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ABSTRACT

The more reliable systems and procedures of dosimetry for radiation sterflization
applications are described, along with sources of uncertatnty and ways to achieve
optimum accuracy and reproducibility. Dosimetry practice in production must be
accompanied by correct methods of dosimeter calibration to achieve measurement
assurance and quality control, For routine use and for determination of dose

distributions, certain thin-film dosimeters satisfying cavity-theory requirament
are most suftable,

INTRODUCTION

Dosimetry may be defined as the measurement or determination by calculation of the
radiation energy deposited locally in a given-material. The radiation quantity of
interest 1s generally the absorbed dose*.

Dosimetry has also become one of the accepted means of determining that a quantity
of jonizing radiation has been great encugh to achieve a specific level of
sterilization [1,2]7 throughout a product with a suitable degree of certainty [3].
t 15 aiso a reasonably reliable tool for ascertaining that the radiation dose

to the product has not exceeded prescribed values causing excessive latent
radiation damage to the. product E3].

Following these rather bold statements, however, a considerable amount of qualifi-
cation is necessary. Certainly one would not depend on dosimetry data for product
release without careful observance of the following precautions:

1. The specified value of minimum absorbed dose, D_. , in a given irradiated pro-
duct must be based on thorough microbiological cons%grations, and the statistical

confidence 1imits set on the value of Dpin S measured by dosimetry must reflect -
accepted statistical vequirements. .

2. The values of maximum acceptable dose, Dmax’ although generally not so rigidly
set in terms of accuracy and precision 1limits, are based on various ultimate effects

due to excess irradiation, {.e. loss in mechanical strength or flexibility, increase
in coloration, evolution of gases and toxic products, etc.

*
Absorbed dose, D, 1s the energy absorbed by an incremental volume of irradiated
matter divided by the mass of that volume. A special derived unit of absorbed
dose is the rad (1 rad 2 1072 J » kg 2). A new SI derived unit has been named
the gray (abbréviation 6y) by the Comité International des Poids et Mesuré

(C{gfg iee K. Lidén, Phys. Med. Biol. 20, 1029-1030, 1975). 1 Gy =1 J - kg™}
= rad,

Sterilization being here the reduction in the populations of viable organisms
by prescribed orders of magnitude,
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3, Dosimetry data developed during commissioning of a sterilization process must
be reassessed and determined anew with the setting of different process parameters
{i.e. source activity, conveyor speed, dwell time, product arrangement and orienta-
tion, eic.) needed to achieve prescribed values of D . and the uniformity ratio,
Dmax/Dmin’" with an appreciable change of product parameters (mean bulk density,
degree of heterogeneity, dimensions, design minimum dose, etc.). Dosimetry is gen-
erally not needed to correct for routine source decay.

4, Dosimeters that are used in the product to determine dose distributions and thu-
to establish locations of D in and Dm « in a given process must have acceptable
accuracy and precision at tﬂese absorged~dose Tevels.

5. The traceability of dosimeter readings of dos¢ to primary standards (e.g.
absorbed dase in water)must be kept "up to date”, in order to account for variation
of dosimeter response with age of the dosimeter.

6. Sources of systematic error in dose interpretation must be accounted for in
all applications. Examples of sources of such error are listed in Table I.

TABLE 1° Sources of Dosimetry Uncertainty

RADIATENY FRRAFETERS ENVIRmrang FACTORS
SPECIMA THPLRATURE
HIESITY HERSTY
FRACTIGTATION ATHOSTHLHE
DIRECTIEN LG
TOST RACGES PEFUTIES

LISIHETER PROERTIES

MATFRIAL BATCH

378 RUGGETAESS

SHAPE QUALITY COMTROL
STABILETY CALIBRATION (140D
AGL READOUT £iCEEDD

The aims of the.pgesent report are (1) to suggest calibration methods and dosimetry
procedures needed to satisfy the ground rules listed above; {2} to suggest appro-
priata ways of detormining abcorbad dose and dose distributions in both homogeneous

and heterogeneous products; (3) to account for sources of dosimetry error and
imprecision.

CALIBRATION

When using a radiation sensor to make a determination of absorbed dose at diTrercas
locations in an irradiated product, the first consideration {is whether or not that
reading is traceable to some primary standard. In practice, traceability of dose
to primary standards is generally accomplished by reference to absolute energy
absorption measurements in & given materfal, The accepted primary instruments,
calorime;ers, ionization chambers, or standard chemical dosimeters, are well
covered in the literature [4-8] and will not be dealt with here in detail.

Reliable dosimetry and mapping of dose gradients require large numbers of calibrate
routine dosimeters, which are usually plastics, dyed plastics or certain liquid
chemical solutions [8]. In some cases they may also be chemical systems giving
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swancard radiation yields of measurable chemical species, such as cerous ions in
ceric armonium sulfate solutions. Cnce correct calibration procedures are estab-

shed, thus assuring reliability of the chemical yields and optical absorption
ingices of the dosimeters, meaningful statistics can be assigned to the design of
5 steriiization procedure and quality control for product release.

s:i11 ancther consideration is the spatial resolution desired for dose mapping
chroughout the product. Deep within a homogeneous product, dose readings with
nigh spatial resolution may not be important. But in heterogenous materiais or at
interfaces of widely different materials or at solid surfaces, it may be necessary
1 use 2 small or thin dosimeter to get reliable readings of dose gradients.
rroper calibration of such a sensor is especially important.

suguested precautions for calibration of routine dosimeters are as follows. The
radiation and environmental conditions of calibration (i.e. dose rate, spectrum,
semperature, orientation, etc.?) should duplicate as closely as passible the
conditions of practical use [9). Only $f it is well estabiished that the dosimeter
response characteristics are the same for different irradiation conditions can
calibration under conditions different from those of practic:’ use be worthwhi
Thys, if %cq ganma radiation or electron beams are used for prcduction steriliza-
zion, it is best to calibrate the dosimeter response under contirolled conditions
in a similar field.

for calibration with °°Co gamma rays, it is important that the dosimeter be

exposed between 'electron equilibrium" layers [3] of a suitabie plastic material
fe.g. V0 5 cm polystyrene). The reasons for this are: (1) dose distributions and
radiation spectra are relatively free of discontinuities in the region where build-
up of secondary radiations reaches a maximum; (2) the unpredictable shape of the
build-up portion of the depth-dose curve can be discounted. The result is that

the dese is more predictably and accurately measurabie when electron equiiibrium
conditions are met than when 2 bare dosimeter is situated at the surface or near
the interface of widely different media. Sources of error in caiibration, such

as variations in.incident spectra and ancmalies in radiation field and absorber
geometry, are thus minimized. Once the response characteristics of the dosiceter
are establiched by caraful calibration it can be used under extreme geometric
conditions, including ilocations at surfaces and near interfaces tgs give dose
interpretations in a thin medium. The degree to which spatial variations of dose
can be resolved, of course, will depend on the dimensions of the calibrated desimeter.

AS mentioned eartier, calibration of dosimeters for use in eleciron beams can be
3ccomplished with known "Co gamma radiation fields only if the cusineter is known
to have a response free of rate dependence, energy dependence, temperature depen-
uence, etc, Otherwise, the calibration should be performed using a calorimeter
having a geometry and constituents similar in terms of density and electron
collision stopping power tu lhose of the dostmeter in questton. [T thits 1s not
Possible, both calorimeter and dosimeter being calibrated must have absorption
tharacteristics well documented over a given electron spectrum. Horeover, the
specirum itself should be known approximately.

fpr the most cnmmon source of jonizing photons used in radiation sterilization (501':0),
he degraded spectrum falls mainly between about 0.05 and 1.33 MeV in energy. With
-he upoer part of the spectrum, corrections for departures from ideal cavity theory
“onditions are minor {10], sa that fairly simple ratios of energy absorption coef-
ficients and electron stopping powers can generally be used to calculate dose in
Sne material based on experimental determinations of dose in another material |8,
11,131. Fig. 1 shows examples of degraded spectraeﬁalcuhted for different depths
' a water absorber irradiated by a semi-infinite ga plaque source {13]. Similar
fPectra occur inside the cylindrical chamber of the °“Co gamma-ray calibration
Source at NBS (presently 12 kCi) [14-16] and inside a typical AECL Gammacell 220
#sed for calibration of dosimeters {17].
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Fig. 1. Calculated photon spectra including single and multiple
scattering at various dapths in a sepi-infinite slab of water
irradiated from one side by a large ' Co plaque source {13]. Tie
spectra are given in terms of relative photon energy flux density-
per MeV interval as a function of photon energy in Me¥. Tne
areas under the vertical bars represent relative amounts of pri-
mary energy (average 1.25 MeV) remaining at each depth {in cm).
The degraded photon spectra ai these depths are given by the
curves from 0.04 to 1.25 MeV. The relative areas under these
curves represent photon energy occurring as scattered radiation.

If a dosimeter being calibrated is sufficiently small relative to the range of sec-
ondary electrons (i.e. sufficiently non-disruptive to the radiation field to comply
with cavity theory requirements [10,18,19]) and is placed inside another material
thick. enough to provide approximate electron equilibrium conditions, most of the
dose to the small dosimeter is due to secondary electrons produced in the surround-
ing material., In this case, the absorbed dose in the enclosed dosimeter material
is related to absorbed dose in the surrounding material by ratios of respective
electron collision stopping powers 120,21] averaged over the approximate electron

-spectrum-at the si# of irradiation (See Table II).

One must also. cons‘ider the problem of relating dose in one surrounding material,
that is, in the relatively thick layer required for electron equilibrium, to dose
in the material used for calibration, that 1s, primary dosimeter material that

was used to establish the dose rate in the gamma radiation field. To accomplish
this, 1t 1s necessary to multiply by the ratios of mass energy absorption coeffi-
cients (uen/p) averaged over the approximate photon spectrum at the location of

irradiation [22]. Table IIT lists ratios, water-to-materiai,of &0 gor differ
ent materials, for the mean primary 80¢o gamma-ray energy (1.25 Mevs’ and for typici

degraded GOCO'gama-ray spectra.

DOSIMETER MATERTALS

‘Typical used brimary standard dosimeters are as follows:

1. Calorimeters [4,5]: pure graphite (carbon); aluminum; water; "muscle-

equivalent® conducting plastic (polyethylene containing
certain fillers) [23] )
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2. lonization chambers [7]: Air-filled chamber made of graphite or "muscle-
equivalent* conducting plastic.[23]

3. Chemical dosimeters [5,24]: Ferrous sulfate (“Fricke) solution [8,12,24,25];
ceric sulfate solution [12,24,26,27]

Typical secondary dosimeter materials used with spectrophotometric or, in some cases,
potentiometric analysis for r~+ine applications are as follows:

1. Liquid solutions: ethanol-chlorcbenzene {5,28-30]

ceric-sulfate plus cerous-sulfate [31]
radiochromic dyes [8,12,32,33]

2. Undyed plastics: polymethyl methacrylate {“clear Perspex") [34]
cellulose triacetate [35]
polyethylene {36,37]

3, ﬁyed plastics: polymethyl methacrylate (red or amber Perspex)[38].
Nylon or polyvinyl butyral [8,12,39,40]
Cellophane or Cinemoid [41,42]

The latter group of dosimeters need calibration in a known radiation field before
they can be used successfully. )

Other promising routine dosimeters are d-alanine, which is -analyzed by electron

spin resonance spectroscopy [43,44] and_glutamine, which undergoes lyoluminescence
when dissolved after irradiation [45,46].

TABLE Il Ratio of Mass Collision Stopping Power for Electrons in Water
Relative to That in Different Substances and Dosimeter Materials

Gﬁ] Nh/{%%‘] waterisl

Eneegy .Ceopast Fricks  Polystycens  Yarspex  Yolysthylens
tev) Masele Lena Josisefer  (Syg) (257409) €%, 1r Giass® »
. s - T4 - .
208 1.09 o o 3
&b 19 e 18 1% 9.5 Ly
218 1.6 3.8 1,08 3.0 9952 1.28
32 .08 3.01 .63 1.0 0.953 1.2
2.3 1] 1.8 1.0 1.0} Q.56 1.33
Seb .08 256 1. - 0.658 2.28
2.5 3.8 1.06 1.0 186 0,963 1.3
e .09 3.60 .66 f-3 0,965 1.25
27 .8 2.6 1.6 % d.9%7
X 1.2 1.0 Lok .08 0.968 1.25
?.; L.g; x.ug .04 .08 e.973 1.23
. 3. 1.3 16 3.5 0,971 1.3
1.4 1.09 1.0 1.95 1.95 0.417 : zg
38 .23 150 1.08 1.66 0.981 135
2.0 1.6 1,62 1.08 1.06 0.982 1.26
3.0 1.23 .00 3.08 .05 0.98) 26
3.0 1.00 190 1.08 1.06 0.984 1.36
3.8 1.01 1.00 1.08 1.0¢ Q.985 .17
3.0 1.08 .00 1.08 3.0¢ 0.986 .27
.’.‘ 1.93 1,00 1.05 1.06 0,487 1.27
2.0 1.0 3.00 .06 1.06 o.988° 3.7

? Typtesl Pyeex glase: 8022 S0, 12.9% 3,00, 1.7 ¥a,9, 2,33 AL,Ry, 0,42 K,0

‘,-‘ther materials have also been shown to be useful for the routine determination of
arge radiation doses, but the ones most widely used are among those listed above,
Ihysica] properties and useful dose ranges of these systems are compiled in the
iterature [4,5,8,9,11,12,24].

The most important dosimeters for routine use are those that are commercially
2vailable in large batches and that are capable of relatively reproducible dose
Interpretations by means of spectrophotometric readings of optical density at
Siven wavelengths. Typical absorption spectra and response curves for some of the
Commercially available routine dosimeters are given in Figs. 2, 3, and 4. -
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TABLE III Ratio of Photon Mass Energy Absorption Coefficients of
Water to Those of Different Absorbing Materials, for

Primary and Typical Degraded 50(:0 y-ray Spectra {22l
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Fig. 2. For two dyed polymethyl methacrylate dosimeters of 3 mm
thickness: (a) red Perspex type 4034; (b) ambér Perspex type 3042,
change in optical density (Mgeversus wavelength is shown at the
left. and change in optical density versus absorbed dose in poly-
methyl methacrylate is shown at the right [11]. The vertical lines
on the left-hand plots indicate typical wavelengths for spectro-
photometric analysis. The curves on the right were made at those
indicated wavelengths.

ROUTINE DOSIMETRY PROBLEMS

In selecting a practical dosimetry system, or better, systems, since it may be best to
to have a calibrated back-up system available, one must decide on such factors as
dose range, need for stability, probable environmental conditions (e.g. temperature
during and after irradiation), batch size, availability, precision and accuracy
1imits needed, readout methods available, and special requirements of the dosimeter
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For nylon radiochromfc dosimeter film (Far West Technology

type 60) the absorption spectrum due to irradiation to an absorbed
dose of 2.5 Mrad (25 kGy), in terms of change in optical density per
unit thickness (AA/mm) as a function of amalyzing wavelength, is

The vertical Tinec indicate typical wavelongths for

shown [16].

analysis during calibration.
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Fig. 4, For the same dosimeter at that in Fig. 3, the change in
optical density per unit thickness at the indicated wavelengths is
shown as a function of absorbed dose in nylon [15],
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{e.g., dose field mapping, measurement of transit dose, radiobiological studies in
the range 0.1 - 1.0 Mrad, interface or surface dose determinations). One must also
have knowledge of rate and energy dependence factors. Most important -of all, one
must have available a reliable means of calibration and have traceability to a
primary standard absorbed-dose calibration in a given material (e.g. water) within
prescribed - 1imits of uncertainty. .

Some sources of uncertainty in dose interpretations will now be discuSged and
examples. will _be given on how to make suitable corrections. where possible, in
order to minimize the uncertainties.

1. Calibration

Since most routine dosimeters have radiation response characteristics that change
from batch to batch or with time, calibration must be kept up to date, or at least
an in-house method of monitoring such changes must be available. -Calibrations can
be kept traceable to Mational Laboratories, either directly or through regional or
industrial calibration labs or by round-robin intercomparisons 14,155. If the .
production facility performs its own periodic calibration checks after establish-
ing traceability of its routine dosimeter reading to a primary standard, there
must also be confidence that all sources of systematic error are considered and
that the in-house calibration procedure follows goed dosimetry methods. Examplec
of pitfails in this practice are:

g.tilgnoring the effect of energy dependence due to differences in spectral degra-
ation. i

b. .Poor control of geometric factors, either in reproducing dosimeter position or
in control of surrounding scattering material.

c. Not accounting for differences in environmental conditions (light, humidity,
temperature, etc.? that might affect dosimeter response. :

d. Not accounting for anomalfes caused by aging of the dosimeter or instabilities
(e.g. fading) between irradjation and readout.

e. .Ignoring possible changes in performance of the readout equipment itself.

f. Poor handling of the dosimeters and readout instruments (operator errors).

g. Not keeping up with batch~to-batch changes of response and departures from
Tinearity of response curve shape at deviated dose levels.

h. -Attempting to use the dosimeter outside of its accepted useful range of dose
or dose rate.

2. Energy Dependence

We have already seen that photon absorption cross-sections and electron stopping
powers are not the same for different materials and, moreover, vary appreciably
with energy over the range 0.05 t§ 1.5 MeV, particularly in the lower part of this
energy region (see Tables II and III}. It has been shown that photon and electron
spectra vary with depth of penetration, mainly because of multiple-scattering
degradation of secondary radiatfons [8,13]. Because of ‘these effects, the response
of a given dosimeter, even if 1t is a plastic material, dirfers from that to water
or a biological system, especially if there is an appreciable fraction of low-
energy radiations (<0.Z MeV} at the site of jrradiation.

Fig. 5 shows examples of calculations of energy dependence of dosimeter response
relative to absorption by biological tissue (muscle), the variations being due

to different additives in a radiochromic dosimeter material. The curves are ratios
of energy absorption coefficients, dosimeter-to-muscle, as functions of photon
energy. The response differences averaged over this energy region for broad
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jraded m\:o gamma-ray spectra will be much less severe, but, because there 1s an
preciable fraction of low-energy.photons and electrons within an irradiated
sduct, energy depeéndence of response can be a problem. This is especially true
the hydrogen content 0f the product or dosimeter material is widely varyin?,

if there is 2 marked difference in content of.higher atomic number materials,
th as glass, metals, halogens, etc.

”

.0} kA
1Y -
Sé

’Q <i0%
- T. -—
a}— N —
! : i | NEEET]
IR SRR R [ ER R | R

I R L)

o
PROTON ENERGY, keV

Fig. 5. For a plastic radiochromic dye dosimeter, ratios of
total mass energy absorption coefficients, dosimeter (i)-to-
muscle, as & function of photon energy:

1. “standard” dosimeter (no additive)
2. additive 0.6% Pb acetate

3, additive 0.4% phosphotungstic acid
4, additive 8.2% polyvinyl chloride
5. additive 5% potassium pyrosulfate

AS an example, even with a relatively low concentration of ceric ammonium sulfate
{0,015 molar} in water containing 0.4M H,S0,, the efgsc_t of energy dependence is
calculated to be appreciable for typically degraded ®U¢o ganma-ray spectra (see”
Table 111). Although some experimental evidence appears to contradict this effect
%48], calculations predict a measurable energy dependence of response even for the
ow_concentrations of ferrous sulfate {1 mM) in the ferrous sulfate dosimeter [49],
if there is an appreciable component of low energy radiations.

The spectral energy ranges in most radiation sterilization applications are
generally not extreme enough to cause variations in response due to differences
in linear energy transfer. The.physical or chemical dosimeter, however, may have
2 fundamental response function greatly different from a biological system, whose
survival curve shapes are usually tempered by recovery effects at low doses,
especially with the low relative biological effectiveness of minimum specific-
ionization radiations.
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3. Dose-Rate Dependence

There are two main forms of dependence of response due to absorbed-dose rate )
differences. At very low dose rates, reverse reactions and other fading effects in
unstable systems may cause an unexpected lowering of sensitivity relative to that
at higher dose rates.- At very high dose rates, competing interaction mechanisms
may cause excess energy that is deposited in a relatively short time to be
unmeasurable. Short-term saturation or fatigue effects are common causes for high-
intensity rate dependence in many chemical radiation sensors [50].

Fractionation of the total dose, that is, a series of interrupted irradiations,
such as occurs with indexing of the product in multiple conveyor passes by a source
plague, or with electron beam scanning, can cause a reduction in effective response
relative to that of a continuous irradiation used in calibration [9,11].

4. Temperature Dependence’

A typical temperature rise during a_product irradiation in a very large 60(:0 gamma
ray facility is shown in Fig. 6 ESI]. For such an extreme situation, thermal
effects during and after irradiation are a common source of error in making dose
interproetations. An example of the effects of variations of temperature during
irradiation 1s shown in Fig. 7 for radiochromic dye film response [52]. Because

of this effect, it is necessary to know approximately the average temperature during
product irradiation so that corrections can-be applied to the dose interpretation,

_since calibration is generally made at a lower temperature. The effect of post

értﬁdiation temperature variations on radiochromic dosimeter response is negligible
52].
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Fig. 6. Typical variation in temperature in an irradiated
box containing medical products during sterilization as it
is goes on a conveyor past a very large = Co plaque along
with other product boxes, as a function of fractions of the
total irradiation cycle [51].

Figure 8 shows that red Perspex type 4034 has a less marked temperature dependence
of response at least at temperatures less than 60°C. The fact.that the temperature
dependence curve shapes differ at different dose levels 1s more clearly understood
in terms of spectral absorption curves for different temperatures during irradi-
ation (see Fig. 9) [51]. Although the dosimeter batches differ in these two figures
fhatches D and B, respectively), the trend is the same for both batches,
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Fig. 7. Variation of response of two commercial batches of
nylon radiochromic dye film, measured at 605 nm wavelengths,

as a function of temperature during irradiation [52]. Ab-
sorbed dose = 1.5 Mrad. .
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Fig. 8. Variation of response of red Perspex, type 4034,
batch D, measured at 640 nm wavelengths as a function of
temperature during irradiation, for the three indicated
values of absorbed dose [52].
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Fig. 9. For red Perspex dosimeter type 4034, batch B, ab-
sorption spectra in terms of change in optical (AA) due to
irradiation at various temperatures to 2.5 Mrad dose, as a
function of wavelength of analysis {51].

Perhaps a more serious problem with the red Perspex dosimeter is the effect of
extreme temperatures during the storage period after irradiation [53]. For example,
during a relatively long period of several hours when the dosimeter remains in a

‘product that retains heat built up during irradiation, the dosimeter instability

factors (see below) differ from those due to normal room-temperature storage en-
countered by calibration films. This effect may cause appreciable errors in dose
interpretation unless suitable correction factors are applied.

5. Instabilities

There are two major forms of instabilities affecting routine dosimeter response.
One is the variation of dosimeter response characteristics with age of the dosimeter.

The other is the (latent) fading or ‘growth of optical density (or other signal)
botwoon irradiation and read-cet. Fig. 10 showe changes of radiation-induced
optical absorption in nylon radiochromic dye film at strategic wavelengths of
analysis, as a function of storage time under normal room temperatures between irra-

diation and readout [§2]. Figs. 11 and 12 show similar curves for two batches of
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Fig. 10. Variations in relative values of 84 - rm ' of
nylon radiochromic dye film dosimeter, for different stor-
age times after Z-MeV electron irradiation to 2.5 Mrad, us-
ing three optical wavelengths of analysis [52].
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Fig., 11. Vvariations in relative values of A » mm * of red
Perspex dosimeter type 4034, batch F, for different storage
times after 2-MeY electron irradiation to different doses,

using the indicated optical wavelength of analysis [52].
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Fig. 12. Variations in relative values of AA - mm ' of
red Perspex dosimeter type 4034, batch F, for different
storage times after 2-MeV electron irradiation to differ-
ent doses, using the indicated optical wavelength of
analysis {52]

red Perspex type 4034, and different dose levels. Figs. 13 and 74 show the red )
Perspex fading data in terms of response curve shape changes, which are more severe

RESPONSE A A - cin”

T H LR Y ] i T i i
25l RED PERSPEX 4034 D ___,-__232_
ST TIIIITASON
1-5 "' a4 -
-3 A =540 nm
}. -
05} | .
A 1 1 i 1 ! [ 1 1
0 2 Z 3 8 0.

ABSORBED DOSE IN WATER {Mrad]

Fig. 13. Response curves {AA ¢ cm * dose in water) for
red Perspex dosimeter type 4034, batch D, when analyzed
at the indicated wavelength at different times after
irradiation with ®°Co gamma radiation [52].
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Fig. 14. Response curves (AA - ecm ! versus dose in water)
for red Perspex dosimeter type 4034, batch F, when analyzed
atv the indicated wavelenath at different times-after irradi-~
ation with °°Co gamma radiation [52].

at the higher dose levels (It is interesting to observe differences in temperature
dependence and response curve shapes between the two batches.) Other forms of dyed
Perspex may Show still different anomalies in response characteristics.

6. Humidity Dependence

The effect of moisture and changes of relative humidity (r.h.) is difficult to de-
termine precisely, because of the long conditioning times required for thicker
plastic dosimeters. Even if the conditioning periocd is relatively short (approxi-
mately 10 hours) before irradiation at extreme values of r.h., thin dosimeters such
as nylon radiochromic dye fiims show marked reduction in response (see Fig. 15) [46].
On the other hand, for the thin films (50 um thickness) irradiated at approximately
50 percent r.h., but stored for different times at various values of r.h., there is
very 1ittle effect on response. Fig, 16 shows that for a 16-h preconditioning of
the thicker red Perspex-dosimeter (~3.0 mm thickness), there -is a relative humidity
effect on response during irradiation only at the highest relative humidity used in
the study -(97% r.h.). Much longer preconditioning in the absence or presence of
moisture, however, shows more pronounced response differences [53].

6. Dosimeter Size and Shape

A frequently neglected concept in practical dosimetry is the dosimeter size, as well
as its orientation relative to the main direction of the penetrating radiation in an
extended medfum [54]." A fairly dense and bulky dosimeter placed in a medium of
relatively low bulk density may disturb the continuity of the radiation field and its
energy deposition profile, thus causing an unrealistic dose reading. This is partic-
ularly the case when the quantity of interest is absorbed dose in biological
mterials, water, or low atomic number plastics, and the dosimeter contains rela-
tively high atomic number substances,-such as glass, halogens, or conventional ther-
gggmgnescence materials. This effect was discussed earlier in the section on energy
endence.
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indicated storage pericds at 54% relative humidity. Absorbed
dose = 2 Mrad.

T " T

RED PERSPEX 40340

Fig. 18.
4034,

A\ :640am
2}~ e E——— - SN
& = 'QS

I O 05he ]
s g 75 nr
125 My

L R } 3 " _‘

l ) 1 N 1 . ] .
0 20 - 40 3 80 00

RELATIVE HUMIDITY OURING IRRADIATION, %

variation of response of red Perspex dosimeter type

batch D, measured at 640 nm wavelength, as a function

of relative humidity during irradiation for the different
indicated storage periods at 54% relative humidity [52].Ab-
sorbed dose = 3 Mrad.
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i jonal dependence of response is especially important for plane-parallel inci-
géﬁiﬁt;f relatg:ely Tow-energy radiations on bare thin dosimeters. 1t is clear that
suitable precautions are necessary when vsing thin dosimeters at exterior surfaces
of irradiated products or completely bare in an irradiation field. ~The thin sensor
that has been calibrated under conditions approximating electron equilibrium will
then simply measure according to its situation, that is, the dose in a thin layer
on a surface or in 3 thin unmoderated layer in air. In addition, a thin-layer
sensor, or a stack of thin dosimeters, placed at various Toc'ation§ on the surface or
inside a medium of relatively low bulk density, gives a more realistic dose inter-
Pretaiion than does a thick dosimeter, because of cavity<theory considerations [10,
18,191,

Fig. 17 shows that even for such penetrating photons as GUCo.gama radiation, the
size and shape of calibrated dosimeters relative to orfentation of the jrradiation
(plane-parallel or cylindrically isotropic) affect relative dose interpretations
appreciably [12]. In this figure, the polystyrene wall thicknesses are 211 0.475
cm,the cylindrical inner diameter is 1.2 cm, and the thin-film compartment depth is
0.1 cm in depth.

COBALT-60 y-IRRADIATION
OF DYE LIQUIDS AND FILMS

N

RESPONSE RATIOS

VAN
0.99: 1.0C
/ o
& & 2
o N ;
o o o
g ° d

- 1.00:0.97

Fig. 17. Ratios of dose interpretations of different irradi-
ation geometries for dosimeters held in plastic shells hav-
ing a thickness approximately sufficient to suppl* elec-
tronic equilibrium {0.47 cm) and {rradiated with *°Co gamma
rays. Left: Cylindrical dosimeters; Right: thin film do-
simeters; Top: Monodirectional parallel beam; Bottom:
Isotropic radiation field [16].
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Another example of the effect of dosimeter volume on 6060 gamma-ray response i§
shown in Fig. 18 [55]. The relative responses of two sizes of spherical graphite-
wall air fonization chambers are shown as a function of the wall thickness. The
dashed 1ines are extrapolations to zero wall thickness, whereas measurements for
thinner walls would curve downward as the wall thickness dimimishes, Moreover, the
shape of this “"buildup curve" near zero wall thickness would vary greatly with the
degree of diffuseness and energy degradation of the incident gamma ray beam.
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Fig. 18, Variation in relative fonization current reading
given in arbitrary units as a function of thickness of graph-
ite.walls of spherical air cavity ionization chambers, for
the two indicated spherical cavity volumes [55].

An advantage of using thin dosimeters is illustrated in Fig. 19, where measured
absorbed -dose in units of kilograys is plotted as a function of distance from the
inner wall of a 2 ml1 cylindrical glass ampoule used to hold a 1iquid chemical do-
simeter [16]. The measurements were made with very thin polyvinyl pyrrolidone
radiochromic dye films stacked in 17 layers close to the inner glass wall. There
was also a_stack of these films at the center with low-density polyethylene cylin-
ders {p = 1.04 g/em®) fi'ﬂ'ing the remainder of the glass ampoule during irradiatic
by cylindrically isotropic ®°Co gamma rays. The glass ampoule-wall thickness is
0.6 mn, and its- inner diameter is 1.06.cm. As shown by the readings of the do-
simeter films close to the glass wall, the dose distribution increases in the
region where theré is a relatively large concentration of low-energy secondary
electrons origina¥ing in the higher electron-density medium.

The effect of the electron scatter from a denser higher atomic-number medium is
also illustrated in Fig. 20. The curve is a microdensitometer scan of a film
strip that was placed nearly perpendicular to an interface of aluminum and nylon
during irradiation from the left by a plane-parallel beam of **7Cs gamma radiatio

8, Placement of Dosimeters for Dose Mapping

One of the most important uses of routine dosimeters is the determination of ab-
sorbed dose profiles within irradiated products. In many applications where the
product is relatively uniform and homogeneous {see Figs. 21 and 22). this is a
fairly simple operation [56]. In thesé cases, a gamma-ray irradfation by a plaqu

source symmetrically from both sides of the product (S and N) gives a somewhat
symmetric dose distribution, as shown in Fig. 23 [57], where the minimum dose lie



Measurement of Absorbed Dose and Dose CGradients 27

3*°ﬁ|ltt|nn.41’fxln|:if—_"'

o~ GLASS WALL

DOSE DISTRIBUTION DN LOW-DENSITY POLYETHYLENE CYLINDER

G.ﬁ,— . { p*1.05 g/em3) -
EJ
()
-
w
g 1
P 80 CENTER 1 5.3 mm
= FROM GLASS WALL
g
e

.5

. 2 S S '} 5
.0 80 100 120
DISTANCE FROM GLASS WALL ,um

Fig. 19. Depth-dose distribution near the inner surface of
2-ml glass ampoule in a stack of thin polyvinyl pyrrolidone
radiochromic dye films (thickness of each: 10 um) backed by
Tow-density polyethylene cylinders. At the center of the
cylinder were three of the dye film dosimeters held in a
central bisecting plane. The ampoule had 0.6 mm thick
glass walls and was held tightly in a polystyrene cylinder
with a 4.7 mm wall thickness. The ®°Co gamma radiation
field was coaxially symmetric around the ampoule }16].

- T T
ALUMINUM NYLON
1.5}— . -
> - P
= .
v
z
8- -
H
e -
-
I B
©
[0 ol -
ot 1 } 1 3 ] 1
° ! 8 3 v
OEPTH, mm

Fig. 20. Micradensitometer trace of optical dansity vari-
ation in a thin nylon radiochromic dosimeter film strip
placed across interfaces between slabs of aluminum and nylon
and irrradiated from the left by !37Cs gamma rays.
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Fig. 21. Typical product box containing relatively homo-
geneous product arranged vertically in a-box limit with
cardboard sheets, for irradiation from S and N sides by a.
vertical ®%Co gamma-ray source plaque [56].
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Fig. 22. Typical product box containing relatively homogeneous
product arranged horizontally in a box lined with cardboard
sheets, for irradiation from S and N sides by a vertical ®°Co
gamma-ray source plaque [56]. .
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Fig. 23. Top: Numbered reference positions for dosimeter
placement in jrradiated box; middle: Indication of gamma-
radiation direction for irradiation from both sides of the
box; bottom: Lateral depth-dose distribution at the indi-
cated dosimeter positions in the box [57],

Somewhere along the central plane parallel to the plane of the source plaque, and
the maximum dose 1ies somewhere near the plané surface clusest to the source plague

(see Fig. 24) [8]. ’

This idealized dose pattern may not be realized, however, if the product is con-
siderably less homogeneous, or if there are large voids or air cavities within the
product container {see Figs. 25 and 26). In this case it may be necessary to map
the dose distribution field in more detail, either by the placement of individual
thin dosimeters at various strategic locations on different surfaces and within

2 typical dummy sample of heterogeneous products (see Figs. 26 and 27) or by place-
ment. of an array of strips of thin dosimeter materials throughout a product box
(see Fig. 28) {56]. .

It must be kept in mind, however, that the ultimate aims of dose distribution
measurements for a given radiation process are to determine accurately. the loca-
tions and values of minimum and maximum dose, and to provide experimental assur-
ance that routine dosimeters are capable of agreeing with primary standard meas-
Urements of absorbed dose aver all practical values of product dwell time in the
7"§diator (see Fig. 29) [57]. Non-linearity of response of the dyed plastic
dosimeters has been accounted for in these results.

AP Sy
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CONVEYOR
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SECOND FIRST
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Fig. 24. Two single-direction passes of a rectangular pack-
age, once on each side of a stationary gamma-ray plaque source,
with the regions of minimum and maximum dose afier the second
pass indicated by hatch marks [8].
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Fig. 26. Typical product box containing relatively large
items to be sterilized, resulting in appreciable air cavi-
ties {56].
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Fig. 26. A cardboard box containing concentric cylinders
(length 42 cm) of polypropylene: inner cylinder: thick-
ness 0.53 cm and outer diameter 11.2 cm; outer cylinder:
thickness 0,68 cm and outer diameter 19.0 cm [16]. The box
was irradiated by gamma rays from two sides, south and
north, using a large *°Co source plaque. The cylinder sur-
faces are indicated by numbers 1, 2, 3, and 4, Dosimeter
film locations are indicated both in a bisecting plane
perpendicular to the cylinder axes and at the east end o~
the cylinders.
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Fig. 27. Cross-section of a heterogeneous product irradi-
ated symmctrically from the left and right by gamma-vadi-
ation from a ®°Co source plaque. Position numbers indicate
where calibrated. radiochromic dye film dosimeters might be
placed jn order to determine extreme values of absorbed
dose, [},5
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Fig. 28. A product box with positions of radiochromic dye
film strips. Small pieces of dye film are placed in the
eight corners of the box, which moves in an east-to-west di~
rection in passage by the vertical ®°Co gamma-ray source
plaque and is then turned 180° and irradiated from the other
side (north and south sides) [15].
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Fig. 29. Absorbed dose in water as measured by the indicated
dosimeters in a dummy product versus dwell time in a shuffle-
dwell gamma-ray irradiation [57].

CONCLUSTON

The main sources of uncertainty in routine dosimetry appiied to radiation steril
zation have been described. The most expedient ways to deal with these causes o

error and imprecisioh in commissioning dosimetry and routine sterility control i
production are: =~ &

1. Proper and up-to-date calibration and traceability to primary standards using

}‘::radiation conditions as close as possible to those on the radiation processing
ine, .

2, Either using calibrated dosimeters similar in radiation absorption properties
to those of the jrradiated substance of interest (i.e. biological matter, certain
plastics, etc.) or knowing the approximate radiation spectra of interest at given

locations in irradiated products, so that meaningful corrections can be applied
for differences in absorption cross-sections.

3. Making suitable corrections for systematic errors in dose interpretations
(instability, temperature and humidity dependence, non-linearities of response}.

4. Use of correct and reproducible methods of read-out (e.g. spectrophotometry,
optical densitometry, electropotentiometry, etc.).

5. Appropriate application of dosimeters according to their geometries and
response characteristics.
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8 A. Charlesby

. a8 crosslinking agents, and radiation which can promote crosslinking in many polymers can

of cenrse alao induce cancer. TIn fact for some time the possibility was considered that
crosslicking between DNA strands might be involved io cancer. Radiatiom protectors effective
in biological systems are often effective in inhibiting crosslinking for example.

There seems to be considerable scope in extending this type of investigation, to determine

how far the biological changes aré related to those induced in these far simpler materials,
where the physical and chemical processes can be more readily followed.
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