and power, radionuclide decay factors, product motion and
position, nor the calculation of dose based on radiation spectra and product
dimensions can give sufficient information to assure irradiation values within
usual specified absorbed dose limits.

Radiation processing dosimetry is generally divided into three parts [3,4]:
(a) Calibration according to traceability to standard methods, such as
calorimetry and reference chemical dosimetry; (b) the use in production of routine
calibrated dosimetry systems, such as plastic or dyed plastic films; (c) the
reading of dosimeters and dose mapping, based on statistically reliable analysis
of calibration factors and systematic uncertainties.

In the radiation processing of polymers, elastomers, laminated layers, tex-
tiles, etc., the sources of radiation energy usually are electron accelerators,
although, for some applications (e.g. sterilization of medical supplies, food
preservation, etc.), x- or gamma-ray photons are generally used. The lateral
dose patterns and scattering profiles, as well as the shapes of penetration
curves of absorbed dose-versus-depth, determine the three-dimensional dose
distributions in the product, which in turn affect the success of the process.
Not only is the relative dose uniformity important, but also information about
the spectral characteristics of the radiation must often be taken into account.
Because of diffusion by scattering, oblique beam directions, charge trapping in
consulators, charged-particle straggling and other secondary scattering effects,
the determinations of spectral and spatial radiation distributions a^e sometimes
a difficult matter. It is, therefore, useful to map detailed dose distribution
patterns experimentally, in an irradiated medium, since spectral distributions
at different locations are poorly known.

EFFECT OF DOSIMETER SIZE

Small dosimeter size greatly determines the ability to register accurately dose
distribution patterns, as is explained by cavity theory considerations [4,5]. A
bulky sensor can be considered an intruding probe, which displaces a portion
of the medium of interest with a discontinuity. If the dosimeter probe is
composed of essentially the same density and atomic constituency as the host medium,
it is capable of measuring dose realistically, as long as it was calibrated
in a similar medium of thickness corresponding to an electron equilibrium layer

L4,5J. If, on the other hand, it had been calibrated bare in a



60Co gamma-ray field, a very thin dosimeter would have a higher dose
interpretation than, say, a more bulky chemical dosimeter. In the case
of an energy dependent thermoluminescence dosimeter, a dose interpretation
in water or hydrocarbon would be even higher, since in most geometries there is
an appreciable component of low-energy gamma-ray photons (<100 keV), thus
giving an energy dependent response and an erroneous dose interpretation.

The present work deals with limitations of primary and secondary dosimetry
methods, especially, chemical dosimetry. It shows convenient methods to
measure accurately high-resolution dose distributions in both homogenous and
heterogenous absorbers, when irradiated by electron and photon radiations of
unknown spectral distributions.

PRIMARY DOSIMETRY METHODS

One of the most reliable primary methods of radiation dose measurement is by
calorimetry, especially for large doses [6-8]. This approach is well documented
in the literature and will not be dealt with here. In the case of gamma radiation,
standard chemical dosimetry such as aqueous ferrous sulfate (Fricke) or ceric-
cerous sulfate solutions are frequently used to calibrate the radiation field [5,8-10].
Tables 2 and 3 list primary chemical methods for steady-state fields and pulsed
fields, respectively, along with typical absorbed dose ranges, the basic ingredients
and typical concentrations in aqueous solution, and the main chemical change
and method of analysis. The yields (6-value), molar absorptivities (e), and
intrinsic sensitivities in terms of change in optical density (A) per unit dose
D (10Gy) per optical unit pathlength (cm), are listed in Table 4 for several
primary chemical dosimetry systems. The yield of chemical species (G-value) is
proportional to A and inversely proportional to D and e:

- NAG " UiI

where N is Avagadro's number (N=1.602 x 1023/mole); I is optical pathlength.

TABLE 2 - Steady-State Chemical Dosimetry Systems

System

ferrous sulfate
(Fricke)
(aerated)
For higher doses,

sodium formate

dye cyanides
(aerated)

Range (Gy)

10-4x1O2

add CuSO., or
(öxlO^lO"

101*- 8x10

10-2XlO"

Ce(SOO2
)(103-2xl05)
5

Typical
Aq. Sol.

0.4 M H2SO.,
10"3H FeSO,,
10"3M NaCl
0.4 M H2SO.,
0.02 M Ce(SO4)

10"1N HCOONa

10"3-5xl0"2M
aq. or organic

Change and Analysis
(spectrophotometry)

Fo2+ ca3
+

Fe -»• Fe

(X = 304 nm)
Ce*+ + Ce 3 +

2 (X = 320 nm)

formate decomposes;
titration with KMnO.,
dye formation

3



TABLE 3 - Pu!sed-Beam Chemical Dosimetry Systems

pure water
(deaerated)

potassium
thiocyanate
(O2 or N2O sat.)

potassium
ferrocyanide
(O2 or N2O sat.)

dye cyanides
(in vinyl
pyrrolidone)

Range (Gv/Pulse)
Typical
aq. sol.

0.01-102 10"2 methanol
or 10"3M H2
or 10"3 NaOH

0.1-102

1-102

10-1011

10"2M KCNS

5xlO"3M KuFe(CN)6

10"* - 10"2M

Change and Analysis
(fast spectrophot.)

E spectrum

(578 or 700 nm)

spectrum of (CNS)2
(A = 420 nm)

oxidation to ferri-
cyanide
(X = 420 nm)

very fast dye
formation

TABLE 4 - Basic Chemical Dosimetry Systems, Relative Sensitivities

eaq
(SCN)2

G-value
(IQOeV)"1

2.8
5.6

Fe(CN)I" 5.6
dyes 1.0
Fri eke (Fe3*") 15.
CeHc(Ce111") 2.4

(M"

7.

10
2.
5.

i

2
6

i»

2
6

ecm

X

X

to
X
X

- 1)

10"
103

103

10s
103
IQ3

A-(IOGy)"1-cm"1

5.6 x 10"2

4.2 x 10 2
5.6 x IO"3

10 "2to 10"1

3.4 x IO"2
1.3 x IO"2

An important capability of dosimetry is the conversion (by calculation) of
absorbed dose in one material to that in another, using knowledge of radiation
spectra in the irradiated material, as well as knowledge of radiation energy ab-
sorption cross sections in given substances [11-12]. Then, assuming cavity-theory
conditions prevail during calibration, ratios of electron collision stopping
powers or photon energy absorption coefficients give weighting factors for correct
absorbed dose interpretation [2,4,5]..

ROUTINE DOSIMETRY METHODS

A wide variety of physical and chemical changes in materials are stable
enough to be useful as secondary routine dosimetry systems. For high-
dose applications, some useful systems for routine dosimetry in various
radiation processes are listed in Table 5. Of these, the most widely used
ones are liquid solutions and dyed and undyed plastics analyzed by spectro-
photometry, as well as certain solids, whose stable free radical population
is enhanced by irradiation, with subsequent dosimetry read-out by electron
spin resonance [13-16]. Thermoluminescence of ceramics or crystalline
solids is used at lower dose levels (1 kGy or less) [17], and is not
generally applicable in most radiation processes.



Other routine techniques involve calculations of energy deposition or fluence
based on radiation parameters, such as source activity, electron current and
energy, attenuation factors, scan frequency, exposure time, conveyor speed, bulk
density, etc.

Well-calibrated routine dosimetry systems are those widely available
svstems that can be supplied in large batches. Generally they are rugged
and sufficiently stable for rigorous use in typical radiation processing
environmental and for mailing intercomparison studies and traceability through
calibration [18, 19.]. Several parameters in their response characteristics must
be investigated. The limitations must be understood and necessary corrections made
for systematic error, as well as batch-to-batch and intra-batch anomalies that arise in
routine use. Limitations in the useful response range, that is, variable of un-
certainty limits throughout the dose range, must be evaluated. The effects of
spectral variations on dose rate, temperature, and non-linearity are also im-
portant sources of systematic error. An example of a method for taking these
limitations into account is given in the following simple protocol suggested in
the U.S. for users of routine radiochromic film, as a means of increasing accur-
acy and precision through traceability to dosimetry standards at the National
Bureau of Standards:

1. Cross-calibrate the response of presently used dosimeters
by means of testing, i.e. give absorbed doses as determined
by present calibration with radiation fields of interest, along
with calibrated dosimeters supplied by NBS. NBS provides
doses assessment.

2. Determine uniformity of lateral field or beam scan intensity and compare
readings with candidate systems (e.g. blue cellophane and
radiochromic dye films).

3i. Determine depth dose in product using systems of interest,
for the sake of comparison of response under extreme values of
absorbed dose rate.

4. Check possible sources of inaccuracy of dosimeter systems,
e.g. rate dependence, temperature dependence, atmospheric
effects, stability, shelf life.

5. Check dosimeter read-out analysis for accuracy and
reproducibility.

6. Factors to be reckoned with:

a.
b.
c.

d.
e.
f.
g.

h.
i.

Response curves of dosimeter systems
Calibration techniques
Temperature extremes during storage, irradiation, and
analysis
Dose distributions, uniformity ratios
Specified precision and accuracy limits
Dose and dose rate limits
Time and periodicity factors; throughout; conveyor

parameters
Dosimeter batch anomalies, stability, aging effects, reproducibility
Read-out factors and reproducibility



TABLE 5 - Routine Secondary Dosimetry Systems

Systems

Organic and inorganic salt solutions

Crystalline salts, ceramics, etc.

Dissolution of sugars, amino acids

Solutions of sugars, amino acids

Sugars, amino acids, dyes, polymers

Metal ion-organic complexes

Inorganic ion-ccmplex solutions

Halogenated hydrocarbon solutions

Organic and inorganic semiconductors

Polymers, dyed plastics

Methods of Analysis

spectrophotometry
photo!uminescence
conductimetry

thermolumi nescence

lyol uminescence

optical rotation
circular dichroism

electron spin resonance

conductimetry
spectrophotometry
Mo'ssbauer spectrometry

electropotenti ometry

colorimetry
spectrophotometry
HF osci11ometry
pH measurement

conductimetry

vi scometry
solubility
change of phase
gas evolution
conductimetry
spectrophotometry

DOSE DISTRIBUTIONS

The determination of absorbed dose gradients in irradiated media is an im-
portant role of dosimetry in radiation processing. Seltzer and Berger have
used Monte Carlo calculation codes of si owing-down and scattering phenomena
to determine the penetration of electrons (0.05 to 1 MeV) and reflection
in and from thin metal foils (Be, polyethylene terephthalate, Al, Ti)
[20,21]. The calculations deal with transmission and reflection coefficients,
electron spectra, angular distributions, back scattering and depth-dose in
foil thicknesses less than and greater than the electron range for plane-
perpendicular electron beams incident on an unbounded planar medium. Fig. 1
shows the typical softening of electron spectra by different thicknesses of
thin Ti foils (Fig. Ia), for different incident electron energies (Fig. Ib),
and by different foil materials, Be, Al, and Ti (Fig. Ic) [20].



The softening and broadening of electron spectra occurs at increasing
depths in thick absorbers as determined by Monte Carlo calculations
[22]. Harder shows that for monoenergetic 10-MeV electrons incident per-
pendicularly on a semi-infinite carbon slab, the energy spectrum is lower
and becomes quite broad even at very shallow depths, due to multi-directional
scattering. The electron spectrometry measurements agree closely with the
calculated spectra. Harder also compares successfully ionization chamber
measurements with Monte Carlo calculations of electron depth-dose profiles
in semi-infinite media [23].

Gamma-ray spectra at different depths in water have also been calculated
by Monte Carlo techniques. Softening of the photon spectrum occurs by multiple
scattering of gamma-rays from a broad 60Co plaque source irradiating a serni-
infinite water phanton 4, [24]. It is also convenient to make spectral calculations
in phantoms irradiated by such sources or by annular source arrangements used in
calibrations, with a similar broadening of the photon spectrum (see Figure 2) [25-27].

Brahme and Svensson [28] have shown that it is possible to use monoenergetic
electron depth-dose data (10 and 20 MeV), in terms of depth of maximum dose,
85% of maximum dose, 50% of maximum dose, and practical electron range, as well
as the slope of the steep downward part of the depth-dose curves, as a means
of determining electron beam spectra.

McLaughlin and Hussmann [29] and Eisen et a K [30, 31] have similarly
found agreement between Monte Carlo slowing-down calculations and thin radio-
chromic dye film measurements in single-and miiltiple-slab geometries, for
electrons in the energy range 1 to 4 MeV. There are also simpler, but
effective computational algorithms available for calculating dose distributions
for plane-parallel e~ beams incident perpendicularly on two-and-three-layer
slab geometries of different materials [32]. The comparison of thin calorimeter
measurements, ionization chamber measurements, and associated calculations is
also a useful way of testing the experimental techniques [33,34]. Piexoto et al.
[35] have developed a Monte Carlo code for calculating isodose profiles
in spherical tissue-equivalent phantoms irradiated with 5- to 22-MeV electron
beams of various geometrical configurations (unindirectional, opposing
directions, rotating spheres, isotropic incidence). There are calculations
by Kniedler and Silverman [36] and Cl el and [37], as well as measurements by
McLaughlin et al_. [38] and Miller and McLaughlin [39] that provide depth-dose
and isodose contours for concentric annular geometry materials (e.g. pipe,
tubing, wires, and cables) irradiated by plane-parallel electron beams. Besides
the above experimental techniques, thermoluminescence dosimeters have also
been effective for electron depth-dose mapping [40-42].

Monte Carlo codes may also be used to calculate the dose distributions in
materials irradiated by x- and gamma-radiation. Claiborne and Trubey [43]
have made such calculations in slab geometries. There are similar calculations
for 1-MeV photons by Hubbard [44] and for 0.1 to 10 MeV photons by Enz and
Murphy [45], For these codes the photons are incident on uniform and layered
cylindrical phantoms of different sizes. Orton and Seibert [46] have made
calculations for oblique photon incidence of 60Co gamma-ray photons at dif-
ferent angles of incidence.

A special problem has to do with charge deposition effects on depth-
dose prof!Ie in insulating media, especially in the case of very intense



electron beams [47]. Figure 3 shows a useful experimental method for high-
resolution dose distribution measurements in irradiated solids based on
scanning microdensitometry of thin radiochromic dye strips. The strips
were placed at a slight angle to the direction of the plane-parallel pulsed
2.3-MeV electron beam (in vacuo) and were held tightly inside thick planar phantoms
of conducting polyethylene (containing graphite), non-conducting polyethylene, and
non-conducting polyethylene containing a positive charge scavenger (5% diphenylamine;.
The optical density increase is approximately proportional to absorbed dose.
Range shortening occurs in the non-conducting medium due to buildup of negative
charge, and a marked shift of the depth-dose maximum is found due to field build
up in the charge-trapped case. If trapped charge densities are great enough,
both charge trapping and electrical breakdown in plastics and other insulators
can affect the electron dose distribution. There is also the possibility of
radiation-induced damage affecting changes in conductivity. The charge-density
threshold for appreciable forward shifting and range shortening of the depth-
dose curve is approximately 10"3C«m~2 [48, 49]. In the absence of charge
breakdown, the range shortening would reach a constant value at current
densities >33 A-cm 2. Tanaka ej^jfL [50] have found that temperature also
affects the relative electron density and accumulated field strength, and
the use of layered films rather than solid dielectrics decreases the effect
because of enhanced charge transport [49],

FUTURE REQUIREMENTS

Information is still lacking in radiation beam diagnostics and high-dose dosimetry:
1. Improved radiation transport experimentation near interfaces of different
materials; 2. Improved electron interaction cross sections, mean free paths,
attenuation lengths, ranges, and W-values in key substances, especially
condensed media; 3. Electron-track parameters, such as LET distribution,
specific ionization, restricted electron stopping power, energy, practicale
range, and multiple scattering effects; 4. Charge transport and hot electron
charge distribution at boundaries and in dielectrics, including electrical
breakdown effects and backscattering across interface; 5. environmental
effects such as temperature, atmosphere, moisture, etc. Important impacts on
radiation effects in matter undergoing radiation processing are found in
understanding multiple transport effects, bremsstrahlyng production, photo-
and compton currents related to static charge and breakdown in highly stressed
insulating media subjected to large radiation energy fluence rates and high
temperatures.
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FIGURE LEGENDS

Figure 1 Normalized energy spectra of transmitted electrons,
where Eo is incident energy (20): (a) Dependence on
titanium foil-thickness; (b) dependence on incident
energy; (c) dependence on foil material.

Figure 2 Scattered 60Co photon energy spectrum based on dif-
ferential number spectrum calculated by Frederickson
(25) for an annular ten-roti source array (26, 27).

Figure 3 , "Depth-dose" patterns based on microdensitometry traces
of thin radiochromic film strips placed tightly inside
polyethylene slabs and irradiated in vacuum with a single
30 ns pulse of electrons having a broad spectrum (E =
2.3 MeV; charge fluence = 0.1 C-m"2): (a) conducting**
polyethylene (containing graphite); (b) low-density
polyethylene; (c) polyethylene containing 2% diphenylamine.
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