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Summary

A system for measurements of small exposures of gamma radia-

tion using CaSO.rMn thermoluminescence has been developed. The

construction and performance of a read-out apparatus is described

as well as the construction and characteristics of a simple dosimeter.

The reproducibility of the method at various exposures is estimated.

20 /AR of 1 MeV gamma radiation can be measured with a reproduci-

bility within t 50 % (standard deviation).
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1 . Introduction

The purpose of the work reported here has been to develop a

system for the investigation of exposure distributions when radio-

activity is released in free air or water. The thermoluminescent

CaSO .:Mn dosimeter meets the demands on the dosimeter to be used

in such experiments. It has a wide range of measureable doses and

a high sensitivity to ionizing radiation (1). Cheap dosimeters can be

made that are easy to handle and read out. The electron traps in

CaSO ,:Mn are relatively shallow, which implies that the decay of

the excited thermoluminescence signal is appreciable when the

dosimeter is stored at or above room temperature. In controlled

experiments, when the exposure time is known, this is not too

serious a difficulty, since a correction factor can be found (1).

The possibility to measure small exposures is essential in the

types of applications mentioned, where it is often necessary to work

with small quantities of released activity» Preferably exposures of

the same order of magnitude as those from the natural ionizing radi-

ation during a few hours should be measurable, i, e. some tens of

microroentgens. In order to achieve this, all components contributing

to the signal from an unirradiated dosimeter must be kept as small as

possible. One of these background components is the emission of

incandescent light from the heated dosimeter. This emission in-

creases rapidly with temperature. From this point of view the use

of a luminophor with shallow electron traps, which can be read out

at a low temperature with a small emission of incandescent light, is

advantageous for measurements of small exposures.
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2. The construction of the dosimeters and the read-out apparatus

The preparation of the thermolttminescent CaSO.:Mn and its

physical data have previously been described (1). The dosimeters

used here are of the same construction as before (1), i. e, 0.1 mm

thick Kanthal strips, 53 mm by 2- mm, are coated with about 60

mg/cm of CaSO.:Mn powder, fastened to the support with a silicone

resin. The coated area is 37 mm by 20 mm.

During an irradiation the luminophor is placed in a small box

of black perspex, which prevents excitation by light. The thickness

of the perspex is 4 mm. This is more than enough to stop electrons

generated outside the dosimeter by 1 MeV photons. In the box the

luminophor layer is separated from the perspex cover by a 2 mm

air gap, which protects the luminophor from mechanical disturb-

ances during the handling of the dosimeter and so prevents excita-

tion of tribothermoluminescence. Figure 1 shows the dosimeter

construction, including an external filter of 1 mm tin, which can

be added to depress the high sensitivity for low energy photons

(cf. below).

For the read-out the luminophor coated strip is inserted into

a light-proof box by means of a slide. This box contains a photo-

multiplier which detects the light emitted by the dosimeter. When

the strip is below the photocathode, it is lifted out of the slide by

two bars, which are raised by turning an excentric wheel. The

tops of these bars press the ends of the strip against the two

electrodes of the heating circuit. The low voltage alternating

current, which is used for the heating, is manually controlled.

The photomultiplier, which is an EMI type 6097 S, is immersed

in silicone oil of low viscosity. The bottom of the oil-containing

vessel consists of an infrared-absorbing filter coupled to an inter-
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ference filter. The latter (Schott & Gen., type FAL) has a trans-

mission maximum of 74 % at 5080 Å. The width of the transmission

curve at half maximum is 950 Å.

The .sensitivity of the photomultiplier is controlled by measuring

the light from a small ZnS:Cu~ radium source. When not in use, the

source is stored inside the light-proof box since exposure to light

excites a slowly decaying phosphorescence in ZnS:Cu.

The oil surrounding the cathode end of the photomultiplier is

cooled by three Peltier elements. With the arrangement used, the

cathode temperature can be decreased to about »5 C. The tempe-

rature of the cathode influences its sensitivity (2). In this case the

sensitivity is 25 % higher at 0 C than at 25 C. The temperature

of the oil is therefore measured with a nickel coil resistance thermo-

meter near the cathode and kept constant within 1 ;2 C.

The anode current from the photomultiplier is integrated by a

polystyrene condenser, the voltage of which is measured with a

Keithley model 610 electrometer. Two condensers of about 3 and

700 nF are used in the ranges 0-20 mR and 5 mR-5 R respectively.

The performance of the system is illustrated by the following

calculation of the anode charge collected when an irradiated dosi-

meter is read out.

Q

The luminophor emits 25 x 10 luminescence photons per

steradian, gram, and roentgen of 1 MeV gamma radiation (1). The

thickness of the layer is about 60 mg/cm . Taking into account the

increased emission due to light-scattering in the layer (1), the dosi-
9 2

meter emits 2.7 x 10 photons per steradian, cm , and roentgen
in the forward direction.
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The interference filter transmits about 50 % of the luminescence

photons. The area of the luminophor layer seen by the photocathode

is defined by a rectangular aperture 28 mm by 16 mm about 2.5 mm

from the layer. The mean solid angle subtended by the cathode at

the layer is about 0. 9 steradians. The number of photons per roent-
9

gen that reach the cathode is approximately 5.4 x 10 .

The quantum efficiency of the cathode has been found to be 10 %

and the photornultiplier gain, at the applied voltage of 630 V, is

15.000. Consequently, the charge that reaches the anode when a

dosimeter is read out is 1.5 x 10 coulombs per roentgen. This

estimate agrees1 within 10 % with measured values.

The sensitivity of the multiplier can change when the cathode

is heavily illuminated. This inconstancy was studied. Dosimeters

that had been given large exposures were heated in front of the

cathode. Immediately before and after this illumination the sensi-

tivity was measured with the standard light source. At 0 C, the

effect was found to be negligible for exposures less than 1, 000 R.

Another effect is that the dark current of the tube increases after

illumination, but it is negligible for exposures less than 10 R.

To minimize the dark current of the photo multiplier the base

of the tube and the teflon socket were carefully cleaned. The in-

fluence of the overall voltage and the cathode-to-first dynode

voltage on the dark current were studied. The variations were

small, but the optimum values have been used. The brass ring,

which supports the cathode end of the tube, is at cathode potential.

As mentioned by Baicker (3), this is essential for a low dark

current. With these precautions the dark current at 25 C is

5x10 A and at 0 C 0. 6 x 10~ A. According to the measured

basic data for the tube the latter value is equivalent to the net cur-
-12

rent from 0. 8 x 10 lumens incident on the cathode.
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As mentioned, the emission of incandescent light from the

heated dosimeter during read-out constitutes a serious background

component. Its importance, is diminished by the interference filter

in front of the photocathode. This filter also absorbs some of the

luminescence light, which has abroad spectrum (1). Consequently,

there is a limit to the useful filtration, which is set by the dark

current of the photomultiplier in relation to the geometrical efficiency

of the dosimeter-photocathode arrangement.

3. The routine of the measurements

The dosimeters must be carefully zeroed before they are used
-5

for measurements of small exposures. Less than 10 of an excited

signal remains after the dosimeter has been stored at 250 C for

30 minutes. This is sufficient zeroing in most cases.

The dosimeters are packed in the perspex boxes in subdued red

light. This light can also excite the luminophor, and care is taken

to expose the dosimeters to light only for the shortest time possible.

Light also excites an appreciable but short-lived phosphorescence,

for which reason the dosimeters are unpacked in complete dark-

ness immediately before they are read out.

For the read-out procedure a heating current of 12.5 A has

been chosen. The integration of the anode current is started 6

seconds after the heating current is switched on and terminated

60 seconds later. At the end of the read-out the temperature in the

layer is almost 200 C. Practically no luminescence light is emit-

ted during the first 6 seconds of heating. The read-out procedure

does not include all the thermally stimulable light; about 10 % is

left in the traps when the irradiation time has been short. "With

long irradiation times, which are hot of immediate interest here,
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the fraction of traps that, are not emptied during the read-o-ut will

be larger as consequence of the broad energy distribution of the

electron traps. This also implies that long times or high tempe-

ratures are necessary if all traps are to be emptied. As a result,

the contribution of incandescent lignt to the gross signal would in-

crease. The heating procedure used is a compromise between the

requirements that the incandescent light emission should be kept

at a minimum and that all traps should be emptied. The latter is

desirable because otherwise some characteristics of the dosimeter,

among them the decay of the signal, are influenced by the read-out

method and not completely determined by the physical properties

of the luminophor.

With the read-out method described about 25 dosimeters can

be read by one man in an hour. - The characteristics of the method

are summarized by the following figures:

Net signal (coulombs/roentgen) 1.5 x 10 C/R

Normal background signal with 2 hours

between zeroing and read-out

Dark current only

Incandescent light only

Each dosimeter is calibrated individually by irradiations with 300 mR

of Co gamma radiation, and the determined sensitivity is then

used in the calculations of the exposure received by the dosimeter in

the experiments. This procedure differs from the one used before

(4), where only a mean sensitivity for a set of about 100 dosimeters

was determined. The advantage 'of individual calibrations is large

when the sensitivity differs widely between the dosimeters. This

is the case with the rather primitive method of applying the lumino-

phor layer that has been used. Since the dosimeters can be used

repeatedly the extra work with indi\ idual calibration is not important.

100

40
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X

X
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1
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To reduce the excitation by natural ionizing radiation, the dosi-

meters are kept in lead castles when they are stored for appreciable

times between the zeroing and the read-out. The excitation by this

radiation is measured by a set of dosimeters which are treated

identically with the rest of the dosimeters except for the exposure

to the experimental radiation. These dosimeters also measure the

background that is not caused by ionizing radiation, i. e. excitation

by light, tribothermoluminescence, incandescent light emission,

and dark current. This total background depends somewhat on the

sensitivity of the dosimeters, for which reason the background dosi-

meters should have the average sensitivity of the set of dosimeters.

In principle, the excitation by natural ionizing radiation could be

separated from the other background components by the use of two

sets of background dosimeters. This would increase the accuracy

somewhat but would complicate the calculations considerably.

- Between the experimental irradiation and the read-out, the dosi-

meters are stored at 25 C for one hour less the transport time.

This is done in order to normalize to some extent the conditions for

the dosimeter between the irradiation and the read-out, which

necessarily vary. If the dosimeters cannot be read out immediately

after this storing, they are kept at -25 C

decay of the signal is practically negligible.

after this storing, they are kept at -25 C. At this temperature the

4. Read-out errors

The read-out errors that limit the reproducibility at large expo-

sures are the variations of the sensitivity of the photo multiplier and

the difficulties in reproducing the heating cycle exactly from one

reading to another. When measuring small exposures with the pro-

cedure described, attention must also be paid to variations in the

excitation by natural radiation, light, and mechanical disturbances

and to variations in the emission of incandescent light and in the dark

current of the photomultiplier.
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The resulting read-out errors have been experimentally investi-

gated» The calibrated dosimeters were irradiated in groups of ten

with Co gamma radiation, the groups receiving different exposures.

The exposure was calculated from the read-out value for each dosi-

meter. Background dosimeters were used in the way described above.

The standard deviation from the true exposure was then calculated

for each group of ten dosimeters. The result is shown in Table i, and

agrees fairly well with another estimate that was based on measure-

ments of the different components of the uncertainties (4). The limit

for measurable doses can be set at 20 uK (1 MeV photons) where the

standard deviation is 50 %.

5. Characteristics of the dosimeter

The accuracy of an exposure determination with the dosimeters

is only exceptionally as good, as the reproducibility. Apart from the

read-out errors described, the measurements are impaired by errors

originating from the dependence of the sensitivity on energy and direc-

tion of the measured radiation» The magnitude of these errors varies

from one experiment to the other and cannot be subjected to a general

treatment. The following data characterize the dosimeter from this

point of view.

As was shown in the previous report (1), the variation of the sen-

sitivity with the photon energy is determined by the variation of the

ratio between the mass energy absorption coefficients for CaSO,:Mn

and air. Strictly speaking, the discontinuities in medium cause some

deviation from this variation. This effect should be negligible for

most purposes (1). The energy dependence of the dosimeter is de-

picted in Figure 2 for the case where the radiation is perpendicu-

larly incident on the phosphor side of the strip. The dashed curve is
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the ratio between the mass energy absorption coefficients and the

solid curves are multiplied by attenuation factors for 4 mm perspex

plus 1 mm tin respectively. The calculated curves agree with

measured values (1).

'

The variation of the sensitivity with the direction of the incident

radiation can be described by means of the angle Q between the direc-

tion of the photons and the normal to the luminophor coated surface;

see Figure 4. The azimuthal angle influences the sensitivity only for

low energy photons and for Q near 90 .

Figure 3 shows the variation of the sensitivity with the angle 0

for roentgen radiation with the half value thickness 3.2 mm alumi-

nium. The measured values agree well with those calculated from

attenuation data. The discrepancies can be attributed to the approxi-

mation in the calculations where 45 keV monoenergetic radiation

was substituted for the continuous spectrum of the roentgen radiation.

No corresponding agreement is obtained for Co gamma radiation,

as seen in Figure 40 The reason for this must be that for photons

of low energy, as in Figure 3, the electrons that excite the lumino-

phor are almost exclusively generated within the luminophor layer

itself, whereas for 1 MeV gamma radiation most of the exciting

electrons are generated in the perspex cover (1). The flux of these

latter electrons is disturbed by the Kanthal support, which because

of its high mean atomic number gives raises to relatively large nuc-

lear backscattering of the electrons. In this way the Kanthal support

causes an increase in the sensitivity for 0 = 0 and a decrease for

0 = 180°. The ratio between the sensitivities for 0 = 0 and 0 = 180°

diverges from the value calculated from attenuation data to a greater

extent the higher the photon energy. This illustrates the fact that the

electrons generated outside the luminophor contribute a larger frac-

tion to the excitation as their mean range increases.
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In an experiment where the dosimeters are used to measure

the exposure to radiation incident from all directions, as within a
41

cloud of A , the mean sensitivity over all directions should be

used. For 1 MeV photons this mean sensitivity is 80 % of the sen-

sitivity for 0 = 0 .

A 4 mm perspex cover was used during the measurements which

are shown in Figures 3 and 4. When an external filter is used, the

resulting angular dependence, experimentally determined, agrees

perfectly with calculations based on the measured values in the

figures.

6. Conclusions

Some possibilities remain to extend the lower limit of measure-

able exposures and to increase the reproducibility. These are reduc-

tion of the photomultiplier dark current combined with a heavier opti-

cal filtration on the one hand and an increased sensitivity of the lumi-

nophor on the other. Some of the direction dependence of the dosi-

meters can be avoided by changing the perspex cover for one of a

material more similar to Ranthal in atomic number.

However, the described method for exposure measurements has

an accuracy that is quite sufficient for the study of exposure distribu-

tions when radioactivity is released in air or water. The sensitivity

of the dosimeters is high, and under good conditions 20 JWR of 1 MeV

gamma radiation can be measured. The use of CaSO :̂Mn thermo-

luminescence dosimeters in combination with radioactive tracers

should therefore be a good complement to other techniques for the

study of release problems.



- 13 -

References

1. BJÄRNGARD B
The properties of CaSQ'.Mn thermoluminescence dosimeters.
Stockholm 1963 (AE-109J

2. MURRAY R B, MANNING J J
Response of end-window photomultiplier tubes as a function
of temperature.
IRE Trans, Nucl. Sci. 7(196") p. 80-86.

3, BAICKER J A
Dark current in photomultipliers»
IRE Trans. Nucl. Sci. 7(1960) p. 74-80.

4, BJÄRNGARD B
CaSG~4 (Mn) thermoluminescence dosimeters for small doses
of gamma radiation.
Rev. Sci. Instr. 33(1962) p. 1129.



Table 1

Standard deviation of a set of ten different exposure determinations
(section 4).

Exposure Standard deviation

14

34

69
103

317

3 3 .

337

juR

MR

juR

juR

MR

7mR

mR

absolute

9.8 /xR

7.2 MR

8.6 pR

6.8 )xR

19.7 IAR

1. 7 mR

10.4mR

percent of
true exposure

69
21

12.5

6 . 6

6 . 2

5 , 0

2 . 4
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Figure i .

The dosimeter construction. The CaSO^Mn coated Kanthal

strip is in the middle. It is placed in a black perspex box,

which can be surrounded with a 1 mm tin shield. The perspex

box is sealed with black tape.
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Photon energy, keV
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Figure 2.

Energy dependence of CaSO4:Mn dosimeters. Curve A is the ratio

between the mass energy absorption coefficients of CaSO,:Mn and

air. This ratio is multiplied with attenuation factors for 4 mm per-

spex in curve B and for 4 mm perspex and 1 mm tin in curve C. The

latter curve is enlarged ten times in the direction of the ordinate.
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Figure 3.

The sensitivity as a function of the angle 0 for roentgen radiation

with the half value thickness 3.2 mm aluminium. During the irradia-

tions the dosimeters were covered with 4 mm perspex.
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The sensitivity for Co"" gamma radiation as a function of the

angle 0. During the irradiations the dosimeters were covered

with 4 mm perspex.
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