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FOREWORD 

To create a greater awareness of the need for accurate dosimetry in radio-
therapy and also to improve consistency in dosimetry among radiotherapy 
centres, the Dosimetry Section of the IAEA started in 1966 a postal dosimetry 
service for cobalt-60 irradiation using thermolurhinescence dose meters (TLDs). 
From 1966 onwards the TLD intercomparison service has been conducted on a 
continuing basis, up to 1970 by the IAEA alone and since 1970 as a joint 
IAEA/WHO undertaking. 

At present, approximately 150 institutions are covered by this service each 
year. Because of its direct bearing on work in radiotherapy, it is obvious that the 
highest possible accuracy is required. The reliability of the'service is ensured by 
the participation of a National Primary Standard Laboratory in the programme. 

The evaluation of this project has clearly demonstrated its usefulness. More-
over, a majority of the participants, responding to an inquiry initiated by WHO, 
proposed an extension of the programme to include orthovoltage X-ray therapy 
machines. The request to do this appeared particularly compelling since it came 
from well-staffed and -equipped institutions. Another independent recommenda-
tion, aimed at organizing a dose intercomparison for orthovoltage X-ray therapy, 
was submitted by the Medical Task Group of the IAEA/WHO Panel on National 
and International Radiation Dose Intercomparisons, held in Vienna in 1971: 

Because of the greater complexity of dosimetry in orthovoltage X-ray therapy 
the IAEA and WHO enlisted the co-operation of two research centres to develop 
suitable methods for a postal dose intercomparison service for these radiations. 
In addition, the IAEA Dosimetry Laboratory performed investigations with the 
same objective, including a first pilot study. As a result of this work, different 
methods are now available, each using thermoluminescent material and providing 
information on the absorbed dose as well as on radiation quality. 

An Advisory Group Meeting was convened in Vienna on 6—10 December 
1976 to critically evaluate the various methods and to advise the IAEA and WHO 
on the first steps to be taken to implement the service. The present report 
contains most of the papers presented at the meeting and the specific recom-
mendations of the experts. The Advisory Group also recommended that a second 
pilot study of a TLD postal dose intercomparison for orthovoltage X-ray therapy 
be conducted, taking into account and developing the guidelines laid down at the 
meeting. This study was completed by the end of summer 197-7, and the results 
and experience gained are summarized in a report that is included in this book as 
an annex. 



It is hoped that the book will serve as a useful reference work for those 
engaged in radiation dosimetry of orthovoltage X-ray therapy. It may also be 
useful to those responsible for organizing programmes for absorbed radiation dose 
comparison in this energy range in Member States as well as in regional and national 
Secondary Standard Dosimetry Laboratories. 
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REPORT AND RECOMMENDATIONS 
OF THE ADVISORY GROUP 

1. INTRODUCTION 

The overall object of a successful radiotherapy programme is to obtain 
maximum control of tumours with a minimum of radiation-induced complications 
to normal tissues. The implementation of this object depends upon various factors. 
The present book, however, concerns itself specifically with the improvement 
of dosimetry and its uniformity. 

A procedure for achieving this goal might be to send an expert to the various 
radiotherapy centres and have an on-the-spot dose measurement. Another way 
of achieving this would be to greatly enlarge educational programmes for the 
training of medical physicists and other persons responsible for radiation dosimetry 
in their own centres. A third procedure makes use of a mailed dose meter for the 
measurement of absorbed dose. 

2. OBJECTIVES 

For the present intercomparison programme the third procedure is the 
preferred choice since many centres can participate in the work at reasonable 
cost. In addition, it is possible to have frequent intercomparisons with the same 
institution. 

The objectives of the planned postal dose intercomparisons are as follows: 

(a) To create a greater awareness of the need for correct dosimetry in 
radiation therapy. 

(b) To compare and improve the accuracy of the clinical delivery of the 
radiation dose. 

(c) To improve dosimetric consistency within and among radiation 
therapy centres. 

(d) To identify the sources of error and inaccuracy in the clinical delivery 
of radiation as well as methods by which these may be corrected. 

3. SPECIFIC AIM 

The specific aim of this postal dose intercomparison project is to evaluate 
the accuracy of the clinical delivery of dose from orthovoltage X-rays of half-
value layers (HVLs) greater than 0.5 mm Cu (i.e. X-rays generated at potentials 
between 140 and 500 kV). 

3 
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The criteria for the accuracy of the dosimetry are based on the knowledge 
of tumour control, complications to normal tissue, and the technical possibilities. 
For this intercomparison it is required that the accuracy of the dose determination 
should be better than ±10% and preferably ±5%. In addition, the planned thermo-
luminescence dosimetry (TLD) intercomparison programme should help in the 
assessment of the reasons for significant discrepancies in dosimetry, should they 
occur. 

4. METHODS 

4.1. General 

The intercomparison will be restricted to HVLs above 0.5 mm Cu (140—500 kV) 
and will be done with thermoluminescent dose meters. At present, LiF remains 
the TLD material of choice for the determination of the dose at 5 cm depth in 
water. In a situation where no information about the quality of the X-ray beam 
exists the accuracy of absorbed dose determination will be limited by the energy 
dependence of LiF to ±7%, but if the HVL quoted is used, an accuracy of ±2% 
may be achieved. A dual-phosphor method is adequate as an external filter 
method to provide the quality information needed. The dual TLD system consists 
of a low-Z and a high-Z phosphor, while the alternative technique uses different 
filters. Attention must be given to spectral width effects in each case [ 1 ]. 

As each technique has certain shortcomings, an investigation of possible 
new systems will be useful. Points to be considered in this respect are energy 
dependence, annealing procedures and automation. 

The instruction sheet and data sheet used at present, which form 
Appendixes I and II of this report, refer to the external filtration technique. 

4.2. Dual-phosphor technique 

4.2.1. LiF and CaF2:Mn, powder and ribbons 

The general features of this dual-phosphor system have been described 
previously [2], Two polyethylene capsules (internal diameter 3 mm), filled with 
LiF and CaF2 : Mn powder, respectively, have been exposed in water at 5 cm depth. 
The TL reading of LiF per rad in water in the HVL range of 0.1 —3 mm Cu of the 
incident X-ray beam is given in Fig.3 of Ref.[2]. No effect of spectral width is 
observable. The energy dependence factor of LiF here is 1.23, 1.18 and 1.10, 
relative to cobalt-60 gamma rays in air, at HVLs of 0.5, 1 and 3 mm Cu, respec-
tively.'* Thus, information on the HVL of the incident beam is needed to be able 
to correct for this energy dependence. Using the ratio of the TL readings of 
CaF2: Mn and LiF, this information can be obtained from Fig.2 of Ref.[2]. 
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The uncertainty in the dose determination using the CaF2 /LiF system for 
a HVL range of 0 . 5 - 3 mm Cu and potentials of 140 — 500 kV can be calculated 
as follows: 

Owing to the uncertainty in HVL: 
at 0.5 mm Cu HVL (uncertainty in energy ±0.15 mm Cu) ± 6 % 

J mm Cu HVL (uncertaintyin energy ±0.2 mm Cu) ± 1.2% 
' 3 mm Cu HVL (uncertainty in energy ±0.13 mm Cu) ± 0.5% 

Owing to the uncertainty in TL of LiF per rad, assuming a 
random uncertainty of ± 1.3% in the' determination of the 
absorbed dose, with the ionization chamber at 5 cm depth 
in water: ± 1.4% 

Owing to the uncertainty in LiF reading per capsule: ± 0.5% 

Therefore, the total uncertainty in the absorbed dose value using the 
LiF/CaF2: Mn system is estimated to be: 

At 0.5 mm Cu HVL 
At 1 mm Cu HVL 
At 3 mm Cu HVL 

±6% 
± 2% 
±2% 

When the incident beam at the participating institute, as measured with the 
dual-phosphor system, has a HVL below 1 mm Cu, it might be preferable to use 
only the LiF reading to derive the absorbed dose value. The uncertainty without 
any energy dependence correction factor for LiF in this region is estimated to be 
±3% to ±6%. 

Measurements carried out with LiF and CaF2: Mn ribbons have led to results 
and uncertainties similar to those for the powders [3,4]. For these measurements 
a special positioning system has been developed. 

4.2.2. LiF and CaS04:Dy powder 

The possibility of using this combination of phosphors for X-ray beam 
quality assessment in TLD intercomparison has been described by Rossiter [5] 
and Rossiter and Wood [6]. Using sealed polyethylene sachets which provide an 
average powder thickness of [ m m , the system may be used for 'in-air' or 
'in-phantom' irradiations, although specific calibration curves are required. There 
is no maximum in the curve of TL response ratio versus energy for X-rays 
generated above 70 kV, but some dependence of the response ratio on the X-ray 
beam spectral width has been established. If the possibility of wide variations in 
X-ray spectra between different institutions is acknowledged, then the total 
random uncertainties in absorbed dose assignment are assessed as varying between 
about ±2% and ±6%, depending on energy. If it is considered that a wide range 
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of spectral width will not be encountered, then the uncertainties are assessed as 
varying from ±2% to ±4%, depending on energy. In each case a rather smaller 
range of uncertainties relates to 'in-phantom' irradiations. 

When the intercomparison is limited to X-ray beams with HVLs greater 
v than 0.5 mm Cu, the system would not be limited to the use of thin layers, and 

standard 3 mm diameter capsules could be used (Fig.l of Ref.[6]). A choice 
between the two phosphors CaS04 : Dy and CaF2: Mn would depend on the 
existing knowledge of their relative fading characteristics and susceptibility to 
environmental influences. 

4.3. External filtration technique 

The Agency's Dosimetry Laboratory is investigating a measuring technique 
using a filter system for irradiation in water [7], This system consists of three 
capsules containing LiF powder mounted on a perspex sheet. Two of the capsules 
are inserted in a copper tube with 0.5 mm wall thickness and one capsule is 
unshielded (see Fig.7 in Appendix I). 

The ratio between the mean of the relative readings from the shielded and the 
unshielded capsule permits a determination of the beam quality of the participating 
institute. At present, the accuracy attainable with this method is uncertain since 
experiments have not been performed to examine spectral width dependence 
effects. Such experiments will be conducted, and the usable range and the 
attainable accuracy assessed. From a theoretical point of view, this method should 
exhibit a similar dependence on the width of the X-ray spectrum as the above-
mentioned dual-phosphor techniques. 

One considerable advantage of this filter technique is that only one phosphor 
has to be used. Additionally, it should be possible to extract more information 
about the X-ray spectrum by adding other filter thicknesses or filter materials. 

4.4. Other factors contributing to uncertainties 

4.4.1. Fading at room temperature and normal humidity conditions 

LiF. When properly annealed to avoid the influence of low-temperature 
traps, LiF both as powder and in solid form shows extremely good stability. A 
fading of less than 5% over 50 days has been reported [8, 9]. 

Li2 B 4 0 7 : Mn. Many different results are reported on the fading of 
Li 2 B 4 0 7 : Mn. Different results are given for products from the same manufacturer, 
and this seems to be evidence that the fading depends on the production process. 
A fading of about 5% during.,the first week, followed by a fading of about 10% 
during the following six weeks, may be taken as the average [10]; however, data 
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varying from no fading at all after 30 days [11] to 65% after 50 days [8] for two 
different products have been reported. 

CaS0 4 : Dy. In powder form CaS0 4 : Dy shows extremely good stability. 
A fading of 1.5% during a storage period of 42 days at 32°C has been given [12]. 
When incorporated into teflon a fading of 8% after a period of 50 days has been 
reported [8]. 

CaF2: Mn. Fading depends on the heating rate used. Practically no fading 
after 4 months storage is observed if during read-out slow heating rates (20°C/min) 
are used. Rapid heating rates (1500°C/min) result in a fading of 5% during the 
first day, 8% during the first week and 10% during the first month [13]. Light 
sum fading of CaF2: Mn-teflon discs of 8% in 1 h and 12% in 100 h has been 
reported [14]. 

4.4.2. Influence of extreme climatic conditions 

Experiments have been performed to study the effect of temperature and 
humidity on LiF, CaF2: Mn and CaS0 4 : Dy thermoluminescent powders stored in 
open discs before and after exposure. Temperatures of 2°C, 20°C and 40°C and 
relative humidity values of about 10%, 50% and 90% have been chosen. The 
procedure and the detailed results are described in Ref.[3]. No data are available 
for CaS04 : Dy powder stored at 90% relative humidity because the powder 
decomposes on the planchet during read-out. The standard deviation of the three 
powders for all the available data points was found to be ±3%. It is clear from 
these data that extreme humidity conditions should be avoided while also, 
especially for LiF, the storage temperature should not be higher than 40°C. 

Several reports dealing with the influence of humidity and temperature on 
the storage stability of Li 2 B 4 0 7 : Mn agree that a significant increase of the fading 
occurs when storage is at extreme temperature and humidity conditions. The 
combined effect of a temperature increase from room temperature to 40°C and 
an increase of the relative humidity from normal conditions to 95% RH has 
increased the fading by 10 — 35% over a period of one month [8, 15, 16]. 

It should be emphasized that the data reported on humidity effects cover 
extreme conditions, with the dose meters placed in open containers. 

4.4.3. Dose meter positioning systems 

Different phantoms may be used for the determination of absorbed dose in 
matter, namely solid or water-filled phantoms. 

Solid phantoms. These may be constructed from tissue-equivalent plastics, 
perspex, polystyrene, or water-equivalent materials such as Mix-D. 
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The principal advantage of solid phantoms is that a precise re-positioning 
of dose meters is achieved. Also re-positioning of the phantom itself in the 
radiation beam is facilitated. However, the overriding disadvantage of solid 
phantom systems is their high cost of production and of mailing when inter-
comparisons are conducted on a large scale. 

An excellent example of the use which can be made of solid phantoms for 
smaller-scale intercomparisons has been described by Reis [17] and by Ehrlich 
and Weller [18]. 

Water-filled phantoms. These may vary widely in construction from large 
plastic buckets to precisely machined perspex boxes, and various types of capsule 
holder may be employed. A sophisticated floating holder has been described by 
Puite [3], but again, in large-scale intercomparison work a very simple inexpensive 

' holder system is required, such as that used earlier by the IAEA in the cobalt-60 
intercomparisons. This may easily be modified for use in the planned ortho-
voltage intercomparisons. With care this system should permit adequate 
re-positioning accuracy. Further small modifications will permit the use of a 
dual-phosphor system for X-ray quality assessment, if in the future such a tech-
nique is employed. 

4.5. Recommended procedure 

The uncertainty of the external filtration technique will be assessed. If it is 
found that this technique fulfils the requirements needed, this system can be used 
in the second pilot intercomparison. If found inadequate, the dual-phosphor 
system will be used in this intercomparison. 

It is proposed that during a consultants' meeting, at which the results of this 
pilot intercomparison will be discussed, the final decision on the technique to be 
used for the planned X-ray intercomparison be made. 

' 4.6. Action in case of large dose discrepancy 

4.6.1. General 

All participants will be informed of their results. It is generally recognized 
that a deviation of up to ±5% in dose constitutes a good accuracy and is in 
accordance with presently accepted requirements for effective radiotherapy. If 
deviations occur in the range of ± 5% to ± 15%, it is important that the participant 
be encouraged to determine the reasons for this and to improve his procedures. 
To help the participants, certain guidelines have been compiled and these will be 
sent out as required. These guidelines are included in the present report as 
Appendix III. Additional action will be needed for larger discrepancies. 
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4.6.2. Immediate action 

(i) In the case of discrepancies greater than ±15%, the IAEA will immediately 
inform the radiotherapist in charge of the X-ray unit or the physicist who carried 
out the intercomparison TLD capsule irradiations. This matter must be considered 
as being strictly confidential information because it may involve the treatment of 
patients. 

(ii) From an analysis of the data sheet,_the IAEA will attempt to determine 
the probable reasons for the observed discrepancy and pass this information to the 
participant, together with a copy of Appendix III. A follow-up comparison will be 
proposed for the near future, preferably within three months. 

4.6.3. Action in the long term 

If the results of the follow-up comparison show no significant improvement, 
the participant should be referred to the appropriate secondary standard dosi-
metry laboratory (SSDL) for assistance (if possible) or be advised to seek the 
services of a competent consultant radiation physicist. In case none of these 
steps proves feasible, the IAEA should consider the advisability of sending an 
expert. 

4.6.4. General recommendations 

In view of the increasing number of accelerators being brought into clinical 
service throughout the world, a need to assess and intercompare absorbed dose 
at high energies has developed. It is recommended, therefore, that the IAEA and 
WHO 

( i ) support research by granting contracts to develop techniques and 
methods for absorbed dose intercomparison, and 

(ii) initiate steps to implement a world-wide intercomparison programme. 

5. IAEA/WHO INTERCOMPARISON PROGRAMME 

In 1975, a pilot study was performed by the IAEA on orthovoltage X-ray 
dose intercomparison. This included measurements in air with different filters 
using LiF. In addition, capsules containing LiF and CaS04 : Dy were irradiated in 
water. The irradiations were made at 1 mm Cu HVL. 
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The results were evaluated in December 1975 by a group of consultants 
who made the following recommendations: 

(a) The participants should be allowed to use their most common 
beam quality. 

(b) Only one exposure or dose level would be necessary. 
(c) Both in-air and in-water measurements were recommended. 

The present meeting has supported recommendations (a) and (b) above. 
As for recommendation (c), the in-water measurement was favoured, supplemented 
by a determination of the radiation quality by a dual-phosphor system, or a 
system using capsules with only one phosphor and different metal filters surrounding 
the capsules. 

Since the procedure of the first pilot study differs from that in the present 
recommendations, it is necessary to conduct a second jsilot study to evaluate the 
method selected. The purpose of this pilot study should not only be to evaluate 
the accuracy that can be achieved but also to ensure that the instructions to the 
participants are appropriate. This second pilot study should be done by selected 
participants including primary and secondary standard laboratories and clinical 
institutions. 

The standard laboratories should be asked to cover the whole range of 
recommended HVLs. The clinical institutions should be chosen on the basis of 
availability of accurate dosimetry and of a variety of orthovoltage units. The 
hospital-based participants should specifically be instructed to evaluate the prac-
tical problems of the intercomparison procedure that may occur in a clinical 
situation and report their experiences. 

When the pilot study has been concluded with a sufficient number of 
participants to guarantee the accuracy and the practicability of the methods used, 
a first intercomparison will be conducted. The participation of at least one 
primary standard laboratory to provide a reference point is essential. It is recom-
mended that this first intercomparison be restricted to institutions that have 
already participated in the cobalt-60 TLD intercomparison and achieved good 
results, since these can be expected to have less practical problems with the proce-
dure. The following second intercomparison should be extended to other clinical 
institutions. In addition to these new participants, those that have shown large 
discrepancies in the first intercomparison should be included. Standard labora-
tories should again take part. 

Assistance should be provided to the Agency staff by expert consultants to 
evaluate the results and experiences from the pilot study and the intercomparisons. 
Such a review should serve as a critical evaluation of each step in the development 
of this intercomparison project. 
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Appendix I 

IAEA/WHO POSTAL DOSE INTERCOMPARISON (TLD) 
FOR ORTHOVOLTAGE X-RAY THERAPY 

INSTRUCTION SHEET 

ATTENTION: to obtain appropriate results IT IS ESSENTIAL TO EXPOSE 
AND RETURN THESE DOSIMETERS IN NO CASE LATER THAN 

to the address given in the covering letter. 
Exceeding the time limit may cause uncertainties in the 
results. Such dosimeters may even have to be disregarded. 

If you are unable to carry out the irradiation before 
the date indicated above, RETURN the set before the 
deadline, marking it "UNEXPOSED". 

WARNING: Capsules must never be exposed to heat (e.g. sunshine), 
nor stored in a place where accidental exposure to 
radiation cannot be excluded. 

TECHNICAL INSTRUCTIONS; 
Please read all the following instructions carefully before 
you start irradiating the capsules. Also complete the 
DATA SHEET carefully; only then is an evaluation of the 
results and appropriate advice possible. 

The purpose of the intercomparison is to check both 
the quality of the beam used routinely by you and 
the validity of the dose delivered at depth to the 
patient. 

To fulfil this aim, two sorts of irradiation have to 
be performed. The first consists of a single 
irradiation to a dose of about 200 rad of a set 
of thermoluminescent dosimetry capsules (TLD 
capsules); two are positioned within copper tubes 
under a plastic sheet and one is positioned directly 
in water. 

The second set of irradiations consists of three 
successive and separate irradiations of one TLD 
capsule each. Each irradiation is intended to 
give an absorbed dose of 200 rad in water at the 
level of the capsules. 
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SHEET OF FIGURES FOR INSTRUCTION SHEET 
(Figure 3 showing open-ended applicator) 
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SHEET OF FIGURES FOR INSTRUCTION SHEET 
(Figure 3 showing closed-ended applicator) 
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A. Preparation of the holder and water phantom 

1. The parts of the holder are shown in Pig. 1. There is a long 
clear plastic tube with a hole in it perpendicular to its long 
axis, attached to a (red) disc at one end. The disc has three 
holes. Also in Pig. 1 are shown three (red) rods. The rods 
can be fitted into the holes of the disc and the holder is then 
ready for use (see Pig. 2). 
(Caution: the parts of the holder are to be handled carefully 
as otherwise deformation will result.) 

2. Place the holder in the middle of a waterproof container of 
any material with minimum dimensions of 30 cm diameter and 
height, or minimum dimensions of 25 cm in the case of a plastic 
container. The holder should stand on the base of the container. 

3. Place the container on a horizontal surface below the head of 
your X-ray unit. (See Pig. 3.) 

4. Pill the container with water to the level of the top end of 
the holder. Make sure that the tube of the holder is also 
filled with water. 

B. Insertion of the TLD capsules 
The insertion of the TLD capsules may be performed before the holder 

is placed into the container or after the full alignment of the holder 
with the X-ray beam (see para. 0.1.). The decision is left to the user. 

1. Insert a capsule with a black stopper into the hole at the upper 
part of the tube of the holder. Insert the bottom end of the 
capsule first (as shown in Pig. 4) to avoid opening by accident. 
Place the capsule so that it extends equally on both sides of 
the tube (Pig. 5). Now the capsule is at 5 c m from the top 
level of the plastic stem (Fig. 3). 

2. Place the plastic sheet with the two copper tubes on the under-
side over the vertical stem and push it down so that it rests 
on the first inserted capsule (see Pig. 7). 

3. Perform the first irradiation as indicated in C. 

4. After the irradiation, remove the plastic^sheet; 
then remove the capsule from the holder by pushing the bottom 
end of the capsule (Pig. 6). 

5. Insert a new capsule following the procedure described in para. 1 
and proceed to the next irradiation (see C.). Recheck after each 
insertion, alignment, water level and distance! 
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6. The capsule with white stopper is for the purpose of checking 
environmental influences on the capsules during transport and 
storage and must not be irradiated; it should, however, be 
stored together with the others. 

7. Throughout all procedures, handle the capsules very carefully 
to prevent opening and loss of powder. 

8. Warning. Take care that no capsule or the plastic sheet is 
irradiated a second time. 

Exposing the TIP capsules 

1. Adjust the diaphragm of your X—ray unit or select an applicator 
to give a vertical beam and preferably a 10 cm x 10 cm field 
or a circular field (100 cm^) at your normal focus-to-surface 
distance (FSD). Align the central axis of the beam with the 
central axis of the tube of the holder. 

2. When using a diaphragm or an open-ended applicator, check that 
the water level corresponds exactly to the top end of the 
holder. Allow the open-ended applicator (if any) to rest in 
contact with the water surface. 

3. When using a closed-ended applicator, allow it to touch the 
top end of the holder. Fill the container with water up to 
the edges of the applicator end plate (see Fig. 3b) in order 
to simulate the tissue in therapeutic irradiations. 

4. Choose the kilovoltage and the filtration to select the radiation 
quality for the irradiation. 

5. Calculate the irradiation time or the monitor reading according 
to the method used by you in your daily practice. Under these 
conditions irradiate the capsules to give a precisely known dose 
within the range of 180 rad to 220 rad, preferably as close as 
possible to 200 rad (2 Gy) in water at a 5 cm depth. Specify 
the exact value of this dose on the data sheet (para. 0.4.)'. 
This value is referred to as the quoted value in the data sheet. 

6. Proceed to the next irradiation after insertion of a new capsule 
(see para. B.). All the irradiations of one set of TLD capsules 
must be performed using the same machine, the same geometrical 
arrangement and'the same beam quality, Recheck after each insertion, 
alignment, water level and distance! 

1 Appendix II. 
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D. Completion of the Data Sheet 

1. Completion of the data sheet is essential for the evaluation of 
dosimeter readings; dosimeters without or with incomplete data 
sheets will not be evaluated. Give more information on an 
additional sheet, if you so wish. 

2. Indicate irrelevant questions by "NA" » Not applicable. 

3. In the data sheet use has been made of the new SI units. 
If participants already employ them, the data may be 
given in these units. 

THANK YOU POR HAVING READ AND FOLLOWED THESE INSTRUCTIONS 
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IAEA/WHO POSTAL DOSE INTERCOMPARISON (TLD) 
FOR ORTHOVOLTAGE X-RAY THERAPY 

DATA SHEET 

(Please use BLOCK LETTERS or typewriter) 
Date 

Name of institution 

Address of institution 

physicist Q 
Form completed by radiotherapist O 

(name in block letters) other Q specify 

Signature 

Previous participation in the IAEA/WHO Cobalt-60 TLD intercomparison 
No a Yes Q date 

or in the IAEA/WHO X-Ray TLD intercomparison 
No O Yes a date 

It is of great importance for the evaluation that all relevant 
information requested in the data sheet is filled in. Write "N.A." 
if the question is not applicable. 

The data sheet cannot cover all possible measurement procedures. If a 
participant uses a procedure not covered by the data sheet, he is 
requested to give full details of his method on page 4 P. 

A. SPECIFICATION OF TIE X-RAY MACHINE 

1. Manufacturer 
2. Type or Model 
3. Maximum potential in kV 
4. Year of installation 

19 
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B. OUTPUT OF THE X-RAY MACHINE 
(on the basis of which you expose the TLD capsules) 

1. Date of output measurement 
2. Added filtration used (material and thickness 

in mm) 
3. Potential in kV used 
4. Focus-to-centre of ionization chamber distance (cm 
5. Medium in which the ionization chamber measurement 

was made (e.g. air, water or any other) 
6. If the medium is not air, indicate focus-to-

surface distance (cm) 
7. Field shape and size used at surface of the 

medium 

8. Was field defined by closed-ended applicator 

!
t rea tment cone) or by some kind of open system 
open-ended a p p l i c a t o r or diaphragm) ? 

9 . I f you did use a closed-ended a p p l i c a t o r , what 
was the approximate th ickness of the end p l a t e 
(mm) 

10. Half-value layer corresponding to the added 
filtration and potential used 

11. Was the HVL measured by you? or indicated by the 
manufacturer? or obtained from literature? 

12. Exposure rate measured in R/min (or jiA/kg) 
(at ... cm) (see pa?e 4E) (if monitor is used nut"tlj 

C. DETAILS OF OUTPUT MEASUREMENT 

1. Specification of dosimeter 
a ) Manufacturer of the dosimeter 
b) Model of the dosimeter and ionization chamber 

c) Calibration factor of the ionization chamber 
d) At which half-value layer is the calibration 

factor valid? 
e) At which temperature and pressure is this 

calibration factor valid? 
f ) Check source reference reading at time of 

calibration of the dosimeter 
g) Radionuclide in check source 
h) Date of latest calibration 
i) Calibrating laboratory (name and location) 

2. Actual conditions of the output measurement 
a) Mean dosimeter reading with check source 
b ) Mean dosimeter reading with check source 

corrected for decay 

°C/.... mm Hg(Pa) 
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c) Mean dosimeter reading for output measurement 
d) Irradiation time (min) 
e) Temperature during output measurement 
f) Air pressure during output measurement 
g) Correction factor for temperature and pressure 

OR 
Correction factor derived from check source 
reading 

h) Have you adjusted the measuring sensitivity 
according to the check source reading instead 
of applying a correction factor 

mm Hg(Pa) 

D. TL CAPSULE IRRADIATION 
Give values for only those factors that are used 
by you for calculation of D.3.a) below. 

1. Irradiation conditions 
a) Date of irradiation 
b) Focus-to-water surface distance (FSD) in cm 
c) Field shape and size at FSD 

d) Did .you use the same type of field limiting 
system as mentioned und.er B.8 and B.9 

e) If not, what type of field limiting system 
did you use 

2. rectors applied to calculate absorbed dose in water 
a) Conversion coefficient rad per R 
b ) Percent depth dose 
c) Back scatter factor 
d) State other factors if used 

3. Calculated absorbed dose rate if applicable 
a) Calculated absorbed dose rate in rad/min 

at the position of the TLD capsules 
b) Actual irradiation time (assumed identical 

for each capsule unless otherwise indicated) 
to obtain quoted absorbed dose 

4. Absorbed dose delivered to the TLD capsules 
This figure is referred to as the quoted dose in 
the evaluation. 
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E. Please give in detail how you arrived at the figure given in B.12. and 
D.3.a) (in case this is not clearly enough described by the data 
requested before) 

P. Pull details of measurement procedures if not covered by this data 
sheet (see page l) 

N 
G. If you have suggestions to improve this intercomparison, please 

give details 



Appendix III 

GUIDELINES FOR CALCULATING ABSORBED DOSE 
IN ORTHOVOLTAGE X-RAY THERAPY FOR THE 

IAEA/WHO POSTAL DOSE TLD INTERCOMPARISON PROGRAMME 
f 

G. SUBRAHMANIAN, I.S. SUNDARA RAO 
Division of Radiological Protection, 
Bhabha Atomic Research Centre, Bombay, India 

1. INTRODUCTION 

For several years the IAEA and WHO have undertaken a postal dose inter-
comparison programme for cobalt-60 machines using thermoluminescent dose 
meters (TLDs). The TLDs consist of LiF capsules which are mailed to the 
participants who are requested to irradiate the capsules with a fixed absorbed 
dose (200 rad) at 5 cm depth in a water phantom. At present, about 150 institu-
tions per year are covered by this service. Now the dose intercomparison service 
is extended to include orthovoltage X-ray units as well. Based on the experience 
with the cobalt-60 intercomparison, it is felt that guidelines of the type prepared 
for the cobalt-60 intercomparison should be given to explain in sufficient detail 
how to evaluate the absorbed dose rate (rad/min) from the measured exposure 
rate (R/min) taking into consideration the quality of the X-ray beam and using 
appropriate conversion and correction factors. These guidelines are applicable 
to orthovoltage X-rays of HVLs greater than 0.5 mm Cu (i.e. X-rays generated 
in the range of 140 to 500 kV). This Appendix is meant only as a short 
instruction and is not intended to replace a formal textbook. A short bibliography 
at the end may be useful to the reader for a further understanding of the subject. 

2. MEASUREMENT AND EVALUATION PROCEDURES 

At present the direct measurement of the absorbed dose rate (rad/min) in 
tissue is not simple and convenient; but it is convenient to measure the exposure 
rate X (R/min) and to deduce the corresponding absorbed dose rate D (rad/min) 
using appropriate conversion factors. In the following the procedure for deducing 
the absorbed dose rate in a water phantom at 5 cm depth ( 5 D W ) is given, this 
being the location at which the dose rate is required for the purpose of the 
IAEA/WHO intercomparison programme. 

23 
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FIG.l. Different dose-meter positions: A - at 5 cm depth in a water phantom; B - on the 
surface of a water phantom; C - in air. 

The exposure rate measurement may be carried out at one of the three 
dose-meter positions designated A, B and C in Fig. 1. The procedure to be used 
for each of these positions is followed by numerical examples in each case. 

(a) Position A: Exposure rate at 5 cm depth in a water phantom f5lwJ 

The preferred method is to measure the exposure rate in a water phantom 
at the same point at which the absorbed dose needs to be known. ICRU Report 
No.23 [1 ] recommends that the ionization chamber should be positioned on the 
central axis of the X-ray beam at a depth of 5 cm below the surface of the water 
phantom. The absorbed dose rate in rad/min can be calculated from the relation 

s D w = 5 X w X F (1) 

where 5XW is the true exposure rate at 5 cm depth in a water phantom. The true 
exposure rate is obtained by correcting the instrument reading for temperature 
and pressure, and by applying the calibration factor determined by the standardizing 
laboratory, at the stated quality of radiation and the stated conditions of tempera-
ture and pressure. F is the factor relating the exposure in roentgen to the absorbed 
dose at 5 cm depth in water. The value of F depends on the HVL of the primary 
beam. 
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TABLE I. VALUES OF THE CONVERSION COEFFICIENT F [1 ] 

Primary beam quality 

(HVL in mm Cu) 0.5 1.0 1.5 2.0 3.0 4.0 

F (rad/R) 0.89 0.91 0.93 0.94 0.95 0.96 

Note: The value of F in this Table applies strictly to a 10 cm X 10 cm field at 5 cm depth 
in water. 

(b) Position B: Exposure rate on the surface of a water phantom (s^W 

In this procedure the ionization chamber is positioned on the central axis 
of the X-ray beam such that the centre of the chamber is at the surface of the 
water phantom. (A solid phantom, for instance one made of Mix-D, may be more 
convenient to half immerse the chamber.) The exposure rate at 5 cm depth is 
obtained from S X W by multiplying with P/100, where P is the percentage depth 
dose which may be obtained by direct measurement or from standard tables [2] 
applicable for the HVL of the primary beam 

S D W = S X W X P/100 X F (2) 

(c) Position C: Exposure rate in air at the focus-source distance (FSD) ( F S D ^ A ) 

In this procedure the exposure rate at the FSD is measured in air and con-
verted to the exposure rate at the water surface by applying the backscatter factor B 
applicable to the field size, FSD and HVL of the beam used. Thus1 

S X W = f s d x a x B 

This is now converted to the exposure rate at 5 cm depth by using the depth 
dose factor P/100. The exposure rate at 5 cm depth so obtained is multiplied 
by the F-factor to obtain the absorbed dose rate in water. Hence, 

S D W = FSD*A X B X P / 1 0 0 X F ' ( 3 ) 

In cases (b) and (c) the field size at the point of measurement should be 
ideally 10 cm X 10 cm. This can be achieved by using an appropriate cone or 
an adjustable diaphragm. However, in the case of a closed-ended applicator, an 
inverse-square law correction in respect of the shift in the position of the chamber 
should be made, as shown in Section 5.3. 
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2.1. The conversion factor F 

In the orthovoltage X-ray range, F is essentially the rad/R factor appropriate 
for calculating the absorbed dose under electron equilibrium conditions. In 
Table I (Ref.[ 1 ]) the F-values are listed against the primary beam quality (HVL). 
For X-ray qualities other than those listed, the corresponding F-value may be 
obtained by graphical interpolation. It must be noted that these F-values are 
meant only for a 10 cm X 10 cm field size. Since the IAEA/WHO intercomparison 
procedure requires that only such a field be used, the F-values can be used without 
any modification. In principle, the ionization chamber displaces the water and 
increases the dose at the point of measurement in the water phantom by an 
amount equal to the increased transmission owing to the absence of water. 
Fortunately, for orthovoltage X-rays, this increase is offset by a decrease in dose 
owing to reduced scattered radiation. Therefore the displacement correction is 
negligible and hence it can be ignored. 

Furthermore, the F-values take into account the fact that the radiation quality 
inside the phantom is different from that of the primary beam because of 
filtration and scattering. Therefore, the F-values are applicable strictly to method 
(a) above, in which the exposure measurement takes into consideration the effect 
of filtration and scattering by the phantom. 

3. MEASUREMENT OF EXPOSURE RATE (R/min) 

In Section 2, methods for deducing the absorbed dose rate from the 
measured exposure rate are described. In this section, some practical recommen-
dations for the measurement of X-ray beam output, either in a water phantom 
or in air, are given. 

Unlike the case with telecobalt units, the radiation output of X-ray units is 
not constant, but fluctuates with voltage (kV) and current (mA). When no 
monitor chamber is fitted, theSe values should be maintained within 1 to 2% of 
the required value. Hence it is recommended that a transmission monitor chamber 
be used to account for the possible fluctuations in the X-ray beam output; the 
exposure measurement must be stated in terms of exposure per monitor division. 
Furthermore, the X-ray output varies progressively with the age of the X-ray tube; 
the X-ray output value stated by the manufacturer should never be taken for 
granted. 

The ionization chamber to be used for the exposure rate measurement 
should be small. An internal diameter of about 5 mm and a length of about 
15 mm is satisfactory, but dimensions twice as large as these should never be 
exceeded. The ionization chamber response should be as energy independent as 
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FIG.2. Equivalent energy and HVL at 5 cm depth in water as a function of the effective 
energy of the incident X-ray beam; source-surface distance (SSDj = 50-70 cm, 
field size = 100 cm2. 

possible in the orthovoltage X-ray energy range. The dose meter must have been 
calibrated at several X-ray energy points in the HVL range 0 . 5 - 4 . 0 mm Cu by 
a standardizing laboratory or the IAEA/WHO secondary standard dosimetry 
laboratory (SSDL) of the region. Bearing in mind that the average radiation 
energy within a water phantom is usually lower than that of the incident primary 
radiation, the user must choose the calibration factor appropriate to the radiation 
quality existing at 5 cm depth in the water phantom. This radiation quality can . 
be derived from Fig.2 (Ref. [3]). Although a water phantom is preferable, a solid 
phantom may be more convenient for the user. Sheets of Mix-D or high-impact 
polystyrene are suitable. Perspex or lucite are not generally recommended. For 
measurements in a water phantom it is more convenient to employ a horizontal 
beam directed through the solid wall of the perspex tank containing water, 
provided the wall thickness of the phantom at this point does not exceed 3 mm. 

When measurements are carried out, the readings obtained on the dose meter 
scale should be corrected as follows to determine the true exposure in roentgen: 
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X = a X k , X N (4) 

where X = exposure in roentgen 

a = scale reading 

k p correction factor for differences in temperature and pressure between 
time of measurement and instrument calibration 

N = calibration factor determined by the standardizing laboratory at a 
stated radiation quality and under stated conditions of temperature 
and pressure. 

Explanation of correction factor k{. Most commercially available ionization 
chambers are unsealed (however, it is very important to check this with the 
manufacturer) and the mass of air inside the chamber therefore depends on the 
temperature and pressure prevailing in the room at the time of measurement. 
The calibration factor, N, given by the standardizing laboratory, applies only to 
measurements carried out at a specific temperature and a specific pressure. 
Usually the 'standard' temperature ( t 0 ) is 20°C or 22°C and the 'standard' pressure 
(p 0 ) 760 mmHg, but sometimes other values are used and it is important to check 
these values in the calibration certificate. 

As clinical measurements are usually carried out at a temperature (t) and 
pressure (p) other than t 0 and p 0 , it is necessary to apply a correction factor, k , , 
given by: 

It is important to remember here that the temperature of the air in the 
ionization chamber will not be the same as the room temperature, which is 
actually measured, unless adequate time is allowed for the chamber and any 
phantom in which it is to be used to come to room temperature. 

It is also important to use a good thermometer, preferably a calibrated one, 
capable of reading to an accuracy of ±0.2°C. The same is true for the barometer, 
which should be able to measure the air pressure with an accuracy of ±0.5 mmHg. 

After switching on the exposure timer the output of the X-ray machine 
rises progressively from zero to its steady value owing to the build-up of the 
voltage to its full value and/or owing to shutter opening. Similarly, when the 
exposure is terminated the output does not necessarily fall to zero instantaneously. 
Therefore the actual exposure may be lower or higher than that intended. This 
is particularly important for output measurements because typically the exposure 

273 + t p 0 
k X — 

273 + t 0 p 
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TABLE II. HVL IN mm Cu FOR SEVERAL VOLTAGES3 

Filter 
(mm Cu) 

100 120 

Voltage (kV) 

140 160 180 " 200 250 

0.1 0.10 0.15 0.20 0.30 0.35 0.45 -

0.2 0.20 0.25 0.35 0.45 0.50 0.60 0.85 

0.3 0.25 0.35 0.45 0.55 0.65 0.80 1.05 

0.4 0.30 0.45 0.55 0.65 0.80 0.90 1.20 

0.5 0.40 0.50 0.65 0.75 0.90 1.05 1.40 

0.6 0.45 0.60 0.70 0.85 1.00 1.05 1.60 

0.8 0.50 0.70 0.85 1.00 1.15 1.30 1.80 

1.0 0.60 0.80 0.95 1.10 1.35 1.45 2.00 

1.2 0.65 0.85 1.05 1.20 1.40 1.60 2.15 

1.4 0.70 0.90 1.10 1.30 1.55 1.70 2.30 

1.5 0.72 0.95 1.15 1.35 1.57 1.77 2.35 

1.6 0.75 1.00 1.20 1.40 1.60 1.85 2.45 

1.8 0.80 1.05 1.25 1.50 1.70 1.95 2.55 

2.0 0.85 1.10 1.30 1.55 1.80 . 2.05 2.70 

2.5 0.90 1.15 1.45 1.70 2.00 2.25 2.85 

3.0 0.95 1.25 1.55 1.85 2.15 2.40 3.05 

3 Draft Guidelines for the Setting up of Secondary Standard Dosimetry Laboratories, their 
Needs, Duties and Characteristics (WHO document RHL/71.1). 

This table allows rough estimates of radiation quality and comparisons with own results. 
The values given are, of course, only approximate figures and valid for constant high tension. 
In addition to high tension and filtration, the exact values depend on different characteristics 
of the equipment (transformer, tube construction, etc.) and have to be measured for each 
individual case. 

times are short and timer errors cannot be neglected. For more detailed infor-
mation on timer error correction, the reader should refer to the IAEA/WHO/PAHO 
Manual of Dosimetry in Radiotherapy [4]. 

Before the exposure measurement, it should be ensured that the calibration 
factor of the dose meter has not changed significantly. This can be conveniently 
done by checking the overall sensitivity of the dose meter using a radioactive 
check source, if this is supplied with the dose meter. Details for using the check 
source may be obtained from the relevant manual. If a suitable check source is 
not available, methods for checking the long-term stability of the dose meter can 
be provided by consulting the regional SSDL. 
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TABLE III. PERCENTAGE DEPTH E)OSE'AT 5 cm DEPTH AS A FUNCTION 
' O F HVL [2] 
(For a 10 cm X 10 cm field, maximum scatter and 50 cm FSD) 

HVL Diaphragm-limited Closed applicator 
(mm Cu) square field 

0.5 57.7 -

1.0 67.3 59.6 

1.5 68.7 62.0 

2.0 68.7 63.3 

3.0 68.4 64.6 

TABLE IV. BACKSCATTER FACTORS FOR A 10 cm X 10 cm FIELD [2] 

HVL Diaphragm-limited Closed applicator 
(mm Cu) square field 

0.5 1.373 — 

1.0 1.357 1.343 

1.5 1.32„ 1.32a 

2.0 1.286 1.293 

3.0 1.237 1.24s 

4. QUALITY CONSIDERATION 

The values of N, F, B and P depend on the radiation quality. Therefore, for 
correct evaluation of SDW it is essential to know the quality of the primary beam 
used. The radiation quality inside the phantom is different from that of the 
primary beam, and the values of F in Table I include due allowance for this change 
in quality. For orthovoltage X-rays, the half-value layer in copper provides the 
most convenient quality specification. Table II gives some typical values of 
primary beam HVL for various combinations of kilovoltage and filtration for 
guidance. However, for better accuracy it is recommended that the reader make 
his own measurements of X-ray beam quality for all combinations of kilovoltage 
and filtration normally used. The percentage depth dose at 5 cm depth as a function 
of HVL is given in Table III, and the backscatter factors for a 10 cm X 10 cm field 
for different HVLs are given in Table IV. 
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5. ILLUSTRATIVE EXAMPLES 

5.1. Method A 

Calculate the exposure time required to deliver 200 rad to the TLD capsule 
placed at 5 cm depth in a water phantom and exposed to orthovoltage X-rays 
with a primary beam HVL of 2.0 mm Cu. The dose meter placed at 5 cm depth 
in the phantom gives a response of 200 divisions in 5 minutes. The calibration 
factor corresponding to a HVL of 1.3 mm Cu, being the quality of radiation at 
this depth (see Fig.2), is 1.012 rontgen per scale division and is valid at 22°C and 
760 mmHg pressure. The temperature and pressure at the time of measurement 
are 24°C and 750 mmHg. The conversion factor F (rad/R) for 2 mm Cu X-rays 
is 0.94. 

Scale reading per minute: a = 200/5 = 40 divisions/min 

Temperature and pressure correction factor: 

273 + 24 760 
k — x 

1 273 + 22 750 

297 760 

295 750 

= 1.02 

Exposure rate: 

S X W = f f X k j X N 

= 40 X 1.02 X 1.012 

Absorbed dose rate: 

5DW = S^W X F 

= 40 X 1.02 X 1.012 X 0.94 

= 38.8 rad/min 

Time for 200 rad at 
5 cm depth in water 

= 200/38.8 = 5.15 min. 
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5.2. Method B 

Calculate the absorbed dose rate at 5 cm depth in a water phantom exposed 
to orthovoltage X-rays of 1.5 mm Cu HVL. The exposure rate is measured on 
the surface of the phantom using a dose meter whose calibration factor is 1.02 
for 1.5 mm Cu HVL, at 20°C and 760 mmHg. The dose meter gives a reading of 
280 divisions in 4 minutes at an ambient temperature of 25.6°C and a pressure 
of 730 mmHg. 

Temperature and pressure correction factor: 

273 + 25.6 760 
k = x 

1 273 + 20 730 

298.6 760 

293.0 730 

= 1.06 

Exposure rate on the surface: 

280 

S X W = — X 1 . 0 6 X 1 . 0 2 

= 75.75 R/min. 

The percentage depth dose factor for a diaphragm-limited field of 10 cm X 10 cm 
is 0.687. 

F-factor for 1.5 mm Cu HVL = 0.93 

Absorbed dose rate: 

5 % = S X W X P/100 X F 

= 75.75 X 0.687 X 0.93 

= 48.4 rad/min. 

5.3. Method C 

The exposure rate is measured with an ionization chamber placed at the 
end of a closed-ended applicator of 50 cm FSD. When the chamber is in contact 
with the applicator end, the centre of the chamber is 3 mm away from it. The 
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dose-meter reading is 260 divisions in 4 minutes at a temperature of 25°C and 
740 mmHg pressure. The HVL of the primary beam is 3.0 mm Cu and the dose-
meter calibration factor is 1.08 at 20°C and 760 mmHg. 

Temperature and pressure correction factor: 

ki 
273.0 + 25 760 

X 
273.0 + 20 740 

293.0 

= 1.044 

Backscatter factor B 

Percentage depth 
dose factor 

Dose-meter reading 
at 50 cm FSD using 
inverse-square law 
correction 

298.0 760 
X — 

740 

1.248 

= 0.646 

260 50.3 

50 

= 65.78 divisions/min 

Exposure rate at 
FSD of 50 cm in air: 

F S D X A 

Absorbed dose rate: 

5 % 

= 65.78 X 1.044 X 1.08 

= F S D ^ A x B X P / 1 0 0 X F 

: 65.78 X 1.044 X 1.08 X 1.248 X 0.646 X 0.95 
: 56.8 rad/min. 

6. GENERAL RECOMMENDATIONS 

In the following, some points are stressed which, if not observed, are 
frequently the cause of serious mistakes in dosimetry, according to the experience 
gained by the joint IAEA/WHO postal dose intercomparison project. 
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(a) The influence of temperature and air pressure on the readings of the 
dose meter is not considered; check with the calibration certificate and apply 
the correction factor k j accordingly. In cases where no appropriate thermo-
meters and barometers are available it is possible to use provisionally the radio-
active check-source readings for corrections. This method, however, involves the 
risk that a possible change in sensitivity of the dose meter is overlooked. The 
variation in the check-source time is inversely proportional to the temperature 
and pressure correction factor ( k ^ , and it is strongly recommended that the user 
bear this in mind while attempting to arrive at the correction factor k , from the 
check-source timing. 

(b) Consider the need for free-air measurements to be made in the narrow 
beam and for avoiding as much as possible backscatter from the walls and floor. 
The distance of the chamber from the walls (or floor) should be at least the 
same as, and preferably greater than, the focus/dose-meter distance. Because of 
this, a horizontal beam should be used if possible. This recommendation should 
be followed for output measurements as well as for HVL measurements. 

(c) No distinction is made between exposure in R and absorbed dose in rad; 
recalculate according to the examples given, paying particular attention to the 
conversion factor F. Make sure that your calculation of absorbed dose accords 
with the principles explained above. 

(d) Make sure that your exposure time is correct; you will find that both 
built-in timers and stop-watches may be subject to significant errors. The best 
way to check this is to compare two stop-watches by pressing their operating 
knobs against each other for starting and stopping. Never believe the readings 
of built-in timers without checking. 

(e) Consider the possibility that the response of some dose meters is not 
linear with dose and dose rate over their full ranges. These instruments should 
therefore be used only for the dose and dose-rate ranges for which they are 
calibrated. 

(f) Apply intelligent judgement, even in cases in which the results of the 
IAEA/WHO intercomparison indicate serious differences between your own 
results and those of the intercomparison. In a specific situation it might even 
be that these results are wrong! 

(g) In no case should any user of the IAEA/WHO intercomparison service 
simply alter his figures for D or D to those reported, without re-checking the 
whole procedure and finding the cause of the discrepancy. Only then should 
corrections be applied if necessary. 

For a more comprehensive discussion, refer to the IAEA/WHO/PAHO Manual 
of Dosimetry in Radiotherapy [4]. 

The organizers of the IAEA/WHO intercomparison would very much 
appreciate any comment which could lead to an improvement of the system. 
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IAEA/WHO COBALT-6O TELETHERAPY 
DOSIMETRY SERVICE 
USING MAILED LiF DOSE METERS 
A survey of results obtained 
during 1970-1975 

H. EISENLOHR, S. JAYARAMAN 
International Atomic Energy Agency, 
Vienna, Austria 

Short communication 

Since 1968 the Dosimetry Section of the IAEA in cooperation with WHO 
had been conducting a postal dosimetry service for cobalt-60 teletherapy centres. 
LiF dose meters contained in plastic capsules were irradiated at the radiotherapy 
centres and returned to the Agency for evaluation. During irradiation the capsules 
were positioned at 5 cm depth in a water phantom using a special holder supplied 
by the IAEA. The participants irradiated the capsules so as to deliver them a dose 
of 200 rad, using their usual procedure. The participants filled in a data sheet 
giving the values of the relevant factors employed, such as the backscatter factor, 
percentage depth dose, tissue/air ratio, etc. 

Figure 1 gives the distribution of the error in dosimetry observed for 
417 institutions that participated in the programme between 1970 and 1975. The 
expected accuracy of the method was ± 5% and nearly 63% of the values were 
within these error limits. Many institutions which showed more than ± 6% 
deviation participated a second time in a follow-up trial. Figure 2 shows the 
improved results of the follow-up trial in comparison with the earlier results. 

Several institutions ignored the cap displacement correction for in-water 
measurement. Also the correction for attenuation in the small phantom employed 
in the definition of the tissue/air ratio or the backscatter factor is often ignored, as 
is the inverse-square correction for fall-off intensity between SSD (where the 
'in-air' measurement is generally made) and SSD + 0.5 cm, which is the distance 
of maximum dose. The use of a rad/R conversion factor higher than 0.965 is also 
common. When these errors were corrected for, it could be observed that the 
values migrated from the negative to the positive side. This is shown in Table i , 
which gives the gain in the number of institutions belonging to different per-
centage deviation blocks subsequent to corrections. It was also observed that 
not all institutions employ up-to-date values of tissue/air ratio and backscatter 
factor. 

For detailed information please see article in Phys. Med. Biol. 22 1 (1977) 18. 
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FIG.l. Histogram showing the spread in the results evaluated during 1970-1975, covering 
IAEA/WHO batches 2-15. 

T A B L E I. G A I N IN N U M B E R O F V A L U E S P E R B L O C K S U B S E Q U E N T T O 
C O R R E C T I O N S 

Positive % Deviation Negative 

7.1 5.1 3.1 1.1 

1 1 1 1 
9.1 to to to to 

1 1 1 1 
9.0 7.0 5.0 3.0 

± 1 

1.1 3.1 5.1 7.1 

1 1 f 1 
to to to to 9.1 

3.0 5.0 7.0 9.0 

3 6 - 1 14 - 1 11 2 - 1 1 - 9 - 2 - 1 2 
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FIG.2. Improvement in the dosimetry of the follow-up irradiation compared with the 
preceding irradiation. 
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ABSORBED DOSE INTERCOMPARISON 
MEASUREMENTS ON COBALT UNITS 
AT ONTARIO CANCER FOUNDATION CLINICS 

P.M. PFALZNER, M. VERGARA* 
Ottawa Clinic, 
Ontario Cancer Treatment and Research Foundation, 
Ottawa, Canada 

Abstract 

ABSORBED DOSE INTERCOMPARISON MEASUREMENTS ON COBALT UNITS AT 
ONTARIO CANCER FOUNDATION CLINICS. 

Dose measurements using a secondary standard ionization chamber in a water phantom 
were carried out on cobalt teletherapy units in six clinics of the Ontario Cancer Foundation 
and compared with the corresponding output calibration values in use in each clinic. The 
results could be related to earlier IAEA postal dose intercomparisons using LiF dose meters 
and were found to be in good agreement. On the basis of these measurements, recommendations 
were made concerning requirements and procedures for reliable output calibrations in cobalt 
teletherapy. 

In 1967—68 the IAEA Dosimetry Section made a series of intercomparisons 
of absorbed dose in cobalt-60 teletherapy, using LiF dose meters sent by mail, 
which involved some of the Foundation clinics [1 ,2] . In view of the results of 
these tests and at the suggestion of Prof. H.E. Johns, direct dose intercomparisons 
for all the Foundation clinics were carried out, using a Farmer-Baldwin ionization 
dose meter. This involved personal visits to all the clinics in June 1969. 

Measurements were made at the clinics in Kingston, Toronto, Hamilton, 
London, Windsor and Ottawa. The Ottawa Clinic Farmer secondary standard 
dose meter, recently recalibrated at the National Research Council, was used for 
all measurements. A strontium-90 reference source was taken along on these 
visits in order to keep a check on the sensitivity of the dose meter. 

The measurements were carried out with the cobalt beam pointing horizontally. 
A special plastic water tank was used, in which the dose-meter chamber is held in a 
sleeve at distances of 5, 10 or 15 cm from the entrance face. The absorbed dose 
rates were determined in water for fields of 5 X 5, 10X10 and 1 5 X 1 5 cm2, at 
depths of both 5 and 10 cm, and compared with the values of the dose rates in use 
at the clinic. 

* International Atomic Energy Agency Fellow in Physics of Radiotherapy, Ottawa Clinic. 
Present Address: CEA, Santiago, Chile. 
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T A B L E I. S U M M A R Y O F I N T E R C O M P A R I S O N R E S U L T S F O R O N T A R I O C A N C E R F O U N D A T I O N C L I N I C S 
Per cent d i f f e r ences of q u o t e d (clinic) and measu red dose ra tes 

Measured with secondary standard dose meter LiF 
(IAEA, [1, 2]) 

Institute 
number 

5 X 5 cm2 

5 cm deep 
Field size 

10 X 10 cm2 15 X 15 cm2 5 X 5 cm2 

10 cm deep 

Field size 
10 X 10 cm2 15 X 15 cm2 

5 cm deep 

Field size 
10 X 10 cm2 

71 N +2.2 N N +0.7 N + 1.4 

35 + 1.1 +4.0 +5.5 + 1.0 +3.2 +5.9 Na 

X +4.0 +4.1 +3.7 +4.6 +4.7 +3.8 N 

79 0 " - 1 . 1 - 2 . 0 - 0 . 4 - 0 . 4 - 1 . 1 +0.7 

74 +5.6 +3.3 +2.3 +5.8 +4.1 +3.5 +3.7 

37 +1.9 +2.8 +3.3 +0.3 +1.1 +2.2 +4.7b 

•TL > 
r N z 
W 
7) 

D. < 
CD 
7> 
O > 

> 

N = Not measured. 
IAEA results refer to a different cobalt unit. 
Institute 37 discovered a 2.7% discrepancy when recalibrating immediately after receiving the IAEA results. The residual difference 
therefore reduces to 2.0%. 
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Detailed reports of the results and recommendations were mailed to each 
clinic. The extreme differences found range up to just under 6% (see Table I). 
The results for 10 cm X 10 cm fields at 5 cm depth parallel those of the IAEA 
dose intercomparisons. 

The following general observations are based on the experience gained in 
these intercomparisons: 

1. Calibrated dose meters at each clinic must be carefully maintained. 
A constancy check should be made at regular intervals, and an NRC1 recalibration 
requested if any change greater than ± 1.5% in response is confirmed. Leakage 
tests of the instrument should be made, and a radiograph of the ionization 
chamber taken at intervals. 

2. The calibrated dose meter should not be used for routine measurements. 
3. For initial calibration of a cobalt source, it is advisable to request use of 

the NRC secondary dose meter. 
4. The precise measurement of ambient atmospheric pressure is important. 

Aneroid barometers are liable to go out of adjustment and should be checked 
directly against a good mercury barometer at intervals. If possible, a mercury 
barometer should be acquired at each clinic. 

5. Decay corrections for cobalt-60 should be made at intervals not longer 
than 8 weeks and the dose table, etc. should refer to the date in the middle of 
this period; the decay error will thus never be larger than ±1%. 

6. Calibrations should be carried out at a depth of 5 cm in a water phantom, 
and comparative measurements made at 10 cm depth also. The water temperature 
should be close to room temperature. The dose-meter chamber should be left in 
the water phantom for 1 5 - 3 0 minutes before measuring. A suitable phantom is 
available and several of these have been built in the instrument shop of the Ottawa 
Clinic to be supplied to the other clinics. 

7. The dependence of dose rate on field size for each machine should be 
carefully determined. Values obtained on one machine should not be transferred 
to other machines — even with models of the same manufacturer — without check 
measurements. The accuracy of the scale indicating the field size must also be 
checked. 

8. It is recommended that agreed values of factors used in calculating the 
absorbed dose from exposure be adopted as follows: 

(a) F (soft tissue): 0.957 rad/R 
(b) Displacement factor: 0.985 (Farmer Chamber) 
(c) Half-life of 60Co: 5.26 years; l-exp(-Xt), (8 weeks), = 0.0200 

National Research Council, Ottawa, Canada. 
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(d ) % D D f r o m Br i t i sh J o u r n a l of R a d i o l o g y , S u p p l e m e n t N o . 10 ( 1 9 6 1 ) 2 

(e ) T A R a n d B S F f r o m Br i t i sh J o u r n a l o f R a d i o l o g y 41 ( 1 9 6 8 ) 9 3 4 2 

T h e s e va lues a re t o b e p r e f e r r e d , un l e s s c a r e f u l m e a s u r e m e n t s s h o w t h a t , 
f o r i n s t a n c e , d i f f e r e n t p e r c e n t a g e s o f D D o r T A R a p p l y t o d i f f e r e n t t y p e s o f 
m a c h i n e s . 
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RESULTS AND EXPERIENCE FROM 
DOSE INTERCOMPARISON MEASUREMENTS 
IN BRAZIL 

Dagmar C.C. REIS 
Institute de Radioprotegao e Dosimetria, 
NUCLEBRAS, 
Rio de Janeiro, 
Brazil 

Abstract 

RESULTS AND EXPERIENCE FROM DOSE INTERCOMPARISON MEASUREMENTS 
IN BRAZIL. 

This report discusses a 60Co postal intercomparison survey, based on the original 
IAEA/WHO programme, utilizing a modified mailable kit. A questionnaire and a Mix-D 
phantom containing TL dose meters, radiographic films and lead field markers were developed 
to obtain information about alignment, field homogeneity, dose calculations, field size, surface 
dose and percentage depth dose. This kit was field tested in ten radiotherapy centres and the 
results of these intercomparisons are analysed. 

1. INTRODUCTION 

An evaluation of the situation of radiation therapy done by the International 
Atomic Energy Agency [1—3] showed that about 30% of the radiotherapeutic 
machines in the world are installed in developing countries of Africa, Asia and 
South America. 

The first intercomparison of absorbed dose done by the IAEA in 1969 for 
the South American countries showed that six out of ten radiotherapy services 
demonstrated a difference greater than 10% in relation to a predetermined dose. 
Furthermore, additional 60 radiotherapy services located in South America showed 
interest in participating in future programmes of dosimetric intercomparisons [4]. 

At about the same time the Laboratorio de Dosimetria of the Brazilian 
Nuclear Energy Commission (today Instituto de Radioprote?ao e Dosimetria (IRD) 
of NUCLEBRAS) started to analyse in detail the dosimetric conditions of the 
radiotherapy centres in Brazil. One of the first conclusions was that the deter-
mination of absorbed dose at only one location, as done with the IAEA/WHO kit, 
was not sufficient to evaluate the operational situation of radiotherapy machines. 

47 
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TABLE I. PRESENT SITUATION OF RADIOTHERAPY IN BRAZIL3 

State or 
terr i tory 

Popula t ion 
No. of 
Radio therapy 
centres 

No. of 
R-X 
machines 

No. of 
""Co or 1 3 7Cs 
machines 

No. of 
Accelerators 

No. of 
Radiotherapis ts 

No. of 
Physicists 

Acre 250 300 - - - - - -

Alagoas 1 793 600 3 6 3 - 2 -

Amapa 143 100 - - - - - -

Amazonas 1 095 000 1 2 - - 1 -

Bahia , 8 473 800 6 11 3 3 7 2 

Ceara 5 136 900 1 2 1 - 2 1 

Brasilia 835 000 1 2 1 - 2 -

Esp. Santo 1 7 2 9 4 0 0 1 1 1 - 2 1 

Goias 3 1 1 7 8 0 0 2 3 1 - 3 -

Maranhao 3 341 900 1 1 1 - 2 -

Mato Grosso 2 022 6 0 0 2 6 2 - 2 -

Minas Gerais 12 587 600 15 18 3 2 39 6 

Para 2 558 500 2 1 1 - 2 1 

Paraiba 2 684 4 0 0 1 4 1 - 2 1 

Parana 8 508 500 6 11 2 2 12 2 

Pernambuco 5 877 8 0 0 5 7 5 1 13 4 

Piaui 1 998 6 0 0 1 4 1 - 3 -

Rio de Janei ro 1 0 4 5 2 8 0 0 17 26 16 4 29 6 

R.G. Nor te 1 865 700 1 2 - - 1 -

R.G. Sul 7 486 300 6 13 4 2 12 2 

Roraima 4 8 4 0 0 - - - - - -

Rondonia 142 300 - - - - - -

S. Catarina 3 368 700 2 2 1 1 3 1 

S. Paulo 20 746 200 33 45 19 10 37 12 

Sergipe 995 700 1 1 1 " 1 " 

T O T A L 107 260 900 108 168 67 25 177 39 

a Si tuat ion in December 1976. 

As the three-dimensional absorbed dose distribution is a function of many 
parameters of the irradiation procedure, all these parameters should be accurately 
known. To assure this, a highly trained hospital physicist with sophisticated 
measuring equipment is necessary. Such a person is not usually available in 
Brazil and perhaps not in other countries either. We intend, therefore, to evaluate 
the real situation via a mailable kit which should be simple and reliable and at the 
same time should give as much information as possible. 

As the kit will be used to check the physical part of the radiation treatment 
of patients, the irradiation procedures prescribed should differ as little as possible 
from the radiotherapeutic routine procedures adopted by the department in 
question. A questionnaire should be sent together with the kit to obtain the 
necessary additional information related to the relevant irradiation procedures 
adopted. 



DOSE INTERCOMPARISON IN BRAZIL 
5 3 

FIG.l. Mix-D phantom used for the intercomparison. 

It is clear that the kit should determine the absorbed dose, as this is the 
irradiation parameter which is related to the biological effect, being thus the key 
radiation quantity in radiation therapy. Measuring the absorbed dose at one 
reference point only will give nothing but a crude idea of the irradiation procedures. 
Radiation quality, field size, homogeneity, and centralization of the radiation 
field are the most crucial parameters influencing the three-dimensional dose distri-
bution. If the kit could determine these parameters, in addition to the absorbed 
dose at one or several reference points, the identification of errors would be 
greatly facilitated. Finally, the kit should have check devices to reveal any 
malfunctioning of the kit itself. 

Our laboratory developed such a mailable kit for 60Co irradiation, using LiF 
thermoluminescent dose meters (TLDs) and radiographic films incorporated into 
a cubic solid simulator of soft tissue (Mix-D). This kit was tested with success in 
two trial runs in ten 60Co therapy centres in. the area of Rio de Janeiro during 
1974 and 1975. At present a nation-wide check of all 60Co therapy centres 
(Table I) is being prepared with this mailable kit, in order to evaluate their present 
working conditions. -

The kit developed at IRD for 60Co might be adequate to be used for linear 
accelerators. For medium-energy X-rays it might be utilized with small modifi-
cations related to radiation quality. 
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FIG.2. Variation of the optical density of Kodak RP/M2-X-OMA T films as a function of 
radiation dose (60Coj. Developing time - 3 min, dilution factor - 1:2, developer 
temperature - 10°C, fixation time - 15 min, fixer temperature - 18.3°C. 

2. METHOD 

2.1. Description of the kit 

A solid and compact phantom, convenient for a mailable kit, is achieved by 
utilizing Mix-D, a well-known plastic material [5] which is tissue equivalent. 

The kit consists of TLDs, radiographic films and lead field markers which 
are incorporated into the Mix-D phantom; this is protected by a wooden box 
lined with isopor. 

The phantom is composed of four blocks (10 cm X 10 cm X 4.5 cm, 
10 cm X 10 cm X 5 cm, and two 10 cm X 10 cm X 0.5 cm) of Mix-D (Fig.l), 
each of the bigger ones having three small cavities in the centre of one of its 
10 cm X 10 cm surface so that it can be fitted with a LiF TLD, Model TL-23 of 
EG & G. The four blocks\are joined in a way that the LiF dose meters are at a 
depth of 0.5 cm, 5 cm and 10 cm hidden inside the Mix-D. At the same depths 
radiographic films, 10 cm X 10 cm (Kodak RP/M2-X-OMAT), in light-tight 
envelopes are also incorporated. 
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In the upper block of the phantom four lead markers are incorporated 
forming the corners of a 5 cm X 5 cm centric field. The same block has a 
6 cm X 6 cm centric field outlined on its surface. 

The phantom is packed into a wooden box lined with isopor in order to 
protect it from mechanical and thermal shock during transportation. 

2.2. Kit test procedures 

TLD and films. Using standard annealing and evaluation procedures the 
reproducibility of the individual LiF dose meters was found to be better than 
± 3%. The readings of the LiF dose meters were executed with an EG & G reader, 
Model TL-3B, in the measuring range 10 mR to 10s R. 

To get useful optical densities in the dose range utilized, a modified dark-
room processing of the Kodak RP/M2-X-OMAT films (diluted developer and 
short-time developing) was applied (Fig.2). 

Phantom. Using a calibrated Pychlau thimble chamber the percentage depth 
dose (% DD) measured with the described Mix-D phantom did not change with 
increasing phantom size and was in agreement with the % DD measured in an 
'infinite' water phantom [6], thus, indicating that our phantom can be considered 
as being 'infinite' regarding scattering contribution. 

Calibration procedures. The individual calibration factors of TLDs were 
determined, using the facilities of the secondary standard dosimetry laboratory 
(SSDL), by in-phantom intercomparison with a calibrated thimble chamber 
(0.37 cm3, Pychlau) at a source-surface distance (SSD) of 60 cm, a field size of 
6 cm X 6 'cm, and a depth of 5 cm. 

2.3. General procedures for intercomparison 

To evaluate the operational conditions of 60Co therapy units in the area of 
great Rio de Janeiro, twelve phantoms, together with questionnaires to be filled in 
by the person in charge, were sent to ten collaboratoring 60Co therapy institutions. 
The person in charge was asked to irradiate the phantom with 60Co, with a 
6 cm X 6 cm entrance field, in such a way as to have an absorbed dose of 100 rad 
at a depth of 5 cm in soft tissue using the commonly used SSD. Furthermore, he 
was asked to use the 6 cm X 6 cm field marked at the surface of the Mix-D 
simulator for alignment of the radiation field with the help of the visible light-
beam diaphragm (see Fig.3). 

To detect any accidental irradiation of the phantom, one LiF dose meter was 
incorporated into the lid of the simulator box. As indicated in the instruction, the 
lid of the box was supposed to be removed from the box and stored outside the 
treatment room during the irradiation of the Mix-D phantom. 
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FIG.3. Irradiation scheme for the Mix-D phantom. 
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60Co UNITS UTILIZED BY THE PARTICIPATING INSTITUTIONS 

Irradiator type Manufacturer 
Output 
(R/min) 

— Home-made 18.4 

- Home-made 42.5 

Theratron-60 AECL 28.2 

Eldorado-A AECL 69.0 

Theratron-60 AECL 41.5 

Eldorado-6 AECL 31.2 

Eldorado-A AECL 46.4 

Theratron-80 AECL 35.4 

Theratron-80 AECL 21.2 

Theratron-B AECL 43.4 

Gammatron-R Siemens 89.5 

Eldorado-781 AECL 139 

The period for the return of the phantoms to our laboratory was between 3 
and 5 days. Two intercomparisons were made and the results could be compared. 

2.4. Evaluation method 

The dosimetric systems incorporated into the phantom permitted the 
experimental determination of the following irradiation parameters: 

Field size 
Superposition of visible-light field and radiation field 
Field homogeneity 
Surface dose and depth dose 
% DD (consistency of isodose curves used by the hospital). 
These parameters were evaluated from the experimental data received from 

the irradiation of the phantom in combination with the following information 
from the accompanying questionnaire: 

Type and model of the 60Co machine 
Date of irradiation 
SSD 
Output and/or surface dose 

, % DD for the 6 cm X 6 cm field for the depth and SSD utilized 
Time of irradiation 
Method used for calculation to obtain the prescribed absorbed dose. 



T A B L E III. A B S O R B E D D O S E A T 0.5 cm, 5 cm A N D 10 cm D E P T H D E T E R M I N E D F R O M T H E T L D s U S E D IN T H E 
I N T E R C O M P A R I S O N S 

Participant 
No. 

A B S O R B E D DOSE (rad) 
(X ± of Participant 

No. 0.5 cm 5 cm 10 cm 

1st Intercomp. 2nd Intercomp. 1st Intercomp. 2nd Intercomp. 1st Intercomp. 2nd Intercomp. 

1 167.7 + 6.2 167.3 ± 6.2 118.0 ± 2.6 116.0 ± 2.6 74.0 ± 2.4 75.0 ± 2.4 

2 163.0 ± 7.2 116.5 ± 5.2 114.3 ± 3.4 86.7 ± 2.6 76.7 ± 2.5 60.0 ± 2.0 

3 164.5 ± 6.5 171.3 ± 6.8 127.0 ± 5.7 122.3 ± 5.5 79.3 ± 3.3 79.7 ± 3.3 

4 133.0 ± 3.8 141.7 ± 4.0 101.0 ± 3.7 102.0 ± 3.7 70.0 ± 3.1 70.7 ± 3.2 

5 • 160.3 ± 7.4 165.0 ± 7.7 113.7 ± 3.3 119.0 ± 3.4 79.0 ± 3.3 82.7 ± 3.5 

6 140.3 ± 3.9 140.0 ± 3.9 105.7 ±5 .0 102.7 ± 4.9 66.3 ± 2.3 64.0 ± 2.2 

7 150.7 + 6.4 145.3 ± 6.2 106.3 ± 3.8 101.7 ± 3.7 71.7 ± 3.1 72.0 ± 3.1 

8 111.3 ± 3.2 109.0 ± 3.2 79.7 ± 3.5 78.0 ± 3.4 52.7 ± 2.4 52.3 ± 2.4 

9 114.7 ± 2.7 111.0 ±2.6 87.7 ± 4.2 80.7 ± 3.0 59.7 ± 2.2 "55.3 ± 2.0 

10 126.7 ± 5.3 98.5 ± 3.4 76.0 ± 1.9 

11 142.0 ± 5.7 142.3 + 5.7 97.0 ± 3.9 99.3 ± 4.0 65.0 ±3 .0 66.0 ± 3.0 

12 132.3 ± 3.4 133.3 ± 3.5 98.4 ± 3.8 99.0 ± 3.9 67.9 ± 2.7 65.3 ± 2.6 

a The mean value and the standard deviation were determined from three TLDs. 
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FIG.4. Graphical presentation of the deviations from the prescribed tumour dose for the 
first and second intercomparisons. 



56 REIS 

TABLE IV. FIELD SIZE AS DETERMINED FROM THE RADIOGRAPHIC 
FILM LOCATED AT 0.5 cm DEPTH USING THE COMMONLY ACCEPTED 
50% AND.80% VALUE OF THE MAXIMUM DOSE 

Participant 
No. 

Field size (cm X cm) 
Participant 
No. 50% max. dose 80% max. dose 
Participant 
No. 

1st Intercomp. 2nd Intercomp. 1st Intercomp. 2nd Intercomp. 

1 6.9 X 6.0 > 1 0 X 10 6.3 X 6.0 > 1 0 X 10 

2 6.7 X 6.5 6.6 X 6.5 5.4 X 5.2 5.5 X 5.2 

3 5.7 X 5.3 5.7 X 5.4 5.0 X 4.7 5.0 X 4.5 

4 6.4 X 6.1 6.5 X 6.1 5.6 X 5.1 5.5 X 5.3 

5 6.6 X 6.6 6.9 X 6.9 5.7 X 5.6 6.0 X 5.6 

6 5.6 X 5.4 5.7 X 5.6 5.1 X 5.0 5.0 X 5.0 

7 6.6 X 6.3 6.3 X 5.9 5.5 X 5.3 5.2 X 5.0 

8 6.3 X 6.3 6.3 X 5.8 5.7 X 5.7 5.7 X 5.1 

9 6.9 X 6.4 6.6 X 6.4 5.3 X 4.9 5.0 X 4.7 

10 6.6 X 6.3 - 5.4 X 4.8 -

11 6.4 X 6.3 8.3 X 8.3 5.7 X 5.7 7.9 X 7.9 

12 6.8 X 6.8 6.9 X 6.7 6.0 X 6.0 6.1 X 6.0 

3. RESULTS OF THE INTERCOMPARISON 

3.1. Analysis of the questionnaire 

The 60Co units utilized by the participating institutions were of different 
origin (Table II). According to the questionnaires, eight of the 60Co units are 
equipped with clinical dose meters and three of the units are additionally 
controlled by hospital physicists. ' 

The calculations of the absorbed dose stated in the questionnaire gave an 
output between 18 R/min and 139 R/min for the respective SSD used for the 
different machines. Further information from the questionnaires concern the 
% DD for the field size of 6 cm X 6 cm and the SSD used. Most of the values given 
were those quoted in Supplement 11 of the British Journal of Radiology [6]. 

3.2. Results from the TLD evaluation 

From the TLD reading the absorbed dose at the depths of 0.5 cm, 5 cm and 
10 cm in the phantom was determined using the adequate calibration factors of the 
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TABLE V. CENTRALIZATION OF THE RADIATION FIELD AS 
EVALUATED FROM THE RADIOGRAPHIC FILM AT THE SURFACE OF 

,THE PHANTOM 

Centralization of the radiation field 
(Displacement in cm relative to the centre of the" film) 

Participant 
No. 

1st Intercomparison 2nd Intercomparison Participant 
No. 

Horizontal Vertical Horizontal Vertical 
axis axis axis axis 

1 0 0 Field size larger 0 
s than film dimensions 

2 0 0 0 0 

. 3 0.4 0.3 0.6 0.3 

4 0 0 0 0 

5 0.4 0 0.5 0 

6 0 0 0.3 0 

7 0 0 0 0 

8 0 0 0 0 

9 0.3 0 0.5 0 

10 0.5 0 - -

11 0 0 0 0 

12 > 0 0 0 0 

TLDs. Table III shows the results for the two intercomparisons for each of the 
ten radiation therapy centres. 

The first intercomparison gave a mean value of 103.9 rad for the absorbed 
dose at 5 cm depth, with a relative standard deviation of + 13%. The second inter-
comparison gave a mean value of 100.7 rad for the respective absorbed dose, with 
a relative standard deviation of ± 15%. With regard to the prescribed absorbed 
dose of 100 rad the mean value deviates from the prescribed value by +3.9% in the 
first intercomparison and by +0.7% in the second intercomparison. In some of 
the cases the absorbed dose applied to the phantom was more than 20% higher 
than the prescribed dose. 

Figure 4 shows the percentage relative deviation of the applied dose from the 
prescribed dose and also the mean of the measured values. One can see that six 
of the participants applied absorbed doses beyond the limits of ± 10% being 
considered as acceptable [7]. 

The data of % DD calculated from the values given in Table III do not show 
any significant difference with regard to the values reported by the participants. 
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TABLE VI. RESULTS OF THE TWO COBALT-6O INTERCOMPARISONS 

Institution Information 
from 
questionnaire 

Assisted by ^ ^ 

physicist ^ ^ Clinical 
dose meter 

^ ^ available 

Evaluation from TLD 

% Depth Deviation from 
Dose at the 100 rad 
5 cm requested at 

5 cm depth 

1 SSD 55cm 
%DD 5 73.55 
field 6x6cm 

+ 70.4 + 18% 
69.3 + 16% 

2 SSD 60cm 
%DD 5 73.2 
field 6x6cm 

+ + 70.1 + 14.3% 
74.4 - 13.3% 

3 SSD 80cm 
%DDj 75.9 
field 6x6cm 

+ + 77.2 + 27.0% 
71.4 - 22.0% 

4 SSD 80cm 
•%DD5 75.9 
field 6x6cm 

75.9 + 1% 
72.0 + 2+ 

5 SSD 80cm 
%DD 5 75.9 
field 6x6cm 

- — 70.0 + 13.7% 
72.1 + 19.0% 

6 SSD 80cm 
%DD 5 75.6 
field 6x6cm 

+ 75.3 + 5.7% 
73.4 + 2.7% 

7 SSD 80cm 
%DD 5 75.6 
field 6x6cm 

+ 70.5 + 6.3% 
70.0 + 1.7% 

8 SSD 80cm 
%DD 5 79.9 
field 6x6cm 

- - 71.6 - 20.3% 
71.6 - 22.0% 

9 SSD 75cm 
%DD 5 75.9 
field 6x6cm 

76.5 - 12.3% 
72.7 - 19.3% 

10 SSD 60cm 
%DD 5 73.2 
field 6x6cm 

+ 77.7 - 1,5% 

11 SSD 55cm 
%DD 5 73.55 
field 6x6cm 

- + 68.3 - 3.0% 
69.8 - 0.7% 

12 SSD 80cm 
%DD 75.6 
field 6x6cm 

+ 74.4 - 1.6% 
74.3 - 1.0% 
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TABLE VII. RESULTS OF THE TWO COBALT-6O INTERCOMPARISONS 

Institution Information 
from 
questionnaire 

Evaluation from films and field markers Institution Information 
from 
questionnaire OD down to 

50% 
OD down to 

80% 
Homogeneity 
2% level 

Displacement 
(cm) 

1 SSD 55cm 
%DD5 73.55 
field 6x6cm 

6.9 x 6.0 
ilO x 10 

6.3 x 6.0 
>10 x 10 

+ 

2 SSD 60cm 
%DD, 73.2 
field 6x6cm 

6.7 x 6.5 
6.6 x 6.5 

5.4 x 5.2 
5.5 x 5.2 

3 SSD 80cm 
%DD 5 75.9 
field 6x6cm 

5.7 x 5.3 
5.7 x 5.4 

5.0 x 4.7 
5.4 x 4.5 

0.4/0.3 
0.6/0.3 

4 SSD 80cm 
%DD 5 75.9 
field 6x6cm 

6.4 x 6.1 
6.5 x 6.1 

5.6 x 5.1 
5.5 x 5.3 

+ 
+ 

5 SSD 80cm 
%DDs 75.9 
field 6x6cm 

6.6 x 6.6 
6.9 x 6.9 

5.7 x 5.6 
6.0 x 5.6 

0.4/0.2 
0.5/0.2 

6 SSD 80cm 
%DD 75.6 
field 6x6cm 

5.6 x 5.4 
5.7 x 5.6 

5.1 x 5.0 
5.0 x 5.0 

+ 
+ 

0.3/0.2 

7 SSD 80cm 
%DD 5 75.6 
field 6x6cm 

6.6 x 6.3 
6.3 x 5.9 

5.5 x 5.3 
5.2 x 5.0 

+ 
+ 

8 SSD 80cm 
%DD. 79.9 
field 6x6cm 

6.3 x 6.3 
6.3 x 5.8 

5.7 x 5.7 
5.7 x 5.1 

+ + 

9 SSD 75cm 
%DD 5 75.9 
field 6x6cm 

6.9 x 6.4 
6.6 x 6.4 

5.3 x 4.9 
5.0 x 4.7 

0.3/0.2 
0.5/0.2 

10 SSD 60cm 
%DD 5 73.2 
field 6x6cm 

6.6 x 6.3 5.4 x 4.8 
-

0.5/0.2 

1.1 SSD 55cm 
2DD 5 73.55 
field 6x6cm 

6.4 x 6.3 
8.3 x 8.3 

5.7 x 4.8 
7.9 x 7.9 -

12 SSD 80cm 
%DD 5 75.6 
field 6x6cm 

6.6 x 6.8 
6.9 x 6.7 

6.0 x 5.9 
6.1 x 6.0 

+ 
+ 
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In two cases, a measurable absorbed dose was given to the control LiF dose 
meter located in the lid of the package of the phantom. Considering the values of 
the absorbed dose read from the dose meters, the lid of the box of the phantom 
had probably been maintained in the radiation room during the irradiation of 
the phantom. 

3.3. Results from the evaluation of the films 

The films located at a depth of 0.5 cm from the surface of the Mix-D 
phantom permit the determination of the shape, the dimension, and also the degree 
of centralization and homogeneity of the radiation field. Table IV shows the 
geometrical dimensions of the radiation field evaluated from the films used in the 
two intercomparisons. 

Table V gives the evaluation of the centralization of the radiation field. In 
the two intercomparisons, four participants had dislocations of the order of 
0.5 cm, which might be due to erroneous positioning of the phantom and/or 
disagreement between visible-light field and radiation field of the 60Co units. 

From the film dose curves the degree of homogeneity of the radiation field 
can also be evaluated. In 50% of the cases the field was not considered to be 
homogeneous. 

The main results from the two intercomparisons are summarized in 
Tables VI and VII. 

4. DISCUSSION 

Two intercomparisons of absorbed dose, executed in ten radiotherapy 
centres in the county of Rio de Janeiro via mailable kit, demonstrated that in 50% 
of the cases the applied absorbed dose deviated by more than 10% from the 
prescribed value. In three of these cases the participants had clinical radiation 
dose meters at their disposal. The highest divergence between two hospitals was 
about 47% in the first intercomparison and 44% in the second one. 

The % DD determined from the evaluation of the LiF dose meters was in 
agreement with that reported by the participants and also in agreement with 
the values obtained from published tables [6]. 

In general, the instructions given in respect to the irradiation of the Mix-D 
phantoms were followed, demonstrating the good reception of the trial and the 
practicability of the already initiated further intercomparisons for radiotherapy 
centres all over the country. 
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5. CONCLUSIONS AND RECOMMENDATIONS 

From the results obtained, the following conclusions can be drawn: 

(a) The results of the intercomparisons demonstrate that deviations greater 
than 10% from the prescribed value of absorbed dose exist. In these cases, as a 
first measure, the participants should be informed about possible sources of error, 

_ and a further identical intercomparison should be made. 

(b) If a divergence between the visible-light field and the radiation field is 
indicated, a radiographic film mounted on an adequate support could be sent for 
re-evaluation of the situation. In case of confirmation, the participant should be 
advised to contact the technical service of the manufacturer of the equipment 
for repair. 

(c) Hospitals with clinical dose meters where the absorbed dose applied 
deviates by more than 5% from the prescribed value must be advised to recalibrate 
their dose meters if no other reason can be found for the deviation. 

(d) Disagreement of the values of absorbed dose applied at one 60Co unit 
in two intercomparisons indicates mechanical or electrical problems of the 6 0Co 
unit or operational problems. If the evaluation of the questionnaire and the 
measurements of two intercomparisons give no hint of the reason for this dis-
agreement, the department should be visited by a hospital physicist. 

(e) Finally, if the control dose meter shows in both intercomparisons 
several hundreds of mrad, the radioprotective measures should be checked. 

It can be concluded that the described system for dose intercomparisons can 
be used to check periodically 60Co therapy units by mailable kit. 

Considering the first results obtained in the county of Rio de Janeiro, it 
seems advisable to check all 60Co and 137Cs units twice a year initially via the 
described mailable kit. A mobile unit (hospital physicist and equipment) should 
be available to visit those departments which show problems in two consecutive 
intercomparisons. 

For the extension of this programme to medium-energy X-rays, the main 
problem is the energy dependence of the LiF dose meter; this implies that the 
radiation quality at the location of the dose meters must be known in order to 
determine the absorbed dose. The literature indicates different ways to overcome 
this difficulty. Reviewing the literature, two methods seem to us promising: 

(a) Using the twO-phosphor method which employs two types of TLD with 
a pronounced difference in energy dependence for measuring the beam 
quality; 

(b) Replacing LiF: Mg by Li 2B 40 7 : Mn, which is reported to have a relatively 
small energy dependence, or by a mixture of different phosphors, in 
order to get a flat energy response. 
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I t is c lear t h a t t h e m a i l a b l e k i t u sed f o r 6 0 C o i n t e r c o m p a r i s o n h a s t o b e m o d i -
f i ed if i t is t o b e u s e d f o r m e d i u m X- ray energ ies . T h e p e n e t r a t i o n of t h e X- r ays is 
c o n s i d e r a b l y smal l e r t h a n t h a t of 6 0 C o r a d i a t i o n . F u r t h e r m o r e , m e d i u m - e n e r g y 
X- r ays d o n o t s h o w a m e a s u r a b l e b u i l d - u p e f f e c t in w a t e r o r e q u i v a l e n t m a t e r i a l . 
T h e r e f o r e , in t h i s case w e c o n s i d e r t o m e a s u r e t h e a b s o r b e d d o s e a t d i f f e r e n t 
d e p t h s , as f o r e x a m p l e a t t h e s u r f a c e a n d a t d e p t h s of 1 c m , 2 cm a n d 5 c m in 
o u r p h a n t o m . 
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Abstract 

EXPERIENCE WITH THE INTERCOMPARISON PROGRAMME IN INDIA. 
In India, radiotherapy dosimetry was first introduced in the mid-1960s. The Division 

of Radiological Protection of the Bhabha Atomic Research Centre took the initiative in 
providing the necessary infrastructure to develop radiation dosimetry in Indian hospitals. 
The services of this division ranged from the training of hospital physicists to the supply of 
calibrated dose meters to various medical institutions in the country. In this process the 
division had developed expertise in various fields, including standardization, calibration and 
other associated dosimetry. The progress made in these fields is briefly reviewed. 

1. INTRODUCTION 

In the early 1960s, very few hospitals in India had the equipment and 
expertise necessary to perform even basic dosimetry for treatment planning. 
Most of the Indian radiotherapy centres relied on the output data supplied by 
manufacturers of radiation machines quoted at the time of installation. At that 
time dose meters were not fabricated in India and they were rarely imported. 
In the few radiotherapy centres having imported dose meters of various kinds, 
the dose meters were either never recalibrated or were left unused. 

In view of the situation prevailing then, the Radiological Standards Labora-
tory of the Division of Radiological Protection had undertaken a programme to 
develop dose meters from locally available components and to supply them to 
medical centres at reasonable cost. It also developed standardization and cali-
bration facilities to provide periodic recalibration of these dose meters. During 
the first decade the laboratory had built primary standardization devices for 
X- and gamma-ray exposure, gamma absorbed dose, soft X-ray surface dose and 
activity of beta/gamma nuclides. Secondary standard dose meters fabricated in 
the Division were calibrated initially and calibration certificates issued. The 
primary standards of X-ray and 60Co gamma exposure were intercompared with 
international prototypes at BIPM in 1971 and subsequently in 1974-75. These 
intercomparisons were carried out indirectly by spherical Shonka ionization 
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TABLE I. RESULTS OF INTERCOMPARISON 

Radiation Primary standard Ratio of calibration factors 

BARC/BIPM BARC/BNM-CEA 

X-rays 

80 kV Free-air ionization 
chamber 

0.9974 -

100 kV 0.9956 -

60Co gamma 
rays 

Graphite cavity 
chamber 

1.0076 1.002 

chambers calibrated at our laboratory in terms of roentgen/coulomb. The result 
of the intercomparison has demonstrated a congruence of ± 0.7% between the 
primary standards of the two laboratories. During 1974-75, the same 60Co 
chamber was intercompared at the Bureau of National Metrology (BNM), CEA, 
Paris. The results of the intercomparison are detailed in Table I. 

2. INTERCOMPARISON OF DOSE IN X-RAY THERAPY 

The IAEA/WHO's consideration of the X-ray intercomparison seems to have 
been based, among other things, on the encouraging response to the intercompari-
son by the major well-staffed, well-equipped radiotherapy centres to whom the 
questionnaire was sent. From the data supplied by the IAEA it is seen that the 
X-ray intercomparison is more involved than the 60Co intercomparison, which 
has already been perfected, and the number of parameters requiring inter-
comparison are more than one. Thus it seems necessary for such an inter-
comparison to be backed by extensive studies. 

The situation in India more or less represents the general trend in most of 
the developing countries. There are a few large radiotherapy centres in India 
where telegamma and X-ray units are used for cancer therapy. These are either 
exclusive cancer hospitals or cancer therapy departments in major hospitals. 
On the other hand, there are many more similar hospitals, one or two in each 
district, where only conventional X-ray units are used. Normally cancer patients 
from these hospitals are sent-to cancer clinics or major centres in the vicinity. 
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FIG.l. Exposure and primary beam quality in air. 

In a typical large radiotherapy centre in India the total number of cancer 
cases treated with X-rays is significantly low compared with the large number 
of cases treated with 60Co, for reasons of economics, treatment time and 
reliability, and the advantages of high-energy gamma therapy. Another factor 
discouraging the installation of X-ray units is the frequent failure of these units 
and the inadequacy of service facilities. This is not uncommon in India, where 
it may take a number of years to replace a fused X-ray tube. In some hospitals 
X-ray therapy is used only for terminal cases where the treatment is only of 
psychological value to the patient. In smaller X-ray therapy centres, physicists 
and dosimetric equipment are not at all available and the patients are treated 
without any knowledge of the physical parameters of the X-rays used. 

On the whole, in large as well as small centres, X-ray therapy is virtually done 
without any consideration of dosimetry. Also, some X-ray machines used in treat-
ment, such as the age-old GE Maximar, are unsatisfactory for accurate dosimetry 
because the X-ray output takes several minutes to build up to its rated Value after 
switching on the beam and timer. Moreover, except for a few well-equipped and 
well-staffed hospitals, none of the hospitals have facilities to measure the X-ray 
output and determine the HVL and depth dose. 

In this context it is questionable whether the TLD intercomparison pro-
gramme, backed by extensive development and care, will be of any value in 
countries like India. 

In X-ray dosimetry the absorbed dose is determined from the measured 
exposure in air, the backscatter factor, the percentage depth dose, field size, 
kilovoltage, filter, HVL and spectral shape. Some of these factors are considerably 
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F F 

FIG.2. Exposure with backscatter and primary beam quality in air. 

PHANTOM 

FIG.3. Dose and radiation quality at a specified depth (5 cm), and quality of the primary beam. 

energy-dependent. For a meaningful intercomparison it is necessary to evaluate 
the quality as well as the dose or exposure. Three ways of intercomparison 
are now discussed. 

Case 1: Intercomparison of exposure in air and quality of the primary beam 
(Fig.l): This intercomparison determines the adequacy of the beam output cali-' 
bration and HVL measurement. The hospital can be instructed how to determine 
the absorbed dose at any depth based on these data. The most convenient form 
of TL system for this is the use of a TL dose meter pair (in a capsule or sachet), 
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FIG.4. Product of backscatter factor, depth dose and F-factor as a function of primary 
beam quality. 

consisting of LiF or L i 2 B 4 0 7 : Mn and CaS0 4 : Dy, mounted on a suitable holder. 
Alternatively, using a set of teflon discs can be considered, with filters mounted in 
a cassette, similar to a personnel monitoring film badge. The exposure and quality 
can be intercompared in a single exposure. 

Case 2: Intercomparison of exposure rate on the surface of a standard 
phantom, along with quality of the incident radiation (Fig.2): Based on this 
information, the participant can be instructed to use specific depth dose data 
and the F-factor at a specified tumour depth. The multi-element composite 
dose meter of the type suggested above can also be used for this case. 

Case 3: Intercomparison on the basis of percentage depth dose used as well as 
F-factor at the depth (Fig.3): To verify the correctness of these values the 
organizers of the intercomparison need to know the quality of the incident 
radiation. Further, in view of the energy dependence of TL dose meters currently 
available for intercomparison work, the quality of radiation at the particular 
position of the TL dose meter must also be known. This can be obtained either 
from published or theoretical data or it can also be measured by using a composite 
TL system at that depth. This method requires at least four TL dose meters for 
each absorbed dose value. Ultimately the overall limit of discrepancy at which 
action is desirable cannot be better than ±10%. 
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Comparing the above three cases, the first two are quite simple and either 
of them is adequate. If the exposure output and the quality of the primary beam 
agree well within ± 5% and ±10%, respectively, it can safely be assumed that the 
dosimetry in the hospital concerned is adequate. The determination of the beam 
quality is necessary, even if the dose meter used is energy-independent, because 
the factors used for converting the exposure in air to absorbed dose are energy-
dependent and the quality assumed by the hospital concerned may not be correct. 
To determine the dose to the tumour, it is necessary to refer to the backscatter 
factor and percentage depth dose tables for the quality concerned, to source-
surface distance (SSD) and field size (open-ended or closed-ended applicator), 
and to use an F-factor corresponding to the primary beam HVL (Fig.4). The 
overall uncertainty in the calculated absorbed dose is not expected to be more 
than ±10%, even if the quality degeneration at the depth was not considered 
in choosing the F-factor. In actual treatment, the knowledge of the dose 
distribution and the integral dose to the tumour can rarely be better than the 
limit suggested here from the consideration of physical dosimetry. 

As pointed out earlier, the fact that X-ray dosimetry is adequate in well-
equipped hospitals does not necessarily reflect the conditions existing in smaller 
hospitals, which always outnumber the large centres. The real value of the inter-
comparison can be judged only from these neglected hospitals. It may not be 
possible for the IAEA and WHO to conduct such an extensive intercomparison. It 
may be worth while attempting to delegate the responsibility to secondary 
standard dosimetry laboratories (SSDLs) of the region concerned and to provide 

y the necessary equipment and expertise for the SSDLs to perform their task. This 
would ensure that the intercomparison also reaches the smaller hospitals. 

3. EXPERIENCE IN 60Co DOSE INTERCOMPARISON 

Our SSDL at Bombay has gained some experience in organizing a 60Co 
gamma dose intercomparison by TL dose meters. We do not have any experience 
in X-ray intercomparison. In the case of 60Co gamma dose intercomparison we 
have followed the format and the procedure of the IAEA/WHO intercomparison 
method and have completed the first phase of the intercomparison using LiF 
powder in nylon capsules. In the first group of six institutions chosen for the 
intercomparison, two had already participated in the IAEA/WHO international 
intercomparison programme for several years. A preliminary survey of these 
two institutions has shown that they had two or three telecobalt units of 
different types. The telecobalt unit used for irradiating the IAEA/WHO capsules 
was considered to be the best of the units in the institution, from the point of 
view of dosimetric accuracy and performance characteristics. It appears that the 
other units had one or more drawbacks, such as large unknown shutter-time 
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error, low-energy photon contamination from collimators, improper functioning 
of timer or field size mechanism. But in spite of these drawbacks, these units 
are used for routine treatment of patients. We therefore decided to include all 
the telecobalt units in each institution in the intercomparison. It is expected 
that the results, when finally evaluated, will reveal large deviations in dosimetry. 
In view, of this, two senior officers of our SSDL were present at these institutions 
while the intercomparison was conducted, and they made the following 
observations. 

In one institution, the absorbed dose to the tumour was never calculated. 
The exposure output with full backscatter was measured periodically using a 
dose meter which had not been calibrated recently, and the meter reading was 
taken as the exposure value without correcting for air density, chamber factor, 
etc. The persons concerned were absolutely ignorant of these matters in spite 
of having received by us, well in advance, two copies of the WHO guidelines 
for calculating absorbed dose in cobalt-60 teletherapy. Our presence at this 
institution during the period of the intercomparison gave us an opportunity to 
educate them and to instruct them on proper dosimetry. The dosimetry at this 
institution was corrected long before the results of the TLD intercomparison 
pointed out a large discrepancy. In another institution the dose meter, which 
had been calibrated several years ago, had significantly changed its calibration 
factor owing to frequent handling and usage. We carried with us our laboratory-
calibrated dose meter and performed an on-site calibration of the institute's dose 
meter in a 20 cm X 20 cm X 12 cm perspex phantom at 5 cm depth. It has been 
discovered that the calibration factor of the participant's dose meter deviated 
"by 15%. 

As mentioned earlier, the first group of 60Co gamma dose intercomparisons 
conducted by our SSDL has brought to light several aspects of the dosimetry 
status in selected major hospitals in India. The Division of Radiological Protection 
has been conducting annually one-year postgraduate diploma courses in radiological 
physics, and over 150 graduates received training in medical physics so far and have 
been gainfully employed in some major radiotherapy centres in India. Thus over 
a decade we have seen a significant improvement in the quality of medical physics 
and radiation dosimetry in Indian hospitals. However, in spite of providing 
trained physicists, the importance of these physicists has not yet been fully 
appreciated in most of the hospitals concerned and as a consequence the dosi-
metry is often neglected. Many physicists informally admit that the apportion-
ment of funds for physics programmes is always inadequate, and most of ten 
funds are not available for recalibrating a dose meter. In spite of this, we have 
succeeded in initiating an intercomparison programme in three hospitals, taking 
with us a calibrated reference dose meter and perspex intercomparison phantom. 
Thus the initial part of our 60Co intercomparison is very successful from the point 
of view of improving the dosimetry status in these hospitals. 
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Earlier in this paper we had expressed some reservations about the value of 
the proposed X-ray intercomparison because of the high cost/benefit ratio. 
However, in view of the total absence of X-ray therapy dosimetry in most 
hospitals and the inadequate X-ray therapy dosimetry in the well-equipped 
and instructed hospitals, the high cost/benefit ratio is warranted, even though 
the improvement in dosimetry may be restricted to the major centres. Therefore, 
we intend to increase our efforts and undertake the X-ray intercomparison pro-
gramme. We have already initiated the work for the development of this pro-
gramme and we have established the methods for determining the radiation quality 
by the TL ratio (CaS04 : Dy and L i 2 B 4 0 7 : Mn). This work is currently in pro-
gress and it is hoped that a regular intercomparison service will be started by 
mid-1977. 
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Abstract 

EXPERIENCE WITH X-RAY DOSE INTERCOMPARISON PROJECTS. 
Three X-ray dose and dose distribution intercomparisons have so far been organized 

between a number of radiobiological laboratories co-operating within the European Late 
Effects Project Group (EULEP). The procedures and the follow-up of these measurements 
are briefly discussed. In this work the guidance of the participants proved to be important. 

1. INTRODUCTION 

During 1970 and 1971, two X-ray dose intercomparison projects were 
performed, using mailed LiF thermoluminescent dose meters, between 14 European 
radiobiological and biomedical laboratories working together within the European 
Late Effects Project Group (EULEP). Because of the need of a periodical check 
of the X-ray dosimetry and in view of the additional participation of some new 
laboratories a third intercomparison was carried out in 1976 with 20 participants. 
Standardization of the X-ray dose was obtained from exposures at the standardi-
zation laboratory of the National Institute for Public Health, Utrecht, The 
Netherlands. The results of the first and second intercomparison have already 
been published [1, 2]. 

The experience gained during these projects will certainly be useful for the 
X-ray intercomparison to be organized by the IAEA. Some specific points are 
discussed. 

2. FIRST INTERCOMPARISON OF DOSE AND DOSE DISTRIBUTION 

Although the objective of these studies was to ensure correct dosimetry for 
the mice irradiation experiments at the EULEP laboratories, the first series of the 
first intercomparison was aimed at checking the exposure procedures in air. The 
participants were asked to expose capsules filled with LiF TL powder to an absorbed 
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F1G.1. Exposure arrangement of the mouse phantoms during the first intercomparison of dose 
and dose distribution. 

dose of up to 300 rad in muscle. The beam quality chosen is a HVL value of 
between 1 and 3 mm Cu. Based on the HVL quoted by the participant in the 
questionnaire, an energy-dependence correction for LiF was applied. The TL 
response per rad in muscle was 1.18 to 1.13 relative to cobalt-60 gamma rays for 
a HVL of 1 to 3 mm Cu. The HVL values quoted were compared with the 
expected HVL value based on the combination of the high voltage and filtration 
used. In one or two cases a distinct discrepancy was found and the participant 
was asked to check his HVL value. 

The second series of the first intercomparison was more directed to the 
actual exposure conditions at the various institutes. A mouse-sized test phantom 
containing LiF TL dose meters had to be exposed, together with two additional 
mouse phantoms placed in close contact on either side of the test phantom (Fig.l). 
The capsule at the central position of the test phantom had to receive an absorbed 
dose of 300 rad in muscle. Maximum backscatter and a minimum focus distance 
of 60 cm had to be used. To derive the absorbed dose and dose distribution in 
the test phantom from the TL measurements, the variation of the TL response 
per rad in muscle within the phantom for the beam qualities used has to be known. 
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FIG. 2. Exposure arrangement during the second intercomparison of dose and dose distribution. 

This has been established in separate experiments [3]. The TL response per rad 
in muscle for LiF at the central position of the test phantom proved to be 1.26 
to 1.15 relative to cobalt-60 gamma rays in air for a HVL of the incident beam 
of 1 to 3 mm Cu. Also in this series the participants could choose the beam 
quality in the HVL range of 1 to 3 mm Cu, and the energy-dependence correction 
for LiF was made based on the HVL value quoted by the participant. 

On the basis of the estimated uncertainty of the TLD system (being ± 3 and 
± 4.5% for the first and second series, respectively) and the standard deviations 
of the readings of the various laboratories the following recommendations were 
made: 

(a) When the mean value of the results from a laboratory differs by less 
than 5% from the standard value the dosimetry is considered to be 
satisfactory; 

(b) When a difference between 5 and 10% from the standard value exists 
a small discrepancy in the dosimetry is indicated; 

(c) When the difference is more than 10% a recalibration of the X-ray 
dosimetry is recommended. 

3. MEETING WITH THE PARTICIPANTS 

The results of the first intercomparison were discussed during a meeting of 
the EULEP dosimetry committee (Chairman: Dr. J.J. Broerse, Radiobiological 
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FIG. 3. Results of the first and second EULEP intercomparison of X-ray absorbed dose. 
The institutes indicated with an asterisk participated only in the second intercomparison. 
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FIG. 4. Results of the first and second EULEP intercomparison of X-ray dose distribution. 
The institutes indicated with an asterisk participated only in the second intercomparison. 

Institute, Rijswijk) together with the participants. At this meeting a description 
of the X-ray exposure arrangements employed at the various institutes was also 
given by each participant and a Protocol for X-ray dosimetry [4] and a Code of 
practice (see the Appendix), to be used as guidance for the participants, were 
discussed at great length, notably the following items: required homogeneity 
over the irradiation field, effects of backscatter and sidescatter, correlation 
between FSD, HVL and field size required, and standardization of the X-ray 
dosimetry. 
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4. SECOND INTERCOMPARISON OF DOSE AND DOSE DISTRIBUTION 

The second and also the third intercomparison projects were directed to the 
actual exposure conditions at the participating institutes. The mouse-sized 
phantom had to be exposed to an absorbed dose of up to 200 rad in muscle, 
together with additional mouse phantoms in the cage used for mice irradiations 
(Fig.2). The HVL range was restricted to 1.5 to 3 mm Cu HVL to improve the 
uniformity of the irradiation and to minimize the energy-dependence correction 
factor for LiF. The TL response per rad in muscle was 1.23 to 1.15 at the 
central position of the test phantom relative to cobalt-60 gamma rays in air. 
During the second intercomparison BeO dose meters were also used. From the 
results of this intercomparison it could be seen that a number of institutes had 
improved their absolute X-ray dosimetry considerably. However, three out of 
11 institutes still obtained dose values which were not within 5% of the standard 
dose (Figs 3 and 4) [5]. The results of the third intercomparison are encouraging 
but have not yet been made public. 

5. DI SCUSSION OF THE GENERAL APPROACH AND FOLLOW-UP 
OF THE INTERCOMPARISONS 

During the intercomparisons the participants were free in their choice of 
beam quality, and energy-dependence corrections for the LiF TL dose meters 
were made based on the HVL value quoted by the participant. To keep this 
correction small, a HVL between 1.5 to 3 mm Cu was strongly advised. 
A comparison of the HVL value quoted with the expected HVL value based on 
the combination of high voltage and filtration used revealed large discrepancies 
between the correct HVL and the HVL quoted. Small discrepancies will only 
lead to a small deviation in the absorbed dose value, e.g. a HVL of 1.5 mm Cu 
instead of 1.8 mm Cu gives an error of 1% in the dose. Thus the questionnaire 
has to contain information on high voltage, filtration and measured HVL, while 
data on the conversion of rad to R, the focus distance and the exposure date are 
also needed. 

On the basis of the uncertainty in the absorbed dose values, evaluated from 
the TL readings and estimated to be ± 3% to ± 4%, a difference of 5% or more 
between the institute's dose value and the standard dose was considered to 
indicate a discrepancy in the X-ray dosimetry of the institute. 

Of great help in the work were the Protocol for EULEP X-ray dosimetry 
and the Code of practice. Furthermore, participants were able to call on the 
assistance of the members of the dosimetry committee. In two cases a visit from 
a committee member to the participant's institute and additional dosimetry 
measurements were needed to clarify the discrepancies. 
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Appendix 

CODE OF PRACTICE 
FOR EULEP X-RAY DOSIMETRY FOR IRRADIATIONS OF SMALL ANIMALS 

1. A description of the exposure conditions for X-irradiations has to comprise the following 
parameters: 

(a) The quality of the radiation: high voltage, the current of the X-ray machine and the 
HVL (half-value layer). 

(b) The absorbed dose at the volume of interest or the exposure at that position and the 
way the absorbed dose was derived. 

(c) The temporal distribution of absorbed dose (dose rate, fractionation, timing of 
successive exposures, etc.). , 

(d) The geometrical conditions of irradiation (distance from focus to centre of animal, 
field size, scattering materials, etc.). 

(e) The ratio between maximum and minimum absorbed dose in the volume of interest. 

2. It is recommended that in the majority of radiobiological experiments Class-A irradiation 
should be applied (ICRU Report No. 1 Oe), i.e. a ratio of less than 1.15 between maximum 
and minimum absorbed dose in the volume of interest. To comply with this condition, 
the following procedures are suggested: 

(a) Exposure variations over the irradiation field used (in the absence of biological 
objects) should not exceed ± 3% of the average exposure. In some cases, rotation 
of the objects during exposure can give an improvement of the homogeneity of the 
dose distribution. 

(b) Maximal source-to-object distances should be used in order to diminish the effect 
of the inverse square law. 

(c) A sufficient filtration of the radiation should be used (to diminish the effect of the 
absorption), e.g. a HVL of at least 1.5 mm Cu. 

(d) X-irradiations can be carried out in two alternative ways, either on a time basis 
employing a mean exposure rate of the X-ray machine and checked using a monitor 
ionization chamber, or using a monitor ionization chamber checked oh a time basis. 
The monitor chamber should be placed in the beam line in a fixed position with 
respect to the position of the irradiated object. The ionization chambers should be 
checked against a standard ionization chamber at regular intervals, at least once a 
year. 

(e) Maximum scatter conditions, using unit density material of approximate tissue 
equivalence (e.g. pressed wood) should be employed. 

3. The ICRU recommendations have to be consulted for radiation quantities and units, for 
values of physical parameters (e.g. rad/R conversion factors of 0.95 and 0.96 for the dose 
in soft tissue for X-rays and gamma rays, respectively), and in addition for irradiation 
conditions (e.g. HVL measurements). 
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Abstract 

WHY IS A HIGH ACCURACY NEEDED IN DOSIMETRY? 
To establish some basis for the determination of the accuracy required for dose measure-

ments in radiation therapy, the response of tumours.and of normal tissue to radiation as a 
function of dose needs to be determined. For normal-tissue complications, we can limit 
ourselves in practice to those organs which are vital to life, and damage to which is therefore 
often fatal or at least is associated with unacceptable morbidity. We have little accurate 
information on the dose-response function for the control of many types of tumours. In the 
case of squamous cell carcinoma of the supraglottis, an increase of only 10% in the dose delivered 
increases the tumour control probability from 20% to 75%. Thus the treatment dose has to be 
selected with great care and the treatment must be carried out with a high degree of precision 
and accuracy. 

1. INTRODUCTION 

The objective in radiotherapy is to obtain maximum control of tumours 
with a minimum of complications. The successful implementation of this 
objective depends upon various factors. To the well-known factors of dose, 
dose rate, fractionation, duration of treatment, organ or tissue type, volume 
of tumour, and radiation quality, one can now add radiation sensitization and 
hyperthermia. This paper, however, is confined to the dose and to a discussion 
of the accuracy in the measurement of dose needed in radiotherapy. 

To establish a basis for the determination of the accuracy required for 
dose measurements, we need to understand the response of tumours and of 

* Operated by the University of Chicago for the United States Energy Research and 
Development Administration under Contract No. EY-76-C-02-0069. 
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normal tissue to radiation as a function of dose. The percentage of tumour 
control and tissue damage as a function of dose is illustrated schematically in 
Fig. 1. The upper curve shows that a rather high probability of tumour control 
can be obtained at a dose where the possible complication of skin damage is at a 
minimum. The lower curve illustrates an unfavourable condition for radiotherapy. 
From this lower curve we see, for example, that at a tumour control probability 
of 76% the probability of complications is 26%. 

2. NORMAL-TISSUE COMPLICATIONS 

The body organs can be divided into three types, in regard to their 
response to therapeutic levels of radiation. Type I: those organs which are 
vital to life and whose damage is often fatal, or at least is associated with 
unacceptable morbidity. Type II: those organs in which radiation therapy can 
lead to morbidity. Type III: organs in which irradiation rarely leads to significant 
morbidity. It is of interest in the context of this paper to discuss organs of type I. 

In Table I estimated doses for 5% and 50% incidences of injury in type-I 
organs are listed. The third column lists the dose in rads that produces 5% injury 
of the organ as observed five years after radiation treatment. Numerous 
investigators believe that a substantial improvement in the radiation therapy 
cure rate would result if doses approaching a reasonable risk level (e.g. complica-
tions = 5%) were uniformly given and if all possible precautions could be exercised 
to protect normal tissue [3]. The fourth column lists the dose for 50% injury of 
the organ five years after radiation treatment. Irradiated volume and dose 
fractionation are factors in radiation therapy. The doses given in Table I assume 
200 rad per fraction and five fractions per week; the values listed may not be 
valid for different fractionation schedules. 

If we divide TD50/5 by TD5/5, we get a range of ratios from 1.14 to 1.8, 
with an average of 1.32. Thus the dividing line between what is an acceptable 
dose to an organ and what is not normally acceptable can vary from a 14% 
increase to an 80% increase, depending upon the organ. There is no general 
agreement on the tissue dose values because definitive data do not exist. In some 
situations, a therapist will expose an organ to the TD5 0/5 level. For example, it 
is sometimes necessary to sacrifice one kidney, provided, of course, that the 
patient has the second one. On the other hand, therapists will not treat the spinal 
cord at the level of the TD5 0 /5 because of the devastating injury that the patient 
would receive. 

A detailed study of radiotherapy complications was published recently 
by Svensson et al. [4], Such complications, which are neurologic in nature, may 
arise when a cancerocidal dose is delivered to regional lymph nodes in axillary 
and supraclavicular field irradiations. The symptoms vary from slight numbness 



HIGH ACCURACY IN DOSIMETRY . ' 83 

FIG.I. Percentage of tumour control and tissue damage or skin damage, as a function of dose. 
Top: conditions favourable for radiotherapy: bottom: unfavourable conditions (Refs [\,2]). 

of the fingers to total paresthesia of the arm and may include motor lesions. 
Injury to the connective-tissue cells in the plexus region is thought to be the 
cause of these lesions. Therefore, the Ellis formula is used as the one parameter 
in the analysis of these lesions. This formula gives the cumulative radiation 
effect (CRE) and takes into account the daily dose in rad, the repetition 
parameter, the total time for the treatment in days and the total absorbed dose 
to the plexus for the whole course in rad. The results of Svensson et al. are 
plotted in Fig. 2, which shows that the frequency of lesions as a function of CRE 
rises quite steeply. 

The fitting of the curve to the observed points was made on the assumption 
that the tolerance level or, more exactly, the threshold for neurological symptoms 
or signs, expressed as a function of CRE, follows a normal distribution curve. 
The uncertainty of the shape of the frequency/CRE curve is dependent on dosi-
metric, anatomic and statistical factors. 



TABLE I. NORMAL TISSUE TOLERANCE [3] 
Estimated doses for 5% and 50% incidences of injury in type-I organs3 

Type-I organs Injury TD5 / 5
B -

(rad) 
TDS0 /5

C 

(rad) 
Whole or partial 
organ (field-size 
or length) 

Bone marrow Aplasia, pancytopenia 250 450 whole 
3000 4000 segmental 

Liver Acute and chronic hepatitis 2500 4000 whole 
1500 2000 whole strip 

Stomach Ulcer, perforation, haemorrhage 4500 5500 100 cm2 

Intestine Ulcer, perforation, haemorrhage 4500 5500 400 cm2 

5000 6500 100 cm2 

Brain Infarction, necrosis 6000 7000 whole 

Spinal cord Infarction, necrosis 4500 5500 10 cm 

Heart Pericarditis and pancarditis 4500 5500 60% 
7000 8000 25% 

Lung Acute and chronic pneumonitis 3000 3500 100 cm2 

1500 2500 whole 

Kidney Acute and chronic 1500 2000 whole (strip) 
nephrosclerosis 2000 2500 whole 

a Dose given assuming 200 rad/fraction, 5 fractions/week. 
b Dose for 5% injury in 5 years. 
c Dose for 50% injury in 5 years. 
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FIG. 2. Frequency of neurologic lesions as a function of the cumulative radiation effect (CREj. 
The open circles represent the work of Svensson et al. [4], The filled squares are the data of 
Stoll and Andrews [5]. The solid line represents the best fit, based on the statistical uncertainties 
of the different points and on the assumption of a normal distribution of the tolerance level. 

The filled squares in Fig. 2 are the data of Stoll and Andrews [5] for the 
same complications. The shift in the CRE scale represents a dose shift of 7%. 
It is highly likely that a portion of this shift is due to the accumulation of errors 
in the traceability of radiation standards from the hospital to the national 
radiation standards of one country, then to the Bureau international des poids 
et mesures, and then through a second country's national radiation standards 
to the hospital in that country. 

probabilities as a function of total dose delivered to the tumour have appeared 
in the literature. Figure 3 shows the tumour control probability (TCP) for two 
types of malignancies — squamous cell carcinoma of the supraglottis and Hodgkin's 
disease. The data are from a recent paper by Goitein [6] in which he discusses 

3. TUMOUR CONTROL 

In recent years, more definitive and careful studies on tumour control 
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FIG.3. Dose-response curves: (A) squamous cell carcinoma of the supraglottis (stages Ti and T3 

combined), derived from Shukovsky [7]; (B) Hodgkin's disease, derived from Kaplan [8]. 
The solid lines are approximate fits to the data, giving a linear relationship between probit (of 
TCP) and dose. Error bars are standard deviations and represent only statistical uncertainty. 
Other sources of error, including positioning errors, are also present in the data. 

the work of Shukovsky [7] and Kaplan [8]. In radiation therapy, the aim is a 
high probability of tumour control with as low a level of harmful side-effects as 
possible. In the case of the supraglottis lesion, we see that an increase of only 10% 
in the dose delivered increases the tumour control probability from 20% to 75%. 
Thus the treatment dose must be selected with great care and treatment has to 
be carried out with a high degree of precision and accuracy. There are very few 
data for other types of tumours that have been analysed in detail in terms of 
tumour control probability versus dose, as in the examples above. For these 
two types of lesions, at least, the radiotherapist can now choose a treatment 
dose with a radiation exposure to patients which maximizes the benefit/risk 
ratio on a scientific basis. / 

A criterion for acceptable dosimetry on exposure or absorbed dose measure-
ment of ± 3% and on fulfilment of tumour dose prescription of ± 5% was adopted 
by the US Committee for Radiation Therapy Studies in conjunction with the 
Radiological Physics Center of the American Association of Physicists in Medicine 
[9]. The studies involve certain cancer sites and are interinstitutional. The cancers 
under study are: cancer of the prostate, squamous cell carcinoma of the oral 
cavity, pharynx and larynx, renal cell carcinoma, malignant glioma of the brain, 
acute leukaemia, Wilm's tumour, and breast cancer. The dosimetry criteria 
were based on a knowledge of tumour control, complications, and what is 
technically possible. With the data of the type that Shukovsky [7] published 
on supraglottis cancer a higher accuracy than ± 5% may be in order. 
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TABLE II. CANCER - ANNUAL COST AND POTENTIAL SAVINGS 

New invasive cancer cases, 1974 (excluding skin)' 

Potential for death within 5 yearsb 

Years of life lost (1968 data)b 

Work years lost (1968 data) 

Economic loss (1973 dollars)3 

If cure rate increased by 3%: 

660 000 

60% 

5.1 million 

1.7 million 

US$18.9 billion 

Economic savings 
Lives saved 20 000 

US$507 million 

a Levin et al.: Cancer Rates and Risks, 2nd ed., Biometry Branch, National Cancer Institute. 
b Murray and Axtell: J. Natl. Cancer Inst. 52 (1974) 3. 

4. IMPACT OF IMPROVED DOSIMETRY ON RADIOTHERAPY 

We do not have precise data on the cost savings brought about by dose 
intercomparisons through which the accuracy in radiotherapeutic dosimetry 
is improved. Some information is available, however, on lives saved and on cost 
savings if the cure rate could be improved by a modest 3%. The data apply to 
the USA and were published by Kramer et al. [3]. It is estimated that if the 
cure rate of cancer were increased by 3%, some 20 000 lives would be saved as 
well as over US $500 million (see Table II). 

An unfortunate incident occurred in a hospital in Columbus, Ohio, over 
a six- to nine-month period starting early in 1976. Because of an error in the 
projected dose rate from a cobalt-60 unit, an ever increasing amount of radiation 

'was delivered to a group of patients numbering in the hundreds. The error in 
dosimetry was discovered as the result of an intercomparison study and had 
reached a value of 40%. Loss of life has occurred. It is estimated that the 
aggregate cost of the legal action in this case will be US $400 million. If the 
intercomparison study had not taken place, the error would eventually have been 
discovered, but at a substantial increase in cost and lives. 

5. CONCLUSION 

Dose and exposure intercomparisons on a national or international basis 
have become an important component of quality assurance in the practice of 
radiotherapy. A high degree of accuracy of dosimetry is essential in our 
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i n t e r n a t i o n a l s o c i e t y w h e r e m e d i c a l i n f o r m a t i o n is so r ead i ly e x c h a n g e d a n d 
u s e d . T h e va lue o f a c c u r a t e d o s i m e t r y lies m a i n l y in t h e a v o i d a n c e of c o m p l i c a -
t i o n s in n o r m a l t i s sue a n d in an o p t i m a l deg ree of t u m o u r c o n t r o l . 
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Abstract 

SOME METROLOGICAL ASPECTS OF X-RAY DOSE INTERCOMPARISON. 
The paper deals with some sources of error in an intercomparison in the field of 

conventional X-ray beams and gives suggestions on how to avoid these errors. Especially the 
influence of the uncertainty of the high-voltage data and the inhomogeneities of the X-ray 
beam on an intercomparison is estimated. Moreover, the authors raise the question of whether 
the calibration factor of an ionization chamber which has been determined in free-air measure-
ment can be applied to measurements in a water phantom without any qualification. 

Ionization chambers have proved to be useful as standards for achieving 
the highest possible accuracy of intercomparison in the field of conventional 
X-ray beams. The Amt fur Standardisierung, Messwesen und Warenprufung 
(ASMW) has participated in several intercomparisons of primary standards of 
metrological state boards. The discrepancies of the results obtained for various 
radiation qualities ranged from a few pro mille to one per cent at most. The 
experiences gained during these intercomparisons should be taken into account 
in the intercomparison programme drafted by the IAEA, although for several 
reasons this programme does not provide for the employment of ionization 
chambers as comparison standards. 

Commercial deep-therapy X-ray machines operating on the basis of d.c. 
voltage, stabilized by auxiliary attachments, were used to generate the radiation 
fields. An accurate determination of the adjusted high-voltage values as a function 
of the tube current was accomplished in ASMW by employing the method of 
capacitive voltage division. 

The radiation qualities depend on the generating voltage at the X-ray tube, 
the inherent filtration of the X-ray tube and the added filtration. They are 
characterized by the first and second half-value layer and are in line with the 
recommendations of BIPM [ 1 ] (Table I). 

89 



90 KORN et al. 

TABLE I. RECOMMENDED VALUES OF RADIATION QUALITY 
PARAMETERS [1] 

Tube Added filtration First half-value layer 
voltage Al Cu Al Cu 
(kV) (mm) (mm) (mm) (mm) 

100 3.5 _ 4.0 0.15 

135 1 0.27 - 0.50 

180 1 0.45 - 1.0 

250 1 1.8 - 2.5 

The uncertainties of the high-voltage data of commercial deep-therapy 
X-ray machines and of deep-therapy X-ray machines for metrological purposes, 
equipped with auxiliary attachments, are estimated as follows: 

Commercial deep-therapy Deep-therapy X-ray machines 
X-ray machines for metrological purposes, 

equipped with auxiliary attachments 

U A : ± 1.0% U A : ± 0.1% 

Reading on the 
kilovoltmeter: + 2.5 % 

Additional regulated 
reading of kV on a 
precise voltmeter: ± 0.5% 

U A without 
correction at 
different currents: ± 1.0% 

U A with correction 
of the currents: ±0.2% 

Uncertainty 
of high-voltage 
data: 4.5% 0.8% 

The following relations are valid: 

AF 2 AUmax 
F Umax 

AEeff A U m a x 

Eeff U m a x 
(2) 
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\m 

where F = energy flux density 
Umax = generating voltage 
Eeff = effective energy of the X-rays 

(The effective energy is equal to that energy of a monoenergetic 
photon radiation for which the mass attenuation coefficient p/p 
is equal to the average mass attenuation coefficient p/p of 
the continuous radiation.) 

Therefore a small change of the generating voltage during the measurement time 
and the substitution of the radiation detectors may cause a significant change of 
the radiation field. The error arising from Eq. ( l ) may be reduced by employing 
an additional control dose meter in the X-ray field. 

This control dose meter is equipped with a flat transmission-type ionization 
chamber (monitor chamber) which absorbs only a very small quantity of 
radiation because of its special construction. It is placed in such a way that the 
same beam of X-rays passes through the chamber that also passes through the 
entrance diaphragm of the standard chamber and through the comparison dose 
meter. If the corresponding processes seen at the control dose meter are in • 
accord with each other, it can be said that the same values of exposure have been 
used for irradiation. The measurements of this intercomparison in the field of 
conventional X-rays should be carried out also with a monitor chamber if possible. 
Then the error which is caused by Eq.( l ) can be neglected. 

The estimated change of Eeff (Eq.(2)) has no influence on the total error 
if the energy dependence of the detector is negligibly small. This condition is 
fulfilled by most of the detector systems for X-ray energies above 150 keV. 

Inhomogeneities of the radiation field have also a significant effect on the 
uncertainty of the measurement. Measures therefore have to be taken so as to 
ensure that the inhomogeneity of the dose rate of the field is negligible. A 
condition for a negligible influence of the inhomogeneity is r < d, where r is the 
distance between the detector and the radiation source, and d is the largest 
dimension of the detector in the plane perpendicular to the direction of the 
radiation. The relation r < d is valid under the condition of a cos2 distribution 
around the central axis of the X-ray field and must be considered in the inter-
comparison if the clinical dose meter and the LiF system of the IAEA have very 
different dimensions. 

To determine clinical doses, it undoubtedly proves more useful to carry 
out the intercomparison in a water phantom because in this way the radiation 
doses are measured under conditions similar to those existing in clinical practice. 
However, there is a disadvantage in that dose determination in a water phantom 
depends on a larger number of factors than dose measurement by means of 
free-air geometry: 

D L = R L N f L (3) 

D\y = R\y 'N• Ac ' fw (procedure 1 given in Ref. [2]) 
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where DL , D\y = Absorbed dose in free air or water (J/kg) 
RL , Rw = Dose meter reading in free air or water (division of scale) 
N = Calibration factor of the dose meter (R/division of scale) 

compared with a free-air standard chamber 
A c = Correction for the replacement of the phantom material 

by the dose meter 
f\V = Conversion factor of exposure in free air to absorbed dose 

in free air or water (J/kg/R) 

(Note: A c f is equal to F given in Ref. [3].) 

The value of A c depends directly on the form of the ionization chamber employed. 
In accordance with Ref. [3], A c is equal to 0.98 when the chamber has a diameter 
of 6 mm. When the absorbed dose is measured by means of free-air geometry, 
this value is included into the calculation through the calibration factor N, and N 
is defined as relating to the exposure at the point of the chamber centre in the 
absence of the chamber. The question arises whether the calibration factor N, 
which has been determined in free-air measurement — as is still the case in most 
national metrological institutes, can be applied to measurements in a water phantom 
without qualification. 

Since the calibration factor is influenced for example by radiation attenuation 
in the chamber walls, and by emission and stopping of electrons in the chamber 
walls, which are different when the measurement is in air or in water, it is not 
quite correct to calibrate in air and to measure in water. .The effects due to the 
different radiation physical conditions in the chamber environment also depend 
on the special construction of ionization chambers. 

This complex of problems is discussed in a number of articles [4—6] where 
it is concluded that the simple application of the calibration factor of free-air 
measurements to phantom measurements might result in significant errors for 
some types of ionization chambers, particularly in the field of medium-energy 
X-rays. This source of error could be eliminated if the dose determination in 
water would be carried out in accordance with procedures 3 and 4 given in 
Ref. [2], In this case, however, it would be necessary to introduce one or two 
additional factors into Eq. (3). 

Like many radiotherapy centres in the world the clinics in the German 
Democratic Republic use depth-dose tables to determine the dose distribution 
in an irradiated body. As the phantom measurements are affected with larger . 
errors, we suggest to implement the scheduled intercomparison within the scope 
of free-air irradiations or to provide for both alternatives. In the latter case it 
would be possible to distinguish between errors resulting from (1) the calibration 
of the ionization dose meter (determination of N), and (2) the application of 
depth-dose data in phantom measurements. 
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It is necessary to make a few additional remarks on phantom measurements: 

(a) For measurements in water, the ICRU recommendations [3] concerning 
the dimensions of the water phantom, the determination of the measuring point 
and the radiation geometry should be observed. 

(b) For measurements in a phantom, the dose rate D is calculated in the 
first order (good geometry condition) by the following equation: 

D = k e ^ x (4) 
4 7 r ( r + x ) 2 

where: S = source strength (quanta emitted per unit time) 
r = distance between source and phantom surface 
x = distance between phantom surface and detector centre 
H = attenuation coefficient 

k = conversion factor of the source strength to the absorbed dose rate. 

The uncertainty of D with respect to the position of the detector can be written as: 

(5) 
AD 

D 
2 Ax 

j r Ax + • 
( r + x ) 

Since in the range of the conventional X-rays the attenuation coefficient for 
water is < 0.2 cm"1 , Eq.(5) gives an error in the range of 1 - 2 % for the determina-
tion of the dose rate if the phantom depth is changed by about 1 mm. Therefore 
the distance between the chamber centre and the water surface should be strictly 
observed, with an error of ± 0.5 mm. Also, allowance should be made for any 
changes in the water level resulting from the process of placing the chamber into 
the water phantom or from water evaporation when the measurements are 
carried out over a long period. 
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Abstract 

IN-AIR OR IN-PHANTOM COMPARISON MEASUREMENTS. 
Extending the IAEA's postal dose intercomparison service from cobalt teletherapy to 

conventional X-ray energies introduces a number of factors affecting the measurement accuracy. 
A discussion is given of the aims and objectives of postal dose intercomparisons, of basic 
procedures in clinical radiation dosimetry, and of the relative advantages of in-air and in-water 
intercomparison measurements. It is suggested that a combination of in-air and in-water measure-
ment procedures will prove advantageous for the conventional X-ray energy range. 

1. INTRODUCTION 

Beginning in 1966, the IAEA initiated international dose intercomparisons 
of cobalt-60 teletherapy. The objects of the procedures were to obtain informa-
tion on the relative accuracy and consistency of clinical dose delivery to patients, 
and to determine what had to be done to raise the standards in clinical dosimetric 
practice. The intercomparison procedures adopted for cobalt-60 teletherapy by 
the IAEA have proved to be practical and well-suited to these objects, and have 
given valuable results. It is now planned to extend the intercomparison measure-
ments to teletherapy with conventional X-ray beams, and in this context con-
sideration is being given to whether and what changes in measurement procedures 
should be made. In particular, the intercomparison measurements may be adversely 
affected by factors which are due to the mode of production and the energy spec-
trum of X-rays used in conventional therapy. These factors comprise: 

(a) The energy dependence of the radiation detectors; 
(b) The determination of the energy spectrum at the point of measurement; 
(c) Fluctuations in X-ray output; 
(d) The importance of exact positioning of the detectors in the radiation beam. 

One is faced therefore with a number of experimental limitations in 
obtaining precise intercomparison measurements. Some of these difficulties 
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may be lessened if one adopts in-air rather than in-phantom measurements for 
the X-ray intercomparisons. 

To arrive at a better understanding of the issues involved, we shall consider: ' 

(a) Basic aims and objectives of intercomparison measurements; 
(b) Procedures in clinical radiation dosimetry. 

2. AIMS AND OBJECTIVES OF POSTAL DOSE INTERCOMPARISONS 
FOR CLINICAL RADIOTHERAPY 

These may be considered as being (1) general and (2) specific kinds of aims, 
namely: 

( la ) To create greater awareness of the need for correct dosimetry in 
radiotherapy; 

( l b ) To identify means of achieving improvements in clinical dosimetry; 
(2a) To compare and improve dosimetric consistency within and among 

radiotherapy centres; 
(2b) To compare and improve the accuracy of clinical delivery of dose; 
(2c) To compare and improve beam calibration procedures. 

3. PROCEDURES IN CLINICAL RADIATION DOSIMETRY 

The aim of clinical radiation dosimetry is the precise statement of the 
absorbed dose at all points of interest in an irradiated patient (ICRU Report No.23). 
Establishing the absorbed dose in the patient involves: 

(a) Calibration of the radiation beam, followed by 
(b) Calculation of the peak absorbed dose rate, leading to 
(c) Calculation of absorbed dose rate at any point of interest, and, where 

necessary, 
(d) Specific corrections for patient shape, patient size and tissue composition. 

It is possible to derive the above data by a variety of methods; however, 
the IAEA/WHO intercomparisons should reasonably assume that the procedures 
recommended by ICRU for clinical dosimetry are being strictly followed. For 
initial beam calibrations, ICRU Report No.23 recommends that for 150 kV to 
10 MV X-rays the measurements be carried out at a depth of 5 cm in a water 
phantom, using an exposure-calibrated ionization chamber dose meter. The 
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first stage requires in addition a knowledge of the quality (HVL or effective 
energy) of the radiation beam, as well as factors such as K, i.e. the chamber 
correction for ambient temperature and air pressure; N, i.e. the exposure cali-
bration factor of the dose meter; and F, i.e. the factor of exposure to absorbed 
dose. 

The second stage in the determination of absorbed dose requires a knowledge 
of the central axis percentage depth dose, and the third stage calls for isodose 
charts to be available, all based on in-water determinations. Finally, the fourth 
stage attempts to correct dose and dose distribution for specific effects of actual 
patient size, shape and composition. 

4. DISCUSSION 

On the basis of the points mentioned in the above considerations, one can 
draw up a list of those factors which are favourable or unfavourable to either 
in-air or in-water intercomparison measurements. 

In-air intercomparisons — advantages 

(a) Simple technique required, fewer procedural sources of error. 
(b) Energy at point of measurement is known from determination of HVL. 
(c) Effect of geometric factors is lessened. 

* 

In-air intercomparisons — disadvantages 

(a) Beam calibration procedures recommended by ICRU are based on in-water 
measurements. In-air intercomparisons will require additional measurements 
or calculations by participants. 

(b) Use of non-recommended beam calibration procedures may be encouraged. 
(c) Intercomparison aims (2b), (2c), and probably also ( lb) , are less directly 

achieved. 

In-water intercomparisons — advantages 

(a) Procedures of in-water measurements are familiar to participants using 
recommended ICRU calibration methods. 

(b) A very direct assessment of clinical dose delivery is achieved, and most of 
the factors in clinical beam calibration play a part. 

(c) Procedures are consistent with cobalt intercomparisons. 
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In-water intercomparisons — disadvantages 

(a) Beam quality at point of measurement must be known or estimated. 
(b) More refined experimental techniques are required for accurate evaluation 

. of radiation detectors. 

It is seen that neither procedure has unique points in its favour or decisive 
disadvantages. Both are compatible with the stated aims and objectives, the 
in-water measurements probably being somewhat preferable here. Experimentally, 
in-air measurements seem to offer certain advantages, but the non-compliance 
with ICRU procedures appears undesirable. Taking everything together, there 
may well be a case for using both in-air and in-water intercomparisons in combina-
tion, and thus exploit each technique to its best advantage. 
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Abstract 

EXPERIENCE OF CONTROL PROGRAMMES FOR X-RAY THERAPY MACHINES. 
The difficulties encountered in calibrating conventional X-ray units are listed and the 

importance of errors is indicated. The difficulties can be related to the dose meters, to the 
HVL determination and to the method used for output measurements. The ionization 
chambers are often too large to allow accurate measurements in narrow beam conditions or 
in high dose-gradient regions. The calibration factors for various energies are not always 
known. The variation of this calibration factor with energy is sometimes much too large 
for small HVLs, leading to very serious errors. Some intracavitary chambers sold as 'sealed 
chambers' are not entirely sealed, and due corrections have to be applied. The HVL deter-
mination is a difficult task and requires good instrumentation and a well-trained physicist. 
Overestimations of HVL values as high as 25% have been reported. The output measurements 
are performed in different ways, depending on whether a monitor is used or not. If no monitor 
is used, both current and kilovoltage must be maintained constant during the irradiations. 
Data from manufacturers must be checked carefully, even for modern X-ray units, since 
errors as high as 40% on the output were encountered. 

1. INTRODUCTION 

In the 1950s, a world-wide development of dosimetry programmes started, 
at a time when the first cobalt units were installed and a great effort was made 
to increase the accuracy of the dosimetry of high-energy beams. One of the 
reasons for this increased interest in radiation dosimetry was that many radio-
therapists, who were used to following the clinical effects of radiation from the skin 
reactions of their patients, were afraid of possible damage to subcutaneous 
healthy tissue which would not be foreseen from clinical examinations. 

In well-equipped hospitals most of the tumours were treated with high-
energy beams because of their well-known clinical advantages. Simultaneously, 
accurate dosimetric procedures for these were developed. As a consequence, 
many radiotherapy centres in the industrial countries no longer have 200-kV 
units, and young physicists are not taught how to perform accurate dosimetry 
for conventional radiotherapy, although the dosimetric problems are often more 
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complex for 200-kV X-rays than for cobalt radiation. Furthermore, radio-
therapists and physicists from developing countries, who are educated in modern 
radiotherapy centres in developed countries, do not receive proper education for 
conventional radiotherapy which they will have to use in routine work when 
returning home. 

In what follows, some of the difficulties encountered by the author in the 
calibration of X-ray units are discussed. 

2. DOSE METERS 

Many dose meters used with conventional X-ray units are rather old and of 
poor quality. Our experience has shown that dose meters used for high-energy 
beams are of much better quality than dose meters used in conventional therapy. 

2.1. Size 

Ionization chambers as large as 15 mm in diameter and 30 mm long have 
often been used. We have found ionization chambers 20 mm in diameter and 
40 mm long still in use! 

It is clearly quite impossible to measure the HVL in narrow beam condi-
tions with such chambers. Furthermore, the errors made when using these 
ionization chambers for depth dose are very important, especially in regions 
of high dose gradient such as at beam edges. 

2.2. Calibration factors 

Manufacturers often sell ionization chambers with calibration curves 
determined for an 'average chamber'. Divergences from this average curve can 
be as large as ± 10%. A difference of 15% was experienced between the responses 
of two ionization chambers from one manufacturer bought at the same time. 
In countries with no standard laboratory, physicists and, of course, radio-
therapists are inclined to trust the manufacturer's data without verification. 
Therefore warnings stating that such curves cannot be used as 'calibration 
curves for a given ionization chamber' should be included in the specification 
papers provided with the dose meter by the manufacturer. 

When the variation of the calibration factor versus HVL is important, even 
if it is known with accuracy, serious errors may occur in dose determination 
every time the beam quality is not known with accuracy. For one commercial 
ionization chamber sold recently for conventional therapy the calibration 
factors of the HVL of 2 mm Cu and 0.5 mm Cu were found to vary by 
17%. This quality variation is encountered when comparing primary 
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radiation and total radiation in a large beam (400 cm 2 ) at depth (15 cm) [ 1 ]. 
This means that a systematic error of 17% will be incurred in measurements 
performed at large depths. 

2.3. Sealed ionization chambers 

Some intracavitary chambers are sold as sealed chambers and the manu-
facturers claim that no correction for pressure and temperature is needed. In 
our experience these chambers are more often 'almost completely sealed', which 
means that they are not sensitive to rapid changes in temperature and when 
used for intracavitary measurements no correction for the temperature at the 
measurement site can be made. However, they are sensitive to slow changes of 
temperature and pressure occurring from day to day, and due corrections must 
be applied. In our experience, three to four hours were necessary to acquire 
temperature and pressure equilibrium. 

3. HVL DETERMINATIONS 

HVL determination from attenuation measurements in narrow beam condi-
tions is probably one of the most difficult measurements to perform. 

First of all, pure copper or aluminium layers must be available. Adequate 
corrections have to be applied to the exposure measurements taking account of 
the modification of the beam quality when filtration is increased. These cor-
rections are rather complex when the variation of the calibration factor versus 
HVL is important. 

Tiie field size at the point of measurement must be as small as possible, in 
order to decrease the importance of scattered radiation, but large enough for 
the chamber to be irradiated under homogeneous conditions. A large-sized 
ionization chamber does not allow the physicist to measure the HVL accurately. 
Furthermore, when only fixed-size applicators are available, a lead diaphragm 
has to be made. This is very easy to do in any small hospital workshop in 
advanced countries, but it can be very difficult in developing countries. 

Measurement conditions leading to erroneous HVL determinations are 
listed below, together with the estimated percentage error: 

Field size too large (5 cm X 5 cm at the point of measurement) 5% 

Variation of the calibration factor not taken into account 5% 

Thicknesses and composition of filters incorrect 10% 
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Differences between manufacturer's data and accurate 10% 
measurements not taken into account 

Accurate determinations of errors performed in HVL measurements have 
been given in the literature [2, 3] and overestimations as large as 25% have been 
reported. 

We have performed experiments [4] on the determination of beam quality 
from ionization measurements using a set of ionization chambers with walls 
made of materials of different atomic numbers. The beam quality may be deter-
mined from diagrams showing the variation of the response ratio of two different 
ionization chambers versus kilovoltage and filtration. Such diagrams were drawn 
in the range 90 to 160 kV, but the range could be extended to higher kilo-
voltages. The method is easy and rapid, but it cannot be used for dosimetry 
comparisons by mail. 

4. OUTPUT MEASUREMENTS 

Three methods of output measurement are listed below, involving different 
calibration problems. 

4.1. Measurements with a monitor 

In some therapy units a flat monitor chamber is placed permanently 
between filters and collimating devices. The calibration of such units means 
monitor calibration. 

In our opinion, the use of fixed monitors is probably the safest method, 
but we have no large experience with these, since they are not commonly used 
in France. 

The main sources of error in calibrating monitors are: 

(a) Non-linearity of the response versus dose; 
(b) Non-reproducibility of the response because of the increased temperature 

at the monitor level close to the X-ray tube when the ionization chamber 
is not perfectly sealed. 

The monitor has to be calibrated for each combination of kilovoltage and 
filtration. Its response can vary with the type of applicator used. 

4.2. Measurements with an ionization chamber 

Irradiation with an ionization chamber at skin level was in common use in 
many European countries in the 1950s, especially with adjustable diaphragms. 
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The chambers used at that time were large and energy dependent. They were 
difficult to put in the right position for correctly measuring the backscattered 
X-rays. They were too large to be half embedded in the tissues. Furthermore, 
the radiotherapists were often reluctant to touch the skin with the chamber 
because of the sensitivity of the irradiated skin; the distance between chamber 
axis and skin varied from a few millimetres to a few centimetres. 

The chamber axis was in general neither perpendicular to the beam axis 
nor parallel to the skin, especially for oblique beam incidence. 

The average quality of the beam at the skin level was not known and 
should certainly depend upon field size. The calibration factor used (if any) 
was that for 'in-air' measurements. 

Errors in skin dose determination as large as 20% were frequently found 
with this method. Very large errors, leading to skin necrosis, could occur with 
small field sizes, i.e. smaller than the chamber size. A few cases of serious skin 
damage for which radiotherapists were sued by patients have been reported. 

When patients are treated with fixed applicators, an ionization chamber 
is sometimes used as a monitor inside the applicator. Its position has to be 
re-adjusted every time the applicator is changed, in general after each patient 
treatment. 

Apart from positioning and calibration inaccuracies, systematic errors 
can occur when the skin dose is assumed to be effectively measured, for the 
reasons listed above. 

4.3. Measurements without monitor 

When no monitor is used the output of the X-ray unit is assumed to be 
constant between two calibrations. Unfortunately, it is very difficult to main-
tain both the current and kilovoltage constant during irradiations. As is well 
known, in a therapy X-ray tube the output is proportional to the current, but 
it is proportional to the square of the voltage (for thick targets) if there is no 
filtration. With filtration the intensity will depend upon a kilovoltage power 
much higher than two.. In a 250-kV X-ray beam filtered by 1.5 mm of copper 
a 7% increase of the output was observed for a 2% increase of the kilovoltage 
with a constant current in the tube. Furthermore, a decrease of the output 
is frequently observed when the anode becomes older. In many X-ray units, 
kilovoltage variations of more than 2% may be observed during working hours, 
and intensity variations of 10% are often observed. Output variations have 
also been observed when the tube housing was rotated. 

Finally, when no monitor is used, intensity variations as high as ± 15% may 
be observed between two calibrations when calibration is done once a day. ' 
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T A B L E I. D A T A F O R A 300-kV X - R A Y U N I T I N S T A L L E D IN 1975 

Field size (cm) 3 dia. 6 dia. 4 X 6 6 X 8 8 X 10 10 X 15 20 X 24 

FSD 6 cm 6 cm 7.5 cm 10 cm 30 cm 30 cm 40 cm 

Equivalent filtration a 3.5 mm Pb 3.5 mm Pb 3.0 mm Pb 2.2 mm Pb 5.0 mm Cu 5.0 mm Cu 2.7 mm Cu 

HVL (mm Cu) 
(manufacturer) 

6.8 6.8 6.6 6.0 4.4 4.4 -

HVL (mm Cu) 
(measured) 

6.15 6.15 6.0 5.5 4.0 4.0 3.1 

Measured 
exposure rate 
(R/min) 

65.5 77 82 89 86 88 85 

a As indicated by the manufacturer. 
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4.4. Data for a modern X-ray unit 

To illustrate the above considerations, some data for a modern therapy 
unit are presented. In 1975, a hospital in the Paris region bought a 300-kV 
X-ray unit [5]. The manufacturer claimed that the output was constant what-
ever the filtration and field size. The filters are attached to the applicators and 
the choice of field size is not independent of the focus-skin distance and filtra-
tion. Short focus-skin distances are associated with high filtrations in order to 
get a constant dose rate at the skin level! It is still more surprising to see that 
high filtrations are associated with small field sizes. 

Table I gives data for a set of seven applicators, recommended by the 
manufacturer who claims a constant exposure rate equal to 100 R/min. 

From the practical points raised, it can be seen that calibration of X-ray 
machines is essential. However, the whole business of achieving an accurate 
HVL for intercomparisons is fraught with difficulties. Recommending a suitable 
HVL to users is difficult and to ensure that they determine accurately the HVL 
of the beam they use is also not easy. 
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Abstract 

THE PROPERTIES OF Li2B407:Mn. 
A summary is given of the dosimetric properties of lithium borate with emphasis on its 

use for X- and gamma-ray intercomparison programmes. Lithium borate is clearly preferable 
to other thermoluminescent materials from the point of view of energy dependence characteristics. 
Furthermore its sensitivity is unaffected by previous large exposures or heat treatments, so the 
annealing procedure applied is not critical for reproducibility of repeated measurements. 
However, fading is higher for lithium borate than for lithium fluoride and calcium sulphate, 
and is especially pronounced at elevated temperature or high ambient relative humidity; there-
fore accurate fading corrections may be difficult to perform for measurements made in areas 
with extreme climatic conditions. 

1. INTRODUCTION 

Since Schulman et al. in 1965 [1 ] introduced manganese-activated lithium 
borate as a new low-Z thermoluminescence dosimetry material, great interest has 
been attached to this compound with a view to its use as an alternative to lithium 
fluoride. The obviously attractive dosimetric properties of lithium borate have 
promoted the commercial production of the phosphor, and various products, 
bo th powders and different forms of solid dose meters, are at present commercially 
available (see Table I). 

A relatively high degree of precision can be obtained from measurements 
using lithium fluoride powder [2, 3]. However, when applied to medium-energy 
X-rays, LiF dosimetry requires supplementary measurements to be made for the 
estimation of the X-ray energy so that the energy dependence of the LiF dose 
meter can be corrected. The aim of changing to lithium borate for X-ray dosi-
metry should be to take advantage of the excellent tissue equivalence of this 
phosphor, simplifying the measurement procedure and yet still retaining the 
high degree of precision obtainable from LiF. A simplification of the X-ray 
intercomparison programme might consist of an elimination of the precise HVL 
estimations. 

Numerous preparations of lithium borate made at different laboratories 
[4—11 ] have given products with TL characteristics (e.g. glow curve, spectrum 
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TABLE I. COMMERCIALLY AVAILABLE LITHIUM 
BORATE THERMOLUMINESCENCE PRODUCTS 

Manufacturer Dose-meter type 

AB-Studsvik (Sweden) Sintered dose meters 

BDH(UK) Powder 

Fluorocarbon Ltd. (UK) Teflon discs 

Harshaw (USA) Powder 
Hot-pressed chips 

Teledyne-Isotopes (USA) Teflon discs and rods 

of TL, annealing requirements) that are in general agreement. Only a few pro-
perties, e.g. energy response and effect of the environment during storage, may 
vary significantly from one product to another. Especially for the intercomparison 
of absorbed doses carried out on a broad scale these parameters are extremely 
important and must be thoroughly investigated before involving the phosphor 
in the intercomparison programme. 

2. THE PROPERTIES OF LITHIUM BORATE 

2.1. General v 

In contrast to lithium fluoride, the glow curve of lithium borate is 
insensitive to the previous thermal history of the phosphor, and the annealing 
procedure applied is therefore not critical for ensuring a reproducible behaviour 
in re-use. At elevated temperature, the broad dosimetry peak decays according 
to a simple mechanism without any re trapping taking place, and a heat treatment 
for half an hour at 300°C is sufficient to completely exhaust the trapped TL 
introduced into the phosphor from exposures of kilorontgen ranges [12]. 

No radiation damage to the TL characteristics of lithium borate was 
observed for exposures as high as 108 R. With an applicable dose range up to 
about one megarad, lithium borate is therefore very suitable for dosimetry 
involving large radiation doses. 

The supralinearity of the response of lithium borate is of the same order 
as that of lithium fluoride, e.g. less than 10% for exposures below one kilo-
rontgen. Different exposure levels for the onset of supralinearity have been 
reported, varying from 50 R [13] to several kilorontgens [14]. A varying degree 
of crystallization of the phosphor material may explain this phenomenon [15]. 
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TABLE II. RATIO OF SENSITIVITY OF 25 mg Li 2 B 4 0 7 :Mn TABLETS TO 
25 mg LiF CHIPS (TLD-700) MEASURED BY DIFFERENT READ-OUT 
INSTRUMENTS 

Heating 
method 

Photocathode, 
EMI type 

Filter Sensitivity ratio 
(integrated counts) 
Li 2B 40 7 :Mn/LiF 

Hot N2 'S' none 1:1.5 

Hot N2 'S' neutral 1:1.0 
(X 1000) 

Hot N2 Bi-alkali none 1:3.0 
(K-Cs) 

Hot N2 Bi-alkali none 1:3.9 
(K-Cs) 

Planchet Bi-alkali none 1:4.5 
(K-Cs) 

o 
S 
o I-
o 

< 2: cr. o 

1.50 

1.40 

1.30 

1.20 

1.10 

1.00 

^ 0.90 
C 

~ 0.80 

-

1 | 1 1 I I 
A* LiF 

1 1 1 J t ' I T 
-

- B: Li2B407!Mn (0.4%) -

- C: Li2Bt07: Mn 10.1 %). Si (0.5%) -

-
A n D-- Li2B 0,: Mn (0.1 % ) 

-

-

B 

-

C 

, , 1 , . ., 
10 100 1000 

PHOTON ENERGY (keV) 

FIG.l. Calculated energy-response curves of lithium fluoride and lithium borate, given 
relative to that of air. 

The combined effect of ultra-violet light in creating and destroying TL, 
which for lithium borate has been found more pronounced than for lithium 
fluoride [16], can be avoided by choosing an appropriate dose-meter container. 

The TL emission spectrum of lithium borate in the red area, with a peak 
wavelength of 605 nm and thus close to the infra-red thermal radiation, is no 
serious problem for measurements of doses above one rad, as the thermal radiation 
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FIG.2. Calculated energy-response curves of lithium fluoride and lithium borate, given 
relative to that of water. 

in current dosimetry practice using lithium borate [17] contributes with an 
equivalent dose of less than one millirad. Table Il'shows that no essential 
difference is observed in the sensitivity of lithium fluoride and lithium borate 
when an EMI 'S ' photocathode is applied in the measurements. This type of 
photocathode is optimal for lithium fluoride with a high efficiency for registration 
of blue light. The lower efficiency of the 'S' photocathode for measuring the red 
TL light from lithium borate, compared with the blue TL light from lithium 
fluoride, has here been compensated by a reverse ratio of the respective intrinsic 
efficiencies of the two phosphors [18]. Various attempts have been made to 
change the TL emission spectrum of lithium borate to the blue area by studying 
the effect of different activators. The most promising results have been obtained 
from doping with silver, which gives a product with the maximum TL light 
emission in the near ultra-violet [11, 19]. However, a serious disadvantage of this 
phosphor is a significant light-induced fading. 

2.2. Energy response 

By optimization of the elemental composition of lithium borate, energy 
response curves very close to those of either air or water can be obtained. 
Figures 1 and 2 illustrate the theoretical possibilities for achieving air- and water-
equivalent borate materials with variations in the response of less than ±2% and 
±1.5%, respectively, within the energy range 15 — 1250 keV. The mass energy 
absorption coefficients used for the calculations were taken from Refs [20—23]. 
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FIG.5. Calculated and experimental energy-response data for sintered lithium borate 
dose meters. 
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FIG. 6. Experimental energy-response curves of teflon-embedded lithium borate. 
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TABLE III. COMPARISON OF FADING DATA FOR LITHIUM BORATE 
Storage at room temperature. Relative humidity <50% 

Author Form 
of 
material 

Fading 
during 
first week 

Extra fading 
during the next 
six weeks 

Bjarngard and Jones [29] Teflon 
micro-rods 

- 13% 

Burghardt et al. [30] Teflon discs 15% 50% 

Chavaudra et al. [31 ] Teflon discs 9—14% none (3 weeks) 

Christensen et al. [32] Powder 
sintered 
tablets 

5% 10% 

Langmead and Wall [13] Powder 
teflon discs 

none none 

Mason [33] Powder ~5% none 

Thompson and Ziemer [19] Powder 
(Ag-activated) 

~5% ~2% 

Wilson and Cameron [6] Powder 10% none 

A number of reports have been published dealing with the energy response of 
TL dose meters, including lithium borate, and within experimental error the 
majority of these show agreement between the experimental and the calculated 
data; however, very few experiments have been carried out with a precision 
sufficient for an exact (e.g. ±2%) verification of the calculated data, and so far 
the small deviations from air and water equivalence, shown in Figs 1 and 2, have 
not been experimentally verified. Figure 3 gives a compilation of some experi-
mental data on the energy dependence of lithium borate obtained from measure-
ments using powder. A considerable spread (about 20%) of the data is observed, 
and no obvious correlation between manganese content and TL response can be 
evaluated. In addition to the experimental error, the large deviations may be 
explained by differences in the sizes of sample used for the measurements [4], 
or by varying contents of natural impurities in the phosphor [10]. To avoid 
scattering or absorption caused by the dose-meter mass itself, thin samples 
should be used for the investigations. 
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FIG. 7. Fading of lithium borate on storage at ambient temperature and relative humidity 
(about 25°Cand 40% RHj. 

The energy dependence of solid dose meters may deviate significantly from 
that of powdered material, mainly because of the attenuation of low-energy 
photons caused by the dose-meter mass. In addition, if small grains are embedded 
in a matrix, e.g. teflon, the influence from the embedding material according to 
cavity conditions can be considerable [24]. Figure 4 shows the corrections to be 
applied for self-absorption for a typical powder grain size of 0.15 mm and a dose-
meter thickness of 0.8 mm. In Fig.5 some experimental energy-response data 
for sintered lithium borate dose meters are presented, in addition to the 
corresponding calculated data. Figure 6 gives some experimental data for 
Li 2B 40 7 :Mn/tef lon dose meters, with one dose-meter type having an energy 
response which deviates by less than ±5% from that of air, over the energy range 
1 5 - 1 2 5 0 keV. 

2.3. Fading 

Although the dosimetry peak of lithium borate occurs at a slightly higher 
temperature than that observed for lithium fluoride, it does not exhibit the same 
high degree of stability on storage. Many different results have been reported 
on the fading of lithium borate at room temperature (see Table III). Even though 
different results are given for products from the same manufacturer, there seems 
to be some evidence that the fading depends on the production process. One 
material showed no fading during storage at room temperature over a period of 
one month [13]; however, when stored at 80°C the same product showed a 
fading (35% during 40 hours) twice that observed for lithium fluoride [5]. Figure 7 
shows the room-temperature fading of lithium borate, prepared at Ris(j>, for both 
powder and sintered dose meters. 

Fading depends on the humidity content of the ambient air [30, 32, 33]. 
No essential influence of humidity is observed for relative humidity (RH) values 
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FIG.8. Influence of relative humidity on fading of lithium borate. 

up to about 40%. Figure 8 shows the fading of various lithium borate products, 
prepared at Ris0, for storage at 25°C under three different humidity conditions: 
dry air ( 0 - 1 0 % RH), normal air ( 40 -50% RH) and moist air (95 -100% RH) [32]. 
As can be seen, the introduction of silicon into the sintered dose meters has 
reduced the influence of humidity on fading. It should be mentioned that the 
data shown in Fig.8 are given for normal laboratory conditions (40—50% RH); 
therefore, to obtain the true fading, the values from Fig.7 should be added. The 
effect of humidity on fading becomes more pronounced as the storage temperature 
is increased. If the temperature is raised from room temperature to about 40°C, 
the humidity-influenced TL loss (95% RH) for a storage period of one month 
will increase from about 20% to about 30% [32, 33]. 

2.4. Precision of measurement 

The precision of measurements using lithium borate powder, expressed in 
terms of the standard deviation from the mean of five dose-meter measurements, 
has recently been estimated to 1.1% at a 500 rad dose level [13], which is far 
from the high precision obtainable from dosimetry based on lithium fluoride 
(0.5—0.8% at a 95% confidence limit) [2]. However, the precision is determined 
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TABLE IV. STANDARD DEVIATION ESTIMATED FOR A SINGLE-DOSE-
METER MEASUREMENT USING INDIVIDUALLY CALIBRATED TLD CHIPS 
(exposure 10 R) 

Relative standard deviation (%) 

Dose-meter type 
Before normalization 
(see text) 

After normalization 
(see text) 

Gas 
heating 

Planchet 
heating 

Gas 
heating 

Planchet 
heating 

Li 2 B 4 0 7 :Mn 
(Ris0) 

0.79 0.58 0.62 0.61 

LiF (TLD-700) 
(Harshaw) 

1.53 1.14 0.26 0.64 

LiF (Lin a t ) 
(Cracow) 

1.61 1.36 0.22 0.24 

by complex variations originating in dose-meter characteristics, handling 
procedures, and read-out instruments, and data on precision are only comparable 
when identical measurement and handling procedures are applied. 

Table IV shows the reproducibility of measurements of 10-R exposures 
obtained with three types of solid dose meters: 25 mg sintered lithium borate 
tablets (Ris0), 25 mg sintered lithium fluoride tablets (INP,Cracow)[36], and 
25 mg lithium fluoride hot-pressed chips (Harshaw, TLD-700). The figures are 
average values from a group of ten dose meters and give the relative standard 
deviation for a single dose-meter measurement estimated from ten successive 
measurements, one per day. Standard annealing procedures were used, e.g. pre-
irradiation: half an hour at 300°C for Li 2 B 4 0 7 :Mn and one hour at 400°C 
followed by a rapid cooling to room temperature, and then two hours at 100°C 
for LiF; and post-irradiation: 10 minutes at 100°C for all dose meters. The 
investigation included two different read-out instruments based on hot gas 
(nitrogen) heating and conventional planchet heating, respectively. Two cal-
culations of the standard deviation were made; one from the directly measured 
response data and the other from data that after each dose measurement were 
normalized to the mean value from the ten dose meters of the respective group. 
The latter procedure corresponds to dose evaluations using reference dose meters 
for each measurement, by which the influence of variations in the annealing 
procedure and the read-out instrument is minimized. A considerable improvement 



PROPERTIES OF Li 2B 40 7 :Mn 119 

of the reproducibility of lithium fluoride measurements is seen after normalization 
of the data, whereas no change is observed for lithium borate, thus indicating an 
essential influence of the annealing procedure on the accuracy of measurements 
based on lithium fluoride. The accuracy at a 95% confidence limit level obtainable 
with three dose meters for each measurement can be evaluated from Table IV to 
0.7%/ and 0.3% for Li 2 B 4 0 7 :Mn and LiF, respectively. 

3. DISCUSSION AND CONCLUSION 

In contrast to lithium fluoride, lithium borate is indifferent to previous 
heat treatments and therefore uncontrolled variations occurring during the 
annealing process are not critical for the reproducibility of repeated measurements. 

The spectral position of the TL from lithium borate close to the infra-red 
black-body radiation does not give difficulties, provided the black-body radiation 
expressed in equivalent dose is insignificant compared with the dose to be 
evaluated. In current dosimetry using photocathodes that are favourable for 
detecting the blue TL light emitted from lithium fluoride, e.g. the EMI 'S' and 
bi-alkali types, black-body radiation contributes less than one millirad to the 
dose measured with lithium borate. As a result of the higher intrinsic efficiency 
of the TL emission from lithium borate compared with that from lithium 
fluoride, the two phosphors show the same order of sensitivity when measured 
with instruments using 'blue-sensitive' photocathodes. 

Theoretical evaluations indicate the possibilities of achieving tissue- or 
air-equivalent TL materials based on lithium borate with variations in response 
of less than ±2% over the energy range 15—1250 keV. Until now, no experimental 
investigations have been carried out with an accuracy sufficient to verify the low 
energy dependence. 

Varying data have been reported on the fading of lithium borate. Products 
are available which show no fading on storage at room temperature over a period 
of at least one month; however, if measurements are to be made in areas with 
extreme ambient temperatures or high humidity, significant fading may occur and 
precautions must be taken in order to avoid underestimations of the doses to be 
evaluated. Temperature-influenced fading may be compensated for by including 
a supplementary exposed dose meter, supposing that the main fading occurs 
during the period between irradiation and measurement of the exposed dose meter. 
The influence of humidity may be avoided to a certain extent by including a 
desiccant in the transport container. 

The reproducibility of dose measurements using three solid dose meters for 
each determination was estimated to 0.7% (95% confidence limit) for sintered 
lithium borate tablets. No significant difference was seen, whether reference 
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dose meters were included in the measurement procedure or not. The correspon-
ding figures for lithium fluoride chips for measurements with and without reference 
dose meters were 0.3% and 1.6%, respectively, which shows that the high precision 
obtainable from measurements with lithium fluoride requires great care to be 
taken in handling the material. 
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The Netherlands 

Abstract 

MEASUREMENT OF BEAM QUALITY AND ABSORBED DOSE USING A TWO-PHOSPHOR 
SYSTEM. 

A description is given of the dual-phosphor system CaF2 : Mn and LiF to be used in a 
water phantom for beam qualities above 1 mm Cu HVL. The uncertainty in the determination 
of the radiation quality and the absorbed dose is discussed. 

1. INTRODUCTION 

Two thermoluminescence (TL) systems have recently been developed for 
the measurement of radiation quality and absorbed dose in a water phantom. 
Detailed information on these systems has been published [ 1 ]. 

The first system covers the HVL range of 0.11 to 1.4 mm Cu. Two LiF 
TL dose meters have been positioned at 2 and 10 cm depth in water. From the 
ratio of the two TL readings the HVL of the incident beam has been derived. 
Thus, use was made of the strong attenuation of these low-energy X-rays in water. 
No clear evidence of an effect of spectral width was observed. The absorbed 
dose at 2 cm depth could be determined with a total uncertainty of ±4%. 

The second system covers beam qualities with a HVL value above 1 mm Cu. 
In this range LiF andCaF2 :Mn TL powders and ribbons have been used. As the 
future X-ray dose intercomparison project of the International Atomic Energy 
Agency will be directed to the measurement of absorbed dose in the deep therapy 
region (HVL above 1 mm Cu) this dual-phosphor system is discussed here. 

2. METHODS 

The measurements have been performed at a depth of 5 cm in water, in 
agreement with ICRU recommendations [2], Based on own experience and 
literature information the TL materials LiF (TLD 700) and CaF 2 : Mn from 
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T O P VIEW 

water surface 

FIG. I. Diagram of the positioning system for encapsulated powder or for ribbons. 
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Harshaw have been chosen because these materials fulfil some basic requirements 
for intercomparison work (high precision, low or negligible fading). 

Experiments have been carried out with encapsulated powder (internal 
diameter 3 mm, wall thickness 1 mm polyethylene) as well as with ribbons 
(1/8 in X 1/8 in X 0.035 in). The capsules were fitted into a perspex holder and 
exposed on either side of a 0.6 cm3 Baldwin Farmer ionization chaimber. The 
ribbons were exposed in a perspex tube, being part of a newly developed 
positioning system which can be taken to pieces and sent by mail. It can be used 
for ribbons as well as for capsules and avoids any contact with the surrounding 
water. A horizontal position and a fixed distance from the water surface is 
always ensured by a 1 mm thick perspex disc which floats on the water surface 
(see Fig. 1). 

The TL readings of the powder, each of 15 mg, have been averaged to obtain 
the reading per capsule; when working with ribbons the mean reading of three 
individually calibrated ribbons has been used for further evaluation. A source-
surface distance (SSD) value of 50 cm and a circular field of 100 cm2 have been 
chosen during the exposures. 

Details on the X-ray spectra used, the dosimetry and the handling of the TL 
materials have been published elsewhere [1,3] . 

3. RESULTS 

The ratio of the TL responses of CaF2:Mn and LiF powder, exposed 
simultaneously at a depth of 5 cm in water, is presented in Fig.2. Various 
effective energy values have been obtained by changing the potential at a certain 
filtration. For HVL values below 1 mm Cu an effect of the width of the X-ray 
spectrum on the CaF2 /LiF tandem system can be observed. An indication of the 
spread in the ratio of the TL of CaF2 and LiF, due to the chosen combination 
of potential and filtration, is given by the two dotted lines in the figure. The 
ratio of the TL of CaF2 and LiF ribbons as a function of the effective energy of 
the incident beam gives a picture similar to that obtained with the powders 
(Fig.3). The two dotted lines in Fig.3 are reproduced from Fig.2 and give an 
indication of the spread in the ratio found with the powders. 

The TL response of LiF per rad in water, measured at 5 cm depth in water, 
is practically independent of the spectral width. The data for the powders and 
the ribbons are given in Figs 4 and 5, respectively. From these figures the 
absorbed dose at 5 cm depth can easily be determined when the effective energy 
or HVL of the incident beam is known, for instance with the help of the CaF2 /LiF 
tandem system or from direct information by the participant. 
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FIG.2. Ratio of the TL responses of CaF2:Mn and LiF powder, exposed simultaneously at 
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FIG. 3. Ratio of the TL responses of CaF2 •' Mn and LiF ribbons, exposed simultaneously at 
a depth of 5 cm in water, as a function of the effective energy of the incident X-ray beam. 

4. UNCERTAINTIES 

4.1. Uncertainty in radiation quality using the dual-phosphor system 

The uncertainty in the determination of the effective energy using the dual-
phosphor system decreases from ±9 to ±3% (±7 to ±5 keV) for the powders and 
from ±6 to ±2% (±5 to ±3 keV) for the ribbons over the HVL range of 1.0 to 
3.0 mm Cu. Figure 6 shows these percentage uncertainties (curve A) for various 
effective energies using powders. 

4.2. Uncertainty in the absorbed dose using the dual-phosphor system 

The random uncertainty in the absorbed dose measured with the ionization 
chamber in water is estimated to be ±1.3%. 

The reproducibility of a TL reading per capsule was found to be ±1.8% for 
LiF and CaF2 powder. Additional experiments have been carried out to check 
the influence of climatic conditions on the powders (see §4.5). For these 
measurements a powder dispenser has been used, leading to an uncertainty in 
the TL reading per capsule (including 14C-light source correction) of ±0.5% 
instead of ±1.8% for weighed LiF and CaF2 powder. The standard deviation of 
individually calibrated LiF and CaF2 ribbons was on the average ±1.2% (range 
±0.3% to ±1.6%), while the standard deviation of not calibrated ribbons was 
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FIG. 5. TL response of LiF ribbons per rad in water, measured at 5 cm depth in water. 

found to be ±3.3%. The uncertainty in the mean TL reading of three calibrated 
ribbons, as used during the exposures in the water phantom, is estimated to be 
± 1 % . 

Accordingly, the uncertainty in the TL of LiF powder and ribbons per rad 
in water (Figs 4 and 5) will be ± [(1.3)2+(1.8)2 ] l / 2 and ±[(1.3)2+(1)2 ] l / 2 , 
respectively, thus ±2%. 

The total uncertainty in the determination of the absorbed dose at 5 cm 
depth in water using the CaF2 /LiF system for X-rays having a HVL of 1 to 
3 mm Cu can be calculated as follows: 

Powder, Powder, ' Three ribbons 
weighed dispenser 

From uncertainty in effective 
energy, at maximum ±1.2 ±1.2 ±1.2 

From uncertainty in TL of 
LiF per rad ±2.2 ±1.4 ±1.6 

From uncertainty in TL of LiF ±1.8 ±0.5 ±1 

Total ±3.1% ±1.9% ±2.2% 
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FIG. 6. Percentage uncertainty in the determination of the effective energy of the incident 
X-ray beam using TL powders. Curve A: TL CaF2/TL LiF at 5 cm depth in water, 
SSD = 50 cm, field = 100 cm2; Curve B: TL LiF at 2 cm depth/TL LiF at 10 cm depth, 
SSD = 30 cm, field = 36 cm2. 
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FIG. 7. Influence of field size on the determination of the effective energy of incident 
X-ray beams using the CaF2/LiF tandem system. 

Depending on the method and material the total random uncertainty will 
be ±2% or ±3%, while the systematic error in the calibration factor of the 
ionization chamber for X-rays and cobalt-60 gamma rays is ±0.5% and 1.0%, 
respectively. 

4.3. Uncertainty due to variation in field size and SSD 

The measurements with the tandem system have been performed with a field 
size of 100 cm2 and a SSD of 50 cm. When larger fields are used the HVL at 
5 cm depth in water will decrease owing to scattered radiation [4], e.g. exposure 
in a broad beam (no diaphragm used) has resulted in a 10 to 20% higher ratio of 
the TL responses of CaF2 and LiF compared with the exposure in a beam with 
a field size of 100 cm2 in the HVL range of 1 to 3 mm Cu (Fig.7). This will 
result in a wrong value derived for the HVL of the incident beam. However, using 
this wrong value a correct value for the absorbed dose (Figs 4 and 5) will be 
obtained. The SSD is expected to influence the CaF2 /LiF ratio only to a small 
and probably negligible extent. 

4.4. Uncertainty in the absorbed dose using only a LiF TL dose meter 

Uncertainties in the determination of the effective energy will lead to rather 
small uncertainties in the determination of the absorbed dose. Therefore, when 
only dose intercomparisons are made, the HVL value quoted by the participant 
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FIG. 10. Storage properties of LiF and CaF2:Mn powder. 

will, in general, be adequate to evaluate the absorbed dose value, e.g. when a 
HVL value of 1.4 mm Cu (effective energy 95 keV) is quoted instead of a correct 
HVL value of 1.0 mm Cu (82 keV) the change in absorbed dose will be 2%, 
Large inaccuracies in the HVL values quoted by the participants are revealed 
from the information on high voltage and filtration used during exposure. An 
example of the relationship between high voltage, filtration and HVL is shown 
in Fig. 8. 
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4.5. Uncertainty due to extreme climatic conditions 

Extreme climatic conditions may influence the TL readings. Experiments 
have been performed to study the effect of temperature and humidity for LiF 
(TLD 700), CaF2: Mn and CaS0 4 : Dy TL powders from Harshaw, on storage in 
open discs, before and after exposure. Temperatures of 2, 20 and 40°C and 
relative humidity values of about 10, 50 and 90% have been chosen (Fig.9). The 
results are collected in Figs 10 and 11 and have been discussed in detail 
elsewhere [3]. 

The mean value, normalized for 20°C and 50% relative humidity, of the 
36 data points is calculated to be 98 ± 3.2 for LiF (one standard deviation) and 
100 ± 2.4 for CaF2 . The mean value of the 23 data points for CaS0 4 is 
101 ± 2.7. When CaS0 4 powder is stored under high humidity conditions 
difficulties arise because the powder decomposes on the planchet during read-out. 

Thus a variation in climatic conditions may lead for TL powders stored in 
open discs to uncertainties of a few per cent. Therefore the capsules with the 
powders should be tightly closed to prevent extreme humidity values in the 
powder, while the temperature during storage should not exceed 40°C. The TL 
reading of a control capsule sent together with the test capsules may give an 
indication of the influence of the actual climatic conditions during an inter-
comparison. 

Taking into account all the uncertainties mentioned, it is concluded that a 
difference of 10% or more between the dose obtained at a participating hospital 
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a n d t h e s t a n d a r d d o s e will i n d i c a t e i n c o r r e c t d o s i m e t r y a t t h e h o s p i t a l , whi le a 

d i f f e r e n c e o f b e t w e e n 5 t o 10% m a y i n d i c a t e a smal l d i s c r e p a n c y in t h e 

d o s i m e t r y a t t h e h o s p i t a l . 
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Abstract 

THE USE OF PRECISION THERMOLUMINESCENCE DOSIMETRY FOR INTERCOMPARISON 
OF ABSORBED DOSE. 

A technique is described for making thermoluminescence measurements on phosphor 
powder with a relatively high degree of precision. Factors such as the rate of fading of TL 
response and extent of supralinearity for LiF (TLD-700) in the therapy dose range have been 
measured in relation to its use for precise absorbed dose intercomparison studies in cobalt-60 
beams. The results of such a trial intercomparison of six British radiotherapy centres are given, 
the performance of the TLD technique being matched against that of Fricke dose meters. 
Factors involved in the extension of the technique to medium-energy X-rays are discussed, 
including the possibility of determination of beam quality by employing TLD-700 and 
CaS04 :Dy 'in tandem'. 

* Only the abstract is printed here; the full text is published in Phys. Med. Biol. 20 
5 (1975) 735-46. 

137 





ENERGY-INDEPENDENT SYSTEMS 





IMPROVEMENT OF THE 
ENERGY DEPENDENCE OF TLDs 

Z. SPURNY 
Institute of Radiation Dosimetry, 
Czechoslovak Academy of Sciences, 
Prague, Czechoslovakia 

Abstract 

IMPROVEMENT OF THE ENERGY DEPENDENCE OF TLDs. 
The author's personal view on a possible improvement and exploitation of the energy 

dependence of different TLDs that may be used for the intercomparison of X-rays is given. 
Considering that the present IAEA programme covers only the energy range of X-rays down 
to 100 keV, no particular difficulties will arise. The author recommends TLD couples or 
filtration techniques for determining the absorbed dose as well as the quality of X-ray beams. 

The aim of intercomparison is to check and improve dosimetric accuracy. 
If it is applied to relatively simple cases such as gamma radiation, then there is all 
the more reason to apply it to X-ray beams, especially as far as differences in 
the spectra and related problems are concerned. The result must necessarily be 
a significant improvement towards achieving consistency and comparability of 
radiation dose in a case like cancer treatment. 

In general, two methods of comparison can be applied in radiation dosimetry: 

(a) Comparing various beams, but using one dose meter only; 
(b) Comparing various dose meters, always using the same beam. 

Of these alternatives the first is easier to perform and much more widely applicable 
than the second. For irradiation purposes (for example in radiotherapy) it is 
clear that the first alternative is also indicated. 

Up to the present, intercomparison in dosimetry of ionizing radiation has 
been rather popular. In Czechoslovakia we have gained good experience with 
both methods. In the socialist countries comparisons of primary gamma beams 
and X-rays were made by means of ionization chambers. In 1976, comparisons of 
personal gamma dose meters with a single beam have also been performed by all 
these countries, and comparisons of dose meters for neutrons and X-rays are in 
preparation. Furthermore, several countries (Poland, Hungary, Czechoslovakia 
and the USSR) took part in an international comparison of accidental neutron 
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TABLE I. VALUES OF CALCULATED RELATIVE 
SENSITIVITY FOR THREE TLD PHOSPHORS 

TLD phosphor 
Energy (keV) 

References TLD phosphor 
300 100 80 

References 

LiF (TLD-100) 1.00 1.04 1.09 [2] 

BeO (Thermalox 995) 1.00 0.97 0.92 [3] 

L i 2 B 4 0 7 (0.1% Mn) 1.00 0.99 0.98 [4] 

and gamma dose meters within the framework of the IAEA programme. In 
Czechoslovakia therapeutic gamma and high-energy X-ray beams have also been 
compared using TLDs. 

First of all, it should be stated that the subject of energy dependence is 
complex, because in practice both kinds of TLDs — those which are more energy-
dependent and those which are less energy-dependent — are required. Here we 
want to stress the advantage of using both kinds simultaneously in couples to 
determine the quality of beams. (It is uncertain whether the data that have been 
gained in this way were comprehensive and exact enough to be considered as of 
standard quality [ 1 ]. In my opinion they should rather be regarded as comple-
mentary information in cases of great deviations from the average value.) 

In X-ray beam comparisons it is really most important to pay great attention 
to the energy dependence of the chosen detector, especially in phantom measure-
ments. It is indeed a critical problem to go below the energy limit of 100 keV; 
but since the IAEA intends in the first stage to compare beams within the range 
of 500 to 100 kV, there will be no particular difficulties. Table I gives values of 
calculated relative sensitivity for three well-known phosphors. LiF, which is the 
most frequently used material for TLDs at present, has an energy dependence of 
about +4% at 100 keV and of about + 9% at 80 keV when compared with the 
value for 300 keV; in the same range the respective values for BeO are - 3 % and 
- 8 % , while those for L i 2 B 4 0 7 :0.1% Mn are only - 1% and -2% for the pure 
material. (When such a phosphor is covered by some kind of holder or surrounded 
by a medium other than air, these factors would sharply change; the reader is 
referred to the cavity theory.) 

Taking these facts into account, the question arises whether it is at all 
necessary to consider a further reduction of the given energy dependence. This 
might be envisaged for LiF or BeO, but not for lithium borate. Of course, this 
will depend on the selected level of divergence. When we consider a broad spectrum 
or energies much lower than 100 keV, a reduction of the energy dependence is, 
of course, necessary if we intend to use only a single detector. 
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Generally, there are two ways of reducing the energy dependence: 

(a) By filtration — either using solid or perforated metal, whereby the soft 
part of the spectrum is either cut off or balanced; 

(b) By mixing high-Z and low-Z phosphors. 

Once the kind of TLD is chosen, the material for the holder or cover has to 
be selected. The holder should protect the dose meter against dirt, light and 
rubbing, but it should also provide energy independence of X-ray beams by 
providing electron equilibrium for high-energy rays and absorption of the lower-
energy rays. To provide an electron equilibrium up to 300 keV photons of X-rays 
for LiF a layer of 1 mm lucite or similar material is sufficient; to obtain energy 
independence at energies lower than 100 keV a perforated tin filter can be used. 
The response of the perforated holder, R s , is: 

R s = R(E)/a + (1 - a) exp(- fi(E)x) (rad/R) 

where 

R(E) is the response of the unfiltered dose meter 
a is the fraction of the uncovered area of the dose meter 
H is the linear absorption coefficient of the filter material 
x is the thickness of the filter. 

For example, in the case of LiF the energy dependence existing below 100 keV 
could be depressed in this way from + 25% to less than + 5% [5]. One problem 
with perforated filters is that the fraction a of dose meter uncovered changes 
with the angle of radiation and so only perpendicular beams have to.be used (if 
the detector and its holder are not spherical). 

Up to now, no data are available for BeO mixtures. In the case of LiF the 
energy dependence curve is so steep that photons lower than 100 keV have a 
strong effect on the LiF dose meter, and the filtration technique can only reduce 
it to an acceptable level, since no significant improvement of the energy dependence 
has been achieved by mixing LiF with other materials (teflon, silicon rubber, etc.). 
On the other hand, lithium borate can be made equivalent to water, air or tissue 
by adjusting the proportion of the activator manganese (for example, lithium 
borate with 0.4% Mn instead of the usual 0.1% Mn is very energy-independent -
see Fig. 1 and Ref.[2]). 

The IAEA programme referred to seems to rely on commercially available 
phosphors, but it must be pointed out that neither TLDs of the mixed-material 
type nor properly encapsulated ones are on the market. It would be possible, 
for example, to mix commercially LiF and L i 2 B 4 0 7 :Mn, or to develop a suitable 



144 SPURN* 

FIG.l. Energy dependence for different kinds of thermoluminescent phosphors. 
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filter for a given type of detector, but this would require a great deal of investiga-
tion and consequently much time. Mainly for this reason the use of commercially 
available phosphors is preferable. (A reduction of the energy dependence of LiF 
by pre-irradiation [6] seems to be less reliable.) 

Because of its susceptibility to humidity and greater fading, lithium borate 
cannot be recommended. For the required high precision of the measurements 
powders are preferable to tablets (which have to be calibrated separately), and 
so BeO should also be eliminated and only LiF in powder form remains. LiF 
should be used together with some other high-Z thermoluminescent phosphor or 
covered by the proper metal filters for determining not only absorbed dose but 
also beam quality. 
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Abstract 

ENERGY-INDEPENDENT SYSTEMS BASED ON LYOLUMINESCENCE. 
The lyoluminescence dose response curves of mannose for gamma rays and neutrons are 

given, together with the energy dependence of mannose for photons with an effective energy 
above 40 keV. The energy dependence compares favourably with the energy dependence of 
the TL material LiF. 

1. INTRODUCTION 

When only intercomparisons of absorbed doses of medium-energy X-rays 
are envisaged, energy-independent systems for dose measurements will be required. 
The technique of lyoluminescence (LL) may offer possibilities in this respect 
because nearly tissue-equivalent materials, such as saccharides, can be used [1 ]. 

Lyoluminescence is the phenomenon that can be observed when solid materials, 
after being irradiated, are dissolved in water. Often a light signal (lyoluminescence 
signal) arises, which is related to the absorbed dose received in the material. More 
detailed information on the lyoluminescence work described can be found in 
Ref. [2j. 

2. METHODS 

A schematic drawing of the reading system is given in Fig. 1. A glass cup 
containing 15 mg of the irradiated sample is placed above the closed shutter of 
a photomultiplier. A black rubber membrane is used as a light-tight cover of the 
cup. The reading is carried out as follows: The shutter is opened and 4 ml of 
distilled water is injected through the membrane into the cup. On dissolution of 
the sample a light peak is observed during the first seconds. 

Measurements have been performed with mannose (C 6 H 1 2 0 6 ) , a mono-
saccharide. Mannose samples from the Baker Chemical Company, Philipsburg, 
USA, and from BDH Chemicals Ltd, Poole, UK, gave the highest LL sensitivity. 
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3. RESULTS 

The dose response curves for mannose measured for gamma rays and neutrons 
of various energies are shown in Fig. 2. It can be seen that the curves are parallel 
and that mannose has a relatively high sensitivity for neutrons. Below 300 rad 
the curves are linear. Gamma doses have been measured down to 5 rad (Fig.3). 
The reproducibility of the readings is ±4% at doses from 200 rad upwards, 
±7% at 100 rad and ±50% at 5 rad. It is expected that the reproducibility at low 
doses can be improved. The fading of the LL signal of mannose stored after 
exposure at room temperature is shown in Fig.4. The signal decreases by 6% in 
the period between one week and one month after exposure. Therefore, a 
fading correction will be needed when mannose is used for intercomparisons. 

The energy dependence of mannose in X-ray beams is shown in Fig.5. The 
measurements have been made with 1 mm thick samples. A good agreement 
between the measured data and the theoretical curve is found. It is of interest to 
compare the energy dependence of mannose with the energy dependence of TL 
material, such as LiF, relative to cobalt-60 gamma rays. For a HVL value of 
0.5 and 1.0 mm Cu the LL response of mannose is 0.89 and 0.95, respectively. 
The TL response of LiF for these HVL values is 1.27 and 1.18, respectively. . 

4. CONCLUSION 

It is clear that mannose is a nearly tissue-equivalent system useful for X-ray 
intercomparison studies. The relatively high efficiency for neutrons of mannose 

i 
(i.e. 0.60 ± 7% per rad in muscle, as defined by ICRU, for 15 MeV neutrons 
relative to cobalt-60 gamma rays) may also lead to applications for neutron dose 
intercomparisons [3,4]. 
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DC. ampl. 

FIG.l. Schematic diagram of the reading system for the lyoluminescence measurements. 

FIG.2. Lyoluminescence dose response curves of mannose (BDH Chemicals Ltd) for 
cobalt-60 gamma rays, for neutrons having a degraded fission spectrum with an average energy 
of 1.7 MeV, and for 5.3 MeV and 15 MeV neutrons from D-D and D-T reactions, respectively. 
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FIG.3. Lyoluminescence dose response curve of mannose (BDH Chemicals Ltd) for gamma 
rays at relatively low doses. 

lyoluminescence 
of mannose 

FIG. 4. Fading of the lyoluminescence signal of mannose (BDH Chemicals Ltd) stored at room 
temperature in closed polyethylene capsules after a 3 kR X-ray exposure. 
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photon energy(keV) 

FIG.5. Energy dependence of mannose for photons, measured in X-ray beams with known 
effective energies at an exposure of 3 kR. The theoretical curve, calculated as the ratio of 
the mass energy absorption coefficients of mannose and muscle is also given. 
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Abstract 

REPORT OF CONSULTANTS' MEETING TO EVALUATE THE 1977 PILOT STUDY OF 
POSTAL DOSE INTERCOMPARISON (TLD) FOR ORTHOVOLTAGE X-RAY THERAPY. 

The IAEA Dosimetry Section has conducted a pilot study of a postal dose intercomparison 
for orthovoltage X-ray beams in the HVL range 0.1 5—6 mm Cu. The 1 5 participating institutions 
included four primary standard laboratories and several clinical organizations. The study was 
conducted with LiF thermoluminescence dose meters. Because of the energy dependence of 
these detectors, it proved to be necessary that such intercomparisons include the assessment 
of beam quality. This was accomplished by determining the ratio of the response of dose 
meters surrounded by 0.5 mm copper to that of unshielded dose meters. The ratios between 
the measured doses and those stated by the participants varied between 0.84 and 1.08. For 
those participants that were not primary standard laboratories, the standard deviation of 
the values was 5.8%. It is concluded that such an intercomparison can be performed with an 
accuracy better than ± 10%, a deviation between 5 and 10% being likely to indicate a real 
dose-meter discrepancy. 

1. I N T R O D U C T I O N 

In D e c e m b e r 1976 , an I A E A Advisory G r o u p m e t in Vienna t o discuss an 
ex t ens ion of t h e I A E A / W H O coba l t -60 g a m m a rad ia t ion pos ta l dose i n t e r c o m p a r i s o n 
to o r thovo l t age X-ray b e a m s of half-value layers ( H V L ) grea te r t h a n 0 .5 m m Cu 
( 1 4 0 - 5 0 0 kV) . 

T h e Advisory G r o u p reviewed the d i f f e r en t m e t h o d s t h a t could be used 
po t en t i a l l y f o r such a dose i n t e r c o m p a r i s o n . I t c o n c l u d e d t h a t t he m o s t su i table 
dose m e t e r is t h e r m o l u m i n e s c e n t LiF, wh ich is also t h e basis fo r t h e well-
es tabl ished coba l t - 60 g a m m a rad i a t i on dose i n t e r compar i son . I t was s t a ted t h a t 
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such an intercomparison should aim at an accuracy of better than ± 10% and 
preferably ± 5%. To meet this specification a method for HVL measurement 
is needed. The Advisory Group recommended that a pilot study be conducted 
with the participation of national standard laboratories as well as clinical organi-
zations. The primary objective of this pilot study was to determine the precision 
with which doses in this quality range can be determined with the technique 
recommended. Several minor technical details-were to be evaluated, e.g. the 
use of an external filtration technique to determine the HVL. The practical 
aspects of the postal dose intercomparison to be tested by the pilot study 
included the appropriateness of instruction and data sheets. 

The pilot study was conducted during the summer of 1977. This report 
deals with the results and experiences gained. It summarizes the dosimetric 
results, concludes that a postal intercomparison is readily feasible, and discusses 
some aspects of its implementation. 

2. METHODS 

/ 2.1. Design of the pilot study 

Several of the institutions participating in the pilot study had been 
represented in the 1976 Advisory Group meeting. The primary standard 
laboratories taking part in the study were: 

Physikalisch-Technische Bundesanstalt, Braunschweig, FRG 
Amt fur Standardisierung, Messwesen und Warenprufung, Berlin, GDR 
National Office of Measures, Budapest, Hungary 
National Physical Laboratory, Teddington, UK 

The other participants were: i 

Allgemeines Krankenhaus der Stadt Wien, Vienna, Austria 
Instituto de Radioprotegao e Dosimetria, Rio de Janeiro, Brazil 
Institute of Radiation Dosimetry, Prague, CSSR 
Research Establishment Ris?S, Roskilde, Denmark 
Gesellschaft fur Strahlenforschung mbH, Neuherberg, FRG 
Harvard Medical School, Boston, USA 
Institut Gustave-Roussy, Paris, France 
Institute of Radiation Protection, Helsinki, Finland 
Instituut voor Toepassing van Atomenergie in de Landbouw, Wageningen, 

Netherlands 
International Atomic Energy Agency, Vienna, Austria 
The University of Chicago, Chicago, Illinois, USA 
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FIG.l. External filter for HVL determination. Two capsules are inserted in a copper 
tube with 0.5 mm wall thickness; the capsule in the centre is unshielded. 

In June 1977, each participant received the dose meters and the positioning 
jig for the irradiation as well as instructions for their use. The participants were 
asked to fill in a data sheet with information about the irradiation and the 
original calibration, in order to facilitate the determination of the reason for a 
large discrepancy, should it occur. (See Appendixes I and II of the Report and 
Recommendations of the Advisory Group.) 

The irradiations were made during the third week of June and the material 
returned to the IAEA Dosimetry Laboratory. Here, the TLD dose meters were 
read out five weeks after the stated date of irradiation. 
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FIG.2. Ratio of the measured thermoluminescence signals from the shielded and unshielded 
LiF capsules, exposed at 5 cm depth in water, as a function of HVL of the beam in air. 

2.2. HVL measurements 

To determine the HVL, the method employed in the pilot study was based 
on the use of three plastic capsules containing LiF, two of them surrounded by 
a copper tube of 0.5 mm wall thickness (Fig. 1). The capsules were irradiated 
at 5 cm depth in water by the participants. At the IAEA Dosimetry Laboratory, 
the ratio between the thermoluminescence signals from the LiF in the two types 
of containers was determined. The dependence of this ratio on the HVL of the 
beam in air, measured by the IAEA Dosimetry Laboratory, is shown in Fig. 2. 
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Using this calibration curve and the measured ratio, the HVLs of the beams used 
by the participants were calculated. In the text, these values are referred to as 
'measured HVL'. The HVL value supplied by the participants on the data sheet 
is called the 'stated HVL'. 

2.3. Dose measurement 

For each beam quality, the participants irradiated three plastic capsules 
containing LiF, one at a time, to doses close to 200 rad. The capsules were 
placed at 5 cm depth in water. The field size was 1 0 X 1 0 cm2 or as close as 
possible to this value if applicators were used. 

The treatment of the LiF and the read-out procedure were identical to 
those used for the IAEA/WHO cobalt-60 postal dose intercomparison. The 
calibration curve was determined for the range 150—250 rad with cobalt-60 
and the measured values converted to the equivalent cobalt-60 gamma dose. 

3. RESULTS AND DISCISSION 

3.1. HVL measurements 

Table I includes the measured and stated HVLs. In Fig. 3 the ratios between 
these values are shown as a function of the stated HVL. The mean value of all 
33 data points is 1.10, with a standard deviation of 0.20. However, three points 
are outside the range of HVLs calibrated by the IAEA. If these are eliminated, 
as well as the data for the IAEA laboratory itself, 26 data points remain with a 
mean of 1.08 and a standard deviation of 0.12. If only the results for the 

. primary standard laboratories are analysed, the mean and the standard deviation 
remain unchanged. 

Since the mean ratio of measured and stated HVL is significantly higher 
than 1.00, it is suspected that the calibration curve (Fig. 2) is subject to a 
systematic error. This could result, for instance, if the HVL values were 
determined with a large field size. The IAEA procedure for determining the 
HVL uses a circular field of about 10 cm diameter at the detector, at 100 cm 
distance from the source. This may lead to HVL values which are several per 
cent too high, although the error decreases for the lower energies. It is 
recommended that the IAEA Dosimetry Laboratory change this procedure, 
thus minimizing systematic errors. 

Although this would bring the average measured HVL closer to the average 
stated values, the precision of the technique would not be affected. A standard 
deviation of 0.12 is likely to remain characteristic of this method of HVL deter-
mination. The technique is useful down to 0.2 mm Cu HVL. Below this, the 



TABLE I. RESULTS FROM THE 1977 PILOT STUDY 

Institute 
No. 

HVL (mm Cu) 

TL reading, 
Co-60 equivalent 
(rad) 

Stated dose 
(rad) 

Ratios 

Institute 
No. 

Measured Stated 
TL reading, 
Co-60 equivalent 
(rad) 

Stated dose 
(rad) 

TL reading/ 
stated dose 

TL reading/ 
stated dose 
corrected for 
F-factor 

Measured dose/ 
stated dose 
corrected for 
energy dependence 

1 0.48 0.50 246.6 200 1.233 0.952 
1.13 1.00 252.1 200 1.260 1.046 
1.88 1.65 240.2 200 1.201 1.082 
1.89 2.00 212.3 200 1.061 , 0.973 

2 0.59 0.6 265.7 200 1.328 1.042 
3.23 3.5 202.5 200 1.012 0.987 

3 1.21 1.1 197.0 157.3 1.252 1.052 
3.36 3.05 208.1 193.4 1.076 1.043 

4 1.06 0.86 257.0 199 1.291 1.050 
2.35 2.42 216.4 197 1.098 1.029 

5 0.42 0.45 231.3 197.2 1.173 0.895 
1.94 1.82 199.1 173.0 1.151 1.044 

6 0.23 0.13 266.0 200 1.330 1.383 1.009 
6.0 190.0 200 0.950 0.950 

7 0.24 0.15 247.3 193 1.281 1.368 1.001 
1.01 1.0 215.8 194 1.112 1.151 0.954 



Institute 
No. 

HVL (mm Cu) 

TL reading, 
Co-60 equivalent 
(rad) 

Stated dose 
(rad) 

Ratios 

Institute 
No. 

Measured Stated 
TL reading, 
Co-60 equivalent 
(rad) 

Stated dose 
(rad) 

TL reading/ 
stated dose 

TL reading/ 
stated dose 
corrected for 
F-factor 

Measured dose/ 
stated dose 
corrected for 
energy dependence 

8 0.48 0.4 210.6 200 1.053 1.107 0.842 
1.93 2.1 213.4 200 1.067 0.983 

9 0.53 0.5 263.4 200 1.317 1.018 
1.05 LO 245.8 200 1.229 1.019 
2.84 2.5 212.2 200 1.061 0.995 

10 0.36 0.28 272.5 201.3 1.354 1.369 1.024 
3.01 2.85 210.6 200.1 1.052 1.004 

11 0.97 0.92 212.9 182 1.170 0.959 
1.73 1.75 190.6 188 1.014 0.916 

12 0.31 0.26 263.6 200 1.318 0.984 
1.40 1.55 222.7 200 1.114 0.989 

13 1.57 1.22 223.4 200 1.117 1.141 0.975 
2.86 2.67 199.0 200 0.995 0.942 

14 0.52 0.5 257.0 202.7 1.268 0.981 
1.95 2.0 218.2 200.0 1.091 1.000 

15 1.19 0.9 258.0 200 1.290 1.054 
3.06 2.7 218.5 200 1.093 1.037 
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FIG.3. Ratio of measured to stated HVL as a function of the stated HVL. 

ratio of the TLD signals from the LiF in the filtered and unfiltered capsules 
changes too slowly to provide any resolution. Since one of the participants 
irradiated at 6 mm Cu HVL, the Dosimetry Laboratory may now extend its 
calibration curve up to this beam quality. This new point and two points at 
low energies that were provided in this pilot study are included in Fig. 2. 

The rationale for the measurement of the HVL in the postal dose inter-
comparison is that a correction for the energy dependence of the LiF can be 
made. This is further discussed below, but if two standard deviations are 
considered a maximum error, the HVL uncertainty will contribute with about 
a ± 2% error in dose in the range 0.5—3 mm Cu. 

3.2. Conversion coefficient F (rad/R) 

Since the participants were asked to irradiate to a given dose, in water, and 
as a rule had calibrated with ionization chambers, measuring the exposure, the 
conversion f rom rontgen to rad had to be done as part of the calculations. 
This F-factor is the subject of some uncertainty and individual choices can be 
expected to vary. 
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FIG. 4. F-factors used by the participants as a function of the stated HVL. 

Figure 4 shows the F-factors used by the participants. This information was 
included in the data sheets. The values are plotted as a function of the stated beam 
HVL. The variation in some cases amounts to more than 5%. To eliminate this 
source of variation from the final results of the intercomparison, the dose 
calculations for six of the 33 irradiations were modified to include the F-factors 
represented by the line drawn in the figure. While this correction is useful since 
it eliminates an irrelevant source of variation in the technical evaluation of the 
intercomparison technique, the curve in Fig. 4 has no further significance. It 
should be noted that even after this correction the choice of F-factors contributes 
to the overall fluctuations. The amount of variation is relatively small, the 
standard deviation being less than 1 %, as can be seen from Fig. 4. 

3.3. Energy dependence 

The LiF response (TLD reading/rad) depends on the quality of the X-ray 
beam used. This dependence is appreciable in the energy range of orthovoltage 
machines and must be corrected for to achieve the accuracy required in the dose 
intercomparison project. In Section 2.2 the technique to determine the HVL 
was evaluated. 
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FIG. 5. Measured relative thermoluminescence signal per rad in water for LiF powder 
(TLD-700) at 5 cm depth in water for various HVLs related to cobalt-60 gamma radiation. 
This curve has been obtained using the results from the primary standard laboratories. 

The following procedure was adopted for correction for the energy 
dependence. The TLD values read for the dose meters irradiated to approxi-
mately 200 rad at 5 cm depth in water were converted to equivalent cobalt-60 
gamma dose. For the primary standard laboratories, these values were divided 
by the stated dose and these ratios plotted as a function of HVL. These data 
are shown in Fig. 4. The curve in Fig. 5 is fitted by eye and was then assumed 
to be the energy dependence of the LiF dose meters in the later analysis of the 
measured values. 

The curve in Fig. 5 is significantly different f rom data previously determined 
by Puite1 and by the IAEA Dosimetry Laboratory itself. The reason for this 
discrepancy was not identified, but the use of a broad beam geometry for HVL 
measurements at the IAEA laboratory is partly responsible for it; this broad 
beam geometry tends to displace the curve, especially for large HVLs (see 
ICRU, NBS Handbook 85). Since the purpose of the study was dosimetry 
intercomparison, and since the primary standard laboratories must be properly 

1 PUITE, K.J., CREBOLDER, D.L.J.M., "Measurement of beam quality and absorbed 
dose using a two-phosphor system", this publication. 
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FIG. 6. Results from the pilot study, expressed as the ratio of measured dose to stated dose, 
as a function of HVL. 

equipped to provide the reference data points, the calculation of the energy 
dependence factors based on their values seems highly appropriate. It should 
be noted that the final results for all participants confirmed this correction 
procedure, since the deviations did not show any tendency to depend on 
quality. 

There is reason to believe that the curve in Fig. 5 should be flat at about 
1.3 for the lowest HVL values, since theoretical predictions based on the 
absorption coefficients level off at this maximum value. Further experimental 
data would be needed to clarify this. 

3.4. Results of dose intercomparison 

Table I lists the doses stated by the participants and the results of the TLD 
measurements. The ratios between measured dose (cobalt-60 equivalent, rad) and 
stated dose are indicated. These ratios have then been modified for the variation 
in the choice of the rad/R conversion coefficient and finally corrected for the 
energy dependence by dividing them with the values shown in Fig. 5. 

The ratios corrected in this manner are plotted against the stated HVL in 
Fig. 6. There is no significant evidence that the ratios are correlated to the HVL. 
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TABLE II. DISTRIBUTION OF THE RATIOS BETWEEN MEASURED AND 
STATED DOSES, CORRECTED FOR ENERGY DEPENDENCE AND WITH 
MODIFIED F-FACTORS 

Number Mean Standard 
of points deviation 

All values 33 0.993 0.050 

Primary standard laboratories 9 1.002 0.016 

Others 24 0.990 0.058 

However, it is clear that the variations in the ratio increase for low HVL values. 
This is to be expected, since the difficulties in performing accurate irradiation 
and calibration increase for softer beams. 

The distribution of the ratios between measured dose and stated dose is 
summarized in Table II. When the data for the primary standard laboratories 
are analysed as a group, the standard deviation is quite small, i.e. 1.6%. This is 
partly the result of the procedure used for correction for energy dependence, 
which was based on these very values. The standard deviation for the other 
participants is 5.8%. Two values fall below 0.9 and, including these, eight values 
exceed the deviation of ± 5%. This is 33% of the data points provided by 
participants that are not primary standard laboratories. 

For these irradiations, the data sheets submitted were reviewed for clues as 
to the reasons for the discrepancies. No errors were found that could explain 
the variations. However, it does not seem unreasonable that the total standard 
deviation is significantly affected by real differences between stated and measured 
dose. It may be concluded that a deviation is very likely to reflect a real dosi-
metry discrepancy. The likelihood that this is the case if the deviation is between 
± 5% and ± 10% cannot be ignored. 

3.5. Instructions to participants 

The participants reported no difficulties in following the instructions given. 
The only comments made were practical ones, for instance, some dose-meter 
capsules fell off the plastic sheets, and some participants could not find pails 
large enough to accommodate the stand for the dose meters. 

3.6. Data sheets 

The participants in the pilot study were asked to fill in a four-page data 
sheet describing the irradiation and the supporting calibration. They had done 
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so with great care. With these data sheets a general evaluation of the quality 
of the dose-meter procedures employed is possible. In this pilot study, our 
efforts to find explanations for the layer deviations were unsuccessful. This 
may mean that no error was made in these cases and the TLD technique failed. 
But this must be considered unlikely. It could also mean that many small 
errors added up. The analysis performed was too cursory to test this hypothesis. 

It is concluded that f rom the evaluation of the data sheet it is difficult to 
provide effective assistance to a participant whose data points indicate a possible 
dosimetry error. This is more pronounced for orthovoltage beams than for 
cobalt-60, since in the former case such factors as backscatter and percentage 
depth dose may be different for machines with the same HVL and the machine 
design may vary greatly. 

The data sheet can no doubt be improved in some details. For instance, 
when a percentage depth dose value is used that seems doubtful on the basis of 
published information, it is not possible to identify it as a measured value — 
which would indicate a thorough physics programme — or as an old, obscure 
value from the literature — which might lead to error. 

4. CONCLUSIONS 

Referring to the specific questions raised by the Advisory Group in 1976, 
the following conclusions are made. 

(a) Because of the magnitude of the energy correction factor (Fig. 5) it is 
essential that the postal dose intercomparison method includes a HVL assessment 
for the purpose of correcting the TLD signals for the energy dependence of LiF. 

(b) The external filter technique for determining the HVL is a practical 
method with sufficient accuracy over the quality range of interest. 

(c) The LiF TLD measurement technique provides sufficient precision 
for a meaningful postal dose intercomparison and meets the requirements of 
the Advisory Group that "the accuracy of the dose determination should be 
better than ± 10% and preferably ± 5%". 

(d) The Advisory Group pointed out that the "programme should help in 
the assessment of the reasons for significant discrepancies in dosimetry, should 
they occur". On the basis of the review of the results and data sheets, it seems 
difficult to pinpoint the reasons for discrepancies as small as those encountered 
in this pilot study. 

(e) Some minor improvements can be made in the data sheet. 
(f) The instructions to the participants were adequate. 
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(g) The pilot study has shown that the postal dose intercomparison is 
accurate and practicable. A first intercomparison can be conducted. The 
Advisory Group recommended that this be "restricted to institutions that have 
already participated in the cobalt-60 TLD intercomparison and achieved good 
results". There is no reason to deviate f rom this principle. 

(h) The Advisory Group also stated that "the participation of at least one 
primary standard laboratory to provide a reference point is essential". The 
participation of several primary standard laboratories provided a firm basis 
for the intercomparison in this pilot study. In fact, the value of the study would 
have been doubtful had they not so generously supported the effort. It is 
suggested that the role of the primary standard laboratories be broadened 
compared with what was suggested by the Advisory Group. Several reference 
points over the quality range of interest should be supplied by one, preferably 
several, standard laboratories. There are practical reasons for this, especially 
the need for energy dependence correction factors, but the principle that the 
participants can compare their values with recognized standards adds considerably 
to the value of the effort. 

(i) The Advisory Group discussed at some length the action in case of 
large discrepancies. Its deliberations are reflected in the report it generated. 
The results of the pilot study have limited impact on this question, and the 
recommendations by the Advisory Group remain appropriate. The necessity to 
provide local assistance in case of persisting discrepancies is reinforced. 
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The following conversion table is provided for the convenience of readers and to encourage the use of SI units. 

FACTORS FOR CONVERTING UNITS TO SI SYSTEM EQUIVALENTS* 
SI base units are the metre (m), kilogram (kg), second (s), ampere (A), kelvin (K), candela (cd) and mole (mol). 
[For further information, see International Standards ISO 1000 (1973), and ISO 31/0 (1974) and its several parts] 

Multiply by to obtain 

Mass 

pound mass (avoirdupois) 1 Ibm 4.536 X 10"' kg 
ounce mass (avoirdupois) 1 ozm 2.835 X 10 1 g 
ton (long) (= 2240 Ibm) 1 ton 1.016 X 103 kg 
ton (short) (= 2000 Ibm) 1 short ton = 9.072 X 102 kg 
tonne (= metric ton) 1 t 1.00 X 103 kg 

Length 

statute mile 1 mile 1.609 X 10° km 
yard 1 yd 9.144 X 10"' m 
foot 1 ft 3.048 X 10~ l m 
inch 1 in 2.54 X 10' 2 m 
mil (= 10~3 in) 1 mil 2.54 X 10~2 mm 

Area 

hectare 1 ha 1.00 X 104 m2 

(statute mile)2 1 mile2 2.590 X 10° km2 

acre 1 acre 4.047 X 103 m2 

yard2 1 yd2 8.361 X 10"1 m2 

foot2 1 ft2 9.290 X 10"2 m2 

inch2 1 in2 6.452 X 102 mm2 

Volume 

yard3 . 1 yd3 7.646 X 10"' m3 

foot3 1 ft3 2.832 X 10"2 m3 

inch3 1 in3 1.639 X 104 mm3 

gallon (Brit, or Imp.) 1 gal (Brit) = 4.546 X 10"3 m3 

gallon (US liquid) 1 gal (US) = 3.785 X 10~3 m3 

litre 1 I 1.00 X 10~3 m3 

Force 

dyne 1 dyn 1.00 X 10~5 N 
kilogram force 1 kgf 9.807 X 10° N 
poundal 1 pdl 1.383 X 10~' N 
pound force (avoirdupois) 1 Ibf 4.448 X 10° N 
ounce force (avoirdupois) 1 ozf 2.780 X 10"1 N 

Power 

British thermal unit/second 1 Btu/s 1.054 X 103 W 
calorie/second 1 cal/s 4.184 X 10° W 
foot-pound force/second 1 ft lbf /s = 1.356 X 10° W 
horsepower (electric) 1 hp 7.46 X 102 W 
horsepower (metric) (= ps) 1 ps 7.355 X 102 W 
horsepower (550 ft lbf/s) 1 hp 7.457 X 102 W 

* Factors are given exactly or to a maximum of 4 significant figures 



Multiply by to obtain 

Density 

pound mass/inch3 

pound mass/foot3 

Energy 

British thermal unit 
calorie 
electron-volt 
erg 
foot-pound force 
kilowatt-hour 

Pressure 

newtons/metre2 

atmosphere3 

bar 
centimetres of mercury (0°C) 
dyne/centimetre2 

feet of water (4°C) 
inches of mercury (0°C) 
inches of water (4°C) 
kilogram force/centimetre2 

pound force/foot2 

pound force/inch2 {= psi)6 
torr (0°C) (= mmHg) 

Velocity, acceleration 

inch/second 
foot/second (= fps) \ 
foot/minute 

mile/hour (= mph) 

knot 
free fall, standard (= g) 
foot/second2 

Temperature, thermal conductivity, energy /area- time 

Fahrenheit, degrees — 32 
Rankine 
1 Btu - in/ft2 -s- ° F 
1 Btu/ft s - ° F 
1 cal/cm-S'°C 
1 Btu/ft2-s 
1 cal/cm2-min 

i 
Miscellaneous 

foot3 /second 
foot3/minute 
rad 
roentgen 
curie 

1 lbm/in3 
= 2.768 X 104 kg/m3 

1 lbm/ft3 1.602 X 10 1 kg/m3 

1 Btu 1.054 X 103 J 
1 cal = 4.184 X 10° ' J 
1 eV 1.602 X 10"19 J 
1 erg = 1.00 X lO' 7 J 
1 f t l b f = 1.356 X 10° J 
1 kW-h 3.60 X 106 J 

1 N/m2 1.00 Pa 
1 atm = 1.013 X 10s Pa 
1 bar = 1.00 X 10s Pa 
1 cmHg = 1.333 X 103 Pa 
1 dyn/cm2 

= 1.00 X 10"1 Pa 
1 ftH 2 0 = 2.989 X 103 Pa 
1 inHg = 3.386 X 103 Pa 
1 inH20 = 2.491 X 102 Pa 
1 kgf/cm2 

= 9.807 X 104 Pa 
1 I bf/ft2 

= 4.788 X 10 1 Pa 
1 Ibf/in2 

= 6.895 X 103 Pa 
1 torr 1.333 X 102 Pa 

1 in/s 2.54 X 10' mm/s 
1 ft/s = 3.048 X 10"1 m/s 
1 ft/min = 5.08 X 10"3 m/s 

1 mile/h 4.470 X 10"' m/s 1 mile/h 1.609 X 10° km/h 
1 knot = 1.852 X 10° km/h 

= 9.807 X 10° m/s2 

1 ft/s2 3.048 X 10"' m/s2 

° F - 3 2 1 5 
r 9 1 K 

= 5.189 X 102 W/m-K 
= 6.226 X 10' W/m-K 
= 4.184 X 102 W/m-K 
= 1.135 X 104 W/m2 

6.973 X 102 W/m2 

1 ft3/s 2.832 X 10"2 m3/s 
1 ft3 /min = 4.719 X 10"4 m3/s 

rad = 1.00 X 10"2 J/kg 
R = 2.580 X 10"4 C/kg 
Ci = 3.70 X 1010 disintegration/s 

3atm abs: atmospheres absolute; 
atm (g): atmospheres gauge. 

<> Ibf/in2 (g) (= psig): gauge pressure; 
lbf/in2 abs (= psia): absolute pressure. 
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