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Preface 

For the past ten years the author has been studying radiation dosimetry, 
particularly with a view to radiosterilization processes. The results of the 
theoretical and practical investigations have been reported in the papers cited 
below. The aim of this paper is to suggest and discuss criteria and methods of 
dosimetry in radiosterilization of medical products. 

The papers cited below deal with 60Co irradiation and with electron irradia
tion by means of a pulsed linear accelerator. The methods and procedures 
used necessarily vary considerably from one type of plant to the other, and it 
is obvious that a systematic attempt to cover all steps in the dosimetric proce
dures requires a team effort. The author of this paper has devoted himself to 
absolute dose measurements by caiorimetric methods, to calibration of the 
aqueous oxalic acid dosimeter, and to process dosimetry as a whole. 

A. Papers on Dosimetry in Irradiation Processing and Radiosterilization of 
Medical Products 

I Dosimetry in Industrial Processing. Chapter 33 in: (Eds.) F. H. Attix 
and E. Tochilin, Radiation Dosimetry, vol. 3 (Academic Press, New 
York) (in print). N. W. Holm (1968). 

II Radiation Dosimetry with Special Reference to Chemical Dosimeters. 
In: Balkan Meeting on Food Irradiation (International Atomic Energy 
Agency, Vienna). N. W. Halm (1968). 

III Code of Practice for Radiosterilization of Medical Products (Inter
national Atomic Energy Agency, Vienna). Section 4.3, Note 1: 
Dosimetry at Gamma-Ray Irradiation Plants, and Note 2: Dosimetry 
at Electron Irradiation Plants, were drafted by this author as a member 
of an IAEA working party (1967). 

IV RadiosteriJization of Medical Devices and Supplies. In: Radiosterili
zation of Medical Products (International Atomic Energy Agency, 
Vienna). E. A. Christensen. N. W. Holm and F. A. Juul (1967). 

B. Papers on Absolute Standardization by Calorimetry 

I Caiorimetric Measurements of Gamma-Rays and Calibration of Ferrous 
Sulphate Radiation Dosimeter. In: Metrology of Radionuclides (Inter
national Atomic Energy Agency. Vienna). A. Brynjdlfison and N. W. 
Holm (1960). 



II Absolute Measurements on the Co-60 Irradiation Facility at Riso. 
In: Selected Topics in Radiation Dosimetry (International Atomic 
Energy Agency. Vienna). N. W. Holm. A. Brynjdllsson and J. E. Maul 
(1%I). 

HI Absolute Dose Mcanircnicnrvon a Megacurie Co-60 Source by Means 
of Calorimetry. Research Report. Food Division, U.S. Army Natick 
Laboratories. N. W Holm and W. B. Alexander (1964). 

C Papers on the Aqueous Oxalic Acid Dosimeter 

I An Investigation of the Oxalic Acid System for Co-60 Dosimetry. Riso 
Report No. 111. N. W. Holm. E. Bjergbakke. K. Sehested, and /. G. 
Draganitimi). 

II The Oxalic Acid Procedure. In: International Conference on Radiation 
Chemistry, Argonne National Laboratory, August 1968. Advances in 
Chemistry Scries (ACS), vol 81. N. W. Holm and K. Sehested (1968). 

Ill Investigation of the Oxalic Acid System for High Dose Rate Electron 
Dosimetry. In: Proc. of the Second Tihany Symposium on Radiation 
Chemistry, Akademiai KiadA. Budapest. K. Sehested. E. Bjergbakke 
and JV. W. Holm (1967). . « 

TV Influence of Dose Rale at Large Absorbed Doses on the OiaBc-Acid 
Dosimeter. Riso Report No. 112. /. G. Dragmié, K. Sehested and 
N. W. Holm (1967). 

Ap additional number of papers published in collaboration with colleagues 
al Riso aad at Sutens Seruminstitut are given in the list of references (part A). 
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Introduction 

Dosimetry in radiosterilization of medical products indirectly serves the 
purpose of controlling the sterilization effectiveness of the irradiation process. 
The ultimate "consumer" of the sterilized product is the patient, whose 
health, in some cases even life, may depend on the sterility of the product, for 
example in the case of a blood transfusion set. Thus it seems reasonable to 
say that accurate dosimetry might be as vital in radiosterilization as it is in 
radiotherapy, and major efforts are therefore devoted to developing accurate 
and reliable dosimetry procedures for this process. 

While dosimetry in radiotherapy has long been established as a scientific 
and technical field in its own right, growing in scope and complexity as new 
therapeutical sources and new techniques for treatment are coming into use, 
dosimetry in radiosterilization processing is by comparison a virtually un
touched field. Radiosterilization was developed in the late fifties, and even 
today the number of industrial radiosterilization plants in operation can be 
counted on the finger; of two hands. Dosimetry principles have been adopted 
from radiotherapy, but the large absorbed doses and high dose rates as well 
as the need for an industrial process in general have made it desirable to 
develop new procedures. 

Basic Criteria for Radiosterilization 

Any sterilization process is carried out with the objective of obtaining a 
sterile product, i.e. a product containing no viable micro-organisms. Since 
microbial inactivation proceeds exponentially with the quantity of the steriliz
ing agent regardless of whether the latter is dry heat, steam, a poisonous gas, 
or ionizing radiation, only a certain probability of sterility will be achieved in 
practice. The conventional means of establishing the microbiological quality 
of a sterilized product is sterility tests on samples taken at random from the 
production. An inherent complication in sterility testing is the occurrence of 
"false positives" (i.e. micro-organisms introduced through handling or by 
airborne contamination during the laboratory test); even by the best present-day 
techniques, false positives will be found with a frequency of approx. 1:100. 
This means that by direct product control one may at best detect an in
sufficient sterilization when at least 1 out of 100 units is unsterile. The current 
requirements as to the microbiological quality of medical products are consid-
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erably greater. In Scandmavi?n countries the general feeing of the health 
authorities is that industrially sterilized equipment should be as sterile as 
equipment aulochved in hospitals. A committee set up by the Danish National 
Health Service have in fact agreed upon the following recommendation: 
"Whenever possible, sterilized medical equipment should be manufactured 
under conditions that make it possible for the producer to demonstrate that 
there is very little probability of finding more than one viable micro-organism 
per one million units of the end product." 

In consequence, efficiency criteria for radiosterilization had to be derived 
from steam sterilization as practiced in the hospitals (A IV). 

Lege artis hospital sterilization implies: 
(i) that the equipment to be sterilized is cleaned carefully prior to steril

ization: 
(ii) that the autoclaving process is carried out for a specified period of 

time at a specified temperature: 
(iii) that the efficiency of the process is tested regularly under operating 

conditions by insertion of a number of spore test pieces at locations 
where the microbicidal effect is supposed to be minimal. 

At Danish hospitals, six test pieces, each containing about 10" spores of 
Bacillus mblilis, are to be applied for each test, and all spores should be 
inactivated by the process. In practice, an inactivation factor of more than 10* 
has been demonstrated. The test strain selected has to be more resistant to 
the sterilizing process than all pathogenic micro-organisms with a known 
resistance, and at least as resistant as any commonly occurring contaminating 
organism in the relevant environment. Furthermore, the test piece should be 
prepared in such a way that its resistance may be supposed to correspond to 
that of the micro-organisms uoder the conditions prevailing on the equipment 
to be sterilized.* 

* Since the summer of 1967, B. subtilis has been replaced by another bacillus strain, B. 
stcarothtrmophilus, which is more resislant to autoclaving. The change was made in 
order to bring the microbiological process control into belter accordance with today's 
control procedures in Sweden, the U.K. and the U.S.A. 

The standard has not been changed by the introduction of B. sitardhermophilus. A 
sterilization procedure is still required to inactivate by a factor o! at least 10s all 
pathogenic micro, organisms and all comaminating organisms that occur frequently in 
the relevant environment, unless a continuous control of the equipment prior to ster
ilization demonstrates that the standard requirement of not more than one surviving 
organism per one million product unit* can be fulfilled at a lower huctivation factor. 
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On this basis the following criteria were set up for radiotterilizatkm: 

(0 The products should be manufactured unde. good hygienic conditions, 
(ii) Measures should be taken to ensure that an parts of the products 

receive the prescribed minimum dose, 
(in) The absorbed dose should be sufficient to inactivate, by a factor of 

10*. a microbiological test piece selected and prepared according to the 
same criteria as those mentioned above. 

It was concluded that a routine test piece control, as carried out in con
nection with other sterilization methods, was unnecessary as the minimum-
effect locations could be adequately checked by dosimetry; this is not the case 
in steam or gas sterilization, where diffusion barriers may be difficult to 
predict or recognize. The requirement of an inactivation factor of 10* can 
today be dispensed with for products with a very low degree of initial 
contamination, i.e. where the required standard of the end product can be 
obtained at a lower inactivation factor. 

Demands on Dosimetry in Radiosteriltzation 

It follows from the criteria outlined above that dosimetry in radioster-
ilization must serve the following purposes: 

(i) to provide for accurate determination of inactivation curves for pro
spective test-piece strains. The accuracy required is ± 2-5 %; 

(ii) to provide means of ascertaining that all parts of the product packages 
receive at least the specified minimum dose. As a safety margin can be 
decided at discretion, the accuracy required may be set by practical 
conditions. We have aimed at ± 10% for accelerator processing. 

It is of course desirable also to be able to estimate average and maximum 
doses as some plastic materials used for medical products deteriorate signif
icantly at large doses. 

In setting up a dosimetry procedure, it is practical to divide it into the 
following steps: 

(i) absolute calibration of a reference location in the radiation field; 
(ii) product dosimetry; 
(iii) process control. 

Jl 



The first step provides a tool for calibration of routine dosimetry systems 
and of microbiological lest pieces. The second step takes cue of dose distri
bution measurements in product packages for given sets of irradiation con
ditions, and die third step deab with the problems of controlling the main
tenance of a chosen set of irradiation conditions during processing. 

The remaining part of this paper is devoted to a discussion of these 
problems. 

Absolute Calibration of a Reference Location 

A radiation instrument is regarded as absolute if it can be "constructed and 
subsequently used to measure radiation without the necessity of calibrating 
its response in a known field of radiation"' (Roesch and Attn. 1968). Accord
ing to this definition, only ionization clumbers, calorimeters and the Frkke 
chemical system may today be termed absolute dosimeters. 

At the time when this work was initialed, only calorimeters fitted into this 
category, as the average energy W expended in a gas in the formation of one 
km pair (the crucial quantity in ionization dosimetry) had not yet been deter
mined with adequate accuracy, and the G-vahies reported for the Fricke 
dosimeter were rather scattered. In fact the first absolute dose measurement 
at the s°Co facility at Riso was aimed at calibrating the Fricke dosimeter by 
caktrimetry (B I. B II). 

**Co Calorimelry 

For the calibration of the absorbed dose in a reference position in a "Co 
source the following demands on the detector are particularly important: 

(i) It should, whenever possible, have absorption characteristics similar to 
those of the secondary dosimeter system to be calibrated, and similar 
to those of the product to be sterilized, 

(ii) It should be of similar geometrical dimensions and orientation as the 
secondary dosimeter in order to obviate corrections for field non-
unifonnity. 

With regard to the choice of a reference location, two options may be 
suggested: One may choose a certain location in a production package and 
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measure the accumulated dose for a typical passage as provided by the 
product conveyors, or one may arrange a set-up adjacent to the "Co source 
pbque(s) and measure the absorbed dose over a given period of lime a this 
geometry. While the first option certainly provides the best simulation of 
processing conditions, n is unpractical to realize by camrimetry as heat transfer 
problems are troublesome where large variations m dose rate occur over 
extended periods of time. In this respect the second method is much more 
convenient, but some caution must be exercised when a secondary dosimetry 
system calibrated in this way is used in actual processing. Two factors are of 
special importance: the influence of the energy spectrum on the dosimeter 
response and the dependence of the response upon the dose rate. 

For an initial " C o energy spectrum and a given exposure, the doses ab
sorbed in two different materials are proportional to their respective electron 
densities as long as only the Compton effect h significant in energy absorption. 
As the energy spectrum degrades by scattering of the primary radiation in 
the absorber, the spectrum becomes richer • low-energy photons, and photo
electric absorption processes will become important The cross section for 
photoelectric absorption increases significantly with the atomic number of the 
absorber, and the ratio between the doses absorbed in the two materials will 
change accordingly. Let us assume, for example, that the detector of -the 
absolute instrument (eg. the calorimetric body) is water, chosen to simulate 
the low-Z hydrogenous plastics to be processed, and that the secondary system 
to be calibrated is a 0.1 M eerie sulphate solution. If the eerie sulphate dosi
meter is calibrated to read the water dose under initial spectral conditions 
(i.e. 1.25 MeVj-rays) and is then used m a location separated from the source 
by approx. 15 cm of water (p,r = 1). the dose absorbed in the solution win 
be approx. 20% larger than it would have been m water irradiated under the 
same conditions (Brynjolfsson. 1968). A similar problem exists for the poly-
vmylcbloride (PVC) firm dosimeter. It is therefore essential either to select a 
secondary system with an average atomic number approximately that of 
water (e.g. the oxalic acid dosimeter or the Fricke dosimeter) or, when this 
is not feasible, to calibrate under "average" energy spectrum conditions in 
order to minimize this systematic error. 

Dose rate variations as they may occur in the "Co plant are of little signif
icance for most chemical dosimeters. Exceptions are systems based on chain 
reactions, which are dose-rate dependent throughout the dose-rate range, and 
the oxalic acid, which seems to be somewhat dose-rate dependent (C I, C IT). 
Calibration of this dosimeter should therefore take place at a distance from 
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the source at which the dose rate roughly corresponds to the average of the 
dote rates to which the dosimeter will be exposed m practical use. 

The calorimeters used for absolute calibration of a reference location in 
a " C o facility are described in references B I. B II and B i n . They are all 
based on an ordinary Thermos flask filled with an ice + water mixture (B I. 
B II) or water alone (B III). This system was chosen because it provided the 
possibility of calibrating directly, in the same geometry, any diluted aqueous 
solution. A Thermos flask calorimeter was first used by Klinger (195$). who 
estimated the accumulated dose by conveying 3 water-filled Thermos flask 
placed in aa iee-water-flUed metal can through a e-ny I"eld-

MsB Calorimeter. At RisB a Thermos flask calorimeter was used for 
absolute calibration of the Fricke dosimeter (B I, B D). The energy absorbed 
was determined by measuring the contraction in volume of an ice + water 
mixture by mean* of a calibrated capillary connected to the Thermos flask. 
The flask was surrounded by a cylindrical jacket also containing an ice + 
water mixture, so that isothermal conditions were established. The absolute 
measurement took place in Riso's »»Co facility, which at that time contained 
approx. 1200 Ci (Brynjotfsson and Holm. I960). After the absolute measure
ment, the flask was filled with Fricke dosimeter solution and irradiated to a 
predetermined dose. In this way the G-vahe was measured to be 15.68 + 0.07 
(B II). which is in good agreement with recent measurements reported 
in the literature (see e.g. Fricke and Hart (1967); on the basis of determina
tions carried out m a number of laboratories, including Ris6. they concluded 
that 15.6 is the best value). The average dose rate X in the water, in nds/h, 
was calculated from the equation 

3f «2 + q-a-b) • 2.388 • 10* = jfø. 

where g is the average amount in grammes of ice and water b the Thermos 
during irradiation, q is the weight in grammes of the inner glass wall of the 
Thermos, a is a correction factor for the different dose rates in the inner liner 
and in the ice + water mixture, XtlmliC,«. •„. ,„, and b is a correction factor 
for the different mass energy absorption coefficients m the glass and in the 
ice -I- water mixture. 0*../e),t.J(i<../?) Ira * Water" 

The factor 2388 • 10* is 
the energy of lg-rad in calories. Vx is the rate of volume change in mm'/h, and 
1.137 is tie volume contraction in mm'per I calorie absorbed.« was obtained 
by wcighng the inner waD after breakibg the Thermos flask, and a and 0 were 
estimated 00 the basis of calculations and tabular values respectively. The 
14 



reproducibility was good only when the ke was abfoMtery free from air. The 
system was designed for dose rates of the order of 100-200.000 rads/h. 

Mate* Calorimeter. The Thermos flask calorimeter described m B HI was 
designed for dose rates of several Mrads/h. but if thermistors are used instead 
of thermocouples in the temperature measurements, it may be applied at the 
same range as the system described above. The experiments reported in B III 
were carried out with the objective of analysing the system properties a detail, 
determining the system parameters experimentally and developing simple 
techniques for accurate calibration of aqueous chemical dosimeters. 

The calorimetric body consisted of the inner wall of the Thermos fhsk, 
the water inside it. and part of the cork stopper ( ~ %). The system was found 
to operate conveniently in a constant-temperature environment, obtained by 
filling the space between the Thermos and the enclosing Dewar flask with an 
ice + water mixture. Heat losses from the cabrimetric mass follow Newton's 
law of cooling (for a further discussion, see B III), and the net temperature 
increase was determined by plotting the temperature readings (Le. the thermo
couple emf vs time) on semilog graph paper and extrapoktbng the curve 
segments before and after the irradiation to the middle of the irradiation 
period (this is a good approximation when the heating rate is constant). 

The calorimeter was used successfully without modifications also in an 
adiabauc mode of operation. Such mode could be realized although the 
average dose rate in the water-filled interspace (jacket) between the Dewar 
and the Thermos was slightly higher than that in the water in the Thermos. 
At the start of the irradiation, the temperature of the water in the jacket was 
chosen to be slightly lower than that of the water in the Thermos. The heating 
curves for the jacket and the Thermos were followed during irradiation, and 
the dose rate was determined from the slope of the Thermos beating curve at 
the moment when the two curves intersected, i.e. the moment when adiabatic 
conditions prevailed. It appeared that approx. one hour passed before the 
rates of beat transfer from areas of low specific heat (glass) to areas of high 
specific beat (water) became constant In order to make sure that stable 
conditions were obtained, it was consequently found necessary to adjust the 
initial temperature difference so that intersection of the curves would not take 
place earlier than one hour after the start of irradiation. 

The system was calibrated by introducing a precisely known amount of 
electrical energy E. into U. The applicable calorimetric equation is the foDow-
mg: 
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m, = mass of the Ah calorimeter mass component in g. 
c, = thermal capacity of the Ah compoacnl n cal/g-°C, 
<\T = temperature increase in CC, 
0.2389 = number of calories equivalent to I joule (or watt-sec). 

The electrical cahbralicn provided a value for Smft m the calibration 
equation. The nusses of water, wire and cork were determined by weighing. 
and corresponding values of c, were taken from standard reference tables. The 
mass of the glass forming part of the cakximctric body is not well defined m 
this system, and it was found desirable to check by another method whether 
simple weighing of the inner wad. as used in B I and BII . was sufficiently 
accurate. The thermal capacity of glass .is a sensitive function of its compo
sition, which was not known. It was conceived thai as the calibration beating 
muwiemem. through subtraction of the known pans of 2mf, for water, cork 
and wire, would provide a value for mwUm - cIhJ# for the participating glass, 
an additional calibration beating experiment in which a weighed amount m' 
of broken gbss from an identical Thermos fbsk was added to the water hi the 
Thermos.wouU yieU a new value (!>!,,,„+m',,„) - c tba .taus providing two 
equations which could be solved for m^_ and c^,. This method worked 
out well, and it could be concluded from the results that either method of 
determining mlUm could safely be used (B 111). 

The average water absorbed-dose tale m the 7-ray field was obtained from 
the equation 

£j 2.JW ^m Ĵjfcj ' £j " 

A P 
Af 

a, = ratio of the average absorbed dose rales m the Ah component and 

' l"Z7/i/(lv'/»" 

= average dose rate in water. Miads/h 

the water. I 

ft, = ratio of the mass energy absorption coefficients for the ith component 
and the water. (/i„lt)t / !>„/{?> „ , „ 

^— = temperature increase per boor of irradiation. 
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The factor 2.389 is the number of calories equivalent to 1 g-megamd or 10 
joules. The influence of a, and *; was negligible except for the glass, which 
represented a significant fraction of the total calorimetric mass. atb^ was 
determined experimentally by using chemical dosimeters in a nmibr geometry. 
btiMM. was more difficult to estimate as it depended on the composition of the 
glass, and according to reference data it could vary between 0.89 and 1.02. 
It was determined experimentally by a method similar to that described above 
for the determination of m,^ and c ( b a . An irradiation experiment in which 

everything but the absorbed dose rale 4±- and 6rU„ was known gave a re

lation between these two parameters. An additional experiment with an added 

amount of glass of the same composition gave a new set of values so that 

4 ^ a n d 6 „ „ could be calculated. 

Results obtained by operation under consunt-temperatire-cnvironment 
conditions agreed within less than 0.5 % with results obtained under adabatic 
conditions. The former method was found to he the more convenient for routine 
use. An analysis was carried out m order to assess the errors of Ihe individual 
parameters in the dost rale determination and their respective impacts on 
the net result It was concluded that only the accuracy of the thermocouple 
cahbratioo i/iV/°Cy, Use electrical energy input determination (£„) and Ihe 
reading of the thermoelectric power of the thermocouples i/tV) could be 
expected to give errors in excess of 0.1 % m the dose rate determination. The 
analysis further indicated that the accumulated error might be expected to 
be approx. 0.4 %. and Uris was found to be m good agreement with the 
experimental results. It was concluded from the analysis that the most direct 
way of obtaining an improved overall accuracy of Ibe calorimeter would be 
to improve the temperature measurement equipment 

The accuracy of both systems described m this section rests on the correct
ness of the assumption that all radiation energy absorbed by the calorimetric 
body is converted mto heat. This problem was analysed, and it was concluded 
(B III) that in a closed system the assumption would be correct after a gamma 
dose of approx. 2000 tads as radiorytic steady-state conditions were then 
established m the water. The iroount of energy lost in atomic dislocations 
could be neglected. 

The apparatus and method described in the foregoing were used for 
calibration of the oxalic acid doshnrwr (C I). 
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Caknmetry al a lOMeV Lunar Acaleralor 

Absolute standardization of a reference location a Ike inadatka field 
produced by a pulsed, scanned 10-MeV electron bean is most accurately 
effected by calorimetry. At the high dose ales in question, ionizatka 
chambers are subject to ionic recombination phenomena, and the Fricke dosi
meter undergoes changes in chemical yield caused by the very dense distri-
btnioa of primary species from Ihe radiorysis of the water. As stmtning 
doses are given in a few minutes, it is possible in this case to place the calori
meter in a "package geometry" and irradiate h under conditions similar to 
those in the actual sterilization process. The energy spectrum problems m 
gamma irradiation of materials of different atomic numbers are not present 
m electron irradiation. For a given exposure, the ratio of absorbed doses in 
two materials will closely approximate Ihe ratio of their respective stopping 
powers at Ihe initial efectna energy (A I). At Risd a simple system nrnMmf 
of a thin-waled, closed polystyrene Petri dish filled with water and filled 
wimacaHiaucdtbcni>ittc«bubem 
in detail • A I). This calm under, which only absorbs a fraction of the 
incident beam, will read the average dose absorbed m it, and Urn reading can 
be used to normalize a dose-vs-depm curve at the given electron energy. II is 
thereby possible eg. to derive the surface dose for a given avenge dose as 
determined with the calorimeter. A chemical dosimeter may be calibrated by 
irradiating the particular system m a shmhr geometry, the calorimeter and 
Ihe secondary system bring passed through the beam in dose succession 
under constant beam and conveyor conditions. A fibs dosimeter or a micro
biological test piece may be placed directly on lop of the cabrioleter during 
calibration, provided it is dun enough not to change the dosewdepth distri
bution • the calorimeter sispific»tH-

Product Dosimetry 

In section 4 3. notes 1 and 2. of the uteraeuoaal Code of Practice for 
Badkntfrilaalion of Medical Products (A IH). detailed recommendations for 
dosimetry at gamma ray irradiation plants as weD as at accelerator irradiation 
phots are given. The introduction to Ihe section contains this passage: 

"The aim of dosimetry is to make sure thai every wit receives at taut ihe 
required maunum dose and that excessive dote* are not given. The fui-
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filmcnt of lbs requirement should be ensured on the commisnmuig of 
the plant and whenever the process parameters are altered, and should be 
controlled d u n g routme operation." 

The term comnisskmmg covers the initial start-up of the phot, but it also 
refers to changes m irradiatinn conditions such as chance of sources or 
product packages. 

At the time of commissioning, the dose distribution in the standard package 
should be evaluated with the objective of determining a set of process para
meters that ensure fuHihnent of the dose leujunemeats. A variety of dosimetry 
systems are available for this purpose, such as aqueous chemical dosimeters, 
tnerniolummescenoe- and luminescence degradation systems and film and dye 
dosimeters. It is the opinion of this author that, in the dose ranges used for 
radiosteribzation, aqueous chemical systems are the most accurate (A II). In 
electron irradiation, however, where aqueous systems often do not give 
sufTkienUy detailed spatial information, other systems are ID be pufetied 
although they may be less accurate. 

—Co Dosimetry 

According to the Code of Practice, no less than tea dosimeters should be 
used for the evaluation of the dose distribution m a production package 
irradiated under processing conditions: the dosimeters should be placed either 
m a homogeneous nock of material of similar size, density and chemical com
position as the production package or at representative locations m the 
standard production package. This author is in favour of the tatter approach 
as most medical products are mhomoreoeous with regardjo ma-5 distribution. 
A typical average density of such a package h 0.1-0.2 g/cm>. 

Irradiation under processing conditions requires tbe dosimeter to operate 
whhic the dose ranges available in the plant, and basse are predetermined by 
the range of conveyor speeds. Most often tbe Fricke dosimeter and the 
ferrous-cupric dosimeter are ruled out for this reason, their dose ranges being 
O.OtH-0.04 and 0.04-1.0 megarad respectively. The eerie sulphate dosimeter 
and the oxalic acid dosimeter ate both usable m the nmhi-mrsBrad range. The 
strong influence of the photon spectrum on the dote absorbed m the eerie 
sulphate system, as mentioned earlier, made us look more closely at the oxalic 
acid dosimeter as it bad some immediate advantages over the eerie sulphate 
dosimeter, namely: (I) negligible energy dependence of the response per rad 
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in water (less than 1 %. Brynjolfsson. 1968): (2) marked insensitivity to 
impurities; (3) perfect storage stability. The system was originally developed 
by DraganK (1955. 1959). who reported a linear responsc-vs-dose curve up 
to 30 % decomposition, and linearity in a log-log system at higher decom
position ratios. The accuracy claimed was ± 10 %. which was confirmed by 
experiments in our laboratory. Difficulties were later reported by a number 
of American experimenters, and a systematic investigation was initiated. The 
absolute calibration ar.1 an analysis of the experimental procedure were 
carried out by means of the Thermos flask calorimeter (B III). It was 
demonstrated (C I) that minor changes in the spectrophotometric method of 
oxalic acid determination, or in the application of NaOH titration originally 
suggested by Matsui (1959), resulted in a variation of only ± 2 to 3 %. The 
favourable irradiation conditions made it possible to she. also that a con
tinuous decrease in decomposition yield took place throughout the decom
position range, and the experiments indicated that the yield decreased with 
solute concentration (particularly in the 25-100 mM range) in agreement with 
the original findings of Fricke et al. (1938). Later experiments at Riso 
supported these findings, and it was concluded that the decomposition 
approximately followed first-order kinetics. 

The continuous decrease in yield with increasing absorbed dose can be 
expressed as follows (Draganic. 1967): 

D = o c log^-, 
c 

where D is the absorbed dose, a a proportionality factor, and c„ and c the 
concentrations of oxalic acid before and after irradiation. A rather wide range 
of values for a have been reported from laboratories testing the new procedure. 
No satisfactory explanation of this phenomenon has been given so far; there 
seems, however, to be some correlation between the magnitude of a and the 
dose rate (C I). Consequently, the system must be calibrated under conditions 
approximating those of actual processing. C II gives an up-to-date review of 
the dosimetric properties of the oxalic acid system*. 

• Some accelerator experiments were carried out in order to establish the influence of 
extremely high dote rates, and it was shown that the dole necessary to cause 25 % 
decomposition of 30 mM, 100 mM and ZOO mM remained constant up to 2 X to* 
rads/scc, 2X10* radsfsec and 2 x 10" rads/scc respectively. C III and C IV five 
details of the accelerator experiments, inchiding some findings concerning the reaction 
mccbannm of the dosimeter. 
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General procedures for application of aqueous chemical dosimeters are 
given in A II. It should be noted that a sensible reading of the dosimeter is 
only obtained under electronic equilibrium conditions. For s°Co gamma rays, 
such conditions are obtained by surrounding the ampoule with approx. 0.5 cm 
of unit density material. 

For a 0.2 g/cma average density product, an aqueous chemical dosimeter 
attenuates more than the corresponding volume of "average" product. 
Although this problem is not critical in practice, dosimeters should therefore 
be placed so that they do not shield each other. It should be noted that the 
dosimeter reads the dose absorbed in itself rather than that absorbed in the 
product. Detailed instructions for calculating the dose in a material of a given 
composition from the dosimeter dose are given in ASTM-D-2568-66T (Ten
tative), which is based on a report by Cheek and Linnenbom (I960). A 
summary is given in A II. What has been said earlier about the influence of 
the photon spectrum is obviously pertinent to this problem. A product wholly 
or partly composed of PVC, for example, will absorb a relatively larger dose 
in a location where the photon spectrum is heavily degraded. 

Accelerator Dosimetry 

In setting up a specific procedure for dose distribution measurements in 
electron-irradiated packages it is necessary to assume the presence of some 
features. The Code of Practice refers to an installation having the following 
characteristics: 

(i) "A scanning system providing a sweep of the electron beam so as to 
give a homogeneous surface dose distribution over the width of the 
production package. 

(ii) "A conveyor system which moves the production packages in a direc
tion perpendicular to the beam and scanning directions. 

(iii) "A sweep velocity high enough to ensure good beam-spot overlap on 
products passing at the highest conveyor speed." 

In such a set-up the surface dose on the packages remains constant if a given 
set of machine parameters can be maintained. Under these conditions the 
model procedure set up for 60Co process dosimetry can be transferred directly, 
and the dose distribution in the packages can be evaluated as before. Nor
mally the minimum dose location in the package will be found farthest from 
the beam. The short penetration range of electrons requires the use of thin 
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dosimeters such as film or solid-state dosimeters. The PVC film (Artandi and 
Stonehill. I960. Maul et at.. 1961. Brynjolfssoa and Thaarup. 1963) has proved 
suitable for process dosimetry, and detailed procedures for its use are given 
in A I. The films arc calibrated with the Petti-dish calorimeter described above, 
and placed at selected locations in the product package. The system is not 
influenced by the variations in electron energy tatting place under processing 
conditions, and the dose read by the film therefore corresponds to the water 
dose measured by the calorimeter. Conversion to the dose absorbed by the 
product is made on the basis of stopping power data as described in A I. 

4 

Process Control 

Once the dose distribution is determined in the product package for a given 
set of irradiation conditions, further dosimetry may be dispensed with 
according to the Code of Practice if means of ascertaining that the process 
parameters remain constant with time are available (it is recommended, 
however, that the dose be checked regularly by inserting dosimeters in 
randomly selected packages). In the case of the 6°Co plant this requirement 
can be met in a simple way by providing (1) positive indication of correct 
operational position of the source, and (2) constant conveyor speed (corrected 
regularly to compensate for source decay). In accelerator processing more 
elaborate measures are needed, namely (1) continuous monitoring and record
ing of current, energy, scan width, and conveyor speed (to ensure a constant 
surface dose I. and (2) interlocking between beam current monitor and 
conveyor to ensure that the latter stops in case of beam failure. Detailed 
information on how to establish such systems is given in A I. 
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Summary 

The purpose of these investigations was to develop dosimetry systems for 
radiosterilization of medical products. Some of the work has formed the 
basis of the dosimetry procedures included in the IAEA's recommended 
Code of Practice for Radiosterilization of Medical Products. Special efforts 
were made to develop simple and reliable calorimeters for absolute calibration 
of secondary dosimetry systems, and the results of the work with the Thermos 
flask calorimeter and the oxalic acid dosimeter are reported. A number of 
general problems in radiosterilization dosimetry are also discussed. 
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