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Introduction

The increasing use of high energy electrons and X-rays in radiation therapy has brought about a

need to develop theoretical basis and practical dosimeters for measuring these radiations. Accurate

dosimetry is an important factor in determining the optimum single dose and time-dose relationship in

radiation therapy. Comparison of results in radiation therapy would have little significance unless the

same dosimetric units is employed.

The calorimetric method has been developed as absolute laboratory standard for calibration of dose.

However, it is difficult for most medical institutions to conduct such calibration by themselves. Inter-
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comparisons, though do not providing doses in absolute units, it may possibly be the best method to obtain
uniformity of dosimetry among institutions.

In Japan, Hashizume et al. have reported on the intercomparison of Co-60 y-rays by fluoroglass
dosimeter and that of electrons by LiF thermoluminescence dosimeter?®. IAEA has made the inter-
comparison of y-rays and electrons in chiefly advanced countries using Fricke and LiF dosimeters®®.
The results have been reported in other countries®®. Fricke and LiF dosimeters have been mainly used
in these comparisons because of their high accuracy and relative ease in manipulation. According to
Loevinger et al®., higher accuracy can be obtained by Fricke dosimeter than LiF dosimeter when the
number of participating institutions is rather small.

The present paper deals with the intercomparison of high energy electrons and X-rays in 37 medical

institutions in Japan using a Fricke dosimeter.

Materials and Methods

Table 1 summarizes the materials, methods and exposure factors employed in this study.

Dosimeter solutions were prepared by dissolving commercially available analytical and guaranteed
grade chemicals without purification in triply distilled water.

The color caused by the reaction of ferric ions and thiocyanate ions was measured to determine the
quantity of ferric ions produced by irradiation.

Fifteen dosimeters in glass tubes were mailed to 37 institutions; 10 for irradiation and 5 to act as
non-irradiated controls. Two dosimeters placed in a lucite block phantom were used for each exposure.
Chemical changes were assessed when they were returned. To check the sensitivity of dosimeters and to
assess the chemical determinations, the dosimeter solutions taken from the same bottle sent to the institu-
tions for irradiation were exposed to Co-60 y-rays and the chemical changes were measured simultaneously.

G-values employed were 15.6 for 15 MeV electrons® and 15.8 for 6 MV X-rays? both of which are
given in the literatures.

According to ICRU recommendation®, “R” should not be used as unit of radiation dose. However,
at practically all institutions, doses were expressed in “R” unit obtained by thimble ionization chambers.
In the comparison, absorbed doses by the Fricke dosimeters were converted to “R” using 0.91 as coefficient

for electrons® and 0.95 for X-rays'®.

Table 1. Materials, Methods and Exposure Factors
Used in the Intercomparison

Electrons X-rays
Fricke Dosimeter
Dosimeter Fe (NH,),(SO,);: 10*M, NaCl: 10-*M,
50, 0.8N
Irradiation WVessel Glass Tube, 1.6cmg ¢ 3.2cm
Fe* Determination Color Change by KSCN
Energy 15 MeV 6 MV
Build up 5 mm 10 mm
Phantom 10x10x 2.8cm 10x10x 3.3cm
Dose 1500 rad
~ Field 10x10cm
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Results

1. Purity of Chemicals,

The chemical yield and reproducibility with the use of guaranteed grade ferrous ammonium sulfate
and sodium chloride were of the same level as those with the use of chemicals purified by recrystallization.
It has been reported that the effect of impurities from sulfuric acid could not be eliminated by the ad-
dition of sodium chloride and that pre-irradiation of sulfuric acid was effective!®. No such effect was
observed in sulfuric acid (Wako Pure Chemicals Co.) of analytical grade used in this study. Water was
first passed through ion exchange resin and distilled thrice with alkaline and acidic potassium perman-
ganate, and potassium bisulfate. The reproducibility of the dosimeter was less than +0.5%, at irradia-
tion of about 5000 rads and the decrease in chemical yield by addition of sodium chloride was less than
1%, indicating that the purity of the dosimeter solution was good.

2. Thiocyanate Method for Fe*** Determination.

Doses of about 5000 rads are necessary to measure ferric ions by ultraviolet absorption at 305 my.
Considering electron output from betatron, repeated exposures of such doses would pose some difficulty
to busy institutions. In this study, thiocyanate method was employed to detect lower doses.

The relationship between dose and optical density by the potassium thiocyanate method is shown
in Figure 1. Four milliliters of the dosimeter solution was mixed with 2 ml of 300 mg/ml potassium thio-
cyanate solution. Absorption at 472 mp. was measured 5 to 10 minutes after mixing.

The linearity obtained was satisfactory and accuracy was within 1.59, and slightly poorer than that
of ultraviolet absorption at 304 mp. '

Lower doses can be detected by using higher concentration of potassium thiocyanate solution. Ac-
cording to Frigerio!®, it is possible to measure doses of 50 rads using solid ammonium thiocyanate, but
we have found spontaneous oxidation of ferrous ions to occur at high concentrations. This has also been

Fig. 1 Dose-Optical Density Curve by KSCN Method
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pointed out by Fricke et al'®.

Figure 2 shows the thermal oxidation of ferrous ions by time after reaction. No change in optical
density by time was observed up to 300 mg/ml solution, but optical density increased in highly concentrat-
ed solutions in both irradiated and non-irradiated dosimeters, At high concentrations, net changes in
optical density were almost constant but fluctuations by time were larger. Two or three hundred rads

can be measured by the use of saturated solution with an accuracy of about 5%, a level unsatisfactory

for dose determinations.

Fig. 2 Optical Density by Time after Reaction
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3. Irradiatiom Vessel.
The irradiation vessel should be made of tissue equivalent material, such as polystyrene'?. Weiss

et al. have observed an elevated chemical yield using cylindrical glass vessels having internal diameters

— 45 —
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of less than 8 mm for Co-60 y-rays because of more secondary electrons from the glass wall than from the
polystyrene wall'», However, the storage of dosimeter solution in plastic vessels brought about changes
in sensitivity of the dosimeter as shown in Figure 3. No consistent increase was observed in plastic vessels
and this effect could not be eliminated by pre-irradiating the vessel or by coating the vessel wall with sili-
con resin or wax. Contrary to plastic, no significant change in chemical yield stored in glass vessels was
observed before and after irradiation.

Table 2 gives the percent ratio of chemical yield by a given dose in glass vessels in comparison with
polystyrene vessels by radiation and energy. With high energy radiations, no significant variation in

yield was observed by vessel materials, T herefore, pre-irradiated glass vessels were used in this study.

Table 2. Effect of Vessel Material on Chemical Yield

reamin | moy [ e o
X-rays 180 kV 98.9+0.1
y-rays 1.17, 1.33MeV 99.841.2

10 MeV 98.8+40.8
Electrons 15 MeV 99.5+1.4
21 MeV 98.8+0.8
Neutrons 14 MeV 101 0.6

4. Effect of Sodium Chloride.

Sodium chloride is added to the dosimeter solution in order to suppress the enhanced oxidation of
ferrous ions due to organic impurities. It has been reported that sodium chloride should not be added
when assessing high dose rate!®. Using sodium chloride, the yield decreased by about 19, for 10-3 M
with Co0-60 y-rays. For electrons, the decrease was almost identical to that for Co-60 y-rays as shown in
Table 3. The average dose rate of electrons was about 500 rads/min while the true dose rate for pulsed
radiation was about 1 x 105 rads/min. As the dose rate commonly used in electron therapy is less than

500 rads/min, 10-* M of sodium chloride was added to dosimeter solutions.

Table. 3 Effect of Sodium Chloride on Chemical Yield

Percent Ratio in Yield
NaCl (M/D)

Co-60 -rays Electrons
0 100 +0.5 100 4-1.6
0.5x10* 99.040.4 —
1.0x10°? 98.74+0.3 99.24-0.7
5.0x10® 98.6+40.2 —_
1.0x10"® 96.44-0.4 92.64-0.6
1.0x10! 92.84-0.2 —

5. Intercomparison of Electrons.
Table 4 shaws the results of intercomparisons among 25 institutions participating in this study; 24
with betatron and 1 with linear accelerator.

The dosimeters used in these institutions are presented in the third column. Thimble chambers
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were employed in all hospitals except for one institution where the type was unknown. The fourth column
shows the institution dose to chemical dosimeters and the fifth, the average doses determined by the chem-
ical dosimeters with standard deviations. Since the accuracy of the chemical dosimeters was within 1.59,
a standard deviation of less than 29, indicated good stablity of the dose monitor by time.

The sixth column shows the dose in “R” units converted from dose in rad and the seventh, the ratios
of doses as determined by the institutions to the doses obtained by chemical dosimetry. The mean value
of 25 institutions was 1.02.

Dosimetry conditions varied by institutions. In some institutions, ionization chambers were placed
in phantom and in other institutions, they were placed in air. Chamber readings in air were 3.0%, lower
than those in phantom used. Doses provided by institutions were corrected for scattered radiation if’
dosimetry was carried out in the air. The last column gives the ratios of the corrected doses to the chemi-
cal doses. They averaged 1.01 - 0.10.

Table 4. Intercomparison of Electrons from Betatron in Japan

I _' | Dose by Chemical | Chemica;l Chemical
: . o | Tnstitution Dosimeter e Doss =
Ins:utu- Energy Inst!l'.uhon | Cilamber - — Chamber Chamber
tion (MeV) Dosimeter | Dose (R) o | ‘ Dose Dose
| | (Mze) rad | (R) in “R” sorrected for
| | Unit Scattered Dose
1 15 Radocon 1415 1270+ 19 | 1390 0.96 0.93
2 15 Radocon | 1555 1440+ 9 | 1580 .02 1.02
3 16 Victoreen 621 | 1500 | 1390+ 29 | 153 1.02 0.99
4 16 Radocon 1500 1330+ 17 1460 0.97 0.95 )
5 16 Victoreen 621 1500 1350+ 71 1480 0.99 0.99
6 15 Siemens 1500 ) 14004 26 1540 1. 03 1.01
7 15 Home Made 1400rad 1400+ 15 - | 1. 00 1.00
8 15 Tonex 1865 1620+ 24 1780 0.95 0.95
9 15 Tonex 1500 1410+ 26 1550 1.03 1. 03
10% 10 Radocon 1622 1560+ 52 1680 1.04 1.04
11 16 Victoreen 621 1500 1360:+ 44 1490 0.99 i 0.99
12 15 Radocon 1500 | 1390k 17 | 1530 1.02 1.02
13 15 Siemens 1500 | 1400+ 37 1540 1. 03 | 1. 03
14 15 Radocon 1500 1350+ 87 1480 0.99 | 0.99
15 16 Radocon 1500 1490-+ 31 1630 1.09 ' 1. 06
16 16 Radocon | 1500 1530-+ 22 1680 1.16 1.16
17 15 Unknown 15007 1000k 79 1100 0.737 0.707
18 16 Tonex 1500 1200 17 1320 0.88 0.88
19 15.4 Victoreen 621 1500 1270+ 33 1400 0.93 0.93
20 16 Siemens 1500 1560-F 41 1710 1.14 1.11
21 16 Radocon 1617 1450+ 30 1590 0.98 0.98
22 15 Siemens 1500 13404 17 1470 0.98 0.95
23 14 Siemens 1500 1690+ 81 1860 1.24 1.21
24 16 Victoreen 621 1500 | 14304 23 1580 1.05 1.05
25 16 Radocon 1500 | 1630--110 1790 1.19 1.19
Mean 1. 02 1.0140.10

* Linear Accelerator, C;=0.93
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Dose determinations should be as accurate as possible. Acceptable limit of accuracy should perhaps
be within 109, in radiation therapy. As shown in the table, six of the 25 institutions exceeded the 109
limit of accuracy, 80%; of the institutions being within the limit. Relative dose values were in good agree-
ment among the institutions despite the theoretical problems existing in high energy electron dosimetry.

Two dosimeters in each exposure were placed 1.3 cm to the right and left of the beam center of the
10 % 10 cm field. Relationship between dose homogeneity and scatterer thickness is shown in Figure 4.
The vertical scale shows the percent differences in average chemcal yields between the right and left
dosimeters irradiated simultaneously and the horizontal scale shows the thickness of scatterer in mg/cm?.
Correlation factor showed statistically insignificant value of 0.25. If unhomogeneity is symmetrical, dif-
ference can not be detected by this analysis. However the thinner the scatterer in general the larger be-

came the differences. A detailed study of field homogeneity by scatterer has been reported by Rassow!™.

Fig. 4 Dose Homogeneity in Field by Scatterer Thickness

Percent Difference in Dose

100 200 300 400 500 600

Scatterer Thickness (mg./cm?)

There were no particular correlations between the accuracy of chamber readings and the manufac-
turer, indicating that changes in sensitivity may be caused through the usage and storage of the chamber.

6. Intercomparison of X-rays.

Intercomparison of X-ray doses from 12 linear accelerators is shown in Table 5. The columns are
similar to those in the table 4.

The average ratio in 12 institutions was 1.01 - 0.09 and 3 of the 12 institutions exceeded the 109,

limit of error, similar to the case of electron dose determinations.

Al 48 —
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Table 5. Intercomparison of X-rays from Linear Accelerator in Japan

Institu- | Energy Institution Iélit;::;?: "______DoseDIgiirS;:f“CdI I %%%g—%gg!
tion (MWV) Dosimeter Tk (F:L) (M=o) rad (R) in “R” Unit i
1 6 Tonex 1500 | ialixi4 530 Loz
2 5.7 Victoreen 621 1500 | 1330421 1380 0.92 |
3 g Radocon 1500 1270+43 1330 0.83 i
4 10 | Radocon | 1514 1420416 1480 0.98 |
5 6 Siemens 1500 1680-£16 1750 | 1.16 !
6 6 Tonex 1500 1420437 | 1480 | 0.9 |
7 6 Tonex 1640 156013 1620 0.99 |
8 6 Unknown 15007 | 1660437 1730 1152
9 6 Radocon 1500 1410421 1470 0.98
10 6 Victoreen 621 1513 1590421 1650 | 1.10
1 6 | Siemens 1500 | 1480+ 8 1540 | 1.03 !
12 6 | Radocon 1500 | 1350435 | 1410 | 0.94 |
Mean 1.0140.09 |
Discussion

The use of Fricke dosimeter for intercomparisons is complicatec by the sensitivity changes through
storage of the dosimeter in piastic vessels and by the necessity of using large dose to attain accuracy.

Petterson et al.!® have also observed the sensitivity changes in plastic vessels. Pre-irradiation of
vessels has been found to be ineffective in eliminating of storage effect. Pre-irradiation may supply the
organic degradated substances from polymer in the case of polystyrene and lucite, the representative
polymer which degrade by irradiation. Although coating of wall by silicon resin, having cross-linking
nature by irradiation, seemed to be effective, the softening of plastic materials at relatively low temperature
precluded coating by heat. Glass tubes were used because no sensitivity change could be observed through
storage and because variation in yield between glass and polystyrene was insignificant.

TAEA has reported that the standard deviation for dose cetermination by a single Fricke ampowulé
was about 0.2%,, compared to about 1.4 for a single LiF capsule®. In our experience, a dose of about
5000 rads was necessary to obtain a standard deviation of less than 0.5%. The repeated exposure of 5000
rads may be pose an excessive burden for some institutions. The accuracy of the Fricke dosimeter used
in this study was slightly poorer than that of the standard dosimeter because a modified Fricke dosimeter
was used in order to detect lower doses. As the sacrifice of accuracy in the dosimeter itself, comparisons
were repeated in five sets of dosimeters. This procedure reduced the error involved in setting the dosim-
eters in exposure field and the error in chemical determinations and permitted checking of the stability of
the dose monitors attached to generators,

G-values and conversion factors from “R” to rad are not important for intercomparison purposes.
Aside from the question of intercomparison, it is possible to obtain doses in absolute unit with Fricke dosi-
meter by means of G-values given in the literature. Shalek et al.!® have reported the G-values to be 15.5
for electrons and 15.7 for X-rays. These values were slightly lower than those employed in this study.
However, the difference is less than 19, a value which poses no practical problem.

Some data are available concerning the conversion factors??2D22),  Matsuzawa et al, have calculated

_49 —
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the factor to be 0.91 for 15 MeV electrons®based on energy spectra in water phantom. ICRU Table!®
gives a value of 0.95 for X-rays. The study of conversion factors is in progress and it may be possible
that these values will be changed within a few percent.

The sensitivity changes of ionization chambers by radiations and their energies are still within the
scope of conjecture. It has been reported that the magnitude of such changes is different by electrons and
X-rays, and by chambers.?®  If this is so, chambers calibrated for Co-60 y-rays can not be used for clec-
trons and X-rays without correction and the discrepancy of doses among institutions may be ascribable
to such sensitivity changes. Although no change was observed in our Radocon, probe 607, by electron

energy as shown in Table 6, more reliable data should be accummulated on this subject.

Table 6. Sensitivity Change of lonization Chamber by Radiation and Energy

| T | Percent Ratio A

! T ! Energy | (..E?'ii_(_’f?_l_l...])qsg N

. Radiation (Mc\f’j \ Chem1c|al Dose ) Mean i

: I | | |
AN . | ; i ” ! o - ! i o I

. Electrons [ -]5 _.i 100 : 100 | 100 i

! " ! .......... " ! . —| o !

T Co-60 y-rays | 117, 133 | 100 | 100 l 00 |

This study included the majority of therapeutic units in Japan, namely about 35 betatrons and 20
linear accelerators being in use late 1968. Although the institutions participating in this study differed
by electrons and X-rays, the average comparison ratio and standard deviation were similar. This sug-
gests that the accuracy of dosimetry in other institutions may be of the same order as that in this study.
Many dosimeters in medical institutions have been calibrated by Hashizume et al. for Co-60 y-rays.
This may be one of the reasons for good agreement among institutions.

In comparison with ionization chambers, the Fricke dosimeter has many advantages, including low
energy and dose rate dependency and tissuc equivalence. However, [rom the practical standpoint,
large doses are necessary and some inconveniences are involved in preparations of solution and chemical
determinations. Although chemical dosimeters are useful in dose comparisons, their best use in the cal-
ibration of ionization chambers and in the verification of dosc measured by other apparatus, such as

thermoluminescence and fluoroglass dosimeters.

Summary

Intercomparison of high energy electrons and X-rays in 37 medical institutions in Japan was made
by using a Fricke dosimeter.

The color developed by the reaction of ferric ions and thiocyanate ions was measured to determine
the quantity of ferric ions. This method permitted determination of doses lower than by ultraviolet
absorption at 304 mp. and 225 mp.. The accuracy of the method was less than 1.5%, and slightly poorer
than that by ultraviolet absorption.

Sensitivity of dosimeter increased by the storage in polystylrene and lucite vessels, Glass tubes were
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used as irradiation vessels because storage did not introduce any sen<.1t1vlty change and because chemical

yield was similar to plastic vessels. _

The average ratio of doses in participating institutions to the doses evaluated by Fricke dosimeters
was 1.01 == (.10 for electrons and 1.01 -~ 0.09 for X-rays. - Good agreement in dose among the institu-
tions was obtained for both electrons and X-rays.

This study was supported in part by a research grant {from the Japanese Ministry of Education.

Presented at XIIth ICR, Oct. 6-11, 1969, Tokyo Japan.
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